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Producing a fractui-e network in deep rock, e.g., in an 
ore. body, by detonating explosive charges sequentially 
in separate caviti^ therein, the detonations producing 
a cluster of overlapping fracture zones and each deto­
nation occurring after liquid has entered the fracture 
zones produced by previous adjacent detonations. High 
permeability is maintained in an explosively fractured 
segment of rock by fiushing the fractured rock with 
liquid, i.e., by sweeping liquid through the fracture 
zones with high-pressure gas. between sequential deto-
nationj therein so as to entrain and remove fines there­
from.'Ore bodies prepared by the blast/flush proces.s 
with the blasting-.carried out in substantially vertical, 
optionally chambered, drilled shot holes can be 
leached in situ via a number of holes previously used as 
injection holes iri the flushing procedure and a number 
of holes which are preserved upper portions ofthe shot 
holes.used in thc.detonation process. In the leaching of 
ore, fines are removed from fractures therein by inter­
mittent or continuous flushing of the ore with lixiviant 
and high-pressur^ gas, e.g., air, using, in the case ofthe 
in situ leaching ofan explosively fractured ore body, a 
lateral and upward fiow of lixiviant from zones that 
have been less severely, to others that have been most 
severely, worked by multiple deto.^alio^s in the ore 

..body. ' 
8 Cl^iins, 4 Drawing Figures 
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fragment, is determined by a network of wider, open ° . I 
rN SITU LEACKfh'G OF E.VPLOSJVELY fractures (determir.Jng the permeability ofthe ore body [ 

FRACTIJRED ORE BODHES ES a whole), and a net\vork of narrower, open fractures .| 
(dslermming the irrigability of individuai particles to ;; 

This is a Division, of application Ser. No. 382,845, 5 be leached). Therefore, in explosively fiacturing a seg- . | 
filed July 26,. 1.973 and now U.S. Pat. No. 3.902.422. ment of an ors body to pTcpare it properiy for in situ . ; . | 

R A r K r o n i i M r ^ n c T u c w v c x m n M leaching, the objective is not sinip-'>'an indiscriminate 
, , BACKGROUND OF THE INVENTION • reduction in the fragment size of flie ore body. Smaller- I 
The present invention relates to the production of a size, well-irrigated fragnients have a higher leaching ! 

rtetwork of fractures in a deep underground segment of 10 rate than larger-size fragments, but fragment-size re- | 
rock by means of explosives, e.g., to prepare deep ore duction by means of blasting prdcesses heretofore | 
bodies for in situ leaching. known to the' art, when apprtcd to deep ore, tends to | 

Processes for fracturing deep rock are becoming leave large unbroken fragments or rock, or to create a 
increasingly important as it becomes necessary to tap network of fraciures that srs largely closed or plugged • | 
deep mineralized rock masses, e.g., ore bodies or oil or 15 with fines. An expl-osive fracturing process is needed I 

• gas reservoirs located from about 100 feet lo aboufa which reduces the larger fragments to a size that will !j 
few thousand feet beneath the earth's surface, in order leach at an economically acceptable rate, and that will J 
lo supplement or replace dwindling energy sources and result in a network of open fractures, throughout the g 
minerais supplies. Numerous deposits of ore, for exam- blasted ore that v/ill permit it to be weH-i/rigated with . g 
pie bre containing copper, nickel, or silver, 5ie too deep 20 leach liquid. ^ 
to mine by open-pit methods or are too low in grade to ,,, „ . , . . „ v r̂ c- -mc ixn/nioTir^xi i 
mine by undergVound methods. Open-pit methods SUMMARY OF THE INVENTION | 
incur both the costs and the environmental impact This invention provides a process for producing a t 
associated with moving large quantities of earth and fracture network in a deep subsurface segment of rock, .§ 
rock. Underground methods incur unusually high costs 25 e.g., in an ore body, comprising (a) forming an assem- | 
per unit volume of ore mined, as well as difficuh safety blage of cavities, e.g., drill holes or tunnels, in the seg- | 
problems. In contrast, the leaching of ore in place cir- ment of rock; (b) positioning explosive charges in a u, 
cumvents these difTiculties and therefore can be a pre- plurality of the cavities in the sections thereof located | 
ferred technique for winning values from some ores in the segment of rock to be fractured, e.g., in sections | 
that are unsuitable, or marginally suitable, for working 30 of drill holes which have been previously chambered, j 
by traditional mining methods. such as by an explo.sive springing procedure; (c) pro- j 

Usually however, ore that is favorably situated for viding for the presence of liquid in ti\e segment of rock, ; j 
leaching in place has such a large fragment size and e.g., byvirtue of the location of the segment of rock { 
such low penneability to leaching solutions that the below the water table so that water natiu-ally is present ^ 
leaching rate would be too low to support a commercial 35 in, or fl.qws into, fractures tberetn, or by introducing « 
leaching operation. In such cases, it becomes necessary liquid into one or more cavities therein; and (d) deto- • ', 
to prepare the ore for leaching, by fragmenting it in a nating the. charges sequentially in a manner such as to 1 
manner such as to provide the necessary permeability progressively produce a cluster of overlapping fracture • | 
and leachability. Thc use of explosives to fracture un- zones, the detonation of eacb charge in tiie detonation I 
derground segments of mineralized rock to create .areas 40 sequence.producing a fracture zone which is subject to ! 
ofhighpermeability has often been suggested. In an oil- the cumulative effectof a aiccession of detonations of j 
or gas-bearing formation the fracturing is required to explosive charges in a group of adjacent cavities, and j 
increase the overall drainage area exposed to the bore the detonation of the charge in each cavity being de- j 

• of a well penetrating the formation, and thios increase layed until liquid is present in fracture zones produced i 
the rate at which hydrocarbon fluids drain toward the 45 by the previotis detonation of charges in cavities adja-' 
weii. In an ore body the fracturing is required to in- cent thereto, as determinable by measuring the hydrau- j 
crease the surface area of ore accessible to an injected - lie potential, e.g., the liquid level, in the cavity, or in a . ! 
lixiviant, and thus increase the leachability. cavity adjacent thereto. j. 

The use of nuclear explosives has been proposed for When the cavities formed are substantially vertical \ 
fracturing large-volume, deep ore bodies for subse- 50 drill holes, some of the holes in the assemblage prefer-. i 
quent in situ leaching. Also, the use of multiple chemi- ably are left imcharged with explosive, and these holes 'i 
dal explosive charges in deep reservoir rpck has. been employed as a set of passageways within the fracture 
described in a method for sti.Ttulating hydrocarbon- network frorri tlte earth's surface, generally to substan- ; 
bearing rock, e.g., in U.S. Pat 3,674,089. However,.if tially tlie bottom ofthe blasted rock, e.g, for the intro- j 
a deep ore IVDdy, i.e., one lying at depths of about from 55 duction of liquid and/or gas to {or removal thereof 
100 to 3000 feet from the surface, is to be effectively from) the fracture network. The uncharged hcles pref- ; 
leached in place, and the ore prepared for leaching by erably are drilled and provided wilh support casing i 
blasting, i.e., blasting in the absence of a free face for prior tb the detonation of charges in adjacent holes, j 
the ore to swell toward, it becomes necessaiy to employ The sections of substantially vertical shot holes located j 
special blasting and associated techniques which will 60 in the. overburden that overlies the rock segment to be ; 
provide and maintain the type of fracture network fractured preferably sur\'ive the blasting process and ' 
required for efficient leaching. - serve as.aif additional setof passageways, leading from, ( 

The leachability of .a fractured ore body depends on substantially the top of thc blasted rock to the earth's' : I 
the size of the ore fragments, and on the permeability surface, also for Hquid and/or gas passage. •- ( 
of the intact ore as well as of Ute fracture system sepa- 65 In a preferred explosive fracturing process, liquid is" I 
rating the fragments. TJie permeability of the fracture driven through the fracture zones produced by the;/ 1 
system separating the fragments, which is variable and '. sequential detonation ofcxplosive charges in a plurality ! 
generally much hisher than the permeability of a single of cavities in a segment of rock, m a manner such as to .. | 



.if'i?vi.*Kr-^ii.'i:i-%.-C-|fei^V^i^^^^^ 

I 3.999,803 
I 3 . - 4 
t; entrain the fines found in the fracture >:ones, P.nd tlie explosive cliarges in a group of adjacent cavities. This 
I • fines-laden liquid removed fro;n the rock. TnirrfiiisJiiisg camttlalivc efiect pcr.'Tiits llie fragnient si^e-.-'eduction 
I of llie blasted, rock L̂  achieved by sweeping or driving and cssorientation needed to enhance leiachabiiity to be 
I liquid at high' velocity through the fractiu-e zones by obtairied readily from the available explosive energy. 
I injecting gas into said zones at high pressure, the Hquid 3 The degree of overiapping of the fracture zones, which 
i moving laterally and upwardly through the blasted are generally cylindrical in shape, is at least that re-
I . rock, passing into the fractures^ for example, from the quired to locate all of the rock, fai the segment of rock 

; I passageways" formed by uncharged substantially verti- to be fractured, within the fracture zone produced by 
I cal drill holes aiid out of the fractures into passageways the detonation of at least one of the charges. 
i formed by preserved sections of substantially vertiosl 10 "^i^ cavities in the assemblage ia which explosive 
I detonated ho!« located in the overburden. Best results charges are to be detonated (ie., blast cavities) can be 
I are achieved when -substantially each detonation is substantially vertical holes (shot or blast holes) drilled 
i followed by a flushing step applied to the fracture zone into the segment of rock from tlie surface or from a 
I thereby produced, jjefore'the next detonation in an cavity in the rock, or substantially horizontal cavities 
1 . ' adjacent cavity occurs, andthJs is preferred. In the 15 Eî ch as tunnels, driven in the rock. e.g., from a hillside-
i leaching of a mass of ore, e.g., in the situ leaching of an or ŝ iaft. Whether the cavity volume is provided by 
I explosively fractured ore body or in dump leaching, . tunnel dnvmg techniques such as are employed in coy-
l : fines also preferably are flushed out of fractures therein °^^ '''^sts. for example, or dnllmg techniques, possibly 
i by sweeping the Ibtiviant therethrough at high velodty associated with chambering procedures, will be largely 
'. by high-pressute gas ' ' 20 ® question of economics, although technical practica-
i The term "deep" as used herein to describe a subsur- bility depending on such factors as topography, com-
I face segment of rock denotes a deptii at which the f'f^'f^ ^ f S^' of the rock, etc., wJI influence the 
I detonation causes no significant change in the overly- f f ' ' ^ ' ° ' ' °^ ^ ^ " ' f*°^- Substantially vertical drill 
I ing topography, i.e.. the surface does not swelL As a ^"^^ ^ F ' f ^ T ^ ? f^^ ^ "̂"f̂  !^^ preserved 

rule, deeprock as described herein lies at a depth of at 25 ^ ^ ° ' ^ °^ *^ shot holes can be used subsequendy as 
I least lOO; and usually not more than 3000, feet. "Fiac- Passageways to or from fte fractured rock, reducing 

ture zones" arid "fractured Vock" herein denote zones '^ j """* ' '" °f ^°^f "f^^^ }°. ̂ ^.'^^^'^ "P^f ^ P™' 
I and rock inwhich new fractures have been formed, or vide passapways for hqiiid uijection or ejection. 
I existing fractures opened up. by the detonations. >Jthough the bast ca^at,es need not form a regular 

•Tracturing'-'-denotes herein afreat^ent which reduces 30 T ^ ' P l ^"'^ ' ^ ^ ?" 7 °^ P^^"™ T ^̂  ""^^ " ° ' ^ 
the size of, ind/or misaligns, rock fragments. ?!?.''^^'^ ? ' P ^ ^ ^ ^ ; ^ T ^ * ^ ' regular pattem is 

I Ult a,.^ Ul, ojiwu. "cuig o, .UV c:j, .ta. mdicsted m a formaUon of reasonably uniform con-
I BRIEF DESCRIPTION OF THE DRAWING -tour, structure, and physical strength to assure a high 
5 . _- I . r . ' .. '• -.1. • • -n ..degreeof uniformity in tlie fracture netv/ork produced. 

u ^ ^ " ? . ! r ' ' ^ ? ^ * ' l ' ^ " ^ P ' ^ l ' ' l u " ! . T ^ * J ^ fit some cases, as core tests reveal unpredictable 
I be descnbed with reference to the attached drawmg in 35 ^^anges in the rock ocairring during the sequenUal 
I - *!i!fiJ , . .:< . - , blasting process, it may be desirable to deviate &t>m a 

FIG^l IS a schematic representation m p l ^ view ofa regular pattem, e.g., to use one or more.additional blast 
I subsuri-ace segment of rock .which has been fragmented cavities where needed to provide the required overlap-
I by the blast/flush process:,of the invention, and the pj^g ^f fracture zones. Nevertheless, substantial regu-
I liquid circulation pattem between holes therein; 40 jgrity of pattem generally v/iU be provided in the ar-
I FIG. 2 is; a' schematic representation m elevation rangement of most ofthe blast cavities. It will be under-
I showing the surface-to-surface liquid circulation pat- stood, of course, that in the case of substantially verti-
|V tem through the segment of rock shown in FIG. 1; cal drill holes the actual pattem of the holes within the 
I FIG- 3 is a schematic representation of a shot hole ^gment of rock to be fractured may approach, rather 
I pattern described m the example; and 45 t^an match, the hole pattem at the surface, inasmuch 
I FIG. 4 IS a plot showing the effect of repeated blast/- as die available drilling equipment may not be counted 
I flush operatioris on Uie permeability of a fracture zone -on to produce parallel holes al depths of the order 
I produced with the shot hole pattem shown in FIG. 3. considered herein. 
I DETAlLED-bESCRIPTldN OF THE INVENTION „ Regardless of die blast cavity pattem employed the 
I , , • j " distance between expiosive charges (and, also there-
I In the present process, explosive charges are delj>- fore, between cavities) ofa given coniposition and size 
I nated sequentially in separate cavities in a segment of is such that a cluster of overiapping fracture zones is 

mineralized rock tp be fractured, each detonation in produced by the detonation of adjacent charges. Al-
the sequence producing a zone of fracture in the rock though it m'ay not be possible to delineate the fracture 
and being delayed until liquid is present in the frac- 55 zones with precision, the extent or radhis of the frac-

. tured rock around the cavity containing the charge to uire zone that can be expected to result from the deto-
l be detonated, especially in fracture zones produced 'oy nation '̂of an explosive charge of a given composition, 
I the previous delohatiori of charges in cavities adjacent density, shape, and size under a given amount of con-

tiiereto. Thus, the detonations occur while fractures in finement in a given geological mass can be approxi-
the surrounding rock are filled with liquid, or the rock 60 r.-aled b> making some experimental shots and study-
is in a flooded, or liquid-soaked, condition. The cavi- ing the fracture zones surrounding Ihe blast cavities by 
ties, e.g.. drill holes or tunnels, containing the explosive using one or more geophysical methods. Such methods. 
charges are spaced sufficieifilly close together, and the include (1) coring, (2) measurements in satellite holes 
charge."! are sufficientiy la^ge, that the fracture zones of compressional and shear wave propagation, of per-
produced by the detonatidhs therein overlap one aa- 6S meability, and of electrical conductivitj', and (3) 
other. Thus, ea<:h fracture zorie is within the region of acoustic holography. Ba-sed on these studies, the cavi-
influence of other detonations and is subject to the ties are spaced close enough together to provide the 
cumulative effect of a succession of detonations of required overlapping of fracture zones. 
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^ "Adjacen't" blast cavities or explosive charges, as Although all of the b!a«;t holes in a group of adjacent 
I • described herein, are bisst cavities or explosive charges substantially vcrtial drill botes can be drilled prior to 
I which, although spaced from one another, are imrnedi- the sequential detonation of the charges, this proce-
f - . - ate or nearest neighbors to one another, as contrasted dure is not preferred inasmuch as it could be necessary 
g to blast cavities or explosive charges which are more 5 to apply a support casing to the as-yeJ ur.dcscnatcd 
i - distant neighbors or separated from one another by one holes in the sections thereof located in the segment of 
I - ' or more other blast cavities or explosive charges. rock to be fractured to prevent them from collapsing as 
I Although I do not intend that my invention be limited a re.sult of detonations in adjacenl holes. Casing of the 
j5 by theoret ical cons idera t ions , t he delaying of each shot holes in these sect ions usually would b e consid-
I de tonat ion until liquid is present in the fracture vo lume 10 e red economical ly unsound because t h e casing would 
I . - sur rounding the cavities is believed to have two benefi- occupy volume tha t could otherv«sc be loaded with 
I cial effects. First, the liquid can lubricate the fractures explosive and because casing in these sections of the 
I - so that opposing faces can move suddenly in shear holes is not needed in subsequent laching cperations. 
p more easily, thereby enhancing fragmentation of the Therefore, it is preferred that in a group of adjacent 
^ surrounding rock, which is no longer supported by the 15 drilled shot holes the detonation of each charge takes 
I relatively high resistance of a dry fracture to transient place before adjacent shot holes are drilied. ii; practice, 
I shear. Secondly, liquid-filled fracture volume cannot one might drill and, if desired, chamber (as described 
^ be rammed shut by the suddenly applied pressure of an later), one shot hole of a group of adjacent holes, load 
I explosion: This incompressible behavipr, together with the hole or chamber with explosive, allow water to 
d the low resistance of the liquid-filled fractures to sud- 20 enter the formation surrounding the hole or charaber, 
I den small displacements in shear, is believed to cause and detonate the charge, and tlien repeat the sequence 
I disorientationof individual rock fragments and dilation of steps with adjacent holes. In each successive se-
p, and swelling of the bed of fragments as a whole. Each quence of steps, the entrance of water into the forma-
?, detonation creates a misalignment or disarrangement tion can occur prior to, or during, any of the other 
I of fragments with an accompanying increase in void 25 steps, however. The avoidance of the presence of 
I volume. Therefore, when the fracture zones produced drilled shot holes during detonations refers to holes in 
î, by the successive detonations in adjacent cavities par- a group of adjacent holes, e.g.. a central hole and four 
g - tially overlap, the fracture zone around each cavity to six surrounding holes. However, shot holes farther 
I thereby being subject to additional.fracturing and/or removed from the detonations can be pre-drilled. 
I disorientation produced by the detonations in the adja- 30 The total amoimt of driliing needed for vertical-
B cent cavities, and previously produced fracture zones cavity blasting can be reduced by drilling one or more 
I are flooded, each fracture zone will be swelled in incre- branch or off-set holes by side-tracking from one or 
I ments. with each detonation jacking it to larger vol- more points in the preserved upper portion of a trunk. 
I ume, and higher permeability, against the pressure of hole which extends to the surface. Each off-set hole is 
g the surrounding rock. The present process makes use 35 drilled after the charges in the tmnk hole and other 
I ofthe lubricating effect and incompressible behavior of off-set holes thereof have been detonated. Such holes 
I . the liquid in the fractures, and does not require the use will be inclined at small angles to one a;iOther. 
^ of high liqiiid pressures, e.g., of the magnitude needed Most of the ore bodies and other mineralized forma-
I to lift the overburden and enlarge the fractures before , tions to which the present process is expected to be 
I blasting. A liquid pressure in the fractures at the time of 40 primarily applicable will be located below the water 
i: blastingequaltotheheadof liquid above the blast zone table, and in such a case, unless the section to be 
^ is sufficient. Also, any readily available, relatively blasted rises locally aboe the water table, or the reck 
I cheap liquid, e.g., water or water mixtures, can be used surrounding this section is so impermeable that flood-

to floodthc rock. If leaching of ore. is performed in the ing ofthe fracture zone does not occur by natural flow, 
course of-the detonation sequence, a lixiviant can be 45 the section will be naturally flooded, or water-soaked, 
used as thh flooding liquid. For reasons of economy as before the sequential blasting begins, and after a cer-
v/el! asi}ecause of thc safety risks associated with the tain period of time has elapsed after each detonation to 
use of explosives which are sensitive enough to detO; allow the water to fiow naturally into the newly formed 

I nate in extremely small diameters, the use of explosive fractures. If natural flooding is incomplete or absent, 
I liquids in the fracture zones is not contemplated. Any 50 water or some other liquid can be pumped into the 
I fluid explosive which may be used, in the present pro- cavity to be shot after the explosive charge has been 
I cess will be jgelled to a viscosity that will hinder any emplaced therein, and also into any available nearby 
I appreciable loss thereof from the blast cavities to the uncharged cavities, at a siifficientiy high flow rate to 
ti surrounding fracture zones, and in any case will not be cause thc rock to be 'jlasted to be in a flooded condi-
h sufficientiy sensitive to be detonated in said zones. 55 tior at the time of detonation. 
I Thus, while small amounts of the explosive charges As stated previously, liquid is present in the. rock 
I may escape into the fracture zones, such material v.-iii around each cavity prior to the detonation of the 
I ' behave as a non-explosive liquid therein. AcccrdLigly, charge therein. This means that liquid is present in any 
I the flooding liquid is non-explosive. pre-existent fractures in the zone which will becoine a 
f A preferred blast cavity partem for use in the present 60 fracture zone as a result ofthe detonation ofthe charge 
i process is dne in which sul>ittatially cii of the intemal in that cavity, and in fractures produced by previous 
g • cavities, i.e., cavities not located at the edge of the detonations in cavities adjacent thereto. This condition 
|. patten>,>re surrounded by at least four adjacent blast permits the above-described incremental swelling of 

cavities, e.g., a pattem in which the blast cavities are at overlapping fracture zones to take place. In the case of 
the corners of adjacent polygons, which are either 65 substantially vertical drill holes, the liquid level ia the 
quadrangles or triangles and which are as close to equi-. rock around the hole should be at least as high as the 
lateral as permitted by wander of the cavities, as shown top of the charge in tbe hole, thereby assuring the pres-
in FIG. 1. ence of liquid throughout the height of ths forniation 

.r-fccr̂  
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where fracturing will occur. Witli horizontal cavities, tlie fracturing ajid leaching processes, whicii will be 
tlie liquid level in tlie rock around the cavity should be described Ln detail-hereinafter. The overall purpose of 
at least as high as the radius of fracture to be produced . tijess hole;; uscaliy is to provide a-means for introduc-
by the detonation of thc charge therein. When the ing gases and/or liquids into vhe fracture network pro-
segment of rock Ui be fractured is located below the 5 "duced, or bf ing produced, and therefore tbe Lnjectio.n 
water table, the position ofthe water table above it will holes diould be distributed throughout Uie segment of 
confomi to the water levels in undisturbed holes, and rock among the blast cavitie-s in .a manner, such that 
may be inferred at clher-locations by interpolation they lie within die fracture zones produced by the deto-
between the elevations of the water levels in undis- nations. After the detonation of tiie charge in a sab-
turbed holes. As a practical matter, the water table will lO stantiallj vertical shot hole, tiie resulting fracture zone 
almost always be sufficientiy horizontal that, tiie first permits communication between a neighboring injec-

I charge can be detonated when tiie elevation of tiie tion hole and tiie portion of tiie shot hole remaining in 
i liquid level in any nearby hole is at least as high as the the overburden. The shot hoie remnants tiiereby act as 
I elevation to be reached by the top of the ciiarge (or pass^eways to complete the liquid circuit through tiie. 
I radius of fracture in the horizontal cavity case). Ifthe 15 fractured rock. 
I . liquid level is measured in the cavity in which the If mjection holes are present m tiie formation during 
i charge is to be detonated, the level before loading of ^ ^ sequential detonation process, an injection hole 

tiie explosive into tiie cavity should be tiie level mea- "̂̂ "8 ^ ' ' ^^ ^ ^ fracuire zone produced by a previous 
•sured. After tiie detonation, tiie liquid level ih cavities detonation in a cavity adjacent to a cawty to be shot 
witiiin tiie resulting fracture zone drops in proportion 20 oaa be einployed to determine whetiierthe liquid level 
to tiie new fracture volume produced, tiie expulsion of «" *•= ^ ° ^ surrounding tiie cavity to be shct has recov-
liquid from tiie immediate vicinity of tiie charge by tiie ^ ^ sufficientiy to flood the section to be blasted 

I gaseous products of detonation, and the drainage of " . Whenever an hydraulic potential e.g.. a liquid level) 
liquid into the cavity created by tiie detonation The' |ne^'f«nent is required after a blast cavity has been 

I detonation of tiie next charge in tiie sequence in a 25 loaded witii explosive, a nearby injection hole can be 
cavity adjacent to tiie first is delayed until tiie liquid in "s^V^enthesegment of rock to be blasted is at least 

I tiie fomiation around tiie next cavity (including tiie P f ^ above tiie water table, luju.d is introduced into 
i new fracture volume produced by tiie previous detona- *^, '?^^V[ the cavity to be shot, in previously deto-
? ^ . .. . -x ^ . » •: - J l l nated cavities adjacent thereto; and./or in nearby injec-? bon in an adjacent cavity) returns to its required level. »; v i m i- • u- 1 •.• • r J t i» • J „ . J 1. .u . 1 • u • ,,v tion holes..Flooding via multiple cavities is pieferred. It IS understood,.however. that ̂ explosive charge in 30 ^ 5 ^ ^ ^ „ . \ J ^ . ^^^^ the explosive 

blast cavities elsewhere in a secUon of tiie fonnauon ^ ^ ^ ^ ^een emplaced tiierein (if tiie chLge is 
\ tiiat IS not strongly influenced by a previous detonation ^ y | -^ ^ ^ presence of water), and liquid level mea-
I (i.e.. where the liquid level has not dropped below tiie smcmenls. if^required. are made in nearby injection 

required elevation as a result of tiie previous detona- h^les. ft should be understood tiiat. in practice, hydrau: 
tion) can be detonated at any time after the previous 35 y^ potential 1 measurements, e.g., pressure measure-
detonation. The delay to allow flooding applies to deto- ^ ^ ^ ^^^^ . ^ ^ ^ piezometer, or liquid level measure-
nations in cavities which are adjacent to previously menls.'will not be required after each detonation, faias-

I detonated cavities, where tiie previously formed frac- ^ ^ ^ ^^ ̂ jj^ experience gained in determining the nec-
I ture zones will be subject to tiie effect of tiie next deto- essaiy delay times to permit recovery of hydraulic po-
I nation. - . , . , . ^^ tential between a few of the eariy detonations in the 
I As was stated previously, some of tiie holes m an . sequence will usually allow tiie practitioner to select • 
I assemblage of substantially vertical holes preferably v«tii confidence suitable delay times to be used be-
5 are left uncharg*;d witii explosive, tiiese holes providmg • . t^egj, subsequent detonations. 

passageways to tiie fractured rock to allow tiie intro- • Altiiough tiie exact.delay required depends on tiie 
duction of gases and/or liquids tiiereto, e.g., in a subse- 45 ^ g of each blast, tiie voitl volume to be fiUed, tiie 
quent leaching operation; These holes, which can tiius elevation of the segment to be blasted relative to tiie 

. be looked upon as injection holes (altiiough tiiey may . water table, and the hydraulic transmissibility of tiie 
-serye as ejection or recovery holes depending on tiie smroundhig rock, delays on tiie order of hours or days 
required flow pattem), are also useful in preparing tiie . generaDy will be need'ed. As a practical matter, the 
ore body for leaching, as wili be described more fully 50 time required for a shot hole to be drilled, or a tunnel 
hereinafter, and it is preferred, on the basis of case of to be driven, and loaded with explosive usually will be . 
drilling, that tiiey be drilled prior to the sequential more than sufficient for tiie hydraulic potential around 
detonation process in holes surrounding them. Pre-., the cavity and the previously detonated adjacent cavi-

• drilled injection holes are provided v/ith a support cas- ties to recover to the minimum required level either by 
ing, e.g., unperforated pipe grouted to tiie tipper part of 55 natural influx of water from tiie surrounding rbck or by 
tiie hole wall, at least in the section tiiereof located in •. introduction through cavities made in the formation. In 

, the segment of rock to be fractured, and ungrouted general, delay times between detonations of at least 
perforated pipe or a wellscreen in the bottom section of about one hour, and typically in the range of about 
the hole. in.order to prevent hole collapse as a result of .from 4 to 24 hours, are sufficient for flooding to take 
tfie detonations. Inasrnuch as ftill-length casing will be 60 place, although much longer delays, e.g., in the range 
required for subsequent leaching operations, however, . of about fiom 4 to 30 days, may be employed in order 
tiie full length of the injection holes usually will be to prepare the next blast cavity for blasting. It will be 
cased prior to blasting. Damage to the injection piping understood that these delays refer to the time between 
ii miniriiized in the present blasting process owing to detonations of adjacent.charges, and that one or raore 
tlie sequential, iong-delay character of the multiple 65 charges, whose zones of fracture are nonradjacent (i.e., 
detonations.. whose regions of influence are mutually exclusive) can 

The location ana pattern of the injection holes are be detonated at much shorter delay times or even si-
selected ori the basis of their intended function during 'multaneously. ' ^ 
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10 
i have found tbat when scquc:aial blasting is carried 

out in less competent, broken, or clayey rock, the per­
meability of thc rock may be decreased, altiiough the 
fraclure volume is increased, by the blasting. Lost per­
meability can be restored by flushing cf tiie fractured 
rock, i.e., by sweeping or driving liquid through the 
fractures at high velocity and removing the fines-laden 
liquid from the rock, preferably after each detonation. 
The flushing procedure appears to remove from the 

and most preferably by a detonation in no adjacent 
cavity, before the fracture zone produced by the deto-
Bation in the given ca.'ity has been fiushed oul as de­
scribed. In seme formations, if a given fracture zone is 
subjected to a number of subsequent detonations with-
CBt tiie intervention of flushing, restoration of permea­
bility by a later flushing becomes difficult beccuse the 
iractufes may have become plugged up too tightly v/ith 
fines. Tlierefore, a cyclic bi2st/flush/blast/fiush,etc. 

fractures the clogging fines that prevent free irrigation iO prtx?ss is preferred. One or raore fracture zones can be 
around the rock, fragments. Such fines are present in flushed at the: same time, and flushing ofthe sartie zone 
tiie form of exisiting clays and rock crushed or abraded can be repeated, if desired. An already flushed zone 
daring blasting..- " can be left untreated during the flushing of adjacent 

The flushing can be accomplished by the pressure zones by plugging the ejection hole in that zone. Fiush-
injection of liqiiid and gas into the fractured rock 15 ing of one or riiore zones can be carried oat while adja-
through one or more injection holes, arid removal of -cent blast cavities are being drilled and loaded. . 
the fines-laden liquid from tiie fractured rock by bring- In the present process, tiie detonation of the charges 
ing it to'the surface through one or more detonated in sequence permits tiie preservation cf the sections of 
shot holes, in the preserved sections ofthe laiter which substantially vertical shot holes that pass througii the 
pass through the overburden to the surface. Liquid and 20 overburden (the strata overlying the rock segment 
gas. e.g.. water or other aqueous liquid and air or oxy- being worked), and these sections of the shot hol^s can 
gen, can both be injected; or gas alone can be injected serve as ejection holes in the flushing process, as de-
so as to sweep ahead tiie liquid already present in the scribed above. Thc reduced fragment size and un-
fractures. Alternatively, a liquefied gas, such as air, clogged fracture network achieved after all of the 
nitrogen' oxygen, can be introduced into the injection 25 charges have been detonated, and the detonations fo!-
holes and allowed to vaporize therein and thereafter lowed by a flushing procedure, produce, in the case qf 
drive the Uquid through the fractures. Inasmuch as an ore body, an ore which is well-prepared for ir. situ 
there is a two-phase flow in a generally upward direc- leaching. 
tion and laterally in the direction of the detonated shot The present invention also provides a leaching pro-
holes, the circulation ofthe liquid is powered by gas lift 30 cess wherein fines are flushed out of a mass of ore by 
such that .the gas chases the liquid upward and outward .driving lixiviant through the mass by means of high-
through the broken formation, and fins are driven - pressure gas, e.g.. in a specific circulation pattern. Ac-
toward the zones of severest fracture, where their con- cording to one embodiment ofthe present leaching pro-
centration is hea'/iest, from which zones they are cess, an ore body which has been prepared for leaching 
ejected with the liquid. This direction of sweep is pre- 35 by detonating explosive charges in separate cavities 
ferred inasihuch as the reverse direction drives the ^ r e i n . e.g., acceding to a process of this invention, is 
fines more,deeply into the less severely worked zones leached in situ by introducing lixiviant for the ore into 
of the forniation away from their point of heaviest the prepared ore body through a plurality of injection 
concentration and can cause an intensified clogging of holes therein and intermittently or continuouslyrdriving 
the fractures. The surging high-velocity flow which 40 the lixiviant through the ore body to a plurality of re­
develops with ike upward two-phase flushing system covery holes by means of high-pressute-oxidizing gas, 
removes fines Ihat prevent free irrigation around the . flie lixiviant rrioving laterally and upwardly frq.Ti zones 
fragments. If necessary to achieve the required lateral that have been less severely worked, to others that have 
circulation of liquid between injection hole and ejec- -been most severely worked, by the detoii.ations. • 
tion hole throughout thc length of thc fracture zones 45 whereby fines are removed from the ore body.; When ' 
being flushed, two or more vertically separated injec- the ore body has been prepared for leaching by means 
tion zones in. a given injection hole can be employed, -ofthe above-described blast/flash process the lixiviant. 
one substantially at the bottom of the fractured rock for the ore can be injected mto the ore body through 
and one or more others above it. injection holes which have been previously been used 

The buoyancy of tiie pressurized gas alone can be 50 in the flushing steps, and fines-laden pregnant leach 
sufficient to raise the fines-laden liquid to the surface of 
the ground when the water table is relatively close to 
the surface. When the water table is so deep that the 
buoyancy is insufficient, the liquid can-be pumped up 
the collar of the shot hole. 

At the start of flashing, the gas injection pressure 
should be higher than the ambient hydrostatic pressure 
at the position in the injection hole where injection 
6c(:urs, and preferably higher than the lithostatic pres­
sure at this position. The minimum gas pressure re­
quired for fkishing is highest at the start of the opera­
tion and falls as jgas injection proceeds. . 

Although there can be much variation in the number 
of fracture zones being flushed out at any given time. 

solution recovered from the ore body through'the pre-
serv.ed upper portions of shot holes, piping having been 
grouted into all holes used to circulate lixiviants and 
pumps provided as necessary to inject lixiviants in pne 

55 set of holes and remove pregnant liquor from another 
set of holes. The bottom ends of the pipes iand any 
other positions along the pipes where lixiviants are to 
be injected or collected are provided with perforations 
or wellscreens. 

60 The lixiviant (e.g., sulfuric acid/water oi* sulfuric 
. acid/nitric acid/water for ores whose acid consumption 
- is within tolerable levels, or NH^OH/water for ores 
haxing a high acid coasumption). which is a liquid, and 
".a gas, usually an oxidizing gas, preferably oxygen, air, 

and the nature and number of other operations which 65. NO,, or mixtures thereof, aire injected into the ba^ of 
can be performed dnring flushing, it is preferred that a the prepared ore body at high pressure. As in the case 
detonation in any .given cavity be followed by detona- > of fiushing belween blasts, this type of injection gives a 
tions in no more than two or three adjacent cavities, ; circulation powered by gas hft such that tiie gas chases 
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a- : thc liquid throug,h the broken.rocki 'Even with constarit • 2. Piping 7 temriinates in v/ell screen S, and p.iping 6 is -
k flow rates of gas and iiquid a t the injectfon holes, a prnvidcd wirh psriOratipEis veiticaiiy. spa-csd- a ' c ig the 
I . . * . 5"jrging, high-velocify flow develops in tha rock wr.tch iir;glh tissraof Iccated ta rock segment 2 . lii die flush- " 
i - b . beijeyed to be • beneficial in ( 1 ) reirtoviftg fines ing steps of the fracturing process , a h d tr. the leaching 
I . - 'arouttd the ore fragments'(such fines being c rea ted 5 ' process, ^quid is injected in to fractiired rock segment 2 
4:. ,' dur ing the leachiiig process in form.^ i^ch as de<jrepi. through the perforations in piping 6 , then te'driven by ' - , -
I .•• " ta ted c r c EJimes and precipitated iron ^ i t s ) , . {2) iii- pressurized gas through tiie fractured irrek asijidl<^ted 
I =• creasing the Ieaching ra te as a result of the cyclic • by the arrows, and leaves the top ;pf t h e rock segment 

;,'* ̂ .- •- squeezing of the ore fragments'.from the pressure, flucr through pipiiig 7. Lateral as well as upward.flow.occurs 
I tuat ions associated with the suigingfipw, and (3 ) work- io from;,the less severely worked zone around bote I tp the 

'|. i h g t h e o re gently so as to collapse-wide openings" most-severely worked zone,-i.e.. fractiire zone 4 . . 
I. fimong ths fragments t h a t may develop during the Regulation of the-rate a t which gas and liquid lisivi-

. . i ' • leaching process and can cause el^miejling t f leaching ant are injected and collected a t the various injection, 
. '•. - 1 - "solution. Sweeping tiie^ lixiviant laterally toward cdHec- arid coilection.boles allows a high degree of control of 

- I • t ipn ,pp in ts in .the more severe!]^ worked fracture re- i s ' t h e in situ leachingprocess .Bj ; tiie operation of control 
I • gions of the ore body, and.from injection points'In the valves, t he injection and collection pressures can be • -
I less severely wprked regions reduces the chances tha ta : .reg'ulatsd to obtairi a ' re la t ively uiiifdnri flow through 
I •"" m o r e intense cloggirig of the pre body with fi.!ics..-wilf the ore body l i spite of ya-riaticns ia permeabiSty frcni, 
•it' ,• * occur ; .̂  place t o place. Shifting tiie injection o r collection from 
•|. - T h e circulation pat tern employed in .tiie leabliing J one set o f h o f e to another will change the direction of 

• I • processas wellasin diefitishingstepsof the.fracturing flow through the ore and can be u.5ed to fnistrate chan-' 
f - .̂  prcvjess may be understood more clearly,by reference nelting. The regulation of pressures and flow rates at 
I . . 'to the accpmpanying drawing; In FIG. 1,. the holes the various holes can hel'sed'to maintain a net flow of 

" I designated hy the letter S aye substantiaUy vertical shot" ground water toward ths operation under conditions 
I ; holes; Wstfiin tiie blasted segment df rock; these holes. 25 tiiat might otherwise resUIt in the escape ofleach.solu-

. ••; are destroyed by the detoiiations which have taken tion. Leakage of the leach solution is.aiso, reduced in 
,. |; •• ' place tiierein in the fracturing;process and are replaced- the present process as a result of the carriage ofsome 

I by the adjacent, overkppirig fracture zones shown in of the fines away from the are^ of gas Eolation where 
• I •• • thfe lippelr half of the figure, aiid also denoted by the they settle out arid .plug Uie leak. In leachirig, the gas/-

I let ter S, tb, indicate apre 'vious shot: hole. TTie shot holes 30 liquid pressure injection can be intenni.ttent o r continu-
5 ' ' ra ther than the fracture zones are shown iri the lower ous , depending ufKin the degree t o which tfie o re tends 
I half of the figure.so that liquid circulation lines call be t o p l u g up , and the freqi:ency with which flow pat terns • 
? ' indicated ctearly. It should b e understood, however , are changed to, obtain uniform and complete leaching 

-: |. tha t upon completion of the entire blast sequence all throughout the ore. .. • 
* shot holes, are surrounded by ftactiire zones ( a s d e - 35 When lixiviant is i n tnx luced into an injection liole 

•,.^ picted in t h e u p p e r half of the figure) in tiie sections simultaneously with gas, its injection pressure should 
I thereof located in the-rock segment that was blasted. In be equal to that of the gas, i.e., Higher than the ambient 
f ' the sections overlying the blasted segment,, the shot hydrostat ic pressure ai theinject ion po in t , and prefer-

• j holes remain substantially intact and in tiiese secti'ons ably higher than the lithostatic pressure at-this point. Sn 
i all shot tiotes appear as Ihey afe shown in the lower half 40 some- caseis, especially at .grealer deptiis, the injection 
P ' o f t h e figure. 'The preserved upper sections o f t h e shot pf lixiviant and oxwizing gas at sufficient pressure to 

••i holes a r e ejection holes in the flushing steps of the exce&d the lithoststic pressure may be iiKjessaiy in 
^ -b l a s t ing prpcess, and reJEpveiy holes in ,the le^phir.g o r d e r t o get sufi iciei i t ' f lowrate ' through the.ore. If, in 

. . J • process , in the hole ar rangement illustrated in FIG." 1, a j m e or all of the ^injection holes, there are periods of 
-. *' the isHot holes are. arranged,, in a trigonal pa t t em 45 time when lixiviant alone is introduced mto .the o re , this 

;- . wherein lines between adjace.nt holes form substan- introduction preferably is done a t a pressure a t least as 
'• f tiaiiy equilateral triangles. high as the lithostatic p r e s s u r e a t the injection position, -
\ i The holes designated I are injection, holes. These That is; the puniping:pressure preferably'is at least as " • ' •'. 
' B holes are unifpimly distributed aniong the shot holes as high as the lithostatic presure minus the heads.of fluid 

, . I shown. Tlie arrows indicate tiie direction of flow- of 50 in -the piping leading fiom the jpump to the injection' 
I liquid-from injeption holes Ji,.Ig,.Is,l4,.Is and Ig to ttie position. • . 

. i preserved upper section of shotholeS,; and from injec- According to the present in vention,,permeability can 
; | tion holes Î , Ifi, IJ, lg, and two other iindepicted injec- be increased sisp in .'ore masses sticli as mine waste 
'i: , tion holes to die preserved upper section of shot hole dumps by driving 3ixivia:it tiirough fractures therein by 
i! SJ . T h e preserved upper section of shot hole S3 is 55 means of g a s a t sufficientiy high pressure that the lixivi-

. I plugged of fwhi leshpt holes S, and S J a re being used for a ra is swept through a t a ra te sufRcientiy high t o enUain 
I flushing o r as recovery holes for pregnant Ieach solu- fines present in the fractures, .and remoyiiig the finest 

_'{:' tibri. A t the saiTie time, liquid,injected into these inje;c- laden lixiviant frorii the ore mass. 
..f tioii holes is being driven to o the r open.shot holes. In a preferred embodimet i t of ths present process, 
|. I n F l G . Z, piping t:i injection facte I aad shot hoie S is 60 die sectipns of substyjstiaSIy vertical ^ o t holes whicb 
I shown as it p a s s e d through overburden' 1 to the frac- are located in the seg^nent of rock to be fractdred a re 
4- tured . rock segment 2. Piping S. in injection hole I leads first chambered to laroSr diameter , arid the explosive 
I from the ear th ' s sorface 3 to substantially the bot tom of charges positioned in the chambered portions. In this • -

. 'I rock segment 2 . Pipiiig 7 in sho t hole S leads from t h e p rocedure , drilling costs a re reduced by drilling widely 
| | e a r t h ' s s u r f a c e S to tile top of rock segment 2 . Fracture 65 spaced^apairt shot holes of sriiatler diameter than is . 
I "• zone 4 has been produced by the detonat ion of ar. , required to accommodate the size of explosive charges 
I explosive charge in shot hoie S. which before the deto- to be employed, and enlarging o r "spr inging" iiie lower 
I nation led to sisbstaiitially t h e bol toai of rock segment, par t s o f t h e shot holes to produce chambers havi.ng t h e 
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h ' volume required to hold the explosive charge. The p.s-i. The water table was at a depth cf about 15 feet 
i;̂  -, sections cf the ticks in ,tile rock stigriierit are-cham'- • below the surface. A 3-inch-diameter hole, was drilled 

•{I" ; • 'bare;d:ettKer by dri!ling them out, e.g.-;. with-an expan- intbtHe.forriiatiori toa d(;pthof'i{id,feet This hole was 
£ - • sipn,_bit, or by detonating explosive charges tiierein. -used as a core^^^mpling and peimeabtlity-testing hole,, 
I '' The chambering-method is riot critical, the RrefeiTed 5 and also as an'injection hole for purposes of flushing 
I - rnethod generally .being the one that results inthe.low,- surrouridihg shot holKi.. A cote test: reyeiiieda coiripe^ 
I ' . est ove/all cost per unit "of.>chamber volume for-the tent silty shale at the^,0--90 foot depth. A well screen 
I '. particular rock segment in ;questiori.-In the present was installed in the hole at the 70-̂ 90 foot level.tand' 
P '- •̂- processi explosive'charg^s used forspringingmay t«.20 ipiping to the weli screen was grouted to the hoie.^Ge- -
I • I feet or more in length-. If rock fragments tend .to fall' IS ,ment filjed the hole below the well screen. ' ;̂-
I" . • ' from the wiilts of ar.explossyelyspnmg hole and "thus to Thepattem of shot holes used Js shown in FIG., 3. 
I i'- occupy some of tiie volume required for the.explosive Three shot holes,(SH i j SH 2, and SH 3) were located 

• I " • -. charge subsequently to be "used in producing the frac- 16.25 feet from the injection holel, their cent£.'£ lying 
B ' . ,.•,'• tiire zone, 'che hole to:bs sprung can-be drilled deeper on 120° radii from-the center of hole f and the lines' 
I ' "i-. " so that the bottom of the hole is located below the 15 joinirig them forniing an ^^ in&dis-

"I • - ' . boUom of the forrriatiOri. In this rnanner„.asiy loss in , tance between ihese shot holes was 28 feet. Three"shot 
I • .voltime that is to be ayailabie. for explosive loading is. holes (SH 4, SH 5, SH 6) were located 32.5'feet from 
| - minimized .since ,a portion of thie chamber volume hole !, their esnters also lying on J2.0° radii from the 
I " below the; segment of rock to be fractured can hold the" center of hole I; and the lines joining them (also fbnn-
I .^" fallen rock fragments. 20 ing.an equilateral biaugJe) bs,ing,bisected by the-.cen-
i The advantage of chambering the shot holes,before t^rs of hples SH 1,.SH 2, and SH 3. The distance' be-
I loading ihem'with the.charges which will he detonated • tween ftoiSs^SH 4, SH3, andSH'o was,56 feet. It is seen 
I .to produce the fracture network becomes evident when that in this arrangement the Unesjoining adjacent (l-^-, 
I it is considered that an explosively sprung hole typically 'nearest neighbor), shot holes fonned equilateral triari-
I wilt bold about ten times' as much explosivcss an un- 25 gles; SH 1, SH 2, and;SH.3 each had foui: shot hples 
I' . sprung hole. Thus, for example, a pattem of 30-inch- }adjaceritthereto(SH2,,SH3,Sft4,andSH5farSHI; 
I • . diameter charges^6n ! 00-fopt spacings (terit'er-to-cen- SHl.SH 3,SHS, aTidSH6fbrSH2;'and.SH 1,SH2, 
I ' ter) typically can.'bs* achieved by drilling 9-inch-diaine- SH 4,.and SH 6 for SH 3), and SH-4, SH 5, and SH 6 
I ter holes on lOO-fopt spacings. . each had two shot holes adjacent thereto (SH land SH 
I . Although'the blast/nush process has., utilirj' in deep 30 3 for SH 4; SH 1 andSH 2forSH 5; and SH 2,2Jid SH 
I ' underground blasting with explosives of ai! tjpes, tiie 3 for SH 6).. ' • • ^., .;; 
I use ofchemical, explosive eharges.is much preferred for Shot,hole-SH 1 was drilied first.. The hole .was 5-
tj • several reasons.-The many technical as wpjl as civil inches in, diameter and 91 feet deep and was loaded 
I (legal, political, public relations) problems-associated • witii 255 pounds of an aluminized water gel explosive. 

, with the undertaking of nuclear blaisting are self-evi-. 35 having the following composition: 18.9% ammbnium 
dent. Vibration effiects'and radioactivity are thetwo -nitrate, 10.5% sodium nitirate,- 29.6% metiiylamine 

' major roots of these problems. A nuclear blast which is iiitrate, 30% alumiiium, and 11% water, Thevexplosive 
| - large* enough to'.be economically feasible must beset column was 21.7 feet high, and was covered oy a-layer 
|| off at sufficient, depth, e.g,, preferably appreciably of water which naturaUy'flowed into and filled, the 
I -. " deeper than 1000 feet, in order to besafely contained 40 remainder of tiie. bole and stemmed the ;explgsive 
I and not release 'radioactivity to the atmosphere. Many. charge. The water level in the injection hole was above 
I ' potentially workable ore bodies wiil.npt be located as 'the level.of the top *0f the •explosive charge in the. shot 
I • • • deep as the safe.containment depth. Furthermore,-the hole, in dicating that the rock surround ing. the shpt;hcle 
I • extreme magnitude and' concentration :of the energy was, properly flooded, Befoie the explosive charge was 
I _ - •produced in.a nuclear blast imply that it wiii be diffi- ,45 initiated, the permeability and sound velocity of'̂ the 
I cult, if not impossible, J o achiev'e (a) a high degreeof' rock surrounding the injectiori hole were riieasured. ' 
I • - • • uniformity in explos ion-ene rgy distributibn and ore" The permieability was' detennined by slug tests, in 
I breakage, (b) close hydraulic control of'the flow of which the pemieabiHty kmferred from the rate at 
I . ' lixiviants without an appreciable amourit Of'additional whicii the head of liquid subsides toward the ambient 
I drilling to iricrease the numbervof injection and extrac- 50 level in a hole after the rapid introduction'of..;2slug.of 
I tion points, and (c) aclosc match-oftliebrokeii volume . . liquid therein (see Ferris, J. G., et.ai., "Theory of Aqui-
I . with the outline of the ore body, particularly for small fer Tests", tJ;S, Geological Survey, Water-Stipply 
I ;• or irregiilar,ore bodies, such a-.ir,atch resulting i.aecon- Paper 1S36-E, 1962), Thesound^velocity, measured at 
I •=.. omies in the use of the available explbsiv'e energy and • depths of 74.5 feet to S5 feet between the injection 
I , in the consumption of lixiviants, " 35 holei shot hole SHI, and a test hole collared 13 feet on 
I While single explosive charges generally will be deto-,. the opposite sideoftiie injection hole, was.3970 meters 
I nated in squence to produce-the fracture zones, the per second. . 
I . charges also can be. multi-cbmponent charges .posi- The explosiTO char^ in shot hole SH 1 in the floOcisd 
I tioned in separate cavities and detonated substantially" fbrmatipn was detonated, wheTeupon the water level in 
i " simultaneously as a group to produce each fracture, î ) the injection fmle droppesl to below its pre-detonation 
I zone, each detonation in the s«juence of detonations ia level, s^ a r^ult of the form.attini of a new'-fractiire 
I such a case being a group of detonations. . ' volume around shot hcieSH i, tte chasing of water 
i The fptlowing .exampte iliustraies specific, eriibbdi- from the rock fractures by tfte gaseous detonatioti 
i ments of the process of thie invention, . productsvand Ihe Oowcrfwito into the cavity created 
I . . The fprrnatibn to be frac tured was a bedded series of 65. by tiie explosive: charge," After partial recovery cf the 
i , shales and silt stones, dipping atfout 45°,'located'iat a" water level Jin the injecti'ori hole, the second shpt, hole 
p- .. depth of 70 to.90 feet belpw the,surface, arid therefore , (shot hole SH 2) w^ drilIed.to the same" size as>,^ot 
i ' ., subjected to a. lithos^tib picture of-about 70 to" 90 • .,hole SHI,-and tisa rode surrounding shoMioIbSHl was 

^ 

I 



-.K-.ii"-' ?.'..'ii-i:-^:^;...f-t--^i'-~^.'^'^^^i^?^'.4--.^-.v'f':--'Gv:.f--'i'.' 

V . 

v^sf i r feV>.;Sfr . -^ iJ- i ! ja^*^f- '^^ 

15 
3,999,803 

16 
then flushed with waler by (a) blowing compressed air 
into tiie bottom ofthe open injection hole, (b) injecting 
•water through a packer in the injection hoie, and (c) 
three long air injections, and then (d) 18 short air injec­
tions through a packer in the injection hole. The total 
flushing tirne was about 4 hours. Silt-laden water was 
ejected from shot hole SH 1 (but not shot hole SH 2) 
during the flushing, indicating the preservation of the 
stop of shot hole SH 1, the circulation ofthe water from 
the bottom of the rock segment (bottom of the injec­
tion bole) laterally and upward through the fracture 
network to the top ofthe rock segment (bottom ofshot 
hole SHI) , and the removal of fines from the fractures. 

The permeability was measured in the injection hole 
(as described above) before and after the flushing op­
erations. " 

Shot hole SH 2 and subsequentiy drilled shot hole SH 
3 were loaded and thc charges therein detonated as 
described for shot hole SH 1.' 

millidarcys on a logarithmic scale as the ordinate. Nine­
teen {Joints arc shown, including those oblained after 

. the four flushing procedures (a. b, c, and d) described 
above after the shooting of hole .SH 1; three flushing 

' 5 procedures (a,b, and c) after the shooting of hole SH 2; 
• and two flushing procedures (a and h) after the shoot­

ing of hole SH 3. Each point denotes the average per-
- • meability measured after a given operation. 

The plot shows that ths permeabiiity of the rock was 
10 increased considerably (from 500 to over 2000 milii- " 

-darcys). by'the total six-cycle blast/flush process, ajid 
that variations in permeability occurring during the 
cyclical shooting and flushing tend to decrease as the . 
rock is broken and swelled. The plotted experimental . 

15 yalues also-show that thc rapid flow of water to the 
remnant cfa shol hole achieved by means, of air injec­
tion through another hole or by strong pumping from a . 
shot hole (by.blowing air into the bottom ofan open • 
shot hole, for example) increases the permeability after 

The water level in the injection hole returned to its 20 blasting; best results having been achieved when both 
pre-detonation level, above thc levei of the top of the -.air injection' at the rnjecfiori"Bdlc and strong pumping at 
explosive charge in shot hole SH I before detonation, a nearby shot hole was used. Wliile blasting was found 
in about 18 hours. Thereafter, the charge in shot hole . generally to decrease the permeability, permeability 
SH 2 was detonated, whereupon the water level in the ••'• 'which had previously been reduced by the injection of 
injection hole again dropped to below its pre-detonaT 25 water (alone or as a final flushing step after blasting) 
tion level. TTie rock surrounding shot hole SH 2 was •' -was increased by blasting. 
flushed with water, and silt-laden water ejected from T . The degrei; of dilation produced ia the rock by the 
shot hole SH 2, by sealing off shot hole SH 1 and ( a ) . , first three:'of the-above-described detonations in 
injecting air through a packer in the injection hole, (b) • flooded rock was estimated firom calculations of poros-
blowing compressed air into the bottom of the open ;ao ity based on sound velocity measurements. Tlie sound 
injection hole, and (c) injecting air thrcugh a packer in ' velocity aroimd the injection hole after the three blasts 
the injection hole, followed by water through the was 3650 meters per .second at a 12 foot ^dius from 
packer while blowing compressed air into the bottom the hole, and 2530 meters per second thrcugh paths in 
ofshot hole SH 3. The total flushing time was about 11 the blasted .rock running from the shot holts in to the 
hours. The permeability was a^in measured beforie -35. injection hole (compared with 3970 meters per second 
and after the flushing operation.'. .. in the same; prism of rock before blasting). The total 

After the water level in thc mjection hole had re- /-porosity in tiie.rock(i^) was calculated from the follow-
tumed to its pre-detonation level, the charge in shot Ving empirical .equation for the sound velocity (a, in 
hole SH 3 was detonated, and the surrounding rock ;rii/sec) as aftinction of porosity, for flooded ocean 
flushed by (a) air injection through a packer in .the .40 sediments having various degrees of lithification: 
injection hole, followed by sealing off shot hole SH 1-
and blowing air down shot hole SH 2 and shot hole SH 
3 to drive water to each sbot hole in tum until water 
was exhausted from the broken rock; and (b) two air.' '; 
injection flushing, each followed by water injection... 45; 
The total flushing time was about 7 hours. The permea­
bility was again measured before and after the flushing. .. 
operations. 

The remaining shot holes. SH 4, SK 5, and SH 6, -; 
were drilled, loaded, and detonated in the same mam-
ner as holes SH 1, SH 2, and SH 3, with the detonations 
occurring after tiie retum of the water level in the 
injection hole to its predetonation level. Between the 
shooting of shot holes SH 4 and SH S, the rock sur-

!/»=-50.748 Ina-f 432.23. 
"•' Total porosity before blasting: 11.7% 
.' Total porSsity after blasting: (12-ft. radius) 16.0% 
; Total porosity after blasting: (center to shot holes) 

34.6% .' 
These porosities imply that the fracture volumes 

. .baused by the blasting were 4.3% (12-ft. radius) and 
,..22.9%. (cen'terto shot holes). 

•; <;, I claim: ' .. 
50.' l..!n a process for leaching a fracture-containing 

.solid mass of ore by introducing a lixiviant for the ore 
and a gas into the solid mass through a plurality of holes 
.therein, the^improvement which comprises driving liq-
. uid lixiviant laterally and upwardly through the frac- * 

rounding hole SH 4 was flushed by three air injections 55 tures in the solid mass to a plurality of recovery holes 
in the injection hole, each followed by water injection; by injecting said gas, and allowing it to exit from said 
between the shooting of shot holes SH 5 and SH 6, the . . recovery holes- with said lixiviant, at a rate sufficieKt to -
rock surrounding hole SH 5 was flushed by injecting air .produce a surging flow of ii:<iviant in said recovery 
into the injection hole, and blowing air down hole SH 6 - holes, whereby fines present iu the fractures in the solid 
(unshot),separately and simultzneously; and after hole 60 mass are entrained by said lixiviant and are.^^moyefl 
SH 6 was shot. Ihc rock surrounding it was flushed by 
altemately injecting air into the injection hole and -
blowing air down the surviving section of hole SH 6. -

The permeabilities measured by slug tests in the in­
jection hole before the blast/flush process began and 65 
after each blast and flush operartio.1 at each of the six 
holes are plotted in FIG. 4 as a fiinction of the opera­
tion performed, the permeabilities being presented in 

from the solid mass of ore therewith. 
". 2. A process of claim 1 wherein said gas is injected 
into said mass at a pressure in excess of the lithostatic 
pressure.. j . • 
; 3. A process for thc in situ leaching of an ore body 
which has (been worked by detonating explosive 
charges in separate cavities therein to produce in the 
bre bo-dy immediately adjacent to tbe site of eacb deto-
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13 
Ration a fracture zone comprised of a most severely 
fractured core portion surrounded by a less severely 
fractured outer portion, comprising introducing a liq­
uid lixiviant for the ore into the ore body through a 
plurality of injection holes in the less severely firactured 
portions and driving said Ibciviant iaterajly and up­
wardly through the ore body to a plurality of recovery 
holes in the most severely fractured portions by inject­
ing gas into the ore body and allowing said gas to exit, 
from said recovery holes with said lixiviant at a rate 
sufficient to produce a surging Row of lixiviant'bi said 
recovery holes, whereby fines are entrained by said 
Ibciviant and removed from the ore body therewitli. 
• 4. A process of claim 3 wherein said lixiiiart is in­

jected into said ore body st a pressure which is at least 

10 

15 

as high as the lithostatic pressure, aad s?Jd gas is in-
jocteci and ssid frnes arc removed internrittently. 

s. A prow»s of claim 3 wherein tht ors body has 
been worked by the detonation of chemical explosive 
charges. 

6. A process of claim 5 wherein the injection holes 
extend from the earth's surface to substantially the 
bottom of the ore body, and tiie recovery holes extend 
from the earth's surface to substantially the top cf the 
ore body. 

7. A process of claim 6 wherein the recoveiy holes 
are preserved upper portions of shot holes in which 
explosive charges have been detonated. 

8. A process of claim 3 wherein said gas is an oxidiz­
ing gas.. 
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[571 .ABSTR.ACT 
Tncre is disclosed a method for the in-situ extraction 
of metal/mineral values from metalliferous and/or 
nonmetallic ores occurring in substantially imperme­
able ore deposits of the laminar gneiss or schist or 
conglomerate types, or the like. The invention is par­
ticulariy adaptable for example to the mining of cop­
per and nickle and manganese carbonate or sulphide 
type ores. In accordance with this invention, the geo­
logic formation coniaining the ore is first penetrated 
by two or more, suitably spaced-apart openings, such 
for example bore holes extending from the earth's sur­

face to the bottom level of the deposit There is then 
established a liquid-permeable "base" fractured zone 
interconnecting the lower ends of the bore holes 
within thc ore body by means of a hydraulic-fracturing 
technique such as described in my *U.S. Pat No. 
3,064,957; the base fracture being propped open by 
means of any suitable agent such as described for ex­
ample in U.S. Pat No. 2,645,291. An explosive mate­
rial of liquid or slurry form is then flowed into the cav-
italed U-tube system comprising the bore holes and 
the "base"' fractured zone, thereb}Kreplacing the hy­
draulic fracturing Ruid by an explosive malerial of flu­
idized powder or liquid or slurry form. This of>eration 
is conducted under only substantially the earth's-
surface-arabient atmospheric pressure conditions, 
thereby eliminating serious prior art hazards. The ex­
plosive is then detonated so as to fracture the overly­
ing ore body according to the pelro-fabrics of the ore 
deposit and/or the stress patterns of the mineral con­
stituents thereof. The ore body is thereby rendered 
permeable, and a suitable solvent/reactive material 
(such as sulphuric acid in the case of the metal car­
bonates) for recovery of the desired value-containing 
salt solution is then caused to percolate through the 
permeabilized ore deposit. The invention also contem­
plates a specific geometry for the solvent/reactive flow 
pattem through the ore body, featuring a vertical mi­
gration and "floating" of the solvent/reaclanl on top 
of the more metal concentrated fraction of the prod­
uct flow stream; thereby maintaining an optimum 
reactant-to-ore status progressively upwardly within 
the lateral confines of the ore body. If sulphide type 
ores are involved oxygen or air and water may be em­
ployed as an in-silu solvent/reactant 

8 Claims, 5 Drawing F^ures 
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IN-srru EXTRACnON OF NONERAL VALUES 
FROM ORE DEPOSITS 

BACKGROUND OF THE INVEKTJON j 

Economically successfu! methods for the in-situ min­
ing (as by leaching) of ores have long been st̂ ught, as 
illustrated for example by way of U.S. Pat No. 
3,574,599; but such methods have proved to be eco­
nomically and/or othe PAI se inadequate for various rea- 10 
sons. For example, previously proposed and em ploy oJ 
methods for underground fraeiuring utilizing liquid exr 
plosives have hecessitaled .supply and underground rfis-
tribuiion of the liquid explosive under exilemely high 
pressures (in order to overcome the hydrostatic pres- '5 ends with appropriate surface plant processing facil it ies 
sures at depths below the earth's surface) (hereby in- as indicaied at 16, 18. The bore holes are preferably 
here ntly rendering such operations highly hazardous, "cased" (as b well known in the well drilling art) by 
while at the same time being inefficient from the stand- means of ca-sings fabricated of or lined with malerial 
point of optimum placement of the liquid explosives. which is non-reactive relative to the fluids to be han-
Also, pfoblemi5,associated with solut ion-mining gallery 20 died. Thus, the bore holes 12,14, provide meansfor in-
maintenance have heretofore rendered such previously -gress to the ore depcsit; and preferably the bore hole 
proposed methods economically impracticable; and it 12 which intersects the deposit at a tower level than the 
is an object of the present invetition to provide an inn bore hole 14 5 used as the site Io "base-fracture" the 
proved method and sysiem whereby an ore can be re- ore bc-dy as indicated at 20 (FIG. 1) thereby utilizing 
acted in-situ with a suitable solvent and./or reactant to ^ the "iiplilt" eiTeci.cf the hydraulic operation to opti-

drawujg herein, the meihod of the prese'nt invention is 
appliai to an inclined dike or other type copper or 
manganese or the like ore deposit such .as is. indicated 
generally at 10. Such deposils occur at v:irious depths 
and distances underground, and are only economically 
mined by conventional mechanical mining methods 
whenever they occur relatively CICKC to the earth's sur­
face and when tiiey contain relatively high-grade recov­
erable nun eral values. 

According to the present invention as illustrated by 
way of example by the drawing herewith, the mineral 
deposit 10 itiay be intersected by a pair of bore holes 
12,14, which extend sutstantially lo the lower levels of 
the ore-bearing txsdy and communicate at their upper 

produce a preduct solution of the sought-for mineral 
such as will flow continuously thro.u^ a "production-
wetl" to the earthsurface metal recovery plant, while 
leaving behind the residual insoluble gangue materiaL 
The invention also contemplates an improved solvent-
/reactant solution flow pattern through the ore body 
which is: operaiively maintained in accordance with 
specific parameters as disclosed hereinafteri arid as il-
luslratedby way'of example in the accompanying draw­
ing, wherein: 

THE DRAWING 

FIG. 1 is a symbolical illustration of vertical geolog 
cal section type, iliustraiinga typical ore-tearing schist. 
gneiss, dike, sheet, lode, lens, sill orthe like which is cf 
limited or varying vertical thickness; and showing dia­
gram rnaljcally how the initial ore-body penetration and 
base fract ufing-propping operations are performed; 

FIG. 2 is a view corresponding lo FIG. 1, illustrating 
how the base fractured zone Of the ore-body is sutee-
quently loaded with a liquid (or slurry) type explosive; 

FIG. 3 illustrates how the ore deposit B then benefi­
cially three-dimensionally fractured so as to accorruiKV 
date a dissol ution/reac lion flowage system in accor­
dance with the invention;: 

FIG. 4 illustrates how a leach/ion-re action mining 
and value-recovering Operation may then be carried oa 
in accordance with the present invention; and 

FIG, S is a view illustrating how th^ sysiem of llie in­
vention is conducted v/hen operating upon an ore-bod^ 
of substantially greater vertical extent than ^ illus­
trated at FIGS. M . 

SPECIFICATION 

It is well known that many copper ore deposits rf 
value occur at such depths wiihin the earth-surfaceli 
geology as to render their exploitation by typical n»-
chanical mining melhods tobe not economtcally fe^i-
ble; arid it is a primary object of the present invention 
to provide a practicable system whereby such deposits 
may be economically recovered. As illustrated ty ths 

mum advantage. The fracturing operation may be per^ 
fc-ineii in accardsnce with any suitable hydraulic frac­
turing technique; and as previously mentioned it may 

. -be perfonned as disclceed for example in my U.S. Pat, 
30 No. 3,064,957. As shown therein, the result of such an 

operation provides a solution-pemieable region desig-
nalid 20 extending radially from the bottom of the 
bore holeli toward the bottom of the bore hole 14, In 
the case of a copper carbonate ore the fracturing Oper­
ation is preferably performed by utilizing a dilute sulfu­
ric acid solution containing in suspension a fracture 
"propping" agent sueh as sand, glass beads, or the like. 
Such propping devices are well known in the art; and 
a passageway between the lower ends of the bore holes 
for intr<xfuction of liquid or slurry lype expiosive is 
tlttreby established. 

b event the "base" fracturing process referred to 
hereinabove does not operate to coalesce the two or 
more bore holes the sitiiaiion may be remedied by re­
peated attempts to hydraulically re-fracture the zone 
between the bore holes, or by extending the propped 
cavity by means cf a liquid or slurry tj-pe explosive. 
This may be done simply by pumping the explosive into 
Ux cavity under relatively low pressure such as is suffi­
cient to di^lace the hydraulic "frac" liquid ahead of 
the explosive. By way of example, the fluid explosive 
may.be fed into the system by a low pressure pump 
throug the boi« hole 12, supplemented if preferred by 
use cf a suction pump operaiively connected to the 
iipperend of bore Inle 14̂  

Tlie explosive is then detonated, thereby propagating 
a "base" fracture tou^rd the target well; but in event 
this operatiofi still does not provide an open communi-

„ catkm between the bottom ends of the wells the opera-
tioRS nay be repeatsd as often as may be necesary 
(&t^ the same wen, or altematively from either well) 
m order to complete an inter-con nection between the 
tower enife of the wells. The sysiem including the 

m propped base-fractured zone may now be purged of the 
jEsidual "CTM:" fiquids and replaced by an expltKive 
material c^ liquid or slurry form as shown at 22 (FIG. 
i> simply fcrjT flowing it into the sysiem under only sub-
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stantially atmospheric pressure condition. This explo­
sive is subsequentiy detonated so as to vertically frac­
ture the valuable mineral containing ore body there-
above, as illustrated at FIG. 3. 

The mining process is then conducted by passing a 
solvent or reactant liquid and/or gas through the system 
so as to extract the desired mineral values from the de­
posit For example, as shown at RG. 3 the o.'e-reactant 
fluid is preferably injected into the ore body through 
the bore hole 14 which terminates at a higher elevation 
than the other bore hole (s) ofthe system. The lluid ini­
tially percolates through the lower level of the ore body 
to the bottom of the lowermost bore hole 12 for with­
drawal to the surface; the operation being readily con­
trolled by means ofa suction pump or the like located 
in conjunction with the bore hole 12, and/or a pressure 
pump located in conjunction with the bore hole 14 op­
erating to inject the solvent into the system. 

The chemical content of the ore-reactant solution 
will of course be prescribed and/or adjusted according 
to the nature of the mineral content of the ore body 
from which it is required lo extract the sought-for min­
eral values. As the ore-reactant operation progresses 
the reacting solution forms progressively enlarging 
voids and/or passageways through the ore body; the 
leaching action operating to "honeycomb" the ore 
"oody cf the mineral values therein. 

Note that the invention contemplates circulation of 
the leach/reactant liquid (or gas) through the ore body 
commencing from the bottom of the bore hole which 
stands at the highest elevation of the group of bore 
holes involved; ihe product liquid (or gas) being with­
drawn from the bottom of the deepest bore hole in­
volved. By virtue of this system advantage is taken of 
the phenomenon that the mineral-laden liquid (or gas) 
will be of higher specific gravity than the fresh solvent-
/reactant and will automatically migrate down towards 
the bottom oflhe bore hole 12, while the fresh solvent-
/reactant fractions will float on top so that thc leach-
/reaction process automatically progresses vertically 
from along the lower level of the mineral deposit up­
wardly therefrom and to the top level thereof. Other-
wiss staled the mineraJ-value-laden liquid (or gas) will 
automatically keep migrating toward the entrance to 
the product withdrawal bore hole, while the relatively 
fresh leach/reactant input is automatically disposed to 
percolate through progressively higher (still mineral-
value laden) levels oflhe ore body. 

Should the above described system operate to mine 
only the lower portion of the ore body (such as in the 
case ofan ore deposit of substantial vertical extent as 
illustrated for example at FIG. 5 herein) the system 
may be repeated as many times as necessary to fracture 
and mine successively higher levels ofthe ore body. To 
this end the same bore holes may be employed after 
first mining the lower portion of the ore body by tem­
porarily blocking off the lower end of the bore hole/-
casing system as shown at 26; perforating the system at 
a substantial elevation above the blocking 26; hydrauli­
cally fracturing a vertically intermediate portion of the 
ore body as indicated at 30; and then repeating the 
above described fluid explosive replacement and deto­
nating operations so as to shatter and permeablize the 
vertically intermediate portion of the ore body. 

Note that as fllustrated at FIG. 5, herein, detonation 
ofthe fluid explosive occupying the fractured zone 30 
win operate to fracture the ore body both downwardly 
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and upwardly therefrom; the downward fracturing ef­
fects being facilitated by reason of the previous honey­
combing of the underlying portion of the ore body as 
explained hereinabove. Thus, it will be understood that 
in the case ofan ore body of extreme vertical extent the 
above described progressive level fracturing and min­
ing operations may be repeated until mining of the en­
tire ore body is completed. 

I claim; 
1. The method for extracting metalliferous values 

from a laminar type impermeable metalliferous ore 
body comprising: 

A. penetrating the ore body to provide two or more 
spaced apart clear openings extending from the 
earth's surface and terminating in portions of the 
ore body at different elevations; 

B. fluid-pressure fracturing the ore body from the 
bottom end ofthe opening terminating at the low­
ermost elevation upwardly to the bottom end of an­
other of said openings in the laiminar direction of 
the ore body to provide a permeable zone underly­
ing a higher portion of the ore body of substantial 
vertical thickness, tbcrreby establishing a substan­
tially clo-«d fluid circulation system including said 
openings and said permeable zone; 

C. flo"Ain£ a fluid lypc explosive under pressure less 
than the fracturing pressure inlo said circulation 
system so as to fill said permeable zone; 

D. detonating said explosive so as to permeablize the 
ore body thereabove; and 

E then flowing a sought-for metalliferous solvent-
/reactant fluid through another of said openings 
downwardly and through said circulation system so 
as to percolate through the permeabilized portions 
ofthe ore body to produce a product fluid contain­
ing the sought-for metalliferous values from the 
opening terminating at the lowermost elevation. 

2. A method as set forth in claim 1 v.herein said 
openings into said ore body are provided by two or 
more horizontally spaced apart bore holes terminating 
at their bottom ends at different elevations. 

3. A method as set forth in claim 2 wherein said base 
fracturing process is repeated as many times as may be 
necessary to coalesce the lower ends of at least two 
bore holes. 

4. A method as set forth in claim 1 wherein said base 
fraauring process is performed by means of a hydraulic 
fracturing technique. 

5. A method as set forth in claim 4 wherein said base • 
fracturing process is conducted initially by means of a 
hydraulic fracturing technique, and is supplemented by 
an explosive fracturing technique. 

6. A method as set forth in claim I wherein said fluid 
type explosive is flowed into said circulation system by 
means of a low pressure pump operating to deliver ex­
plosive through the opening hole terminating at the 
lowest level " 

7. A method as set forth in claim 6 wherein a suction 
pump is operably connected to another one of the 
openings to supplement flowage of fluid explosive into 
said system. 

8. The method for extracting metalliferous values 
from a laminar type impermeable metalliferous ore 
body comprising: 

A. penetrating the ore body to provide two or more 
spaced apart dear openings extending from the 
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earth's surface and terminating in lower portions of 
the ore body al different elevations; 

B. fluid-pressure fracturing the ore body from the 
bottom end ofthe opening terminating al the low-
.ermosi elevation upwiardly to the bottom end ofan- 5 
other of saM openings in the laminar direction of 
the ore body to provide a permeable zone underly­
ing a higher portion of the ore body of substantia] 
vertical thicknessi thereby establishing a substah­
tially closed fluid circulation system including said 10 
openings and said i>ermeable zone; 

C. flowing a fluid type explosive under pressure less 
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than the fracturing pressure into said circulation 
system so as to fill said permeable zone; 

D. detonatingsaid explosi veso as to permeabilize the 
ore body thereabove; and 

E then flowing a sought-for metalliferous solvent-
/reacla.^t fluid through one of said openings, up-
wardly^and throug said circulation system.sO as to 
percolate throug the pemieabilized portions of 
the ore ixxly lO produce a product fluid containing 
the sought-for metalliferous values from an open­
ing terminating at,a higher elevation. 

«S 

^ ^ 
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ABSTRACT 

An economic simulation model v;as developed to predict the amount 

of copper recovered from copper oxide deposits and the cost of pro­

ducing It as a function of the deposit parameters. The economic 

simulation model includes models of fragmentation design and cost, 

copper extraction, solution distribution and recovery, effluent 

solution cutoff grade, and financial analysis. Cost and price 

indices were also developed to evaluate the economic feasibility of 

in situ leaching operations as a function of their starting date. 

Application of the models to various properties having the same 

area and different ore thickness shows that the effluent solution 

cutoff grade does not vary with the ore thickness nor with its 

grade. The percent of copper recovery is, however, shown to increase 

with the increase in the ore thickness and is Independent of the ore 

grade. It Is also shown that while the profit per unit of extracted 

copper Increases with the increase in ore grade or ore thickriess, 

the rate of return on total investment does not show any correlation. 

INTRODUCTION 

The percent of copper extracted by leaching is one of the most 

critical factors in determining the economics of an In situ leaching • 

operation. Vfhile the percent of copper extracted by leaching de­

pends on many geological and physical factors, it also depends on 

many economic factors which affect the profitability of the oper­

ation. One of the most important economic factors is the cutoff 

grade of the effluent solution, and as such the total amount of 

copper that can be profitably extracted. The cutoff grade is de­

fined as the amount of copper in grams per liter of effluent solu­

tion below which the leaching operation ceases to be profitable. 
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An economic simulation model was developed to predict the amount 

cf copper extracted frora copper oxide deposits and the cost of 

producing it as a function of the deposit parameters and the time. 

The economic simulation model includes models to calculate the 

fragmentation system cost and design parameters, predict the percent 

of copper extracted as a function of the time of leaching and depos­

it parameters, calculate the cost of the solution and recovery 

systems as a function of the deposit parameters, calculate the 

optimum effluent cutoff grade as a function of the economic param­

eters of the operation, and analyze the cash flow from the operation 

and calculate the rate of return. These models were developed as 

part of a research project to investigate the economic and physical 

boundaries of in situ leaching operations. 

ECONOMIC SIMULATION MODEL 

The economic system siraulatlon model is composed of a number of 

models which calculate the amount of ore reserve of the property 

being investigated, calculate the fragmentation cost of an in situ 

leaching operation, simulate the copper recovery process, calculate 

the optimum cutoff grade and amount of copper produced, and calcu­

late the rate of return on investment based on the analysis of the 

cash flow resulting from the in situ leaching operation. 

77-AS-68 

2 

To calculate the cutoff grade, one has to determine the cost per 

unit of extracted copper and the production rate as a function of 

time. 
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Ore Reserve Model 

The ore reserve model was developed at the Pennsylvania State 

University (1̂ )̂  and was used as a part of the economic simulation 

model to determine the geological parameters of the property to be 

investigated. These parameters are the depth to the bottom of the 

ore zone, the thickness of the ore, the water table elevation, the 

grade of the ore, and the minable area within the property. 

Fragmentation Design and Cost Model 

This model was developed (2) to calculate the blast design 

parameters and fragmentation cost for in situ leaching operations as 

a function of the deposit parameters. The model is bas'ed on blasting 

an ore zone or an ore zone plus overburden by either a coyote blast 

or a vertical blasthole system. The model calculates the blast 

design parameters and the fragmentation cost based either on a user 

input powder factor value or on a powder factor calculated by the 

model as a function of the overburden height and the ore zone thick­

ness. Examples of blast design parameters calculated by the model 

are the number and spacing of blastholes for a vertical blasthole 

system, and the number and spacing of crosscuts for a coyote system. 

The model also calculates the total amount of explosives, the deto­

nating cord length, and the number of primers. The cost of blast-

hole drilling can be calculated by the .model based either on pur­

chasing and operating a drill or on a user input value of the con­

tracted cost of drilling. The fragmentation cost is based on a user 

input unit value for the material used In fragmenting the ore. 

^ Underlined numbers in parentheses refer to items in the list cf 

references at the end of this report. 
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Copper Recovery Model 

A copper oxide recovery simulation model was developed (3.) to 

determine the amount of copper produced as a function of the time of 

leaching, acid concentration, ore grade, effective diffusivity, and 

particle size distribution. The model is based on a shrinking 

unreacted eore theory (Û ) where the reaction is based on diffusion 

of the acid through the unreacted portion of the particle. The 

simulation approach is based on a unit volume and a unit column 

concept suggested by Roman (5.) where a unit volume is defined as an 

area 1 foot square and 1 foot thick and a unit column is composed of 

a number of unit volumes. The leaching of the unit column is based 

on vertical trickle of the leach solution through the column. Fresh 

leach solution enters the top unit volume, and the solution leaving 

the unit volume at the bottom of the column goes to the extraction 

plant. The leaching reaction for this model is described by 

T = lOOObpvGR^ (1 . 3(!c)% 2 (^)3 ^ ^̂ ^ 

where 

and 

iDC R̂ 

T = cumulative reaction time, minutes, 

b = grams of acid consumed per 1 gram of copper recovered, 

p = density of ore, grams per cubic centimeter, 

V =• correction factor for spherical particles 

a = surface area correction factor for spherical 

particles, 

D = effective diffusivity, square centimeters per minute, 

G = percent copper ore grade. 

R = radius of ore particle size, centimeters, 

r = radius of unleached core, centimeters, 

C = acid concentration, grams per liter of H2SO1,. 
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Equation 1 describes the leaching of a single particle. The percent 

recovery from a single particle is described by 

Rec = 100(1 - ( M ^ ) (2) 

R 

In addition to the percent recovery, the model also calculates 

the amount of copper recovered from each unit volume having a parti­

cle size distribution, the grade of the effluent solution, the 

amount of acid in this solution, and the remaining ore grade in the 

deposit when the leaching is terminated. The input to the computer 

raodel includes the variables shown in equation 1 and the particle 

size distribution of the fragmented ore. The reaction time T is 

based on the time it takes for the solution to flow through one unit 

volume. The value of r is determined by the solution of the poly­

nomial in equation 1 for each unit volume and every particle size 

within the unit volume. Based on the value of r , the percent 

recovery for each particle size and every unit volume is determined 

based on equation 2. Summation of this recovery for all the parti­

cles and all the unit volumes defines the recovery from the unit 

column. 

Cutoff Grade Model 

In conventional mining operations, a cutoff grade is defined as 

the grade of the ore above which the raining operation is profitable. 

For in situ leaching operations, the definition is similar when the 

ore deposit is being evaluated for its economic feasibility for 

leaching. However, the cutoff grade at which leaching should be 

stopped is determined after the leaching operation has been started. 

This cutoff grade is defined as the grade of the effluent solution 

In grams of copper per liter of effluent solution at which the cost 

of producing a unit of copper is equal to its selling price. Any 

I I 
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further production at lower solution grades results in an economic 

loss from the added production. The cutoff grade could then be 

alternatively defined as the grade of the effluent solution at which 

the profit from the operation is at its maximum. Assuming that 

profit maximization is the objective from the operation, the cumu­

lative amount of copper produced up to the cutoff grade is then 

defined as the optimum level of production. In other words, maxi­

mization of profit is defined by 

(3) " = P^t - ^t 

where P = the price per pound of copper, 

q^ = cumulative amount of copper produced until time t, 

and C. = total cost of production at time t. 

Therefore 
dii_ = P 
dq 

dC 

dq 
t = 0 O) 

The total cost of an in situ operation is composed of predevel­

opment, development, capital, and operating costs. The latter is a 

variable cost (VC) which is a function of the level of production, 

and the other elements of costs are fixed costs (FC) which are 

independent of the amount of copper produced. 

Therefore C^ = FC + VC (5) 

= CC + DEV + Aq^ + Wt + Rq^ 

CC = capital cost (including property purchase price), 

DEV = predevelopment and development cost, 

A = acid, iron, and smelting cost per pound of cement 

copper, 

V/ = operating cost per day such as power cost, main­

tenance, 'and wages. 

where 

MJ -
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t = time of production, days, 

R = royalty per pound of copper. 

Iron and smelting costs per pound of copper are included in the 

above cost elements, assuming a cementation operation where the iron 

is used to cement the dissolved copper and the cement copper is then 

smelted, '.•/hen an electrowinning operation is being analyzed, the 

element of cost "A" should include the acid cost, precipitation 

solution cost, and cathode plate cost per pound bf copper produced. 

Analyses of solvent extraction and electrowinning operations are not 

included in this manuscript. 

The marginal cost is defined by 

MC dc^ 
u 

dq,. aq. 

= A + W(t2 - tl) + R (6) 

Equation 4 implies that profit maximization is attained at the level 

of production at which the marginal cost (MC)—that is, the cost of 

one additional unit of production—is equal to the price. Equation 

6 implies that the level of production at which the profit is maxi­

mized is only a function of the variable costs, and hence of the 

operating cost only. 

A second profit maximization condition requires that 

d^C. 
lil 
dq^ 

or d^C. 

dq2 

^̂ 1̂ 

> 0 

< 0 
(7) 

(8) 
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This condition implies that the marginal cost must be increasing at 

the profit maximization condition. 

Figure 1 shows a representation of the above analysis where q. 

is the optimum level of production. The average cost per pound of 

copper for this level of production is denoted by point C, which is 

the intersection of the vertical ab with the average cost curve AC. 

The optimum profit defined by this analysis as the difference 

between the total value of the copper produced and the total cost is-

IT = OPab - OdcP = dPac (9) 

From the copper recovery model the amount of copper produced at time 

t is determined by simulation, while the optimum is defined by the 

preceding economic analysis. The optimum cutoff grade of the efflu­

ent solution Is then defined by 

G = <i t - '^t-l (10) 
vL 

where v = solution flow rate in liter per minute per square foot, 

and L = size of area being leached in square foot. 

The above analysis pertains to a static condition where it is 

assumed that all costs and prices are fixed. For a static condition, 

it is then assumed that, if a deposit is found to be economically 

feasible or unfeasible for in situ leaching, it will continue in the 

same economic condition as a function of time. 

• For spatial analysis, all costs and prices are assumed to change 

as a function of time. Costs and firice indices equations were 

developed to predict the values of these indices in future years as 

a function of their previous values and the time in years. Each 

•-75 
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element of cost is then projected in the model for any future year 

as a function of its current value and the current and predicted 

value of the index as 

Future cost =• (current cost). Predicted index (11) 
current index 

For spatial analysis, the problem is then to maximize 

(12) 

where Q^ = the amount of copper produced in period t only, 

P. = price per pound of copper, 

and o^ = total cost in period t only. 

Proceeding in a similar fashion as in the static approach, the 

amount of copper produced, the cutoff grade, and the profit are 

optimized for the dynamic case. 

A distinction of the spatial analysis from the static approach 

is that, if a deposit is economically unfeasible currently, it cou'. 

become economically feasible or unfeasible at a future date depend­

ing on the rate of price increase of copper compared with the rate 

of total cost increase. Another distinction is that, for equal 

areas of leaching, the cutoff grade and the amount of copper pro­

duced are Identical for all the leaching areas in the static ap­

proach and could be otherwise for the dynamic case if the areas ai.. 

leached at different times. However, to attain the optimum con­

dition by either approach, three conditions have to be satisfied. 

These three conditions are that the" marginal cost should be 

1. Equal to the price, 

2. Increasing, 

3. Greater than the average cost. 

, i ' 
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To satisfy these three conditions simultaneously, a computer 

model was developed to calculate the elements of costs for static 

and dynamic conditions, simulate the amount of copper extracted,, and 

calculate the optimum cutoff grade and the time at which it occurs. 

COMPUTER MODEL 

The computer model is divided into a number of individual pro­

grams that are designed to run separately but could be combined by a 

master progrsim. These programs are 

1. FRAGr4ENTATI0N - This program calculates the blast design 

parameters and fragmentation cost for either a coyote system or 

a vertical blasthole system. 

2. LEACH - This program simulates the leaching of one unit copper 

oxide ore column and -calculates the percent of copper recovered, 

the grade of the effluent solution, and the grade of the ore 

column as a function of time, acid concentration, and geolog­

ical parameters. 

3. SOLDIS - This program calculates the cost of the solution 

distribution and recovery systems, the capital cost, and 

development cost for each fragmentation system as a function of 

the geological parameter. 

li. CUTOFF - This program calculates the optimum level of cumu-

ulative production for each leaching cycle, the optimum cutoff 

grade of the effluent solution, the time at which this grade 

occurs, and the average cost per unit of copper produced. 

The interrelationships among these programs are shown in 

figure 2. 

Mi . 
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Programs Input 

The input data for the fragmentation program consist of the ore 

reserve parameters of the mine property, the drilling parameters 

including the size of the borehole and the subdrilling depth, the 

explosives parameters including powder factor, and the specific 

gravity of the explosives. If the coyote option is required, the 

Input data for this program will include the mining parameters, 

v;hlch Include the cross sectional area of the crosscut, the maximum 

spacing between the crosscuts, the span between supports, and the 

length of existing drifts. 

The input data for the-copper recovery program consist of the 

acid concentration, solution flow rate, density and initial grade of 

ore, effective diffusivity of H in leached ore, particle size 

distribution, and the grade of the effluent solution, and/or the 

number of days at which leaching simulation is terminated. A user 

option is to include in the input data a prespecified acid concen­

tration in the effluent solution at which the concentration of the 

acid in the Influent solution should change. 

The input data for the solution distribution and recovery pro­

gram consist of the geological parameters, the design elements foi-

the solution distribution and recovery systems, the fragmentation 

cost resulting from the fragmentation program, and the various 

elements of costs. 

The input data for the cutoff grade program consist of the 

output from the solution distribution and recovery systems, the 

effluent grade time information resulting from the copper recovery 

program, the elements of the operating cost, and ths geological 

parameters. 
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MODEL APPLICATION 

The fragmentation model was applied to the ore reserve data of 

an assumed mine property to be evaluated for leaching. The outline 

of the area of the mine is 450 meters long by 3^0 meters wide, and 

the minable area is approximately 450 meters long by 330 meters 

wide. The average ore thickness is 19 meters with assumed no' over­

burden. The average values for the ore reserve parameters for this 

^property are shoim in table 1. To determine the effect of the ore 

zone thickness on the cutoff grade, the percent of copper recovery, 

and the economics of in situ leaching operations, two other ore 

thicknesses were assumed. These thicknesses are 25.6 and 31.7 

meters, having 10,779,014 and 13,345,446 tonnes of ore respectively. 

TABLE 1. - Interpolated grid value statistics 

Grade, percent 
Ore thickness, meters 
Area of outline, square meters 
Total ore volume, cubic meters 
Total tonnage, tonnes (metric tons) 
Area of minable reserves, square meters 
Tonnage of ore, tonnes 

Arithmetic 
mean 

0.45 
19.0 

156,400 
2,952,226 
7,955,939 

148,075 
7,955,939 

Standard 
deviation 

0.13 
5.8 

Table 2 shows the elements of cost and total cost of fragmentation 

for the three assumed properties. The elements of cost in this 

table and throughout this manuscript are based on 1975 dollars 

except for the operating costs used in the cutoff program, which are 

based on the particular year these costs occur. As shown by table 

2, the cost per tonne of ore Increases with the increase in the 

average ore thickness. 
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TABLE 2. - Drill and blast cost reoort 

Average ore thickness, meters 
Total drilling cost ($6.5/meter) 
Cost of explosives ($0.30/kilograra) 
Cost of primers and delays (40.91 each) 
Detonation cord cost ($0.13/meter) 
Loading supervision cost ($300/day) 
Loading labor cost ($50/shlft) 
Stemming cost ($6.7/cublc meter) 
Total cost of fragmentation 
Cost oer tonne of ore 

19.0 
556,107 
668,478 
5,901 
18,555 
7,161 
3,579 

24,642 
.,284,423 

0.16 

- • 25.7 
825,981 

1,009,068 
8,907 
24,933 
10,812 
5,406 

37,197 
1,922,304 

0.18 

3ITF 
1,141,380 
1,408,548 

12,435 
32,286 
15,090 
7,545 
51,924 

2,669,208 
0.20 

This Increase was found to be particularly due to the increase in 

the drilling and explosives cost associated with the greater number 

of holes in the cases of larger thickness. The copper recovery 

simulation raodel was applied to the three assumed properties. For 

all three properties it was assumed (3) that— 

ore grade, G =0.45 percent 

ore density, p . =2.27 g/cm^ 

effective diffusivity, D = 4.12 x 10" cm^/min 

H2S0i, acid consumption per 

gram of leached copper = 5 grams 

surface factor to volume 

of factor ratio, a 
V, 

2.65 

time to flow through a 

unit volume, t =90 minutes 

The Initial acid concentration was chosen at 10 grams per liter, 

which would change to 7 grams per liter if the acid concentration in 

the effluent solution exceeded 2 grams per liter; that is, around 

pH 1.4. The new level of Influent acid concentration Is further 

changed to 4.g grams per liter (pH 1.0), and then to 0.4g gram per 

liter (pH 2.0) if the acid concentration in the effluent solution 

exceeds 2 and 3 grams per liter, respectively. The concentration of 

*. 
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0.49 gram per liter is assumed to be an acidified water rinse to 

extract all the dissolved copper in the leach column. The leaching 

simulation v;as set to terminate after 8OO days or when the grade of 

copper in the effluent solution dropped below 0.1 gram per liter. A 

particle size distribution felt to duplicate that attained by the 

industry (,6_) and composed of six sizes having an average diameter of 

21.8 centimeters was assumed. 

Figures 3, 4, and 5 show the leaching simulation results for the 

three unit columns having the same height as the average ore thick­

nesses of the three properties. Figure 3 shows the amount of copper 

produced per day for each column height as a function of the leach­

ing time in days. As seen by this figure, the length of time each 

plant is operating at a constant production level is proportional to 

the height of the column and as such is proportional to the amount 

of copper in the column. Figure 4 shows the grade of the effluent 

solution as a function of the time in days for the three unit col­

umns. As seen by this figure the grade of the effluent solution— 

and as such, the period of higher extraction efficiency—is again 

proportional to the height of the ore column. The effluent solu­

tion grade is constant for the length of time ab. At point b the 

grade of the effluent solution starts to decrease, and the concen­

tration of acid in the effluent starts to increase until it exceeds 

2 grams per liter after 214 days at which time the influent solution 

acid concentration is changed to 7 grams per liter. At point c, 

which is around 220 days, the new extraction rate is continuously 

declining -antil point d is reached, where the acid concentration 

in the effluent solution is again greater than 2 grams per liter and 

the influent solution acid concentration is changed to 4.9 grams per 
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liter. The effect of this concentration becomes apparent at point f 

at which time the new extraction rate is shown by fg. At 4l0 days 

the new effluent solution acid concentration exceeds 3 grams per 

liter, and the acid concentration in the Influent solution is changed 

to 0.49 gram per liter. The effect of this new concentration is 

apparant at point g, where the extraction rate drops rapidly, and the 

simulation is terminated when an effluent solution grade of 0.1 

gram per liter is reached. The variations in the curves for 25-7 

and 31-8 meters are similarly explained. One can also conclude that 

if the strategy of acid change had not been applied, the rate of 

extraction at c would have continued declining at a slower rate than 

that showed. Pigure 5 shows the final grade of each ore column 

after the termination of leaching as a function of the depth from 

the top of the unit column. 

To determine the effect of the ore grade on copper recovery by 

leaching, the three properties were assumed to have 0.45 percent, 

0,6 percent, and 0.75 percent ore grades. The simulation results 

for these cases .are similar to those presented in figures 3 through 

5, with longer duration of the constant production level and effluent 

solution grade and with higher final column grade than those shown 

in figure 5. 

To calculate the optimum cutoff grade, the optimum amount of 

copper produced, and the maximum profit attained from each leaching 

operation, the a.mount of copper produced 'shown by figure 3 and the 

elements of costs were used to simulate the economic conditions for 

each leaching operation based on the cutoff grade raodel shown 

above. The elements of costs.for these leaching operations are 

IJ' 
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shown in table 3 as a function of the ore thickness. The predevelop­

ment cost shpwn in table 3 includes the elements of exploration costs 

and is assumed constant for the different ore thicknesses investi­

gated. Similarly, the operating cost per year is assumed to be 

independent of the thickness of the ore, but is a function of the 

production rate, which is identical for the three ore thicknesses. 

The acid and iron costs are based on 5 and 2.5 kilograms of acid and 

iron respectively per kilogram of copper produced. The capital cost 

is shown to increase slightly with the increase in the ore thickness, 

which is due to the larger recovery pumps required in those cases, 

while the development costs, which include-the fragmentation and 

mine development costs, are shown to increase significantly with the 

increase in the ore thickness. These cost elements shown in table 3 

are independent of the grade and are shown in detail elsewhere (3.) • 

TABLE 3- - In situ' leaching costs 

Ore thickness, meters 
Predevelopment cost 
Develooment cost 
Capital cost 
Operating cost per year 

(365 days per year) 
Acid and iron cost 

(per kilogram of copper 
recovered) 
at $31.70 per tonne H2S0i, 
and $87.10 oer tonne iron 

19.0 
$314,000 

1,396,580 
2,112,699 

815,763 

0.457 

25.7 
$314,000 

2,069,227 
2,115,853 
815,763 

0.457 

31.B 
$314,000 

2,832,925 
2,118,672 
815,763 

0.457 

In applying the model to the properties being investigated, each 

mine was arbitrarily divided into four equal leaching areas. The 

capital costs shown in table 3 were derived for each ore thickness 

based on a plant capacity sufficiently adequate for the amount of 

productibn from one leaching area. In addition, the operating costs 

shown in table 3 are based on 1975 dollars and are inflated by the 

model for the particular year the leaching operation is taking place. 

•-75 
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Because of this particular feature in the model and the assumed 

dynaraic nature of copper prices, the resulting optimum cutoff grade 

and the length of leaching time for each leaching area could be 

significantly different. Figure 6 shows the cutoff grade for each of 

the leaching areas of the mine property with 19-meter ore thickness 

and 0.6-percent grade. As shown by the figure, the cutoff grade 

shown in brackets and the leaching time are different for each leach­

ing area. The average cutoff grade for the whole mine for this case 

is 0.37 gram of copper per liter of effluent solution at an average 

leaching time of 547 days per leach cycle and an overall average cost 

of $1.21 per kilogram (55<^/lb) of extracted copper. 

Tables 4 and 5 show the results of the simulation for the pre­

ceding economic conditions for the three properties at 0.45-, 0.6-, 

and 0.75-percent ore grade. Table 4 shows the average cutoff grade 

in grams of copper per liter of effluent solution for the three 

properties being investigated as a function of the ore grade. As 

shown by this table, there is no significant variation In the average 

cutoff grade among these cases. Analysis of the cutoff grades for 

each leaching cycle for the three properties at the three ore-grade 

levels showed the same result. This is due to the fact that all of 

these cases have the same operating cost, which as indicated by 

equation 6 is the primary variable defining the marginal cost and 

the optimality condition. Table 4 also shows the optimum amount of 

copper produced and the percent of copper recovered. As shown by 

the table, while the amount of copper recovered differs significantly 

among the different properties, the percent of copper recovered is 

insensitive to the grade of ore.within the range of grades inves­

tigated, but is very sensitive to changes In the ore thickness. 



TABLE 5. - Financial analysis 

Item 

Average cost, dollars 
per tonne 

Rate of return, percent 

Ore thickness, 
meters 
19.0 
25.7 
31.8 
19.0 
25.7 
31.8 

0.75 
1,210 
1,210 
1,230 
40.6 
38.6 
35.2 

Ore grade J 
0.6 

1,210 
1,210 
1,210 
36.4 
36.8 
34.1 

oercent 
' 0.45 

1,250 
1,230 
1,210 
29.3 
32.9 
31.2 

77-AS-68 
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TABLE 4. - Optimality conditions' 

Item 

Optimum average cut­
off grade, percent 

Optimum copper 
recovery, tonnes 

Optimum copper 
recovery, percent 

Ore thickness, 
meters 
19.0 
25.7 
31.8 
19.0 
25.7 
31.8 
19.0 
25.7 
31.8 

Ore grade, oercent 
0.75 
0.36 
0.35 
0.35 

27,4oB 
40,161 
52,445 

45 
49 
52 

0.6 
0.37 
0.36 
0.35 

2i,ai4 
32.069 
41.970 

4S 
49 
52 

0.45 
0.37 

- 0.36 
0.37 

' 16,321 
23.999 
31,210 

•~ 45 
49 
51 

•-75 

< 

,4. 

The amount and percent of copper recovered shovm in table 4 could 

be considered excessive when compared to recoveries obtained by the 

industry. This is due to conditions attained by the industry where 

the amount of ore that is in contact with the leaching solution could 

be less than that assumed In this simulation. ' Throughout the pre­

ceding analysis it was assumed that 80 percent of the ore is under 

ideal leaching conditions, and as such is in perfect contact with the 

leaching solution. For actual leaching conditions, the percent of 

the total ore deposit that Is in contact with the solution could be 

less than 80; consequently, the recoveries shown in table 4 would be 

reduced. Analysis of the solution flow through the fragmented de­

posit would result in accurate prediction of industrial conditions. 

Table 5 shows the overall average production cost per tonne of ex­

tracted coDoer. One can conclude from this table that, for the ore 

Drive. Salt Lake City. Utah 84108. 
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grades and thicknesses investigated, the average cost is Independent 

of both variables. The average profit per kilogram of extracted 

copper was, however, shown (3.) to be a function of the amount of 

copper produced and as such a function of both ore thickness and 

grade. Table 5 also shows the rate of return on total investment 

assuming 100-percent equity for all the cases being Investigated. 

V/hile the rate of return is shown to decrease, for example, from 

36.8 to 34.1 percent for 25.7-meter and 34.1-meter ore thicknesses, 

respectively, the profit per tonne for these two cases was shown (3.) 

to increase. The decrease in the rate of return among these two 

cases was, however, due to the effect of the longer time of oper­

ation on the discounted cas'n flow associated v;lth the second case. 

For all the cases investigated, the profit per tonne of extracted 

copper increased with the increase in the ore thickness and/or the 

ore grade. 

SUMMARY AKD CONCLUSIONS 

A simulation model v;as developed to determine the economics of an 

in situ leaching operation. The model is composed of a fragmentatior. 

model which calculates the design elements and cost ol" a fragmen­

tation system, a copper recovery model which simulates the leaching 

process of copper from an ore column, a cutoff grade model v;hich 

calculates the optimum cutoff grade and amount of copper produced at 

the maximum profit level, and a finance model to analyze the cash 

flow from the mining operation and calculate the rate of return on 

total Investment and on Invested equity. 

Application of these raodels to three assumed properties each at 

three ass'omed ore grades showed that the optimum cutoff grade does 

not change sig-f̂ lficantly among these conditions. This v/ould imply 



V/hlle the authors believe that the approach used in developing 

the preceding model Is technically sound, the model has not been 

validated by comparing results from an in situ leaching operation and 

those derived from the model. 

77-AS-69 •-75 

20 

that the cutoff grade is independent of the capital and development 

costs, which vary for these conditions. The cutoff grade is, 

however, shown to be a function of the operating cost as shown by 

the marginal cost equation. For all these cases the operating cost 

and, as such, the marginal costs, were identical. It can therefore 

be concluded that to optimize an in situ leaching operation, one has 

to control the level of the operating costs more than the develop­

raent or capital cost. The latter costs are, however. Important in 

controlling the average cost and therefore, the profitability of 

the operation. A change in the development or capital costs would 

result in the same optimal level of production but at a different 

optimal level of profits. 

It was also shown that, when optimum conditions were realized, 

the percent of copper recovery was Insignificantly different for 

various ore grades and significantly increased with increasing ore 

thickness. The calculations of the rate of return showed that, v;hile 

the percent recovery and profit per unit of extracted copper in­

creased with the increasing ore thickness, the rate of return did 

not have an apparent correlation and in some cases decreased with the 

increase of the ore thickness. This is due to the influence of the 

longer leaching time of the higher percent recovery on the discounted 

cash flow. 
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IN SITU FRAGMENTATION FOR SOLUTION MINING - A RESEARCH NEED 

by 

Richard A. Dick^ 

ABSTRACT 

A system using confined blasting with chemical explosives to 

fracture a mineral deposit in preparation for in situ solution mining 

is proposed. After a discussion of other in situ fragmentation tech­

niques, the benefits of solution mining in environment, safety, conser­

vation of resources, support of national interests, and the characteris­

tics of the "ideal ore body" for solutioti mining are described. Blast 

design factors and the economics of the fragmentation system are con­

sidered, and the need for pilot scale research is pointed out. Emphasis 

is placed on a system designed for copper recovery from low-grade oxide 

deposits, but the technology is applicable to in situ recovery of such 

natural resources as organic fuels, uranium, and numerous other metals 

and nonmetals. 

INTRODUCTION 

The technique for leaching to extract mineral values from a host 

rock dates from 1752 when weathered piles of copper ore were leached 

at Rio Tinto, Spain (9). Leaching may have been used as early as 2500 

B.C. in Cyprus. In 1965, leaching accounted for about 12 percent of 

the total copper production in the United States. Most of this production 

1 Mining engineer, T̂ jin Cities Mining Research Center, Bureau of Mines, 
U.S. Department of the Interior, Minneapolis, Minn. 
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was from material which had been transported from its original location 

before leaching, such as leaching of waste dumps, heap leaching of oxide 

ores on prepared surfaces, vat leaching of crushed ores, and leaching as 

a supplement to flotation recovery. 

An in situ mining system may be defined as one in which the mineral 

values are extracted from the ore without moving the ore from its orig­

inal location. Solution mining or leaching involves separating the 

mineral values from the gangue by dissolution rather than by flotation, 

heavy media separation, or by any of the other common extractive metal­

lurgical treatments. In situ leaching has been practiced at Ray and Miami, 

Arizona, but only as a secondary effort to take advantage of fragmented 

zones of rock created by block caving operations. This discussion is 

concerned with the use of chemical explosives in large diameter boreholes 

to fracture an ore. body for the specific purpose of in situ solution mining. 

ADVANTAGES OF IN SITU MINING 

The mining industry has often been harshly criticized, sometimes 

undeservedly, for adversely affecting our environment. Figure 1 shows 

FIGURE 1. - Comparison of conventional and in situ mining systems 

how in situ mining can eliminate many of the adverse environmental effects 

typical of conventional mining methods. In conventional mining, the ex­

cavation of large volumes of rock creates large, sometimes undesirable 

openings in the earth, and waste haulage creates large piles of barren 

rock. Neither of these problems exists with solution mining. Standard 

beneficiation procedures create vast piles of very fine tailings which 



become potential sources of air, land, and water pollution. Smelter 

gases containing sulfur dioxide are of particular concern to the public. 

In situ solution mining coupled with solvent extraction recoveiry tech­

niques eliminates the conventional milling and smelting processes. These 

factors are pointed out, not as criticism of the mining industry, but 

rather to illustrate some of the important environmental advantages of 

solution mining. Figure 2 shows what can happen to our domestic source 

FIGURE 2. - Possible effect of sulfur emission controls on the U.S, 

domestic copper supply 

of copper if certain proposed sulfur emission standards are imposed on 

the smelting industry (10). The resulting reduction of mine output could 

leave us with a deficit domestic supply. Any amount of copper produced 

without the use of smelting would help alleviate the problem. 

Because of its low development costs, in situ solution mining has 

its greatest advantage in small, low-grade deposits where the invest­

ment for a conventional mining system is not justified. By exploiting 

deposits not amenable to existing techniques, in situ mining can increase 

our reserves of copper, uranium, nonmetallic minerals and fuels. The 

resulting increased self-sufficiency in raw materials would be beneficial 

from a standpoint of balance of trade and national security. Reduced 

exposure of workers to subsurface health and safety hazards is another 

benefit of in situ mining. 

One potential disadvantage of solution mining is the hazard of losing 

acid leach water to the surrounding area. 



IN SITU FRAGMENTATION TECHNIQUES 

In situ mining has received considerable attention recently, with 

most emphasis given to copper. Figure 3 illustrates four fragmentation 

FIGURE 3.T Fragmentation schemes proposed for in situ leaching 

techniques for in situ mining. The nuclear concept (A) proposed in 

Kennecott's Project Sloop near Safford, Ariz., is best adapted to 

deep, massive deposits capable of containing the tremendous nuclear 

energy yield. Although the technique shows both technologic and economic 

promise,public opposition to the commercial use of nuclear explosives 

and difficulties in leaching deep-lying primary ores have delayed its 

application. 

Coyote blasting (B), involving large concentrated charges loaded 

into drifts and crosscuts, has been applied in the Old Reliable project 

near Mammoth, Ariz. (6). A joint effort of Ranchers Exploration and 

Development Corp. and DuPont, this project should yield a good assessment 

of the compatibility between coyote blasting and solution mining. The 

principal shortcoming of coyote blasting in previous mining applications 

has been the poor fragmentation obtained because of the relatively poor 

powder distribution in the deposit. Ranchers' project typifies the bold, 

imaginative minerals research essential in maintaining an adequate dom­

estic supply of minerals in the face of constantly dwindling ore grades. 

The 2,000 tons of AN-FO consumed in the Old Reliable project indicates 

the potential importance of in situ mining to the powder industry. 



5. 

The third fragmentation system under consideration (C) involves 

drifting and undercutting at the base of an ore body and excavating a 

sufficient volume of material by block caving techniques to cause the 

rest of the ore body to cave. In effect, this system creates a leaching 

situation similar to that employed at Ray and Miami with a minimum amount 

of material being hoisted. This concept is being considered at the Rio 

Tinto property near Mountain City, Nevada, as a joint effort of the 

Cleveland-Cliffs Iron Co. and duPont. The system is especially applicable 

to depths at which conventional blasting may not give adequate swell or 

permeability for leaching purposes. 

As this paper was in preparation, the American Smelting and Refining 

Co. (ASARCO) and the Dowell Division of Dow Chemical Co. announced plans 

to fracture and leach an oce body 1,000 ft below the surface. Water at 

high pressure (1,000 - 1,500 psi) will be injected through four boreholes, 

and the copper solution will be recovered through a fifth borehole (5). 

It will be interesting to see whether this technique gives adequate con­

tact betrween the copper-bearing minerals and acid solution for a good copper 

recovery. Good recovery is especially important from a resource conserva­

tion standpoint because a low degree of copper extraction from an ore body 

may render it unmlnable, whatever the future technological advances may be. 

Solution losses may be difficult to control in this system,and disputes 

could arise betrween adjacent property owners about the source of the copper 

values. 

The Ranchers, Cleveland-Cliffs, and ASARCO ventures will provide 

valuable information on the economics of using coyote blasting, partial 



block caVing, and high-pressure water injection to prepare an ore body 

for in situ mining. However, there is a simple, very promising frag­

mentation technique which to date has not received adequate attention. 

This technique involves drilling a pattern of large-diameter(>9-ln), deep, 

vertical boreholes and blasting with AN-FO or slurries (D). Although, 

several companies and government agencies have indicated an interest in 

this approach, no significant, total-system research has yet been planned. 

Research is needed both to solve the technological problems and to deter­

mine the economics of using heavily confined vertical blastholes to pre­

pare a deposit for in situ mining. 

CHOOSING THE OREBODY 

The proposed pilot research project consists of two phases. First, 

a pattern of vertical blastholes, fired without benefit of a vertical 

free face, is used to create permeability and surface exposure in the 

deposit. Second, the metal is leached from the deposit and recovered 

by precipitation or solvent extraction. The area of concern here is 

the fragmentation system. To minimize the financial risk, an ore body 

as nearly ideal as possible should be chosen for the Initial effort. 

Figure 4 defines the characteristics of this "ideal ore body." Overburden 

FIGURE 4. - Characteristics of an "ideal ore. body" 

should be at a minimum since barren overburden means high drilling and 

blasting costs which cannot be offset by mineral recovery. The initial 

effort should be restricted to a total depth near 200 ft. The ultimate 
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practical depth limit for fracturing an ore body with heavft.y confined 

chemical explosive charges is not now known. The ore values should 

consist mainly of oxides and carbonates,which are most easily leached, 

although chalcocite would also be acceptable. The ore grade should be 

high enough to give the project a reasonable chance for economic success, 

but should be low enough to provide a realistic test. A deposit running 

10 to 16 lb/ton should be about right. The deposit should be above the 

water table to minimize solution recovery problems and permit the use of 

cheaper, less water-resistant blasting agents. An Impermeable underlyiag 

bed would be helpful in minimizing solution losses. Finally, to minimize 

capital investment, the target ore body should be near adequate mainte­

nance facilities, a good water supply and a precipitation plant. 

Realistically, since all of these characteristics will not be avail­

able in a single deposit, some practical compromises will be required. 

Although leaching a high-oxide deposit may require a considerable 

amount of acid, a cheap, plentiful supply of sulfuric acid may be available 

in the future, as seen in figure 5 (10). Sulfur emission regulations 

FIGURE 5. - U.S. production, demand, and potential supplies df sulfur, 

including the effect of sulfur emission regulations 

Imposed on smelters, coal-burning power plants, and petroleum and natural 

gas could result in large surpluses of available acid and elemental sul­

fur. Oxide leaching operations could be a convenient disposal ground 

for this excess acid. 

DESIGN OF THE BLAST 

The blast must be designed to (1) create sufficient permeabilltyy 

in the deposit to enable the leaching solution to enter at given points. 



8 

pass through the mineralized zone, and be. collectied, and (2) create 

adequate surface exposure to enable the leach solution to contact a 

sufficient proportion of the copper values to assure a satisfactory 

rate of recoveiy. The three primary blast design factors to be deter­

mined are blasthole spacing, blasthole diametei; and type of blasting 

agent. 

In normal bench blasting, each blasthole breaks to a nearby 

parallel free face. In most in situ mining situations, however, the 

blastholes will have no free face, other than the original ground surface, 

to which to break. The limited amount of research that has been done 

on totally confined explosive charges indicates that they are less effi­

cient in breaking rock than standard bench blasts. Figure 6 shows that 

zones of damage caused by firing a single confined charge at a relatively 

FIGURE 6. - Zones of damage around a confined charge 

shallow depth (1^. A severely crushed zone extends to a distance of about 

twice the charge radius. Ntmerous cracks are produced out to a distance 

of about six charge radii,and a smaller number extend to about twelve 

charge radii. In contrast to a single charge, the proposed in situ 

blasting program will have the advantage of enhanced blast effects between 

adjacent charges. However, there will be the disadvantage of considerably 

more burden to overcome. If these two factors counterbalance each other 

and the damage zone of twelve radii shown in figure 6 is obtained, the 

blasthole spacing would be about 12 times the charge diameter. If 

a second free face or voids from previous mining activities are present, 

if enhancement between adjacent charges is sufficient, or if a practical 



system of chambering the bottoms of the boreholes were available, this 

spacing could be increased. 

The economic factors determining the choice of a blasthole size 

are quite interesting. Historically, the cost per foot of borehole was 

partly a function of the diameter, with the cost per foot Increasing as 

the borehole diameter increased. The advent of large-diameter rotary 

drilling has changed this. Bauer describes the economics of rotary 

drilling in a very interesting article in the January 1971 issue of the 

Journal of the South African Institute of Mining and Metallurgy ( 2 ) . As 

rotary bit diameters increase, the bearing strength, bit life, and pene­

tration rate all increase, resulting in the trends shown in figure 7, 

FIGURE 7. - Cost per linear foot for rotary drilling 

where cost per foot is plotted as a function of borehole diameter for 

several rock types. Only in very hard rock does the cost increase with 

diameter. In copper ore, costs drop progressively in the 9-, 10-, and 

12-in diameter. It would be interesting to see the trend carried out 

to a 15-ln diameter. Figure 7 indicates that the choice of blasthole 

diameter is not in itself an extremely important economic decision. This 

choice depends largely on the type of blasting agent used and the blasthole 

spacing. 

The blasting product used should be a bulk-loaded dry blasting agent 

or slurry. Although explosives experts have conflicting opinions on the 

relative merits of the two types of product (4̂ , 8) and express baisic dis­

agreements about .the usefulness of various techniques of estimating blasting 

agent strengths, the facts are, as borne out by the explosive consumption 
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trends shown in figure 8, that dry blasting agents are heavily favored 

FIGURE 8 - Explosive consumption trends 

by all segments of the blasti-ig industry Q ) . Figure 9 shows the reason 

for this preference. Dry blasting agents are cheaper per pound, or per 

FI<3URE 9. - Comparative costs of blasting agents 

unit of theoretical energy released, than other blasting products. 

AN-FO has three inherent disadvantages: (1) inefficiency in very small 

charge diameters, (2) low density, and (3) lack of water resistance. 

The first disadvantage does not apply here. According to Bauer's figures 

on drilling costs, a larger borehole can be drilled for about the same 

cost to compensate for AN-FO's lower density. Wet conditions would, 

however, dictate the use of the more expensive water resistant slurries 

for part or all of the explosive charge. Blasthole dewatering and ex­

ternal protection of AN-FO is a possibility. 

ECONOMICS OF THE DRILLING AND BLASTING PROGRAM '.. 

The cost of fracturing a deposit for in situ leaching can be esti­

mated by making a few basic assumptions. The following formula gives 

the drilling and blasting costs per pound of copper recovered by in situ 

leaching. 
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(T+D+J)CH + (T+D+J-Y) (B^) (G) (.34)(Ce+Cl) 
^ (S3 ) (D) (d) (R) 

where 

C(- = total fragmentation costs, <? /lb 

T » overburden thickness, ft 

D «= ore body thickness, ft 

J = subdrilling depth, ft 

Cj =» blasthole drilling cost, <i/ft 

Y = length of stemming, ft 

B = borehole diameter, in 

G = explosive specific gravity 

Cg = explosive cost, C/lb 

Cĵ  = cost of loading, stemming, firing and explosive accessories, 

C/lb of explosive 

S = borehole spacing, ft 

d o ore density, tons/ft^ 

R « recovered copper, lb/ton of ore 

The left side of the numerator gives the cost of drilling a borehole; 

the right side gives the cost of blasting. The denominator gives the 

amount of copper recovered per borehole. The foirmula can be adapted to 

determine the costs for any drilling and blasting program. To calculate 

some sample costs for an in situ drilling and blasting program, the fol­

lowing assumptions are made. A 150-ft ore zone is overlain by a 50-ft 

barren overburden. The boreholes are subdrllled 5 ft and powder is loaded 

to the top of the ore zone. Drilling costs are $2.00/ft for both the 

9- and 12-1/4-ln holes. Blasting agent costs are 4i.icents/lbofor ANrFO, 
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8 cents/lb for a nonaluminized slurry, and 14 cents/lb for a 10 per­

cent aluminum slurry. Specific gravities are 0.8, 1.15, and 1.30, res­

pectively. The cost of explosive loading, stemming, firing, and acces­

sories is 3 cents/lb of blasting agent. The ore has a density of 12.5 ft^/ 

ton and yields 6 lb of recovered copper per ton. 

Table 1 shows some calculated drilling and blasting costs. A 9-in 

blasthole with AN-FO on a 9-ft spacing gives fragmentation costs of 

11.1 cent/lb of copper. This is a maximum blasting effort based on a 

cracked zone 12 times the blasthole diameter and gives a powder factor 

of 7.6 lb/yd3, which is quite high. Using a 12-1/4-in blasthole on a 

proportionally expanded spacing gives a fragmentation cost of 7.9 cents/ 

lb. This cost reducliiqn is due to the constant drilling cost per foot 

of borehole, regardless of diameter, described in figure 7, and illustrates 

the advantage of the larger blastholes. 

Using a nonaluminized slurry and a 10 percent aluminum slurry in 

the same 12-1/4-in borehole on a 12-1/4-ft spacing gives very high costs 

of 13.1 cent/lb and 20.0 cent/lb, respectively. However, the powder 

factors of 10.9 Ib/yds are unrealistically high. There is reason to 

believe that enhanced blast effects between adjacent charges would perrait 

the use of spacings greater than 12 borehole diameters. Table 1 shows 

the striking reduction in costs obtained by expanding the spacing by 50 

percent. AN-FO blasting costs are reduced to only 3.5 cents/lb,and even 

the higher priced slurry gives favorable costs of 8.9 cent/lb. The effect 

of any other changed condition on the blasting cost can easily be deter­

mined by substituting values in the cost equation. As a point of com­

parison, table 1 Includes two cost figures reported by Hardwick (2) 
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in 1967 for fracturing ah oire body with-a totally confined nuclear charge. 

Later sources have reported costs one-fourth to one-third higher. It 

should be understood, however, that chemical and nuclear blasting will 

not normally compete for the same orebody. Chemical blasting is!.better 

eidapted.to lexploltlng relatively shallow deposits containing oxides and 

secondary sulfide minerals, and confined nuclear blasting is restricted 

to deeper deposits where the copper is largely in the form of primary 

sulfides. 

RESEARCH NEEDED 

The fragmentation costs look promising and most of the needed leaching 

technology is available. What is required now is a pilot-scale research 

program to design an adequate fragmentation system. Among"the many un­

knowns involved in blasting with heavily confined explosive charges are 

these: maximum feasible depths, optimum borehole spacings, priming tech­

niques, delays within and between blast holes, and ground vibrations. 

We do not know whether uniform overall rubblization is necessary for 

optimum recovery or whether coarse fragmentation is sufficient, assuming 

that the fractures will tend to occur in zones of mineralization, which 

normally are planes of weakness. Although one might assume that the 

finest fragmentation attainable will give the best mineral recovery, 

some knowledgeable people believe that an excess of fines will seriously 

reduce orebody permeability, especially where clays are present. Inade­

quate fragmentation could cause solution channeling. Only an actual 

leaching program will properly assess the adequacy of fragmentation. A 

pilot blasting and leaching test in a carefully chosen piece of ground 
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near existing facilities would not. involve an unduly large capital 

risk, since raost or all of the costs would be met by the value of 

the recovered copper. The initial tests could conceivably realize 

a profit. 

SUMMARY 

Most past leaching experience has been with rock which has been 

moved from its original location. In situ mining, where the mineral 

is extracted from the rock ip. its original location, is advantageous 

from the standpoint of the environment, conservation of resources, 

safety, and national self-sufficiency in natural resources. Fragmen­

tation systems under study for in situ mining include coyote blasting, 

nuclear blasting, partial block caving, and high-pressure water injection. 

Blasting with large-diameter vertical blastholes offers a promising 

alternative. A target ore body should be chosen that will maximize the 

chances for a successful operation. Although little-is known about 

blasting with heavily confined charges, the economics of a system 

employing dry blasting agents or slurries in large (12-1/4-in-) diameter 

blastholes appears favorable. Analysis of leaching and dissolution costs 

was beyond the scope of this paper. Research on a pilot-plant scale 

is needed to investigate the technological and economic aspects of the 

total drill-blast-leach-recover system: Such a project would provide 

valuable spinoff information on in situ mining of oil shale, tar sands, 

and numerous leachable metallic and nonmetallic minerals. 
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Charge 
diameter, 
inches 

9 

I21/4 

I21/4 

I21/4 

I21/4 

I21/4 

Product 

AN-FO 

AN-FO 

Non Al slurry 

l07oAI slurry 

AN-FO 

10% Al slurry 

Spacing, 
feet 

9 

121/4 

I21/4 

J21/4 

183/4 

183/4 

Gost, cents/ lb 

Dri l l ing 

7.0 

3.8 

3.8 

3.8 

1.7 

1.7 

Blasting 

4.1 

4.1 

9.3 

16.2 

1.8 

7.2 

Total 

H.I 

7.9 

13.1 

20 .0 

3.5 
8.9 

Powder 
factor, 
Ib/cu yd 

7.6 

7.6 

10.9 

12.3 

3.4 

5.5 

10 kton nuclear device (confined) 9.2 cen ts / l b 
i 

20 kton nuclear device (confined) 5.6 cen ts / Ib 

TABL^ I . - I n Situ Dri l l ing and Blasting Costs. 
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IN SITU FRAGMENTATION FOR SOLUTION MINING - A RESEARCH NEED 

by 

Richard A. Dick-̂  

ABSTRACT 

A system using confined blasting with chemical explosives to 

fracture a mineral deposit in preparation for in situ solution mining 

is proposed. After a discussion of other in situ fragmentation tech­

niques, the benefits of solution mining in environment, safety, conser­

vation of resources, support of national interests, and the characteris­

tics of the "ideal ore body" for solution mining are described. Blast 

design factors and the economics of the fragmentation system are con­

sidered, and the need for pilot scale research is pointed out. Emphasis 

is placed on a system designed for copper recovery from lov7-grade oxide 

deposits, but the technology is applicable to in situ recovery of such 

natural resources as organic fuels, uranium, and numerous other raetals 

and nonmetals. 

INTRODUCTION 

The technique for leaching to extract mineral values from a host 

rock dates from 1752 when weathered piles of copper ore were leached 

at Rio Tinto, Spain (9). Leaching may have been used as early as 2500 

B.C. in Cyprus. In 1965, leaching accounted for about 12 percent of 

the total copper production in the United States. Most of this production 

1 Mining engineer, TxiJ-in Cities Mining Research Center, Bureau of Mines, 
U.S. Department of the Interior, Minneapolis, Minn. 
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was from material which had been transported from its original location 

before leaching, such as leaching of waste dumps, heap leaching of oxide 

ores on prepared surfaces, vat leaching of crushed ores, and leaching as 

a supplement to flotation recovery. 

An in situ mining system may be defined as one in which the mineral 

values are extracted from the ore without moving the ore from its orig­

inal location. Solution mining or leaching involves separating the 

mineral values from the gangue by dissolution rather than by flotation, 

heavy media separation, or by any of the other common extractive metal­

lurgical treatments. In situ leaching has been practiced at Ray and Miami, 

Arizona, but only as a secondary effort to take advantage of fragmented 

zones of rock created by block caving operations. This discussion is 

concerned with the use of chemical explosives in large diameter boreholes 

to fracture an ore. body for the specific purpose of in situ solution mining. 

ADVANTAGES OF IN SITU MINING 

The mining industry has often been harshly criticized, sometimes 

undeservedly, for adversely affecting our environment. Figure 1 shows 

FIGURE 1. - Comparison of conventional and in situ mining systems 

how in situ mining can eliminate many of the adverse environmental effects 

typical of conventional mining methods. In conventional mining, the ex­

cavation of large volumes of rock creates large, sometimes undesirable 

openings in the earth, and waste haulage creates large piles of barren 

rock. Neither of these problems exists with solution mining. Standard 

beneficiation procedures create vast piles of very fine tailings which 
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become potential sources of air, land, and water pollution. Smelter 

gases containing sulfur dioxide are of particular concern to the public. 

In situ solution mining coupled with solvent extraction recovery tech­

niques eliminates the conventional milling and smelting processes. These 

factors are pointed out, not as criticism of the mining industry, but 

rather to illustrate some of the important environmental advantages of 

solution mining. Figure 2 shows what can happen to our domestic source 

FIGURE 2. - Possible effect of sulfur emission controls-on the U.S. 

domestic copper supply 

of copper if certain proposed sulfur emission standards are imposed on 

the smelting industry (10). The resulting reduction of mine output could 

leave us with a deficit domestic supply. Any amount of copper produced 

without the use of smelting would help alleviate the problem. 

Because of its low development costs, in situ solution mining has 

its greatest advantage in small, low-grade deposits where the invest­

ment for a conventional mining system is not justified. By exploiting 

deposits not amenable to existing techniques, in situ mining can increase 

our reserves of copper, uranium, nonmetallic minerals and fuels. The 

resulting increased self-sufficiency in raw materials would be beneficial 

from a standpoint of balance of trade and national security. Reduced 

exposure of workers to subsurface health and safety hazards is another 

benefit of in situ mining. 

One potential disadvantage of solution mining is the hazard of losing 

acid leach water to the surrounding area. 



IN SITU FRAGMENTATION TECHNIQUES 

In situ mining has received considerable attention recently, with 

most emphasis given to copper. Figure 3 illustrates four fragmentation 

FIGURE 3.T Fragmentation schemes proposed for in situ leaching 

techniques for in situ mining. The nuclear concept (A) proposed in 

Kennecott's Project Sloop near Safford, Ariz., is best adapted to 

deep, massive deposits capable of containing the tremendous nuclear 

energy yield. Although the technique shows both technologic and economic 

promise,public opposition to the commercial use of nuclear explosives 

and difficulties in leaching deep-lying primary ores have delayed its 

application. 

Coyote blasting (B), involving large concentrated charges loaded 

into drifts and crosscuts, has been applied in the Old Reliable project 

near Mammoth, Ariz. (6). A joint effort of Ranchers Exploration and 

Development Corp. and DuPont, this project should yield a good assessment 

of the compatibility between coyote blasting and solution mining. The 

principal shortcoming of coyote blasting in previous mining applications 

has been the poor fragmentation obtained because of the relatively poor 

powder distribution in the deposit. Ranchers' project typifies the bold, 

imaginative minerals research essential in maintaining an adequate dom­

estic supply of minerals in the face of constantly dwindling ore grades. 

The 2,000 tons of AN-FO consumed in the Old Reliable project indicates 

the potential importance of in situ mining to the powder industry. 



The third fragmentation system under consideration (C) involves 

drifting and undercutting at the base of an ore body and excavating a 

sufficient volume of material by block caving techniques to cause the 

rest of the ore body to cave. In effect, this system creates a leaching 

situation similar to that employed at Ray and Miami with a minimum amount 

of material being hoisted. This concept is being considered at the Rio 

Tinto property near Mountain City, Nevada, as a joint effort of the 

Cleveland-Cliffs Iron Co. and duPont. The system is especially applicable 

to depths at which conventional blasting may not give adequate swell or 

permeability for leaching purposes. 

As this paper was in preparation, the American Smelting and Refining 

Co. (ASARCO) and the DOTJell Division of Dow Chemical Co. announced plans 

to fracture and leach an ore body 1,000 ft below the surface. Water at 

high pressure (1,000 - 1,500 psi) will be injected through four boreholes, 

and the copper solution will be recovered through a fifth borehole (5) . 

It will be interesting to see whether this technique gives adequate con­

tact between the copper-bearing minerals and acid solution for a good copper 

recovery. Good recovery is especially important from a resource conserva­

tion standpoint because a low degree of copper extraction from an ore body 

may render it unminable, whatever the future technological advances may be. 

Solution losses may be difficult to control in this system,and disputes 

could arise between adjacent property owners about the source of the copper 

values. 

The Ranchers, Cleveland-Cliffs, and ASARCO ventures will provide 

valuable information on the economics of using coyote blasting, partial 



block caVing, and high-pressure water injection to prepare an ore body 

for in situ mining. However, there is a simple, very promising frag­

mentation technique which to date has not received adequate attention. 

This technique involves drilling a pattern of large-diameter (>9-in), deep, 

vertical boreholes and blasting with AN-FO or slurries (D). Although 

several companies and government agencies have indicated an interest in 

this approach, no significant, total-system research has yet been planned. 

Research is needed both to solve the technological problems and to deter­

mine the economics of using heavily confined vertical blastholes to pre­

pare a deposit for in situ mining. 

CHOOSING THE OREBODY 

The proposed pilot research project consists of two phases. First, 

a pattern of vertical blastholes, fired without benefit of a vertical 

free face, is used to create perraeability and surface exposure in the 

deposit. Second, the metal is leached from the deposit and recovered 

by precipitation or solvent extraction. The area of concern here is 

the fragmentation system. To minimize the financial risk, an ore body 

as nearly ideal as possible should be chosen for the initial effort. 

Figure 4 defines the characteristics of this "ideal ore body." Overburden 

FIGURE 4. - Characteristics of an "ideal ore. body" 

should be at a minimum since barren overburden means high drilling and 

blasting costs which cannot be offset by raineral recovery. The initial 

effort should be restricted to a total depth near 200 ft. The ultimate 
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practical depth limit for fracturing an ore' body with heavft.y confined 

chemical explosive charges is not now known. The ore values should 

consist mainly of oxides and carbonates,which are most easily leached, 

although chalcocite would also be acceptable. The ore grade should be 

high enough to give the project a reasonable chance for economic success, 

but should be low enough to provide a realistic test. A deposit running 

10 to 16 lb/ton should be about right. The deposit should be above the 

water table to minimize solution recovery problems and permit the use of 

cheaper, less water-resistant blasting agents. An impermeable underlyiag 

bed would be helpful in minimizing solution losses. Finally, to minimize 

capital investment, the target ore body should be near adequate mainte­

nance facilities, a good water supply and a precipitation plant. 

Realistically, since all of these characteristics will not be avail­

able in a single deposit, some practical compromises will be required. 

Although leaching a high-oxide deposit may require a considerable 

amount of acid, a cheap, plentiful supply of sulfuric acid may be available 

in the future, as seen in figure 5 (10). Sulfur emission regulations 

FIGURE 5. - U.S. production, demand, and potential supplies of sulfur, 

• including the effect of sulfur emission regulations 

imposed on smelters, coal-burning power plants, and petroleum and natural 

gas could result in large surpluses of available acid and elemental sul­

fur. Oxide leaching operations could be a convenient disposal ground 

for this excess acid. 

DESIGN OF THE BLAST 

The blast must be designed to (I) create sufficient permeabilltyy 

in the deposit to enable the leaching solution to enter at given points, 
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pass througfi the mineralized zone, and be.collected, and (2) create 

adequate surface exposure to enable the leach solution to contact a 

sufficient proportion of the copper values to assure a satisfactory 

rate of recovery. The three primary blast design factors to be deter­

mined are blasthole spacing, blasthole diametei; and type of blasting 

agent. 

In normal bench blasting, each blasthole breaks to a nearby 

parallel free face. In most in situ mining situations, however, the 

blastholes will have no free face, other than the original ground surface, 

to which to break. The limited amount of research that has been done 

on totally confined explosive charges indicates that they are less effi­

cient in breaking rock than standard bench blasts. Figure 6 shows that 

zones of damage caused by firing a single confined charge at a relatively 

FIGURE 6. - Zones of damage around a confined charge 

shallow depth (Ji) . A severely crushed zone extends to a distance of about 

twice the charge radius. Numerous cracks are produced out to a distance 

of about six charge radii, and a smaller number extend to about twelve 

charge radii. In contrast to a single charge, the proposed in situ 

blasting program will have the advantage of enhanced blast effects bet\-7een 

adjacent charges. However, there will be the disadvantage of considerably 

more burden to overcome. If these two factors counterbalance each other 

and the damage zone of twelve radii shown in figure 6 is obtained, the 

blasthole spacing would be about 12 times the charge diameter. If 

a second free face or voids from previous mining activities are present, 

if enhancement between adjacent charges is sufficient, or if a practical 



system of chambering the bottoms of the,boreholes were available,"this 

spacing could be increased. 

The ecbnoraic factors determining the choice of a blasthole size 

are quite interesting. Historically, the cost per foot of borehole was 

partly a function of the diameter, with the cost per foot increasing as 

the borehole diameter increased. The advent of large-diameter rotary 

drilling has changed, this. Bauer describes the economics of rotary 

drilling in a very interesting article in the January .1971 issue of the 

Journal of the South African Institute of Mining and Metallurgy (2) . As 

rotary bit diameters increase, the bearing strength, bit life, and pene­

tration rate all increase, resulting in the trends shown in figure 7, 

FIGURE 7. - Cost per linear foot for rotary drilling 

where cost per fobt is plotted as a function pf borehole diameter for 

several rock types. Only in very hard rock does the cost increase with 

diameter. In copper ore, costs drop progressively in the 9-, 10-, and 

12-in diameter. It would be interesting to see the trenct carried out 

to a 15-in diameter. Figure 7 indicates that the choice bf blasthole 

diajneter is ,not in itself an extremely important economic decision. Tht£ 

choice depends largely on the type of blasting agent, used and the blasthole 

spacing. 

The blasting product used should be a bulk-loaded dry blasting agent 

or slurry. Although explosives experts have conflicting opinions on the 

relative merits of thetwo types of product (4_, 8) and express basic dis­

agreements about the usefulness of various techniques of estimating, blasting 

agent strengths, the facts are, as borne out by. the explosive consumption 
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trends shown in figure 8, that dry blasting agents are heavily favored 

FIGURE 8 - Explosive consumptiDn trends 

by all segments of the blasting industry (3). Figure 9 shows the reason 

for this preference. Dry blasting agents are cheaper per pound, or per 

FIGURE 9. - Comparative costs of blasting agents 

unit of theoretical energy released, than other blasting products. 

AN-FO has three inherent disadvantages: (1) inefficiency in very small 

charge diameters, (2) low density, and (3) lack of water resistance. 

The first disadvantage does not apply here. According to Bauer's figures 

on drilling costs, a larger borehole can be drilled for about the same 

cost to compensate for AN-FO's lower density. Wet conditions would, 

however, dictate the use of the more expensive water resistant slurries 

for part or all of the explosive charge. Blasthole dewatering and ex­

ternal protection of AN-FO is a possibility. 

ECONOMICS OF THE DRILLING AND BLASTING PROGRAM '.. 

The cost of fracturing a deposit for in situ leaching can be esti­

mated by making a few basic assumptions. The following formula gives 

the drilling and blasting costs per pound of copper recovered by in situ 

leaching. 
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o - fT+D+3)CH + (T+D+j-Y) (B-̂ ) CG) (.34) (Ce4-Cl) ' 
^t - (^)(D)(d)(R) 

where 

Ct- = total fragmentation costs, ̂  /lb 

T "̂  overburden thickness, ft 

D = ore body thickness^ ft 

J = subdrilling. depth, ft 

C{j = blasthole drilling cost, c/ft 

Y = length of stemming, ft 

B = borehole diameter, in 

G = explosive specific gravity 

Cg = explosive cost, C /lb 

Cl sa cost of loading, stemming,, firing and explosive accessories, 

<?;/lb of explosive 

S <=• borehole .spacing, ft 

d = ore density, tons/ft ̂' 

R = recovered copper, lb/ton of ore 

The left side of the numerator gives the- cost of drillihg, a borehole'; 

the right side gives the cost of blasting.' The denominator gives the 

amount of copper recovered, per borehole. The formula can be adapted to 

determine the costs for any drilling and blasting program. To calculate 

some sample costs for an in situ drilling and blasting program, the fol­

lowing a:ssumptions are made. A 150-ft Ore; zone is overlain by a 50-ft 

barren overburden. The boreholes are subdrilled 5 ft and powder is loaded 

to the top of the ore zone. Drilling costs are $2.00/ft for both the 

9- and 12-1/4-in holes. Blasting agent costs are 4(jcents/lbof6r ANr'FO,, 
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8 cents/lb for a nonaluminized slurry, and 14 cents/lb for a 10 per­

cent aluminum slurry. Specific gravities are 0.8, 1.15, and 1.30, res­

pectively. The cost of explosive loading, stemming, firing, and acces­

sories is 3 cents/lb of blasting agent. The ore has a density of 12,5 ft^/ 

ton and yields 6 lb of recovered copper per ton. 

Table I sho\'7S some calculated drilling and blasting costs. A 9-in 

blasthole X'̂ith AN-FO on a 9-ft spacing gives fragmentation costs of 

11.I cent/lb of copper. This is a maximum blasting effort based on a 

cracked zone 12 times the blasthole diameter and gives a powder factor 

of 7.6 lb/yd3, which is quite high. Using a 12-1/4-in blasthole on a 

proportionally expanded spacing gives a fragmentation cost of 7.9 cents/ 

lb. This cost reduction is due to the constant drilling cost per foot 

of borehole, regardless of diameter, described in figure 7, and illustrates 

the advantage of the larger blastholes. 

Using a nonaluminized slurry and a 10 percent aluminum slurry in 

the same 12-1/4-in borehole on a l2-l/4-ft spacing gives very high costs 

of 13.1 cent/lb and 20.0 cent/lb, respectively. However, the powder 

factors of 10.9 Ib/yds are unrealistically high. There is reason to 

believe that enhanced blast effects between adjacent charges would permit 

the use of spacings greater than 12 borehole diameters. Table I shows 

the striking reduction in costs obtained by expanding the spacing by 50 

percent. AN-FO blasting costs are reduced to only 3.5 cents/lb,and even 

the higher priced slurry gives favorable costs of 8.9 cent/lb. The effect 

of any other changed condition on the blasting cost can easily be deter­

mined by substituting values in the cost equation. As a point of com­

parison, table I includes two cost figures reported by Hardwick (J) 
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in 1967 for fracturing an oire body with-a totally confined nuclear charge. 

Later sources have reported costs one-fourth to one-third higher. It 

should be understood, however, that chemical and nuclear blasting will 

not normally compete for the same orebody. Chemical blasting is..better 

adapted.tO''exploiting relatively shallow deposits containing oxides and 

secondary sulfide minerals, and confined nuclear blasting is restricted 

to deeper deposits where the copper is largely in the form of primary 

sulfides. 

RESEARCH NEEDED 

The fragmentation costs look promising and most of the needed leaching 

technology is available. What is required now is a pilot-scale research 

program to design an adequate fragmentation system. Amonĝ 'the many un­

knowns involved in blasting with heavily confined explosive charges are 

these: maximum feasible depths, optimum borehole spacings, priming tech­

niques, delays within and between blast holes, and ground vibrations. 

We do not know whether uniform overall rubblization is necessary for 

optimum recovery of whether coarse fragmentation is sufficient, assuming 

that the fractures will tend to occur in zones of mineralization, which 

normally are planes of weakness. Although one might assume that the 

finest fragmentation attainable will give the best mineral recovery, 

some knowledgeable people believe that an excess of fines will seriously 

reduce ore body permeability, especially where clays are present. Inade­

quate fragmentation could cause -solution channeling. Only an actual 

leaching program will properly assess the adequacy of fragmentation. A 

pilot blasting and leaching test in a carefully chosen piece of ground 
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near existing facilities would not involve an unduly large capital 

risk, since most or all of the costs would be met by the value of 

the recovered copper. The initial tests could conceivably realize 

a profit. 

SUMMARY 

Most past leaching experience has been vjith rock which has been 

moved from its original location. In situ mining, where the raineral 

is extracted from the rock in its original location, is advantageous 

from the standpoint of the environment, conservation of resources, 

safety, and national self-sufficiency in natural resources. Fragmen­

tation systems under study for in situ mining include coyote blasting, 

nuclear blasting, partial block caving, and high-pressure water injection. 

Blasting with large-diameter vertical blastholes .offers a promising 

alternative. A target ore body should be chosen that will maximize the 

chances for a successful operation. Although little is known about 

blasting with heavily confined charges, the economics of a system 

employing dry blasting agents or slurries in large (12-1/4-in-) diameter 

blastholes appears favorable. Analysis of leaching and dissolution costs 

was beyond the scope of this paper. Research on a pilot-plant scale 

is needed to investigate the technological and economic aspects of the 

total drill-blast-leach-recover systemi Such a project would provide 

valuable spinoff information on in situ mining of oil shale, tar sands, 

and numerous leachable metallic and nonmetallic minerals. 
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Charge 
diameter, 
inches 

9 

I21/4 

I21/4 

I21/4 

I21/4 

I21/4 

Product 

AN-FO 

AN-FO 

Non Al slurry 

10% Al slurry 

A N - F O 

10% Al slurry 

Spacing, 
feet 

9 

I21/4 

I21/4 

J21/4 

183/4 

183/4 

Cost, cen ts / lb 

Dr i l l i ng 

7 . 0 

3.8 

3.8 

3.8 

1.7 

1.7 

Blast ing 

4.1 

4.1 

9.3 

16.2 

1.8 

7.2 

Total 

M.I 

7.9 

13.1 

2 0 . 0 

3.5 

8.9 

Powder 
factor , 
Ib/cu yd 

7.6 

7.6 

10.9 

12.3 

3.4 

5.5 

10 kton nuclear device (confined) 9.2 cen ts / lb 

20 kton nuclear device (confined) 5.6 cents / Ib 

TABLE I . - I n Situ Dri l l ing and Blasting Costs. 
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ABSTRACT 

Generation of sulfuric acid while leaching copper 
from sulfidic material has both environmental and oper­
ational impact. The roles of acid in durap.leach chemis­
try are defined and approaches to estimation of in .situ 
acid generation are reviewed. These are generally 
indirect measurements and include an acid balance on 
•leach solution streams, heat and oxygen balances on the 
dumps or heaps, mineral alteration, and leach process 
modeling. Of these, the acid and heat balance methods 
are raost practical. Rates indicate that .S to 10 times 
as much acid is generated In situ than would be added in 
acidifying cementation plant tails to prevent ferric 
iron precipitation in pipelines and on dump surfaces. 
Most of the acid generated in a dump is also consumed 
there. The bulk of the net generated acid is consumed 
in the cementation step. 

INTRODUCTION 

For raany years systematic leaching of low-grade waste frora 

open-pit mines has been an important source of copper. Copper 

sulfide waste dumps are commonly high in pyrite which, if oxi­

dized, is a potential source of sulfuric acid. Such generation of 

sulfuric acid has a significant impact on various aspects of the 

overall leach operation. The purpose of this paper is to review 
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the role of acid in dump leach chemistry, to identify approaches 

to estimating the raagnitude of in situ acid generation in waste 

dumps, and to discuss the effects of this acid generation on the 

overall leach/recovery circuit. 

DUMP LF.ACH CHEMISTRY 

The basic physical and cheraical processes occurring, during 

the leaching of copper sulfides in heaps or dumps and in the 

copper recovery system are fairly well understood. A diagram­

matic representation of a typical dump leach-cop.per cementation 

operation Is presented in Figure 1. Consider this dump as a unit 

operation. On a macroscale (see Figure 2), solubilization of 

sulfide rainerals inside the dump requires that they be oxidized at 

least indirectly by oxygen in the air. This air generally flows 

upward through the durap by convection. Nonsulfide minerals are 

already oxidized and are simply dissolved by the acid in the leach 

solution. A host of reactions involving precipitation, secondary 

enrichment, hydrolysis, or ion exchange may also occur in solution 

or at the different mineral-solution interfaces. Soluble copper 

frora both sulfide and nonsulfide sources is flushed frora the dump 

by application of leach solution giving rise to countercurrent 

air/water flow through the dump. Pregnant solutions leaving the 

dumps typically are Impounded and pumped to a cementation or 

solvent extraction plant for copper recovery. To avoid environ­

mental problems and to conserve water, the barren solution is then 

returned to the durap surfaces to be used for additional leaching. 

Typical microscopic phenomena are shown in Figure 2. Once a 

dump has been thoroughly wetted, individual rock fragments retain 

a Surface film of leach water which may also fill both rock pores 

and interstitial voids. Oxygen from the gas phase dissolves in 

the liquid filra and is consumed in the bacterially catalyzed 

oxidation of ferrous iron td the ferric state. Ferric iron is thc 

direct oxidant for sulfides; it diffuses into the rock fragment, 

oxidizing both copper and iron sulfides and liberating Cu* , Fe"*"̂ , 
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Figure l. Simple Schematic of Dump Leach/Recovery Circuit 

SO. ' S°, H , and heat. Reaction products diffuse away frora 

reaction sites in -response to the concentration and temperature 

gradients present. Copper ions diffusing inward may participate 

in secondary sulfide enrichment reactions; for example, chalcocite 

rimming of pyrite. Ions diffusing to rock fragment surfaces are 

available to be flushed from the dump and/or participate in other 
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reactions. Evidence of these microscale phenomena can often be 

found in rock fragments which show a leached rim, a partially 

leached reaction zone, and an unreacted core sometimes showing 

secondary enrichraent. 
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Repeated conversion of ferrous ion •back' to the ferric state 

as water percolates down through the dump Is required to provide 

enough ferric ion to do all the leaching observed. Sulfide oxida­

tion also liberates heat which warms both the fluid and solid 

phases within the dump and accelerates leach kinetics. Heating of 

the gas phase (air. within the durap), together with oxygen deple­

tion, provides the buoyancy causing natural convective air flow 

through the waste. Considerable heat can be carried out of a dump 

In the flowing gas and liquid phases and by conduction from durap 

surfaces. Some of these phenomena are depicted in Figure 2. 

In the cementation step, copper in solution undergoes an 

exchange reaction with scrap Iron. The result is metallic copper 

and ferrous iron In solution. Scrap iron is also consumed by 

reaction with ferric and hydrogen ions forming ferrous ion and 

evolving hydrogen gas. Similarly, in solvent extraction, copper 

in the aqueous phase exchanges with hydrogen ion In the organic 

extractant. This purifies and concentrates copper in the organic 

and generates an acidic raffinate for recycle to the leach step. 

Stoichiometric equations representing waste leach and cemen­

tation chemistry are summarized in Table 1. For simplicity, 

complexed and interraediate species are not shown. 

The cheraical reactions in which acid participates can be 

separated Into three general categories: 

Category 

1. Acid generating 
2. Acid consuming 
3. Buffering 

Reactions* 

3, 4, 5, 6, 8, 9 
2, 10, 11, 20 
12, 13, 14, 15, 16. 17 

•Numbers refer to reactions listed in Table 1. 
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TABLE 1 

Stoichiometric Equations Representing Waste Leach 

and Cementation Chemistry 

-̂ °2(gas)^°2(.liq) 

2. 4Fe*2+02(iiq)+4Ht^4Fe*3+2H20 

+2: 
3. FeS2+(14-6d)Fe*^(8-4d)H20-(15-6d)Fe. +(2-d)S0^- +dS° 

+(16-8d)H* 

4. CuFeS2^(16-6c)Fe*^(8-4c)H20^Cu*^(17-6c)Fe*^cS°.(2-c)SO,-2 

+(16-8c)H* 

+2 +2. 
5. Cu S+(6+2a-6b)Fe*^(4-4b)H 0-aCu +(6+2a-6b)Fe +bS 

•f(l-b)SO, ^+(8-8b)H'' 

6. S''+6Fe''^+4H20—6Fe'"^+S0^ ^+8H'' 

+2 +2 
7. CuFeS^+Cu —2CuS+Fe 

8. 5CuFeS2+llCu*^+8H20-8Cu2S+5Fe*^+2SO^"^+16H* 

9. 5FeS2+lACu*^12H20-7Cu2S+5Fe*^+14H''+3SO^' 

Of the acid-generating reactions, those involving the oxidation of 

sulfides (esp.eeially pyrite) are most Important. • The effect of 

the extent of sulfide oxidation on net acid generation is pre­

sented in Table 2. This assumes all ferric iron is generated 

within the dump. As the sulfide oxidation product shifts toward 

sulfate formation, acid production Increases. However, even with 

eventual oxidation of all sulfide to sulfate, pyrite is the only 

net autogenous source of sulfuric acid in a durap. Usually the 

pyrite-to-copper sulfide molar ratio in porphyry copper wastes is 

in the range of 5 to 50 and sheer mass action dominates over 
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Table 1 (Continued) 

10. K2 (MgjFCj) (SigAl202o) (OH)^+20H*—2K*+3Fe*^+3Mg*^+2Al'^^ 

+6H^SiO^ 

+ -2 
11. CaCOj+ZH +S0^ +H2O—CaSO^+2H20+C02 

12. Fe'^^+2H20^FeOOH+3H'^ . 

13. K*+3Fe*-'+2SO^"^+6H20:^KFe^(SO^)2(OH)g+6H* 

14 . 3Fe'̂ +̂2SÔ "̂ +7H20::;r:Fe2 (SO^) 2 (OH) 5 • 2H2O+5H* 

15. 2Al*^+2H20+2SO^"^r:2Al(OH)(SO^)+2H* 

16. 0.5Ca*^+3.6Al''^+0.7Mg*^+7.7H^SiO^r:CaQ_^(Al^ .jMgQ_^) 

(Si^ .^AlQ_3)02p(OH)^+13.2H +6.8H2O 

17. 2Al*^+2H^SiO^+H20r:Al2Si203(OH)^+6H'' 

18. Fe°+Cu*^—Cu°+Fe*^ 

19. Fe°+2Fe*^—3Fe* 

20. Fe"'+2Ht.rFe*^+H., 

relative reaction rates. As a result, sulfide oxidation as a 

whole is a net acid source. 

Acid is consumed In a durap through net generation of ferric 

iron and acid attack of gangue minerals. Net generatio.n of ferric 

iron (i.e., ferric iron not consumed by sulfide oxidation or 

removed frora solution by precipitation) is a relatively small acid 

consumer (0.005-0.015 tpd H.SO,/gpm flow) when compared to con­

sumption by acid attack of gangue minerals. Generally the princi-
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Sulfide 
Mineral 

Pyrite 

(FeS2) 

TABLE 2 

The Effect of the Extent of Sulfide Oxidation 

on Net Acid Generation 

Total Net ^ 
Moles H Moles W* Moles H 
Produced Consumed by Produced 
Per Mole Required Per Mole 

Sulfide Sulfide Fe* 
Oxidation Product* Oxidized Production 

2S° (d=2) 

S°+SO^ " (d=l) 8 

2S0^ " (d=0) 16 

Chalcopyrite 2S°(c=2) 

(CuFeSj) S°+SO^ ^(c=l) 

2S0, "(c=0) 16 
4 

Secondarv S''(b=2) 

-2^ 

-3 

Sulfide - 1/2(S°+S0^ )(b=l) 0 

(Cu S) SO^ ^(b=0) 

14 

• 4 

10 

16 

Su l f ide 
Oxidized 

2a-6 

2a 

2a+6 

*See respective reaction stoichlometries in Table 1. 

-2 

-2a-2 

-2 a 

-2a+2 

pal acid-consuming minerals in waste rock are calcite and micas 

(biotite, muscovite, chlorite, phlogopite, etc.). Acid neutrali­

zation by other rock-forming: minerals is norraally too slow to be 

of significance. 

The waste dump acid-consuming and generating reactions dis­

cussed abo'<e are generally far from thermodynamic equilibrium. 

However, hydrolysis/precipitation reactions involving sulfide 

oxidation and acld/gangue reaction products may be near equilib­

rium, and as such, those reactions involving acid serve to 

"buffer" the leach solution pH at a relatively constant value. 

These reactions include Al and Fe hydrolysis and precipitation of 

goethite, jarosite, basic iron and aluminum sulfates, and kaolin. 

In gerieral, the net acid-generating/consuming nature of a 

particular waste durap is dependent on a balance between many 

factors. .These Include: the rates of sulfide oxidation, the 

relative amounts of sulfides reacting, sulfide oxidation t o 

sulfate or eleraental sulfur, the araount of acid consuraed In pro­

ducing the ferric oxidant, and the degree of acid neutralization 

by gangue minerals. 

METHODS OF ESTIMATING ACID GENERATION IN THE INTERIOR OF A DUMP 

There are several methods of estimating the rate and degree 

of in situ acid generation In a single dump or dump system. These 

methods are generally Indirect and include an acid balance on 

leach solution streams, heat balance on the duraps or heaps, oxygen 

balance, mineral alteration, and leach process modeling. Leach 

solution stream acid balances provide an estimate of the net rate 

of acid generation by the dump or dump system; hea.t and oxygen 

balances—the gross rate of acid generation by sulfide oxidation. 

.The degree of mineral alteration in a dump gives a qualitative 
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indication of the extent to which acid attack has occurred and the 

amount of acid generated by sulfide oxidation over a given period 

of time. Mathematical leach models, depending on their scale and 

degree of complexity, may project the rate and cumulative araount 

of acid generated by sulfide oxidation over the useful limetime of 

a dump. 

Estimation of the acid generating/consuming nature of a waste 

dump from bench scale tests on representative samples is difficult 

as important macro-scale phenomena cannot be duplicated on a small 

scale. However, Brynesteyn and Duncan have developed a useful 

procedure for estimating the acid production potential of sulfur 

containing waste materials and waste waters. The maximum acid 

generating capacity of a waste material is first determined from 

its total sulfur content expressed as H2SO,. This maximum is 

attainable only for certain sulfides such as FeS2 and requires 

accompanying hydrolysis of oxidation products. A -100 mesh sample 

is then titrated to pH 3.5 to compare acid consumption under 

nongenerating conditions to the maximura calculated generating 

capacity. If consumption exceeds calculated generating capacity, 

the material is judged a non-acid source. If consumption is less 

than calculated generating capacity, a biological oxidation test 

with T̂ . ferrooxidans is run to estimate the acid production which 

would be expected in situ. 

Acid Balance 

Before discussing acid balances in dump leach solution 

streams, the acid content of such solutions must be defined and 

related to measurable parameters. According to the Bronsted-Lowry 
Q 

definition, an acid is a proton donor. The principal acids 

(proton donors) In copper sulfide durap leaching solutions are thus 

sulfuric acid and water with very minor amounts of other acids 

such as phosphoric and hydrochloric. Protons liberated by sul-
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furic acid dissociation and water hydrolysis may be either free or 

complexed with other lons in solution. 

The acid content of these solutions raay be defined in terms 

of pH, free acid, hydrolytic acid, and total acid. pH is a mea­

sure of the hydrogen ion activity and only an Indicator of rela­

tive acidity in typical salt-laden leach liquors like that shown 

in Table 3. Free acid is defined as the residual molarity of 
—2 + 

total SO, which raust be charge balanced by H after subtracting 
out all other cation equivalents 

free 4 
( I ) 

where M. and + V. represent the individual cationic species 

and their corresponding charge respectively. 

TABLE 3 

Typical Pregnant Leach Solution Composition 

Component 

Cu 

Fe (Total) 

Fe*3 

Fe*2 

Al 

Mg 

Ca 

SO4 

Cl 

pH = 2.50 

Concentration (gpl) 

0.5 

1.5 

1.3 

0.2 

5.0 

7.0 

0.6 

60.0 

0.2 
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itimates of free acid content may be made by appropriate tltra-

lon techniques, the accuracy of which Increases with Increasing 

ree acid content in solution. However, in many dump leach 

Iquors, free acid Is quite low ( O.Ol mole/l). 

Hydrolytic acid results from water dissociation or hydrolysis 

y cations (principally Fe*"' and Al* ) and is defined as the total 

:!• molarity: 

a J , . ., = M/•r,u-^Eree and complexed 
Tiydrolytic acid (OH ) 

(2) 

•irect measurement of hydrolytic acid would be extremely difficult, 

dtal acid in terms of proton molarity is defined as the sum of 

he free and hydrolytic acid: 

'^total ~ ^ '•'free * '"Hiydrolytic 
(3) 

M total 2>^(SO;2) - '(OH') 

*^1 
(4) 

'.quation (4) is essentially the solution charge balance with con-
_2 

iributions of anions other than OH and SO^ ignored. 

Free, hydrolytic, and total acid contents of leaching solu­

cions at various points in the leaching circuit may be estimated 

Ty measuring the pH and overall ion concentratiotis of these solu­

lions. then theoretically calculating the ionic distribution of 

species, and finally applying equations (1), (2), and (4) dis­

cussed above. With appropriate flow rate data, the net acid 
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generated or consumed by a dump can then he determined by the 

differences between the acid content of on- and off-flow solu­

tions. This approach estimates only how much excess or net acid 

is produced by a dump, not the total actually generated and con­

sumed; thus, the leach solution acid balance sets a lower limit on 

actual acid generation. 

An acid balance has been completed on two dump systems (each 

consisting of several .dumps) and the corresponding cementation 

pLint. Individual dump on- and off-flow streams and cementation 

plant head and tall solutions were sampled, pH and chemical 

analyses run, and flow rates and temperatures measured. 

The pH's, temperatures, chemical analyses, and average flow 

rates for the various streams are presented in Table 4. Leach 

solution pH's ranged from approximately 2.2 to 3.5. Cheraical 

analyses and pH's were used as input for the initialization step 

of a computerized geochemical simulation system (FASTPATH).* It 

calculates and plots mineral creation and destruction and the 

molalities and activities of aqueous species in solution as the 

solution reacts with a mineral assemblage at a given temperature 

and pressure. The mathematical framework follows the theoretical 

approach to chemical processes developed by H. C. Helgeson a.id 
9 

associates. The initialization step solves the appropriate mass 

balance, charge balance and equilibrium expressions for the con­

centrations of all species assumed present in solution. Disso­

ciation constants for assumed species are specified at 25°C and 

extended Debye-Huckel theory is used for activity coefficient 

determinations. Electrical neutrality is forced by balancing any 

charge balance error with sulfate ions, and the hydrogen ion 

activity is fixed by inputed rooa temperature (25''C) pH's. An 

example of the output of the Initialization step for a cementation 

plant feed solution is presented in Table 5. Admittedly, with the 

near unity ionic strengths of typical durap leach solutions, Debye-

*FASTPATH is a Kennecott developed program. 



Dump, Leaching Circuit Splution Analyses, Temperature, and Flow Rates 
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TABLE 5 

Distribution of Species in Cementation Plant Head Solution 

S p e c i e s 

Ig^^ 

M*3 

• : a * 2 • 

„ •̂ 2 
•e 

'.u 

\1.(0H)*^ 

\ l ( 0 H ) ^ " 

:aS0^ 

•;gso^ 

-'eSO^ 

•^eSO^* 

-•e(S0p2~ 

:u*2 

MSO^* 

M ( S 0 ^ ) 2 " 

v l (0H)2* 

a 2 ( 0 H ) 2 " ' ^ 

:u2(OH)2*^ 

;u3(0H)^*2 . 

Mola 

1.212 X 

2 . 2 9 3 X 

7 . 2 3 3 X 

1.984 X 

5 .860 X 

2 . 5 9 8 X 

6 .749 .X 

6 .467 x 

1.748 X 

1.415 X 

5 .346 X 

1.805 X 

6 . 5 8 9 X 

6 .082 X 

1.299 X 

4 . 5 6 3 X 

3 .171 X 

3 .996 X 

1.592 X 

l l t v 

10 -1 • 

10-2 

1 0 - ^ 

10-2 

10-12 

10-^ 

10 -13 • 

10 -^ • 

10-1 

10-2 

10-3 • 

10-2 

10 -3 

10-2 

10 -1 

10-^ 

10-6 

10-11 

1 0 - 1 ^ 

A c t i v i t y 
C o e f f i c i e n t 

0 . 3 0 6 5 

0 .0797 

0 . 2 3 3 8 

0 . 2 3 3 3 

0 . 5 8 6 2 

0 . 1 5 3 9 

0 . 6 6 4 6 

1.2220 

1.2220 

1.2220 

0 .7896 

0 .7896 

1.2220 

0 . 7 8 9 6 

0 . 7 8 9 6 

0 . 6 6 4 6 

0 . 0 0 7 0 

0 . 1 9 4 5 

0 . 2 3 3 8 

A c t i v i t v 

3 .715 

1.827 

1.691 

4 .637 

3 .435 

3 . 9 9 3 

4 . 4 3 6 

'7 .903 

2 .136 

1.730 

4 . 6 1 6 

1.425 

3 . 0 5 2 

4 . 8 0 2 

1.025 

3 .033 

2 .206 

7 . 7 7 3 

3 .723 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-2 

10-3 

10-3 

10-3 

10-12 

10-5 

10-13 

10-3 

10-1 

10-2 

10-3 

10-2 

10-3 

10-2 

10-1 

10 -^ 

1 0 - 3 

10-12 

10-20 
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Table 5 (Continued) 

Fe(0H)2 

Fe2(OH)2*^ 

Fe3(0H)^'^^ 

FeHSO^* 

CuOH* 

HSO^ 

MgOH* 

FeOH* 

CaOH* 

FeOH*2 

Cu(0H)2 

C u ( 0 H ) 3 -

Fe(0H)2 

Fe(0H)3 

Fe(OH).^ 

Fe2(OH)3"'3 

AISO^OH 

FeSO^OH 

H* 

OH" 

7 . 4 4 9 

1.403 

1.970 

1 .080 

1.613 

1 .371 

5 . 2 4 0 

8 .467 

1.071 

8 . 0 8 2 

1.525 

1 .169 

5 .744 

3 . 6 9 5 

1.668 

6 . 6 4 4 

5 . 9 4 8 

8 .076 

5 . 0 2 9 

3 . 9 8 9 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

1 0 - ' 

10 -^ 

10-5 

10-5 

. 1 0 - 3 

10-2 

10-11 

10-^ 

10 -13 

10-^ 

10-13 

10-23 

lo-^'^ 

10-11 • 

10-15 

10-6 

10-5 

10-5 

10-3 

10-12 

0 .6646 

0 .0070 

0 .0004 

0 .6646 

0 .6646 

0 .6646 

0 .6646 

0 .6646 

0 .6646 

0 .1539 

1.2220 . 

0 .6646 

1.2220 

1.2220 

0 .6646 

0 .0344 

1.2220 

1.2220 

0 .8100 

0 .6153 

4 . 9 5 1 

9 . 7 5 8 

8 .017 

7 .177 

1 .072 

9 .112 

3 . 4 8 3 

5 . 6 2 3 

7 . 1 1 5 

1.244 

1.853 

7 . 7 6 3 

7 .020 

4 . 5 1 5 

1.108 

2 . 2 8 3 

7 . 2 6 9 

9 .870 

4 . 0 7 4 

2 . 4 5 5 

X 

X 

X 

X 

X 

X 

x' 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

1 0 - ' 

10-^ 

1 0 - 5 

10-6 

10-3 

10-3 

10-11 

10-9 

1 0 - 1 ^ 

10 -^ 

10-13 

10-2^ 

10-16 
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Dump Leach Circuit Acid Generation and Consumption Rates 

Predicted from Solution Acid Balance 

Waste 

Dump 

IA 

IB 

IC 

ID 

IE 

IF 

2A 

2B 

2C 

2D 

2E 

2F 

A c i d , 

F r e e 

0 .00634 

0 .00984 

0 . 0 0 9 7 1 

0 .01631 

0 .00722 

- 0 . 0 0 1 5 4 

0 .01002 

• 0 .00916 

0 .00850 

0 .00637 

0 .00880 

0 .01100 

C o n t e n t (Moles H 

H y d r o l y t i c . 

0 .00085 

0 .00024 

0 .00024 

0 .00039 

0 .00055 

0 .00244 

0 .00041 

0 .00137 

0 .00071 

0 .00059 

0 .00026 

0 .000024 

I jSO^ / l ) 

T o t a l 

Dump 

0 .00719 

0 .01008 

0 .00995 

0 .01669 

0 .00767 

0 .00090 

Dump 

0 .01043 

0 .01103 

0 .00921 

0 .00745 

0 .00906 

0 . 0 1 1 2 5 

Acid Flow 

T o n s / d a y 

System 1 

1.64 

43 .37 

3 . 6 8 

6 1 . 8 9 

20 .46 

0 .62 

System 2 

39 .18 

0 . 3 3 

1.54 

4 . 7 9 

4 1 . 7 4 

6 . 6 3 

as H2S0^ 

g / s e c 

• 17 .17 

4 5 5 . 3 0 

3 8 . 5 8 

6 4 9 . 7 0 

214 .80 

6 . 5 3 

4 1 1 . 3 0 

3 . 4 8 

16 .19 

5 0 . 2 9 

4 3 8 . 2 0 

6 9 . 6 0 

Net HjSO^ Gen/Consumpt ion 

T o n s / d a y 

1.42 

39 .27 

3 .32 

58 .36 

17,92 

- 0 . 0 3 

3 5 . 6 1 

0 . 0 1 

1.38 

4 . 1 8 

37 .36 

6 . 0 7 

g / s e c 

14 .90 

4 1 2 . 3 6 

3 4 . 3 9 

612 .72 

188.16 

- 0 . 3 6 

373 .86 

0 . 0 6 

14 .52 

4 3 . 8 7 

392 .22 

6 3 . 7 2 
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TABLE 7 

•Dump Leach Circuit Solution Temperature 

Waste Dump 

IA 
IB 
IC 
ID 
IE 
IF 

2A 
2B 
2C 
2D 
2E 
2F 

Ambient 
Temp. (°C) 

On-flow 
Temp. (°C) 

-1 
-1 
0 
-1 
-3 
-3 

Dump System 1 

18.0 
19.0 
18.0 
12.0 
23.5 
24.0 

Dump System 2 

2i;5 
11.0 
12.8 
13.0 
16.0 
18.0 

Off-flow 
Temp. (°C) 

33.0 
34.5 
27.5 
33.2 
32.5 
25.0 

24.0 
15.5 
18.0 
24.5 
27.0 
27.0 

oilowing equation relates measured heat loss and reaction 

nthalpies to acid generation rates. 

-^AH 
^ =• At duriip (9.325) 
'H2S0^ " AHpy -̂  AHcpy/(FPY) 

(5) 

;here 

\so^ stpd sulfuric acid generated 

AH 
At dump 

heat gain by leach solution in Kcal/sec 

IN SITU GENERATION OF ACID 

AHpy 

123 

net enthalpy for pyrite oxidation includ­

ing heat released in providing required 

ferric oxidant (-335 Kcal/mole) 

AHcpy net enthalpy for chalcopyrite oxidation 

including heat released in providing 

required ferric oxidant (-384 Kcal/mole) 

TPY moles pyrite oxidized per mole chalco­

pyrite oxidized 

9.325 units conversion factor 

Calculated heat and acid generation rates for various dumps are 

presented in Table 3 for FPY values of 5, 10, and 50. As shown, 

the acid generation rate becomes less sensitive to FPY as FPY 

increases. The net acid generation rates determined from leach 

solution acid balance are repeated in Table 8 for comparison. For 

the raost part, rates determined by the two methods are within an 

order of magnitude of each other. Rates calculated from acid 

balances are. generally less than those determined from the heat 

balance since the former represent a net acid generation rate for 

the durap and the latter represent a gross lower limit on the rate 

of acid generation by sulfide oxidation. 

Oxygen Balance 

The rate of oxygen depletion from air flowing through a dump 

is a direct indication of the net sulfide oxidation rate. If the 

oxygen consumption rate is known,' assumptions with respect to 

oxygen utilization efficiency, oxygen partitioning between sul­

fldes, and sulfide oxidation products permit calculation of the 

rate of acid generation as follows: 
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•rfhere 

"2^04 

02% EFF 

(RQ )(02% EFF) (1.079 x 10-6) 
2 

3.5 + 4(FPY) (6) 

oxygen consumption rate, moles 0,/day 

percentage of consumed oxygen actually 

contributing to sulfide oxidation 

Equation (6) assumes major sulfides of pyrite and chalcopyrite and 

complete oxidation of sulfide to sulfate. This relation is shown 

graphically in Figure 3 in terms of required standard air flow at 

20% oxygen consumption and 90% utilization efficiency and a range 

of typical FPY's. Note that air flows on the order of 10,000 to 

100,000 sfcm are required to account for the acid generation rates 

indicated by acid and heat balances previously presented. 

A leach dump, of course, is not a system where the total flow 

and oxygen concentration of gases entering and leaving dump sur­

faces can be easily measured. Measurements can be made pf the 

flow rate and oxygen concentration of gas exhausting from bore-

TABLE 8 

Durap Leach Circuit Acid Generation and Consumption Rates 

Predicted from Heat Balance 

HjSO, Generation Rate (stpd) 

Waste 
Dump 

IA 
IB 
IC 
ID 
IE 
IF 

2A 
- 2B 

2C 
2D 
2E 
2F 

A H / A t 
( K c a l / s e c ) 

3 6 5 . 2 5 
7 , 1 3 7 . 9 1 

3 7 5 . 7 3 
8 , 4 1 4 . 7 0 
2 , 5 7 1 . 3 1 

7 3 . 9 3 

1 ,005 .70 
14 .49 
9 4 . 0 8 

7 9 1 . 4 3 
5 , 4 2 4 . 3 2 

567 .72 

FPY = 5 

Dump 

8 .3 
161 .7 

8 .5 
190 .6 

5 8 . 2 
1.7 

Dump 

2 2 . 3 
0 . 3 
2 . 1 

1 7 . 9 
1 2 2 . 8 

1 2 . 9 

FPY = 10 

Sys tem 1 

9 . 1 
178.7 

9 .4 
210 .7 

6 4 . 4 
1.9 

Svstem 2 

2 5 . 2 
0 .4 
2 .4 

19 .8 
135 .8 

14 .2 

FPY = 50 

9 . 9 -
194 .2 

10 .2 
2 2 9 . 0 

7 0 . 0 
2 . 0 

2 7 . 4 
0 . 4 
2 . 6 

• 2 1 . 5 
147 .6 

1 5 . 5 

Acid 
B a l a n c e 

1.42 
3 9 . 2 7 

3 . 3 2 
• 5 8 . 3 6 

17 .92 
- 0 . 0 3 

3 5 . 6 1 
0 . 0 1 
1.38 
4 . 1 8 

3 7 . 3 6 
6 . 0 7 
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holes. It may also be possible to capture gas exiting over rela­

tively large dump surfaces under plastic sheeting with a single 

outlet for gas sampling and flow measurement. However, in light 

of the heterogeneity of dumps, such measurements probably cannot 

be extrapolated to the dump as a whole. Such measurement problems 

limit the usefulness of this technique for estimating in situ acid 

generation rates. 

Formation of Alteration Products 

The type and relative abundance of alteration products (e.g., 

jarosite, goethite, gypsum, kaolin, and montmorillonite) within a 

dump can provide at least a qualitative indication of the degree 

of acid attack which has occurred throughout the leaching period. 

These observations can be compared with the amount of acid 

generated by sulfide oxidation as determined by examination of 

residual sulfide in leached rims of remaining rock fragments. 

Mowever, detailed chemical and mineralogical studies of leached 

waste are not often possible due to the expense of the extensive 

core drilling necessary to obtain a representative sample, and the. 

number of individual chemical and mineralogical determinations 

which must be made. 

Mat>iematical Modeling - • 

Efforts have been made to develop a model of durap leaching 

which correlates measured dump physical, chemical, and mineral­

ogical parameters through appropriate mass and energy balance 
1-3 

equations to predict the dump- responses to leaching. One 

factor identified by such a model would be the amount of acid 

generated by pyrite oxidation. However, to date such models, 

though adequately pointing out the relative importance of dump 

operational, parameters, have proved cumbersome and nonpredlctive. 

\s such, they are of little use in estimating in situ acid 

generation. 
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LEACH CIRCUIT IMPLICATIONS 

Prior discussion has centered on the generation of sulfuric 

acid during the leaching of copper from sulfidic mine waste. 

However, methods for estimating acid generation rates within the 

durap have some value frora an operational point of view only if 

they guide leach practices. Two caises must be considered since 

dumps may either be net cid generators or consumers. 

Dumps with Net Acid Consumption 

There may be several reasons why dumps are net acid consumers. 

These include a low pyrite content, a low sulfide oxidation rate 

or, frequently, the presence of acid-consuming gangue. Under any 

of these conditions, areas with locally high pU levels are likely 

to occur within these dumps. This can cause solubilized copper to 

precipitate and may also cause hydrolysis of the ferric ion needed 

to leach the sulfides; the result is low copper production. 

This situation may correct itself with time as acid-consuming 

gangue is neutralized. External addition of acid to recycled 

leach solution raay accelerate this neutralization process. Stimu­

lation of sulfide oxidation can also increase acid generation 

rates and dump temperatures, and this may improve release of 

copper from the durap. However, an appropriate i -oerimental test 

program would be needed to select the best approach since the 

cause of low acid generation and poor copper recovery may be 

complicated and site specific. 

Dumps with Net Acid Generation 

Fortunately, dumps that exhibit net acid consuraption are not 

common, and attention has focused primarily on dumps which are net 

acid generators. However, even in acid-generating systems. 
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locally high pH levels may cause problems. One place this can 

occur is in cementation plant effluent lines or on dump surfaces. 

Since the bulk of the acid in the pregnant leach solution is 

neutralized by reaction with scrap Iron, the pH of the recycled 

barren solution is typically between 3.1 and 3.5. Although essen­

tially all iron is in the ferrous state at this point, any oxida­

tion in pipelines or on the dump surface will generate ferric 

irori. At the high pH levels, ferric iron Is thermodynamically 

.unstable and will precipitate as basic iron sulfate. If this 

occurs in pipelines, scale can build up and restrict flow 

capacity. If it occurs on the dumps, surface perraeability will be 

reduced, restricting leach solution percolation and the counter-

current flow of air through the waste. 

The buildup of iron salts can be controlled in several ways. 

Acidification of cementation plant effluent to pH 2.4 or 2.5 will 

effectively minimize scale formation in pipelines. Mechanical 

scouring of the lines with "chain balls" or the like on a periodic 

basis is also effective.' Newer pipe materials such as high-

density polyethylene, as well as stainless steel, also seem to 

restrict scale buildup. The choice is a matter of economics. 

When solvent extraction, rather than cementation, is used for 

copper recovery, salt buildup will not be as serious a problem. 

Since leach solution is acidified during copper transfer to the 

organic phase, iron hydrolysis' is prevented or reduced.- Further­

more, no iron will be added to solution during copper recovery. 

Thus, iron contents in leach systems using solvent extraction are 

generally lower than those where cementation is used. This also 

minimizes' iron salt buildup. 

On dump surfaces, acidification again provides one way of 

controlling iron salt buildup. However, care must be exercised 

since over-acidification can accelerate rock decrepitation and 
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create the same problem as iron salt deposition. Mechanical 

maintenance of dump surfaces by scraping, ripping, etc. offers an 

alternative to acidification. At present, economics may favor the 

mechanical procedures. These are especially effective when the 

leach solution application rate is held below the water acceptance 

rate at the surface. This minimizes ponding and thus the'deposi­

tion of iron salts. 

Other considerations also favor limited use of acid for dumps 

that are already net acid generators. Data presented above Indi-
—3 

cate that 1 to 2 x 10 lb acid/ton waste are generated in situ 

each day in dumps with an FPY as low as 10. Even if recycled 

leach solution were acidified to pH 2.1, the amount of acid added 

in this way is only about 2 x 10- lb add/ton waste/day. Further­

more, this acid ts added in a concentrated manner, rather than 

being generated throughout the waste. Thus, acidification of 

leach solution will only affect the top of the dump. Both column 

tests and modeling indicate that this affected zone is approxi­

mately 10 ft thick for leach solution application rates of approx-
. 2 

imately 0.5 gal./ft /hr. After percolation to this depth, much of 

the acid is neutralized and the pH of the solution is that set by 

the "buffering" capacity of the waste. Examination of leached 

dumps seems to confirm this. On this basis, acidification of 

leach solution may be used to avoid surface salt deposition but 

will have little impact on internal dump chemistry. 

SUMMARY AND CONCLUSIONS 

Methods for estimating in situ sulfuric acid generation rates 

based on the physics and chemistry of pyritic copper sulfide waste 

leaching have been described. These include: acid balance on 

leach solution streams, heat balance, oxygen balance, mineral 

alteration, and leach process modeling. Of these, the acid and 
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. - ' . _ ^ . , j„ arc most pract ical . The acid balance 
iri«t %a|.Mc« Mthods are iti<j= f 

an estimate of the' net rate of acid generation 

W'-'tM 4uap °f ''""'P system. The heat balance approach provides a 

l ^ e r limit tin the gross race of acid generation by pyrite 

oxidation. 

j^fiMch provides 

In general, pyri t ic cogper sulfide waste dumps which are 

producing copper and do not contain excessive ' acid-cbasuming-

gangue ,are net sulfuric acid vsources in the reach-cement.at ion 

c i rcui t . This acid is prod^i^^d only, thiTiP.ugh pyrite oxidation. 

The; bulk: of the net 'generated acid is ĉ onsumed in Che cementation 

rstep. Data from two large dump system.9 indicate nee rates on- the 
- 4 . • ' 

o r d e r of 10 l b H „ S O , / t o n w a s t e / d a y and g r o s s r a t e s of 'irore t h a n 
- 3 " 

10 l b H-SO, , / ton w a s t e / d a y . T h u s , most of t h e a c i d g e n e r a t e d lri 
t h e dump i s a l s o consLitned t h e r e . 

Acid g e n e r a t i o n r a t e s a r e u s e f u l In d e c i d i n g he tween dump 

l e a c h o p e r a t i o n a l . a l t e r n a t i v e s I n v o l v i n g , s u l f u r i c . a c i d . R a t e s 

i n d i c a t e t h a t 5. to , 10 t i m e s as much a c i d i s g e n e r a t e d i n s i t u t h a n 

w.o.uld be^ added a n a i ^ i d l f y i n g c e i n e n t a t i o n p l a n t t a i l s to p r e v e n t 

f e r r i c . i r o n p r e c i p i t a t i o n i n p i p e l i n e s and on dump s u r f a c e s . 
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""..'. MINERAL VALUES. U.S. PAT. 3,815*957* JUNE 11, 1974, 3 PP, 

170. -SPEDDEN, H. R.* ANO E, E. MALOUF (ASSIGNED TO KENNECOTT COPPER 
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URANIUM RESOURCE EVALUATION PRELIMINARY REPORT. GRAND JUNCTION 
OFFICE* GRAND JUNCTION, COLO., REPT. GJ0-111(76), JUNE 1976, 

. -132 PP. 
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In-Situ Leaching of Nonferrous IVIetals 

"-3 
C Q O . 

. c n 

H n-situ leaching (ISL) of minerals has the potential of 
H opening up resources which currently are uneconom­
ical to mine by conventional methods wi lh less distur­
bance to the local environment. The basic principle in­
volves the recovery of metal values by transporting 
fluids through rock, as contrasted with mining and proc­
essing rock by conventional mining. This type of proc­
ess is best suited for minerals that arc deep-lying, lower 
grade and water saturated, with high flow conductivity 
and mineral contact with water. 

Significant progress has been made over the past dec­
ade in the development of ISL technology for recovery 
of uranium and copper. Specific activities over this, time 
period include: 

• Commercialization of uranium production in south 
Texas.' 

• Pilot operations for uranium in" Wyoming and Colo­
rado.' 

• Kennecott's development project for copper sulfide 
leaching in Arizona.^ 

• Occidental Minerals development of copper oxide 
leaching in Arizona.^ 

The purpose of these remarks is to review technical 
and economic aspects of the ISL process and briefly 
discuss three of the key engineering tasks: selection of 
metal concentrations,, oxygen injection (uranium and 
sulfide operations), and well pattern design" consid­
erations. 

An JSL operation consists of surface and sub-surface 
facilities (fig. 1). Summarizing the major activities: 

• Chemicals required to dissolve and maintain metals 
in solution are first processed through the surface 
facility. 

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

• Solvent travels through the rock and reacts with the 
solid mineral, transferring the metal value to the liq­
uid phase. 

• A set of production wells is used to create a low 
pressure sump where the metal enriched solution 
can be collected for transport to the surface. 

• The produced solutions are processed for both met­
al recovery and solution riiake-up for an additional 
trip through the pores in the rock. 

Successful implementation of these five activities re­
quires an integration of mineral geology, and oil field 
and extractive mineral technologies. Although specific 
teehnical aspects of ISL can vary widely, uranium ver­
sus copper leaching, or wellfield operations ranging 
from massive rubblization of rock to water flooding de­
posits with natural permeability, most iSL systems 
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have in common the following (fig. 2): 
• The majority of the capital investment is tied up in 

"the surface facil ity, where technology is somewhat 
standard and controlled, unlike the sub-surface 
component. 

• A number of sub-surface mining strategies are 
likely to achieve a given production capacity. 

• Limited or no prior industrial experience exists. 
Therefore, it is important to develop mining strategies 

which minimize risk, and this requires understanding 
the interactions of key technical and economic parame­
ters. 

METAL 
EXTRACTOR 

CHEMICAL 
MAKE-UP 

-».--..^a:j1*#itj..yt^ 

Pp 

STATIC FLUID PRESSURE 

Fig. 7. Overview o l in si tu leaching 

Solution volumes, f low rates determine performance 

The economic performance o fan in-situ operation is 
governed by the following: 

• Thc volume of solutibn processed through the sys­
tem. 

• Rates of fluid injection and production from wells. 
• The rate of mineral solubilization in the liquid 

phase. 
• The volume of rock swept by the fluid. 

Relating the above to site-specific capital investments 
and operating costs requires gathering, evaluating, and 
integrating technical data on deposit and solvent char­
acteristics. 
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• Deposit characterization 
—Depth 
—Ore grade 
—Total contained metal 
—Ore thickness 
—Flow conductivity (permeability) 
—Vpid space in rock.(porosity) 
—Mineral distribution in rock 
—Natural groundwater flow. 

• Solvent characterization 
—Composition 
— Rate of metal solubilization 
— Interaction with gangue mineials 
—Impact on rock permeability 
—Impact on materials of construction used in wells 

and surface facilities 
—Trace metal solubilization and impact on surface 

processing and environmental requirements. 
A final design requires specification of the following 

sub-surface parameters: efliuent metal concentration, 
number of wells, well spacing and frequency of future 
well pattern additions. 

For a given operation, it is likely that several combi­
nations ofthe above, involving trade-offs of initial capi­
tal versus cash flow, will provide an acceptable eco­
nomic performance. ^ 

Metal concentrations impact process economics 

As would be expected, the level ofthe metal-concen­
tration in the produced solutions has a major impact on 
the economics of ISL. The four major capital invest­
ments that are impacted by the level of produced metal 
concentration are the surface facility, wells, pumps, and 
solution inventory for well pattern start-up. ' 
Surface facility iiivestmc'tit. This has two components, 
one related to total production capacity (tons per year), 
the other to the total rate (gpm) at which solution is cir­
culated through the system. At a fixed level of produc­
tion capacity, the gpm related investment declines as 
metal concentration increases, as smaller volumes of 
solution can be processed to obtain a fixed tonnage per 
year of metal. The product of gpm and metal concentra­
tion is proportional to tons per year production capac­
ity. At a fixed level of prpduction capacity, the volume 
of solution continually being handled (total gpm) de­
creases as the cpncentration of metal in solution in­
creases. Thus, from the standpoint of surface facility 
capital, it is desirable to achieve a high efliuent metal 
concentration. 
Welh. Total well costs are related to individual well 
costs, which inci'ease with depth, and the number bf 
wells. Since the individual production capacity ofa well 
is proportional to the product of flow rate and metal 
concentration in solution, it is desirable to have a high 
metal concentration to achieve a high level of individual 
well capacity, which in turn keeps the number of wells 
at a minimum level. 
Pumps. Pump investments usually increase with both 
the vplume of solution processed and the pressure head 
against which the fluid must be pumped. High efliuent 
metal concentration results in low solution volumes, 
while the pressure head is proportional to both well 
depth and rock permeability. If the rock is tight, high 
pressure differentials in the wells must be used to move 
fluids between wells. 
July 1980 

BASIS 250,000 LB/YEAR 0 . 1 % ORE-GRADE, 
50% RECOVERY, 30% POROSITY, 50 GPM PER WELL 

PLANNED WELL LIFE 1 YEAR 

50 PPM URANIUM 
• 1250 GPM FLOW . 
• 10 MILLION GALLONS FLUID. < 

IN ROCK PORES BETWEEN 
WELLS 

• 5 1/2 DAYS TO DISPLACE 
PORE FLUID 

300 PPM URANIUM 
210 GPM FLOW 
10 MILLION GALLONS FLUID. 

IN ROCK PORES BETWEEN 
WELLS • 

• 33 DAYS TO DISPLACE 
PORE FLUID 

+ 1 1/2% OF OPERATING WELL- 9% OF OPERATING WELL 
LIFE START-UP TIME 

NEGATIVE CASH FLOW 
- 25 WELL UNITS 
- MOVE FLUID AROUND 66 

TIMES 

LIFE START-UP TIME 
NEGATIVE CASH FLOW 

•(- 4 WELL UNITS 
-I- MOVE FLUID AROUND 11 

TIMES 

Table 1. Opposing etfccts in systems handling 50 and 300 ppm ura­
nium concentrations 

Suiri-iip. The pores of the rock in the well pattern are 
initially filled with water. Each time a well pattern oper­
ation is initiated the solubilized metal is diluted by the 
pore fluid, requiring at least one exchange ofthe volume 
of water in a well pattern (one pore-volume) to attain 
full production capacity. Prior to this time, operating 
costs are likely to exceed revenues resulting in a nega­
tive cash flow. Since the time required to achieve this 
one-pore volume displacement increases as the total 
flow rale of the system is reduced, the negative cash 
flow of start-up will be higher at increased levels of ef­
fluent metal concentration, as the product of total gpm 
and metal concentration is a constant for a given pro­
duction capacity. 

Table 2. Design parameters affecting mafor capital investments for 
in situ leaching 

• SURFACE FACILITIES 
• PRODUCTION CAPACITY 
• TOTAL PLANT GPM 

• WELLS 
• DEPTH 
• FLOW RATE PER WELL 
" METAL CONCENTRATION 

• PUMPS 
• TOTAL PLANT GPM 
• DEPTH 
• PERMEABILITY 

• START-UP 
• OPERATING COST 
" TIME TO EXCHANGE POREFLUID 

. W E L L LIFE] 

. POROSITY VOLUME OF PORE FLUID 

.GRADE J 

." TOTAL PLANT GPM 

PUMPING HEAD 

Three ofthe four major investments (surface facility, 
wells, and pumps) decrease with increasing metal con­
centration. However, since the negative cash flow asso­
ciated with start-up is higher for a system designed for 
high metal concentration (low gpm), it is likely that an 
optimum concentration exists at which the initial total 
cash outlay is minimized. Putting it simply, even if it is 
possible to technically achieve very high metal concen-. 
trations, it may not be economically desirable. Table I 
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illustrates these opposing effects, and table 2 summa­
rizes the design' parameters affecting each of the four 
major investments. 

Sub-surface engineering considerations 

In-situ leaching of uranium and copper sulfide depos­
its requires an o.xidizing agent for metal solubilization, 
with direct oxygen injection being the least expensive. 
Oxidants can be grouped into two categories; those that 
are totally liquid soluble, such as chlorate, and those 
that are oxygen based, such as hydrogen peroxide and 
oxygen. Peroxide probably decomposes to oxygen and 
water on contact with rock. 

Economically speaking, hydrogen peroxide is five to 
10 times more expensive than gaseous oxygen. Al­
though it piobably provides equivalent leaching per­
formance in the rock, as it decomposes to oxygen and 
water on contact with rock, peroxide injection avoids 
the difficulties of mixing and transporting downhole a 
gas-liquid mixtuî e. The added cost of using peroxide in 
uranium operations is tolerable, as peroxide operating 
costs are in the $1 to S2 per lb uranium range. In leach­
ing copper sulfides, gaseous oxygen is the only choice, 
as even at minimum consumption oxygen costs are 50 
per pound of copper and use of peroxide would ap­
proach the selling price ofthe metal. The handling and 
transport of gaseous oxygen-liquid mixtures in injection 
wells is described in two patents.''-^ and has been dem­
onstrated to be a safe and stable operation. 

Free oxygen gas impacts injection and leaching 

When the back pressure ofthe water table is not suf­
ficient to maintain oxygen in solution, free oxygen gas 
will form in the rock. This leads to the possibility of 
reducing .the efficiency of well pattern operations by re­
ducing permeability at the point of injection, and/or 
venting gas in an unproductive manner in the veilical 
direction, or fingering through the solvent in the hori­
zontal direction. In a uranium operation, free gas forma: 
tion will be related to a combination ofthe ore-reducing 
capacity and water table (oxygen requirements versus 
solubility). To achieve copper loadings above 4 lb per 
IOOO gal ('/2 gpl) in a sulfide deposit, well pattern opera­
tions must be designed to handle free gas flow, as free 
gas will exist even at depths of 3000 ft. The piesence of 
free gas in the rock affects both the rate of liquid injec­
tion and the operation ofthe well pattern. 

As the oxygen concentration in the injected liquid is 
increased to achieve higher metal concentrations, some 
level is reached at which free oxygen gas fonns. This 
free gas increases the resistance of liquid flow in the 
rock (reduces permeability). The productivity of the 
well unit (Ib per day of metal), being the product of flow 
rate and concentration, will continue to increase, al­
though at a lower rate than with a soluble oxidant, unlil 
a point is reached at which the free gas caused reduc­
tions of flow rate exceed the added oxidizing power. 
Beyond this point additional wells must be used to 
achieve higher metal concentrations. 

Uneven flows of oxygen and solvent will occur in 
both the vertical and horizontal directions. Well sepaia-
tions and injected oxygen concentrations have to be bal­
anced when free gas is present in the deposit to insuic 
that an adequate oxidizing condition can be maintained 

TECHNICAL 
UNCERTAINTY 

Fig. 2. A l though the technical aspects o f in situ leaching can var/ 
widely, most ISL systems have in common high capital investment 
in Ihe surface facilities, where the technology is standard and con­
trol led, unl ike the sub-surface componen l 

within the well pattern. 
Free gas can vertically segregate in an unproductive 

manner in the leach zone. The vented oxygen is not 
available to oxidize minerals in the bulk ofthe rock be­
tween wells. Two actions can be ta:ken to compensate 
for gas venting. 

• Increase the level ofoxygen injection. This will re­
duce injection permeability and increase chemical 
and operating costs. Too much excess free gas 
could lead to mineral blinding, reducing the rate of 
leaching. 

• Reduce well spacing. This will increase the number 
of wells and their total cost and may not provide, 
sufficient time for oxygen to react with the mineral 
of interest. 

The fi-equency at which well patterns are brought into 
production have significant economic and technical im­
pact on operation ofthe process. Frequent replacement 
or addition of wells relative to the life ofthe operation 
increases the present worth of future investment, which 
in turn reduces the initial investment that can be allo­
cated for wells. This places a significant burden on the 
technical peiformance ofthe well pattern, requiring the 
production capacity associated with an operation using 
a minimum of wells in service at any one time. 

The selection of well spacing al.so has both economic 
and technical significance. Should the well spacing be 
made too large, then the time I'cquii'ed to displace the 
water from the well pattern with enriched metal solution 
is high, resulting in negative cash flow impact on overall 
economic performance. Short well spacings pi"ovide on­
ly a limited time for the solvent to react with mineral 

DiuHiUI II. Davidson is dcpiiiy iiuinii,i;cr 
llf projeci dcieliipmeni nt TRW's Re-
.soiircc Developmenl Ori>ani:,iilioii. He 
was employed ,1'niin 1971 iiitiil 1978 hy 
Kc'iiiu'coii Copper Corp. . ivlierc hv 
worked on Ihc di'vcdopmcnl i f iii-sitii 
Icachinii. and I'rom 1967 lo 19/1 he wii.t 
ii,ffiliiiU'(l with Shell Developmenl Co. 
Davidson holds a PhD in chemical eii-
.niiweriiig I'rom New York Universily. 
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and enrich the metal value in solution to the desired lev­
el. 

The local.geology and its relationship to structural im^ 
plications must be accounted for to insure high flow 
capture. In many cases fluid moves more rapidly in one 
direction versus another. Adequate hydiological testing 
ofthe deposit can provide sufficient data such that well 
separations can be adjusted to insure equal travel times 
of fluids in the deposit. This avoids uneven mining and 
premature loading declines. 

In conclusion, in-situ leaching of non-ferrous metafs 
has developed to a considerable extent oyer the last 
decade. As experience is gained in dealing wilh subsur­
face operations, it is likely that addilional quantities of 
(he large U.S. resoiii-ce of low grade non-ferious ore 
can be brought into economic production.* 
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er that we're paying no attention to the debate. One just 
has to learn how to listen to two conversations at the 
same time. While the legislative chamber is an inter­
esting place, it is also chaotic. Remember that the 
people there are remarkably representative. 

When you're looking at a legislatiire, the first thing to 
figure out is whether you're dealing with a professional 
legislature or a part time legislature. Most of your West­
ern mining states have part-timers, but California, for 
instance, has a full-time legislature. Again, you're going 
to get an incredibly different kind of person running in 
those two kinds of states. 

Do's and don'ts of communication 

First of all, try to be informed, and if you are asked a 
question when you don't know the answer, say you 
don't know. Above all, try not to give misinformation. 
We're tremendously dependent on other people. I don't 
know very much about insurance and have to ask other 
people about it; if I'm told the wrong thing, I remember 
that. Don't be defensive about saying you don't know 
something. Just inake sure that what you're saying is 
correct. 

Another thing is, be honest. When I'm dealing with 
lobbyists, I will often ask them about other bills to see 
from where they are coming. Legislators want someone 
with whom they can communicate, so if there are some 
negative things about a bill you want a legislator to 
sponsor, for instance, explain those negative aspects, 
too. Someone is bound to know them and ask the law­
maker questions about them, so the bill's sponsor must 
be well prepared. It's like being honest with your law­
yer; you've got to be honest with legislators. 

Tact and common sense essential 

Another point to remember is that courtesy really 
counts. There are a lot of unwritten conventions in any 
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legislature. In Utah, one of theni is smoking. If you're 
going up to a group of people who don't smoke at all, or 
at least aren't smoking, be careful about lighting up a 
cigar. You 'may find that, they vote against your bill just 
hecause they don't like the smell of your cigar. 

.Another thing is that legislators are very careful about 
the power they have. Don't try to be. a legislator vvhen 
you're lobbying one. Concerning access to the legisla­
tive floor, lobbyists sometimes do themselves more 
harm by speaking on the floor than just staying in the 
wings and being a resource. So be .sensitive to that, be­
cause you may think you're helping your cause by 
standing tip and giving a speech, while it may be just Ihe 
opposite. 

It is particularly'important fora lobbyist to try to iike 
the folks he is dealing with. You can't be very eflective 
if legislators think you're talking down to them, if they 
think you don't respect them, if they think that you 
don't like them. If you really don't like the people that 
you're being asked to talk to, don't talk to them. You'll 
be making a negative impression. 

Remember, different strokes for dilferent folks, ft 
inight be difficult for lobbyists to approach each person 
dift'erently when there are a lot of new legislators, but it 
is necessary. We approach every mining property dif­
ferently; you've got to approach every legislator dif­
ferently. At the same time, never lay on a heavy con­
cept the first time you meet somebody. It would be best 
to be introduced by someone who knows the new legis­
lator and wait at least until the second meeting to in­
troduce whatever concept you want them to understand 
or act on. 

In terms of what it costs, mostly what getting to know 
your legislature costs is your time. And that's some­
times the most precious thing we have. 

The other thing I'd warn you about is shows of force. 
A legislator doesn't like to be cornered into doing some­
thing. 1-Ie is likely to become resentful and take an op­
posite stand. When people feel that they ""own a fegisla-
tor," the lawmaker almost has to turn around and show 
his constituency that he isn't owned. 

As for when to communicate with your legislator, 
there are two things to keep in mind. One is access to 
the legislator; and two, you want to influence what he's 
doing. Access to a legislator you can get any time. Con­
tributing to a campaign gives almost automatic access. 
It doesn't have to be a lot, either—ten, fifteen dollars. 
My whole campaign costs $1000 a year. It's not ex­
pensive in dollars; it is expensive in time, but get to 
know your legislator if you can in the ofl"-season. Then, 
when you have to influence the legislator, at least you 
have access. Then, use positive reinforcement in deal­
ing with the official. 

The last thing I would suggest is that if you're really 
unsuccessful in dealing with legislators and you really 
want to change your local legislative policy, run for the 
legislature. You may be surprised if you win, but you 
won't be nearly as surprised as your opponent. • 

.Geiievievc Aiivaod has heen a senior geologisl for Ford. 
Ilrico/i mid Davis Utah inr. since 1975. Earlier experience in-
iliides Iwo years as staff officer. £.'//t'/-,i,'y Studies Board al the 
Naiional Academy af Sciences, and a year as field geologist 
for lhc liovernincni of Honduras. Alwood lias been a member 
of ilw Utah House of Rcpn'seniatives for I'lvv years. 
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[57] ABSTRACT 

Producing a'fracture network in deep rOck, e.g., in an 
ore body, by detonating explosive charges sequentially 

in separate cavities therein, the detonations producing a 
cluster of overlapping fracture,zones and each detona­
tion occurringafter liquid has entered the fraction zones 
produced by previous adjacent detonations. High per­
meability js maintained in an explosively fractured segî  
ment of rock by flushing the fractured rock with liquid, 
i.e., by sweeping liq uid. thro ugh the fracture zones with 
high.-pressure gas, between sequential detonations 
therein so as to entrain and remove fines therefrom. Ore 
bodies prepared by the blast/flush process with the 
blasting carried out in substantially vertical, optionally 
chambered, drilled shot holes can be leached in situ via 
a number of holes previously used as injection holes in 
the flushing procedure and a number of holes whicii are 
preserved upper portions of the shot holes used in the 
detonation process. In the leaching of ore, fines are 
removed from fractures therein by intermittent or con­
tinuous flushing ofthe ore with lixiviant and high-pres­
sure gas, e.g., air, using, in the case of the in situ leach­
ing of an explosively fractured ore body, a lateral and 
upward flow Of lixiviant •from.zones that have been less 
severely, to others that have been most severely, 
.worked by multiple detonations: in the ore body. 

23 Qaims, 4 Drawing Figures 
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IN SITU LEACHING OF ORE BODIES 

This is a continuation, of application Ser. No. 
382,845, filed July 26, 1973 now abandoned. 5 

BACKGROUND OF THE INVENTION 

The present invention relates to the production of a 
network of fractures in a deep underground segment of 
rock by means of explosives, e.g., to prepare deep ore 10 
bodies for in situ leaching. 

Processes for fracturing deep rock are becoming 
increasingly important as it becomes necessary to tap 
deep mineralized rock masses, e.g., ore bodies or oil or 
gas reservoirs located from about 100 feet to about a 15 
few thousand feet beneath the earth's surface, in order 
to supplement or replace dwindling energy sources and 
minerals supplies. Numerous deposits of ore, for exam­
ple ore containing copper, nickel, or silver, lie too deep 
to mine by open-pit methods or are too low in grade to 20 
mine by underground methods. Open-pit methods incur 
both the costs and the environmental impact associated 
with moving large quantities of earth and rock. Under­
ground methods incur unusually high costs per unit 
volume of ore mined, as well as difficult safety prob- 25 
lems. In contrast, the leaching of ore in place circum­
vents these difficulties and therefore can be a preferred 
technique for winning values from some ores that are 
unsuitable, or marginally suitable, for working by tradi­
tional mining methods. 30 

Usually however, ore that is favorably situated for 
leaching in place has such a large fragment size and 
such low permeability to leaching solutions that the 
ieaching rate would be too low to support a commercial 
leaching operation. In such cases, it becomes necessary 35 
to prepare the ore for leaching, by fragmenting it in a 
manner such as to provide the necessary penneability 
and leachability. The use of explosives to fracture un­
derground segments of mineralized rock to create areas 
of high permeability has often been suggested. In an oil- 40 
or gas-bearing formation the fracturing is required to 
increase the overall drainage area exposed to the bore of 
a well penetrating the formation, and thus increase the 
rate at which hydrocarbon fluids drain toward the well. 
In an ore body the fracturing is required to increase the 45 
surface area of ore accessible to an injected lixiviant, 
and thus increase the leachability. 

The use of nuclear explosives has been proposed for 
fracturing large-volume, deep ore bodies for subsequent 
in situ leaching. Also, the use of multiple chemical ex- 50 
plosive charges in deep reservoir rock has been de­
scribed in a meihod for stimulating hydrocarbon-bear­
ing rock, e.g., in U.S. Pat. No. 3,674,089. However, ifa 
deep ore body, i.e., one lying at depths of about from 
IOO to 3000 feet from the surface, is to be effectively 55 
leached in place, and the ore prepared for leaching by 
blasting, i.e., blasting in the absence ofa free face for the 
ore to swell toward, it becomes necessary to employ 
special blasting and associated techniques which will 
provide and maintain the type of fracture network re- 60 
quired for efficient leaching. 

The leachability of a fractured ore body depends on 
Ihe size of the ore fragments, and on the permeability of 
the intact ore as well as of the fracture system separat­
ing Ihe fragments. The permeability of the fracture 65 
system separating the fragments, which is variable and 
generally much higher than the permeability ofa single 
fragment, is determined by a network of wider, open 

fraciure.i (determining the permeability of the ore body 
as a whole), and a network of narrower, open fractures 
(determining the irrigability of individual particles 10 be 
leached). Therefore, in explosively fracturing a segment 
ofan ore body to prepare it properly for in situ leaching, 
the objective is not simply an indiscriminate reduction 
in the fragment size of thc ore body. Smaller-size, well-
irrigated fragments have a higher leaching rate than 
larger-size fragments, but fragment-size reduction by 
means of blasting processes heretofore known to the art, 
when applied to deep ore, tends to leave large unbroken 
fragments of rock, or to create a network of fractures 
that are largely closed or plugged with fines. An explo­
sive fracturing process is needed which reduces the 
larger fragments to a size that will leach at an economi­
cally acceptable rate, and that will result in a network of 
open fractures throughout the blasted ore that will per­
mit it to be well-irrigated with leach liquid. 

SUMMARY OF THE INVENTION 

This invention provides a process for producing a 
fracture network in a deep subsurface segment of rock, 
e.g., in an ore body, comprising (a) forming an assem­
blage of cavities, e.g., drill holes or tunnels, in the seg­
ment of rock; (b) p>ositioning explosive charges in a 
plurality of the cavities in the sections thereof located in 
the segment of rock to be fractured, e.g., in sections of 
drill holes which have been previously chambered, such 
as by an explosive springing procedure; (c) providing 
for the presence of liquid in the segment of rock, e.g., by 
virtue of the location of the segment of rock below the 
water table so that water naturally is present in, or flows 
into, fractures therein, or by introducing liquid into one 
or more cavities therein; and (d) detonating the charges 
sequentially in a manner such as to progressively pro­
duce a cluster of overlapping fracture zones, the deto­
nation of each charge in the detonation sequence pro­
ducing a fracture zone which is subject to the cumula­
tive efTect of a succession of detonations of explosive 
charges in a group of adjacenl cavities, and the detona­
tion of the charge in each cavity being delayed until 
liquid is present in fracture zones produced by the pre­
vious detonation of charges in cavities adjacent thereto, 
as determinable by measuring the hydraulic potential, 
e.g., the liquid level, in the cavity, or in a cavity adja­
cent thereto. 

When the cavities formed are substantially vertical 
drill holes, some of the holes in the assemblage prefera­
bly are left uncharged with explosive, and these holes 
employed as a set of passageways within the fracture 
network from the earth's surface, generally to substan­
tially the bottom of the blasted rock, e.g., for the intro­
duction of liquid and/or gas to (or removal thereof 
from) the fracture network. The uncharged holes pref­
erably are drilled and provided with support casing 
prior lo the detonation of charges in adjacent holes. The 
sections of substantially vertical shot holes located in 
the overburden that overlies the rock segment to be 
fractured preferably survive the bla.sting process and 
serve as an additional set of passageways, leading from 
substantially the lop of the blasted rock to the earth's 
surface, also for liquid and/or gas passage. 

In a preferred explosive fracturing process, liquid is 
driven through the fracture zones produced by the 
sequential detonation of explosive charges in a plurality 
of cavities in a segment of rock, in a manner such as lo 
entrain the fines found in the fracture zones, and the 
fines-laden liquid removed from the rock. This Hushing 
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of the blasted rock is achieved by sweeping or driving la Live effect penn iis the fragment sizeTfeduciion and 
liquid at high v;elocity through' the fra'ciure zones by disorientation needed to enhance leachability to be ob-
injecting gas into said zones at high pressure, the liquid tained readily from the available e.KplQsive energy. The 
moving laterally and" upw'ardly through the: blasted degree of overlapping of ihe fracture zones, which are 
rock, passing into the fractures, for example; from the 5 generally cylindrical in shape, is at least that required io 
passageways formed by uncharged substantially'verti- locate'all ofthe rbck, in the segment of rock to be frac-
caldritl holes and out of the fractures into passageways tured, within the fracture zone produced by the detona-
formed by preserved sections of substantialiy vertical tion df at least one of the charges, 
detonated holes located in the overburden. Best results The cavities in the assemblage in whicii explosive 
are achieved when substantially each detonation is fol- 10 charges are (6 be detonated (i.e., blast cavities) can be 
lowed by a flushing step applied to the fracture zone substantially vertical holes (shot or blast holes) drilled 
thereby produced, before the next detonation in an into the segment of rock from the surface or from a 
adjacent cavity occurs, and this is preferred. In the cavity in the; rock, or substantially horizontal cavities 
leaching of a mass of ore, e.g., in the in situ leaching of such as tunnels, driven in the rock, eg;, from a hillside 
an explosively fractured ore body or in dump leaching, 15 or shaflf. Whether the cavity volume is provided by 
fines also preferably are flushed out of fractures therein tunnel driving techniques such as are employed in coy-
by sweeping the iixiviant'therethrough at high yelocity ote blasts, Tor example, or drilling techniques, possibly 
by high-pressure gas. associated with chambering.procedures, will be iargely 

The term ''deep" as used herein to describe a subsur- a question of economics, although technical practicabil-
face segment of rock denotes a depth at which the deto- 20 ity depending on such factors as topography, compres-
nation caiises no signiFtcarit change in the overlying sive strength of the rock, etc., will influence the selec-
topography, i,e,, the surface does not swell. As a .rule, tion ofthe method. Substantially vertical drill holes are 
"deep" rock as describes herein lies at.a depth of at least preferred in many cases since the preserved sections of 
100,,"ai\d usually not mpre than 30tX), feet, "Fracture theshot holes can be'used subsequently as passageways 
zones" and "fractured rock" herein denote zones and 25 to.or from the fractured, rock, reducing the number of 
rock in which neSv fractures have been formed, or exist- holes needed to be. drilled solely to provide passage-
ing fractures opened up, by the detonations. "Fractur- ways for liquid injection or ejection, 
ing" denotes herein a treatihent which reduces the size Although the blast cavities need not form a regular 
of, and/or Fnisaligns, rock fragments. pattern, and regularity of pattern, actually may not be 

RRIFF D F S r R I P T i n N OF THF DRAWINr, ^° desirable, or practical, a somewhat regular pattern i s 
BRI b t DESCKl PTION Uh ,1 Hh DKA WIN U indicated, in a formatioi) of reasonably uniform contour. 

The explosive fracturing process of the invention will strticturei and physical strength to assure a high degree 
be described with reference to the attached drawing in of uniformity in the fracture network prbduced- In 
which some cases/as core tests reveal unpredictable changes in 

FIG. 1 is a schematic representation in plan view of a 35 the rock occurring during the seqiiential blasting pro-
subsurface segment of rock which has been fragmented cess, itmay be desirable to deviate from a regular pat-
by the blast/flush process of the invention, and the tern, e.g., to use one br more additional blast cavities 
liquid circulation pattem between holes therein; whtfre needed to provide the required overlapping of 

FIG. 2 is a schematic representation in elevation fracture; zones. Nevertheless, substantial regularity of 
showirig the surface-to-surface liquid circulation pat- 40 pattern generally will be provided in the arrangernent of 
tern through the segment of rock shown in FIQ. 1; most of the blast cavities. It will be understood, of 

FIG. 3 is a schematic representation of a shot hole course, that in the case of substantially vertical drill 
pattern described in the example; and holes the actuarpattern of the holes within the segment 

FIG-4 is a plot showing the efTect of repeated blast/- of rock to be fractured may approach, rather than 
flush Qpei-ations on the permeability of a fracture.zone 4S match, the hole'pattern at the 'surface, inasmuch as the 
produced with the shot hole pattern shown in FIG. 3, available drilling equipment may not be counted on to 

DETAILED DESCRIPTION OF THE 
INVENTION 

produce parallel holes'at depths of the brdier considered 
herein. 

Regardless of the blast cavity patterri employed, the 
In the present process,, explosive charges are deto- 50 distance between explosive charges (and, also'therefore, 

nated sequentially in separate cavities in a segment of between cavities) of a given composition and size is 
mineralized rock to be fractured, each detonatibri in the such that a cluster of overlapping fracture zones is pro-
sequence producing a zone of fracture'in the rock and duced by the detonation of adjacent charges. Although 
being delayed until liquid is prissent in the fractured it rnay not be possible tp deliiieate the fracture, zones 
rock around the cavity containing the charge to be 55 with precision, the extent or radius of the fracture zone 
detonated, Specially in fracture zones produced by the that.can be expected to result from the detonation ofan 
previous detonation of charges in cavities adjacent expiosive chargeof a given composition, density, shape, 
thereto. Thus, the detonations occur while fractures in and size-under a given amount of confinement in a given 
the surrounding rock are filled with liquid, or the rock geological mass can be approximated by making some 
is in a flooded, or liq uid-soaked, condition. Thecavities, 60 experimental shots and studying the fracturezones sur-
e.g., drill holes or tunnels, c^jntaining the. explosive rounding the blast cavities by using one or more gep-
charges are spaced sufficiently close together, atid the physical methods. Such methods include (1) coring, (2) 
charges are sufficiently large, that the,fracture zones measurenients in satellite holes of compressional and 
produced by the detonations therein ovei-lap pne an- shear wave propagation, of permeability, and of el ectri-
other. Thus, each fracture zone is within the region bf 65 carconductivity, and (3) acoustic holography. Based on 
influence Of other detonations and is subject to the cu- these studies, the cavities are spaced close enough to-
mulative effect ofa succession of detonations of explo- gether to provide the required overlapping of fracture 
sive charges in a group of adjacent cavities: This cumu- zones. 
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••.Adiacen!" blast cavities or e.xplo.'iive charges, as 
described herein, are blast cavilie.s or explosive charges 
which, uhhoiigh spaced from oii!." uiicMher, are imnicdi-
aie or nearesi neighbors lo one another, as contrasted to 
blast cavities or explosive charges which are more dis- 5 
l.Tnl neighbors or separated from one another by one or 
more other blast cavities or explosive charges. 

Allhough I do noi'intend that my invention be limited 
by theoretical considerations, the delaying ofeach deto­
nation until liquid is present in the fracture volume '0 
surrounding the cavities is believed lo have two benefi­
cial effects. First, the liquid can lubricate the fractures 
so that opposing faces can move suddenly in shear more 
easily, thereby enhancing fragmentation of the sur­
rounding rock, which is no longer supported by the '^ 
relatively high resistance of a dry fracture to transient 
shear. Secondly, liquid-filled fracture volume cannot be 
rammed shut by the suddenly applied pressure of an 
explosion. This incompressible behavior, together with 
the low resistance ofthe liquid-filled fractures to sudden 
small displacements in shear, is believed to cause disori­
entation of individual rock fragments and dilation and 
swelling of the bed of fragments as a whole. Each deto­
nation creates a misalignment or disarrangement of 
fragments with an accompanying increase in void vol­
ume. Therefore, when the fracture zones produced by 
the successive detonations in adjacent cavities partially 
overlap, the fracture zone around each cavity thereby 
being subject to additional fracturing and/or disorienta- ,„ 
tion produced by the detonations in the adjacent cavi­
ties, and previously produced fraclure zones are 
fiooded, each fraclure zone will be swelled in incre­
ment!!, with each detonation jacking it to larger volume, 
and higher permeability, against the pressure of the j j 
surrounding rock. The present process makes use ofthe 
lubricating effect and incompressible behavior of the 
liquid in the fractures, and does not require the use of 
high liquid pressures, e.g., of the magnitude needed to 
lift the overburden and enlarge the fractures before 4Q 
blasting. A liquid pressure in the fractures al the time of 
blasting equal to the head of liquid above the blast zone 
is sufficient. Also, any readily available, relatively 
cheap liquid, e.g., water or water mixtures, can be used 
to flood the rock. If leaching of ore is performed in the 45 
course of the detonation sequence, a lixiviant can be 
used as the flooding liquid. For reasons of economy as 
well as because of the safety risks associated with the 
use of explosives which are sensitive enough to detonate 
in extremely small diameters, the use of explosive liq- 50 
uids in the fracture zones is not contemplated. Any fluid 
explosive which may be used in the present process will 
be gelled to a viscosity that will hinder any appreciable 
loss thereof from the blast cavities to the surrounding 
fracture zones, and in any case will not be sufficiently 55 
sensitive to be detonated in said zones. Thus, while 
small amounts of the explosive charges may escape into 
the fracture zones, such material wil! behave as a non-
explosive liquid therein. Accordingly, the flooding liq­
uid is non-explosive. 60 

A preferred blast cavity patlern for use in the present 
process i.s one in which substantially all of the intemal 
cavities, i.e., cavities not located at the edge of the pat­
tern, are surrounded by at least four adjacent blast cavi­
ties, e.g., a patlern in which the blast cavities are at the 65 
corners of adjacent polygons, which are either quadran­
gles or triangles and which are as close to equilateral as 
permitted by wander of thecavities, asshown in FIG. 1. 

Although all ofthe blast holes in a group of adjacenl 
substantially vertical drill holes can be drilled prior to 
the sequential detonation ofthe charges, this procedure 
is not preferred inasmuch as it could be necessary to 
apply a support casing to the as-yet undeionated holes 
in the sections thereof located in the segment of rock to 
be fractured to prevent them from collapsing as a result 
of detonations in adjacent holes. Casing of the shot 
holes in these sections usually would be considered 
economically unsound because the casing would oc­
cupy volume that could otherwise be loaded with ex­
plosive and because casing in these sections of the holes 
is not needed in subsequent leaching operations. There­
fore, it is preferred that in a group of adjacent drilled 
shol holes the detonation of each charge takes place 
before adjacent shot holes are drilled. In practice, one 
might drill and, if desired, chamber (as described later), 
one shot hole ofa group of adjacent holes, load the hole 
or chamber wilh explosive, allow water to enter the 
formation surrounding the hole or chamber, and deto­
nate the charge, and then repeat the sequence of steps 
with adjacent holes. In each successive sequence of 
steps, the entrance of water into the formation can 
occur prior to, or during, any of the other steps, how­
ever. The avoidance of the presence of drilled shot 
holes during detonations refers to holes in a group of 
adjacent holes, e.g., a central hole and four to six sur­
rounding holes. However, shot holes farther removed 
from the detonations can be pre-drilled. 

The total amount of drilling needed for vertical-
cavity blasting can be reduced by drilling one or more 
branch or off-set holes by side-tracking from one'or 
more points in the preserved upper portion of a trunk 
hole which extends to the surface. Each off-set hole is 
drilled afler the charges in the trunk hole and other 
off-set holes thereof have been detonated. Such holes 
will be inclined at small angles to one another. 

Most of the ore bodies and other mineralized forma­
tions to which the present process is expected to be 
primarily applicable will be located below the water 
table, and in such a case, unless the section lo be blasted 
rises locally above the water table, or the rock sur­
rounding this section is so impermeable that flooding of 
the fracture zone does not occur by natural flow, the 
section will be naturally flooded, or water-soaked, be­
fore the sequential blasting begins, and after a certain 
period of time has elapsed after each detonation to 
allow the waler to flow naturally into the newly formed 
fractures. If natural flooding is incomplete or absent, 
water or some other liquid can be pumped into the 
cavity to be shot after the explosive charge has been 
emplaced therein, and also inlo any available nearby 
uncharged cavities, at a sufTiciently high flow rale to 
cause the rock to be blasted to be in a flooded condition 
at the time of detonation. 

As staled previously, liquid is present in the rock 
around each cavity prior to the detonation ofthe charge 
therein. This means that liquid is present in any pre-
existent fractures in the zone which will become a frac­
ture zone as a result of the detonation of the charge in 
that cavity, and in fractures produced by previous deto­
nations in cavities adjacent thereto. This condition per­
mits the above-described incremental swelling of over­
lapping fracture zones to take place. In the case of sub­
stantially vertical drill holes, the liquid level in the rock 
around the hole should be at least as high as the top of 
the charge in the hole, thereby assuring the presence of 
liquid Ihroughoui the height of the formation where 
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fracturing: will occur. With horizontal cavities, the liq- theseholes usually is'to providea means for introducing 
uid level in the rock around the cavityshpUld beat least gases and/or liquids into the fracture network pro-

- as high as the radius of fracture to be produced by the duced, or being prbduced, and therefore the injection 
detonation ofthe charge therein. When the segment of holes should be distributed throughout the segment of 
rock tb be fractured is located below the water table, 5 rock among the blast cavities in .a mariner such that they 
the position ofthe water table above it will conform to lie within the fracture zones produced by the detona-
the wafer levels in undisturbed holes, and rnay be in- tions. After the detonation of the charge, in a substan-
ferred at.other locations by interpolation between the tially vertical shot hole, the resulting fracture zone 
elevations ofthe water levels tn undisturbed holes. As a permits communication between a neighboring, injec-
practical matter, the water table will almost always be 10 tion hole and theportibn of the shot hole remaining in 
sufficiently horizontal that the first charge can'be deto- the overburden. The shot hole remnants thereby act as 
nated when the elevation of the liquid level in any passage-ways to complete the liquid circuit through the 
nearby hole is at least as high as the elevation to be fractured rock. 
reached by the top of the charge (or radius of fracture If injection holes are present in the formatibn during 
in the-horizontal cavity case). If the liquid level is mea- 15 the sequential detonation prpcess, an injection hole 
sured in the cavity in which the charge is to be deto- lying within the fracture zone produced by a previous 
nated, the level before load ing of the explosive into the detonation in a cavity adjacent to a cavity to be shot can 
cavity shpuld be the level measured. After the detona- be employed to determine whether the liquid level, in 
tion, the liquid level in cavities within the resulting the rpck surrounding the cavity to be shot has recov-
fracture zone drops in proportion to the new fracture, 20 ered sufTicientij' to flood the section t c be blasted, 
volume produced, the expulsion of liquid front the im- Whenever an hydraulic potential (e.g., a liquid level) 
mediate vicinity of the charge by the gaseous prpducts measurement is required after a blast cavity has been 
of detonation, and the drainage of liquid intp the cavity loaded with'explosive, a. nearby injection hole can be 
created by the detOnatign. The detonation of the next used. When the segmerit of rock to be blasted is at least 
charge in the sCquencein a cavity adjacent to the first is 25 partly above the. water table, liquid is introduced into 
delayed until the liquid in the forrhatibn around the next the rock in the cavity to be shot, in previously deto-
cavity (including the new fracture volume produced by nated cavities adjacent thereto, and/or in nearby injec-
the previpus detonation in an-adjacerit ca-vity) returns to tion holes. Flooding via multiple cavities is preferred, 
its required level. It is understood, hpwever, that explo- Liquid is run into a blast cavity after the explosive 
sive charges in blast cavities elsewhere in a section of 30 charge has been emplaced therein (if the charge is stable 
the formation that is riot strongly influenced by a previ- in the presence of water), and liquid level measure-
ous detonatipn (i.e., where the liquid level has not ments,-if required, are made in nearby injection holes. It 
dropped below the required elevation as a resiilt of the should be understood that; in practice, hydraulic poten-
previous detOriation) can be detonated at.any time after tial measurements, e.g., pressure measurements triade 
the previous detonation: The delay to allow fioodirig 35 with a piezoirieter, or liquid level measurements, will 
applies to detonations in cavities which are adjacent to not be required after each detonation, inasmuch as the 
previously detoriateb cavities, where the previously experience gained in determining the necessary delay 
formed fracture, zones will be subject to theeffect ofthe tirnes to perrait recovery of hydraulic potential between 
next detonation. a few of the early detonations in the sequence will usu-

As was stated previously, some of the. holes iri an 40 ally allow the practitioner to select with confidence 
assemblagctof substantially vertical holes preferably are suitable delay times to be used between subsequent 
left uncharged with explosive, these holes providing detonatioris. 
passageways to the fractureU rock to aliow the intro- Although the exact delay required depends on the 
duction of gases and/pr liquids thereto, e.g., in a subse- size of each blast, thevoid volume to be filled, the eleva-
quent leaching operation. These holes, which gan thus 45 tipn of the segmerit to be blasted relative to the water 
be looked upon as injection holes (although they may table, and the hydraulic transmissibility ofthe surround-
serve as ejectipn or recovery holes depending on the ing rock, delays on'the order.pf hours or days generally 
required flow pattern),-a re, also useful in preparing the will be needed. As a practical matter ,;the time required 
ore body for leaching, as will be described more fully for a shot hole to be 'drilled, or a tunnel to be driven, and 
hereinafter, and it is preferred, on the basis of ease of 50 loaded with ex pl psi ve usually will be more than sufTi-
drilling, that they be drilled prior to the sequential deto- cient for. the hydrauhc potential around the cavity and 
nation process in holes surrounding them, Pre-drilled the previously detonated adjacent cavities to recover to 
injection holes are prpvidedwith a support casing, eg. , the minimum required level either by natural influx of 
unperforated pipe grouted tP the upper part of thehole, water from the surrounding rpck or by introduction 
wall, at least, in the section .thereof-located in the seg- 55 through cavities made: in the fprmatiori. In general, 
nientof rock to be fractured, and ungrouted perforated delay times between detoriations of at,least about one 
pipe ora wellscreen iri the bottom section of the hole, in hour,,;and typically in the range of about from 4 to 24 
order to prevent hole collapse as a resuli ofthe detonsf- hours, are sufficient for flooding to take place, although 
tions. Inasmuch as fulMength casing will be reqiiired for much longer delays, e.g., in the rarige of about from 4 to 
subsequent leaching operations, however, the full W 30 days, may beiemployed in order to prepare the next 
length of the'injectionholes usually Will be cased prior blast cavity for biasting. It wilt be understood that these 
tb blasting. Damage to the injection piping-is minimized delays refer to the time between deton ations "of adjacent 
in the.present, blasting process owing to the, sequential, charges,, and that one or raore charges-whose zones of 
long-delay "character of the multiple'deionations', fracture are non-adjacent (i.e.,, whose regions of influ-

The location and pattern of the injection holes are 65 ence are mutually exclusive) can be.detoriated al much 
selected on the basis of their intended functiori during shorter delay tiriies or even simultaneously, 
the fracturing and leaching processes, which will be I have found that when ;sequentiarblasting is carried 
described in detail hereinafter. The overall purpose of out in less competent, brokeri, or clayey rock, the per-
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meabilily of the rock may be decreased, allhough the 
fracture volume is increased, by the blasting. Lost per­
meability can be resiored by flushing of the fractured 
rock, i.e., by sweeping or driving liquid through the 
fractures at high velocity and removing the fines-laden 5 
liquid from the rock, preferably after each detonation. 
The flushing procedure appears to remove from the 
fractures the clogging fines that prevent free irrigation 
around the rock fragments. Such fines are present in the 
form of existing clays and rock crushed or abraded 10 
during blasting. 

The flush can be accomplished by the pressure injec­
tion of liquid and gas into the fractured rock through 
one or more injection holes, and removal of the fines-
laden liquid from the fractured rock by bringing it to 15 
the surface through one or more detonated shot holes, 
in the preserved sections of the laiter which pass 
through the overburden to the surface. Liquid and gas, 
e.g., water or other aqueous liquid and air or oxygen, 
can both be injected; or gas alone can be injected so as 20 
to sweep ahead the liquid already present in fhe frac­
tures. Alternatively, a liquefied gas, such as air, nitro­
gen, oxygen, can be introduced into the injection holes 
and allowed to vaporize therein and thereafter drive the 
liquid through the fractures. Inasmuch as there is a 25 
two-phase flow in a generally upward direction and 
laterally in the direction oflhe detonated shot holes, the 
circulation of the liquid is powered by gas lift such that 
the gas chases the liquid upward and outward through 
the broken formation, and fines are driven toward the 30 
zones of severest fracture, where their concentration is 
heaviest, from which zones they are ejected wilh the 
liquid. This direction of sweep is preferred inasmuch as 
the reverse direction drives the fines more deeply inlo 
the less severely worked zones of the formalion away 35 
from their point of heaviest concentration and can cause 
an intensified clogging of the fractures. The surging 
high-velocity flow which develops with the upward 
two-phase flushing system removes fines that prevent 
free irrigation around the fragments. If necessary lo 40 
achieve the required lateral circulation of liquid be­
tween injection hole and ejection hole throughout the 
length of the fracture zones being flushed, two or more 
vertically separated injeciion zones in a given injection 
hole can be employed, one substantially at the bottom of 45 
the fractured rock and one or more others above il. 

The buoyancy of the pressurized gas alone can be 
sufficient to raise the fines-laden liquid to the surface of 
the ground when the water table is relatively close to 
the surface. When the water table is so deep that the 50 
buoyancy is insufficient, the liquid can be pumped up 
the collar of the shot hole. 

At the start of flushing, the gas injection pressure 
should be higher than the ambient hydrostatic pressure 
at the position in the injection hole where injection 55 
occurs, and preferably higher than the lithostatic pres­
sure at this position. The minimum gas pressure re­
quired for flushing is highest at the start oflhe operation 
and falls as gas injection proceeds. 

Although there can be much variation in the number 60 
of fracture zones being flushed out at any given time, 
and the nature and number of other operations which 
can be performed during flushing, it is preferted that a 
detonation in any given cavity be followed by detona­
tions in no more than two or three adjacent cavities, and 65 
most preferably by a detonation in no adjacent cavity, 
before the fracture zone produced by the detonation in 
the given cavity has been flushed out as described. In 

some formations, ifa given fracture zone is subjected to 
a number of subsequent detonations without the inter­
vention of flushing, restoration of permeability by a 
later flushing becomes difficult because the fractures 
may have become plugged up too tightly with fines. 
Therefore, a cyclic blast/flush/blast/flush, etc. process 
is preferred. One or more fracture zones can be flushed 
at the same time, and flushing of the same zone can be 
repeated, if desired. An already flushed zone can be left 
untreated during the flushing of adjacent zones by plug­
ging the ejection hole in that zone. Flushing of one or 
more zones can be carried out while adjacent blast 
cavities are being drilled and loaded. 

In the present process, the detonation of the charges 
in sequence permits the preservation of the sections of 
substantially vertical shot holes that pass through the 
overburden (the strata overlying the rock segment 
being worked), and these sections of the shot holes can 
serve as ejection holes in the flushing process, as de­
scribed above. The reduced fragment size and un-
clogged fracture network achieved after all of the 
charges have been detonated, and the detonations fol­
lowed by a flushing procedure, produce, in the case of 
an ore body, an ore which is well-prepared for in situ 
leaching. 

The present invention also provides a leaching pro­
cess wherein fines are flushed out of a mass of ore by 
driving lixiviant through the mass by means of high-
pressure gas, e.g., in a specific circulation pattern. Ac­
cording to one embodiment of the present leaching 
process, an ore body which has been prepared for leach-' 
ing by detonating explosive charges in separate cavities 
therein, e.g., according to a process of this invention, is 
leached in situ by introducing lixiviant for the ore into 
the prepared ore body through a plurality of injection 
holes therein and intermittently or continuously driving 
the lixiviant through the ore body to a plurality of re­
covery holes by means of high-pressure oxidizing gas, 
the lixiviant moving laterally and upwardly from zones 
that have been less severely worked, to others that have 
been most severely worked, by the detonations, 
whereby fines are removed from the ore body. When 
the ore body has been prepared for leaching by means 
of the abovedescribed blast/flush process the lixiviant 
for the ore can be injected inlo the ore body through 
injection holes which have previously been used in the 
flushing steps, and fines-laden pregnant leach solution 
recovered from the ore body through the preserved 
upper portions of shot holes, piping having been 
grouted into all holes used to circulate lixiviants and 
pumps provided as necessary to inject lixiviants in one 
set of holes and remove pregnant liquor from another 
sel of holes. The bottom ends ofthe pipes and any other 
positions along the pipes where lixiviants are lo be in­
jected or collected are provided with perforations or 
wellscreens. 

The lixiviant (e.g., sulfuric acid/water or sulfuric 
acid/nitric acid/water for ores whose acid consumption 
is within tolerable levels, or NILjOH/water for ores 
having a high acid consumption), which is a liquid, and 
a gas, usually an oxidizing gas, preferably oxygen, air, 
NOx, or mixtures thereof, are injected inlo the base of 
the prepared ore body at high pressure. As in the case of 
flushing between blasts, this type of injection gives a 
circulation powered by gas lift such that the gas chases 
the liquid through the broken rock. Even with constani 
flow rates of gas and liquid at the injection holes, a 
surging, high-velocity flow develops in the rock which 
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is believed;to be beneficial in (1) removing fines around 
the ore fragments (such fines being ci't;;)icd during the 
leaching process in fpnns .sucli as decrepitaLed pre 
slimes and precipitated iron saits), (2) increasing- the 
leaching rate as a result: of the Cycljc squeezing of the 5'. 
ore fragments from the pressure fluctuations associated 
vyith.the surging flow, arid (3) working the ore gently so 
as tpcollapsevvide openings among the fragments that 
may develop during the leaching process and can cause 
channelling pf leaching solutiori. Sweeping the lixiviant 10 
laterally tosvard collection points in the more severely 
worked fracture regioris Of the ore body, and from 
injectipn points in ,the less severely worked regions 
reduces the chances that a more intense clogging ofthe 
pre body with fines will occur. tS 

The circulation pattern employed in the leaching 
process as well as in the flushing steps of the Fracturing 
process may be understood more clearly by reference tb 
the accompanying drawing': In FIG. 1, tbe holes desig­
nated by the letter S are .siibstantially vertical shot 20 
holes. Within the>blasted segment of rock, these holes 
are destroyed by the detonations which have taken 
place therein in the fracturing process and are replaced 
by the adjacent, overlapping fracture zones shown in 
the upper half of the: figure, gind also denoted' by th^ 25' 
letter S, to indicatea previous shot hole. The.shot holes 
father than the fracture zones are shown iri the lower 
half of the figure so that liquid circulation lines can be 
iridicated cleariy. It should be understood, however, 
that upon completion ofthe entire blast sequence all 30 
shot holes sre surrounded by fracture zones (as depicted 
in the upper half of the figure) in the sections thereof 
located in the rock segment that was blasted. In the 
secliOns overlying the blasted segment, the shot holes 
remain substantially intact arid in:these'se'ction£ all shot 35 

'holes appear as they are shown in the lower half of the 
figufe. The preserved upper sections of the shot holes 
are ejection hples in the flushing steps of the blasting 
process, and recovery holes in the ieaching process. In 
the hole arrangement illustrated in FIG. 1, the shot 40 
holes are arranged in a trigonal patteni wherein lines 
between adjacent holes' fonri substantially equilateral 
triangles. 

The holes designated I are injection holes. "These 
holes are uniformly distributed arnong the shot holes as 45 
shown. The: arrows indicate the direction of flow of 
liquid froni injectibh Holes li, I j , I3, I4, I5 and Ij to the 
preserved upper section of shpthole Si; and from injec­
tion holes I4, I5, I7, Is.and twdlbther undepicted injec­
tion holes to the preserved upper, sec tion ofshot hole 50 
S2, TKe preseryetl tipper section bf shot hole Sj is 
plugged off while shot holes Stand S2 are being used for 
flushing or as recovery holes for pregnant leach solu­
tion. At the:same time, liquid injected into these injec­
tion hbles is being driven to other open shot hples. 55 

In FIG. 2, pipingin'injeCtion hole l.and shot hbleS is 
shown as it passes through overburden 1 tp the frac­
tured rock segment 2. Piping 6 in injection hole I leads 
from the earth's surface 3 to substantially the bottom of 
rock segment 2: Piping 7 in shot hole S leads from the 60 
earth's, surface 3 to the top of rock segriient-I. Fractiire 
zone 4 has been produced by the detonation pf an explo-
sive:charge,in shot hole S, which before the detonation 
led to substantially the bottom of rpck segrnent 2. Pip­
ing 7 terrninates in well screen 5, and piping 6 is pro- 65 
vided with perforations vertically spaced along the 
length thereof located in rock segment 2- In the flushing 
steps of the fracturing process,-and in the leachingpro-

cess, liquid is injected into fractured rock segment 2 
through the perfprations in piping 6, thenis driven by 
pressurized gas through the fractured rock as indicated 
by the arrows, and leaves the top ofthe rock segnient 
through piping 7. Lateral as well as upward flow occurs 
from the less severely worked zone arPurid hole I tO the 
most severely worked zone, i.e., fract tire zone 4. 

Regulation of the rate at which gas and liquid lixivi­
ant are: injected and collected at the various injection 
and collection holes allows a high degree of control of 
the in situ Ieaching. process. By the operation of control 
valves, the injection and collection pressures can be 
regulated to obtain a relatively uniform flow through 
the'ore body iri spite of variations in permeability from 
place to place:- Shifting the injection or cpllection from 
pne set of holes tb another will change the direction of 
flow through the pre and can be used to frustrate chati-
nelling. TTie regulation oT pressures and flow rates at the 
variotJS holes can be used to mainiain a net flow of 
grOurid water toward the operation under conditions 
that might •otherwise result in the escape of leach solu­
tion. Leakagepf the leach solution is also reduced in the 
present process" as a result of the carriage ofsome ofthe 
fines, away from the area Of'gas' agitation where they 
settle out and plug the leak. In leaching, the gas/liquid 
pressure injection can be intermittent or continuous, 
depending upon the degree to which the, ore tends to 
plug up, and the frequency with which flow pattems 
are changed to obtain uniform and complete teaching 
throughout the^ore. 

When lixi'viant is iritroduced into an. injection hole 
simultaneously with gas, its injection pressure:should be 
equal to that df the gas, i.e., higher than the ambient 
hydrostatic pressure at the injection point, and prefera­
bly higher than the lithostatic pressure at this point. In 
spme cases, especially at greater depths, the injection of 
lixiviant and oxidizing gas at sufficient pressure to ex­
ceed the, lithostatic pressure may be necessary in order 
to get sufficient flow rate through therore. If, in some or 
ali of the injection holes, there are periods of time when 
lixi'i'iant alone is introduced into! the ore, this introduc­
tion preferably is done at a.pressiire at least as high as 
the lithostatic: pressure at the injection position. That is, 
thepumping pressure preferably is ai.Ieast as high as the 
lithos'taticipressureminus the heads of fluid in the piping 
leading from the, pump to the injection position. 

According tothe present invention, permeability can 
be increased alsp in ore masses such as mine- waste 
dumps by driving lixiviant through fractures therein by 
means.'of gas at sufliciently high pressure that the lixivi­
ant is swept through at a rate sufficiently high to entrain 
fines present in the fractures, and removing the fines-
laden lixiviant from theore mass. 

In a preferred embodiment of the present process, the 
sectipns of substantially vertical shot holes which are. 
located in the segment of rock to be fractured are first 
chambered tb larger diameter, and the explosive 
charges positioned in the chambered pprtions. In this 
procedurei drilling costs are reduced by drilling widely 
spaced-apart shot holes of smaller diameter than is re­
quired to accommodate the size of explosive charges to 
be employed, and enlarging or "springing" the lower 
parts Pftheshot holes tp produce chambers having the 
volume required to hold the explosive charge. The 
sections ofthe holes in the rock segment are Chambered 
either by drilling them out, e.g., with an expansion bit, 
or bydetPriating explosive charges therein. The cham­
bering' method is not critical, the preferred method 
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geiiehilly being thc one thai results in the lp\vest overall 
cosl per unit of chamber volume for'the particular rock 
sejjmenl iri question. In, the" present process, c'xpld.sive 
charges used for springing-may be 20 feet or more in 
leiigiH, if rock fragments, tend to fall from the walls bf 5 
an explosively sprung hole and thus to Occupy some pf 
the volunie required for the explosive charge, subse­
quently vto, be used in producing the fracture zPnCj the 
hole to be sprung can be drilled deeper so that the bot­
tom of the hole is located below the bottom of the..for- 10 
mation. In this manner, any loss in vplume that is tp be 
available for explosive loading' is rn ini mi zed since a 
portion of the cbamber vplume below the segment of 
rock' to be fractured can hold the fallen rock fragments. 

The ad•v'antage of chambering the shot holes'before 15 
loading them with the charges which will be detonated 
to produce the'fracture,network becomes e'vident when 
it is considered that an explosively sprunghoietypically 
will hold about ten times as much explosive as an un­
sprung hole. Thus, for example, a pattern of 30-inch- 20 
diameter charges on 100-foot spacings (cenler-tp-cen-
ter) typically can be.achieved by drilling 9-irich-diame-
ter holes on TOG-foot spacings. 

Although the blast/flush proce'ss Has utility in deep 
underground blasting with explosives .of all types, the 25 
use of chemical explosive charges is much preferred for 
several reasons. The raa'riy technical as. well as civil 
(legal, political, public relations) problems asspciated 
with the undertaking of nuclear blasting are self-evi­
dent. Vibration effects and radioactivity are the two 30 
major roots of these problems. A nuclear blast which is 
large enPugh to be econoriiically feasible must be set off 
at sufficient depth; e.g., preferably appreciably deeper 
than 1000 feet; in order to be safely contained and not 
release radioactivity to the atmosphere. Many poten- 35 
tially workable ore bodies will not be locatedas deep as 
the safe,containment depth. Furtherriiore, the extretrie 
magnitude and concentration ofthe energy produced in 
a nuclear blast.irriply that it will be difficult, if not im­
possible, to achieve (a) a high degree of uniformity in 40 
explosion-energy distribution and ore breakage; (b) 
close hydraulic coritrol ofthe flow of lixiviarits without 
an.appreciable amount of additional drilling to increase 
the number of injection and extraction poirits, and (c) a 
close-rnatch ofthe broken volume with the puttine'of 45 
the ore body, particularly for small br irregular ore 
bpdies, such a match res.ulting in economies in the use of 
the;available explosive energy and in the consumption 
of lixiviants. 

While single explosive charges generally will be deto- 50 
nated in sequence to prpduce the fracture zones, the 
charges also can be multi-component charges posi­
tioned in separate cavities arid detonated substantially 
simultaneously as a group to produce each fracture 
zpne,.each detonation in the sequence of deto nations; in 55 
such a case being a group of detonations. 

The following example illustrates specific embodi­
ments of the :process of the invention. 

The formatiori to be fractured was a bedded series of 
shales and silt stones,, dipping abo.ut 45°, located at a 60 
depth of 70 to: 90 feet below the surface, and therefore 
subjected to a lithostatic p.ressure of about 70 to 90 p.s.i. 
•The "water- table was at a depth of about 15 feet belpw 
the surface. A 3-irich-diameter hole wâ s drilled irito the 
formation to a depth of; 100 feet. "This hple was iised as 65 
a core'sampling and permeability-testing hole, and also 
as an injection hole for purposesbf flush ing surround ing 
sliot holes, A core test revealed a competent silty shale 

at the 70-90 foot depth. A weli screen was installed in 
[he hple at the 70-90 foot leyel, and piping to the well 
screen was grouted lo the hole. Cement filled the hole 
below the well screen. 

The pattern bf shot holes; used is shown in FIG. 3. 
Three shot holes (SH 1, SH 2, and SH 3) were located 
16.25 feet from the injection hole I, their Centers lying 
on 120° radii from the ceriter of hole I and the lines 
joining: them .forming an equilateral triangle. The dis­
tance between these shot holes was 28 feet. Three shot 
holes (SH-'4, SH 5„and SH 6), were located 32,5 feet 
from hole I, their centers also lying Pn 120° radii fi-om 
the center of hole I, and the lines joining them (also 
forming an equilateral triangle) being bisected by the 
centers bf holes SH 1, SH 2, and SH 3, fhe distance 
between hples SH 4, SH 5̂  and SH '6 was 56 feet. It is 
seen that in this arrangement the lines joining adjacent 
(i,e,| riearesi neighbor) shot holes formed equilateral 
triangles, SH 1,.SH 2, and SH'3 each had four shot holes 
adjacent thereto (SH 2, SH 3, SH 4, and SH 5 for SH 1; 
5H 1, SH 3, SH 5, and SH 6 for SH 2; arid SH 1, SH,2, 
SH 4, and SH 6 for SH 3), and SH 4, SH 5, and SH 6 
each had iwoshotholesatljacent thereto (SH 1 and SH 
3 for SH 4; SH I and SH 2 for SH 5; and SH 2 arid SH 
3 for SH 6). 

Shot hole SH 1 was- drilled first. The hole was 5 
inches in diameter and 91 feet deep and was located 
with 255 pounds of an aluminized wafer gel explosive 
having the foflowing composition; 18.9% arnmonium 
nitrate, 10.5% sodium nitrate, 29.6% methylarriine ni­
trate, 30% aluminum, and 11% water. The explosive 
column, was 21.7 feet high, and was cpvered by a layer 
Pf water which naturally flpwed into and filled the 
remainder of the hole and stemmed the explosive 
charge. The water level iri the injection hole was above 
the level of the tpp,pr the explosive charge in the shot 
hole, indicating that the rock surrounding the shot hole 
was'properly flooded. Before the explosive charge was 
initiated, the permeability and sound velocity of the 
rock surrounding the injection hole were measured. 
The fjermeability was determined by slug tests, in 
which the permeability is inferred from the rate at 
which the head of liquid subsides toward the ambient' 
level in a hole after the rapid introduction of a slug of 
liquid therein (see Ferris, J. G., et'al., "Theory Of Aqui­
fer Tests',', U.S. Geplogical Survey, Water-Supply 
Paper 1536-E, 1962). The sound velocity, measured at 
depths of 74:5 feet to 85 feet between the injection hole, 
shot hole SH 1, arid a test hole collared 13 feet on the 
opposite side of the, injectipn hole, was 3970 metiers per 
second. 

The explosive charge in shot hole SH 1 in the flooded 
fprmation was detonated, whereupon the water level in 
theinjection hole,dropped tP below its pre-detonation 
level, as a result pf the formatipn of a new fracture 
vplume around shot.hole SH I, the chasing of water 
from the rock fractures by the gaseous detoriatipn prod­
ucts, and the flow of water into the cavity created by 
the explosive charge. After partial recovery of the 
water level in the injection hole; the second shot hole 
(shot hole SH 2) was drilled tb the same size as shot hole 
SH 1, and the rock surrounding shot hole SH 1 was then 
flushed with water by (a) blowing compressed air into 
the bottom of the open injection hole, (b) injecting 
water through a packer in the injection hole, and (c) 
three long air injectiotis, arid then (d) 18 short air injecr 
tions through a packer in ihe injection hole. The total 
flushing tiriie: was'about 4 hours. Silt-laden water was 
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ejected from shot hole SH 1 (but not shol hole SH 2) 
during the flushing, indicating the preservation of the 

, top ofshot hole SH 1. fhe circulation oflhe water from 
the bottom of the rock segment (bottom of the injection 
hole) laterally and upward through the fracture net­
work to the top of the rock segment (bottom of shot 
hole SH 1), and the removal of fines from the fractures. 
The permeability was measured in the injection hole (as 
described above) before and afler the flushing opera­
tions. 

Shot hole SH 2 and subsequently drilled shot hole SH 
3 were loaded and the charges therein detonated as 
described for shot hole SH 1. 

The water level in the injection hole retumed. to its 
pre-detonation level, above the level of the top of the 
explosive charge in shot hole SH 1 before detonation, in 
about 18 hours. Thereafter, the charge in shol hole SH 
2 was detonated, whereupon the water level in the 
injection hole again dropped to below its pre-detonation 
level. The rock surrounding shot hole SH 2 was flushed 
with water, and silt-laden water ejected from shol hole 
SH 2, by sealing off shot hole SH 1 and (a) injecting air 
through a packer in the injection hole, (b) blowing 
compressed air into the bottom of the open injection 
hole, and (c) injecting air through a packer in fhe injec­
tion hole, followed by water through the packer while 
blowing compressed air inlo the bottom ofshot hole SH 
3. The total flushing time was aboul 11 hours. The per­
meability was again measured before and after the flush­
ing operations. 

After the water level in the injeciion hole had re­
turned to its pre-detonation level, the charge in shot 
hole SH 3 was detonated, and the surrounding rock 
flushed by (a) air injeciion through a packer in the injec­
tion hole, followed by sealing off shot hole SH 1 and 
blowing air down shot hole SH 2 and shot hole SH 3 to 
drive water to each shot hole in tum until water was 
exhausted from the broken rock; and (b) two air injec­
tion flushings, each followed by waler injection. The 
total flushing lime was aboul 7 hours. The permeability 
was again measured before and after the flushing opera­
tions. 

The remaining shot holes, SH 4, SH 5, and SH 6, 
were drilled, loaded, and detonated in the same manner 
as holes SH 1, SH 2, and SH 3, with the detonations 
occurring after the retum ofthe water level in the injec­
tion hole to its predetonation level. Belween the shoot­
ing of shot holes SH 4 and SH 5, the rock surrounding 
hole SH 4 was flushed by three air injections in the 
injeciion hole, each followed by water injection; be­
lween the shooting of shot holes SH 5 and SH 6, the 
rock surrounding hole SH 5 was flushed by injecting air 
into the injeciion hole, and blowing air down hole SH 6 
(unshot), separately and simultaneously; and after hole 
SH 6 was shot, the rock surrounding it was flushed by 
alternately injecting air into the injeciion hole and 
blowing air down the surviving section of hole SH 6. 

The permeabilities measured by slug lests in the injec­
tion hole before the blast/flush process began and after 
each blast and flush operation at each ofthe six holes are 
plotted in FIG. 4 as a function of the operation per­
formed, the permeabilities being presented in milli­
darcys on a logarithmic scale as the ordinate. Nineteen 
points are shown, including those obtained after the 
four flushing procedures (a, b, c, and d) described above 
after the shooting of hole SH 1; three flushing proce­
dures (a, b, and c) after the shooting of hole SH 2; and 
two flushing procedures (a and b) after the shooting of 

hole SH 3. Each point denotes the average permeability 
measured after a given operation. 

The plot shows that the permeability of the rock was 
increased considerably (from 5CX) to over 2000 milli-

5 darcys) by the total six-cycle blast/flush process, and 
that variations in permeability occurring during the 
cyclical shooting and flushing tend to decrease as the 
rock is broken and swelled. The plotted experimental 
values also show that the rapid flow of water to the 

10 remnant ofa shot hole achieved by means of air injec­
tion through another hole or by strong pumping from a 
shot hole (by blowing air into the bottom of an open 
shot hole, for example) increases the permeability after 
blasting, best results having been achieved when both 

'5 air injection at the injection hole and strong pumping at 
a nearby shot hole was used. While blasting was found 
generally to decrease the permeability, permeability 
which had previously been reduced by the injection of 
waler (alone or as a final flushing step after blasting) 

20 was increased by blasting. 
The degree of dilation produced in the rock by the 

first three ofthe above-described detonations in flooded 
rock was estimated from calculations of porosiiy based 
on sound velocity measurements. The sound velocity 

25 around the injection hole after the three blasts was 3650 
meters per second at a 12 foot radius from the hole, and 
2530 meters per second through paths in the blasted 
rock running from the shot holes in to the injection hole 
(compared with 3970 meters per second in the same 

30 prism of rock before blasting). The total porosity in the 
rock (lp) was calculated from the following empirical 
equation for the sound velocity (a, in m/sec) as a func­
tion of porosity, for flooded ocean sediments having 
various degrees of lithification: 

35 
.(«=-50.748 lna-^432.23. 

Total porosiiy before blasting: 11.7% 
Total porosiiy after blasting: (12-ft. radius) 16.0% 

40 Total porosity after blasting: (center lo shot holes) 
34.6% 
These porosities imply that the fraclure volumes caused 
by the blasting were 4.3% (12-fl. radius) and 22.9% 
(center to shot holes). 

45 I claim: ^ 
1. A process' for the in situ leaching of an ore body 

which has been worked by detonating explosive 
charges in separate cavities therein to produce in the ore 
body immediately adjacent to the site of each detona-

50 tion a fracture zone comprised of a mosl severely frac­
tured core portion surrounded by a less severely frac­
tured outer portion, comprising introducing lixiviant 
for the ore into the ore body through a plurality of 
injection holes in the less severely fractured portions 

55 and recovering pregnant leach solution from the ore 
body through a plurality of recovery holes in the most 
severely fractured portions. 

2. A process ofclaim 1 wherein the ore body has been 
worked by the detonation of chemical explosive 

60 charges. 
3. A process of claim 2 wherein the injection holes 

extend from the earth's surface to subslantially the bot­
tom of the ore body, and the recovery holes extend 
from the earth's surface to substantially the top of the 

65 ore body. 
4. A process of claim 3 wherein the recovery holes 

are preserved upper portions of shot holes in which 
explosive charges have been detonated. 
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5. A process of claim 1 wherein the lixiviant is in­

jected at a pressure at least as high as the lithostatic 
pressure at the injection position. 

6. A process ofclaim 5 wherein gas is introduced into 
the injection holes wilh the lixiviant. 5 

7. A process of claim 6 wherein the gas is injected at 
a pressure in excess of the lithostatic pressure at the 
injection position. 

8. An improved process for recovering metal values 
by in situ leaching an ore body located below the water '0 
table which comprises: 

(a) forming in an ore body a fracture zone comprised 
of a most severely fractured core portion sur­
rounded by a less severely fractured outer portion 15 
whereby the fracture zone contains fractured met­
al-bearing ore particles; 

(b) injecting a leach solution through one or more 
injection wells located in the ore body adjacent to 
but outside the most severely fractured portion, the 20 
leach solution solubilizing metal values in the ore 
body and in the most severely fractured portion; 
and 

(c) recovering a metal-containing leach solution 
through one or more production wells located in 25 
the most severely fractured portion. 

9. The process ofclaim 8 wherein the fracture zone is 
produced by detonating one or more strategically 
placed explosives in the ore body, said explosive se­
lected from nuclear and chemical explosives. 30 

10. The process of claim 8 wherein the ore body 
contains a copper-bearing ore. 

11. The process of claim 10 wherein the leach solu­
lion is injected through the one or more injection wells 
at a pressure less than the formation fracture pressure. ^5 

12. The process of claim 11 wherein the leach solu­
tion contains a dispersion of an oxygen-bearing gas. 

13. The method of leaching a metal-bearing ore in 
place which comprises: 

40 
(a) injecting a leach solulion at a pressure below the 

formation fracturing pressure through at least one 
injection well located in a less severely fractured 
outer portion which surrounds a most severely 
fractured core portion ofa fracture zone ofa metal- 45 
bearing ore body located below the waler table; 

(b) allowing the leach solution lo remain in the ore 
body to solubilize metallic ions present in the ore 
body; and 

(c) recovering metallic-ion-containing leach solution 50 
from at leasl one produciion well located in a most 

severely fractured portion ofa fracture zone in the 
ore body. 

14. The process of claim 13 wherein the ore body 
contains copper-bearing ore. 

15. The process of claim 14 wherein the leach solu­
tion is aqueOus sulfuric acid containing an oxygen-bear­
ing gas. 

16. An improved process for recovering metal values 
by in-situ leaching an ore body located below the water 
table which comprises: 

a. forming a rubblized zone in an ore body whereby 
the rubblized zone contains fractured metal bearing 
ore particles; 

b. injecting a leach solution through one or more 
injection wells located in the ore body adjacent to 
but outside the rubblized zone, the leach solution 
solubilizing metal values in the ore body and in the 
mbblized zone; and 

c. recovering a metal containing leach solution 
through one or more production wells located in 
the rubblized zone. 

17. The process of claim 16 wherein the rubblized 
zone is produced by detonating one or more strategi­
cally placed explosives in the ore body, said explosive 
selected from nuclear and chemical explosives. 

18. The process of claim 16 wherein the ore body 
contains a copper bearing ore. 

19. The process of claim 18 wherein the leach solu­
tion is injected through the one or more injeciion wells 
al a pressure less than the formation fracture pressure. • 

20. The process of claim 19 wherein the leach solu-' 
tion contains a dispersion of an oxygen bearing gas. 

21. The method of leaching a metal bearing ore in 
place which comprises: 

a. injecting a leach solution at a pressure below the 
formation fracturing pressure through at least one 
injection well located in a non-rubblized zone of a 
metal bearing ore body located below the waler 
table; 

b. allowing the leach solution to remain in the ore 
body lo solubilize metallic ions present in the ore 
body, and 

c. recovering metallic ion containing leach solution 
from at least one produciion well located in a 
rubblized zone in the ore body. 

22. The process of claim 21 wherein the ore body 
contains copper bearing ore. 

23. The process of claim 22 wherein the leach solu­
tion is aqueous sulfuric acid containing an oxygen bear­
ing gas. 

55 
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Lane White, managing editor 

A COMMERCIAL IN-SlTU URANIUM LEACHING OPERATION 

tEat is quite probably the largest ever' built started up in 
Apiil, 10 mi southwest bf George West, Tex. Producing 
from a patteni of 66 injection wells and 46 extraction well's-
occupying an area of less than 3 acres, the Clay West mine 
and plant are expected to reach design capadty of 250,000 
lb per year of yellowcake by the end of the sumnier. By 

• late May, results were suffidently favorable to make the 
owners think seriously about an early expansioii. 

Built at a cost of $7 million by joint venturers Atlantic 
,RicMeld (50% owner and operator), Dalco (25%), and' US 
'steel (25%), the Clay Wpst mine may be only the first of 
several mines to extract UaOg from a uranium province 
that stretches from north of Houston to Brownsville, at the 
•southernmost tip bf the state. Westinghouse subsidiary 

-Wyoming Minerals is building a'.250,()CIO-lb-per-year plant 
neaf Bruni, with startup planned befbre the end of 1975, 
and Mobil Oil is setting up a pilot-scale plant in tbe same 
area. A niimber of other companies are reported to be ac­
tively interested in development of in-sitii uranium leach-
iog.jn Texas. ' 
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Fig. 1—Uranium extraction flowsheet, Clay West, Tex. 
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mix tank in the Clay West plant area feeds leaching 
a surge tank located at the in-situ mining pattern. 

The Atlantic Richfield (Arco) Clay West operation will 
employ 45 people, supported by a staff of 12 at Arco ura­
nium operations headquarters in Corpus Christi. Reserves 
are thought to be sufficient for at least 20 years' produc­
tion, uranium operations manager Glen R: Davis said dur­
ing E/MJ's visit to the property. The Arco-Dalco-US Steel 
partnership has access to 35-40 sections, and pattems of in­
jection and production wells will eventually be operated 
up to 2 mi frora the central processing plant. 

The Clay West operation uses a proprietary alkaline 
leach solution developed during pilot testing by Dako and 
US Steel. Solution is pumped into and out of uranium-
bearing ore zones at equal rates to prevent loss of solution 
in the sandstone fonnation. The pregnant solution is col­
lected at an 800-bbl field gathering tank and then pumped 
to the plant area. There the solution passes through one of 
six parallel traiiis, each consisting of a carbon column and 
an ion exchange column in series (Fig. 1). A commercial 
resin extracts UsOs in the ion exchange column. Solution 
circulates through the leach pattem at 2,000 gpm. 

New environmental control procedures were formulated 
by the Texas Water Quality Board to govern Clay West 
operations, as there was no precedent for the Arco request 
to pump a solution into and out of an aquifer. The com­
pany will be required to monitor the zones around produc­
ing pattems to assure that no leaching solution escapes the 
producing area, and when a pattem is exhausted, Arco 
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Fig. 2—Clay West uranium leaching pattern 
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t f must restore the aquifer to the chemical condition that 
j prevailed prior to operation. 
;i A deep disposal well will be used to dispose of solution 
'V pumped from thepattems during aquifer renovation. " 
•% . . 

-^ Oakville sandstoheiis sbiifce horizon of (JaOs 

. f The Clay West mine extracts uranium from a maximum 
E depth-of-550 ft inthe Miocene Oakville sandstone—about 
f 350 ft of interbedded sands, silts; and bentonitic clays. The 
!r ore occurs in zones lO.Jo 60 ft thick and grades from a low 

•0.05% Uabs to as high as 6.5%-the latter being uncom-
; mon.-Regionally, rock formations.dip toward the Gulf of 
V Mexico.at about 79 ft permi. 
P The Oakville is underlain by Catahoula clays—about 

2,100-ft of clays'and thin beds of sand that have a higher-
jthan-normal-background count of UsOg. The UaOs in the 

Catahoula is thought to derive from volcanic ash depos­
ited during Catahoula time, according to Arco geologist 

• Charles Trimble. Percolating ground waters dissolve the 
t UaOg and transport it to neighboring rocks, where, in the 
' presence of H2S derived from oil-bearing formations, the 

UsOg precipitates, sometimes in commercial concentra-
'• tions. 
,:- • The Clay West mine taps the Oakville deposits through 
," a pattern of production wells spaced at 50-ft inlervals (Fig, 
.- 2). The'46 extraction wells are interspersed at regular in-
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mhes 

tervals with a grid bf injection wells and are surrounded by 
monitor wells. 

The Oakville sandstone is a regional-aquifer having a 
slow rate of flow-about 12 ft per year. Should the monitor 
wells delect leaching solution escaping from the produc- -
tion "zone, the rate of productioii can be increased or'the 
rate of injection decreased to pull the solution back. 

A Midway drill of the type used for seisraic blasthole 
drilling siiJcs the 4-in.-dia injection wells and the 6-in.-dia 
extraction wells (Fig. 3), the latter being larger to accom­
modate a submersible pump at the bottom of the well. 
Open screened sections of pipe in the ore zones permit 
production 'of leach solution wifh minimal extraction of' 
entrained particulates. 
• Well piping, along with most other piping at the Clay 

West mine, is of PVC, to minimize corrosion and to keep 
corrosion products out ofthe system, Davis said. This pro­
tection will prevent plugging of injection wells and conta­
mination ofthe yellowcake product. Two 12-in. mainline 
PVC pipes connect the plant and production areas. 

The pregnant leach solution arrives at the processing 
plant carrying dissolved UaOg. It first passes through a car­
bon column, which removes any sand present in the solu­
tion, and then through an ion exchange column, which ex­
tracts the uranium. The carbon columns are backwashed 
periodically to remove trapped sand. A backwash reservoir 
provides clean water and acts as a settling pond. Thc water 
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View, of the Clay West plant across 
one of two solution storage ponds: 
cherhlcals mix tank Is shown at 
the right, storage and process- , . 
faci l i t i^ at center, and yellowcake 
processing building to the left. - . 
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is recirculated and evaporation losses are made up by wa­
ter from a fresh water well. 

A sodium chloride solution is used to extract UsOg from 
the ion exchange column. The rich uranium-bearing solu­
tion (about 1% UsOg) passes through a charcoal column 
for removal of impurities, including molybdenum, and 
then reports to precipitation tanks, where yellowcake is 
precipitated with ammonia. Recovery of moly as a bypro­
duct is a possibility in the future. 

Chemical wastes from the plant are disposed of in reser­
voirs lined with highly resistant chlorinated polyethylene 
lining. The design of the reservoirs keeps net aimual evap­
oration rate equal to the volume of chemical wastes gener­
ated each year. Reservoir capacity is sufficient to accom­
modate periods of.high rainfall and low evaporation. 
During the first year df operation, a critical examination of 
waste streams is seekii ig opportunities for waste reduction. 

After predpitation, yellowcake is allowed to settle in a 
clarifier, filtered, drieo, and packed for shipping to the Al­
lied Chemical uranium hexafluoride plant at Metropolis, 
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111. The dryer, the only source of air emissions, in the plant,; 
is a screw-conveyor unit based on indirect heat transfer be-; 
tween a recirculating heated oil and yellowcake solids. The 
heat-transfer oil is heated externally in a unit fueled with 
liquefied petroleum gas. The quantity of flue gas from Ihe 
dryer is insufficient to require a permit from the Texas Air 
Control Board. 

One of the advantages of the dryer is minimal dust 
problems, because of the absence of air contact. For added 
protection, however, exhaust gases will be scrubbed by a 
two-stage water scrubber. The exhaust from this scrubber 
will be virtually dust-free, releasing only water vapor to 
the air. 

The Clay West pperation is not energy-intensive, as cir­
culating solutions all flow at ambient temperatures. Power 
draw for the entire operation is about 1,500 kw frpm San 
Patricio Electric, a small co-op producer at Sinton, Tex. 
The major costs of operation are labor andcheiriicals. 

Mine manager Walter Ely noted that creation of jobs at 
the Clay West mine has provided a welcome injection of 
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cashJmtp^the {local eiiOriomy-.Tlie'inine isyiocaU^̂  
•.'aiii,'rolli'rtg"rTOuntiy"sidc't̂ ^ 
:" and ranchers but has/provided- few non-:agricultural jobs. 
-rTht4;!ay;;West.:;niini:. pfTers van-opportunity' for., some-
_Q?Qrge. .W .̂si • oati-ves to ..secure long-term employment 
.near hOroe, and'the $5(Ki,0QO annual paiyroll will help "sup­
port additioiial jobs irtthe George Wesl'community, 

Arco has adopted a system,.pf rotation for. its employees 
T ̂ haiwiil̂ regulaitly^mbv.e'e^^^^ in various 
Jafeas-cif^ne and,plant activity, Tbcisystem is expected^to, 
...ereaie.'a!!more,interes.tjngTwork.enVironmerit.fo'r the em-
.'ployee's and itiore.hi'ghly traiiied and valuable, employees 
•forAfco.," • " ' ' ' • 

Controlling solution in the leaching zone 

Waters present in the Clay West orebody aTC-not-nowva 
source of potable water due to naturally-occurring high 

, levels .of'radium, As noted above,, the two primary envi­
ronmental considerations will be to prevent coiitami nants 
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Fig. 3-Gener3lized section of Clay West 
injection aiid production wells 
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from leaking- out .of the ore zpne-dtjring leachmg and'tp-re-
storfe'the water in the orebody after conclusion of leachi'ng. 
During leaiching, injection and prodiiction rates wilt be 
balanced-,' with' each' ihjecition and production line' 
equipped with direct-reading flow meters. A central instrur 
ment pariel in'the pattern>area,monitors the flow meters,: 
and-a.daily check is made to balance total 24,-hr produc­
tion'against total. 24-hr injection. 

All injection and.prodticing wells in the leach area are 
cased and ceniented to.the surface, preventing upward mi-

::gration of injected soliitions behind thecasing. Four shal­
low mpnitor wells drilled in the pattem area are sampled' 
and'analyzed K)utiri°ely to determine whether the leach so­
lution-moves upward. 

A deta iled'program of water well sampling was formu­
lated by Arco in consulfation'with the Texas Water Qual­
ity Board, and all water wells within a 5-nii radius of the 
pattern were sampled and'analyzed prior to production. 
During^ production, one-eighth Of these, wells: will be ex-
amiried: every three" mon ths-to detectjany change in the 
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Six pairs of carbon column and Ion exchange column tanks "are- - Houses offices and a well-equfpped laboratory.- Farm'country.be--S 
theheart of the Clay West plant site.-Building in the background yond the building is typkal. ofthe George.West area.. M. 

Clay West clarifier is a wood-stave thickener-type unit. 
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Fig. 4 -C iay West dispiosal well diagram 
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±3,580 ft 
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±3,700 ft 
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.The Clay West'laboratory is equipped with a spectrophotometer, 
a Technicorl, and an atomic adsorption apparatus for analyzing 

..the many samples required both for process solutiohsand for re­
gional water sampling. Monitor welts in the leach area are sam­
pled regularly to detect any-migration of injected solutions. H mi-
gratio'h 6(:cijrs, the'matertal balance of-'reserVoir fiuidscan be 
controlled, resulting in a net flowof native water into the.Ieach­
ing area,, preventing any migration outside the leach" arcia. 

ilumn, 
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chemical analysis oflhe water, t h e Wells will.be analyzed 
for calcium, sodium, iron, molybdeniim, bjcafbonate, suU 
phate, chlonde, mlrate, nitrite,'arririiomum, pH, and total 
dis«)lved solids (List A) The-same wells "will berahaiyzed" 
for Gross Alpha and GrosS'Beta fadiation".-rf Gross Alplia 
ej[ceeds jhree.pioocunes Tpfer literi^Atbaniim'corptecipi-
tahon for radium 226 will be perfonned. If Gross Beta ex­
ceeds 50 picocunes per liter, a lead 2to determination will 
be performed Every six^nioriths, the nearest six wells" iised 
for dnnkirig water wil lbe exmnined radio metrically arid 
List A analyses will be run^ 

, E / M J - J t t I y . . i m • : -• ^ • ' • • • • - - • ' • ' • • -

Diiring developinent of theClay West teach pattern, 28 
operating wells were sanipted and 'arialyzey for List A 
ions._ In addition, 10 of these wells were analyzed for radi-

• ation-aiid heavy metals—magnesium,, fluoride, .arsenic, 
bariiim, boron, cadmium, copper, chromium, lead, manga­
nese, iriercury, nickel, seleriiuni,"'silver; uraniuni,' zinfe,' 
simple cyanide and P-alkalinity as CaGQs, and lotal'alka-
linity as CaCOs (List' B). .As.part of this prbgram, some, 
wells were sampled and analyzed as many as four times 
prior to operation. 

To monitor surface drainage. Spring Greek is sampled 

" , „ , . . - , ' . . " . 79 
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Clay.West process building houses precipitation tanks, rotary fil­
ter, heater, dryer, and packaging and shipping facilities. 
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upstream ofthe Clay West plant site and downstream of-*; 
the pattem area. The Nueces River, which provides drink- ;| 
ing water for Corpus Christi, is sa.inpled above;and. below 'f-
its confluence with Spring Creek. Samples" are analyzedTa- | 
dipmetrically and che in ically.' 4 

Arco also organized an in-house environmental task § 
force to perform a baseline-study,of ihe iGlay-.West-envirĵ !'' 
ronment prior to moving into'the' area. The laskTorce in- i; 
eluded''biologists, radiologists, chemical-engineers, jpetro'r j 
leum engineers, geologists, hydfoiogists; and zoologists. .^ 
Among its subjects,of study were fisBj. amphibia, birds,.in-_|. 
sects, bacteria, shrubs, grasses, roots, stems,, soils, and | 
streams, , . • , ' . . . . , . -J 

The preserit plan for orebody festoratibri is to pump i' 
contaminated solutioris out of the leached zone into-a. deep j l 
disposal well until ion concentratiotis are down to accept-^ 
able levels.^Pilot tests condutted :by' Daliio and'-US'Steel-i 
demonstrated that-wheri injection is stopped but produc-$ 
tion maintained, there is a graiual decre^e in ionic spe-}-' 

, cies in tlie produced solutioris. These data are proprietary I 
but were, re le ̂ ed on̂  a con Aden tial, basis; to the: Texas • Wa- "|. 
ter Quality Board. Other alternatives to pumping theF 
orebody will also'be stiidied, aiidte'chniques for corivgft-:̂ ? 
ing flie aquifer back froiri an pxidized s^te to a rediiced/-^ 
state are under investigation; -- ' ' ' '-.!,! 

The Clay ^yest disposal-wells—twOiareplatmed^wiU be'J^ 
drilled to a total depth of 4;500;ft, aowti-through tlie'Cock'-'^ 
field sandstone of .Upper Claihome (Oligocene?) age. The ,4 

rt' 

On a smaller scale, other mines haye recovered UsOg by ih-sitU teaching 

'JWh'ie the'new C4ay-West in-situ uranium leaching"' -
mine in Texas is the'-firat>of its type to produce on a 
commercial scale, limited quantities of uranium have. .-

.been produced.by other in-situ mines operating now or 
, in the past. A number of-these-operations are described 
briefly in "Aiialysis oif Non-coal Underground-Mining -, 
Methods,*'.prepared by Dravo Corp. for the US Bureau 
of Mines and published,in 1974. " -
,' Mine water:near'Grants,-N, "Mex,, was found to cany 
2-10 pptn of'dissolved uranium, the report states. The 
slightly'ib asic water (7 to 8 pH). takes the uranium.into 

.,soliition as the tricarbonate ioii, which is readily CXT, 
tracted by ion exchange.'Oxidationpf the inspluble tet­
ravalent uraniiim to a soluble hexavalent uratiiutiiis " 
-accompUshed by exposure to air arid possibly by,bacte­
rial action. After passing, through ion exchange; the wa­
ter is returiled to the .rriine, and sprayed, on dfiff.and ; 

"stope walls. It then drains back to a su mp. for. return to.. _ 
the ion exchange cblumnS;- Production of 5,000-to- -
.15,000 lb per.mOnth is dependent on the Row of water 
and theiground area being Vvetted. 

The same procedure is tised iri the Elliot Ldke district 
in- Canada, the report statesj. except that- an .acid erivi- ' 
ronment is generated by the oxidation of iron sulphides. 
in the ore. ' ' . • .. 

"The Pitch mirie in Colorado was. water leached by 
drilling injection wells from the'surface into the aban-: 
doned and caved stoping areas," the Dravo report 
notes. "The waiter percolated through tbe old mine 
workings, collected in the-main haiilage tunnel, :and , 
passed through an ion-exchange column. The Stripped 
water was theri retumed to the injection wells. Later in 
the program, soda ash and bicai*»onate were added to 

this leach :s6ltitidn to; improve-ex tractipn,"T^ pperatioh-,. 
is now closed,"but has"poteiitEal for 'pipducirig addi­
tiorial uraniiim by in-situ leaching." 

Utah,Mining and Constiiiiction Co. (now Utah Inter­
national) experimented with a series of injection wells,' 
usually three," around, â production wclL'Based bn 
groundwater flow,,, the .injection wells were' drilled up­
stream from the production: well. .Tracer dyes were used 
to study. soViitibri flow' betweeri irijection wel^~and the" 
prpdriction. well. Aftefc flow patterns were e'stablisheii, 
an acid.leadh solution.was injected./Withdrawal irate 
was,siightly;more-than,the injection rate.,The, pregnant 
_solu.tion was passed through ion ex'ciiaiige^ooliirnris for 
urariium exfraction, and then it was' rejected because it 
contained soluble "gypsum" that "would b\|ndrthe'leach 
af ea if reijsed. . , ^ 
• • "The area under leach from, each set of wells was 
very small,-"', accqrdihg to the, Dravo, reporti,"seldom 
larger.tlian 25-ft dia. The project-never produced more 
than 7,000 or 8,000 Ib'per rnonth of UaOg,"even with as 
many as five-wetfsystems operating. Leaching was dis-
.continuedin 1968, whenthe operation was converted to. 
an'open pit!" ' . : . , ; ' ..:,.. ' -> ,!-•",' ..'• 
•' Exxon (Humble'Oij) is.expeiimeriting with the same 

leach meihod in the Powder River"Basih'"iri"W"y6tiiirig,~ 
the reportstates, except'that a'carbOnate.s"ysterii"is,used, 
perrriitting recirctilatiOri'of theie~ach"solution.' -'• 

"With 5ie depletion.of higher grade deppsits of ura­
nium-" the-report concludes, "much bf the future pro­
duction may depend, on' successful in-situ leach extrac­
tion. Thisis particularly important'for small, isolated 
deposits bf lower grade yalues that will riot 'economi­
cally support conventionii . . . extraction." 
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Cpckfield isthe proposed disppsfj zone.. . 
Du ring a qtiife r reno va tion fo llo win g 1 ea ching, Arco ex-

. pects'to puriip'ari estimated 150 .gpm pf"slighfiy'saline"wa-
; ter from'the leacK, patterri, with a probable maxiriiurii of 
. 2JtX)0,mg,per liter total-dissolved solids; This water wilt be 
• piimfcd tg.the^disposal well aftejF.mbst.of,the uranium has 
-;been:.remoyed- The native .water- in. Cockfield sands is' 
mucli'mpreisaiine than the disposal Mre am,. . „ . . 
"The siirfaee "hole wiir be drilled liw-in,dia,and 600 ft 

„d e"ep,", thrbUgh the, 0 ak ville'• aq aife rand intOjth efunde rlyiiig • 
. CatJihpiila days; H-'40,.32.3-ll> pijie with-a-diameter of 9^ 
iri. will be setascasing to 600 fti'and Qass Ccement circu-

. lated-to'thcisurface; Arii" Ŝ /S-in̂  Hole will then b"e drilled tp 
4,500 ft, Upori'completiori'of drilling, eiectrical and bulk 
densitylpgswilljie run inthe hole.. .'" • ' . ' ' „ ' • " . " , [ ' 
••' Gasing—7-iri.-dia '̂̂ iO-ib,'" H-40.J^pipe^ set on the 
bottom, and'-ceriiente'd iri,two stages. The first stage will 

bring.cement to'the;top of'the. Cockfield sand; a depth of 
about 3,500 .ft. Utilizing a D-Vitool, sufficieni additionaL' 
cerii'ent willbe piiinped tocifculate to thesurfacfe. ' 

Injection intervals will be determined from electric and 
ganima-ray. logs. Proposed intervals are from 3;580- ft to 
3;670 ftjand from 3,700 ft to 3,790 ft, Th'e balarice ofthe , 
Cockfield ŝand belween the depths of'about 3,790 ft and 
•4,500 ft is considered a reserve for future disposal,", if vbl̂  
umes or pressure ^adients exceed present estimates.,. , . 

When the ore, zone of,a. leaching,patlern, has.been, re­
stored, AiiM wiU'tiirn'the surface back, toinpririal use. The 
area will. need reseeding, but, reclamation in :the, usually 
undierstobd sense will be unnecessary. The. leaching bper-

, ations will leave the surface essentially undisturbed. 
Within afew yeare. after,, leach ing stops, it maybe difiicult' 
to identify a leach pattern area as ever hay irig beeri differ­
ent frorii the sunfoundinl countryside; Q 

Developers eye Texas ^tential 
insitu uranruhri leaching 

Enimy.Cra.iifford;. McGraw-Hill World News, Houston 

IN ADbmoN, TO tlie, ArcpeyS; SteelrPalco'plarit-now-in ' 
productibn near G-eorge West; Tex;, several other iri:sitli 
uramum, lew hing ,i projects are in various stages of plan-
rijrig, design, and constructipri in soiith Texas; 
'• The riiost advanced project .belongs to-Westinghouse's 
wholly owned subsidiary, Wyoming .Minerals, ;Whicli is' 

..building': a .350,(K)Orlb--|jefty.earipiant near Bruni, Tex,, 
about 40 ini east of-Laredo. While Wyoming Minerals has 

.not revealed any details, of its process,, a source at-the 
" Texi^ ;Water Quality Board, states, that- the operatibn will 
.:,usea weak aimiribni'a leacH;arid a proprietary jdn exchange 
exU-action:System.- . ' • 
;;> ,^^bming Minerals-also plans a secbndcommercial ura-̂  
nium in-situ leach plarit near Ray Point, north of George 

• WesV.in "Livi; 0 ^ Gpiinty. THeiTex̂ ^̂  Water'Qiiality Board 
,has rieceived-anapplicatipn'for-this operation; but as of 
eiarly June, no date had been set for a hearing. 

In Duval CountyiUnion Carbide is consideringapilot-
scale in-situ Ieach<operation, but;fqritfbo, no hearing°daie 
had been set by. early-June, . ..I...... . .•'',.-. . 

- ' (Whileii-t of-direct interestHo'Texas iirarii uni'pfbduc-
, lion. ,a; Burlington Nofthern-Wyoming Minerals joint ven­
ture 'calls for WyOmirig Minerals to conduct rainerals ex­
ploration on 8.4 million acres of Burlington Nbrthem. 
rajlrpad property in Oregon, Washington, Idahp, Wyo-
rining, ^lontana, Nonh Pakota,.Minnesota and Wisconsin, 
fhe agreenient, which includes,gas, oil, and uraniuin as 

• weH-as other-Triinerals, "will run' five to "eight years, and, 
"Wyoming JMinerals will get up. to 50%-inferest iri°discov­
ered .properlies, .dep.ending on .how-much ,mpney^it"invests 
in'the p'roject TFhe joirit venture comp any-rpai led. Burr 
=W'est-1s''Headqua]1ere'd'iii Biiiirigs, Mbnt.) 

IVIobil pilot plant is under construction ~' 

Soiifheastof Brutii, in Webb Cpunty, Tex., M'obil, Oil 
Corp. is building a pilot'plarit to test the,feasibility of a 
proprietaty in-situ uranium leachirig method. The plant is 

''E/J^f-^uly^i97S • - -'" 

expected to start up around October ;1 to-leach U3OB in 
place, at depths oP410 to 430ft. ," 
• Preserit plans'call for ari initial 1 B-mbri'th' test program, 
with an overlapping 15-riionth test at a nearby site if the 
first program is successful. The capacity ofthe pilot scale 
operatiori will not'be deterrni ned-until solutipn is actually 
put into the grptmd, arid Mobil has rib present timetable 
for commercial development.-

The Mobil pilot operatibn will inject a leach solutiori' 
into the uranium-bearing, formatibn through 15 injection 
wells arid extract it through seven .production yells. The 
solutipn is identified "as a' dilute ammonium carbonate 
made by mixing'gaseous ainriipnia and carbon, dioxide 
with formation water treated-with ordinary, water softener. 
An unidentified oxidant Js also added. Solution prpd uced 
will be'cdilected in a surge tank, arid then pumped to a 
holding tank at the recovery^plant site, about 700ft away; 

A sand filter will;remove suspended-solids,' and an ion' 
exchange column will extract UjOg, The barren, efiluent 
from the ipn exchange column will be pumped to a holdr 
ing lank where an oxidant and leach chemicals are ad detl, 
and .the solritibn will be recycled to the injection wells, 

„ Uranium will be extracted from the ion exchange resin 
by an unidentified chemical, arid the UsOs^rich eluate will 
be pumped to-a holding tank and then to .a precipitatibn . 
tank for uraiuum precipitatibn. Ammonia and carbon 
dioxide gases generated in the pre'dpttatiba process will be 
vented to-a-IO-ff-high fume scrubber. Water.spray in the -
scrubber will absorb.the vapors, and the resulting, solution 
wiirbe recycled; to the injection well stream; ••,.̂ ,'' .. 

Filters, ion exchange,.and water softener tanks'will be 
backw.ashed periodically and- the water held.m' a SOO-bbl 
tank. If backwash water is found tb coritain 'excess solid or 
radioactive material, it will be pumped to an evapbration 
pit- ; ' 

A sj^tem pf eight riionitoririg wells will deterraine -if 
there is leakage of chemicals outside the'plarined.irijection 
prpduction pattern, 

• ' . . . . . , - . - 81 Mi . , 
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Abatract. A laboratory method for the sinsula-
tloa of ln-8ltu leaching of uranium vaa developed 
under contract to che Interior Qepartmenc's 
Bureau of Mlnea. Simulation cests using sul­
furic acid, amaonium bicarbonate and sodium car— 
bonace as reagents, and hydrogen peroxide as 
oxldaat were carried out with representative 
ores from Texas and Wyoming. The cescs not only 
yielded recovery rates of uranium and permeabllicy 
changes, but also qualitative, inferences on che 
chemical and physical phenomena which occur-
underground. Leaching wltb basic solutions was 
found Co ba kinetic constrained and with add 
solutions, equilibrium constrained. The rapid 
permeability changes observed lAen leach solu­
cions were introduced, were probably caused by 
gas blockages in the packing. Precipitatioa of 
calcite or gypsum and Che reaction of cloy to 
leach solutions had slow and gradual effect on 
che packing permeabilities. 

Introduction 

In-altu leaching Is becoming increasingly at­
tractive as a method for recovering uranium from 
secondary ore deposlcs, since lc offers che ad­
vantages of (a) low capital and operating costs, 
(b) mln'lTmiiTi disturbance of the environment, and 
(c) reduction In- che time required to develop the-
mine. To understand in-situ leaching phenomena, 
investigators have generally resorted to experi­
mentation at three levels: (a) Batch agitation 
tests, (b) Tests on short lengths of undisturbed 
ore, and (c) Field testa on a- typical portion of 
the ore body. 

The batch agitation leach testa usa a small 
quantity of ore (10 to SOO g) which Is agitated 
with a knowQ amount, of leach solution. Samples -
are wlthdraatn with dme to identify, the kinetics 
and the equilibrium extraction of leaching; Agi- - -
cation leach cests at best provide information 
on che chemistry of leachiag and should, as such, 
be used mainly to identify potential leach re­
agents. The cescs may also provide a limited 
amount of information on the leach reaction mech­
anism. Xhe agitation leach Cests, however, do 
not reproduce Che physical ore body charaeteris-' 
tics (such as permeability, bed density, miner­
alogical orientations, particle size, etc.) or 
che hydro-dynamics of underground Ieaching. 
Therefore, it- is °ot an effective method of •. 
studying the physical phenomena of' in-situ ieach­
ing. ,, • . . • • • • • '", • 

Alch'ough che leach CesCs using short (2 to 4 
foot) lengths of core samples approximate in-situ 
leaching better chan thc agicaciou leach Cests, 
these tests have several limitacions: (a) cha 
distribution and the amounc of uranium in che 
core is not known precisely, (b) because of che 
heterogeneous nature of Che deposit, Che core 
may not concain Che desired uranium levels, and 
(c) che lengch of che cores are, tn general, per­
pendicular to the direccion in which che leach 
solucion would flow during in-situ leaching. 
Because of the anisocropic nacure of che ore 
deposic. the permeabilities observed during the 
cests are noc represencacive of Chose In the 
field.-. • - • . . . • • 

The principal limicaclon, houever, is Che 
short geomecry of this system, .^ny chemical 
phenomena (such as chromatographic effeccs, re-
precipicacion or recrystallization of minerals, 

gas blockage, depletion front movement, etc.) 
cannot be detected in such a system. 

Field leachlBg tests reproduce actual leaching 
conditions in all respects, but their high cost 
limits their number. Furthermore, there is • 
limited knouledge and little control over the 
conditions existing underground. Alchough com 
plex cheoretical mathematical models have been 
developed to predict flow patterns of the leach 
solution and the volume of ore subjected to 
leaching, the inhomogeneities and the changes in 
ore body characteristics during the leach opera­
tion render Che selection of correct parameters 
for such models very difficult and verification • 
of observations and, analyses Impractical. Ho 
visual observations of tbe underground body 
during leaching is feasible and it is difficult 
to locate precisely the sample withdrawal points. 
Furthermore, most ore bodies are remote enough 
to require detailed advance planning and long 
delays if equipment breaks down. In general, 
field testing is a good verification method but • 
a very inefficient investigative technique for 
understanding in-situ leaching phenomena. 

A less expensive and more convenient method 
of CesCing is laboratory simulation of in-situ 
leaching. This is an acceptable method of 
investigation when the ore body is represented 
by a geometry and packing which reasonably repro­
duce the hydraulics of in-situ leaching. Advan­
tages of this method include the ability to 
visually observe leaching, the ability to at 
least partially control some of the ore body 
characteristics; the ability to detennine charac­
teristics of the uncontrolled variables and the 
ability to conduct reproducible experiments. In 
addition, the experiments take less time than 
field teats because of the smaller sample. 

Disadvantages or limitations of the laboratory 
simulation tests lie in the difficulty of ob­
taining a sample which represents the underground, 
ore body (in terms of permeability, uranium con­
tent, oxidation state, reaction surface area and 
mineralogy) and in understanding quantitatively 
the differences between the controlled test con­
ditions and the non-ideal conditions encountered 
in the underground deposit. Although prediction 
of field behavior from the results of laboratory 
simulation tests is not quantitative, these tests 
do provide a common denominator for studying the 
leach behavior of various types of ores. 

This paper summarizes some of che resulcs and 
conclusions arrived at during the firsc three 
phases of a program to develop a cechnique for 
the laboratory simulation of in-sicu leaching 
of uranium and the associated en-vironmental res­
toration ff che post-leach ore body. 

The program was performed under contract to 
che U.S.,&eparcment of Interior's Bureau of Mines, 
Washingcon, D.C, wich D. C. Seidel of the 
Bureau of Mines Sale Lake City Metallurgy 
Research Center as Technical Projecc Officer, and 
John Arnold of che Bureau of Mines, Denver, 
Colorado, as the Concracting Officer. 

The principle objecclves of che rirsc chree 
phases of the program were: (a) Acqiiisicion 
and characterization of two 3-ton samples of 
uranium ore, one each from Texas and Wyoming,. 
and similar Co chose being leached in-situ; 
(b) Decerainacion of the agicacion leach behav­
ior o£ each ore sample using sulfuric acid, 
ammonium bicarbonace and sodium catbonaCe as 
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leach reagents and hydrogen peroxide and. oxygen 
as oxidants; (c) Design and construction of 
three similar in-situ leach simulation hardware 
systems and (d) Determination of the effects of 
leaching variables upon permeability and uranium 
recovery using sulfuric acid, amaonium bicarbon­
ate and sodium carbonate as leach reagents, and 
hydrogen peroxide as oxidant. 

The observations, results and conclusions from 
the first three phases of the program are avail­
able in the Bureau of Mines Open File Report 
f̂o. 140-77. 

The In-Sltu Simulation System 

In designing a system to simulate the in-sltu 
leaching of underground ore bodies, it is impor­
tant to take into consideration such aspects as 
the flow charaeteristics of laach solution, the 
physical .characteristics of the ore body, and 
the leaching conditions which control the kinet­
ics. The following features were considered in 
arriving at an acceptable design: • 
• Ote sample container of representative geome-. 

try (cylindrical, rectangular slab, etc.) cap­
able of operating at temperature and pressure 
constraints occurring in in-situ leaching. 

• Adequate sampling ports for obtaining solution 
and ore samples for analysis and characteriza­
tion. 

o Sufficient instrumentation to monitor all oper­
ating parameters (flow, pressure, temperature, -
etc.) and to allow identification of the state, 
of the system. 

• A leach solucion(s) feed system to the- ore 
sample container that does not suparimpose any 
additional changes in the bed characteristics 
such as packing density, voidage, homogeneity, 
etc. . , 

o Provision for use of oxidant injection into 
the feed, 

o Visibility of the leach process in progress. -
e Safe operating conditions, 
e Ease of maintenance and assembly. 'r-

k schematic diagram of the in-situ simulation ' 
system designed and constructed la given in . 
Figure 1. The system consists of a pressurized 
feed section, from which Che leach solution is 
fed to thc ore container through flow metering 
and monitoring devices. The pregnant leach solu­
cion ia collecced in large canka wich provision 
for mixing. .V pressurized feed seccion was 
selecced to prevent any movement or re-orienta­
tion of the ora packing that aay be induced if a 
positive displacement or other pulsing pump is 
used. Furthermore, absence of any moving parts 
in che pressurized mode of feed makes chis meehod 
more reliable chan pumping. .\ pressurized sysCem-
also mininizes che loss of volacile reagenCs 
such as ammonium'carbonaCe from the feed solucion. 

The feed seccion consiscs of- cwo primary • 
Type 316 stainless sceel capcive gas canks (one • 
each for Che leach reagent and che oxidant solu­
cions) of 16 gal. capacicy with PVC liners and • 
cwo similar reser'/e capcive gas tanks of 2 gal. . 
capacity-each.' Ihe PVC liners aeparacing che- • .• 
solucion and che pressurizing gas were incro-
duced,. in order to prevenc nueleation of the dis- . 
solved pressurizing gas in the ore packing as Che 
scaCic pressure decreases. This is parcicularly 
true of inert gases (argon or nitrogen), if used. 
However, the soiubilicy of gas can be exploiced 

in teats with gaseous oxidants such as oxygen, 
to supply the oxidant to the ore. The reserve 
tanks serve as feed tanks during recharging of 
the primary feed tanks. The feed section is 
capable of delivering solution-up to a maximum 
working pressure of 120 psig. 

The solution flow from each tank (both pri­
mary and reserve) ia metered through a needle 
valve and monitored by a 0 to 30 ml/min flow­
meter. Solution check valves downstream from 
the flowmeter prevent backflow of solutions into 
the tanks. The solutions mix downstream before 
entering the pressure switch. Toggle valves 
shut off the feed, from either the primary or the 
reserve tanks. By providing indl-vidual metering 
and monitoring capability on the flow from eacb 
tank, it is possible to control closely the de­
sired oxidant and reagent compositions. 

Each of tha three in-altu simulation systems 
constructed consists of two clear glass cylinders 
of 4 in. inside diameter and 13 ft. long to allow 
at least a 12-ft. long ore packing to be leached. 
These glass cylindrical containers are rated for 
a maximum allowable working pressure of 30 psig. 
The component pieces and the lengths of packing 
to be employed fbr leaching, are Illustrated in 
Figure 2. The entrance to the columnr the first 
7 inches, la to be filled with fine caating sand 
(silica) of permeability lesa than that of the 
ore sample packing to obtain a uniform distribu­
tion of leach solution prior to contacting the 
ore. This fine sand packing is followed by a 
12-ft. packing of tba ore sample for leaching. 
The last 5 inches of the cylinder is packed with 
coarse casting sand. The packing in tbe cylinder 
la held in. place during, leaching by Type 316 
stalnleaa steel coarse mesh, double-weave wire 
cloths at the inlet and the outlet ends. 

To monitor and obtain solution samples from 
the ore packing during the teat, the- ore packing 
was divided into three sections. The tee-
sections allow insertion of pressure tap and 
facilitate sample withdrawal. The permeability 
of the sections of ore was determined from the 
differential pressure readings across these sec­
tions. The concentration profiles and the rate . 
of exhaustion front movement were estimated based 
On the solution samples collected. .-, . . 

The Simulation Test Method 

Tlie development of a packing method chat 
would consistently reproduce packing permeability 
was- paramount to the success of the simulation 
tests. Based on limited data on the field per­
meabilities of uranium mineralizations, a water 
permeability in che range of 0.5 Co 2.5 darcy 
was preferred in developing a packing meehod. 

The correiacion (Darcy equacion) used in che 
estimation of Che penneability during Che sirau-
lacion CesCs is given by •• ' , 

-j- = o-yV (1) 

where 
L . 
V 

= Flow pressure gradienc, aCm/cm 

= Liquid superficial velocity, cm^/ 
cm^ sec. 

= Solution viscosity, centipose 

— \ Permeability, Darcy (by definition) 
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Tbe equation (1) could be rewri t ten as 

- [Darcy] u(V')/60 A) 

( | | 77 ) / ( I . ' X 2.54) 
(2) 

where 

and 

V >• Solution Volumetric flow, cm^/min 
A " Packing area of cross-sect ion, cm^ 

•• Flow pressure gradient , p s l / l n . 
L' 

L' •• Packing length, inches, 

For a 4- in . inaide diameter column, the area, of 
croas-aection A <• 81.06 cm^. Asauming solu­
tion v iscos i ty •> 1.0 cp, the permeability la 
given by the equation 

(Darcy] - 7.677 x 10" 
' •AP* ' 

(3) 

This correlation has been consistently used 
to ea t-l mate the permeabllicy of the 4-in. inaide 
diameter column packing. 

Tbe Texaa ore sample used In the teats repre­
sented fine grain sandstone ore of medium to dark 
gray color whicb had been recently mined from 
the Sickenius Pit. This ore with a moisture con­
tent of 18.5 percent was predominantly unconsoli­
dated, and equilibrated in deionized watar to a 
pU of approximately 4,0. Since possible preoxi-
dation could be a cause of sucb low equilibrium 
pu, tests were carried out to estimate Cha degree 
of ore preoxldatlon. Approximately 20 percent 
of the uranium in the ore was extractable by 
water in the presence of sufficient sulfate and 
carbonates during these tests. 

waa determined by both dry and wet screening. 
The results of thla determination are summarized 
in Table 1 for the Texas ore sample and in Table 
2 for the Wyoming Ore Sample used in the alfflula-
tion teats. The chemical and mineralogical 
characterization results for the two samples are 
summarized in Table 3. . . _ 

The ore samples were packed into the glaaa 
columns according to the methoda developed for 
each ore sample. It waa opted to pack the ore 
dry to minimize preoxldatlon during the packing 
operation. Tbe columns were packed In a vertical-
poaltlon and were leachedln ahorizontal-poaltion 
to eliminate any gravity effects on solucion flow, 
fines migration and packing denalty variations 
due to its own weight. Tha packings were 
examined vlaually for voids, faults and gross 
aegregaclon prior to acceptance for wacer flow 
test. Tha packings were flow tested using de­
ionized wacer over a period of 125-200 hours to 
ensure correct permeabllicy and sCablliCy. To 
obtain maximum stability, tha packings werp 
allowed to conaoUdate prior to accepting the 
full teat flow rate. The dry ore packing waa 
wetted very slowly (over a period of 24 to 48 
hours) till solution breakthrough waa observed 
at tbe outlet. The flow was maintained at 
approximately 2 to 5 ml/min. in the firat 24 
hours after breakthrough. At the end of this 
period, it was gradually increased to its full 
value over a period of approximately 18 hours. 
A solution migration rate of 1 ft/hour in the 
packing was considered aa full test flow rate. 
This corresponda to approximately 10-12.5 ml/min 
solution volumetric flow rate. 

TABLE 1 

I . . . . . . 
Summary of the Screen Size Analysis Reaulta for the Texaa Ore Sample 

Sample Size: Dry Screen Size Analysis •• 2000 g 
Net Screen Size Analysis •> 825 g 

Screen Product Cumulative Passing 

( T y l e r 

-10 
- 1 4 
-20 
-28 
-35 
-48 
-65 

-100 
- 1 5 0 -
-200 
-270 
-325 

) Mesh 

+14 
+20 
+28" 
+35 
•Ki8 
+65 

+100 
+150 
+200 
+270 
+325 

Dry 
Weight 

% 

0 . 2 
2.9 
3.5 
2 .7 
5.5 

10.0 
47.9 
17.6 

4 .2 
1.6 
0 .5 
3.4 

Wet 
Weight 

% 

0 . 3 

1.1 
3 .5 

33.9 
34.7 

7.7 
1.4 
0 .7 -

16.2 

(Ty le r ) 
Mesh 

10 
14 
20 
28 
35 • 
48 
65 • 

100 • 
150' • 
200 • 
270 • 
325 

Dry 
Weight 

% 

100.0 
99 .3 
96 .9 
93 .4 
90 .7 
85.2 

-75.2 
27 .3 

V ' - ^ • 
' 5 . 5 
•. 3 . 9 -

3.4 

Wet • 
Weight 

% 

100.0 
— 
— 
— 

99 .2 
9 8 . 1 
94 .6 
60 .7 
26.0 
18 .3 
16.9 
16.2 

The Wyoming ore sample acquired for Che' tests 
was '/ery poorly consolidated, coarse grained, 
Lighc gray Co can' in color, and had a aoiscure 
concenc of 5.3 percenc. Each sample was spread 
over che floor and air dried. , .-̂ fcer screening 
che encire sample at 10 aesh (Tyler), it.was 
stage crushed and ground co -10 aesh. The entire 
-10 nesh ore Chus obcalned was blended cogecher 
by coning and quarcering using a fronC-end 
loader. The size discribucion of each sample 

' The feed vas swicched to the chemical laach 
solucion from deionized waCer, if che packing 

• was found accepCable. The criceria for rejec-
cion could be (a) peraeabilicy of any one sec­
cion oucside che range of 0.5 Co 2.5 darcy and 
(b) development of a fault such as a crack or 
flow corapaction of the packing. The feed solu­
tions were stored in separaCe feed canks to 
prevent premacure decomposicion of che peroxide 
and were ndxed prior to the packing inlec. The 
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TABLE 2 

Summary of the Screen Size Analysis Restilta for the Wvoming Ore Sample 

(Tvle r 

-10 
- 1 4 
-20 
-28 
-35 
- 4 8 
-65 

-IOO 
-150 
-200 
-270 
-325 

Sample S i z e : Dry 
Wet 

Screen P roduc t 

) Mesh 

+14 
+20 
+28 
+35 
+48 
+65 

+100 
+150 
+200 
+270 
+325 

Dry 
Weight 

% 

9 . 3 
2 5 . 1 
16.0 

9 .6 
8 .4 
7.7 
7 .4 
5,0 
4.0 
1.9 
0 .7 
4.9 

Screen 
Screen 

Wet 
Weight 

% 

8.5 
22.6 
1 4 . 1 

8 .2 
7.2 
6 . 3 
5 .4 
4 . 4 
3 ,8 
1.8 
1.1 

16.6 

S ize Analya i s - 2000 
S i ze Ana lya i s - 903 

g 
S 

Cumulat ive Pass inR 

(Ty le r ) 
Mesh 

10 
14 
20 
28-
35 
43 

100 
ISO 
200 
270 
325 

Dry 
Weight 

X 

100.0 
90 .7 
65 .6 
49.6 
40 .0 
31 .6 
23.9 
16 .5 
11 .5 
• 7 . 5 
5.6. 
4 .9 

Wet 
Weight 

% 

100.0 
91 .5 
68 .9 
54 .8 
46 .6 
3 9 . 4 
3 3 . 1 
27.7 
23 .3 
19 .5 
17.7 
16.6 

TABLE 3 

Ore Characterization Sunmary for Texaa and Wyoming Ore Samples 

Fraction Description 

UsOa 
CaO 
M0O3 
V 2 O 5 • •• • ' 

F e •• 

CO2 , • - -
SO4 • • 
T o t a l S • ' ' 
-325 mesh (dry s c r een ) 
-325 mesh (wet s c r e e n ) 
Clay f r a c t i o n 
U - d i s t r i b u t i o n (dry 

s c r een ) 
U - d i s t r i b u t i o n (wet 

sc reen) 
U-minerals 
Clay mine ra l s 
Hea-vy n d n e t a l s (2 .8 ) 

Bulk sample minera logy 

F e l d s p a r / q u a r t z ' r a t i o 
Volcanic rock fragments 
Rock c l a s s i f i c a t i o n 

Texaa Ore Sample 
Weight % 

,0.07%* . 
^0.056Z 

1.63Z 
0.0015Z 
0.041% 
0.58Z 
0.45% 
0.16% 
0.24% 
3.4Z 
16.2Z 
6.9% 
27Z i n -lOOM (27%) 

70% i n -150M (26%) 

Not i d e n t i f i e d • ', 
M o n t m o r i l l o n i t e ' 
Mica, p y r i t e . 

mag n e t i t e 
Qua r t z , montmori l ­

l o n i t e ' , f e l d s p a r 
I T 5 : 
yes 
F e l d s p a t h i c 

L i t h a r e n i c e 

Wyoming Ore Sample 
• Weight % 

,0.119Z* . 
^ 0 . 0 9 U 

1.12Z 
O.OOIZ 
0.014% 
0.94% 
0.84% 
0.005%- , ' . 
0.33% 
4.9% 
16.6%. 
9 .1Z . 
54% i n -48M (32%) 

81% i n -48M (39%) 

Mot i d e n t i f i e d 
M o n t m o r i l l o n i t e ' 
C l o r i t e , c l i n o z o i s i t e . 

p y r i t e , magne t i t e " 
Q u a r t z , f e l d s p a r , mont­

m o r i l l o n i t e , n i c a , 
1T2 

no 
L i t h i c ' . \ 

.•^rcose 

Mean values determined aC Wescinghouse R&D CcnCer, "oased on analyses in 
criplicata.- . ' 
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adjustmenta to the deaired flov vere made by 
increaalng' (or decreaaing) the inlet pressure. 
It was, therefore, constrained by the maximum 
allowable operating preaaure for the glass 
cylinder of 50 psig. For the simulation testa, 
this limit was lowered to 45 psi for added 
safety. 

At the termination of the leach test, the 
packing section waa disconnected from che system 
and allowed to drain vertically. After draining, 
the packing waa retumed to a horizontal position 
for approximately 72 hours to allow tha remaining 
moisture to distribute uniformly. The pressure 
profile along the length of the column was 
recorded every 6 hours to permit estimation of 
permeability changea. Tha cumulaCl've product 
solucion voluma was measured every 48 hours and 
a solution sample was collected for uranium 
analyais. Solution samples along tha length of , 
the packing vere collected approximately every 
48 hours to determine uranium concencracion 
prof ilea. A chemical leach period of a minimum of 
750 houra was obaerved during the teata. 

Simulation Teat Reaulta 

In-situ laach simulation tests were carried 
out with each of the ore samples acquired using 
deionized water, 1.0 g/1 ammonium bicarbonate 
-0.5 g/1 peroxide, 1.0 g/1 sodium carbonate ' 
-0.5 g/1 peroxide, and sulfuric acid solution of 
pH - 1.0. 

In addition to the above, simulation tests 
were carried ouc with the Wyoming ore sample only 
using 1.0 g/1 ammonium bicarbonace, 0.5 g/1 
peroxide, and 1.0 g/1 ammonium bicarbonace -0.5 
g/1 peroxide. 

The laccer three tests were carried out to 
study the effect of each reagent on the leaching 
process and to verify the reproducibility of 
che in-situ slmulaClon test method. The specific 
objectives of each simulation test were to deter^ 
mine: 
• The maximum overall uranium recovery over the 

Cesc duracion. 
o Uranium recovery aa a funccion of Che volume 
of leach solution required at a fixed solution ' 
flux through the ore. 

a Number of bed displacements required to obtain 
the maximum recovery. 

• Permeability change with time. 
The simulation leach studies also sought to 

derive qualitative inferences on the possible 
leach controlling mechanism, effect of solution 
flux upon recovery rate, and the physical phenom­
ena occurring in the simulated ore body (packing) 
during the test. . .' , ' 

The observations and results from all the 
above tests are given in Cheir entirety in the 
Bureau of Mines Open File Reporc No.. 140-77. In 
che following only the permeabiliCy variacions 
and che uranium recovery rates observed during , 
che simulation leach tests wich Che Wyoming ore' 
sample using deionized wacer, 1 g/1 ammonium 
bicarbonace -0.5 g/1 peroxide, 1 g/1 sodium car­
bonaCe -0.3 g/1 peroxide and sulfuric acid of ' . 
?H = 1.0, and chac with Che Texas ore sample 
using deionized wacer and sulfuric acid (pH = 1.0) 
are summarized. . ' • 

Water Leach Teata 

The simulation leach tests using deionized 
water as leach solution was carried out as a con­
trol teat to establish the baseline for the per­
meability changea and the uranium recovery rate 
during the chemical leaching testa.- The per- •-
meability variations for the three sections of 
the packing obaerved during the deionized water 
flow teat with the cwo ore samp lea were s'l ml lar. 
The observations are illustrated in Figure 3 for 
the Wyoming ore sample and in Figure 4 for the 
Texas ore sample. In the case of both the ora 
samples, the permeability of the front and the 
middle seccion remained near inlcial values 
ChroughouC the test. However, Che end seccion 
permeabllicy decreased Co a minimum in the first 
approximaCely 350 hours, followed by a gradual 
recovery Co near initial conditions over the 
reibalnder of tha test duracion. This crough 
shape varlaclon of the end section pexmeablllcy 
waa attributed to the migration of tbe fines 
fraction (decreaaing pormeabllity period) fol- • 
lowed by reorientation of the packing to the 
flow (permeability recovery period). 

The uranitmi recovery rate obaerved, and the 
total carbonate and bicarbonate concentration 
of the product 'solutions (expreaaed as bicar­
bonate ion concentration) are illuatrated in 
Figure 5 for the Wyoming ore sample. The uranium 
recovery rate and the sulfate ion concentrations 
of the product solution obaerved during the teat 
with the Texaa ore aample are given in Figure 6. 
Becauae of the low product aoluCion pH (< 4.8) 
in che caae of Che Texaa ore, the sulfate lon 
concentrations (principal anion) inatead of the 
carbonate-bicarbonate levela, were determined. 
In botb tha tests, the uranium recovery rate 
was directly proporcional Co Che principal anion 
concencracion.in the solution. The overall 
uranium recoveries estimated based on the solu­
tion values (approximately 63% for the Wyoming 
ore and 58% for the Texaa ore) were high relative 
to that estimated on the post leach ore reaidue 
analysis (approximately 30% for the Wyoming ore 
and 48% for the Texaa ore). 

The product solution pH indicated no signifi­
cant change with time over the duration of the 
tests. The solution equilibrlated to pH approxi­
mately 8.25 with the Wyoming ore and to approxi­
mately 3.7 with the Texas ore sample. The pro­
duct solution redox potential (measured on a 
Pt-Ag/Ag'*'Cl~ electrode system) in both tests 
indicated the reducing nature of the ore pack­
ings . The redox potential observed were in the' 
range'of.+190 mV to +250 mV with the Wyoming 
ore sample and +220 mV to +280 mV with the Texas 
ore sample.- • ' 

Ammonitmi Bicarbonate Leaching 

The permeability and flow variations observed 
during the simulation test wich Che Wyoming ore 
sample using ammonium bicarbonace-peroxide leach 
solucion is given in Figure 7. Upon incroduceion 
of che ammonium bicarbonace-peroxide leach solu­
cion, Che fronc ore section permeabllicy de­
creased from approximately 0.75 darcy co 0.25 
darcy in the firsC 40 hours, and displayed a 
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gradual decrease during Che remainder of the-
test. The permeability of the middle and end 
section decreased to a lesser degree than that 
of the front section upon chemical introduction. 
However, these recovered to near original values. 
during the test. 

This test is an example of shift in the sys­
tem operation mode from constant flow to constant 
inlet pressure. Adjustments, to mainCain constant 
flow were made only during the first approximate­
ly 50 hours, as the maximum acceptable inlet 
pressure (45 psig) was attained at the end of 
this period. The leach system was allowed to 
drift with respect to volumetric flow rate over 
the cemainder of the test. During this teat, 
it waa difficult co maintain an equal volume 
flov of each solution (reagent ,-and, oxldonc) . The 
actual oxldant-co-reagent flov ratio varied from 
0.82 to 2.5 based on average flow rates calcu­
lated using the volume changes in the feed tanks. 

The uranium recovery obaerved and' the bicar­
bonate ion concentration of the product solution 
with time for the Wyoming ore sample are illus­
trated in Figure 8 as a function of the product- , 
solution volume collected. Based on the product 
solution uranium values, 86.7Z of the uranium in 
the packing vas recovered. Based on the analyais 
of the ore before and after the leaching opera­
tion, the overall uranium recovery achieved was-
78.8%. Even though the bicarbonate concentration, 
varied over the duration of the test, the recov­
ery rate seemed unaffected by it. This is due to 
the presence of sufficient anion to complex the 
available uranium,, even at the minimum reagent 
concentration of 570 ppm .obtained at oxidant to 
reagent flow ratio of '2;5. The uranium concen­
tration levela observed in solution were typical 
of in-altu leach solution levela. The,equilib­
rium pH obaerved was nearly constant in the 
range.of 7,80 to 8.20. The redox potencial.of 
the solution samples were, in general, lower 
than those observed with deionized water by 
approximately 50 to 100 mV. The decreaaing 
redox potential from the inlet to the outlet 
was scill observed. A duplicate leach test was . 
carried out to verify the reproducibility of the 
experimental method. Similar permeability varia­
tiona as observed in Che firsC cest were observed. 
An overall uranium recovery of, 81.2Z based ou 
solution concentrations and 73.9% based on the . 
residue concentrations was obtained during the. 
duplicate cesc. The results indicated that the 
simulation test method was reproducible within 
the margin of experimental variance. 

The- leach test with the Texas ore sample 
using 1.0 g/1 ammonium bicarbonate -0.5 g/1 
peroxide leach solution was aborted because of 
loss of control of the feed reagent to oxidant 
composition ratio. The poor permeability of the 
packing to Che leach aoluCion caused flow races ' 
coo low CO tnonicor leading Co loss of concrol^ 

Sodium Carbonace Leaehing , .' .. ,.. 

In packing Che column for the leaching of Che " 
Wyoming ore using sodium carbonace-peroxida 
solution, a- 50-50 mixture of sand and ore was 
used at the- inlec inscead of Che sand only. 
Tnis was done co give che inlec seccion addicional 
mechanical scabilicy. Upon ineroduccion of che 
1.0 g/1 sodium carbonaCa -0.5 g/1 peroxide leach 
solucion (pH 2i5-0), che permeability of che 

column decreased very rapidly, leading to losa 
of control over the feed compoaition. Near 
plugging eondltlona were reached in approximately 
50 houra from the time of chemical introduction. 
The permeability and the flow changea observed 
during this test are shown in Figure 9. Similar 
ore behavior was observed during the test with 
the Texas ore sample using sodium carbonate-
peroxide solution. The rate of permeability losa 
waa more rapid in the caae of the Texaa ora, 
than that observed with the Wyoming ore sample. 
These tests were aborted due to losa of control 
on feed, before the carbonate breakthrough at 
the outlet could be obtained. Therefore, no 
uranium recovery rates for the sodium carbonate-
perozlda leach solution were obtained. 

Sulfuric Acid Leaching 

The permeability and flov variations observed 
during sulfuric add leaching of the Wyoming ore 
sample ara given in Figure 10. Upon acid injec­
tion the front ore seccion permeability decreased 
rapidly in the first 50 houra (from 2.0 to 0.25 
darcy), folloved by a gradual decreaae at a very 
slov rate. A similar decreaae but of lover mag­
nitude was observed of the middle and the end 
section permeabilitiea. However, gradually 
recovered (in approximately 300 hours) to near 
their original values. 

The uranium recovery obtained and the sulfate 
ion concentration in the product solutions col­
lected as a function of the total volume of solu­
tion processed, for tbe Wyoming ore sample, are 
illuatrated in Figure 11. The uranium concen--
tratlon in tbe product solution exhibited a -'/ery 
sharp breakthrough and cut-off with minimum 
tailing. Approximately 89.2% of the uranium in 
the ore was recovered based on the solution con­
centrations and approximately 83.7% based on the-
solid residue analysis. Straight line recovery 
data generally indicate an equilibrium con-
sCralned syaCem, and, Che reco-vety rate inaensl-
tive to leach solution flov variationa. The 
sulfuric acid leaching of the Wyoming ore sample 
seemed to indicate this behavior. .Although the 
recovery data Indicate equilibrium, the iden­
tity of che mechanism or reaction at equilibrium 
is not understood. The redox potentials observed 
were in the range of 170 to 200 mV during the' 
water flow test period (increasing from the Inlet 
to the outlet), and indicated a breakthrough 
similar to the pH breakthrough. The redox 
potential decreased from +440 mV at the inlet 
to +385 mV at the outlet, indicating the reducing 
capa(;lty of the ore. 

A rapid decreaae in the permeability of all 
three- secclons of che ore packing upon sulfuric 
acid (pH = 1.0) incroduceion was also observed 
with Che Texas ore sample. However, unlike in • 
Chj case of ehe Wyoming ore sample, Che middle 
ani Che end section pemeabilicies did noc 
re :over afcer the inicial decrease. The per-
ae ibilicy and flow variacions observed during 
ch:.s test: are shown in Figure 12. Because of 
ch(! poor permeabllicy of the packing only Cwo -• 
packing volumes (or approxinacely 6.5 void 
vo^.unes) of solucion uere passed chrough che 
Te>:as ore packing during Chis Cesc. An overall 
retovery of 75.9% based on che solucion uranium 
vaJue (and 37 .'2% based on che residue value) was 
obslerved. However, Che concrlbucion Co Che 
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overall recovery- (solution value based) during, 
tbe water flow teat period waa approximaCely 
47.3%. The uranium recovery and Che suiface 
ion concentrations obaerved in the product 
solution for the Texaa ore sample are illustrated 
in Figure 13. The slow response of the uranium 
in the product solution to acid introduction was 
attributed to uranium reprecipitation wichin the 
packing. The reprecipitation occurred in the 
neutralization reaction zone betveen the acid 
and the ore. This conclusion, was based on Che 
solution uranium concentration profiles obtained 
along the length of the packing. Tha pH pro­
files indicated a slow neutralization rate of 
the acid by the ore (wlcb a reac Cion zone lengcb 
of 50.5 in. ac a solucion flov race of 1 Co 2 
ml/mln) . The delay in sulfaCa breakcbrough could 
probably be accrlbuCed co che long ceCenclon cime 
of solucion in ore, leading co coCal relaxation 
of gypsum superaacuxaclon vithin tha column. 
This vould explain tbe observed beha-vlor of tha 
middle and the end section permeabilities noc 
recovering•to their original values. 

Permeability Change Mechanism 

Based on thc observations vltb the three 
leach solutions and the tvo ore samples, the 
following mechaniama are propoaed for the per­
meability variationa observed; 

Ammonium Bicarbonate/Sodium Carbonate-Peroxide 
Leach System 

The rapid decay of the permeabllicy of the 
packings during leaching by ammonium bicarbonate 
or sodium carbonate solucions wlCh peroxide as 
oxidant may be caused by (a) calcium carbonate 
precipitation within- the packing, (b) clay reac­
tion to the chemical reagent, and (c) gas block­
age of the packing caused by the rapid decompo­
sition of the peroxide upon contact wltb tha 
reduced ore-. 

The principal source of calcium ion for pre­
cipitation is the montmorillonite clay fraction 
of the ore. It can be estimated that if all the 
calcium present in tha clay ba precipitated, it 
amounts to only 0.5 percent increase in flnea 
fraction of the packing and could be significant 
to the permeability change. The tvo mechanism 
by which clay fraction affects the permeability 
are [1]: (a) structural expansion of clay par­
ticles in which water adsorbs In the interlayar. 
spacing betveen the silicate units. Structural 
expansion consumes pore space in the packing to 
decreaae the permeability; (b) deflocculatlon 
and dispersion of individual clay particles 
followed by migration downstream until chey lodge' 
at che pore inlets to plug the smaller pores and 
constrict the larger pores. The deflocculatlon 
is caused by che d.i3sociaClon of Che surface 
cacions (ammonium and sodium) in diluce or low 
ionic screngch solucions leading to increased 
electroscacic repulsion forces between che 
particles. ' . , 

The contribution Co che reduction in per­
meabllicy by 3cruccura!l expansion is considered 
small since Na''" or NĤ "*" as exchangeable cation , , 
is generally associated with a single layer of 
wacer and calcium ion is generally associated 
wich Cwo aolecular layers of wacer [2]. It is 
reasonable co assume thac che clay is predomi-
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nanCly in calcium form prior to chemical leach­
ing. Therefore, sodium or ammonium lona ahould 
noc causa any addicional scrucCural expansion. 

Alchough it is difficult to estimate the 
effect of deflocculatlon and migration of clay 
particles, it is considered a plausible mechanism 
that could lead to the types of permeability 
changea obaerved. - • -

Oxygen blockage of the packing la conaidered 
a likely mechanism cauaing the permeability 
decreaae obaerved upon chemical introduction. 
The decompoaition of peroxide ia autocatalytic 
and once initiated can proceed rapidly to com^ 
pleclon. Tbe decomposicion is Iniclated by tbe 
presence of reduced ora. Tha oxygen released 
nucleates on the solid parclclea wichin cbe void 
space. Tbe nac effecC of Chia nucleadon is to 
(a) reduce the area available for flov, (b) in­
crease tortuoalcy of Cbe packing, and (c) increase 
tha concrlbucion of gas-liquid surface tension 
forces. A simple model based on tbe first order 
effect tbat the area available for tbe flov la 
inversely proportional to the voluma of gas en­
trained was applied to the leaching of tha 
Wyoming ore sample using ammonium bicarbonate-
peroxide solution. The estimated permeability 
based on this simple model was in good agreement 
with the observed value. 

Sulfuric Acid Leaching 

Permeabllicy changes during acid leaching of 
ore samples could be caused by- (a) increase In 
cbe fracclon of fines, changes in cbe shape of 
the parclcles and in tbe viscoslcy of Che solu­
tion caused by Cha dlssoluCion of ore, (b) pre­
cipi cacion of heavy matols in, Cbe leading edge 
of Cbe neucrallzacion reaccion zone, (c) pce-
ciplcacion o£ gypaum, and (d) carbon,dioxlda 
blockage caused by the acclon of acid on cbe 
calcium carbonate. Among these, only tbe pre­
cipitation of gjrpaim and carbon dioxide blockage 
of tbe packing were considered to be significant. 

The post precipitation of gypaum ia slow. 
This Is considered a viable mechanism for the 
gradual drop in permeability observed during 
acid leach. The sensitivity of a given packing 
to any of the mechanism will be a function of 
the particle size distribution, shape factor of 
the particles and the packing mean pore diameter. 
The precipitation of gypsum downstream could aid 
in the conaolldatlon of the packing, leading to 
a more rigid packing to pressure drop- variations . 
Furthermore, precipitation of gypsum could reduce 
the.permeability by the gradual decrease in the 
bed -voidage of the ore. This may explain the 
lack of recovery of the middle and end section 
permeabilities during the acid leaching of the 
Texas are sample. 

The p'nysical resemblance and the rapidity of 
the change in permeability of the fronc seccion 
observed Co ChaC during bicarbonace-peroxide 
leaching, indicaces chat carbon-dioxide may be 
che dominanc cause of che permeabi11Cy drop 
observed. Ih che case of che Wyoming ore, che 
carbonate content of the frcnC seccion (0.84 wc' 
CO2) alone Is equlvalenC co 25.29 licers of 
carbon-dioxide ac a mean pressure of 28.35 psig 
(pressure corresponding co Che mean pressure of 

• che front seccion). This is approximately eight 
times che void volume in chis seccion. Calcu-
laCions similar co chose carried ouc in che case 



bicarbonate-peroxide leach solutions, would 
indicate definite rapid permeability change of 
the front section of the packing from the carbon 
dioxide evolution. 

In sunmary, Che most likely mechanisms cauaing 
the rapid change in the pemaabllicy of the front 
section are (a) the deflocculatlon and migration 
of clay particles and oxygen blockage in the case, 
of bicarbonate or carbonaCe solutiona with per^ 
oxide as oxidant, and (b) carbon dioxide- blockage 
in che case of acid leach solucions. The gradual 
decreaae In che permeability, In the mse of bicar­
bonate-carbonate solutiona may be caused by (a) 
clay swelling from hydration of the clay and (b) 
calcite precipitation. The gradual decrease in 
the-permeabllicy in che case-of .-add leach may 
be caused by (a) change in packing and solucion 
characcerlsclcs due to add dissolution of oce 
and (b) gypsum post predpitation. . 

Discussion of the Simulation Teiat Findings 

Because of the capability Co obtain represen­
tative ore packings consistently and the capa­
bility to produce the physical phenomena of in:- . 
situ leaching, the simulation teat is a,superior 
laboratory method to the existing methods of 
studying in-siCu leaching. The phenomena such 
as reprecipitation of uradum at the leading edge 
of a neutralization (pH) front, uranium exhaus­
tion front movement rate, etc., are nearly 
impossible to detect in short packings or undis­
turbed core teata. In addtlon, tbe simulation 
test could be of assistance in qualicaclvely 
escimacing the -Impact of various mechadama that 
cauae permeability changea. 

Even though the tests exposed the complex 
nature of in-altu leaching, effects udqua to 
the low pressure operation, in the teats per­
formed, mlghc have maaked che true nature of tbe -
permeability changea occurring in the ore pack­
ing. The madfestatlon of gaa blockage of an-
ore body could not occur when the absolute prea- , 
sura at any point along the flow line la less 
than the partial pressure of the gaa correspond-, 
ing to its solution concentration at that point. 
Therefore, Co prevent any gas liberation in che . 
ore body, che only sufficient condition is that 
the packing ba operated at a m-in-fnium pressure .. 
greater than the partial pressure of the gas 
corresponding to its solution concentration at 
all points in the packing. 

The simulation tests exposed the importance . 
of correct size distribution in achieving succeas-
ful testing. Texas ore with finer particles and 
near bi-aodal diatribution represented the un­
desirable end of the spectrum. The sensitivity 
of a pac'icing'to plugging by precipitation clay 
swelling or gas blockage is a strong function of 
che mean pora diameter, particle shape factor 
and surface tension characteristics. Selection-, 
of the correct size reduction unit operation , . ' 
may be critical co Chis affecc.-

An area of concern was che poCencial for the­
oxidation of uranium by che dissolved ox>-gen con- , 
cenc of che wacer during ehe wacer flow cest . .. . 
period. Calculations indicated Chat in 125 hours 
at 10̂ -ml/min flow of water enough oxygen at 3 ppm 
lave'i is available co oxidize 8.925 g of uranium. 
This is approximaCely 40 percenc of the cotal 
uranium in a simalacion test wich che Texas ore. 
This, in addicion co 20 percenc preoxidacion 
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during ore processing, allows 60 percent ex t rac­
tions i f suff icienc complexing agenc i s mada 
a v d l a b l a . 

The high recoveries obtained with the Wyoming 
ore sample (86.7 percent with NH4HCO3-H2O2 leach 
and approximately 89.2 percent wich a d d ) may be 
indicat ive of high acces s ib i l i t y of the uradum 
to leach so lu t ion . Since che effor t i s directed 
at simulation of i n - s l t u leaching, i t i s e s sen t i a l 
to identify the d f fa rences becween uradum 
sccurrence in the formation underground and In 
the processed ora . This i s considered important 
to understand the k ine t ics of leach phenomena. 
For instance, leaching of very accessible uradum 
Ln tha ore may ba control led by dissolut ion r a t e 
whereas a very inaccessibla uradum in the ore 
aay be concrollad by tba oxidation r a t e . Tba 
sffecc of daao lvad oxygen (8 ppm) in tha solu-
:lon in the two cases would be vast ly d i f ferenc . 
[Iha accessible uradum w i l l ba r e a d l y preozl-
ilzad, thereby dis torc lng the leach responses 
ibserved. 

Tha Phase 17 of this cont lndng development 
irogram bas been addressed to o b t d n quan t i t a t ive 
msvars to soma of these quea t iona. 

Conclusions 

A method to simulate i n - s i t u leaching repro-
i u d b l l l t y in. tba laboratory was developed, 

.lltbough the conclusions aummarized are speci f ic 
:o the par t icular , ora samples used in the teata 
tnd the lov preaaure nature of the ayacem, the 

'[ualiCaClva and r a l a t i v e concluaiona do pro-vide 
ienaral i t iea of In t e r e s t in understandng i n - s l t u 
Leaching. 

In the tea ts carried out using representat ive 
liamples of ores from Texaa and Wyoming, the-
;iulfuric, acid aolutlon gave higher solut ion 
iradimi concencracions, and shorter r i s e and 
fall Cimea for the uradum solubi l iza t ion than 
:he ammodimi bicarbonate-peroxide laach solucion. 
'urchermore, only 75-85% of the uranium in tha 

ores was extractable by e i the r leach so lu t ion . 
':he remaidng uranium i s believed to be inacces-
iiible to the leach so lu t ion . During acid leach­
i.ng of the ore samples, p rec ip i ta t ion of the 
iixtracted uranium does occur at the high pU edge 

of the neut ra l iza t ion zone. The precipi ta ted 
uradum i s redissol-ved a t tha low pH edge of tha 
•reaction zone. The leaehing of uranium by baaic 
- p̂H 4 7) leach solutions was leaching r a t e , 
jikinetic) constrained in the 12 f t . long ore 
jacking length and solution retention times in 
iia» range of 12-32 hours. The leaching by acid 

i.each solut ion under s imilar condt ions was 
(iquilibrium constrained. 

Sulfuric acid and ammonium bicarbonate leach 
io lu t ions gave higher overall uranium recovery 
l a tes and ore packing permeabili t ies than the 
<odium carbonate so lu t ion . Comparable per-
cieabil i t ies were obtained using che acid and che 
i.mmonium bicarfaonaCB solucions . Deflocculaclon 
end nigrat lon of moncmorillonite clay and oxygen 
}lockage of the packing were considered che s ig -
tilficant aechadsms leading to rapid decay in 
i;he packing permeability vich aikaline laach 
solucions.- Wich acid leach solucion, che carbon-
(ioxide blockage was considered the significanC 
Eiechanism. The gas blockage ot Cha packing .-nay 
be unique Co Che low pressure naCure of che cescs 
;,nd may noc occur if the cests are carried ouc 
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! : at near formation pressures . 
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IN-SITU MINING OF COPPER AND NICKEL 

BACKGROUND O F THE INVENTION 

This invention relates to a process for in-situ mining 5 
of copper and nickel from a deep subterranean ore body 
using a stable, two phase lixiviant. More specificially, it 
relates lo a modification of the process set forth in co­
pending patent application Ser. No. 724,548 entitled 
In-Situ Mining Method and Apparatus filed on even date 10 
herewith, the teachings of which are incorporated 
herein by reference. 

There is known to be located through out various 
regions of the globe, large, deep lying deposits of cop­
per in the form of low grade porphyry ores. A porphyry 15 
deposit is one in which the copper bearing minerals 
occur in disseminated grain and/or in veinlets through a 
large volume of rock such as schist, silicated limestone, 
and volcanic rock. Acid igenous intrusive rocks are 
usually in close association. The deposits are typically 20 
large tonnage but low grade, and have an average cop­
per concentration of less than about 1 percent. Copper 
minerals found in these deposits are usually sulfides and 
most commonly are chalcopyrite. There are also mas­
sive sulfide de[x>sits treatable by the present invention 25 
which are deep seated and contain discrete blebs of 
nickel sulfide, copper sulfide, or copper-nickel sulfide in 
association with iron sulfide. A representative list of 
minerals which can be treated to recover copper using 
the process of this invention includes chalcocite, dige- 30 
nite, covellite, pentlandite, heazlewoodite, vaesite, and 
violarite. 

When a deposit ofthe type described is of sufficiently 
high grade and outcrops on the surface or is sufficiently 
close to the surface, the ore may be mined by open pit 35 
methods, and the metal values separated from the 
gangue constituents by techniques such as floatation. 

Deeply buried or very low grade copper deposits 
cannot be easily exploited. Conventional oi>en pit min­
ing is not available because the costs involved are pro- 40 
hibitive and because landscape destructive oi>en pit 
mining techniques have been restricted in many areas. 

It has been prof>osed to extract the copper from the 
deeply buried porphyry deposits by in-situ leaching 
techniques. With in-situ mining, a hole is drilled and a 43 
leach liquor is pumped down the hole into the ore con­
taining the metal to be recovered. After the liquor has 
leached the meta! values, it is brought back to the sur­
face and the values are recovered. 

There are many prior art procedures for in-situ min- 50 
ing. Most of these procedures, however, involve rubbl­
izing the ore which is to be leached by explosive meth­
ods. In contrast, the process and apparatus disclosed in 
the aforementioned copending Ser. No. 724,548 and the 
instant invention involve leaching the copper in-situ, 55 
without rubblizing the ore by employing a two-phase 
lixiviant comprising very small oxygen containing gas 
bubbles admixed with leach liquor. For this method to 
be successful, the oxygen containing bubbles must be 
small enough to penetrate the natural fracture openings 60 
within the rock so thaf the sulfidic minerals may be 
oxidized. Thereafter, the leach liquor solubilizes the 
metal values. 

Prior to the present invention and prior to the process 
disclosed in the aforementioned copending U.S. Ser. 65 
No. 724,548 two-phase lixiviants useful for such pur­
poses, although theoretically desirable, were thought to 
be unattractive for a number of reasons. The two pri­

mary problems were the size of the bubbles and the 
difficulties stemming from phase separation, i.e., forma­
tion of gas pockets. So severe were the problems asso­
ciated with such two-phase in-situ mining procedures, 
that research in this area has been discouraged. 

The types of copper and nickel bearing ores with 
which the present invention is concerned generally 
have a porosity of about 3 % and are found on the order 
of 2,000 feet below the surface. The cracks, pores, and 
other fracture openings in these rocks usually have 
dimensions on the order of 10 to 300 microns. Since 
these openings contain the metal values of interest, and 
since the sulfidic minerals in which the metal values are 
contained must be oxidized before the leach liquor can 
take effect, it is necessary that the lixiviant contain a 
high concentration of oxygen containing bubbles small 
enough to move freely through the openings. Tlie ideal 
lixiviant would comprise a leach liquor containing a 
high concentration of oxygen in the form of stabie bub­
bles having a diameter less than about 10 microns. It is 
also desirable that the lixiviant have a viscosity at the 
temperature of use cf close to 1.0 centipose. 

In practice, as mentioned above, such a two-phase 
lixiviant has been difficult to produce and even more 
difficult to maintain. Methods are known for forming 
small bubbles in a liquid, but in the known two-phase 
systems, the bubbles tend to coalesce, form larger bub­
bles, and ultimately form large pKJckets of gas. The 
higher the viscosity of the liquid phase, the easier it is to 
form bubbles ofthe size described and to maintain them. 
In systems using low viscosity compounds with the 
high volume fraction of gas, i.e. higher than 15-30%, 
production and maintenance of small gas bubbles be­
comes very difficult. Another variable which affects the 
stability of gas bubbles in a two-phase system is the flow 
rate ofthe lixiviant. Generally, it has been observed that 
.the higher the flow rate, the easier it is to maintain the 
gas-liquid dispersion. However, in use, there is an upper 
limit in the flow rate which limit makes unavailable any 
advantage which inight theoretically be gained by em­
ploying a high flow rate. When deterioration of the 
two-phase systeni occurs in the in-situ mining proce­
dure such as thai disclosed in the aforementioned co­
pending application, a two-phase lixiviant is rendered 
inoperative or unacceptably inefficient. 

SUMMARY O F T H E INVENTION 

The present invention provides an in-situ mining pro­
cess which utilizes a stable, two-phase lixiviant suitable 
for mining copper and nickel contained in sulfidic ore 
deposits characterized by natural microscopic fracture 
openings. The lixiviant comprises an aqueous leach 
liquor phase, a multiplicity of oxygen containing bub­
bles having a size, when subjected to the pressure em­
ployed during the in-situ mining, sufficient to pass 
through the fracture openings in the ore fonnation and 
a surfactant for maintaining the size and individuality of 
the bubbles and for enhancing the mass transfer rate of 
oxygen to the metal values of interest. In preferred 
embodiments of the process of the invention, the bub­
bles in the lixiviant are less than 10 microns in diameter. 

Surprisingly, it has been discovered that many surfac­
tants, when added to the liquor phase prior to introduc­
tion of the bubbles, greatly increases the stability of 
bubbles fonned, enables smaller bubbles to be formed, 
and tends to maintain the size ofthe smaller bubbles for 
a substantial time during the mining procedure. In addi­
tion to the surfactant, the lixiviant may include alumi-
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num ions for further minimizing coalescence of the Still another object of the invention is to provide a 
bubbles and an agent to increase solubilization of Ca++ process utilizing a lixiviant containing oxygen bubbles 
ions which are often present in ore fonnations. less than about 10 microns in size. 

The term "surfactant" as used herein is an abbreviated Another object of the invention is to provide an in-
term for "surface active agent." A surfactant is any 5 sit" mining procedure which omits the step of rubbliz-
compound that usually reduces surface tension when '"8 the ore in fhe leaching interval, 
dissolved in water or water solutions, or which simi- Another object of the invention is to provide a pro-
larly affects interfacial tension between two liquids. " s s utilizing an ammoniated leach liquor containing 
Soap is such a material but the terra is more frequently s'nall bubbles of oxygen containing gas which resist 
applied to organic derivatives such as sodium salts of ' ° coalescence to an improved degree and which thereby 
high molecular weight alkyl sulfates, alkyl sulfonates minimizes the formation of gas pockets in the leaching 
and other organic derived surfactants as further de- ^ ° " ^ °'' '"'^rval. 
scribed herein Another object of the invention is to provide an eco-

The addition of one or more surfactants to the lixivi- " ° ™ " ' P^^^^f" ^ ° ' obtaining copper and/or nickel 
ant also imparts increased wetting ability ofthe mineral ' ' from deep, subterranean or submerged deposits. 
,...,?„ II J • u uui • J • Yet another object ofthe invention IS to leach copper 
surfaces as well as reducing bubble size and increasmg . L i- • • . . • • _i- . . 
. . . . , £,..„ r ., .. r ., using a two phase lixiviant containing a surfactant 
the intersurface area. Still further, the surfactants , . ° , . . . . . . , „ f .u u ~r 
, .-,. . - . , which inhibits coalescence of the phases, 
known ability to reduce surface tension tends to en­
hance the mass transfer rate of oxygen with the ore of ^Q BRIEF DESCRIPTION OF THE DRAWING 
interest. The preferred aqueous phase comprises an p , G , jj, ^ schematic representation of laboratory 
ammoniacal leach liquor, although, as will be set forth apparatus for measuring the bubble size of two phase 
below, other aqueous phases are contemplated for cer- lixiviant formulations-
tain applications. P J Q 2 is a schematic diagram showing laboratory 

In accordance with the invention, an injection hole 25 apparatus for testing the stability, under various condi-
and at least one recovery hole are drilled to provide tions, of two phase lixiviants; 
communication with the ore body. The stable, two FIGS. 3-6 are graphs made from data derived frora 
phase lixiviant is then forced through the ore body experiments conducted using the apparatus of FIG. 2; 
under pressure, the oxygen bubbles passing through the and 
fracture openings and oxidizing the sulfidic minerals. 30 FIG. 7 is a schematic diagram illustrating one em-
The copper and/or nickel ions are solubilized in the bodiment of the process of the invention, 
aqueous phase and recovered through the recovery nPSPRTPTION OF THF P R F F F R R F D 
hole. Copper and/or nickel raetal may then be recov- ^ M n n T ^ M ^ N T ' 
ered from the pregnant liquor by conventional tech- EMBODIMENT 
niques. The two phases of the lixiviant may be put to- 35 At the outset, the invention is described in its broadest 
gether either at the well head or, preferably, at a point overall aspects with a more detailed description follow-
well below ground level close to the leaching interval. ing. According to an important aspect of the invention. 
In this latter regard, see copending U.S. application Ser. it has been found that in-situ mining of copper and 
No. 724,549 entitled "In Situ Method and Apparatus for nickel values is possible in deep ore formations of the 
Sparging Gas Bubbles" filed on even date herewith, the 40 type characterized by the presence of sulfidic mineral 
disclosure of which is incorporated herein by reference. a"'' by natural microscopic fracture openings, without 

In the process disclosed in U.S. application Ser. No. rubblizing, if a stabilized, two-phase lixiviant compris-
724,548, apparatus is employed adjacent the bottom of ' "8 »" aqueous ammoniacal leach liquor and a multiplic-
the injection hole at the leaching interval to minimize '^y ofoxygen containing bubbles having a size sufiicient 
separation of the phases of the two phase lixiviant. '»' to pass through the fracture openings in the formation is 
Briefly explained, the apparatus comprises an exhauster employed. According to another aspect of the uiven-
and tail pipe located below a cemented off portion of *;°" ' " ^ ^ ^ ^ ^ ^ discovered that a large number of sur-
the injection pipe. Two phase lixiviant passing through ^^'^^^i^ ^!"'=»' " '^ available commercially when added 
.u^ « t. . . J J • .Z in a effective amount (usually about 5 to 200 parts per the exhauster creates a reduced pressure zone in the ,„ .„. . ., .̂  . r.i_ . L I- • • . 
„ . „ , . . . . . J .u • • . .u 50 million) to the aqueous phase of the two phase lixiviant 
exhauster by aspiration and then passes out into the . -. . . . , .. j .- r . . . . .•' ; . , . . . . 1 • — . . . descnbed above, enable the production ofoxygen con-
injection interval through the tail pipe. Gas which sepa- . - . . , . , r . i . • j .1 J _ 

. , L .• • • . 11 . • L . , J. \^ taming bubbles of the necessary size and greatly reduce 
rates from the hxiviant collects in the hole adjacent the ^j,^ ^̂ ^̂ ^ ^^ ^ ^ ^^^ ^ ^ ^^ ^ i„,^ ,j i^ 
exhauster and is drawn into the lixiviant stream. In the ^„^ ^ ^ ^ ^ j ^ ^ ^^^uces the tendency of the 
process of the present invention, the provision of the 55 bubbles to coalesce 
surfactant stabilized lixiviant substantially reduces sepa- ^^^ improved stability of the lixiviant greatly en-
ration of the phases and hence improves the efiiciency dances the distribution of oxygen within the leaching 
of the leaching process. interval and ensures delivery ofthe gaseous phase to the 

Accordingly, it is an object of the invention to pro- ore even at relatively low lixiviant downward linear 
vide a process for in-situ mining of copper and nickel go velocity in the pipe. Accordingly, the stabilized lixivi-
bearing ores of the type which have naturally occurring ants make possible a relatively efiicient and inexpensive 
microscopic fractures therein and which contain sul- in-situ mining process which heretofore was believed 
fidic minerals which must be oxidized before being impossible to accomplish. Furthermore, the presence of 
leached. a surfactant in the lixiviant has been observed to en-

Another object of the invention is to provide a pro- 65 hance the mass transfer rate of oxygen to such ores, 
cess utilizing a lixiviant having gaseous oxygen contain- Referring to FIG. 1, laboratory apparatus for produc­
ing bubbles small enough to penetrate microscopic frac- ing two phase lixiviants and for measuring the size of 
tures found within ores of the type described. the bubbles dispersed therein is shown. TTie apparatus 
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consists of sparger 10 and a bubble viewer 12. The 
viewer 12 comprising a clear plastic case, 0.25 inch in 
depth, 2.5 inches wide, and 6 inches high. The outlet of 
the viewer 12 (not shown) is partially submerged in a 
beaker full of water which keeps the viewer full of fluid 
during experimentation. The upper portion 14 of the 
viewer 12 contains a layer 16 of glass beads which re­
duces vortex formation while the viewer of the appara­
tus is filled with a lixiviant. 

The sparger comprises a } inch inside diameter stain­
less steel sintered, porous tube 18, enclosed by a pipe 20, 
which may be filled with pressurized gas through gas 
inlet 22. A PVC plug 24 sealed to the bottom ofthe pipe 
20 by an O-ring 26 serves as an air-tight connection 
between sparger 10 and viewer 12. 

As a modification of the apparatus of FIG. 1, a 
twisted stainless steel strap (not shown) having one 
spiral per inch may be inserted into the porous tube 18. 
The spiral is designed to create an angular velocity 
component in addition to the longitudinal velocity com­
ponent, both components being the same order of mag­
nitude. 

In use, the apparatus is filled with liquid, and water or 
ammoniated water is introduced through the top of 
porous tube 18 at a given flow rate. Gas (nitrogen, air, 25 
oxygen, or oxygen enriched air) is introduced through 
gas inlet 22 under pressure and thereby forced through 
the porous walls of tube 18. The gas may also include 
various gaseous oxidants comprising acid forming gases 
such as SO2, SO3, or NO2. TTie gas bubbles produced 30 
within the tube 18 are then sheared from the interior 
walls of tube 18 and carried through plug 24 and glass 
beads 16 into the viewing area 13 of viewer 12 by the 
liquid flow. Using this procedure and apparatus, it is 
possible to study the effects of various parameters on 35 
the bubble size and stability of lixiviants produced, e.g., 
the effect ofthe gas fiow rate, liquid fiow rate, inclusion 
ofthe spiral, and the inclusion of various additives com­
bined with the liquid phase of the lixiviants. The object 
of the experiments was to produce a stable, two-phase 40 
lixiviant which could be delivered to the leaching inter­
val of an in-situ mine at a reasonable flow rate without 
phase separation. In this regard, it has been discovered 
that the success of such lixiviants in in-situ mining tech­
niques depends on the size of the gas bubbles being 45 
generally about 10-100 microns. 

The size of a single gas bubble, in general, can be 
determined quite easily from its ascending velocity in a 
fluid of known viscosity. However, the apparatus of 
FIG. 1 was developed since there was no established 50 
method for measuring the size of large numbers of gas 
bubbles in the fluid. The size of bubbles present in the 
viewing area 13 ofthe apparatus of FIG. 1 may be easily 
determined if a photograph is taken of viewing area 13. 
The photographic method was employed because it was 55 
both direct and simple. 

From a series of experiments on various lixiviants 
produced using the apparatus of FIG. 1, a lixiviant has 
been developed which makes the in situ mining of the 
type described above more efficient. Specifically, the 60 
addition of an effective amount of one or more surfac­
tants to the aqueous phase of the two-phase lixiviants 
produced enabled the production of bubbles of the de­
sired size range and substantially reduced coalescence 
of bubbles. With a surfactant, the size ofthe bubbles are 65 
within the range of 0.1 to 0.5 mm (lixiviant at atmo­
spheric pressure). Without a surfactant, two-phase lixiv­
iants produced under identical conditioris have a bubble 

size range of 1.0 to 1.5 mm. In short, the addition ofthe 
surfactant yields a 3 to 15 times improvement in gas 
bubble size distribution in the low pressure simulator of 
FIG. 1. These results have been observed to be repro­
ducible and even improved upon in commercial em­
bodiments of the lixiviant production apparatus of the 
type described in the aforementioned U.S. applications 
Ser. Nos. 724,548 and 724,549. Further, some attempts 
at in-situ mining operations which failed when conven­
tional two-phase lixiviants were employed because of 
the formation of debilitating gas pockets, were rendered 
successful by using the modified process of the instant 
invention employing the surfactant stabilized lixiviant. 

With conventional two phase lixiviants, the minimum 
liquid downward velocity of the lixiviant is about one 
foot per second. Af slower velocities, jjockets of gas 
tend to form and the upward rise of the bubbles exceeds 
the downward fiow of the liquid. However, the addi­
tion of as little as 25 parts per million surfactant in the 
lixiviant reduces the minimum downward velocity of 
the liquid phase by a factor between about 3 and 5. 

The exact nature of the surfactant useful in the lixivi­
ant compositions of the invention is not particularly 
critical. A surfactant' sold under the tradename Dowfax 
2AI by Dow Chemical Company has been found satis­
factory. Dowfax 2A1 surfactant is an anionic surface-
active agent of the sulfonate type. In the dry state, it is 
a light-colored, free-flowing powder containing a mini­
mum of 90 percent active ingredient. The solution form 
is a clear, light yellow liquid having a minimum active 
concentration of 45 percent. The product is the sodium 
salt of dodecylated oxydibenzene disulfonafe having the 
formula 

Cn»i>-C)-0-C) 

SO]Na SOjNa 

The selected surfactant should have good wetting 
ability on mineral surfaces. However, it should not 
impair the mass transfer rate of the oxygen (or other 
oxidants) to the mineral surface. Furthermore, the sur­
factant should riot interfere with the reactions which 
take place. Non-limiting examples of useful surfactants 
include anionic surfactants such as carboxylates, sulfo­
nates, sulfates, and phosphates, cationic surfactants such 
as primary, secondary, and tertiary amines and quater­
nary ammoniums, and nonionic surfactants such as the 
type having hydroxyl solubilizing groups. Polyoxyethy-
lene chaigs are also useful with the invention as are 
amphoteric surfactants made from combinations of an­
ionic and cationic moieties. 

A broad disclosure of surface active agents is found in 
U.S. Pat. Nos. 3,249,465 and 3,318,817. Nonlimiting 
examples of carboxylates include N-acrylsarcosinates 
and aminocaboxylates. Useful sulfonates include alkyl-
benzenesulfonates, petroleum sulfonates, sulfosuccin-
ates, naphthalenesulfonates, N-acyl-N-alkyl taurates, 
2-sulfoethyl esters of fatty acids, and olefm sulfonates. 
Sulfates and sulfated product type anionic surfactants 
include sulfated alcohols, natural fats and oils, oleic 
acids, alkanolamides, and esters, and further include 
ethoxylated and sulfated alkylphenols, and ethoxylated 
alcohols. Phosphate esters are also useful. 

Anionic sulfates include alkylbenzenesulfonates and 
LAS, a sodium salt of linear dodecylbenzenesulfonate. 
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Further, petroleum sulfonates produced as byproducts 
of refining certain petroleum products such as sub­
stances known as green soap and mahogany soap are 
also useful. Useful dialkyl sulfosuccinates include so­
dium di(2 ethyl hexyl) sulfosuccinates, available com­
mercially from American Cyanamide. Useful naphtha­
lenesulfonates include salts of alkylnaphalene sulfo­
nates, sulfonated formaldehyde, naphthalene conden­
sates, naphthlenesulfonafes, and tetrahydronaphtha-
lenesulfonates. Further, 2-sulfoethylesters of fatty acid lo 
are useful. Useful nonionic surfactants include such 
compounds as ethoxylated alkyl phenols, ethoxylated 
aliphatic alcohols, carboxylic esters, glycerol esters, 
polyethylene glycol esters, and anhydrosorbital esters. 

Suitable surfactants are available commercially under 15 
the following tradenames. 

Anionic 
Union carbide 

Tergitol 7 
Tergitol 8 

Arco Chemical Co. 
Ultra wet 60L 

Ultrawet 30 DS 

Dow Chemical Co. 
Dowfaji 3B2 

Nonionic 
Union Carbide 

Tergitol NP44 

G A F 
Alipal Co-436 

Sodium Heptadecyl Sulfate 
Sodium 2-Ethylhexyl Sulfate 

Trielhanolamine Linear 
Alkylate-Sulfonale 
Sodium-Linear Decyl-Ben«ne 
Sulfonate 

Disodium 4 Decylated Oxy-
Di-Bcnzene Di Sufonate 

Alkylphenyl-Hydroxpoly-
oxyethylene 

Alkylphenoxypoly(ethyleneoxy) 
Ethanol 

ated gas bubbles are formed having a non-spherical 
shape in excess of 5 ml in size. 

TTie estimated bubble size, as a function of linear 
velocity in the porous tube and as measured by photo­
graphic methods using the apparatus of FIG. 1, is given 
in Tables 1 through 3. It is abundantly clear that the 
greater the liquid velocity, the smaller the gas bubble 
size range. 

Table 1 
Estimated Bubble Size, No Surfactant, With Spiral 

20 

25 

30 

35 

40 

It is preferred that the lixiviant also contain an agent 
which enhances the stabilization of Ca++ ions in solu­
tion since these are often found together with the metal 
values of interest. The use of such an agent, however, is 
conventional in the oil drilling art to inhibit scale forma­
tion. A suitable Ca+ + ion stabilizer is Calnox® which is 
a sodium polyacrylate sold by the Atlas Powder Co. In 
general, other sodium polyacrylates can be used as scale 
inhibitors. It should be noted that the inclusion of an 
agent such as Calnox® in the lixiviant is not considered 
to be a part of the invention. 

The amount of surfactant added per volume of Uquid •, 
phase of the lixiviant will vary with the particular sur­
factant used. Successful lixiviant compositions have 
been made which include only 25 ppm Dowfax and 
mixtures of 25 ppm Dowfax with 75 ppm Calnox®. As 
an additional bubble coalescent inhibitor, aluminum 
ions in the form of 1-2 grams per liter Al2(S04)3 has 
been found to be effective. 

The advantages and features of the process of the 
invention will be further understood from the following 
examples, which in no event should be construed as 
limiting. 

50 

55 

EXAMPLE 1 

Effect of Liquid Velocity in Porous Tube 

Experiments were carried out with a constant gas flow 60 
rate of 700 standard cubic centimeters per minute 
(SCCM) for various liquid flow rates. At high flow 
rate-low gas volume fraction, the gas is well disf>ersed 
in solution. As the liquid flow rate decreases, the vol­
ume fraction of gas increases and the flow gradually 65 
changes from bubbly flow to slug flow, i.e., large amo­
ebalike bubbles are formed. As the liquid flow rate-is 
decreased, there is a transition where large agglomer-

Runit* 

Liq flow 
rate 

(GPM) 

linear 
velocity 
(fl/sec) 

gas volume 
fraction 

% 
Bubble Sizes 

(mm) 

424-1 
-2 
-3 

427-16 
-17 
-18 
-19 

4.8 
3.15 
2.2 

3.75 
3.15 
2,48 
2,2 

31.4 
20.6 
14.4 

24.5 
20.6 
16,2 
14,4 

3,7 
5.5 
7.7 

4.7 
5.5 
6.9 
7.7 

0.5-1.5 
I.O-I.S 
2.0-5.0 

Transition 
0.5-1.5 
1.0-2.5 
1.0-3.0 
2.0-5.0 

Transition 

Table 2 
Estimated Bubble Size, With Dowfax, No Spiral 

In Porous Tube 

Run If 

Liq flow 
rate 

(GPM) 

linear 
velocity 
(fl/sec) 

gas volume 
fraction 

% 
Bubble Sizes 

(mm) 

419-1 
-2 
-3 
-4 
-5 
-6 
-7 
•8 

3.65 
4.05 
3.15 
2.65 
2.15 
1.8 
1.6 
1.5 

23.9 
26.5 
20.5 
17.3 
14.1 
11.8 
10.5 
9.8 

4.8 
4.4 
5.5 
3,8 
7.9 
9.3 
10.4 
11.0 

0.1-0.5 
0.1-0.5 
0.1-0.5 
0.2-0.6 
0.25-1.0 
0.2-2.0 
0.2-3.0 
0.2-4.0 

Transition 

Table 3 
Estimated Bubble Size, With Dowfax, With Spiral 

In Porous Tube 

Run# 

Liq flow 
rate 

(GPM) 

linear 
velocity 
(ft/sec) 

gas volume 
fraction 

% 
Bubble Sizes 

(mm) 

425-4 
-5 
-6 
-7 
• 8 

-9 
426-11 

-13 
-14 
-15 

4.8 
4.1 
3.15 
2.2 
1.25 

0.60 
3.75 
3.15 
2.2 
1.25 

31.4 
26.0 
20.6 
13.7 
8.2 

3.9 
24.5 
20.6 
14.4 
8.17 

3.7 
4.3 
5.5 
7.7 
12.9 

23.5 
4.7 
5.5 
7.7 
12.9 

EXAMPLE 2 

0.1-0.5 
0.1-0.5 
0.2-O.6 
0.2-O.75 
1-2.5 

Transition 
2-5.0 
0.1-0.5 
0.2-0,6 
0.3-0,75 
0.5-2.0 

Transition 

The Effect of Surfactant Addition 

As can be seen from a comparison of Tables 1 and 2 
above, the bubble size range is significantly smaller in 
lixiviant containing a surfactant versus a lixiviant with­
out a surfactant. The bubble size range in lixiviants 
containing a surfactant, as exemplified by a comparison 
between the 3.5 gpm flow rate, are in the range of 0.1 to 
0.5 mm, whereas, without a surfactant, the range is 
between 1.0 and l.S mm. It is estimated that the addition 
ofan effective amount of surfactant reduces bubble size 
by a factor of 15. 
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a plot of separation time as a function of liquid flow rate 
EXAMPLE 3 which compares the stability of lixiviants with and 

The Effect of Inclusion of a Spiral Strap without added surfactant. The results indicate that the 
A twisted stainless steel strap having one spiral per separation time is not a simple function of flowrate, but 

inch was inserted into the interior of porous tube 18 to ' that, in the presence ofa surfactant, the separation time 
create an angular velocity component in addition to the « generally 4-5 times longer than in its absence. This 
longitudinal velocity component. By comparing the "leans the average bubble size is 16-25 times smaller in 
results disclosed in Table 2 with those of Table 3, it can 'he surfactant solutions. 
be seen that the spiral can reduce the transition flow After the gas is totally separated from the liquid, the 
rate from 1.5 gpm to 1.25 gpm. However, no noticeable ''̂  volume fraction of gas in the tube 28 is calculated from 
effect on bubble size was observed. the height of the interface and the tube pressure. This 

The separation of the gaseous and liquid phases in the volume fraction is compared with the sparger volume 
field at the injectin interval seriously reduces the leach- fraction, as calculated from the gas and liquid flow rate, 
ing efficiency and oxygen utilization. The following in the graph of FIG. 5. As can be seen from FIG. 5, the 
examples disclose laboratory data which demonstrate " addition of a surfactant to the lixiviant effectively re-
the improvement in stability of the lixiviant useful in the duces gas accumulation in the tube. Apparently accu-
process of the invention as compared to conventional mulation takes place only during the first few minutes of 
two-phase lixiviants containing no surfactant the run, since prolonging the flow of the two phase 

FIG. 2 shows laboratory apparatus designed to mea- mixture from 15 minutes to 2 hours has no effect on the 
sure and compare the stability of various lixiviant for- 20 ^^^ ^ ^ accumulation. 
mulations. The apparatus comprises a 2-inch inside di- Experiments were also conducted to study the effect 
ameter clear plastic tube 28, 18 inches long, the upper of reducing the void space within tube 28 to simulate 
end of which is attached to a sparger unit 30. The underground leaching interval conditions. Tube 28 was 
sparger unit 30 comprises a pair of coaxial pipes 32, 34 f^l^^ ^ t j , y/jg ;„ djameter AljOjspheres to reduce the 
for producing the two-phase lixiviants. Pipe 34 is po- 23 ^^.^ ^^^^ ^ ^ thereby increase creeping velocity. Re-
rous (sintered metal) and cames the liquid phase of the ^̂ ^̂ ^ ^f experiments using the apparatus of FIG. 2 with 
hxiviant which, withm sparger 30. is filled with gas ^^j^ modification show that the separation time in-
bubbl« formed when gas passes from reservoir 36 mto ^^^^^ ^ ^ f̂ ,̂̂ ^ ^^ ,o ^ ^ pjQ ^ ^̂ ^ i„terface-time 
pipe 32, under pressure, and through the wall of pipe 34. ^^^^^ ^ ^ ^̂ ^̂  accumulation is further reduced in 
The rate of gas flow, in ml/rain., is momtored by flow 30 tubes 
meter 38. In addition, the mass of gas entering tube 32 _ . ' , „ . , , ^ . . / . . . , -
per unit time may be monitored by mass flowmeter 40. ^ ° ' ^ ' J ^^ efi-ect of lengthemng of tube 28, runs were 
A solenoid valve 42 is provided in the gas feed line. T I , ^ " " . l ^ " f^^''''^ °J, ^ ^ ° \ ^ ^*"P^ P""!^ 

The liquid phase of the lixiviant is pumped at various ^0 meh, 1.75 I.D. tube was used m place of tube 28. 
flow rates by a variable speed gear pump 44 from reser- 35 ?ased on these expeninents^ the separation Ume was 
voir 46. Its flow rate is monitored by flowmeter 48. A fo""'^ *° ̂  proportional to the tube length. The volume 
pressure gage 50 serves to display the pressure of the f"<=t»on °f R'^ accumulation was not afî ected by tube 
liquid phase during operation of the apparatus and at a ^^S^^ ^°^ lixiviants embodying the invention (see open 
time after shut down. Solenoid valves 52, 54 are de- tnangles of FIG. 5). However, for lixiviants containing 
signed to operate synchronously together with valve 40 "O surfactant, the flow was very unstable and large gas 
42. A T.V. camera, monitor, and video tape deck accumulations resulted (see solid triangles of FIG. 5). 
equipped with a slow motion and frame stopping fea- EXAMPLE 4 
ture were used during all experiments so that precise 
measurements could be taken after performance of the • To illustrate the effectiveness of the process of the 
experiments. 45 invention emplciying a lixiviant of the type set forth 

A typical run started with mixing gas and liquid at the above, a leaching test was carried out in a copper min-
sparger 30. The mixture was allowed to flow through eral deposit, consisting chiefly of chalcopyrite. having 
tube 28 for 15 minutes to achieve steady state, and an average grade of copper of 0.45% and an ore body 
thereafter, solenoid valves 42, 52, and 54 were closed porosity of approximately 3%. No rubblizing was con-
simultaneously. At the same time, a precision timer (not 50 ducted. As set forth in the flow sheet illustrating the 
shown) was actuated. process (FIG. 7), the aqueous phase of the lixiviant was 

Upon shut off of the valves, gas bubbles begin to rise made from I M NH3, 0.25 M (NH4) JSO4, 25 parts per 
in the tube 28. Larger bubbles rise faster than small million Dowfax,® and 75 parts per million Calnox®. 
ones. When the gas bubbles reach the gas-liquid inter- This phase was injected into the leaching interval of the 
face faster than they break away, a third phase, the foam 55 ore body at a rate of 10 gallons per minute after being 
phase, is created. As time goes on, the foam-liquid inter- mixed with 12 standard cubic feet per minute gaseous 
face builds up and the foam-gas interface moves down. oxygen utilizing a stainless steel sparger of fhe type set 
FIG. 3 is a plot of fluid interface changes as a function forth in the aforementioned U.S. application Ser. No. 
of time comparing a run using a lixiviant containing no 724,549, i.e., a commercial embodiment o fa sparger 
surfactant to one using 25 ppm surfactant. As can be 60 comprising a sintered metal porous tube such as that 
seen from FIG. 3, the inclusion of a surfactant increases briefly described herein. The two-phase fluid was in­
the time necessary for separation of the phases by a jected under pressure into the leaching interval through 
factor of three, and, in addition, reduces the total a tailpipe extending to 3160 feet. Downward fluid ve-
amount of gas accumulated in the flow tube as evi- locity in the 1.5 inch pipe was 1.8 feet per second, 
denced by the higher final liquid-gas interface level. 65 Pregnant solution was recovered at a rate of 10 gal-

Because of the asymptotic nature of the curves, sepa- lons per minute from a production well located 70 feet 
ration time was defined as the time when the liquid from the injection well. Forty-five days later, the recov-
foam interface reached 95% of its final height. FIG. 4 is ered solution contained 0.71 g/1 copper, 0.66 M NH3, 
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0.25 M (NH4)2S04, 0.04 M CaS04, 20 ppm Dowfax,® for the oxygen-water lixiviant is the oxygen-acid lixivi-
and 50 ppm Calnox.® ant. 

As part of the (NH4)2S04 was treated with lime to The process of the present invention is used to great 
regenerate the ammonia and also to remove the CaS04 advantage for deep-lying ore bodies, that is, ore bodies 
from the solution. The copper was then extracted by 5 located at a depth of 1,000 feet or more below the suf-
electrowinning and the raffinate of the extraction was face. Although, the surface is normally a land surface, it 
recycled with addition of make up chemicals as indi- should be noted that there is no reason why this procesi 
cated in FIG. 7. cannot be iised to recover copper from deposits located 

In one important embodiment of the process of the below the bottom of the continental shelf or a lake bed. 
invention, as set forth in the example above, the aqueous 1° Thus, when reference is made to the depth of deposit 
phase of the lixiviant comprises an ammoniacal solution below fhe surface, the surface can either be land surface 
and the gaseous phase comprises oxygen. During leach- or water surface. 
ing, the following reactions are believed to occur: The invention may be embodied in other specific 

. forms without departing from fhe spirit or essential 
4 CuFeSj + 17 O, -I- 6H,0 -H 24 NH, - . 4 15 . . - ,- .x. c n „ . u j -

Cu(NHj)4SO, + 4FeOOH V 4 (NH4)iS04 (1) charactenstics thereof. The present embodiments arc 
therefore to be considered in all respects as illustrative 

4FeS, -I- 150, -f lOHjO -t- 16NH,-. 4FeOOH + and not restrictive, the scope of the invention being 
8(NH4),so,(a possible undesirable side reaction) ^̂^ indicated by the appended claims rather than by the 

2Q foregoing description, and all changes which come 
Of course, nickel, cobalt and molybdenum, if present ^'^hin the meaning and range of equivalency of the 

as sulfides in the ore will also be leached in accordance ^^^""^ ^^e therefore intended to be embraced therein, 
with known chemistry. At this point, it should be noted ^ ^ ^ ' '̂  claimed is: 
that the primary purpose of the oxygen is to break the »• ^ process for the m-situ mining of metal values 
chemical bonds holding the copper in the chalcopyrite 25 selected from copper, nickel or mixtures thereof from a 
by oxidizing the sulfide and iron components. Once the subtenanean ore body charactenzed by natural micro-
chalcopyrite is oxidized, the aqueous amraonia is able to scopic fracture openings, a portion of said body being a 
dissolve the copper values. It makes no difl-erence sul^^ic ore, said process being characterized by the 
whether or not the copper is oxidized. Indeed it is be- steps of: 
lieved that the CuFeS: contains copper as cupric copper 30 a. drilling at least one injection hole and at least one 
and iron as ferrous iron. Thus, during oxidation in ac- production hole communicating with said ore body; 
cordance with the foregoing reaction, the oxidation *>. fonning a stable, two-phase lixiviant comprising 
state of copper remains unchanged while the iron is an aqueous phase, 
oxidized from Fe+'to Fe+J. Of course, if Cu+ copper is a multiplicity of gaseous, oxygen containing bubbles 
present in the ore, it would also be leached by the lixivi- 35 having a size, when subjected to the pressure em-
ant. Since both forms of copper ions are leachable, it is ployed during in-situ mining, suflicient to pass 
not necessary to oxidize cuprous ions to cupric ions in through the fracture openings in said ore body, and 
order to leach copper. a surfactant for maintaining the size and individuality 

A sufficient excess of aqueous ainmonia is used to of said bubbles; 
keep the pregnant solution alkaline. Under these condi- ^ c. forcing the lixiviant formed in step (b), under pres-
tions, dissolution of gangue materials is negligible and sure, through said ore body to cause the lixiviant to 
the pregnant solution contains essentially only ammo- penetrate the ore body through the natural micro-
nia, ammonium sulfate, and cupric ammine sulfate. scopic fracture openings, the oxygen in said lixivi-

It is to be understood that the process ofthe invention ant reacting with the sulfide in the ore to enable 
can be employed with aqueous phases other than am- ^' metal ions to be solubilized by said aqueous phase; 
moniacal solution. The oxygen-ammonia lixiviant is d. withdrawing the resultant metal bearing aqueous 
preferred where there is a lot of acid-consuming miner- phase to the surface through said production hole; 
als in the ore body. However, a representative example and 
of another two-phase system that can be used to leach e. recovering metal values from said aqueous phase, 
copper and nickel from a sulfate deposit includes the 2. The process as set forth in claim 1 wherein the 
so-called oxygen-water lixiviant. metal barren aqueous phase produced in step (e) is re-

The chemistry for the oxygen-water lixiviant appears turned to the ore body through an injection hole, 
below. 3. The process as set forth in claim 1 wherein the ore 

„ body is a porphyry copper ore body in which copper 
4CuFeS,-1- 17 O, + 6 H,0 — 4 CuSO.-t-4 FeOOH " . • . '^, ^ . .. • . j • 

-f 4 jJ SO beanng minerals occur in disseminated grams. 
4. The process as set forth in claim 1 wherein the ore 

4 FeS, + 15 o, -I- 10 HjO -. 4 FeOOH -1- 8 H,so4 body comprises chalcopyrites. 
5. The process set forth in claim 1 wherein said aque-

When an oxygen-water lixiviant is used, cupric sulfate ^ ous phase comprises an ammoniated leach liquor. 
and sulfuric acid are generated in the leaching process g. The process as set forth in claim 1 wherein said 
or added on the surface. The cupric sulfate and sulfuric forming step is effected as follows: 
acid dissolve gangue metal oxides (Fe, Mg, Al, Ca, etc.) j . supplying said aqueous phase containing said sur­
as sulfates. Much of the iron and aluminum precipitates factant to the interior of a porous tube formed of 
in-situ as jarosite and alunite. In the surface, plant, cop- ^j sintered r>owdered metal-
per is extracted, and if necessary, the pH is adjusted to 2. supplying said oxygen containing gas to the exte-
the desired level. The resulting leach solution is rein- „(,, ^f gajj ,ube under pressure suflicient to cause 
jected together with make-up oxygen. Another name ^ îd gas to penetrate to the interior of said tube; and 
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3. passing the aqueous phase supplied in step 1 

through said tube to cause said aqueous phase to 
shear gas bubbles from the interior thereof. 

7. The process as sel forth in claim 6 wherein said 
forming step is effected above ground. 

8. The process as set forth in claim 6 wherein said 
surfactant is selected from nonionic surface active 
agents and anionic surface active agents. 

9. The process as set forth in claim 6 wherein said 
surfactant is the sodium salt of dodecylated oxydiben­
zene disulfonate. 

10. The process as set forth in claim 9 wherein said 
sodium salt of dodecylated oxydibenzene disulfonate 
has the following formula 

-i2»i>-C}-o-Cy 
SOjNa SO.N» 

10 11. The process as set forth in claim 10 wherein said 
surfactant is present in the lixiviant in an amount be­
tween the range of 5-200 ppm. 
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whic/u-tlemonstrates the inadequacy of the second-order 
rife^el. With the use of trial 7 by calculation of one co-

' efficient B „ it was possible to expand the quadratic model 
into an incomplete cubic model: 

y = 1,194Xi + 44, 044X3 •̂  288,438X, + 177, 856XiXa + 

+ 247, 244XiXa - 116, 236XaXa - 960,189XiXaXa 

H.VO3 f54.27« Xz) 

. o . \ . ^ :^ 
HiOi130% 

Fig.2^Confidence interval for 
the s o l u b i l i t i e s o t taolylidic 
acid, calculated by means of 
equation 12). 

90 HiO I X i ) 

t f^ . tJi 

A check by means of trials 8 and 9 showed that the In- • '4. 
complete cubic model (2) adequately describes the experi­
mental results (calculated Student criterion -2.48, tabular 
value -3 . 36, significance level 0.1). This equation was 
used to construct contour curves for the solubUity ol 
molybdic acid in nitric acid-peroxide solutions (tig. 1). 

To determine the error in the solubiUty value predicteit 
by Eq. (2) we calculated the confidence interval, the values 
of which are given on the diagram (^g^ 2̂)! 
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Investigation of the sorption of molybdenum tons by Furan anion-exchange reslna 

N A G-'brielyan, V Abdilakhadov, R A Nazirova and M A Askarov (Tashkent Polytechnical Institute -Department 
of the Technology of the Processing of Plastics) 
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i..l'r: 

It is known that only the use of anion-exchange resins is 
effective for the isolation of molybdenum from industrial 
Sohitions. In the present work the sorption characteristics 
of weakly basic furan anion-exchange resins, synthesized 
by the Tashkent Polytechnical Institute by polycondensation 
of furfural with polyethylenepolyamine (PEPA) in the pres­
ence of hydrofuramide (FAN-3 resin), phenol sulphides 
(FA-S), melamine (FA-M), thiuram-D (FA-T), were in­
vestigated to establish the possibiUty of using them in the 
hydrometallurgy of molybdenum'^). The industrial.poly­
condensation anion-exchange resin AN-2F was used lor 
comparison. 

The resins were prepared by the previously described 
method*). The working solutions were prepared frora 
ammonium concentration was determined by a thiocyanate 
method on an SF-14 spectrophotometers). The principal 
characteristics of the investigated samples of resins in the 
OH form are given in table 1, where SEC represents the 
statistical exchange capacity, V is the specific volume of 
the swollen resin, G is fhe bulk density, and(p is the mois­
ture content. 

Table 1: Characteristics of the furan anion-exchange 
resins 

."c.-:in 
Sracle 

F,-\,V- 3 
F,\-S 
F,A-T 
F,.\-;i, 
rA-;ij 

,V.-2F 

SOC in O.IN 
IICI mg-eq/g 

(dry) 

4.32 
3.60 
S.CX) 
4.70 
4.50 
7.50 

V ml/g 

2.61 
2.10 
5 50 
3.44 
3.00 
2.70 

r g/ml 

n.63 

n.-n 
n.55 
0.65 
0.6S 

o.so 

A % 

15.5 
26.0 
12.5 
16.7 
in.5 
5.0 

The FA-M, and FA-M, resins conUin different amounts 
of melamine for the weight of furfural: in the first the 
amount of melamine is 1 and in the second it is 0.1 parts 
by weight to 0.3 part by weight of furfural. The experiments 
on the sorption of molybdenum were carried out with the 
anion-exchange resins in the Cl and SQ, forms under static 
conditions with a resin-solution ratioof 1:1000 and a length 
ol contact between the phases of three days. The molybdenum 
content of the resin was calculated from the difference be­

tween the initial and equilibrium concentrations In the sohi-
Ucn. 

Table 2 gives the results for the sorption of molybdenum 
by the resins from solutions of ammonium molybdate with 
(B) and without (A) competing ions (48g/l SO,). The pH o( 
the initial solutions amounted to 4.5-5. Compared with 
AN-2F, the resins investigated, except FA-S, possess in­
creased sorption capacity for molybdenum ions from pure 
solutions. Under the above-mentioned conditions high sorp­
tion parameters were obtained on FAN-3 resin (350 mg/g). 

A different pattem was observed in solutions with com­
peting sulphate ions. Under these conditions the sorption 
of molybdenum by the AN-2F resin decreases by 71%, and 
greater selectivity towards molybdenura is given by resins 
FA-T and FA-M^, the sorption capacity of which remains 
as high as before - 277-254 mg/g (i. e . , 181-214 mg/g 
higher than with AN-2F) and decreases by only 5-10% 
against 49-50% for the others. 

The anion-exchange resin synthesized in the presence of 
phenol sulphides FA-S, being somewhat inferior to AN-2F 
in its sorption of molybdenum from pure solutions (table 2), 
possesses identical sorption capacity (63-64 mg/g) in the 
background solutions. 

Table 2: Sorption of molybdenum by various anion-
exchange resins 

Uesin 
grade 

I-A.N-5 
F,A-S 
F,\-T 
KA-M, 
PA-Mj 
,V\-2F 

A mg/g (dry) 

350 
116 
292 
285 
306 
220 

3 ng/g (dry) 

174 
60 
277 
254 
151 
63 

Decroase in the 
sorption of 

Ito % 

5.0.0 
43.0 
S.S 
10.5 
SO.O 
71.4 

On the basis of data on the sorption of molybdenum the 
tested anion-exchange resins can lie arranged in the foUo*"'* 
series. 

From pure solutions of ammonium molybdate: FAN-3 > 

The comp€ 
form of ami 
centrations 

^accompany 
ot poor mol; 
composition 

Table 3: Vt 
Of 

r.'O] conten 

g /1 

10 
15 

50 

The pres 
solution su 
the presen 
concentrat 
creases b] 

Of practj 
the sorpti( 
the resins 
and 7 days 
tion of ma 
and the ex 
equations 

Table 4 
periods ii 
of saturat 
0.5. At th 
constants 
constant, 
consider! 
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FA-Ma >.FA-Ti >,FA-Mi> AN-2F>EA-S. 
From.background -Solutions:, FA-Ti'>FA-Mj > FAN-3 > 

FA-M^>AN^2F = PA-S, Thus; theJncJustrial anion-exchange* 
resin AN-2F, which is used and rec:pmmehded for the ex­
traction of molybdenum^), is iiiferidr td furan resins, 
except the resin obtained in the presence cif phenol sulphides-, 
in its'sorptipn capacity from boUi pure solutions and backr 
ground soliitions.. 

Qn the b a ^ s of the results, obtained it seemed ofyinterest 
to study the effect of pli and oif tiie concentration of compe­
ting ions on the sorption of molybdenum. For thts>purpose 
the FA-T resin was-selected as teing the most selective 
towards tnolybdafe ions. The effect of the pH of'the medium 
on the sorption of molybdenum was investigated at values 
between 1 and 10. The requiredpH valuewas<bb^ihed.by 
addition of sulphuric acid aiid ammonia, solutions', and mau­
mum sorption wa^ observed in the range of:pH 3-5 {fig,). 
Comparison of the data pn the sorptioh of molybcienutn by 
ttie FA-T resin in the Gl and SC^ forms shows that onthe 
resin in the Gl form the sorption of •mcilybdepum is some­
what supp]:es sed on accpuht.of anionic exchange between 
Hie chloride arid sulpliide ionSj whereas this effect is ab­
sent in the.SO^ form. 

Effec t of-ins-,i-r: of the-nedi'um 
on t h s so rpc ion >of- uialybdenuiti 
by anion-^exch&rics r e s i n s :• 1 -
•FAT —SO'^: 2 - .FAT-Cl form; 
I - Ali-2F-Cl: form. 

6- f na 

The competing ions were sulphate and nitrate ipns in the 
form pf ammonium sulphate and ammpnium-nitrate aVcori-
centrations between-2 and 50 "g/1 {tobie 3): they frequently 
accompany, molybdenum in the solutions, from the leactiin'g 
of "poor molybdenumicbntaining products and from the. de­
composition of molybdenite with nitric acid'). 

Table 3: "Oie effect ol NO' and Kjf" ions on the sorption 
ot molybdenum on FA-T anion-exchange resin 

MO- content 

sn 
5 

10 
15 
2S 
SO 

Mo .a;i!;orhcd, 
•%• 6f. i t i i t i a l ' 

73 
•73 
.6'S .'5'-
.6S.5 
•62:6, 

SOj ' ,cont[-nt 
p/ l 

7 

4 
S 

13 
2S 
30 
: -.J 

Mn aij.'iorbca. 
't ^of-' in i t in , l . . 

;)S 

^ 
97 

95 

as 

The presence of-ihcreasing.^mounts.pf nitrate ions in the 
sohition suppresses the sorp tipn, of molylxlenum more than 
a e presence pf sulphate ions. Within the limits of SC^' ion 
cpncentraticins' of. 2-50 g / l the sorption of molybdenum de­
creases by only 2-5%. 

C^ practical interest also i s investigation of the kin eti c:s ol 
the isprptipn of niolybdemimj which were investigated pn all 
the-resins under static conditions for times between,20 min 
.and 7 (Jays, It is known that the ccjhtrpUinE.stage iri'the sarp-
tipn 6t molybdenuin IS usually diffusion in the resin grain^^^), 
and the experimental data were.therefpre treated by the-usual 
equatipnsfor internal diffusion^ 

Tabled gives the diffusipn tweffidents (6)fpr the InitLal 
peiiods iri the. sorptipn of molybdenum, where the degree 
of sa bjr ation of the ani pn-ex change resin (F) did not exceed 
.0.5, .At the initial mp ments of; sorptipn the exchange rate' 
constants and diffusion coefficients remained prac:ti cally 
constant. Under identical conditions molybdenum iS; sorbed 
ccirisiderably more.quickly by the,FA-S, FArM, .and FAN-3-

resins, where the diifusion coefficients^are: 2-4 times higher 
than'in the AN-2F resiri. The maximum p values'are pb­
tained in the FA-S res ia 

Table 4: lOnetics characteristics-of' 
the sprptipn pf molybdenum 
on anion-ex change resins 

Resin 
grade 

F,\N-J 

H.A-S 

P A ' T 

V.\r^\, 

ft.^M,, 

•.•..;• ; - . 2 | : . 

r 

C.,16 
6.,-23 
0.32 
0.51 

0.22 
0 .37 
0,51 

0,OE5 
0.097 
0.,1,S , 

•0,.,2ii 
o:.,50 

. 0,,.35 

0 ,23 
.0,34' 
0\.M 

ff.lJ 
.0 , IS 
9„ 53 
0 , - j ; 

0 .2 . 
-n,2s.» 
• '0.36 

DJ/sec 
^r,, /'sec. 

;• ;'69 
•1 . '12 
1 . 0 5 

J.f4S 

,3.36 
3.00 
'2 .'86 

O.60 
0 . 50 
0,.S3 
0 .73 
0.7,0 
0 .64 

1.9.7 
3.2S 
2. i'6 

0 .59 
0 .65 
0.,56 
0 .47 

0 :83 
"o.ai-
'0.. 62 

•T, m,i,n 

20' • 
30 
60 

120'.' 

20' 
,••60'' 

.120 

20 
30 
.6ir 

!^20 
!-SD; 

;4o-

;o 
.30 
,60 

'20 
30 

,120 
2'Jn 

30 
'60 

1.-20 

An.increase pf the' amount pf melariiine'iri,t.he;.FA^Mi resin 
raises the sprptipn rate. The diffusipn coefficients on FA-Mi 
a're 3.3-3,5 times greater than pn EA-Ma . In 'their kinetic 
characteristics the F-AN-3,̂  FA-Mi, and FA-S resins are 
superipr to the industrial AN-2r resin. 

Thus, furan ion-exchange resins, which possess a set pf 
valuable characteristics (increased thermal, chemical,and 
fadiati Pri .stability, mechanical strength) a r e capable pf 
sorbing aniomc complexes pf mplybdenum both from pure 
SPlutipns and from mixtares. The high, sorption capacity, 
selectivi^ and gppd kinetic characteristics make i t possible 
toscpnsider that these resinsean beused in the hydromet­
allurgy pf- mplybdenum for the 'purposes of extraction and 
separatipn and a re therefpre of practical interest fpr further 
inve sti gatipn. 
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[57] ABSTRACT 

An environmentally compatible, industrially safe, and 

potentially economic means for recovering copper and-
/or nickel from deep-seated deposits without resorting 
to extensive underground development. A two-phase 
ammoniacal leach solution containing oxygen bubbles is 
forced under high pressure through an injection hole 
several thousand feet deep into a leaching interval of a 
deep lying deposit containing copper or nickel or cop­
per and hickel. The two-phase leach solution travels 
through the leaching interval of the deep lying deposit 
and is pumped out of withdrawal holes spaced apart 
from the injection hole. 

TTie two-phase leach solution under high pressure 
(more than 500 psi) penetrates the deposit through 
cracks. Assures and fractures, leaching copper and/or 
nickel along the way. Under a controlled pressure gra­
dient, the leaching solution migrates over a period of 
time to receiving holes from which the pregnant leach­
ing solution is withdrawn. The pregnant solution is then 
processed for recovery of copper or nickel or copper 
and nickel before it is returned to an injection hole. 

A method and apparatus for producing the two-phase 
leach solution and for maintaining a system in which the 
gas bubbles are able to penetrate the deposit is disclosed. 

Also disclosed are various parameters, such as hole 
spacing techniques, hole completion techniques and 
stimulation .techniques. 

98 Claims, 8 Drawing Figures 
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A two-phase lixiviant containing small spargcr-pro-
IN-SITU MINING METHOD AND APPARATUS duced oxygen bubbles is an important aspect of fhe 

DAr-i^r-t>,-.iiKTn rtf T-ur iMV/cMT.rtKi invention. However, the broad concept of utilizing an 
BACKGROUND OF THE INVENTION ammoniated li;dviant containing small bubbles of oxy-

With thc world's known spurces of high grade cop- 5 gen to leach copper from ore formations in-situ is dis­
per and nickel.diminishing rapidly, great emphasis has closed in U,S, Pat, No, 3,708,206 to Hard et al. How-
been placed oridiscovering new'sources of these metals. ever, prior tb the present invention, a two-phase intro-
There is known to be located throughout various re- duction of oxygen was unattractive for a number of 
gions on the globe, large, deep lying deposits of copper reasons. Problerri's such as phase separation of oxygen 
in the form of low grade porphyry ores. A porphyry 10 prevented a two-phase system from being, used efTi-
copper ore deposit is'a copper deposit in which the ciently. In attempting to bring a suitable dispersion of 
CO pper-bearing minerals occur in dis-tieminated grains oxygen into a bore when employing an aqueous so! u-
and/or in veinlets through a large volume of rock. The tion, numerous adverse conditions apply; For example, 
term v/as introduced because some of the first large elaborate methods and/or equipment was thought to be 
copper deposits that were mined in the western United 15 necessary to obtain a stable dispersion of oxygen as a 
States-occurred in porphyritic granodiorite and quartz gas in an aqueous fluid. 
monzonite. Today, the term implies a large low-grade Indeed, so severe were the problems associated with 
disseminated copper'deposit in various host rocks such two-phase in-situ mining procedures that, research in 
as schist, silicated limestone, and volcanic rocks; but, this area was discouraged. The problems associated 
acid igneous intrusive rocks,are usually in close associa- 20 with' two-phase iri-situ mining are severe because the 
tioii. , dispersion of oxygen must be sufficiently well distrib-

The deposits are typically large tonnage but low uted and the bobbles of oxygen must be sufficiently 
grade, having an average copper conceritration of less" small so that these may enter the pores or fracture aper-
than about 1 percent. Copper minerals found in these tures in the rock before phase disengagement can occur, 
deposits usually are 'sulfides arid most commonly are 25 Still further, the quantity of oxygen should be evenly 
chalcopyrite. When such a deposit is of sufficiently high distributed throughout ah entire ore column which is 
grade, and either outcrops on the surface or is suffi- being worked by the in-situ method. Prior to the present 
ciently'cldse to the surface, then the ore is mined by invention, from the standpoint of complexity, econom-
open pit methqds and the copper minerais are separated ies and utilization of oxygen these considerations have 
from the gangue constituents by techniques such as 30 made it almost intolerable to use oxygen as a gas dis-
flbtation. persed in a liquid. 

Deeply buried or very iow grade copper porphyry At this point it should be noted that the system dis-
deposits dannot be easily exploited. Recovering the closed in Hard et al. U.S. Pat. No. 3,708,206 involvra 
copper- values from such deposits presents many chal- recovering metals from porous rock such as sandstone 
lenges. For example, conventional open pit mining b 35 locatetl at depths close to the surface'(3(X)-500 ft). The 
not available for such recovery for a number of reasons. present process on the other hatnd is directed toward 
First of ail, the cost would be prohibitive. Secondly, recovering metals from deep, hard rock formations of 
because open pit mining scars the landscape, restriction low porosity. 
have been placed on the recovery of ores by such tech- With a section of core material taken from a leaching 
niques. -W interval of a typical deep lying porphyry copper ore. 

It has been proposed to extract the copper from the copper is found primarily within the ffactur«. The 
deeply buried porphyry deposits by in-situ leaching fractures from which the copper is leached may be very 
technitjues. InTsitu leaching is a welt-known technique small in size. Indeed, with the process of the present 
which has long been practiced; its origin can be traced invention, copper can be recovered from fractures that 
as far back as the ISth centiiry. With in-situ mining, a 45 are only 30 microns to 300 microns in width. 
hole b drilled,and a Ieach liquor is pumfied down the. When the present invention is practiced, it is not 
hole into the ore containing the metal to be recovered. nec^sary to disturb the deposit by blasting. Indeed, it is 
Aftef'the liq uor ihasTeached-the inetal values, ihe-preg- believed that the present invention is the only practical 
nant leach liquor is extracted to enable metal values to process presendy known in which copper can be 
be recovered. 50 Icachbd econoitucally from deep.lying deposits by in-

Tliere are alao massive sulfide deposits treatable by situ mining techniques without rubblizing the ore. Tltat 
the present invention which are deep seated and contain copper can be leached from deepTlying porphyry ores 
discrete blebs' of nickel sulfide, or cppper sulfide or without disturbing the ore is rerriarkable when the na-
copper-nickel sulfide in association with iron sulfides A ture of the ore being leached is considered, 
representatiye list of minerals which can be treated tb '55 Another significant advantage of the process of the 
recover copper or nickel or both by the present inven- present invention is that the copper can be mined eco-
tion includes: native copper, chalcocite, digenite, covel- nomically from deep lying porphyry deposits without 
lite, pentlandite, heazlewoodite, vaesite an.d yiolarite. any significant environmental impact. For example. 

There are many prior art procedures for in-situ min- with the present invention, there are no subsidence 
ing. Most of these ̂ procedures, however, involve rubbl- 60 problems. Furthermore, the only alteration on the land 
ixing the ore Which is to be leached by explosive meth- surface is the presence of a few buildings and pumps 
ods. which can be removed after the copper and/or nickel 

The present invention involves Ieaching the copper has been mined. 
in-situ (without rubblizing it) with a lixiviant containing „ . . * * T^^, ,-^T^ -n . r - TKT, r-r-^,-,r.^^^, 
very small oxygen bubbles ^mixed with an ammoni- 65̂  SUMMARY^ OF THE INVENTION 
ated leach liquor. The oxygen .bubbles are produced by Economical recovery of. copper from deep lying 
a sparger or mixing device. To be effective, the oxygen porphyry deposits in accordance with the present in-
biibbles should be smaller than the fractures in the'ofe. veritiori.js accomplished by the use ofa two-phase lixivi-
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ant. The two-phase lixiviant includes an aqueous leach phase lixiviant which is capable of penetrating the ore 
solution which carries-finely divided bubbles ofoxygen to Ieach copper in-situ. 
gas. In order for the two-ohase svstem to be effective; _ 
fhe gas must remain dispemd as finely divided bubbles BRIEF DESCRIPTION OF THE DRAWING 
in liquid and the bubble size must be small enough to 5 FIG. I is'a perspective view ofan assembly used in 
penetrate into the extremely small fractures of the por- accordance with the present invention for adriiixing-
phyry deposits. In-one preferred embodiment" bf the small oxygen bubbles into aliquid for injection into the 
invention in order to introduce, the finely divided gas leaching interval pf.an injection hole; 
bubbles into the liquidi the liquid phaK; is supplied to a J7IG, 2 is a view of a production hole for withdraw-
plurality of porous tubes formed of sintered powdered lp ing pregnant leach liquor; 
metal while the gas is supplied under pressure about the F I G . 3 is a cross-sectional view taken aIong,Iine 3—3 
tubes to cause the gas to penetrate into the interior of of FIG. 1; 
the tubes .in the form of fine bubbles whicih are then p i Q 4 jg g cross-sectional view of the sparger of FIG. 
wiped from the interior of the tube by the lixiviant j . 
passing therethrough, th i s mixing may be affected by a 15 ' p iQ, 5 jg ^ diagram of a "five-spot" drilling pattern; 
sparger located at the surface ofthe injection hole. TTie piQ_ g^-jg ^ diagram showiiig axial flow through 

; twb-phasc lixiviant can also be produced by mixing horizontal fractures-
I oxygen and liquid and mainlaininga high linear vcI<K;ity •pjQ_ ^ jg ^ diagram showing radial flow through 
, in the tubing which carries the solution to Che leachirig vertical fractures-

i n t ^ a l . . . . . . . , ^ . . ^° FIG. 6c is a diagram showing axial flow through 
The two-phase hxiviant thus produced is passed vertical fractures-

down an injection holMo the leaching interval f a d ^ p p j ^ ^ -̂  ^ ^ ^ ^ ^ ^ showing the Row pattern within 
lymg ore body Jocated beneath a cemented ^ d packed ^̂ ^̂  ^ . ^ ^ ^ ^ ^^^^ ^^^^ ^ jj^^^ ^j^^^„ .^ pjQ_ j ^^_ 
off portion of the mjKtion bolc^ The two-phase luivi- pjg_ g ^ ^ .^ illustrating a process for in-situ 
ant IS mjected mto this hole through a ventun-type 2! ^ ^ .^ accord^ce with thc present invention, 
exhauster. 

; The exhauster unit has an extended ejection nozzle DESCRIPTION OF THE PREFERRED 
' (stinger) which is downwardly directed and terminated EMBODIMENTS 

within the injection interval. TTic exhauster and stinger Ai..t . ,. .1. J . t^t. —. 
prevent c o a l ^ n c e of the oxygen bubbles byenablbg 30 At the out^t , the process and apparatus of the p r « . 
continuous vertical circulation of the lixiviant between entinventionjs d««nbed m . ts broadest overall aspects 
the outlet ofthe injecting nozzle, which is located in the " ^ f ^ "^^^ detaJed description followmg, 
lower portion of the leaching interval, and an aspirator ^^ accordance with one important embodiment ofthe 

;• passage inlet which is located in the upper portion of P^«<=n* / " i ' ^ ^ ^ " " ' ^ , ^ o " » » " » l 1 ^ ^ ' ^ * . containing 
the leaching interyal 35 o^tygeri t*Mbbles is employed to mine copper m-situ from 

• The cooperative interaction between the sparger and ° ' f ^y^S thousands of feet below the ground. 
exhauster yields an oxygenated lixiviant or leach liquor . ^ Practicing the invention, very small oxygen bub^ 
containing well dispersed minute oxygen bubbles. This ^^^ .are admixed with an ammomated Ieach hquor to 
unique two-phase liii^iant is able to effectively pene- ° ^ ^ ^ ^ two-phase" hxiviant. This mixing may be 
trate the fractures ofthe ore body and effect dissolution 40 effected by a sparger 10 located at the surface of an 
of the copper due to the minute bubble characteristics injection hole 12, The sparger mcludcs a sintered metal 

! ofthe oxygen phase of the leach solution. The dissolved t « ^ »* arrangement (See FIG. 4) for injecting oxygen 
i copper is removed through output holes and is recov- bubbles mto the ammomated leach hquor, TTie oxygen 
{ ered from tbe pregnant.Uquor by conventional technol- bubbles are nunute and smaller than the fractures, and-
] Qgy 45 / o r interstic« of the ore body 16. 
\ Accordingly, an object of the present invention is to ' ^ ^ two-phase lixiviant thus produced is passed 
I provide a new and iinproved method and apparatus for tJown the tubing 15 of an injection hole 12 to the leach-

economically recovering metals such as copper or ing interval ofa deep.Iying ore body 16 locat«l beneath 
nickel from deep lying bres without resorting to open a cased 17, cemented 18 and packed-ofT portion 20 of 
pit mining or extensive underground development. 50 the injection hole 12. The tvi'o-phase lixiyiahtis injected 

Another object of the present invention is to provide into this zone through a venturi-type exhauster 22. This 
a new improved method for in-situ mining of deep lying exhauster unit has an extended ejecting nozzle 24 

j deposits of metal bearing ore that does not involve (stinger) which b downwardly directed and terminated 
I rubblizing the ore, near the bottbm of the injection interval. The purpose 
I A further object ofthe present invention is to provide 55 of the exhauster 22 and the^stinger 24 b to prevent 

a process for recovering metals from deep lying depos- coalescence of the oxygen bubbles before they enter thc 
its in a manner that b environmentally acceptable. . ore by enabling continuous vertical circulation of thc 

Another object of the present invention is to provide lixiviant between the outlet 26 of the ejecting nozzle, 
a inethod and apparatus for admixing very small oxygen which is located in a lower portion of the teaching 
bubbles into an ammoniated or acidic leach liquor to 60 interval, and an aspirator passage inlet 28, which U: 
produce a two-phase lixiviant which is capable of pene- located in an upper portion of the Ieaching interval, 
trating the fractures of a deep lying ore deposit to oxi- The cooperative interaction between the sparger 10 
dize the ore anS thereby enable the metals in the ore to and exhauster 22 yields an oxygenated lixiviant or leach 
be leached in-sitii, liquor containing well dispersed, minute oxygen bub-

Another object of the invention is to provide a pro- 65 bles. This unique two-phase lixiviant U able to effec-
cess for recovering copper from deep lying porphyry tively penetrate the fractures of the ore body and efTect 
ores by admixing very small oxygen bubbles into an dissolution of the copper due to the minute bubble char-
ammoriiatcd or acidic leach liquor to produce a two- acteristics of the oxygen phase ofthe Ieach solution. 
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As is shown in FIGS. 1 and 4, the apparatus for use in 
in-situ mining in accordance with one embodiment of 
the present invention includes a sparger 10. In its over­
all aspect, the sparger-10 includes a plurality of sintered 
metal tubes 14 which serve to convey ammoniated lixiv­
iant 30 through a pressurized oxygen containing cham­
ber 32. Pressurized oxygen 34 passes through the po­
rous walls of the sintered tubes and enters the ammoni­
ated lixiviant flow as is shown by arrows 36. The two-
phase flow thus produced passes from the sparger down 
into the hole to an injection zone or leaching interval 
beneath a packer 20. The porosity of thc sintered metal 
tubes is such as to provide an oxygen bubble size which 
b of the same order of magnitude as the fracture open­
ings in the ore formation 16. A sparger which can be 
used in accordance with the present invention is dis­
closed in U.S. Pat. application Ser. No. 724,549 entitled 
"In-Situ Mining Method and Apparatus for Sparging 
Gas Bubbles" by Hsueh et al filed on even date here­
with and commonly assigned, the teachings of which 
are incorporated herein by reference. 

Referring to FIG. 4, a gas sparging unit 10, con­
structed in accordance with the present invention, b 
illustrated in detail and consbts of a generally cylindri­
cal casing 38 formed from a plurality of annular mem­
bers which are secured together to form an elongated 
cylindrical sleeve. Tlic sleeve b closed at one end in any 
convenient manner, as for example by a flanged cap 40 
or tbe like, and has a first partition plate 42 welded 
therein in order to define a first chamber 44 within the 
sleeve. The partition plate 42 b a generally circular 
member. A second similar partition member 46 b lo­
cated adjacent the opposite end 48 ofthe sleeve (which 
defines an outlet end for the sparging unit) so as to 
define a second chamber 32 within the sparging unit. 

A plurality of hollow elongated tubes 14 are mounted 
in the partitions 42 and 46 with one end 50 of each of the 
tubes being located b communication v^th the interior 
of chamber 44. Thc other ends 32 of the tubes 14 extend 
through the partition 46, adjacent the outlet opening 48 
of the sleeve. These tubes arc preferably formed of a 
sintered metal powder porous material having micro 
pores of a diameter of, for example, 30 microns, to per­
mit small gss bubbles to be diffused therethrough. A 
genera] useful range of pore diameter is from 2 microns 
to 1,000 microns. A preferred range b from 10 to 100 
microns. Sucb tubes may be formed of stainless steel 
powder or similar porous corrosion resbtant material. 

The porous sintered tubes arc commercially available 
from Newmet, Inc., Pequabuck, Connecticut. The size 
of the pores in a tube b controlled by selecting proper 
particle size dbtribution of stainless steel piowder and by 
sintering at a temperature slightly below thc melting 
point of the stainless steel powder. 

The number of such tubes used in a particular gas 
sparger unit can be varied as desired in accordance with 
the amoimt of gas bubbles required to be introduced 
into the lixiviant solution and the type of pre formation 
being treated as described hercina^r. 

The first chamber 44 of the gas sparging unit 10 in­
cludes an inlet opening 54 through which an ammoni­
ated lixiviant imder pressure, a supplied from a source 
88 b shown by arrow 30. Any convenient pumping 
apparatus can be utilized to supply the lixiviant from the 
source to the first chamber 44 of the gas sparging unit. 

The second chamber 32 formed in the sleeve 38, 
includes an inlet opening 56. The gas to be introduced 
into the lixiviant solution is supplied through the inlet 56 

under pressure from a source as is shown by arrow 34, 
in any convenient manner. 

In accordance with the present invention, the gas 
supplied will be an oxidizing gas such as air, oxygen, 

5 oxygen enriched air, or a combination of oxygen and 
some catalyst, such as for example, SO2, SO] or NO2 as 
an acid forming gas. By supplying gas under pressure in 
this manner to the chamber 32, the gas is forced to 
penetrate through the porous tubes 14 in order to form 

10 small bubbles on the interior surfaces ofthe tubes. Since 
the upper ends 50 of the tubes are in communication 
with'the chamber 44, the liquid lixiviant supplied to that 
chamber v̂ dll flow through thc tubes into contact with 
the small bubbles formed therein. Tbe movement of thc 

15 lixiviant through the tubes towards the discharge ends 
52 thereof will wipe the bubbles from the interior sur­
faces of the tube and cause the bubbles to be intermixed 
within the lixiviant. 

It has been found that the greater the velocity at 
20 which thc barren lixiviant moves through thc tubes, the 

smaller the bubbles introduced into the lixiviant will be. 
Generally, the proper velocity of lixiviant in a tube can 
be calculated from the amount and pressure of intro­
duced lixiviant. Fluid velocity ranges from 2 ft./sec. to 

25 50 ft./sec. have been found satbfactory when porous 
tubes of i inch inside diameter are used. The size of the 
bubbles can also be varied or controlled by using porous 
tubes of varying diameters at a fixed flow. In this con­
nection tubes having inside diameters of between about 

30 I inch and i inch have been found satbfactory when the 
tubes have pores with diameters ranging between 10 to 
100 microns and with lixiviant velocities between 2 
fVsec. to 50 fl/sec. 

Tlie lixiviant solution thus mixed with thc fine gas 
35 bubbles passes through thc discharge openings 52 ofthe 

tubes to the discharge end 48 of the gas sparger unit 
In the embodiment of thc invention shown in FIGS. 

1 and 4, thc gas sparging unit b adapted to be used 
above the ground. Accordingly, the end SS may be 

40 connected in any convenient manner, as for example by 
an elbow joint 21, to the well head 23 and tubing string 
15 which extends down the bore hole. In this embodi­
ment, lixiviant mixed with gas bubbles passes down the 
tubing string 15 to the ore formation 16 to treat the 

45 metal values in the ore formation and create a pregnant 
liquor. 

At thb point, it should be noted that the preferred 
embodiments of the invention involves a sparger unit 
which b located on the surface of the ground. The 

50 invention, however, b not intended to be limited to this 
mode of operation. In fact, in some situations it may be 
desirable to place the sparger unit down thc bore hole. 
Indeed, the patent application Ser. No. 742,549 referred 
to above entitled In-Situ Mining Method and Apparatus 

55 for Sparging Gas Bubbles, discloses a sparger unit 
which can be placed vkdthin thc bore hole. 

It should also be noted that the process of the present 
invention b not intended to be limited to the production 
of oxygen bubbles in a leach liquor by forcing the oxy-

60 gen gas through thc porous tubes in the maimer db-
cussed above. There are many methods for producing a 
two-phase lixiviant. In thb regard, any mixer that u 
capable of mixing oxygen bubbles into a leach liquor 
and produce a two-phase lixiviant from which the oxy-

65 gen bubbles can be forced into the fractures of fhe ore 
can be used in the present invention. Merely by way of 
example, the sparger or mixer can be a simple pipe with 
a T junction in which oxygen gas b 8uppli«] on one side 
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ofthe T and the leach liquor is supplied to thc other side arrow 75 and acquires a part of its energy in a diffuser 
of the T. The gas and liquid are mixed at the junction. 72. The velocity of the mixture leaving delivery jet 71 

In any embodiment of the invention, thc velocity and represented by arrow 76 b reconverted to a pressure 
diameter of the tubing string are important. It will be greater than the suction pressure but lower than the 
apparent to those skilled in this art that if oxygen and 5 motive pressure. 
liquid are passed down a narrow tube at high velocity, ^ j thb point' it should be noted that a Penberthy 
a two-phase lixiviant will be produced. Thus, an impor- ^^^^^ , ; , , , _ ^^ air-operated jet pump, used for pump-
Unt concept to consider in conjunction with any mixing ^ hmidUng slurries or granular solids is called an 
device or sparger is that when the sparger is combined ^.^^^^ However, it performs the same fmiction as an 
with a tubing stnng of a particular diameter, with a gas in • . HM. I - J . J - . . , 
and liquid b^ing subjected to a particular high velocity ^P'^«.»°^- ^ ™ « Iiqu.d-operated jet pump is used for 
down the tube string, turbulence would result which P"'"P'"8 8«s« or vapor it is often called an exhauster, 
would homogenize the gas and the liquid to produce a Regardless of thc name, the pnnciples of operation 
two-phase lixiviant remam the same. Such pumps have many inherent ad-

Another factor which influences the two-phase lixivi- ,5 vantages: they have no moving parts; therefore, there b 
ant b the including in the leach liquor ofa surfactant In nothing to break or wear; and, no lubrication b re-
accordance with the invention set forth in U.S. Pat. No. quired. 
4,045,084 entitled Improvements in In-Situ Mining of The Penberthy series 183A exhauster b made of 316 
Copper and Nickel, filed on even date herewith, thc stainless steel and has a nozzle size of 0.157 inch. To 
ieiichings of which are incorporated herein by refer- ^Q minimize the possibility of plug up, a course filter (not 
ence, it has been discovered that many surfactants, shown) b installed before the exhauster, 
when added to the liquid phase prior to the introduction For a Penberthy series 183A exhauster with an injcc-
of the gas which form the bubbles greatly enhances the tion rate (motive fluid) of 5 GPM, the suction fluid 
stability of bubbles formed. Thc use of a surfactant (entrained fluid) rate b 8.5 GPM and total discharge 
enables smaller bubbles to be formed and tends to main- ^^ from the stinger 24 b 13.5 GPM. Thc pressure drop 
tain the size of the smaller bubbles for a substantial time across the exhauster b 60 psi, the friction loss in stinger 
during the mining procedure. In addition to the surfac- 24 b estimated to be 0.06 psi/ft which necessitates an 
tant the lixiviant may mclude an agent (Calnox ® ) to additional 60-65 psi pressure increase at thc surface 
stabilize calcium sulfate which results from a combma- sDaroer 10 
tion of calcium ions from certain orebody minerals and „ j ^ ^^^^ advantageous to place the exhauster at thc 
sulfate from chalcopyrite oxidation. A surfactant sold . , „ „ , „ ^ , „„;„» ;„ Tu.. i..-.i,:_» : „ . . - i . t , .v . ., . . *̂  r\ r 1A 1 I. .t. n /-v Upper most pomt m the leaching mterval where the gas under thc tradename Dowfax 2A1 by thc Dow Chemi- '̂ '̂  i . - m . r j U J - r 
cal Co. has been found satbfactory. Dowfax 2A1 b thc »ay accumulate. Thus, in a preferred cmbodmicnt of 
sodium salt of dodecylated oxydibenzene disulphonate *«= ̂ . '"^'rw-.wlf- " T * ^ T ^ " " ^ J * i ° * '^^ 
having the formula: packer 20. With this placement, the pressure differential 

35 within suction chamber 68 will draw the gas phase into 
suction nozzle 70 and deplete the gas (locket 

/ \ / ' \ At thb point it should be noted that thc purpose of 
CjjHjj—^ i^O—fe i thc exhauster 22 b to prevent thc formation of gas pock-

\ y \ J *** beneath the packer. There arc many devices which 
I I ^ can perform this function, indeed an electrical pump 

SOjN« SOjNt can be used. It should be apparent however, that a 
device such as exhauster 22 b preferred. Without any 

Immediately below the tubing string 15 b thc cx- device, a gas pocket would form due to the disengage-
hauster (or eductor) 22. In one preferred embodiment of ment of the oxygen bubbles from the two-phase lixivi-
the invention the exhauster 22 is an aspirator or suction * ' ant 
device that operates on well-known principles. Such o f course, the selection of a particular exhauster b 
exhausters (aspirators) are commercially available. In- controlled by the flow rate of thc lixiviant Thc Pen-
deed, the exhauster 22 shown in the dravwng b a Pen- berthy series 183A exhauster b applied to systems in 
berthy Scries 180A exhauster which b manufactured by y^juch there b a maximum flow rate of 10 gallons per 
Penberthy-Divbion of HoudaiUe Industries, Inc.. Pro- 50 minute. When the flow rate b increased, a larger ex-
phetstown, Illinois 61277. Thb exhauster b available ^auster b necessary. The selection of a suitable ex-
through plumbing contractors. ^ ^ j e r for a commercial mining opcraUon b weU 

Dunng the mimng operation m accordance with the ^ ^ ^ ^ ^^^ ^yj , ^f ^ j , ^ in thb art. 
present "'vention the two-phase hxiviant represented imedia te ly below the exhauster b a tail pipe or 
by arrow 36 (see FIG. 3) enters inlet 64 through nozzle 55 ,.. u- u . J . • . . % . , . . . t 
, i J . 1 . I.- 1 ^« • . 1 5 T • _ stmger 24 which extends to a pomt near the bottom of 
66 and travels past a whirler 65 into a nozzle 67 m sue- ,«, 1 u- • , 1 
Uon chamber 68. Nozzle 67 converts thc pressure head tne leacning witervat 
of thb motive fluid into a high velocity stream which , ^ factor which afl-ects the efliciency of thc process is 
passes from the discharge side of the inlet nozzle. '•'^ "^ent of the dispereion of oxygen m the leach li-

Pumping action or suction begins when thc vapor, 60 quor. It has been found that a turbulent flow can be used 
liquid or gas in the suction chamber 68 b entrained by to mamtain a uniform dispersion of gas and Uquor from 
the jet stream emerging from the nozzle 67. Thb jet the surface to thc bottom of the injection interval. To 
stream lowers the pressure in the suction chamber 68. obtain copper loadings in excess of i gpl using oxygen 
The resulting action causes the fluid in the suction sys- BS a lixiviant. a two-phase mixture must be unifoiTnly 
tem to flow to the delivery jet 71 as is shown by arrow 65 injected into the ground. When gas and liquid are mixed 
73. The foregoing action creates suction through sue- at the surface, a uniform db[>crsion must be maintained 
tion nozzle 70. The entrained material 73 from the sue- as the mixture is transported downhole to insure uni-
tion system mixes with the motive fluid represented by form injection of both phases into the rock or ore. 
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TTiere are at least three parameters which can be casing firmly to the rock to prevent fluid from moving 
controlled to effect a high dispersion of oxygen in the up or down the annulus behind the casing and to pro-
liquid. These include the velocity oflhe fluid, the diam- vide suppxsrt for any subsequent casing string to be run 
eter of the tubing string and stinger and the point at into the hole. The cement may also protect the casing 

• which the mixture is injected in the injection interval. It 5 from corrosive fluids. 
; is preferred to utilize a tubing string and stinger having After the hole has been drilled, casing landed and 
j an inside diameter of 3 inches or less. With tubing cemented, additional equipment is placed in the hole. It 
! strings of this diameter it is advantageous to maintain is preferred to install injection equipment as follows. A 
i the flow rate of the two-phase lixiviant at a velocity of tail pipe 24 or stinger long enough to extend from the 
; . one foot per second or greater. It is also advantageous 10 top to near the bottom of the injection interval is run 

to inject the lixiviant at the bottom of the injection of first Attached to the top ofthe tail pipe is the exhauster 
leaching interval. 22. The exhauster 22 b attached onto the bottom of a 

When the leaching interval extends to the bottom of packer 20. The packer 20 is screwed onto the bottom of 
the bore, the stinger is positioned so the end of the the tubing string 15 which b hung from the well head 
stinger is about two feet from the bottom of the bore. 15 23. 
The two-foot spacing is used to provide for the possibil- As shown in the drawing, the tubing string 15 is 
ity of particulates and debris depositing beneath the within the casing string 17 and the casing string 17 is 
stinger. At this point, it should be noted in the commer- surrounded by a cement wall 18. The packer 20 is be-
cial operation, the length of the leaching interval can be tween the tubing string 15 and the casing string 17. The 
between 1,000 and 3,000 feet in length. Of course, leach- 20 purpose ofthe packer 20 is to prevent the lixiviant from 
ing intervals in the order of 200 feet are also possible. rising in the annular space between the tubing string 15 
The length of the leaching interval is controlled by the and the casing string 17. The tubing string 15 itself b 
nature of the ore formation being mined. Factors to be formed from sections of fiberglass or other tubing of a 
considered are concentration, ore grade, depth, etc. The single diameter which are screwed together. In a com-
size of the eductor or exhauster is influenced by the 25 mercial operation tubing string inside diameter may be 
pressure drop in the tail pipe or stinger which is influ- between 2J and 3i inches. The wall thickness is approxi-
enced by the length and the diameter of the tail pipe. mately i inch. 

Although the drilling of injection holes shown in The packer 20 b a standard instrument used in the oil 
; FIG. 1 b conventional, a brief description of the proce- industry which is composed of central mandrel with an 
I dures for constructing injection holes appears below. 30 expandable rubber element which can be expanded 

Prior to drilling an injection hole, a drill pad must be either hydraulically or mechanically. Once positioned, 
; constructed for the drilling site. The size ofthe pad will the packer 20 is expanded so that the sealing element 
( depend on the size and type of the rig to be employed engages the inside wall of the casing 17. 
j and the number of holes to be drilled from the pad. The seal effected by the packer prevents subsequently 
I Many rotary-drill rigs will require a pad 200 fl. square. 35 injected fluids from rising up the annulus between the 

To bore a large diameter, (in excess of 5 inches) hole tubing and the casing. Thb forces all injected fluids to 
! into the deposit to a depth of 5000-6000 feet requires a flow into the injection interval. 

moderate size rotary drillmg rig. These rigs are com- It b preferred to withdraw the pregnant metal bear-
monly used in the exploration and exploitation of oil ing liquor from production holes (see FIG. 2) that are 
reserves. 40 separated from the injection holes. Production holes are 

I The casing b a tubular form of steel or fiber glass drilled in the same manner as injection holes. 
' reinforced plastic that is screwed or welded together as As b shown in FIG. 2, an electrical, submersible 
j it b lower«l into the hole to a desired depth. Thc fimc- pump 80 b lowered into the hole by use of a reinforced 
I tion of the casing b to control fluid movement One or power cable 82. Suitable well-head equipment 23 b 

morc strings of casing of different diameters may be 45 installed to control the movement of produced fluid and 
I required during the drilling or completion of the hole. provide a suitable seal where the power cable 82 exits. 
I The conductor casing string (not shown) b thc largest After the power cable b energized, the pump can be 
, diameter string used in the hole and b required to con- activated and fluid pumfied to thc surface. 
1 trol erosion of thc soil at the surface by the retum flow A preferred surface layout b a so-called 5-spot pat-
' of drilling fluid. So called surface casing 78 has thc next 50 tem which is shown in FIG. 5 of the drawing. In FIG. 
j largest diameter. Surface casing 78 b fitted inside the 5, a dot (.) indicates the location of an injection hole, a 

conductor casing and is used to isolate the near-surface circle (o) indicates the location of a production hole, 
j formation to protect fresh water zones, if any, and pre- and (d) indicates the dbtance between injection and 
I vent weathered rock from falling into the hole during production holes. For environmental reasons there are 
I . subsequent operation. The smallest diameter string of 55 no injection holes on the perimeter of thc layout Fur-

casing, the long string 17 is set above or through thc ther details on the significance of the 5-spot pattern 
injection or production interval. This string of casing is appear below. 

t placed wdthin the surface casing. If the long string 17 b In accordance with one important embodiment of the 
set above the leaching interval, the hole b said to have present invention, copper b leached from a sulfide de­
an open-hole completion. Such a completion is shown 60 posit such as chalcopyrite with a two-phase lixiviant 
in FIG. 1. If the long string casing is set through thc The two-phase lixiviant includes ammonia and oxygen, 
interval, the casing must be perforated to gain access to During the leaching, the following reaction b believed 
the formation. This results in a perforated casing com- to occur, 
pletion. Perforated casing completion may be used in 
the present invention; but, open hole completion b pre- 65 Cu+'Fe+'s, + 4.2J Oj + 1.5 HjO + 6NHj = 
ferred. Cu+'(NH3)4SO, -f- Fe+'OOH + (NHJjSO^ 

Each string of casing b cemented into the hole using Fe+'Sj + 3.75 Oj -t- 2.5 Hfl + 4hfHj = 
known techniques. Cementing is necessary to bond the F=* OOH + 2(NH4)jS04 
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Of course, nickel, cobalt and molybdenum, if present the ore body. The prpcess ofthe present invention takes 
as sulfides in the ore will also be leached in accordance advantage of the fact that the depth at which the ore 
with known chemistry. At this point, it should be noted t>ody is located provides a lid for the pressurized lixivi-
that the primary purppse'of the pxygen is to break thc ant. It is preferred to locate the injection interval below 
chemical bonds holding the copper in the-chalcopyrite * the water table because it acts as the lid fpr this pressure 
by oxidizing fhe sulfide and iron component. Once the head. In short, the process of the present invention 
chalcopyrite is oxidized, the aqueous ammonia is able tP cpuld not be' used to great advantage to leach ore bodies 
dissolve thecopper values. It makes no difference that are located close to the surface, that b 200 feet or 
whether or not the copper is oxidized. Indeed it is be- le^. TTie correct maximum down hole injection pres-
lieved that the GuFcSj contains copper as cupric copper 10 sure pf the lixiviant is limited by the fracture pressure at 
and iron as ferrous iron. Thus, during oxidation in ac- the top of the leaching interval, 
cordance with the foregoing reaction, the oxidation The two-phase flow injection system for the commer-
state of copper remains unchanged while the iron is -cia] operation is divided mto two modes of operation; 
oxidized from Fe+=to Fe+'. Of course, if Cu * copper is downhole, and surface sparging. In the former case the 
present in the ore, it would also be leached by the lixivi- IS ^ ^ ^ ^ ^ pressures of gas and liquid must be controlled 
ant Smce both forms of copper ions are leachable, it is separately, because the pressure difference between the 
not necessary to oxidize cuprous ions to cupnc ions m surface and the top of the leaching interval b related to 
order (oleach copper. , . ^ the individual phase densities. In the surface sparging 

A su uic lent excess of aqueous ammonia is used to j . . ,i,^ ...rfT™ «̂  .^ „<• J t- -j .u , .. • .. 1 .• „ ,- IT J .1. J- in mode the surface pressures of gas and liquid arc the keep the pregnantsolution alkaline. Under these condi- 20 , j _ „ j • •_ i . ^ • .i. . 
.- J- , .- r . • 1 • V -1.1 J same, and must exceed a mmimum level to insure that a tions, dissolution of gangue materials is negligible and . , , ,- -j j - - • i _ j j , , T 
,. ,. 1-.- - . • •_* tl 1 stable gas-liquid dispersion is transported downhole. In 
the pregnant solution contains virtually only ammonia, . .,. . . t - . _v- .uiu.ti, i,u 
ammonium sulfate, and cupric ammine sulfate. * « * ^ " ^ ^ ^ second control point requires that the 

The foregoing system in which oxygen b admixed P f ^ ^ ^ f f the top of the mjection mterval be less than 
with an ammoniacal Ieach liquor b referred to as an 23 ^^ ,̂ ' J ^ fractunng pressure. 
oxygen-ammonia lixiviant. It is to be understood, how- In downhole sparging the liquid surface pressure is 
ever, that other two-phase ILxiviante can be used in ^ ' i ^ to the pressure at the top ofthe mjection interval, 
accordance wiUi the present invention. The oxygen- ' « ^ the hydrostatic head from the surface to the top of 
ammonia lixiviant b pr6fcried where there is a lot of the mjection mterval, plus fnction drops through die 
acid-consuming minerals in the ore body However, a 30 sparger, eductor, and tubing string. At commercial flow 
representative example of another two-phase system ''^tes, the friction drop in the tubing string for the liquid 
that can be used to leach copper and nickel from a b le^ than 10% of the hydrostatic gradient for tubing 
sulfate deposit includes the so^:alled oxygen-water lix- diameters greater than 2,5 inches. The surface pressure 
iviant fpr the liquid, ' ^L , is approximated as: 

The chemistry for the oxygen-water lixiviant appears 33 
below. " J!ĵ  = (^j,-0.43J)(£>-^ +Vy*+ip;l (1) 

CCiFeSi + 4.2S Oj + l-S H^o -^ CuSO, + FeOOH Aj == fracturc gradient, 0.7 ^ A/ « 1, psi/ft 
+ 1̂ 3504 iip/g = prMsure drop across eductor, psi 

Afi Apm = pressure drop across sparger, psi 
FeSi + 3 IS O, + 2.3 H^O ̂  Frf)OH + 2H,so, ^ D = distance frpm surface to bot tom of leachmg 

, .„ „ . . ., , , interval 
Whep an oxygen-water hxiviant is used, cupnc sul- ^ ^ ^ ^ ^ ^ ^ f̂ ^̂  ^ ^ ^ ^ of Ieaching interval to 

fate and sul func acid are generated m the leaching pro- bottom of Backer 
cess or added on the surface. The cupric sulfate and -, „ ^ .. . , . . j - „_ ,„ t « » 1 __ 

,1, . -J J- , ^ 1 ' S re- » i Al AK D—ii = distance from surface to bottom of packer 
sulfunc acid dissolve gangue metal oxides (Fe, Mg, AI, *= ^ v 
Ca, etc;) as sulfates. Much of the iron and aluminum Example 
precipitates in-situ as jarosite and alunite. In the surface . _ , ^ 
plant copper b extracted, and if necessary, the pH b / ~ soonf 
adjusted to the desired level. The resulting leach solu- ^ ^ ^ ! 
tion b remjected togetlieir with make-up oxygen. An- 50 ^ — 2^iw ' ™ . 
other name for the oxygen-water lixiviant is the oxygen- ^ ^ ' ~ J ^ f L ~ Z^,S?^ . -„ . „ , _ , . 
acid lixiviant ;»,i. = 0.267 X 2300+• 400 = 1067,5 psig (2) 

The process of the present invention b used tP great ^̂  * downhole pressure measurement is available, and 
advantage for deep-lying ore bodies, that is, orebodies the surface pressure of the hquid should be adjusted so 
located at: a depth of 1,000 feetor more below the sur- 55 that the pressure at depth ( D - H ) does not exceed A/ 
face. Although, the surface is normally a land surface, it ( D - H), in the example case 1750 psi. 
should be.noted that there is no reason why this process The gas.surface pressure, "Pis. b equal to the pressure 
cannot be used to recover copper from deposits located drop at the top of the.injection interval, less the hydro-
belowthcbottom ofthe continental shelf or a lakebed. . static variation, plus the friction drops through the 
Thus, when reference is made to the depth of deposit 60 eductor and sparger. Since the gas is compressible, the 
below the surface, the surface can cither be land surface hydrostatic pressure variation must be corrected for 
or the surface ofa body of water undcmeath which the pressure and temperature variations in the tubing string; 
deposit is located. The real significance of the fact that 
the process is used to treat deep-lying deposits is that ih 
order forthe process to be used practically, the lixiviant 65 pj 
roust be injected into the ore body under a head of p „ [^^o _ j ^ + ^ i JJ J f ^'' - T " ' 
pressiire which is just below the fracturing pressure of *" L^*"'*" ^ ^ - '0 J 
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7p = surface temperature of gas in degree of Raa-
kine, ' R d-ru = tubing diameter, inches 

B - gepthermal gradient, * R per foot — 0.0325 Qi, = flow rate of liquid in gallons per minutes 
Fpr example at. 190 gpin the maximum tubing size that 

Example j ^^^ be used is S.6 inches. Since the inside diameter of 
Aj^= 0.7 psi/fPPt, D ~ 5000, H = 2500 ft, 7"^ = 533* the cased portion of the hole above thc injection inter-

B, val is 6 inches, all tubing sizes that can be used are less 
than the critical diameter. When 23 ppm of the surfac-

(4) tant Dowfax is ' used in the hxiviant, dfnt can be in­
fl i iT i i i i in \ JI MQ J . inni f ^ '̂ . T ' " ' '** creased by a factor of 1.3. 
P^ = [(.7) {2500) + 200 + 2001 [ ,33 + 1SOO(.031S J ^ h c surface pressure can be controlled by: develop­

ing k friction drop in the tubing string, using a down-
P„ = (3159) (0.913) = 196B psi (5) jjolc choke or developing a largCi friction drop across 

thc eductor. It is not necessary to have the diameter of 
In surface sparging, the gas and Uquid surface pres- 15 stinger tubing 24 (rfj) the same as the diameter of tubing 

sures are the same and must be controlled above a mini- string 13 which runs from the surface to the eductor 
mum level such that the gas volume fraction in the (j/j). The eductor operates at maximum efficiency when 
tubing string does not exceed a critical value between the friction drop m the stinger U a fraction of eductor 
20% and 25%. The minimum surface pressure, Ps«. is suction, 40 psi. Thc minimiim tubing diameter associ-
also related to thc copper losdirig and efficiency of 20 ated with a friction drop of 4 psi namely 1/10 oz. suc-
oxygen usage, assuming sulfate as the oxidation prod- tion pressure b giveii by (9), 

<il>CQ.669)W(Sj)* (9) uct 

Fsu S {W'D (1 - f p / / t ^ (Cu/£), in p«i (6) 

Cu = copper loaduig, gpl , ^ 
E = overall efiiciency of oxygen,utilization H = 2iOO.feet„QL = 380 gpm w/doublc recirculation 
f̂  = critical gas volume fraction associated with < 2̂> 3,6 inches 

bubbly flow, 0,2 S f „ S 0.25 TTius, if a 3.6 inch I.D. stinger 24 b used with a total 
3Q c i rcula t ion of 3SO g p m in a 2500 foot interval less than . 

Example ^ 4 psj friction drop will result, but stable flow will be 
/ - 0.23, Cu == 6. »iA £ •= 0.40 (7) insured as d^'is less thaa the ,dj^ot5.6 inches computed 
" ' from (8) with 190 gpm. 

fjy s 1067 psi Xhe surface pressure can be calculated once the fol-
3J lowing process parameter are fixed: 

The constant 23.7 is go<xl for chalcopyrite only. In j . The liquid flow rate, Q^, as gaUons per minutes, 
the case of Pentlandite, NiFejSj, a main nickel sulfide gpm, 
ore, the constant would be 39.2 and for fhe case of 2. Thc gas flow rate QQ, as standard cubic feet per 
molybdenite, MoSj, a major mpIyMenum ore, the con- minutes, SCFM. 
stant would t% 16.6 4g 3. The fonnation permeability, K as millidarcy, md. 

In general, for a sulfide ore body having the formula 4, The distance from the surface to the top of the 
of MFcjS., where thc oxidized product are M + ' and injection interval, (D—H) as feet, 
sulfate, the constant can be calctilated from 5. Tlie injection interval, H as feet 

6. The tubing inside diameter, d as irichra, 
45 Thesurface pressure b related to the above parame-

j , ^ a f 354.7 ri.ijr + 0.73y + o.23i] >i f ' ' T / P ] tcrs io the following manner: 

OAi^) 

where M b the metal loading in gpl of the ore metal ^ (Kfififfp - m ' 4 
values to be recovered, E b the ovefrall efficiency of 
oxygen utilization, M W . b the molecular weight of the The constants and ranges of the independent variables 
metal'ion to be recovered, 2 b the valance of the mc t^ are listed in Table I and II. Ifp^aB calculated from (10) 
ion to be recovered in soIutiDii, and y and x are the u less than the value afpsn^s calculated from (6), either 
subscripts for Fe and S, respectively, in the sulfide min- a downhole choke must be used to increJase p ^ or the 
e r^ structure M F e ^ ^ For example during Ieaching - tubing string diameter rfj decreased. 

MFcjSi +,• • • - * M + ' + 804= + FeOOH + , , , 

so for; 
CuFeS: x ^ X.y = \ , z = l 
NiFejSj: X - -3, y = l . z - l 
U o S i : x , = X y = 0,z = 6 

To insure that gas doss not segregate and rise to the 
surface aa it b being transpprted dpwnholc thc tubing 
size must be maintained below' some maximum size, d j ^ 

rfjj,3(0,69) (QJ-* for wtter (8) 

Table I 
The Range of Paraineteii that Equation (10) ii 

Qi^gpm QjSGFM 
60 Ki-VX) 120-360 

1 Applicabie 
K(md) CD,H)ft. H,f«t d,; inches 
0.6-8.4 2500-5000 873 -3203 J.6-4.0 

TableH 

63 Cj > 
31,031 0206 
13,5076 014S 

Rnnge of Conitantt 
b c d 

0.673 0.661 0.637 
0;65+ 0,707 0,616 

e f 

0,316 0623 
0.36* 0.383 
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Prior to the present invention, the only deposits from 
which metal values were recovered by a two-phase _, *rApr i (12) 
lixiviant in-situ were sandstones or rubblized deposits. ^ ~ ' M Ind//?, - 0.619 
Indeed, the Hard et al patent discussed above b directed 
to recovering uranium from sandstone or rubblized ' A/> corresponds to the pressure drop between the injec-
deposits located about 200 feet below thc surface of the tion and production holes, the maximum injection prcs-
land. The present invention, on the other hand, b di- sure is equal to the fracturing pressure. When the pro-

', reeled to the recovery of metal values from rock or ore duction hole is operated by drawing down the pressure 
I that has a permeability such that those skilled in this art at the top of the interval to atmospheric pressure, the 
I would have been discouraged from attempting to re- maximum pressure drop is obtained, 

cover metal values therefrom. For example, the perme- ^ ° ^ example, when: 
ability of a typical uranium containing sandstone is on A = 3 md 

; the order of 100 to 1000 md. On the other hand the ^ T = 700 psi 
present invention is directed to recovering melal values 15 f* ~ "'^ centijxjise 

I from porphyry ores which have permeabilities of 50 md ~ }rJfy 
t or lower. Thus, the present invention is applicable to T'.^Ari^f 
I treating hard rock located at depths of 1000 ft. or ^ ~ ^ ^ '^^^ 
I greater, which rock has a permeability of 50 md or less. o — 312 
; Another parameter which is conveniently dealt with 20 A ~- • . - - . . . - j . .,, 
' . , "̂  , . . . , . • . . . An mjectivity test is used to measure the pressure 

by the present process is the caching tempera ure In ^ ^̂ ^̂ ^ j ^ ^ ^ ^ ^^ .^^.^^ ^^ .̂̂  ^̂  ^ , 5 ^ ^ ^^^^ j ^ ^ ^ 
order for the hxiviant to be able to extract rnetal values ^^e deposit. Equation (13) b used to compute the de-
from the hard rock, the temperature of the lixiviant ^g^^ permeabihty 
should be 40' C. or greater. If the lixiviant had to be 
heated to this temperature, that fact would increase ^5 /: = (4760 0 ji l« KyRj/(TAp) (13) 
processing cost. However, because the present inven­
tion is directed to recovering metal values from deep- A/> corresponds to the pressure drop between the top of 
lying deposits, the geothermal properties of thc earth the injection interval and the fluid in thc deposit. When 
are used to heat the lixiviant to the required tempera- the water table b at ground level, the pressure drop b 
ture. It is known that the thermal gradient b approxi- ^° equal to the surface injection pressure. R.b the drainage 
mately 2 J* F. per 100 feet in areas such as Safford, radius, i.e., the dbtance from the injection well at which 
Arizona. Thus, at 1,000 feet below thc surface, the tem- ^^e fluid pressure b equal to the hydrostatic pressure at 

i perature of the two-phase lixiviant would be 25° F. ' ' ^ P ^ ' ^ ' ^ ^ "*<=' location of R, is ambiguous. In a 
above the ambient temperature at the surface. Accord- „ Pressure injection test, less than two hours arc required 
ingly, an important aspect of the invention b to actually *° ° ^ ^ steady-state conditions. In this penod of tmie. 
leach the metal values with a lixiviant that b maintained ^ l / ^ r f ° " ^ ' " ^ ' ^ ^ °°V ^***"f ^^ " ° " u*f" 
at a temperature of 40' C. In the present process thb b } ^ ' ' «» distance ^ fee away from the mjection hole. 

, . , . . . . . . . -. r r The value of In (RyR_) is approximately equal to six. 
accomphshed without the necessity of any means for Equation 13 becomes-
heating the lixiviant 40 

The lixiviant can be forced through the ground in K = (28,600) (Qti./Tt^) (14) 
' either linear or radial flow (see FIGS. 6A, 6B and 6C). 
I Linear fiow b obtained when the surface area normal to The viscosity of a fluid is a function of temperature. 
I flow b constant between cquipiotential surfaces, that b . When the fluid b a liquid, thc viscosity decreases as the 
i the pressure gradient is uniform between the injection 45 temperature increases, thus the flow rate will increase at 
, and withdrawal points. In radial flow, the pressure fixed pressure drop and permeabiUty as thc temperature 

gradient b inversely proportional to the dbtance from increases. The converse b true of gas flow, because the 
' the point of injection. viscosity of a gas increases with a rise in temperature. 

The fluid flow analysb that follows b based on radial Table III Usts values of the viscosity of water between 
flow in a five-spot pattem (see FIG. 5). A vertical view ^ 70* F. and 200' F. 
of the hole b shown in FIG. 7. The hole b drilled to a 
total depth, D, and fluid b injected over some interval, 
T. In the production hole, a downhole pump, air-lift or 

I swab is used to reduce the pressure at height, T, to thc , , 
{ level at which the production and injection rates are 

comparable. 
j The flow rate for each hole in a five-spot pattem is 
j calculated from equation (11) when the permeability, 
j fluid viscosity, pressure drop, mjection interval, and go An injectivity test performed in the bottom 70 feet of 
I well spacing are specified. A consbtent set of units must hole DDH-147 at Kennecott Copper Corporation's 

be used. mine at Safford, Arizona gives thc following results: 
g = 15 gpm 

irKTiut (11) r = 70 feet 
« ;i On rf//J,-0.619) 65 iip = 783 psi 

H = 0.3 centipoise 
If Q is expressed in gpm, K b in md, p. in centipoise, A/» The permeability is computed from Equation (14). 
in psi, and T in feet, equation (11) becomes: D = 28,600 (15 X 0.3/70 X 783) = 2.4 md 

Table III 
Viscosity of W a t e r u t 

of T e m p e r a t u r e 
Function 

T e m p e r a t u i - e , ' F Viacosity, cent ipoi ie 

70 
IOO 
140 
200 

1.00 
0.75 
0.30 
0.30 
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was treated with lime, it was contacted with a liquid ion 
^^»,^ . - . - .^»„„ 1^.-, •r-^-.-.̂ .r^ ^ ^ „ x^..,,- ^ . r..r- cxchangc cxtractaut to extract the copper values. The 
CONDITIONS SELECTED FOR BASE CASE ^^^^^^^^ ^ ^ ^ ^ ^ LIX-64N which is an oxime ex-
The base calculations assumed that fluid is injected tractant sold by General Mills, At this point it should be 

over a 2,500 foot interval, with the top of the injection 5 noted that recovering the copjJcr values from the preg-
interval 2,5(X)'feet below the surface. The maximum nant solution is a step which is well known to those in 
injection pressure is 1750 psi when the fracture gradient the art and does not constitute a part of the invention. 
is taken as 0.7 psi per foot of depth. The maximum After thc organic extractant is loaded with copper, it is 
pressure drop between the injection and production stripped with a sulfuric acid (H2SO4). The stripped 
wells in the five-spot pattem is 1750 psi when the injec- 10 solution containing the coppjer values b then sent to an 
tion well b drawn down to atmospheric pressure at the electrowinning circuit where the copper is electrowon. 
2500 foot level. The flow rate is computed from Equa- cvr*»#nTT7Ti 
tion (12) for EXAMPLE II 

if = 180 foot well spacing Details of a typical commercial process appear as 
R„— 0.25 feet 15 follows. The ore body to be leached is a block lying 
K = 2.4 md between the levels 2500 feet and 5000 feet below the 
A/?7-= 1750 psi surface and having an aerial extent associated with 18 
T = 25CX) feet contiguous 5-sfK3ts, each having a producer to producer 
fl = 0,5 centip>oise spacing of 330 feet. An example pattem is 18 5-spots 
Q = (1.05X 10-^) (2.4X2500X 1750/0.5) (1/5.96) = 20 contained within the area with dimensions 1650 feet by 

370 gpm 1320 feet. The ore block is completely below the water 
The flow rate per well computes to be 370 gallons per table which lies KXX) feet below the surface, 

minute, which is equivalent to 532,0(X) gallons per day. Thc leaciiing process b initiated by pumping fluid 
The base case study used 400,000 gallons per day as a from producer wells (28 in number), adding to that 
conservative estimate. 25 fluid: ammonia, sulfuric acid (to generate ammonium 

. sulfate), an oxygen as a second phase; and pumping the 
tAAtvifLC 1 fjyjj jĵ jQ injection wells in a continuous fashion. A 

On May 29, 1975, an ammoniacal sulfate leaching test concentration of 1.6M NHjand 0.4M NH^at the injec-
was carried out at the Kennecott (Topper Ck)rporation , tion well is maintained. M indicates moles per hter. 
in-situ mine in Safford, Arizona. The injection hole was 30 Although the ultimate leaching interval b 25(X) feet to 
equipped in accordance with the procedure outlined 5(XX) feet, the initial interval exposed to leach solution 
above and shown in FIG. 1 ofthe drawing. The various contact is 3750 feet to 5000 feet ("half interval"). This is 
material balances are shown in FIG. 8 of the drawing. done to decrease the initial jxire volume to be primed 
The main copper mineral deposit was chalcopyrite. The atid thus sp^eed breakthrough of copper, ammonia, and 
average grade of copper was 0.45% and the porosity of 35 ammonium ion at producer wells. About 9600 tons of 
the ore body was 3%. copper are produced in the first year of pumping with 

At the start of the in-situ mining operation, the efflu- 88% of fiill production (40,000 TPY) being achieved in 
ent copper concentration b diluted with the deposit the second year of pumping. TTie rest of the interval is 
water that is stored in the pores of the rock. It b ex- assumed to be opened up (by perforation of casing) in 
pected that after a volume of lixiviant equal to the vol- 40 two stages occurring in pumping years 6-7 and years 
ume of dej)osit water stored in the rock between holes b 14-15. Overall recovery as cathode copper over the life 
pumped, i.e., one pore volume, the copper concentra- of the project b 45%. 
tion will attain the design level. A similar dilution will Pregnant solution b pumped from producer wells by 
be obtained at thc end of the mining venture in order to submersible pumps through a gas-liquid separator 
recover the copper that is in solution in the pores of the 45 where gas entrainment occurs. The gas, which may 
rock. contain some hydrogen, b diluted by an air blower 

When the reaction between oxidant and chalcopyrite before being vented. Total flow is 3450 gpm with a fmal 
b rapid, all ofthe oxidant b consumed in one pass ofthe copper concentration of 6 gpl. 
fluid through the deposit. When the reaction b slow, FoUowing gas separation, pregnant solution b 
oxidant remains in the lixiviant at the production hole 50 pumped to the calcium treatment area of the main pro-
and the effluent copper concentration will decrease. cessing plant. Here, lime (in a crystallizer) b used to 

The composition ofthe lixiviant was 1 M NH3,0.25M convert a piortion of ammonium ion in the solution to 
(NH4)2S04 with 25 ppmV Dowfax (g)surfactant and 75 ammonia Under normal circumstances, ammonium ion 
ppm Calnox @ additive. The solution was injected into builds up in the circuit due to chemical reactions associ-
a hole (ID: 149A) at a rate of 10 gallons per minute and 55 ated with copper leaching and copper extraction. Lime 
mixed with 12 SCFM (standard cubic feet per minute) treatment allows a savings in ammonia makeup. C âl-
of gaseous oxygen. The packer was set at 3060 ft. and cium treatment also serves to control calcium supersatu-
the two phase fluid was injected into the leaching inter- ration of pregnant solution. 
val with a tailpipe extended to 3160 feet. The down- As a result ofthe pressure of sulfate in the pregnant 
ward fluid velocity inthe 1 J inches pipe was 1.8 ft./sec. 60 solution, gypsum b precipitated in the crystallizer. 

The solution was recovered from a hole (ID:SA-2) These solids are removed from the pregnant solution by 
which was located 70 ft. away from the injection hole. a thickener followed by a rotary drum filter. (Hopper 
It was produced at 10 gallons per minute. On July 11, losses are kept to a minimum' by washing the solids 
1975, the produced solution had 0.71 g/I of copper, 0.66 twice: first with a portion of raffinate from the liquid ion 
M N H J , 0.04M (Z;aS04. 65 exchange section, and second, with water on the filter. 

A part of ( N H 4 ) 2 S 0 4 was treated with lime to regen- Copper b removed from solution by liquid ion ex-
erate the ammonia and also to remove CiS04 in solu- change and electrowinning. Liquid ion exchange b 
lion. After the pregnant liquor from the production hole operated with LIX-64N at 40° C. Aqueous feed solution 
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20 
must be cooled from about 70" to 40* C. prior to copper 
extraction. Activated carbon adsorbers are used to treat 
raffinate in order to remove most of any entrained or 
dissolved organic. 

Makeup ammonia and two additives, Dowfax and 
Calnox (g, are then added (by in-line mixer) to the leach 
solution. The purpiose of Dowfax (25 ppm level) is to 
improve oxygen dispersion characteristics of the solu­
tion. The purpose of Calnox (fi) (20 ppm level) is to 
inhibit scale formation on production well equipment. 
Calnox is removed by lime treatment in the gypsum 
crystallizer. 

Leach solution, following reconstitution, is pumped 
back to the well field. An injection pump (up to 1200 psi 
pressure) pumps solution into a surface sparger where 
oxygen is dispiersed. A guard filter precedes the injec­
tion pump to remove solids down to 20 ppm. 

From the foregoing, one skilled in the art is taught 
how to remove base metals such as copper, nickel, mo­
lybdenum and mixtures thereof from igneous rocks 
located at a depth of 800 feet or more. The invention b 
particularly applicable to treating ore bodies that lie at 
a depth in feet and have a permeabiUty in md that b 
twenty thousand md-ft or less. Prior to present inven­
tion there was no acceptable way of treating such ores 
in situ. The metal values are removed from the minerals 
in the minute fractures in thc ore by forcing a two-phase 
lixiviant containing small oxygen bubbles into thc frac­
tures of the ore. To recover a metal, M, from a mineral 
in the ore having thc general formula, M F e ^ „ the 
minimum surface pressure, PSMI of the two-phase lixivi­
ant, in psi, b controlled at the surface in accordance 
with the foUowing generalized formula: 

10 

recovered are located in chemical combination with 
sulfur in a mineral of the generel formula MFe^Sjp said 
process comprising: 

(a) drilling at least one injection hole and at least one 
production hole into said ore body; 

(b) introducing a two-phase lixiviant down said injec­
tion hole and into a leaching interval in said ore 
body, said leaching interval being beneath thc 
water table, said two-phase lixiviant being formed 
from 
(1) an aqueous leach liquor capable of solubilizing 

the metal values, and, 
(2) minute oxygen bubbles ofa size small enough to 

IJ enter the fractures in the ore body from which 
the metal values are to be recovered; 

(c) forcing the two-phase lixiviant through the leach­
ing interval ofthe underground ore body to enable 
the two-phase lixiviant to penetrate the ore body 

20 through the fractures in the ere body and to enable 
the oxygen bubbles in thc two-phase lixiviant to 
react with the sulfur to which the metal values are 
chemically bonded to enable the metal values to be 
solubilized by the aqueous leach liquor to produce 

23 a pregnant solution of metal values, said two-phase 
lixiviant being forced through said leaching inter­
val by controlling the surface pressure of the two-
phase lixiviant so that thc minimum surface pres­
sure, PsMi in psi, is in accordance with thc equation 

30 

P ^ ^ l 
354,7 ri,5x + 0.75y + 0,25zl 

MW 

35 

(M/E), in pn 

where M b the metal loading in gpl of the ore metal 
value to be recovered, E is the overall efficiency of 
oxygen utUization, and MW b the molecular weight of 
thc metal ion to be recovered, z is the valance of the 
metal ion to be recovered in solution, and ji and x are thc 
subscripts for Fe and S, respectively, in thc mineral. 

It is also desirable to design the porosity of the sin­
tered metal tubes so as to provide gas bubbles (Oj) 
which have diameters in the same order of magnitude or 
sinaller than as the fracture openings in the ore. The 
diameters of the bubble therefore would be within the 
range of 2-1 (XX) micron, but preferable, 10-100 microns. 

The invention may be embodied in other specific 
forms without departing from the spirit or essential 
characteristics thereof The present embodiments are 
therefore to be considered in all respects as illustrative 
and not restrictive, the scope of the invention being 
indicated by thc appended claims rather than by the 
foregoing description, and all changes which come 
within the meaning and range of equivalency of the 
claims are therefore intended to be embraced therein. 

Wc claim: 
1. A process for the in-situ mining of a metal value 

selected from the group consisting of copper, nickel, 
molybdenum and mixtures thereof from an under­
ground igneous ore body located at a depth of 800 ft. or 
more, said ore body having a permeability such that the 
product of the ore body thickness in ft. and permcabUity 
in md b a value of 20,000 md-ft or less, said ore also 
having minute fractures in which the metal values to be 

45 

50 

/"ivS 
^ 354.7 [1.3x + 0̂̂ 75y + 0.25zl V '"•^'^ ") M/E, 

ID p a 

where M is the metal loading in gpl ofthe metal value 
to be recovered, E b the overall efficiency of oxy­
gen utilization, MW is the molecular weight of the 

^ metal ion to be recovered, z b the valance of the 
metal ion to be recovered, > and x are the subscripts 
for Fc and S respectively in a mineral of the gen­
eral formula MFc^^n where M is the metal to be 
recovered, andy^b the gas volume fraction associ­
ated with bubbly flow, the pressure of the two-
phase lixiviant also being controlled so that the 
pressure ofthe two-phase lixiviant at the top ofthe 
leaching interval is less than the fracture pressure 
of thc ore; 

(d) withdrawing the pregnant solution to the surface 
through a production hole; and, 

(e) recovering metal values from thc pregnant solu­
tion. 

j5 2. The process as set forth in claim 1, wherein the 
mineral is chalcopyrite and copper is leached from thc 
chalcopyrite and wherein the minimum surface pressure 
PsMt in psi is in accordance with the equation 

60 P ^ £ (23.7) ( l- /p//^ (Cu/E) 

where 
Cu = copper loading, gpl 
E = overall efficiency of oxygen utilization 

65 f/c — critical gas volume fraction associated with 
bubbly flow. 

3. The process as set forth in claim 2 wherein 0.15 S 
/ ^ ^ 0.25. 



4.116,488 
21 22 _ 

4. The process as set forth in claiin 3 wherein the 26, The process as set forth in claim 1, wherein ihe 
igneous ore Ijody has'ah average permeability of 10 md mineral is pentlandite and nickel b leached from the 
or less. pentlandite and wherein the minimum surface pressure, 

S; Tlie process as set forth in claim 4 wherein the P̂ ;,;̂  in psi, is ih accordance with the equation 
two-phase lixiviant is produced by forcing oxygen bub- 5 
bles having a. size between the range of 30 to 300 nii- 'JW ̂  (̂ ?-̂ J (1-/^/.^ (Ni/E) 
crons into the Ieach liquor. 

6, The process as set forth in claim 5 wherein the where, 
. i surface pressure, PSM, is greater than 800 psi. Ni = nickd loading, gpl 
! 7, The process as set forth in claim 6 wherein the 10 E = overall efficiency ofoxygen utilization 
• - pressure at the top of the leaching interval b 560 psi or /«c = critical gas volume fraction asspciated with 

more. bubbly flow. 
8. Tbe process as set forth in claim 7 wherein the 27. The process as set forth in cMm 2€ \yherein, the 

, , pressiire-at the top of the leaching mterval is approxi- igneous ore body has an average permeability of 10 md 
mately0.7-l,b lbs. per sq.in. for each foot of depth from 13 or less. 
the surface to the top of the Ieaching interval. 28. The process as set forth in claim 27 wherein the 

9. The process as set forth in claim 4 wherein the two-phase lixiviant b produced by forcing oxygen bub-
' surface pressure, P j^ , is'greater than 800 psi, bles haying a size be twen the range of 30 to 300 mi-

10. Thc process as set forth in claim 9 wherein the crons into the leach liqupr. 
pressure at the top ofthe leaching interval is 560 psi or 20 2i9. The process as set forth in claim 28 wherein the 
more. surface pressure, P^^, b greater than 800 psi. 

11. TTie process as set forth in claim 10 wherein the 30- The process as sei forth in claim 29 wherein the 
pressure at the top of'the leaching interval is approxi- pressure at the top of the leaching interval b 560 psi or 
mately0.7-1.01bs.persq,in, for each foot of depth from more. 
the surface to the top of the leaching interval. 25 31. The process as set forth in claim 30 wherein the 

• 12. The process as set forth in claim 3 wherein the pressure at the top of the leaching interval ts approxi-
I surface pressure, P^M, b greater than 800 psi, mately 0.7-1.0 lbs. per sq.in. for each foot of depth from 
' ,13. The process as set forth in claim 12 wherein thc the surface to the top of the leaching interval, 

pressure at the top ofthe leaching interval b 560 psi or 32. The proems as.set forth in claim 31 wherein the 
more. 30 surface pressure, P ^ , b greater than 800 psi. 

'. 14. Tlie process . ^ set forth in claim 13 wherein the - 33. The process as set forth in claim 32 wherein the 
; pressure at the top of the leachihg mterval b approxi- pressure at the top ofthe leaching interval b 560 psi or 
I mately 0,7-1.0 lbs, per sqin, for each foot of depth from more. 

the surface to the top of the leaiching interval, 34. Thc'procras as set forth in claim 33 wherein the 
I 15! The proces as set forth in claim 2 wherein the 35 presure at the top ofthe leaching interval b approxi-
. igneous ore tody has an average permeability of 10 md mately O,7-I;01b8, persq, in, foreachfcK^t of depth from 

or 1MS. the surface to thc top of the leaching interval. 
16. The process as set forth in claim 15 wherein the 35, The process as set forth in claim 26 wherein thc 

{ two^phasc lixiviant b prcKluced by forcing oxygen bub- surfaiie pressure, PSM, b greater than 800 psL 
bles having a size between thc range of 30 to 300 mi- 40 36, ITic process as set forth in claim 35 wherein the 

1 crons into the leach liquor. pressure at thc top of the leaching interval b 560 pji or 
j 17. The process as set forth in claim 16 wherein the more, 
j surface pressure, PSM> "̂  greater than 800 psL 37. The process asset forth in claim 36 wherein thc 
i IS. The process m set forth in claim 17 wherein the pressure at the top of the leaching interval b approxi-
I pmsure at the top of the leachmg interval b 560 pd or 45 mately 0:7-1.0 lbs. per sq. in. for each foot of depth from 

more. the surface to the top of the leaching interval. 
IS. The process as set forth in claim 18 wherein the 38. Hie proc«s as set forth in claim 26 wherein 0.13 

pressure at the top of the leaching interval b. approxi- ^ / K ' ^ 0,25. 
j inately 0.7-1.0 lbs. per sq.in. for each foot of depth &om 3$] xhe process as set forth in claim 1 wherein the 

thc surface to the top of the leaching interval, SO mineral b molybdenite and molybdcBum is recovered 
; . 20. Tlie process as set forth in claim 15 wherein the from the ore and wherein the minimum surface prta-
i surface pressure, PSM, *S greater than 800 pai. sure. P^^jin psi, b in accord^ice with the equation 
; - 21. The process as set forth in claim 20 wherein the 

pressure at the top of the leachihg intervd b 560 psi or FSH^ (•*,*) {1-/^/:^ (MO/E) 
I more. 35 
) " 22. The process as set forth in claim 21 wherein the Mo = molybdenum loading, gpl 
! pressure at the top of the leaching interval b approxi- E = overall efficiency of oxygen utilization 

mately 0,7-1,0 lbs, persq. in, for each foot of depthfrom ^ = critical gas volume fraction associated with 
'\ - -... the surface to the top of the leaching interval. bubbly flow. 
I . 2 3 , The proems as set forth in claim 2 wherein the 60 40. ITie proces as set forth in claim 39 wherein the 
I surface pressure, P^j^, b greater than SOO psi. igneous ore body has an average permeability of 10 md 
\ 24. The process as set forth in clmm 23 wherein the or less. 

pressure at the top of the leachiiig interval b 360 psi or 41. The proc«s as set forth in claim 40 wherein the 
I more. two^phase lixiviant b produced by forcing oxygen bub-
I • . 25. The process ss set forth in claim 24 wherein the 65 bles having a size between the range of 30 tp 300 mi-
' pressure at the top of the leaching interval b approxi- crons b io the leach liquor. 

mately 0.7-1,0 lbs. per sq.in. for each foot of depth from' ' 42. The process as set forth in claim 41 wherein thc 
the siuface to the top of the leaching interval. surface pressure, P^M, b greater than 800 pai. 

file:///yherein
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43. The process as set forth in claim 42 wherein the sulfide minerals occur in dcsseminated grains or vein-
pressure at the top of the leaching interval b 560 psi or lets. 
more. 65, TTie process as set forth in claim 64 wherein the 

44. The process as set forth in claim 43 wherein the copper bearing mineral is chalcopyrite. 
pressure at the top of the leaching interval is approxi- 5 66. TTie prc»ess as set forth in claim 65 wherein the 
mately 0.7-LO lbs. per sq. in, for each foot of depth from surface pressure, PSM, b greater than 800 psi, 
the surface to the top of the. leaching interval. 67. The p r o c ^ as set forth in claim 66 wherein the 

45. The process as set forth in claim 40 wherein the pressure st the top of Jthe leaching interval is 360 psi or 
surface pressure, PSM, 'S greater than 800 psi, more. 

46. The process as set forth in claim 45 wherein the- ' " 68, The process as set forth in claim 67 wherein the 
pressure at the top of the leaching interval is 560 psi or pressure at the top of the leaching interval is approxi-
more. mately 0.7-1.0 lbs..fier sq, in. for each foot of depth from 

47. The process as set forth in claim 46 wherein the the surface to the top of the leaching interval. 
pressure at the top of the leaching interval b approxi- 69. The process as set forth in claim 64 wherein the 
mately 0,7-1,0 lbs. per sq. in. for each footof depth from " surface .pressure, PSM, î  greater than 8CX) psi, 
the surface to the top ofthe leachi'ng interval, 70. The process as set forth in claim 69 wherein the 

48. The process as set forth in claim 39 wherein the pressure at the top of the leaching interval b 560 psi or 
surface pressure, Psu, is greater than 800 psi. more. 

49. The process as set forth in claim 48 wherein the 71, The process as set forth in claim 70 wherein thc 
prefisure at the top of thc leaching interval b 360 psi or pressure at "the top of the leaching interval is approxi* 
more. inately 0,7-1,0 lbs, per sq. in. for each foot of depth from 

50. The process as set forth in claim 49 wherein the the surface to the top of the leaching interval. 
pressure at the top of the leaching interval b approxi- 72. The- process ss set forth in claim 1 wherein the 
mately 0.7-1.0 lbs. per sq. ih, for each foot of depth from two-phase lixiviant b produced by forcing oxygen bub-
the siuface to the top of the leaching interv^, bles having a size between the range of 30 to 300 mi-

51. The process as set forth in claim 39 wherein 0.15 crons into the leach hquor, 
S f p S 0.25. 73. The process as set forth in claim 72 wherein thc 

52. The process as set forth in claim 1 wherein the surface pressure, PSM, b-greater than 800 psi, 
igneous ore body, has an average permeability of 10 md JQ 74, The process as set forth in claim,73 wherein the 
or less. pressure at the top of the leaching interval b 560 psi or 

53. The process as set forth in clsim 52 wherein the more. 
two-phase lixiviant b produced by forcing oxygen bub- 75, The process as set forth in claim 74 wb«etn the 
bles having a size between the range of 30 to 300 mi- pressure at the top of the leaching interval b apprpxi-
crons into the leach liquor, j j mately 0.7-1.0 lbs. pcr,^. in. for each foot of depth from 

54. The process as set forth in claim 53 wherein the the siirfaee to the top of tbe le^hihg iiiitcrval. 
surface presure, P^j^, b greater than 800 psi, 76, TTie process as set forth m claim 1 wherein the 

55. The process as set forth in claim 54 wherein the siuface pressure, PSM> is greater than 800 pd. 
pressure at the top of the leaching interval b 560 pd or 77, The process as set forth in claim 76 wherein thc 
more. 4Q pressure at the top of the leaching interval b 3 ^ psi or 

56. The process as set forth in claim 55 wherein the more, 
pressure at the top of the leaching interval b approxi- 78. TTie process as set forth in .claim 77 wherein the 
mately 0.7-1,0 lbs. per sq, in. for eech f<x)t of depth from pressure at the top of the leaching interval b approxi-
thc siuface to the tPp of thc leaching interval. mately 0.7-1,0 Ibis, per sq, in. for each foot of depth from 

57. Thc proces as set forth in clsim 52 wherdn the 43 the surface to the top of the leaching interval, 
surface pressure; P^M, is greater than 800 pd. 79. TTie proces as set forih in claim 1 wherein the 

58. The process as set forth in claim 57 wherein the pressure pf the two-phase lixiviant st the top of the 
pressure st the top of thc leaching interval b 560 pd or leaching interval is lowered from thc surface pressure if 
more. the pressure of the lixiviant at the top of the leaching 

59. The process as set forth in claini 58 wherein the 50 interval would exceed thc fracture pressure of the ore. 
pressure at the top of the leaching interval b approxi- 80, The process as set forth iii claim 79 wherein thc 
mately 0.7- LO lbs. per sq, in. for each foot of depth frbm pressure at the top of the leaching interval b lower ed by 
thc surface to the top of the Ieaching interval. the use of s choke, 

60. The process as set forth in claim 1 wherein the 81. Thc process ss set forth in claim 1 wherein the 
si3lution produced after values are recovered from the 55 squeous leach Uquor of step (b) (1) b an acidic Ieach 
pregnant solution is retumed back to an injection hble liquor, 
to be used as the liquid phase of the two-phase lixivisnt, 82. The prcx:ess as set forth in claim 1 wherein the 

61. The process as set forth in claim 60 wherein thc squeous leach liquor of step (b) (1) b an ammomacal 
surface pressure, Psm is greater than 800 psi, Ieach liquor. 

62. The process as set forth in claim 61 wherein the 60 83, A process for the in-situ mining of a metal value 
pressure at the top of the teaching interval b 560 psi or selected from the group consbting of copper, nickel, 
more. • mplybdenum and mixtures thereof from an under-

63. The process as set forth in claim 62 wherein the ground, igneous ore body located teneath the water 
pressure at the top'of the leaching interval b approxi- table comprisihg the following steps: 
mately 0.7-1,0 lbs. per sq. in, for csch foot of depth from 65 (a) selecting an ore Ixxiy located at a depth of 8CK) feet 
the surface to the top of the leaching intervsl. or more below the surface and having a permeabU-

64. The process as set forth in claim 1 wherein the ore ity of 10 md or less and havmg minute fractures 
body b a porphyry copper ore in which copper bearing 30,̂ 300 microns wide ih which the nictal values to 
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be r ecove red are located in a mineral w h i c h con- 86. T h e appara tus as set forth in claim 85 w h e r e i n said 
tains sulfur; exhauster has a tailpipe forming an out le t and an aspira-

(b) dril l ing at least o n e injection ho le and at least one tor . 
p roduc t ion hole in to said o r e body ; 87. T h e appara tus as set forth in claim 86 where in thc 

(c) in t roducing a two-phase lixiviant d o w n said injec- 5 exhauster and tailpipe p reven t coa lescence of the oxy-
tion ho le and into a leaching interval in said o re S^n bubbles by enabling con t inuous vert ical c i rcula t ion 
body, said leaching interval being beneath thc of t he lixiviant be tween thc out le t of the injection noz-
water table , said two-phase lixiviant being formed ^ ^ ^ ^ T H asP 'rator passage inlet. . 
» _ 88. T h e appara tus as set forth m claim 87 where in said 
f.̂  „ 1 I, r _ vt r 1 u-1- - in casing has an outlet end wi th said first c h a m b e r being 
(1) an aqueous leach Uquor capable of solub. l izmg 10 .^^^^ ^^^^ ^ . ^ ^^^,^^ ^^^ ^ ^ ^.^^ ^^^ ^ ^ ^ ^ ^ ^ ^ ^ 

tne metal values, a n a . ^^^^ ^ j . ^ ^ ^^^^ ^ - pos i t ioned so that lixiviant 
(2) m m u t e oxygen bubbles of a size small enough to conta in ing gas bubbles can pass t h r o u g h said out le t end. 

enter the fractures m t h e o r e b o d y from w h i c h g , - ^ , 5 appara tus as set forth in claim 85 where in said 
thc meta l values a rc t o be recovered ; means for in t roducing pressur ized gas to said c h a m b e r 

(d) iL.rcmg the two-phase lixiviant t h rough the leach- ' ' compr ises an inlet opening in to said second c h a m b e r . 
ing interval of thc u n d e r g r o u n d o r e body at a pres- 90. T h e appara tus as set forth in cla im 89 where in said 
sure g rea te r than 800 lbs. pe r square inch but less inlet open ing b formed t h r o u g h said casing, 
than the fracture pressure of t he o re to enable the 9 1 . T h e appara tus as set forth in claim 89 w h e r e i n said 
oxygen bubbles in thc two-phase lixiviant to react inlet open ing is formed in a par t i t ion isolating said first 
with t he sulfur to w h i c h the meta l values a re c h e m - and second chambers and where in a gas supply tube 
ically b o n d e d to enable t hc metal values to be solu- posi t ioned within said first c h a m b e r deUvcrs pressur-
bilized b y thc aqueous leach l iquor to p r o d u c e a ized gas t h rough said inlet open ing in to said second 
pregnant solut ion of metal values; chamber . 

(e) w i t h d r a w i n g the p regnan t solution to the surface ' 2 . T h e appara tus as set forth in claim 88 where in said 
th rough o n e or m o r c p roduc t i on holes; and . " gas supply tube, said first c h a m b e r and said second 

( 0 recover ing metal values from thc pregnan t solu- c h a m b e r are located in axial a l ignment to enable said 
Jj unit to be inserted d o w n a wcU bore . 

84. An apparatus for enabUng metal values to be ^^ "^^ apparatus as set forth in claim 88 including 
leached below the surface comprising: ^ " ^ ^ ^ l ° \ ^ '=^°^« ^as bubbles trapped upstream of 

, . . . , - u i f - . J - 1 v v ^ *aid outlet, said means compnsmg a condmt for provid-
(a) an mject ion ho le for m t r o d u c m g a leach h q u o r ^ ^ communica t ion be tween the inter ior of said casing 

m t o t he mmera l to b e leached; adjacent the outlet end and t he exter ior of said casing. 
(b) a first means for m t r o d u c m g bubbles of an oxidiz- 54 j ^ ^ appara tus as set forth in cla im 93 w h e r e i n said 

mg gas h a v m g d iamete rs w i t h m thc r ange of casing comprises a generaUy ver t ical ly ex tend ing cyUn-
2-1,000 n u c r o n s m t o said leach l iquor t o p r o d u c e a 35 j n c a l d e e v c wi th said first c h a m b e r a n d second cham-
two-phflse Uxiviant in w h i c h one phase b minu te be r being located in axial aUgnment in said s leeve and 
bubbles of an oxidizing gas w h i c h bubbles have vvdth said condui t ex tending axiaUy wi th in said s leeve 
diameters wi th in the r ange of 2-1,000 microns ; and, t h r o u g h said first and second chamber s . 

(c) a second means for enabling continuous vertical 95. Thc apparatus as set forth in claim 94 including a 
circulation of the two-phase lixiviant within the 40 generally fuinnel shaped guide surface adjacent thc out-
leaching interval of said injection hole comprising Ict for guiding bubbles into thc conduit, 
a suction device with an outlet located in a lower 96. The apparatus as set forth in claim 82 wherein said 
portion of the leaching interval and an aspirator venturi type exhauster b positioned in the leaching 
passage inlet located in thc upper portion of thc interval of an in-dtu injection hole beneath a cemented 
leaching interval, said first and second means to- 45 and packed off position of the injection hole, 
gether enabling continuous circulation of the two- ^ - ^ method for recovering metal values in-situ 
phase lixiviant and also reducing coalescence of thc compnsmg: 
bubbles of oxidizing gas. (a) drilling at least one injection hole and at least one 

85. A p p a r a t u s for t he in-d tu mining of m i n c r a b com- p roduc t ion ho le into an o r e b o d y ; 
DrisinK: « i ^ ^ in t roduc ing a two-phase lixiviant d o w n said injec-

(a) a' gas sparging unit for use in introducing fmely **°° Jj^^' ^ ' ° a leaching interval in said ore body, 
divided gas bubbles into a Uxiviant used for in-dtu said two-phase hxiviant bemg made by supplymg a 
mining of mincrab, said device comprising a hoi- '^.'^i ^ '»"°^"'? * P^'?"" ^""^ °^ * T ""^^ 
low casing having a first chamber formed therdn while an oxidmng gas us suppUed mider pressure 
• 7 V- ?i- -J 1- • • .- 1- J J J around the tube, said pressure bemg sufficient to 
mto which hqind hxiviant uisupphcd and a 8«xmd 55 ^ausc the oxidizing gas to penetrate into the inte-
chamber isolated from said first chamber; a plural- ^or ofthe tubes as fmc bubbl« which are wiped off 
Ity of poroiis tubes formed of smtered powdered ^y thc leach Uquor passing therethrough; and, 
metal extendmg mto said secondchamber with said (c) injecting thc two-phase lixiviant into the leaching 

i tubes havmg one end m flmd commumcation with interval of the ore body through an aspirator which 
said first chamber, and, means for introducing a 60 reduces coalescence ofthe bubbles of oxidizing gas 

j pressurized gas about the portion of said tubes in by maintaining continuous vertical circulation 
sdd second chamber to enable the gas to penetrate within the leaching interval, 
into said tubes so that the gas can be wiped from 98. The process as set forth in claim 97 wherein the 
the interior of the tubes by the Uxiviant flowing porodty ofthe sintered metal tubes are controlled so as 
through the tubes to form a lixiviant containing 65 to provide bubbles of oxidizing gas which arc of the 
finely divided bubbles; and, same order of magnitude or smaUer than the fracture 

(b) a vcn tu r i - type exhaus te r in fluid communica t ion openings in the o r e . 
with the sparg ing u n i t • • • • • 
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ABSTRACT 

This paper reviews the current technical and economic aspects of in situ 

mining technology which is emerging into a major extractive, process-

Discussion under practical aspects includes in situ leaching techniques, 

controlling parajneters in the leaching and metal recovery phases, and 

research needs. Topics under economic aspects cover role of feasibility 

studies, capit6.1 and operating costs. Finally, two case histories, one 

Tor copper extraction and the other for uranium recovery, are presented 

to illustrate the economic viability of this versatile mining and extraction 

process. 



INTRODUCTION 

The ever increasing demand for today's metals, the necessity for treating com­

plex and lower grade ores, with higher operating costs, the need for conserving 

our dwindling minerals resources, and the public awareness of envirorunental 

pollution factors, maJce it mandatory to develop new techniques for extracting 

metals. In.this endeavor, it is inevitable that in situ mining and in-place 

extraction technologies will be increasingly employed in metal production to . 

satisfy the insatiable demainds of our mineral based societies. 

In situ, in-place, chemical or solution mining is the in-place extraction of 

metals from ores located within the confines of a mine (vinfractured or fractured 

ore, stope fill, caved material, and ores in permeable zones) or in dumps, ore 

heaps, slag piles, and tailing ponds. These materials represent an enormous, 

•untapped, potential source of all types of metals. The field of in situ mining 

encompasses the preparation of ore for subsequent in-place leaching, the flow of 

.solutions and ionic species through rock masses and within rock pores, the 

leaching of ninerals with inexpensive and regenerable leaching reagents under 

conditions prevailing in-place, the generation and regeneration of such solutions, 

-and the recovery of metals or metal compounds from the metal-bearing solutions. 

Accordingly, the overall scope of this potential mining method embraces inter­

disciplinary science and technology requiring application of the principles^ 

of basic sciences, mineral technology, hydrology, and economics, 
r 

I t i s -not inconceivable t ha t eventual ly our ore reserves wi l l cons i s t l a r p e l y 

of low-grade, r e f r ac to ry and inaccess ib le new deposi t s and low-grade zones 

near previous ly worked depos i t s , caved ore and stopes f i l l e d with sub:r.arginal 

• I 
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ore, waste dumps, tailing ponds, and slag heaps. In situ mining pronises 

econcmic recovery of raetals from such types of deposits and sources. 

Heretofore, this kind of mining has been more or less limited to the ex­

traction of copper from low-grade materials; however, it has a much greater 

potential than this. Practically all metals are susceptible to leachin.;; in 

the in situ environment- Processes will soon be developed for the in-place 

•extraction and recovery of metals such as lead, zinc, nickel, nanganese, 

Tiranium, silver, gold, molybdenuin, and mercury. 

Advantages of in situ mining include environmental attractiveness due to less 

laud disturbance, improved mineral utilization due to working on lover and 

.submarginal ores, and favorable economics due to earlier return on investment. 

Some of the disadvantages of the process are:- possible contamination of 

.ground water, potential land subsidence^ 2-n<i lack of field and operational 

e>rperience. 

A detailed bibliography on in situ leaching technology has been cornjiled by 

Twin Cities Mining Research Center of the United States Bureau of .Mines (l). 
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TECHNOLOGICAL CONSIDERATIONS 

In Situ Leaching Techniques 

There are basically three distinct applications and associated ieaching systems 

-encountered in the field of in situ leaching, depending mainly in the physical 

location of the ore deposit. These situations are illustrated in Figure 1. 

Typical exarrples of Type 1 are the numerous dump leaching operations practiced . 

,by the open pit copper mines in the Southwestern United States (2). Dump 

leaching, in general, is a convenience for open pit mining operations to dis­

pose of lower grade (submarginal) stripped material in a remote area with'the 

intention of recovering the valuable metals contained therein. Because of 

liiaited available area and easy placement, such dumps tend to be very high 

and the leaching of such piles, either through spraying or ponding of solution, 

is relatively slow and inefficient. Nevertheless, the production of copper 

•from such dump leaching operations at the present amoimts to about 200,000 

±oDs of copper per year in the United States or approximately 15 percent of the 

total production. It should be noted that the effectiveness of copper extrac­

tion in these dump leaching operations has been partially attributed to bac-

"teriaJ oxidation of sulfide minerals. 

Several successful heap leaching operations for extraction of copper, gold, 

and Iiranium as carried out in USA (Arizona, Nevada, Texas, New Mexico and 

Vyoming) also belong to Type 1. Heap leachint: is a system in which low grade 

or mixed oxide-sulfide ores are leached in relatively small heaps on prepared 

pads or surfaces with positive drainage over a shorter leaching period, under 

'controlled conditions. In some cases the ore is brought to a designated site 
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fqr treatment and removal, followed by piling of fresh ore on the sane site 

for treatment. 

Other viable in-place leaching situations belonging to Type 1 are the truly 

in situ-leaching systems in which the ore is broken in-place by some t%-pe of 

blasting technique followed by percolation leaching of the fragmented ore mass, 

.Appropriate collection galleries are provided to collect the leach solution 

for subsequent recovery of metal and recirculation of the barren solution for 

additional leaching. Since the ore is broken and left in place, such leaching 

systems are economically attractive. Ranchers Exploration and Develop-ent 

Corporation's Old Reliable Mine operation in Arizona and the Big Mike Mine 

in Nevada are fine examples of this in situ leaching method (Stl^). 

.Also, belonging to Type 1 are the classic in situ leaching operations of the 

Miami and Ray Mines, Arizona USA in which the leaching has been carried out 

on fractured submarginal ore zones resulting from block caving operations. 

In the case of the Miami Mine operation, it has been estimated that 85,000 

.tons of copper metal have been produced over a 15 year period since co.r.pletion 

of the underground mining operation iri 1959, with an estimated recovery of about 

60-70 percent of the metal left in place. The leaching operation continues 

with no decrease in recovery rate and no immediate end in sight (5). 

The second (Type II) situation reflects the leaching of relatively shallow 

deposits located less than 300 meters from the surface and which are under 

the water table. Such deposits may heed to be fractured in-place and the ' 

solution drained in order to commence the alternate leaching and drying 

cycles. On tbe other hand, metal values from such deposits may be extracted 

by utilizing the bore hole mining technology as is currently practiced by 

uranium mining operation in the United States. The Bore Hole Mining 



( ^ 

technique usually consists of a properly designed pattern of wells suitable 

for injection of the leaching solution and recovery of metal-bearing liquors. 

The wells are like water wells except that the casings are perforated fcr 

optimtim leaching conditions (6, 7, 8). 

The final Type III situations are characterized by relatively deep-seated 

deposits in excess of 300 meters and under the water table. Leaching of such 

deposits through chemical mining has been proposed by Lawrence Livermore 

La'boratory, University of California, USA, after-fracturing the ore body by 

conventional or nuclear devices. Leaching at such depths is enhanced by 

direct oxidation of sulfide minerals due to increased solubility of oxygen 

resulting from hydrostatic head (9-10). 

A listing of various USA commercial and pilot plant operations employing the 

a'bove three types of in-place leaching techniques in the extraction of copper, 

gold, and uranium are given in Table I. These examples of practical and eco­

nomic operations clearly indicate that the in situ extraction technology has 

developed into a matured and a viable metal extraction process. 

CONTROLLING PAR;IJG:TERS IN IN SITU LEACHING 

From a practical application view point, the successful leaching of metals and 

•minerals under in situ leaching environments is governed by several factors 

including geological and mineralogical considerations, elements of the leach­

ing phase, solubility of minerals in various leaching reagents, effect of 

' r 

p a r t i c l e s i z e , e f fec t ive fragmentation, so lut ion appl ica t ion and r egene ra t i on , 

and metal recovery methods. 
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THREE TYPES OF IN SITU LEACHING SITUATIONS 

(According to Dr. ?-iilton Wadsworth) 
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TABLE 1 

IN SITU LEACHING PRACTICES IN USA 

Dump Leaching 

1. Several Operations in Southwest USA (copper) 

Heap Leaching 

1. Bluebird Mine, Arizona (copper) 
2. Inspiration Mine, Arizona (copper) 
3- Johnson Camp Mine, Arizona (copper) 
i*. San Juan Mine, Arizona (copper) 
5. Carlin and Cortez Gold Mines, Nevada (gold) 
6- Round Mountain Mine, Nevada' (gold) 

In Situ Leaching (Copper) 

1. Miami, Arizona (block caving operation) 
2. Ray, Arizona (block caving operation) 
3. Mountain City, Nevada (block caving operation) 
h . Old Reliable, Arizona {k Mf-I Lbs. AI'fr̂FO coyote blast) 
5. Big Mike, Nevada (U.lli M Lbs. A";-FO pit wall blast) 
£. Zonia, Arizona (J<.l4, 0-9 and 1-5 MM Lbs. AN-FO blasts) 
7. Nuclear Blast (AEC - Kennecott concept for deep-seated deposits) 
8. Kennecott's Experiraent (near Safford, Arizona) • 

In'Situ Leaching (Uranium) 

1. Utah Mining and Construction Company, Shirley Basin, Wyoming 
2. Mine V/ater Leachin.c; at Grants, New Mexico 
3- Bacterial Lcucliinr. at Elliot Lfikc, Canada 
I4.- Vyoming Minerals, Bruni, Texas 
5. Wyoming Minerals, Ray Point, Texas 
6. Arco-US Steel-Dalco, George West, Texas 
7. Union Carbide, Duval County, Texas 
8. Exxon, Powder River Basin, V.'yoming 
9. Mobil Oil Corporation, Webb County, Texas 



Role of Mineralofry 

Tn the past, very little attention has been" devoted by both the geologist and 

mineral processing engineer to the geological and mineralogical occurrences 

vhich may be potential sources of ores. - On the one hand, geologists have 

-devoted less attention to lower grade, complex mineral deposits, and there-. 

fore, may have inadvertently curtailed an exploration program. On the otber 

hand, the metallurgists have neglected to study in detail the geological en­

vironments and mineralization of potential ores with the view of deterriihing 

the critical parameters that could assist in economically processing complex 

su'b-marginal deposits as wotild be encountered in in situ leaching situations. 

In the final analysis, a chemical processing technique converts the valuable 

metals to a mobile state under conditions-similar to those which deposited them 

originally in the host rock. Thus, the relationship betveen ore-genesis and 

cheniical processing is close when the process of mineral or metal deposition 

in a particular ore deposit is clearly imderstood. Phase equilibria studies, 

Eh-pH diagrams, solubility products, mineral chemistry, surface chemistry and 

thermodjTiamics are utilized more and more by processing engineers to selectively 

separate minerals, dissolve minerals, ar.d recover valuable metals and by-product 

metals. Doubtless, many of the future advances in processing technology vill 

be derived from improved understanding of ore-genesis and related geological 

sciences. 

It is interesting to note that the effectiveness of in situ leaching of copper, 

uranium, and gold by appropriate reagents is economically feasible because of 

favorable mineralization of the metal values in the host rock. This is es- ' 

pecially true for successful leaching of oxidized gold ores at coarser size 

since these ores contain su'bmicron size gold particles in fracture filli.ngs 

and cavities in the host rock consisting of either limey or silicified silt-

f 



stone J sandy dolomite, or schist. These host rocks also tend to be porous ^J 

and remain permeable throughout the leaching cycle. In the case of oxide-

copper ores, the mineralization also occurs along macro and micro fractures in 

t.he host rock, while in the case of uranium, the values are in the form of 

secondary-enriched precipitates coating the sand grains of the sandstone host. 

Elements of the Leachinc Phase 

Accessibility, physicochemical interaction, and transport constitute the 

elements of the leaching phase involved in in-situ extractions. Limitations 

imposed on any of these factors restrict the leaching process. 

Accessibility is essential because interaction between the desired constituents 

and the lixiviant cannot take place in the absence of contacts,, vhich depend 

on exposure and penetrability. This factors to consider are locations of the 

v/ 

. r ' J 

values, their volume and shape distribution, exposure area, specific- surface, I 'i i ,<•' 

particle size, porosity, capillary pressure, viscosity, soluoilixy of gases j -J ^ 

I ^ 

in leach solution, and surface roughness. cJ 
y 

Physicochemical interaction converts the desired constituents from a fixed to 

a mobile condition and is governed by the solubility of the solid in leach 

solutions, vapor pressure in gases, and the presence of bacteria. Knowledge 

of free energies of reactants and products helps to determine whether a reaction 

-is -possible. The kinetic factors involved include time, concentration, diffusivity, 

specific rate constants, wettability, and oxidizing conditions, especially due 

to bacteria activity. 

The first tvo elements by themselves .do not ensure successful leaching vithout 

transport of products away from and reactants to the zone of interaction through 

diffusion and. convection. Diffusion is governed by concentration gradient and 

diffusivity, vhich in turn are influenced by particle size, micropore .radius, 
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temperature, and molecular mass. On the other hand, convective flow con­

cerns interpartlcle penetration and is restricted by pressure gradient, 

permeability, viscosity, and surface roughness. 

Solubility of Minerals 

In genersLl, nearly all the minerals are nore or less soluble in either acids, 

alkalies, or other specific reagents such as cyanide. Most of the oxide-

copper minerals such as azurite, malachite and chrysocolla are quite soluble 

in sulfuric acid. For this reason, sulfuric acid is the preferred leaching 

reagent for in situ extraction of oxide copper ores. However, in cases when 

the oxide copper ore contains considerable amounts of calcite (CaCO ), the 

acid consumption is very high and it may not be economical to use sulfuric acid 

for leaching. Thus, the solubility of gangue (worthless mineral) contained in 

the ore may have profound influence in the selection of the appropriate rea­

gent for leaching of valuable minerals. 

As far as the sulfide copper minerals are concerned, simple sulfuric acid leach­

ing is not very effective and the presence of Fe (SO, ) is necessary to 

dissolve m.inerals such as chalcocite and chalcopyrite under in situ leaching 

conditions. The strong oxidizing conditions required for their dissolution 

are satisfied by the presence of ferric iron, and oxygen (air). Many con­

mercial operations have failed because the required oxidizing conditions vere 

not maintained during the leaching process. This is also the reason why 

the presence of oxidizing bacteria of the Thio'bacillus thiooxidans is /• 

necessary in dump, heap, and in situ leaching operations. It should be noted 

that the required iron is either available in the natural ore or that it is 

added to the leach system through the cementation step in vhich copper from 



the leach solution is precipitated as ele.mental copper when the liquid is 

contacted with scrap iron. 

In tbe case of in-place leaching of uranium, both dilute sulfuric acid.and 

carbonate-bicarbonate solutions are effective reagents for dissolving 

uranium minerals. However, 'both- the reagents require a chemical oxidant to 

oxidize iiranium from the insoluble +h oxidation state to the soluble +6 state. 

.Typical acid leach oxidants are NaClD, or I-InO and typical carbonate'leach 

oxidants are hydrogen peroxide or NaOCI. 

For gold and silver leaching, cyanide has been found to be the most selective 

reagent and is the universal solvent used. Here again, oxĵ gen is required in 

the reaction and efforts must be made to maintain oxidizing conditions during 

the in-place leaching of gold (ll). 

Effect of Particle Size 

Since leaching of minerals by various chemical reagents involves effective -

contact between the two, it is obvious that the mineral must be liberated or 

freed from the host rock. The only other way the reagent can contact the 

valuable mineral is by effective penetration or diffusion through fractures, 

cracks, capillary action, and other physical factors considered under the 

"elements of the leaching phase". Regardless of the process of contact, it 

is quite evident that the reduction in particle size would be of considerable 

benefit in in situ leaching of metals and minerals. With finer ore size it 

would be possible to obtain higher extraction rates in shorter leacliing 

periods. 

Effective Fracrmentation 

The desired particle size in in situ leaching situations can be obtained 

through proper blasting and fracturing techniques. The blast design for 

/ V 
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in situ leaching closely follows the principles of blast design used in more 

conventional mining practices. However, in case of in situ blasting unusiially 

large dimensions are involved and these pose inherent problems associated vith 

large blasting situations. To date, several unusually large blasts have been • 

made for leaching with results that are very encouraging (12, 13, l'*, 15)-

The important factors that need to be considered in engineering a blast for 

in situ leaching are (a) shape of deposit, (b) characteristics of 

ore body, (c) seismic activity encountered, (d) missile consideration, 

(e) type of explosive, (f) povder factor and distribution, (g) initiating and 

delay system, (h) loading logistics, (i) economics, and (j) safety. All 

these factors shotild be considered in the decision-making procedure for the 

blast. 

Besides conventional f rac tur ing by b las t ing compounds, e f fo r t s have been made 

^ / 
^ to explore the possibility of using liquid explosives, hydrofracingj and ^ 
\ 

nuclear explosives. No doubt these and many other nev concepts for fracturing 

will be considered as in situ leaching becomes a more conventional method in 

the future. 

Solution Application and Regeneration 

The primary goals in in situ leaching are: (l) to recover maximura metal 

n 
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content in the minimum solution volume and (2) to recover major portion 

..-.(+90 percent) of the specified volume of leach solution fed to the system 

with a given ccono-mic racial content over the life of thc operation. This 

minimum content should be such that the value of recovered metal will offset 'f 

the cost of operation, amortization, overhead and profit. It is also impor­

tant from environmental considerations that the leach solution be confined in 

the leaching system and not report as a pollutant in ground water. This is. 
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especially important in gold leaching using cyanide as the specific reagent. 

Both the toxic nature of cyanide and preciousness of leach solution containing 

gold necessitates insitu leaching conditions approaching a "zero discharge" 

objective. 

Inasmuch as the chemicaJ. reagents used in in situ leaching generally con­

stitute a major cost item and greatly influence the economics of leaching, 

-reagent generation and regeneration play a very important part in any in-place 

leaching process. Some reagents can be generated and regenerated by natural 

processes in the leaching cycle, whereas others require chemical processing. 

The only known example of auto-regeneration of reagent is the natural reactions 

involved in the production of sulfuric acid and ferric sulfate from pyrite 

, and spent ferrous sulfate solution under nattiral air or biological oxidation 

conditions. Most of the other reagents are generated and regenerated by 

f various industrial methods such as contact process for H SO, , electrolysis 

for generating hypochlorite,and autoelaving to obtain Fe (SO, ) . • In some cases, 

part of the reagent is regenerated by the metal extraction process incorporated 

in the flowsheet, such as the regeneration -of H SO, through solvent extraction 

and electroviruiing as practiced in -the exrtraction of copper from leach solutions. 

In other cases, though the regeneration of reagent from spent solutions is 

possible, it is not economically feasible or envirormientally attractive such 

as the regeneration of cyanide from spent solution in gold leaching. 

The Recovery of Metals from Leach Solution 

The last phase of any hydrometallurgical process, including in situ leaching, 

is the recovery of metals from leach liquors. Conventional purification of 

a metal-containing solution followed by recovery of metals or compounds from 

the solution by either chemical or electrolytic precipitation is employed to 
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obtain the marketable product. These-recovery techniques are adequately 

covered in the literature and their effectiveness is clearly deraonstrated in 

several successful plant practices. 

In connection with in situ leaching applications, however, the recovery phase 

poses certain tec'hnical problems that may influence the overall effectiveness 

of the process. One such difficulty concerns treating a large volume of very 

dilute metal-bearing .solution. This may require recirculation of the leach 

solution to build up the metal content and then bleeding off of a small part 

of the concentrated leach stream for metal recovery. 

IJewer techniques of ion exchange, solvent extraction, and charcoal adsorption 

are being used for effective concentration of metals, frora leach solution. More­

over, these procedures have proved very effective for processing large volumes 

of leach solutions containing more than one valuable metal. In recent years, 

the recovery of copper from leach solutions by solvent extraction - electro-

Twinning has become more attractive than the copper cementation process used 

conventionally all over the world. Similarly, ion exchange has been exclu­

sively used for recovery of low concentrations of uraniura from in situ leach­

ing operations. Finally, the use of activated carbon for the recovery of gold 

and silver values (as low as one part per million or less) from in-place: leach­

ing operations has become a favorite process. In this case, the gold is sub­

sequently extracted by desorbing gold values from carbon by hot caustic solution 

followed by electrolysis to obtain the gold. 

Research Needs 

Although in situ leaching in recent years has matured into a viable metal ex­

traction process, considerable additional research is needed to bring it in 

competition with other high-confidence and universally acceptable processes. 



The principle areas of research required to accomplish the a'bove goal are: 

1. Improved techniques for measuring physical properties of ores 

in-place. 

2. Improved techniques for drilling and blasting to produce desired 

fragmentation. 

3. Improvement in injection and recovery systems. 

k . Improved understanding of hydrology in broken ore masses. 

5. Design of leaching systems for majcimum oxidation. 

6. Basic studies on leaching of dispersed mineral particles, i-

7. Improved methods of scaling up from laboratory tests. 

8. Optimum parameters for leaching of massive deep-seated deposits. 

9. Improved environmental controls. 

.c 
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ECONO'nC CO;iSIDERATIONS 

Feasibility Studies 

A well organized and realistic feasibility study should include: confirmation 

of ore reserves and grades, an effective mine plan, leaching and metal recovery 

flowsheet, preliminary capital and operating cost estimates, determination of 

rate and cost of production and selling price of end products, and a cash flow 

•analysis and return on investment (ROl) study. The profit potential and the 

viability of the project can then be accmrately assessed by all the parties 

concerned vith the developraent of the mine. Such a feasibility study also 

assists in screening and evaluating various choices and options involved in, 

mining and processing. This is especially true for the development of lover 

grade deposits, since the paramount question here is the selection of the best 

method of extracting the metal values froa a particular deposit. 

In the case of in situ leaching, especially, the feasibility study plays a 

very significant role since the percentage recovery of metal under in situ 

leaching environment is very difficult to predict. Even though the laboratory 

or pilot plant tests indicate a certain recovery, say 6o or 70 percent, there 

is no guarantee that in actual practice it would be possible to attain the • 

specified recoveries. In such cases, it 'behooves the mine management to carry 

out the above feasibility study and cash flow analyses at 60, 50, ̂ 40, 30, 20, 

and 10 percent recovery levels. If the cash flow and thus the economic via­

bility of the project does not appear to be favorable for 50 or hO percent , 

recovery levels, then it xrould' be preferable to cancel the project or undertake 

additional laboratory and field studies in order to increase the confidence 



level of the economically acceptable recovery figure. On the other hand, if 

the feasibility study appears favorable for 30 to 20 percent recovery levels, 

all efforts should be made to initiate the in situ leaching operation as soon 

as possible. 

As a matter of fact, the economic viability of in situ leaching operations 

through realistic feasibility studies have been confij-med by recent in situ 

leaching experiences at Old Reliable Mine, Arizona and Big Mike Mine, Nevada 

(by Ranchers Exploration and Development Company), both of which proved 

economically successful at 15 to 20 percent overall copper extractions. 

Since the cash flows and thus the overall economic feasibility of an in situ 

leaching venture may be influenced significantly by the price of metal, it 

is customary to carry out the above feasibility studies at selected metal 

prices belov and above the prevailing price. In this vay, the mine management 

is in' a better position to assess the economics of the venture under different 

economic climates. 

Capital and Operating Cost Estimates 

From the vievpoint of economics, the net return from a mining venture using 

a specific process, such as in situ leaching, vill depend upon the quantity 

and quality of metal extracted from the ore. The overall economics vill also 

be influenced by the capital cost of unit processes (cementation, solvent 

extraction, electrowinning, etc.), the operating cost of unit operations 

(drilling, blastirig, leaching, etc. ), the cost of reagents, supplies, and 
i 

utilities, and the prevailing prices of metals and by-products. For these 

reasons, the economic feasibility of any new ventiure and process must be 

/' considered in light of all these and raany more potential factors. 

c 



Table 2 shows the estimated capital costs for unit processes encountered in 

typical in-situ leaching operations for extraction of specified quantities of 

copper, gold and uranium. It should be noted that in some cases the capital 

cost is based on quantity of metal produced per day while for others, it is 

possible,to estimate the capital cost of similar processes for other production 

schedules (pounds or ounces per day) and leach solution volumes (gpm). 

Tables 3 and J+ show the estimated costs fcr various unit operations encountered in 

in situ and heap leaching extraction of copper, gold and trranium. As cen be 

-seen, the cost of solvent extraction - electrowinning of copper is considerably 

less than for cementation. The primary reason for this difference is the 

additional cost of smelting and refining ($0.20 to 0.28 per lb.) required for 

impure copper in compaxison to high purity cathode copper produced in the 

solvent extraction - electrowinning process. 

It is also interesting to note that in the processing of gold ores either by 

f in situ or heap leaching, the overall operating costs vary from $1,1̂ 8 to $1.89 

•per ton. These figures indicate that using these leaching techniques it-may 

be profitable to extract gold values from ores averaging 0.03 to 0.05 ounce per 

ton when the price of gold, is above $100 per otince gold. 

Finally, in the case of extracting uranium by "bore hole mining" technology, the 

overall operating costs vary from $5.00 to $17.00 per pound U_OQ (yellow cake) 
3 o 

produced- Since the current price of uranium in the USA is in excess of $25 

per pound U OQ, it may be possible to treat uranium ores containing grades as 

low as 0.02 percent U3O8. 



TABLE 2 

ESTD-IATED CAPITAL COSTS FOR UNIT PROCESSES 

"UNIT PROCESSES BASIS ESTIMJ^TED COST 

Copper (1*0,000 Ibs./D; !4,000 gpm at 1.0 gpl Cu) 

Cementation 
Solvent Extraction 
Electrowinning 

• Total SX-FJ-

$70,000 - 80,000/T 
$150-200/ ft.2 settling area 
$60 to 70/lb. cathode Cu 
$135 to 170/lb. Cu/D 

$1,Uoo,000 to 1,600,000 
$3,000,000 to ij,000,000 
$2,1*00,000 to 2,800,000 
•$5,^00,000 to 6,800,000 

Gold (200 oz/d; 2,000 gpm; O.OI6 oz Au/T solution) 

Carbon Adsorption 
Desorption-Electrowinning 
Total ADS - DES - EW 

$250 - 300/gpm 
$1,750 - l,800/oz-Au 

$500,000 to 600,000 
$350,000 to 360,000 
$850,000 to 960,000 

r Uranium (2,750 Ibs./D; 2,000 gpm at 0.125 gpl U 0 ) 

Ion Exchange 
Precipitation 
Total IX-PPT 

$1,750 - 2,000/gpra 
$1*50 - 5 0 0 / l b . U 0„ D 

3 Q 

$3 ,500 ,000 t o U,000 ,000 
$1 ,237 ,500 t o 1 ,375 ,000 
$1»,737,500 t o 5 ,375 ,000 



TABLE 3 

ESTIi-IATED DIRECT OPERATING 
COSTS FOR IN-PLACE EXTRACTION 

UNIT OPERATION ESTIMATED COST 

Fracturing in place (vith development) 
Mining (drilling, blasting, hauling and dumping) 
Crushing (primary, secondary, tertiary) 

$0.30 to 0.-l*0/T 
0.1*0 to 0.50/T 
0.11 - 0.22^- 0.33/r* 

COPPER ORE fAVERAGING 0.5 TO I.OJS Cu) 

C 

Leaching (heap; pads; ii.O lbs. H2S0ij/lb, Cu) 
Leaching (in situ, 1*.0 lbs. HpSO./lb. Cu) 
Cementation 
Smelting, refining, and transportation 
Solvent extraction - electrowinning 
Cost/lb. Cu (in situ - cementation) 
Cost/lb. Cu (in situ - SX - K-?) 
Cost/lb. Cu (heap-cementation) 
,Cost/lb. Cu (heap - SX - m ) 

$0.35 to 
0.22 to 
0.10 to 
0.20 to 
0.07 to 
0.39 to 
0.15 to 
0.50 to 
0.26 to 

0.1*5/T 
0.32/T 
0,12/lb. 
0.28/lb. 
0.09/lb. 
0.1*6 
0.22 
0.66 
0,1*2 

' GOLD ORE (AVERAGING 0.03 TO 0. 06 OZ. /T) 

Leaching (in situ; 1.0 lb. NaCN; 3-0 lbs. CaO) 
Leaching ( heap vith pads; 1.5 lbs. NaCN; 3-0 lbs. 
Carbon adsorption, desorption & electrovinning 
Cost/T (in situ - carbon adsorption - EW) 
Cost/T ("neap with pads - carbon adsorption - Ê-/) 

CaO) 
$0.1*5 t o 0 .55/T 

0 .55 t o 0 .65/T 
0 . l 6 t o 0 .20 /T 
1.1*8 t o 1.58 
1 .79 t o 1.89 

URANIUM ORE (AVERAGING 0.05 TO 0.10^U?C8) 

Bore ho l e d r i l l i n g (wi th c a s i n g ) 
L-eaching ( d r i l l i n g and c a r b o n a t e l e e c h i n g ) 
C o s t / l b . U^OQ ( in s i t u l e u c h - IX-PPT) 

3 o 

$13 .00 t o 18 .00 /F t 
2 . 0 0 t o 3 .00 /Lb . 
5 .00 t o 7 .00 

* Cumulative a t each s t a g e . 



TABLE 1* 

COST COMPARISON {0.66% Cu = 8.0 lbs./ton recovered) 
DIRECT OPERATING COSTS PER TON ORE 

UNIT OPERATIONS CONVEOTIONAL IN SITU 

(strip ratio = 1:1) 

Drilling •> 

Blasting 
Hauling 
Ihjraping 

. 

Crushing 
Ore Handling 
Teaching 
Metal Recovery (SX-E^O 
Supervision and 

Administration 

Total 

Cost/lb. 

$0.70 -

0.15 -
0.10 -
0.1*0 -
0.56 -

0.35 -

$2.26 -

$0.28 -

Drilling 

0.90 Blasting J 

0.30 
0.15 
0.50 (with pad) 
0.61* 

0.1*0 

2.89 

0.36 

• $0.35 

0.20 -
0.56 -

0.25 -

$1.36 -

$0.17 -

- 0.1*5 

0.30 
0.61* 

0.30 

1.69 

0.21 



TABLE 5 

PRELIMINARY FE.̂ S I BILITY STUDY 
IN SITU LEACHING FOR COPPER 

Ore Reserve 
Grade 
Mine Life 
Estimated recovery 
Daily production 

5,000,000 tons 
0.665; Cu 
7 years at 715,000 TPY 
60^ or 8.0 lbs/ton 
16,000 lbs. 

CAPITAL COST - -
Leaching facilities 
SX-EW (vith LIX inventory) 
Supporting facilities 
Cost for processing 
Cost for fracturing (5NM tons at 0.1*0/T) 

Total capital cost 

Operating cost for processing 

$ 200,000 
3,300,000 
100,000 

$ 3,600,000 
2,000.000 

•$ 5.600,000 

$1.06 per ton 

,c TABLE 6 

PRELIMIK.'IRY CASH FLOW ANALYSIS 
(IN THOUSAJ-roS OF DOLLARS) 

Capital (3,300,000 -H 2,000,000) 
Sales (5,760,000 lbs. at $0.6o) 

Operating (715,000 at $1.06/ton) 
Depletion (15/1 of sales) 
Depreciation (straight line) 
Local tax and insurance {B% of sales) 
Total operating cost 

Opereting income 

Income tax (1*8̂ ) 

Net operating income 

Investment -credit (lO^ capital or ̂  net income) 
Net income 
Working cap i t a l (20ji of t o t a l operating cos t ) 
Cash flow 
Pa;/out t i n e 
ROI (discounted to p resen t worth) 

-^5,600 
3.1*56 

758 
518 
757 
276 

2,309 

1,11*7 

551 

596 
298 

. 89I* 
1*62 • 

1,707 
3.1 years 
30? 



Case Histories 

In o'rder to demonstrate the economic viability of the in situ leaching systems 

and to demonstrate the usefulness of preliminary feasibility studies, two case 

histories, one of in' situ leaching of copper and the other pertaining to bore 

hole mining of uranium, will be reviewed. 

(l) In Situ Leaching for Conner 

Th.e hydrometallurgical processes currently available for treating oxide-

copper ore include dump leaching, heap leaching, vat leaching, agitation 

leaching, and in situ leaching in combination with the conventional 

cementation (vith scrap iron) or the nevly developed solvent extraction-

electrowinning system, for copper production. 

In the case history illustrated here, ve are concerned vith a 5 million 

• ton oxide copper deposit vith a grade of 0.66 percent copper. The in 

situ leaching system employed will consist of blasting ore in-place and 

leaching the broken ore with sulfuric acid under the in situ envirorunent 

followed by recovery of copper from leach solution by solvent extraction 

-and electrowinning. The leach system and recovery plants are designed to 

produce l6,000 pounds of copper per day over a 7-year mine life. 

The capital and operating costs as shown in Table 5 are taken from the 

pertinent data provided in previous tables. Table 6 shows the preliminary 

ciii.ii f"]f>w nniilyr.ir. ("or Lhi:; particular in r.jtii 1 (,-achI.ng oj)or'itinn. A.". 

can be seen, the payout time (time required to pay back the capital c.xpendi-

t 

ture) is a'bout two to three years ^̂ ,th a return on investment of 30 percent. 

(ROI is the average compound interest rate at vhich the expected net cash 

flow, discounted to present worth, would return cash- outlay in full.) 

Obviously, this study indicates aui economically attractive venture. 
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(2) Bore Hole Mining for Uranium 

. The in situ mining of lower grade uranium ores has received increasing 

attention in recent years due to the favorable price of uranium in the 

free market. An in-place extraction technique of considerable promise 

is the so-called "bore hole" mining in which the uranium is recovered by 

drilling into the ore body, circulating a lixiviant fluid to dissolve the 

mineral, extracting the uranium values from the pregnant solution, re­

generating and recycling the lixiviant. Such a technique is economically 

and environmentally attractive in extracting uraniimi values from deeper, 

lower grade reserves. 

In the evaluation of a turanium-mineralized block as a potential producer 

by in-place leaching using the 'bore hole mining technique, it is first 

necessary to establish a grade-thickriess product vhich will cover develop­

ment costs and operating costs with something left over for recovery of 

investment in plant and equipment and for profit. This grade-thickness pro­

duct is then a'cutoff parameter for determining whether another hole-is 

included in reserves or excluded. 

Once the holes have been classified as potential ore or waste, the reserves 

in each potential block can be estimated, for example, by the ore outline 

method. 

Development costs for determination of whether a hole is or is not a poten­

tial contributor to ore include: 

1. Costs of drilling and casing injection and production veils. 
V 

2. Pumps. 

3. Surface piping and electrical requirements to bring an ore block 

into production. 
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Operating costs in the field include: 

• 1. Operating and repair costs of injection of solvent and of reagents 

required to convert uranium minerals to soluble form. 

2. Operating and repair costs of pumping the pregnant solution from, 

collecting point to the ion exchange plant and costs for recovering 

the uranium minerals. 

Now an injection and production well pattern can be finalized and any neces­

.sary adjustments to development costs can be made. The capital cost for the 

piping to carry the solution from the ore blocks to the ion exchange plant, 

the capital cost of the ion exchange and precipitation plant, and other ancil­

lary equipment can be estimated. 

A cash flow analysis is now made to determine whether the project has satis­

factory profit potential. At this stage, it is necessary to be sure that a 

realistic estimate of the true thickness of strata vhich will be penetrated by 

•solution has been made. Large amounts of reagents will often be consumed in 

reactions in sub-ore grade zones above and below the "ore interval." Also, 

there will often be one or more sub-ore zones- vithin an ore interval which will 

•consume reagents. 

Table 7 gives the details of the capital and operating costs for the second case-

history involving the feasibility of extracting uranium values from a given sand­

stone deposit. Table 8 shows the financial analysis for the project under con­

sideration. 

As can be noted^ the bore hole mining technique appears to be a very attractive 

method for extracting uraniura from lower grade ores. At the old price of $8.00 

per pound U3O3 the project is not economically favorable. However, at uranium 

price of over $l6.00 per pound, the project appears to be very attractive with 

ROI in excess of 85 percent. 



TABLE 7 

IN SITU URAI'IIUM LEACHING OPERATION 

c 

Type of Operation 

Deposit 

Reserves 

Contained U_0_ 
3 o 

Recoverable U_OQ 
3 o 

Plant Capacity 

Production Life 

Type Process 

Type Leaching 

Leaching Rate 

Solution Grade 

Capital Cost, Leaching 

Capital Cost, IX-PPT 

Total Capital Cost 

Operating Cost, Leaching 

.-Operating Cost IX-PPT 

Total Operating Cost 

Cut-off Grade Based on: 

Operating Cost at $8.00 per Lb. 

Operating Cost at $l6.00 per Lb, 

Operating Cost at $2l*.00 per Lb. 

Bore Hole Mining 

30-foot Ore Zone at 1* 00-foot Depth 

1*,000,000-Ton Deposit at 0.1 Percent U Og 

8,000,000 Pounds 

5,600,000 Pounds at 70 Percent Recovery 

1,000,000 Pounds U..,0o per Year 
3 o 

2,750 Pounds per Day 

5-6 Years 

Ion Exchange-Precipitation 

Acid at 100 pounds H SO per Ton of Ore 

2,000 GPM 

0.125 gpl U^Og 

$3,1*00,000 

$5,000,000 (IX = $1*,000,000; PPT = $1,000,000) 

$8,1*00,000 

$3 .00 p e r Pound U_,0o 
3 o 

$1*.00 p e r Poimd U^OQ 
3 o 

$7-00 per Pound U^0_ 
3 o 

0.062 Percent U 0„ 

0.032 Percent U^OQ 
3 0 

0.020 Percent U O-
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TABLE 8 

IN SITU URANIUI-1 LEACHINC ECONOMICS 

(BORE HOLE MINING - IX - PPT.) 

•CASH FLOW (In Thousands of Dollars) 

Price of U^OQ 
3 o 

Capital Cost 

Net Sales (at 70^ Extraction) 
(at 35^ Extraction) 

Cost and Expenses; 
Total Operating 
Depreciation (l) 
Depletion (2) 
.Indirect Cost (3) 

Total 

Operating Income 

Income Tax (1;) 

Net_Operating Income 

Investment Credit 

Net Income 

Cash Flow 

Pay-Out in Years 

Return on Investment (6) 

$B/Lb. 

$8,1*00 

8 ,000 

. 7 ,000 
1..500 
1,760 

350 

10 ,610 

< 1 , 2 1 0 > 

, -

< 1 , 2 1 0 > 

-

< 1 , 2 1 0 > 

2 .050 

J*.l 

12^ 

$16/Lb 

$8,1*00 

-8 ,000 

7 ,000 
' l » 5 0 0 

1 ,760 
350 

10 ,610 

< 1 , 2 1 0 > 

-

< 1 , 2 1 0 > 

-

< 1 , 2 1 0 > 

2 ,050 

l*.l 

12^ 

1. 

$8,1*00 

16 ,000 

7 ,000 
1,500 
3 ,520 

350 

12 ,370 

3 ,630 

1,71*2 

1,888 

81*0 

2 ,728 

7,71*8 

1.1 

86^ 

$2i; /Lb. 

$8,1*00 

2l*,000 

7 , 0 0 0 
1 ,500 
5 ,280 

350 

l l* ,130 

9 ,870 

1<,738 

5 ,132 

81*0 

5 ,972 

1 2 , 7 5 2 

0 .7 

1175^ 

Notes: 
(1) Depreciation - Straight -line, 5.6 years' 

(2) Depletion - 22^ of Net Sales 

(3) Indirect Cost - 5A of Total Operating Cost • -

(1*) Income Tax - h8% 

(5) Investment Credit- 10% of Capital Cost for the First Year, Not to 
Exceed 30% of Net Operating Income in One Year 

(6) Rate of Return Discounted to Present Worth 

C 
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Alf-E Annual Meeting, Dallas, Texas, February 25-27, 1971*. ll*8-l6l PP. 



BIBLIOGRAPHY (Con't) 

13. Dick, R. A. In Situ Fragmentation for Solution Mining - A Research Need. 
Pres. at the Second Internat. Symp. on Drilling and Blasting, Phoenix, 
Arizona, February 12-l6, 1973.; Available for consultation at U.S.B.M., 
Tvin Cities Mining Research Center, Minneapolis, Minnesota, 

ll*. Porter, D. D. Blast Design for In Situ Leaching. Pres. at Southwest 
Mineral Industry Conf., Phoenix, Arizona., April 27, 1973, 7 PP.; 
Available from E. I. duPont de Nemours and Co., Inc., \/ilmington, Del. I9898. 

15. Porter, D. D., and Carlevato, H. G. In Situ Leaching: A New Blasting 
Challenge. Proc. Solution Mining Symp., AIME Annual Meeting, Dallas, 
Texas, February 25-27, 1971*, 33-1*3 PP. 

. ( 



9S: I S ^ f IT-l^'fi/y TSVETNYE METALLY /NON-FERROUS METALS 
i i m s e i l iiSTBTOTi 

" jSa i iCEWi, 

•INTERACTION OP SILICjaE-GAL'CIUM MATERIALS WITH METAL 'JOKS IK AQUEOUS SOLUTIONS 

tne 669,2:628:534- > 

•y. A. Fedoroy, I . P. Alekseeva, A, P. Tjushlnaj -and V. E." Aleskovakil 

SUBJ 
MNG 
ISHW 

Inorganic lon-eichange materials, particularly slags, can "be used when purifying thfe 
industrial effluents from the ions .of heavy ion-exchange metals Cl~3). 
"Hi8solul;lon, and hydrolysis of the slag precedes dissolution and hydrolysis of the 

slag (4). /lependlng on the cheinioal composition of the slag, which is determinedby 
its bEislcity, .eve.n the composition of the dissolved .part of the .sorbent should change. 
The literature contains ho inf ormation- on the connection between the solutiility of' a 
slag and Its 
sorption ca- ; • 
pacity, which 
has led to 
this work. 
Por the re­

search, use, 
was made of 
a series of 
metalliirgical 
slags snd 
si Unes CTatle 
1), differing 
in their che­
mical- compb-
Bition and 
basicity. 

Samples 3-
-7*were se­
lected to 
study the 
solubility. 
The dissolu­
tion kinetics 
were studied 
under' static 
conditions at 
a s:l ratio 
of l:100p 'and 
a pH value of 
6:.0. After 
cpntact In the 
filtrate a de­
termination 
was made of 
the concentra­
tion o£ sili­
cic acid and 
of calcium 
ions, and -the 
pH value.: The 
sorption ac­
tivity of the 

,slags was checked under static conditions at -an-s;! ratio of 1:1000 from artificially 
prepared ablutions, cdrrespond'ihg in composition to the effluerits from the Ust -Kam-
enogorak Lead-,2inc-Combine, containing, (mg/i): 1-5 Cu2+., 1-S Gd^t, 1-5 Pb-?+, and 5-
^ 0 "In^-^y with the pH at- -5,-7. Slag activity .was "judged froms th'̂  residual concentrar 
tion of metal lona in filtrate following a 30 minute- mixing of* the slag with the so­
lutions. 
Tiissolution of- the slags (see Table 2), similarly to the situation with individual 

I 1 oc 
(QO) 

OB 

1 

2 

3 

4 

5 

6 

'7 

a 

9 

10 

Chemical 
of Meta 

Slag and, s l ime used. 

B l a s t f u rnace s l a g 
of Novo-Llpe tsk Met-, 
a l l u r g i c a l Combine 

B l a s t f u rnace s l a g , 
of Kommunarsk M e t a l ­
l u r g i c a l P l a n t 

Red mud o f - P a v l o d a r 
Aluminlir|i P l a n t 

E l e c t r i c fu rnace 
^slag of Kirc"^sk: 

E l e c t r i c fu rnace 
s l a g of i z h o r s k y 

S lag ' of carbon f r e e 
fe r rochrome of Ak­
t y u b i n s k F e r r o a l l -

B l a s t f u rnace s l a g 
of Che repove t s Me-

Slag of Serovo Me-= 
t s i l l u r c i c a l .Combine 

Slag of Hakeevka, 
. M e t a i i u r g i c a l Com-* 
b i n e 

Slime of U r a i ' s k 
ALuminum. P l a n t 

Tab le 1 
Compos i t ion \$>) and B a s i c i t y 
l l u r g l c a l . Slafirs and Sl imes 

Cad 

4 1 . 5 

45...0 

37 .6 

,55-65 

49-59 

4.8-5,2 

'3SV7 

43 

4 7 . 9 

11 .2 

SiOa 

3 8 . 9 

. 36 .0 

1 8 . 6 ' 

15-20 

24,5 

25-27 

3 a . 3 

3 6 . 9 

3 6 . 1 

8..2 

MgO 

6.5 

5.C 

• -

10-20 

19 

9 .0 

10*6 

-

2 .7 

-

Al jOj 

11 .5 

6 . 0 

7-Q 

1-5 

-

6 . 0 

7 .9 

12 .6 

9.-9 

--

FfaOj 

0 . 3 3 

0 . 5 

22 .7 

1-5 . 

i : .o-

— 

0 . 4 

1 .2 

0 .46 

-

-

Misc . 

0 .95 KnC 

1 . 2 - 1 . 5 
MnO 

2 .6 

9-10 MuO 

1.6 MnO 

4T5. • 
CraOs 

- , 

-

-

- • 

Caa 
Sip a 

1 .1 

1 .2 

2 . 0 

5 - 2 -
.5 .7 

2 . 0 -
2 .4 

1.9 

,1 .1 

1 .2 

1.5 

1 .4 

* Slags were- used with 'partlcie sizes <- 0;1 mm. S|>ecimens 4-6 are self-crumbling, 87?̂  
of their content were- fractions < Oil mm and about %%. were fract^lons > 0.'2 nun. These 
slags were, used without prelitdinary aeparat-ioii into fractions. The granulometrlc com­
position has SLlmost no effect on their sorption capacity. 
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TE ,ble 2 
S o l u b i l i t v of SIans 

o o 
4^ ^i 
fl (D. 
O ft 

5 o i n 
50 mm 
1 h r 
5= h r 
1 day 
5 days 

Aktvubinak RIPLS' 

H O 
'• H i ­

ed ( i > . 

o a-

4 . 0 
6.9: 
7.-9 
8 . 1 
B A 
8.6 

h-^ 
H - < 

q o; 

2 . 1 
2 .4 
2 . 3 
2 ,4 
2 .3 
1.8, 

1 0 . 5 1 
10 ,64 
10.65-
10 .65 
10 .55 
1 0 . 7 8 

Ki rovsk alaiit 

o > 
.H.o,-

• H E 

Id tio 

4 . 5 ' 
4 , 9 
7 . 0 
7 . 2 
7 .5 
9 .5 

^3.̂  
. © 

o 2 

1,4 
1.4 
1.-6 
,1.8 
1.-6 
2 . C 

^ 

10 .45 
10.45 
10 ,46 
10 ,55 
1 0 . 7 7 
10.7-2 

I z h o r s k v s l a s 1 
S > 
( H O J -
• HB 

2 .6 
2.9 
4 . 2 
5 . 2 
Bv6 
S.6 

^ ^ 
3 ^ 

!VH 
O O £1 
1.2 
1.5 
1;4 
1.4 
1,3 
1.2 

% 

10 .17 
10 -21 
1 0 . 2 4 
10 .26 
10 .66 ' 
1 0 . 6 1 

Che repove t s slac 
J)-^ 
H O 

0.7 
0 .9 
1.4 
1.5 
2 .6 
4.-2 

- ^ ^ 

^ 1 
0-6 
'C.6 
1 .0 
, 1 . 2 
1,5 
2 ,5 

3C a, 

8 .55 
8 .80 
9 . 0 8 
9 .45 
S.S4 
9 . S 8 

Pavl_odar s l a a 

o ^ 
i-iS 

.1.4 
1.7 
2 . 4 
2 . 6 
4 . 0 
6,i8 

^ ^ 
^ 

0 .9 
1 .0 
1.3 
1.8 
5 .2 
4 . 7 

% 

9.45 
9 .63 
2 .24 

10 ,08 
10 .50 
10.-96 

s i l i c a t e a' ^ during- ^ 
t h e i n l t i a l p.eri od 
13 accompanied by 
t h e p a s s a g e t o s o ­
l u t i o n - of equ imol ­
a r e d n c e n t r a t i o n s 
of a l l s l a g con-
s t i t u e i n t s . Af ter 
5 m i n u t e s of' d i s s ­
o l u t i o n , t h e CaO/ 
/SiO'2 r a t i o i n t h e 
• s o l u t i o n and i n 
t h e s l a g composl'-
t io .n IS e q u a l , 
However, f o r t h e 
h i g h - b a s i s s l a g s 
(Aktyubinsk, , I z h ­
o r s k y , K i r o v s k ) , 
i n which t h e CaO/ 
SiOa r a t i o >. 2; 
t h i s r e l a t i o n s h i p 
Chsiiges s u b s t a n - ' 
t i a l l y i n t h e s o ­
l u t ion.- C aldiuin 
s i l i c a t e s I n s l a g 
w i t h a h i g h Cab/ 
/SlOa r a t i o p a s s 
i n t o ' l o w - b a s i s 
s i l i c a t e s and Ca^ + 
a c c u m u l a t e s i n the, 
s o l u t i o n . 

L o w - b a s i s COaO/ 
/SiOz'-^i 1) s l a g s 
do no t undergo any 
. s u b s t a n t i a l c h a n ­
g e s when coming 
i n t o c o n t a c t ' wi th 
w a t e r . The s o r p -
t igni . a c t i v i t y bf 
t h e s l a g s , i n c r e a -
sea .with an i n c - -
r e a s e :in t h e - t o t a l 
c a l c ium s i l i c a t e 
c o n t e n t i n t h e i r 
c o m p o s i t i o n , and 
i n c r e a s e s in . t h ' e i r 
. b a s i c i t y (Table. 5) 
and s o T u b l l i t y , Howevef, 

Tab le 5 
Absorp t ion of Zh, Cd^ Cu, and Pb I o n s by Var ious ' S l ags 

and S l imes ( S t a r t i n g Goneen t ra t lons . , m g / l ; 40 Zn*''", 5 , 5 06*+, 
4 . 9 Cui+. 5 . 0 Pb^t . , a : a = 1 . 5 : l b p O . r = 30 m'ln) 

.Slags and slime's 

'Novo-I ' ipe tsk s l a g 

'Konmunarsk; .slag 

P a v l o d a r s i ime 

Ki rovsk s l a g 

. I zhc r sky ' s l a g 

AktyuL.b.i.nsk. s l a g 

Che repove t s :s lag 

Serbvsk s l a g 

Hakeevka Slag 

TJral ' .sk s l ime 

H 

o 

•3.0 

7.0 
3 .0 
5,'5 

5,0 
5 ,3 
7 .0 . 

,3.vO 
5.3 
7 ri 

3.0 
5,:3-
7 .0 

5,-0 
,5,5 
JLdL 
J. 0 
;5.5 

-3. Q 
5.5 

JL.C-
3 .0 
5.5; 

•5..0 
5 . 5 
7 . 0 

o 

T ^ . 
.a 

40 
55 

-i2_ 
•-25 
:25 
OX 
.58 
5,2 
22 

21. 
4.^2 

17 
5 .5 

16 
0 , 1 
0 . 1 

38 
57 

J4_ 
51 
30 
'26 

3.,.0 
1 7 ' 

32 
32 
51 

..c 
o 
o 

€' 
5.--'6 
5-0, 

'5.'D 
5 - 4 

•5.5 
:5.8 

3.4 
O.i 

5-..1 
l.-C 

J . J 

C.,1 

48 
-5..S 
4 . 3 
4V2 

5,9-
3.4 

4 , 1 
ii.'G' 
-3::5 

* ^ 

.s. a 
1.1 
2.S 
0.-9& 
2 ,6 
G.45 
0 .01 
0 .3 
0 ,5 
0-16 
0 .18 
0 ,2 
0-01 
e . i 
0 , 1 
C-03 

0 . 1 
o,ei 
"5.'C1 
:2..5 
•2.1 
'0'. i l ' 
1,.S 
1.8 
G.15 

1 .5 
0 .28 
0 ,0? 
3 . 1 
1 ;1 
0 . 1 

O 
o 

0.92 
1.4 

0.72 
0,14 
P. 10 
0.C9 
0.14 
C.20 

Cvl8 
0,'C6 
0,05 

0.18-

0 .05 ' 

'0.19 
0.-05 
.0.05 
0,98 
1.30 

1.5 
1.2 
•0-31, 
1,.4 
1 .5 
•c;p5 
1,2 
0,6 
0 . 1 

o 
o 

5.95 
6V23 
6 .87 

6..95 
6 ,85 
7--
6 .75 
6 .62 
6 c 

6.-7 2 
7 .8 
S.6 

6.75 
7 .7 

6 .72 
S.45 
q.55 
6 . 1 
6 .30 
g.85 
5.25 
6.28 
g'-70 
6 . 3 5 
6.57 
7-0 
5 .4P 
6.57 
6 ,8 

I n c r e a s e s lri t h e aoi^ption a c t i v i t y of t h e s l a g a r e no ted only 

VK. I . Sasnaukasj S t u d i e s i n t o P r o c e s s e s of I n . t e r a c t i o n and "Sransformat ion of Phases , 
arid Q u e s t i o n s R e l a t e d t o I n t e n s l f ' i c a t . l o h i n t h e P r o d u c t i o n ' of Autoclaive S i l i c a t e 
A r t i c l e s j A b s t r a c t of f^oct o r a l 'His s e r t a t l o n , Ir , , 1972 ; 
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t 

p.,a 

No. 

wheYe t h e OaC/SiOa r a t i o i s rid 
h i g h e r t h a n 2 , Among^ the; exam­
ined- spec imens , t h e most a c t i v e 
s o r b e h t was s l a g of CEurbon-free 
f e r rochrome (specimen; ' '6) w i t h a 
b a s i c i t y o f about 2 arid c o n t a i n ­
i ng about 50?o GaO. 

However, ' t he p r e s e n c e i n t h e 
s o l i d phase of f r e e CaO , o b s t r u c t s 
t h e d i s s o l u t i o n of c a l c i u m s i l i ­
c a t e , which c a n b e judged ,from 
•the 3 i 0 | ~ c o n c e n t r a t i o n i n t h e . 
s o l u t i o n . I n t h i s c o n n s c t l o n , 
t h e r e a r e d e t e r i o r a t i o n s i n t h e 
s o r p t i o n c h a r a c t e r i a t i c s of t h e 
h i g h - b a s i s s l a g s from t h e .Ki r ­
ovsk and t h e I z h o r s k y p l e i i t s . 

A oompairison of, t h e o b t a i n e d 
r e s u l t s w i t h s l a g s o l u b i l i t y 
showa ( s e e T a b l e s 2 and 3) t h a t 

' ove r a g i v e n t i m e - p e r i o d (50 
min) t h e s o l u t i o n ' h a s t h e gi-ea--
t V s t c o n c e n t r a t i o n of a c t i v e 
s i l i c i c a c i d c a p a b l e of p a r t i c -
• i p a t i n e IB: m e t a l " s i l i c a t e f o r ­
m a t i o n . The c o n c e n t r a t i o n of 
•the l a t t e r was c a l c u l a t e d by t h e fo rmula 

[,Sl,Q,'^-l = 

-Table 4 
Repea ted Use of S l ags t o P u r i f y S o l u t i o n s of 
Mlx' tures of Zn, Gd, Cu, and Pb I o n s ( o r i g i n a l 
c o n c e n t r a t i o n s , m g / l : 5'.C Zn2+, 0 ,9 Cd2+,, 1 . 1 
Gii^-*-/and 0 .9 Pbz+j s ; 1 = 1-:1GGQ; ^ = 3 0 purv) 

No. 5 

,No. 6 

p. 

3 .0a 
4 H.95 

3.08 
4.95^ 
•LS& 

17 .:P2 

.HHb 
Ei?m 

5 
6 
6 

2 
5 
JL 
4 
8 

^ , - ^ _ . _ — - . ^ ^ - - , .T ' 

Metal l o n c o n t e n t ( m g / l l i n 
l a s t s o i u t i o n c h a n E f . ^ a i t e : 

c p n t a c ^ w i t ^ s l i fep^ 

Zn 2 + 

1,2 
1.3 

1.9 
0 .15 

2 . 2 
C.15 

Cd2+ 

0-.4 
0.4 

0i5-
0 .2 

0.95 
0 . 1 

Gu z + 

0 .15 
0 . 1 
iL2_ 
0 . 1 
0..05 
i L 2 _ 
0.^1 
0.1.2 

i e r 

Pb 2+ 

<0.05 
<P.G5 
^ - 0 5 

0.05 
<0.05 

0-0^ 
0 .05 

<0i05 

iP^cont 

7.20 
6 .25 
6 .80 

7.75 
6.25 

7.79 
7.28 

*"In p r e v i o u s s h i f t s t h e r e was an a lmos t com­
p l e t e p u r i f i c a t i o n of t h e s o l u t i o n : t h e c o n ­
c e n t r a t i o n - o f 'Zn^+ , Gd^*, and Cu^* lona i s 
t o 0 . 0 1 m g / l , and of P,b2+ up "to 0 ,05 m g / l . 

I = « S i 0 | " [HaSiOy],* 
^ 2 -where .^^SlOj f e p r e s e r i t s t h e s h a r e of e i l l c a t e - i o n a a t t h e g iven pH v a l u e ( 5 , j>. 5 P ) , 

F o r t h e Aktyubinsk , - K i r o v s k , I s h o r s k y , P a v l o d a r ; and, Che repove t s s l a g s , t h e s e c o h -
c e r i t r a t l o n s a r e a q u a l t o 1 . 6 . 1 0 - 5 , 4 . 2 - 1 0 - * , 2 . 1 . I P " * , 2 .4 -10-^ . , arid 3 . 8 . 1 0 - 9 mgr 
- l o n / m l , r e s p e c t i v e l y . 

Of t h e s o r b e n t s s t u d i e d , t h e l e a s t a c t i v e -are t h e Cherepove t s arid Ndyo-Llpe tsk 
s l a g s w i t h b a s i c i t i e s of* 1.0 and 1 . 1 , .arid' t h e s l ime from t h e - U r a l ' a k Aluminum P l a n t 
w i t h a low cc r i t en t of ca lc ium ox ide ( abou t 11^), . 'However, t h e i r uae makes i t . p o s s ­
i b l e t o a t t a i n a s i g n i f i c a n t r e d u c t i o n i n the' conter i t of l e a d arid copper loria w i t h i n 
t h e e n t i r e pH r a n g e and -k r a t h e r marked a b s o r p t i o n bf z i n c l o n s -at pHdr ig = 5 - 7 ( s e e 
Tab le 3 ) . 

,bf t h e number i r i v e s t i g a t e d (speclm'ens 4 - 6 ) , f o r t h e most a c t i v e s l a g s t h e p o s s i ­
b i l i t y was~examined f o r repeaVed use- ( r o t a t i o n ) of s o r b e n t s a t v a r l o u a pH l e v e l s f b r 
the- o r i g i n a l s o l u t i o n . The s l a g ba-toh waa mi^xed f o r 50 ml r i 'w i th a' s p e c i f i c amount 
of s o l u t i o r i , f o l l o w i n g which t h e so lu t tq .n was f i l t e r e d ; a new pc . r t ion of s o l u t i o n wias 
t h e n added t o t h e s lag- and remixed f o r a n o t h e r 30 miri.. The c o n t e n t of m e t a l i o n s i n 
t h e f l i t i g a t e was de te fmined as; w e l l a s t h e pH, 

,AL1 o f ' t h e examined s l a g s can be re.used r e p e a t e d l y (4-8. t i m e s ) , t o p u r i f y wa te r from 
m e t a l l o n s ( T a b l e 4 ) . With r e p e a t e d uae t h e r e i s an a d d i t i o n a l , d i s s o l u t i o n of t h e • 
a lag , b a t c h , and c a l c i u m ' i p n s ; and s i l i c i c a c i d aea:in p a s s i n t o the s o l u t i o r i , goverr i ing 
the s o r p t i o n a c t i v i t y . However, f o m a t i o n of l e s s s o l u b l e m.etal s i l i c a t e s on t h e sur­
face" l e a d s t o a r e d u c t i o n i n t h e s o r p t i o n a c t i v i t y of t h e s i a g s . Because of r e p e a t e d 
s lag- u s e i r i t h e s o l i d phase j t h e r e i s a m e t a l s . accumula t ion , amo.unt i ng t o 4 - 8 ^ of t h e 
s l a g w e i g h t . ^oticlttalons 

1 , The s o l u b i l i t y and s o r p t i o n a c t i v i t y of s l a g s i r i c r ea se v i t h an i r i c r e a s e i n t h e i r 
c o n t e n t of CaO and, SiCa arid w i t h a CaO/SlOa r a t i o no hlg.her t h a n 2 , 

2 . The s o r p t i o r i c a p a c i t y :of s l a g s , when used r e p e a t e d l y , i s 4-8% df t h e s l a g 
weigh t when s o l u t i o n s are , t h o r o u g h l y p u r i f i e d of mis t a l i o n s . 
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1 ; A. P . Thishina .and V. -E, ,ALeskovskll , S i l i c a - G e l - - An I n o r g a n i c C a t i o n i t e , , I , , Gos­
k h i m i z d a t . 1963 , 92 p p . , i l l . 

2 . V. A. Fedo rov , i . P . ALekseevay-and A. P . Tlushiria, ZhPKh. 1973 , 7 , pp.. 1443-1447. 
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7, 1973',: pp..- 1447-1451. 
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Name o( p a r a m e t e r 

Shrink.ige of s in t e r a l 1000°C, Y 
Sulphur conteni ot s i n t e r S^, Tc 
Amount of sulphur removed from 

the charge S^, Itg. 100kg 
Desulphur isa t ion Q ° , Tc 
Ma.ximum t empe ra tu r e in bed Ti, 

Product ivi ty in s in t e r Q^ 
Relative magnet i sm of s in t e r 

^ , r e t . unit 

Var iance 

38.4 
0.44 

2.15 

ns.ii 
19839.1 

, 49.33 

\ 32.44 

Scat ter ing 
coefficient 

41.9 
20.83 

41.58 
25.28 
15.11 

45.81 

28.01 

.Mean-square 
deviation 

6.19 
0.66 

1.47 
13.23 

141.03 

7.02 

5.69 

Cor re la t ion 
coefficient 

U.69 
0.68 

0.86 
0.56 

. -0.84 
0.83 

-0.34 

0.8a 

Reg re s s ion equation 

y = 
S , = 

Sc = 
Q * . 

T. --

0, ' 

u = 

Linear 

7.66 - 5.93C 
2 .46 -0 .626C 

1 .44-1I .T4C 
40.21 - 10.09C 
1128 .2-162 .31C 

1 9 . 2 9 - 3 . 3 0 C 

11 .97 -6 .96C 

Non- l inear 

V = 1 7 . 2 3 - 1 0 . 5 6 C . ' 5 1 . 8 5 C ' 
S , = 2 . 9 1 - 0 . 1 5 2 8 0 - 0 . 2 4 0 = 

S c - - 0 . 5 7 - 5 . 2 1 0 - 1 . 0 9 0 ' 
Q » = - 1 4 . 5 4 - 5 4 . 3 4 - 1 3 . 9 2 0 ' 

T . = 1 1 3 1 . 4 6 - 1 6 8 . 0 1 0 -
- 1.770" 

Q = 9 . 4 4 - 1 3 . 6 8 0 - 5 . 3 4 0 ' 

li = 7 . 0 4 - 1 5 . 4 7 0 - 2 . 6 8 0 ' 
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of the resuUs close relat ionships were established between 
the charge- recyc le rat io (C) and the main p a r a m e t e r s of the 
s in ter roast ing. The exis tence of a correlat ion was checked 
by the condition r i j ji 0, i . e . , a correlat ion exis ts if 

l . J 
I V N - 1*3 

I 
s tacks (appro.ximately 100,0001. of charge) , having appraxiJ 
mately the s ame granulometr lc composition in the o r e part^ 
of the charge and the recovery (-(-emm, -fSmm). The mathe-ii 
mat ica l cr i ter ion of optirmsation was de termined by the 
r equ i rement s of the indus t r ia l conditions and is represented 
mathematical ly in the p a r a m e t e r s : 

and r ^ : = 0 , i . e . , a corre la t ion does not exist if 

| r i . j | V N - 1 < 3 

where r^ = = the paired corre la t ion coefficient 
N = tlie number of data . 

Table 1: The dependence of the principal characteristics ot the sinter roasting 
of lead sulphide concentrates and ores on the charge-recycle ratio 

Q i 

Name of p a r a m e t e r 

T e m p e r a t u r e In lied 
Tota l su lphur content of s in t e r 
Sintering d m e 
Air consumption 
.Magnetic permeabi l i tv of s in te r 
specif ic productivity ot sinterin.q 

machine 

P a i r e d 
co r re l a t ion 
coefficient 

-0.82 
0.95 
0.74 

-0 .88 
-0 .89 

0.96 

P a i r e d r e g r e s s i o n 
equation 

Tt = 1138.61 * 115.430 
S,„f 1 . 0 . 1 . 2 1 0 
Is =601.44 » 322.110 

Qa 1 10.99 - 4 .540 
li = 70.36 - 15.870 

Q = 5.99 - 470 

The data from t reatment of the resu l t s of the investiga­
tion a r e given in table 1. The s ta t i s t ica l model of the 
process has the following form 

C = 8.937-0.004 T - 0 . 6 3 7 S^^^-0.001 t̂  - 0 . 0 4 2 Q a - 1 . 5 5 5 M 

where C is the charge-s in te r ra t io . It allows the principal 
s inter ing cha rac te r i s t i c s to be forecas t a s a function of the 
charge- recyc le ra t io . 

The best charge- recyc le ra t io (1:2.65) was determined 
(for existing industr ial charge preparat ion conditions) by 
linear programming on a computer on the bas is of the 
s ta t i s t ica l model of the s in ter ing p rocess and the opt imisa­
tion cr i ter ion (the production of maximum productivity in 
the s in ter ing machines with r e spec t to the s inter) with the 
use of the semiannual amount of lead production charge 

Itnr. M 

Q-Qma-x. S „ , « Q f , , , P>HS, T b ^ T f , t^^tf , Q , ^ 

where Qmax = the maximum productivity in suitable s in t e r j 
S | = the given sulphur content of the s in ter 

fl = the given magnetic permeabi l i ty of the sintee 
T§ = the given tempera ture in the bed on the belt i 

of the machine 
Q i = the given a i r consumption. 

The data given in table 2 w e r e obtained during t reatment | 
of the resu l t s from investigations with back depletion of 
the charge . An optimum rat io of 1:1.76 was obtained by 
linear programming methods on an e lect ronic computer 
on the tiasis of the s ta t i s t ica l model of the s inter ing p r o ­
ce s s and of the cr i te r ion of optimisation, i . e . , maximum 
productivity with r e spec t to the s in ter in the s inter ing 
machine, with charges prepared for laboratory invest iga­
tions (about-50 charges) and having a constant granulometrlc 
composition in the o r e par t of the charge and recycled 1 
s in ter with an average grain s ize of -i-6mm (in various 
charge- recyc le ra t ios) . 

F r o m the obtained data i t i s seen that the difference be­
tween the obtained opHraum values in the charge-recycled 
rat io amounts to 1.3 and is e.xplained by difference in the 
preparat ion both in the o r e par t and in the recovery of 
the charge for s in ter roast ing. In o rde r to reduce the 
amount of circulat ing recovered mate r ia l in the s inter ing 
sect ions of lead plants and to obtain the optimum produc­
tivity for the s inter ing machines i t Is necessa ry to pay 
special attention to the quality of prepara t ion of the com­
ponents of the charge and i t s granulation. 
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Investigation of the sorption of nickel from sulphuric a d d solutions by an aminohydrazine ion-exchange r e s i n 
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1 P Tulenko, E 1 Kazantsev, V A Leitsin, I F Khudyakov and 1 V Samborskii (Urals Wood-Technology Inst i tute . 
Departrnentof Physicochemical Technology of the Protection of the Biosphere. Chelyabinsk Zinc Works) 

Nickel, which is one of the harmful e lements In the hydro-
metallurgy of zinc, accumula tes In the cadmium cycle. To 
secure the production of metal l ic cadmium meeting the 
s tandard in respec t of nickel content the concentration of 
the lat ter in the cadmium elect rolyte must not be grea ter 
than 0 . 4 - 0 . 6 g / 1 . The normally employed cementation 

12 

schemes do not finally resolve the problem of the removal 
of nickel from the sys tem. Recently Ion-exchange methods; 
have been proposed for the extract ion of n ickel ' "*) . In the -
p resen t work we investigated the sorption of nickel on a I 
newly synthesized ampholyte containing aminohydrazine | 
groups. (T V Pilipchuk and O P Myakisheva took par t in | 

g: 

OBWCO 

/ / ^ ^ 
/ : ^ 

,-\ :•.'.<-kel .sulj; 
i : -,:H i . j wa 
S'-.:.-:.-.!: .-i.-Dipclo 
-.-̂ 1 !;:..• -A-.-i.s 3 . T 
-.n.: -A-.-r.-. .A l - i 
;n -i-:uer fo r 2-

'. -j-.v ,-i'ilution 
• •!,.••-'. •!< and th 
• : ; : : -e : - . ,At spi 
• •••-'-•il Tor nick( 

-•-'.r.ixine r e s i 
T.'-.'-• ( iependenc 
' - i i ;.'ie p r a c t l t 
•••. IP. r n t e betw« 
•-••-'! li-.e d e t e r r 
""•:'':';-l i m s i n s 

•' "'-'- -- ' iipcioi 
-"• ~it- l i t e r . i tu i 

• "i i^u-ient and 
•• :i de .uree of 
••••••.'.'Mice fo r It 
' • • • - n . 

-'••- c.-ilcuUlu 
•• ' • • t i f e c i of t( 
'-•'ir-.i Ihe -.-aria 

http://19.29-3.30C


560-51.850' 
280 - 0.240" 

10-1.090" 
1.34-13.920' 
68.010 . 
1.770" 
BO - 5.340' 
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ork). Sorption on the aminocarboxyllc ampholyte 
jiK^B-l recommended for the purification of cadmium 

i^te'soluUons from nickel'), was investigated at the 
""me Ume for comparison. The Ion-exchange resins wen 
rjepared by the standard procedure «). 

Table 1: The diifusion coefficients (P^„) for the 
exchange reactions of nickel ions on the amino-
hydrazine resin in the H-SQ, form 

r i i i . l The degree of s a t u r a t i o n o f 
tbe ion-exchange r e s i n (F) d u r i n g 
the s o r p t i o n o f n i c k e l by amino-
hydrazine r e s i n i n gra i r : s wi th 
var ious s i z e s cm: 1 - 0 .0145 ; 
2 t o 4 - 0 .0194 ; S - 0 .0225 . 
Temperature "C: 2 - 2 ; 1,3 and 
$ - 20 ; 4 - 60 . 

,-r< 

« ' u X) to IO ta t min 

r t ^ . 2 Tbe dependence of Bt on t ime fo r 
the atninohyrazine r e s i n wi th 
g ra ins of v a r i o u s s i z e s cm; i -
0 .0145; 2 t o 5 - 0 .0194; 6 -
0.0225: Temperature "C: 2 - 2 : 
1,3 and 6 - 2 0 ; 4 - 40 , 5 - 60 . 

A nickel sulphate solution containing about 0.5 g/1 of nickel 
•t pH = 4.5 was used to investigate the sorption kinetics. 
During sorption the solution became acid, and the final pH 
»alue was 3. The experiments were carried out In the follow-
tn« way. A 1-g sample of the air-dry resin was first swollen 
In "ater for 24h and then brought into contact with 100 ml 
o< the solution. During investigation of the sorption rate the 
•olution and the resin were agitated by means of a mechanical 
•Urrer. At specific intervals of time the solution was ana-
>T»d for nickel content. The sorption of nickel by the amino-
^T^razine resin in grains of various sizes is shown in fig.l. 
••>* dependence of the degree of saturation on the grain size 
»nd the practical absence of an effect from the stirrer rota-
Uon rate between 10 and 45 rpm make it possible to consider 
Ual the determining stage of the exchange is diffusion of the 
olckel ions Inside the grain of the resin. The obtained data 
* the sorption rate were treated by the method descrit)ed 
"»the Uterature«). The Bt:t ratio (where B is the kinetic 
***ificient and t is the sorption time) proved constant up 
toa degree of coverage of 0.6-0.7 (fig.2). This is further 
»^oence for the preferential significance of gel-type diffu-
Won, 

T ^ * "^'culated diffusion coefficients are given in table 1. 
he effect of temperature on the kinetics can be assessed -

ifx>m the variation in the diffusion coefficients (D,^): with 

Radius of 
gram, cm 

0.0225 
0.0194 
0.0194 
0.0194 
0.0194 
0.0145 

Temperature 
°C 

20 
2 

20 
40 
60 
20 

D - l O B 
cm' /sec 

0.73 
0.55 
0.91 
1.06 
1.25 
1.88 

increase in temperature from 2 to 60''C the value of Dgv 
increased by 2.27 times. During investigation of the equi­
librium we studied the dependence of the sorption of nickel 
on the pH and on the temperature of the solution, the nickel 
concentration, and the zinc and cadmium contents, i . e . , 
the elements which are present at macroconcentratlons 
In the industrial solutions. The results from the sorption 
of nickel from a solution of sulphate (1.20 and 0.48 g/lNi) 
and from an industrial solution (0.74 g/1 Ni, 240 g/1 Cd, 
40g/lZn) for various equilibrium pH values are shown in 
flg.3. In all cases the equilibrium concentration of nickel 
was lower and the static exchange capacity was higher for 
the aminohydrazine resin than for the ANKB-1 resin. With 
decrease in the pH value the sorption decreases, approach-
Ing'a certain constant value, and this is in all probability 
due to nonexchange sorption of the electrolyte. 

Cni 
g / i 

u 
M 

s t a t i c 
exchange 
c a p a c i t y 
mg/g 

PH 

F i g . S Tbe r e s i d u a l c o n c e n t r a t i o n of 
n i c k e l (a) and the s t a t i c exchange 
c a p a c i t y of t h e r e s i n -..-ith r e s p e c t 
t o n i c k e l lb) a s f u n c t i o n s of the 
e q u i l i b r i u m pH va lue of t h e s o l u ­
t i o n d u r i n g s o r p t i o n b-j t h e ANKB-1 
( 1 , 3 , 5 ) and t h e amino^r.ydrazine 
ampholyte ( 2 , 4 , 6 ) . Type o f s o l u t i o n : 
1-4 - s y n t h e t i c ; 5,6 - i n d u s t r i a l . 
I n i t i a l n i c k e l c o n t x n t r a t i o n g / 1 : 
1,2 - 1 .20; 3,4 - 0 . 4 S ; 5,6 - 0 . 7 4 . 

^Zn(Cd; i !a ) ' ^^^ /^ 

F i g . 4 The amount o f absorbed n i c k e l a s 
a f unc t i on of t h e sulp:-.ate concen­
t r a t i o n d u r i n g s o r p t i o n by the amph­
o l y t e s A-VKB-l (1-3) ar.d amino-
h d r a z i n e r e s i n ( 4 - 6 ) . I n i t i a l n i c k e l 
c o n c e n t r a t i o n 1 . 2 g / l , pH •= 3 ,4 . Added 
s a l t : 1,4 - z i n c s u l p h a t e ; 2 ,5 -
cadmium s u l p h a t e ; 3,6 - sodium s u l ­
p h a t e . 
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Th6 'sHatie: exchknge. capaci . ty wi th 
rtispGct' o f n i c k e l , z i n c ^nd cadmium 
itiitj-E'q/g) on t h e aminohydrazine 
r^s.in d u r i n g s o r p t i o n from z i n c 
(.1-3) and cadmium(4-6} •.sulpliate 

..-solut:ions. ^ I n i t i a l n i c k e l .ct?nceti-
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Tiible *; Ttie siirption of nlckeland line (cldiniuiiit jn their Joint presenn bf the ion-
u c h u V resins in Bui H-SQ, rorm. Initial nlcliel concentrllion 1.2 g/l; 
Initiai pH • 3.4; Atnouiit at stiibaltl.Og; Voluffle of soliillai, 0.11, 
Temperahire, 20"C. 
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concentration of sodium ions,Has pracdeal ly . noi effect .on 
the sorption of hickel (figs.4 arid 5). At the same, tiine, 
increase ; in the zinc and cadinium content leads to a de-i 
c rease inthe-sorbability of the nickeL However , in.SpiteJ| 
of the reduced capacity, the absolute value of, the "sorp tip 
of nickel remains.high, and the:investigated r e s i n s (Ratfi| 
Early the aniindhydraziiievresm) can be used (o r thia pari:, 
fication of zinc and cadmium solutions. The siipppsilion J 
that ziiiCiand cadmium a r ^ a lso soi^bed by aniphoiytes tO ' | 
some degree was confirmed l ^ t rea tment of the res in alli 
sorption (washing with water and desorpt ion with 4N su l -
phuriciacld,-followed by analys is of the eluate) . The an 
of zinc and cadmium stjrbed from l-m and 2 m splutjoris i 
their sa l ts ' proved commensurable with the am.otint df so j 
nickel, while the overal l s tat ic exchange c a p a c i ^ of the' 
r e s i o s inc reased . It should be noted that zinc ions , whlchf 
a r e sorbed in ' l a rge r amounts than cadmium ions , suppr 
the sotbt ion of nickel lohs ' to a g r e a t e r d e g r e e . 

sTHe separat ion factors for 'nickel,and zihc (and cadrniuri 
during sorption froni the i n v e s t i ^ t e d solut ions, calcuiat 
by means of the equation 

X = 
K 

K 
iHi. 

P?fl(Cd) 

Increase in temperature .affects the equilibrium sta te to a 
lesser degree than the process-ra te , . s l ight ly increas ing 
the eai)acit>' ot the res in , WitJ: int irease in temperature from i 
20 to TO"C the, s ta t ic exchange c a p a c i ^ of the aminohydra7 
zine resiri i nc reased from 57.6 to,64,6 m g / g , while ' that 
of the .nimnocarba^yllc, res in increased from 29.2 to'34.4 
mg 'g, Diirini; ihvestigatidn o t i o n exchange frqm'splut ipns 
containiiig various lons it was fqund.ithait increase in tHe, 

where K^^^ and, K „7^(r4) a r e the distritjution coefficient 
of nickel, ahd^ zinc tcadmium) respecUvely, a r e given ins; 
table 2, The X values a r e -g rea t e r in the cadmiAim solu tion 
than, in the zinc solutions. Cohipared with the aminocar -
Ixjxy lie resin the aminohydrazine res in i s distinguished '.,• 
the g rea te r 'sorbalnlily of nickel and t y the s e l e c t ! v i ^ of> 
Us sorption from the investigated solut ions. 

Gonclusions 

1,The aminohydrazine.ampholyte jpossesses be t t e r sorpi 
character is t ics*for nickel (a g rea te r capac i^ -and selecavj 
thin the ampholyte AHKB-l. ~ ' 

<2, t h e obtained data rnake it possible to reconimend the,| 
r e s in with aminohydrazine groups In place of ANKB-1 for^ 
the-purification of zinc and ca.drnium stilphate solutions fi 
nickel . 
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Reaction of var ious fo rms of alupaiaiumKydrcgides and ogides with h ^ r p - f l u o r s l l i c i c acid 

l ^ s c o 
~ y ^ ^ ^ . . . 

O S Ignat 'ev, S D Vis hne vs lia >% and N N Korobov (Moscow Institute of Steels and Alloys. Department of the Metallurgy 
of Ili^ht MeUtts. Institute of Inprga"nicVMateriais) V 

SlllcbfluOnde niethods,'are extremely promisir ig ' lor the 
soiution of problems in the.'metallurgy of light ^metais,'). 
On their basis;an effectivemethod has been developed for 
the prcductian of a iumlniumflubr iSes fof; the electrolytic; 
prodlictipnof aluminium; eniploying:by produc t'f luorihe 
irom the riiahtif.lcture of phosphorus f e r t i l i s e r s . P r o g r e s - , 
si\-e niethods have-been proposeti fbr the: Irea tment of 
rariotis far.ms of aluminosil icate ma te r i a l , and sonie 'have 
peen successfuUy rea l i sed 'in p rac t i ce , t h e res t ra in ing 
'actor in the further develdpment of .silicofluoride methpds 
orthe.production of aluminium fluorides i s the inadeciuate. 

investigation of' their physicochemical pr incoples and tech| 
nological cha rae te r i s tiles. i 

The liqu Id-; phase stlicofiuoride methods for the produc tia 
.fltaluminium fluorides and for. the t rea tment of aluraino- | 
s i l icate raw mater ia l a r e . based on Oie tit tie-In ves tigated 4 
reacl ions ofthe varidus forms of aluminium hydroxide anil 
oxide with hydrol lupros i l ic lcac id {RFSAl. Published data -
on these questipns^)^) only concefn,the;react.ioneOf HFSA 
with hydrargil l i te in a narrow range of t empera tu re s {40-W 
with tiie amounts of the initial compounds In F and Al rabOf 
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layeBtlgatiOD of soma quaternary phosphonium compounds for the extraction of gold from cyanide media by 'Yoamed 
plastic" liquid extraction 

M D Ivanovskii, M A Meretukov and V D Potekhin (Moscow Institute of Steel and Alloys. Department of the MetaUurgy 
of Heavy Nonferrous Metals) 

the method of Uquid extraction with the use of a porous 
support for the organic phase (1) secures satisfactory ex­
traction of gold from cyamde solutions and pulps with 
quaternary ammonium compounds (QAC) and, in particular. 
Solutions of triallq?lbenzylammonium chloride (tABAC) in 
kerosene with adiiitions of decyl alcohol^. Insofar as it 
has t>een demonstrated^) that quaternary pho^honium com­
pounds (QPC) possess letter extraction characteristics than 
quaternary ammonium compounds in the extraction of gold 
trom cyanide media by normal Uquid extraction, an inves­
tigation was carried out into certain representatives of this 
class of compound (table 1). 

given by tDPB. As expected, this correlates with the theor­
ies alx)ut the differences in the chemical properties of nitto. 
gen and phosphorus. It is due to the presence of free d orl^bli 
with low ener^es at the phosphorus atom, and this makes a 
substantial contribution to the tmnding in the forniation of Ti 
complexes with the transition elements. ' 

the rates of "foamed plastic" extraction of gold with vari-
ous quaternary phosphonium compounds (fig.2) were com­
pared for volumes of the organic and aqueous phases in a 
ratio of 1:70 and with the addition of 5-10% of decyl alcohoL 
As a result of the comparison i t is seen that even under coa. 

tab le 1: Some characteristics of QPC 

Extractant 

Tetraalkylphosphonium 
bromide (TAPS) 

TetranonyIphosphonium 
bromide (TNPB) 

TetradecyIphosphonium 
bromide (TDPB) 

TetraoctadecyIphospho­
nium bromide 
(TODPB) 

TABAC (for comparison) 

Formula of 
compound 

(R-P) Br 

((C,H,,),P) 

((C,oIl2,).P)Br 

((CiaH37)»P Br 

(RJCIIJCJHJN) Cl 

Number of 
carbon 
atoms in 
radical R 

5-7 

9 

10 

18 

7-9 

Content of 
main com­
pound, % 

98 

97-98 

99 

97-98 

70-85 

Molecular 
weight 

395-507 

619 

675 

1123 

438-522 

It wa.s not possible to use tODPB on account of its Umited 
solubiUty in the normaUy used solvents or their mixtures, 
t h e remaining compounds extract gold almost completely 
under the foUowing conditions: aqueous phase, solutions 
of gold in KCN containing 0.05% of free cyamde and 0.01% 
ol protective alkaU (NaOH); organic phase, solutions of the 
extractants in purified kerosene with additions of decyl 
alcohol. During the investigation the support for the organic 
phase was granules (~5mm) of foamed polyethylene (poro-
polyethylene, PPE), having 70-80% of open pores. Samples 
of foamed polyethylenes PPE-200 (pore diameter 5-10y), 
PPE-9 (15-20^), and PPE-187 (200-700^) were tested. On 
the basis of preUminary tests a sample of PPE-9 was selected 
for the granules, which were impregnated with the organic 
solutions of tDPB with various concentrations. 

t h e full exchange capacity of TDPB and TABAC was deter­
mined imder normal extraction conditions and during extrac­
tion with the porous support by successively bringing the 
extractant into contact with portions of fresh gold-containing 
cyanide solution. 

t h e conditions for the experiments on normal extraction 
were as follows: Concentration of extractants, O.Ol M solu­
tion in kerosene with addition of 10 vol.% of decyl alcohol; 
volume ratio of organic and aqueous phases, 1:2; agitation 
time for each contact, 15 min. 

For extraction with the porous support 0.2M solutions of 
tABAC and tDBP in kerosene were used, ( the decyl alcohol 
content of the organic phase amounted to 30 and 5% respec­
tively), t h e ratio between the organic and aqueous phases 
was 1:90. t h e contact time was the same. 

the molar ratios (table 2) and the form of the saturation 
curves (fig.l) show that the best o u ^ t characteristics are 
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ditions of Umited mass exchange surface, restricted by the 
surface area of the granules, the use of solutions of tNPB 
with a moderate molar concentration, for example, makes 
it possible to extract more than 95% of the gold in 10 min. 
t h i s is comparable with the best results obtained with 
quaternary ammonium compounds^. 

Table 2: Capacity of TDPB and TABAC in respect of gold 

Solution of extractant in 
kerosene M 

0.01 solution of TAB.AC 
0.01 solution TDPB 
0.2 solution TABAC 
0.2 solution TDPB 

Capacity in gold, 
g/g of extractant 

Before 
breakthrough 

0.199 
0.183 

Total 

0.290 
0.249 
0.275 
0.258 

(S):(A.) 

1.52 
1.18 
1,60 
1.23 

m 

Number of c o n t a c t s 
F i g . l Output c u r v e s d u r i n g s a t u r a t i o n of e x t r a c t a n t s with goUl 
in "foamed p l a s t i c " ^ ^ ) and normal ^' ') e x t r a c t i o n : 1) 0.02:1 
TABAC; 2) 0.2y, TDPB; 3) O.OlM TABAC; 4) O.OlM TDPB. 



Table 3: Results from extraction leaching of a sample at the gold 
among the phases 

Time h 

O.S 
1 
2 
4 

Organic 

mg 

0.37 
0.42 
0.48 
0.52 

phase 

Z 

59.6 
67.7 
77.5 
84.0 

Aqueous phase 

mg 

0.12 
0.06 
0.05 
0.01 

Z 

19.3 
9.65 
4.8 
1.6 

Solid 

mg 

0.13 
0.12 
0.12 
0.08 

phase 

Z 

21.0 
19.3 
19.3 
12.9 

Au bai 

mg 

0.62 
0.60 
0.63 
0.61 

ance 

Z 

100 
96.7 
101.6 
98.4 

i ^ - . 

v.̂  

E . Z 

M' 

iO\ 

if?.' 

•"J- ro mi-n 

Fig 2 Rate of e x t r a c t i o n of go ld by some q u a t e r n a r y phos ­
phonium compounds under c o n d i t i o n s of "foamed p j a s t j c 
e x t r a c t i o n (M) : 1 - 0 .14 ntPB, 2 - 0 . 2 TAPS; 3 - 0 .12 
TDPB; 4 - 0 . 2 2 TABP; organity-aqueous = 1:90. 

,To investigate the possibiUty of the practical use of "foamed 
plastic" extraction of gold with quaternary phosphonium , 
compounds the method of extraction leaching*) of gold-con­
taining ore (gold content 6.2 g/ton) was tested under labora­
tory conditions, t h e chemical composition of the ore sample 
was as follows, %: 73.02 SiOa, 7.89 AlaOa, 8.51 FCgOs, 0.55 
FeO, 0.45 CaO, 0.56MgO, 0.37riOa, 0.08 NagO, 2.93KaO, 
0.14 Stot, 0.09 MnO, 0.11 Cu, 0.02Pb. The gold in the ore 
was fine^ impregnated (<150^) and mechanicaUy combined 
with the clay fraction and iron hydroxides. 

Extraction leaching was reaUsed in 0.3 5-Utre glass beakers 
under the following conditions: Weight of ore, 100 g; grinding, 
100% -74M; Uquid-soUd ratio 2:1; organic phase 3 ml of 
0.135 M tNPB In kerosene + 10% decyl alcohol; KCN concen­
tration 0.04%; CaO 0.02%. After the second hour of leaching 
the solution was strengttiened in KCN, and after the first 
and third hours it was strengthened in CaO. 

the extraction taiUngs were analysed for gold by an assay 
method (for the soUd phase) and l>y an atomic-absorption 
ioaethod (for the Uquid phase) on a ^ k t r - 1 instrument. 
Most of the gold (~60%) is cyanided in the first 30 min of 
agitation (table 3). Subsequently, the gold content of the 

cyaniding tailings decreases much more slowly than in the 
aqueous phase, t h e final content of gold in the soUd (0.8 
g/ton) can be reduced by increasing the contact time (after 
4h equiUbrium is not estabUshed in the system) or by in­
creasing the numlier of extraction stages. 

After 3 consecutive stages of extractive leaching lasting 
1 h each the gold content was reduced to 0.3-0.4 g/ton in 
the soUd phase and to trace quantities in the Uquid phase 
of the taiUngs, and this is comparable with the data obtained 
for quaternary ammonium compounds"). ' 

Conclusions 

1. During "foamed plastic" Uqiud extraction of gold with 
quaternary phosphonium compounds a t)etter molar ratio 
of exb-actant and metal complex-(with a satisfactory ex­
traction rate) is observed than with quaternary ammonium 
compounds. 
2. Quaternary phosphonium compounds have greater stabiUty 
against the formation of emulsions than quaternary ammon­
ium compounds. 
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[57] ABSTRACT 

A method and apparatus for in-situ leach mining which 

utilizes multiple dou'nhole branch wells vkhipstocked 
ofT a single main generally vertical well. Initialiy the 
vertical well is drilled into the earth so that it may inter­
sect the ore zone of material to be recovered. The verti­
cal well may be cased and cemented after drilling. 
Thereafter from this same well a plurality of branch 
wells are whipstocked or drilled which intersect the 
vertical well at an angle from about 2 degrees to 60 
degrees. These branch wells extend into the ore zone. A 
submersible pump and drop pipe are placed in the main 
well and at some point below the intersection of the 
main well with the branch wells a packer is placed 
around the drop pipe. The drop pipe carries solutions to 
the surface from the pump. Leaching solutions are 
forced or injected in the main well in the volume be­
tween the exterior surface of the drop pipe and well 
bole or casing so that upon encountering the branch 
wells and packer their solutions are forced into the 
branches and out into the ore body. After exiting near 
the opened ends (or well screens) of the branch wells 
into the ore zone, tbe leaching solution dissolves the 
mineral values and the solution flow with its entrapped 
minerals is forced by the action ofthe pump through the 
ore zone towards the vertical well, where the solution is 
pumi>ed up to the surface, via the inner drop pipe. 

2 Oaims, 1 Drawing Figure 
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1 2 

drilled to extend outwardly therefrom at an angle of say 
INSrn.1 LEACH MINING METHOD USING 2 to 60 degrees to the main well. Exlending down the 

BRANCHED SINGLE WELL FOR INPUT AND main well is > central conduit which receives the recov-
OUTPUT erable leaching solution and minerals. A submersible 

S pump at tbe lower end of the conduit may be placed 
BACKGROUND OF THE INVENTION within the conduit near the mineral ore tone. A packer 

1 Field of the Invention » placed between the pump and the branch wells. 
The invention described herein relates to • method of around and outside of the main conduit to prevent the 

mining which employs leach solutions to recover mate- Oo^' of solution pass it. The outer ends of each of the 
rials by using a single injection/recovery weU. ^^ branch wells extend inlo the ore rone and provide for 

2 Description of the Prior An the injection of the leaching solution thereto from the 
The current basic practice in situ leach mining field surface down the main well ouuide of its conduit. After 

which utilizes injection solutions requires the drilling of tbe solution has been forced into the ore zone, a nega-
• separate bole for each of several wells. Most of these tive pressure is built np by the piunp to cause the reco\'-
welis are usually injection wells and one or more are " erable solution and minerals to be forced to the vertical 
recovery weUs. Normally these boles are drilled to well, and finally tbe solution is pumped to the surface 
depths greater than 300 feet and then each cemented via the conduit (drop pipe). 
and cased to the surface. For the typical inverted 5-spot The primary object of our invention is an improved 
or 7-spot pattem used in situ leach mining, one recovery method of teach mining. 
well is surrounded by four or six, as the case may be, ^ 
injection wells. Other patterns of injection/recovery BRIEF DESCRIPTION OF THE DRAWINGS 
wells are possible such as those described in the com- The FIGITRE schematically illustrates in cross-sec-
monly assigned copending U.S. patent application bear- jjon | , o ^ t^e preferred embodiment of the invention 
ing Ser. No, 60101 filed July 24. 1979. and entitled would operate. 
"Method of In Situ Mining," or those described in Bu- 25 
reau of Mines Information Circular aC)-87T7, titied DESCRIPTION OF THE PREFERRED 
"Uranium in Situ Leach Mining in the United States." EMBODIMENT 

With these prior art practices there is considerable n « basic act up for the preferred embodiment is 
time and expense involved m the drmmg, moving, and austrtxea in the drawings. Initially a main drill hole 1 is 
acttmg up of the driUng and other assocuted equipment » ^ ^ ^ into the e«th in a generally vertical direction 
for dnl mg eachwell hole. In addition jvhen deep holes ^ ^ ^^^^ ^ ^ ^ ^ ^ ^ , ^ ^ ^ ^ ^ J ^ ^^^^^^ concerned 
(more than 1.000 feet are dnlled vertical devotions ^ ^ , ^ j , Uiis main drill hole could easily be 
become a senous problem particularly where the injec- , ^nn r— Z T •. t J n . J - . .L 
tion and recovery wells are less than 50 feet apart. Not »««» f " ' " ""^^ } ' ^"^' '^ " f ^ ^ y " ' « ! ' ' " ° ^^^ 
only are the above problems greatly reduced oTpracti- 35 ° « " f ' . ' of mmeral sought to be recovered by a leach-
cally eliminated by using a single injection/recovery " 8 solution minmg method. At soine pomt above the 
well, as we propose herein, the total foouge of driUed ° ^ "f"'' , * ^ " « ^ the mam first hole an angle (6) 
material would be considerably less than the present '™»'=1' ^^^ ^ (°^ »»•« 7 and 9) is then dnlled or whip-
suite of the art 5 spot pattem since all of the separate "f^ked to mtersect the ore rone near lU lowest end 
injection wcUs are ebminated. 40 Dependmg on tbe location of the ore rone and the 

None of the known patent or other prior art is con- ' '"i^ed operating parameters, the angle 6 between the 
cerned with multiple completions for in sitii leach min- " " ^ vertical drill hole and the downwardly and out-
ing U.S. Pat. No. 2,171.416 (R. E. Lee) is concerned wardly extending branch hole would typically be in the 
with a method of drillmg weUs by using angular (ap- ™>8« of 2 to 60 degrees from the vertical. And the 
proximauly 90 degrees) drilling at the bottom of the 45 branch drill bole segment would normally extend 25 to 
hole 10 enlarge the productive area of tbe well. Within 200 feet from itt intersection with the main well depend-
these branch channels acid, other chemicals or explo- n>8. of oourse. on the location of the ore rone. The 
sive charges are used to stimulate oil and gas production lower end of each branch hole is ao constructed that 
by introducing them thereto. A pump may be used leaching solution injected from the surface, at about 100 
(column 2, lines 30-38) to introduce the acid or other SO P«-. will exit therefrom into the ore zone As b conven-
chemical into the central tube placed in the main verti- tional in the drilling art each of tbe boles (three shoN -̂n) 
cal drill hole. Nothing is said about using leaching solu- • « each cemented 11 and cased 13 to the surface, A 
tions in an injection/recovery type of well to obtain tioned screen 21 or pipe with a cap for the wells end 
underground minerals from an ore zone, " u y be utilized near the ends of the branch wells and 

Other United States patenu of interest include U.S. 35 «he main well to allow the solution to exit. 
Pat. Nos. 3.223.158 (Baker). 3,941.422 (Hendenon), After the main drill hole and the branch hole (or 
3,978,926 (Allen), and 4,022.279 (Driver). None are boles) are driUed to complete the well head, a hollow-
believed any more relevant than the mentioned R. E. «irop pipe 15 with an electrically operated submersible 
Lee patent nor do they relate to mining using leaching pump 17 at its lower end are placed in the main vertical 
solutions that employ a single injection/recovery well. 60 drill bole so that the pump extends near or into the ore 

- . . - » . « , , ^ - . - , , . - . ^ . , r . . ^ _ ^ . , "OOC- Within the main drill hole below the intersection 
SUMMARY OF THE INVENmON ^ j^e branch wells a packer W is placed around the 

Our invention is a method with iu associated tppara- hollow drop pipe to act as a barrier to prevent the flow 
tus of in situ leach mining in which a single well bead ii of leaching solution with or without mineral in ii from 
nsed to inject the leaching solution and also to recover 65 moving past that point from below or above, respec-
the minerals contained in the recoverable leaching solu- tively. 
tion. The well head has a main generally vertical well Several of the componentt disclosed in tbe drawings 
•nd a plurality of interacting branch wells that are are conventional offthe shelve itetns in common usage. 
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These would include the drop pipe, casing, cement for 
the casing, pump, packer, and the screened or alotted 
capped end for each well. Further, explanation as to 
their ex^ci embodiment is believed unnecessary as their 
composiiion and function(s) are well known to those 
skilled in the leach mining art. A gcxx) example of tbe 
lype of components that could be used can be found in 
the Bureau of Mines IC-8777 titled Uranium In Situ 
Leach Mining in the U.S.. by W. C, Larson 1978. The 
operation is self-evident. The particular leaching solu­
tion selected for the particular mineral sought to be 
recovered is injected down the main hole from the 
surface. This is done in the annular volume located 
between the exterior surface of the drop pipe and the 
well casing. Pressure ranges from 0 to 100 psi. would 
normally be employed ao that the solution moves in the 
direction of the arrows as shown in tbe drawings. Upon 
exiting from the screened or slotted sections near the 
vnds of the branch wells, the solution would permeate 
the ore rone. Concurreni or shortly after the injection 

10 
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$10,000 X. With our present invention we propose one 
well (the counterpart to the center well) would t>e 
drilled to a total depth of 2,000 feet. Four angled holes 
would then be drilied therefrom at about 250 feel each 
through the ore zone making a total branch foouge of 
1,000 feet or 3,000 feet for the UMal well head. This 
would be 7,000 feet less of drilling than the 5 spot pat­
tem and a cost saving of about S7,000 X for driliing. 
Some of these apparent drilling cost savings would be 
hxt due to the more sophisticated drilling equipment 
required, nevertberless, the savings would be very real 
and substantial. 

It would be apparent that our invention allows deep 
leaching wells to be effective and more closely spaced 
together than the prior art. Thus it would find particu­
lar application to those situations where closely spaced 
bore boles are required (Low Permeability Rocks). 
Also it could be nsed for a variety of mineral conmiodi-
ties in for example small isolated ore bodies. Besides the 
mentioned mining uses, our invention could also be used 

step XBkti plBce, the electric pump 17 is inade operative ^ fo, methane drainage where the requirement is to max 
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to cause a negative pressure zone to develop around the 
end of the main drill hole. This pressure di/TerentiaJ 
causes solution with minerals to move from the branch 
wells towards the slotted screen and pump aod to the 
pipe. Eventually it moves np the inside ofthe drop pipe 
to the surface in the direction ofthe arrows. ThereaJi-jr 
further conventional processing is employed to extract 
the uranium, copper, gold, silver or other minerals from 
the recoverable solution depending on the type of mine-
ra](s) being leached. 

It is important to note that our invention is specifi­
cally adopted for use with leach mining and the various 
pattems of injection/recovery wells commonly being 
used. These would include tiie five spot pattem, the 
seven spot pattem, the Utah Construction and Mining 
Co. pattern, the Ore body configuration pattem, the 
Multiple five-spot and the Multiple seven-spot pattem. 
The United Sutes Bureau of Mines Infonnation Circu­
lar (IC) 8777, dated in 1978, on page 68 authored by 
co-inventor William C. Larson entitled "Uranium In 
Situ Leach Mining in the United States" illustrates these 
common injection-recovery well pattems. Our single 
injection/recovery well heretofore disclosed can l>e 
nsed in these same field pattems to provide for the 
injection and recovering ofleach solutions al each well. 
This would allow the same ore body well pattems used 
by industry to be retained. Commonly each of our wells * ' 
would have a spacing between themselves of 15-200 
feet that would include both the main vertical well and 
the branch wells. 

Drilling or whipstocking the branch well at the angle 
from the main drill hole may be accomplished by using SO 
tbe well known down-hole deviation and/or conven­
tional 'Whipstock drilling techniques, Tbese type of 
drilled angled branch wells are per ae well known and 
by themselves do not consitute novelty. However, the 
prior an is silent as to this type of drilling technique as j j 
applied to leaching solutions. Funher the prior art does 
not disclose these techniques being employed in a tingle 
injection/recovery leaching solution mining well. 

One of the most important benefits or our invention 
over tbe prior art is the reduction of materials and re-
bted costs to accomplish the tame objectives as the 
present state-of-the art techniques. For example, assum­
ing a typical 5-spot pattem is used employing four injec­
tion wells placed on four comers of a aquare with the 
cenler well (of the aquare) being the tingle recovery 
weli. If each well were 2,00 feet deep then the total 
footage drilled for this mine leaching solution pattem 
would be 10,000 feet at a cosl of X dollars per foot times 
10,000 feet at a cost of X dollars per foot times 10,000 or 

mize the amount of drill hole in the coal seams itself. 
Placing 4 or 5 holes in the coal seam would greatly 
improve the drainage of methane gas with only a small 
increase in drilling costs. 

Depending on the type of minerals sought to be re­
covered and the comftositions of the ore zone, many 
difTerent types of leaching solutions may be used. Typi­
cally for uranium these solutions are made weak acids 
or ^kali solutions made up of 0.5 to 5 grams ofan addi­
tive, tuch a acid or alkali, per Uter of water. However, 
many types ofleach soluuon can be used and as such is 
Dot a limitation of the proposed invention. Normally 
about 30-2000 parts per million of recoverable minerals 
are in the solution pumped to the surface. The method 
disclosed herein is contemplated as being practiced 
continuously, once started, until the concentration of 
tbe recoverable minerals in the leaching solution falls 
below some preesiablished level. Other variations are. 
of course, possible. None should t>e used to limit the 
tcope and extent of our invention which is to i>e mea-

40 sured only be the claims which follow. 
We claim: 
1. An in situ leaching mining method employing a 

combined injection/recovery well for obtaining materi­
als from an ore zone comprising the steps of: 

(1) drilling a generally vertical main injection and 
recovery well so that it is in communication with 
the ore zone of recoverable minerals; 

(2) drilling at least one outwardly extending branch 
well from said main well at an angle between 2 to 
60 degrees from the vertical, the lower ends of said 
al leasl one branch well being in fluid communica­
tion with and extending into the recoverable ore 
zone; 

(3) inserting a conduit having a lower pump unit inlo 
the main well, said pump being capable of recover­
ing a leaching solution tha! passes through the ore 
tone and forcing it to the surface; 

(4) blocking off the volume between the conduit and 
the main well below where the at least one branch 
well intenects it; and 

(5) injecting a leaching solution down into said verti­
cal well outside of its conduit to force solution to 
and through said at least one branch well to the ore 
tone whereby the pump will cause at least pan of 
the solution with its recoverable minerals to be 
moved to the aurface. 

7. The method of claim 1 whereby drilling step (I) is 
at least 300 feet and drilling step (2) at least 25 feet. 
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