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David Linn Coursen, R.D. 2, 278-T, -

Producing a fracture network in deep rock, e.g., in an
ore body, by detanating explosive charges sequentially
in separate cavities therein, the detonations producing
a cluster of overlapping. fracture zZones 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 flushing the fractured rock with
liquid, i.e., by sweeping liquid through the fracture

- zones with high-pressure gas, between sequential deto-

nations therein so as 1o entrain and remove fines there-
from. Ore bodies prepared by the blast/flush process
with the blasting.carried out in substantially vertical,
optionally chambered, drilled shot holes can be
leachéd in situ via a number of holes previously used as
injection holes i the flushing procedure and a number
of holes which 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 inter-
mittent or continuous flushing of the ore with lixiviant
and high-pressuré gas, e.g., air, using, in the case of the
in situ leaching 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
dbody. e
. 8 Claims, 4 Drawing Figures
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IN SYTU LEACHING OF EXPLOSIVELY
FRACTURED ORE BODMES :

This is a Division, of application Ser. No 382 345,

f’led July 26,.1973 and now U.S. Pat. No. 3,902, 422,

<. BACKGROUND OF THE INVEN'T'!ON

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
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

B gas reservoirs located from about 100 feet to about'a.

iew 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, lic too deep
to mine by open-pit meihods or are too low in grade
mine by underground methods. Open-pit methods
incur both the costs and the environmental impact
associated with moving large quantities of earth and
rock. Underground methods incur unusually high costs
.per unit volume of ore mined, as well as difficuit safety
problems. In contrast, the leaching of oze in place cir-
cumvents these difficulties and therefore can be a pre-
ferred technique for winning values from some ores
that are unsuitable, or marginally suitable, for working
by traditional mining methods. -

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

leaching rate would be too low to support a commercial

- leaching operation. In such cases, it becomes necessary
to prepare the ore for leaching, by fragmenting it in a
manner such as to provide the necessary permeability
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-
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 in-
crease the surface area of ore accessible to an injected

- lixiviant, and thus increase the leachability.

The usc of nuclear explosives has been proposed for
fructuring large-volume, deep ore bodies for subse-
quent in situ leaching. Also, the use of muitipie cheini-
cal explosive charges in deep reservoir rock has béen
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fragment is determined by 2 network of w:dcr, open .
fractures (determining the pe‘meabzhty of the ore body
#s 2 whole), and a network of narrower, open fractures
(determining the ;mgabnl:ty of individual particles to
be leached). Therefore, in explosively fxactunng a seg-
ment of an ore body to prepare it properly for in situ

20
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leaching, the objective is not stuply an indiscriminate

“reduction in the fragment size of the ore body. Smaller- -
size, well-irrigated fragnients have a higher leaching .

rate than larger-size fragments, but fragment-size re-

‘duction by means of blasting processes heretofore

known to the:art, when spplied to deep ore, tends to

leave !arge unbroken fragments or rock, or to create a -
e 1610::‘)( olvv-d or ph]""Ed .

network of fraciures that are lar
with fines. An explosive fracturing pracess is needed
which reduces the larper fragments io a size that will

leach at an ecenomicaily accegtable rate, and that will

resuit in a network of open fractures throughout the

blasted ore that will permit it to be well-itrigated with .

lea<h liquid..
bUMMARY OF THE INVENTION

This invention provxdes 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 ssg-

ment of rock; (b) positioning explosive charges in a

. plurality of the cavities in the sections thereof located

30

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) pro-

vxdmg for. the presence of liquid in the segment of rock,

, by~virtue of the location of the segment of rock

' below the water table so that water naturally is present

35
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in, or flows into, fractures therein, or by introducing

liquid into one or more cavities therein; and (d) deto-*

nating the charges sequentially in 2 manner such as to

progressively produce a cluster of overlapping fracture -

zones, the detonation of each charge in the detonation

sequence. preducing a fracture zone which is subject to -
the cumulative effect of a succession of detonations of. .

explosive charges in a group of adjacent cavities, and
the detonation of the charge in each cavity being de-

layed until iiquid is present in fracture zcnes produced
by the previous detonation of charges in cavities adja-

- cent thereto, 25 determinable by measuring the hydrau-

50

lic potentlal e.g., the liquid level, in the cavity, orina -

cavity adjacent thereto.
When the cavities formed are substanna!‘y vertical

drill holes, some of the holes in the assemblage prefer- .

" ably are left uncharged with explosive, and these holes

described in'a method for stimulating hydrocarbon- -

" bearing rock, e.g., in U.S. Pat. 3,674,089. However, if

adeep ore bindy, i.e., one lying at de: pths of about from
" 100 to 3000 feet from the surface, is to be effectively
‘leached in place, and the ore prepared for leaching by
“blasting, i.e., blasting in the absence of a 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
‘required for cfficient leaching. -
" 'The leachability of a fractured ore body depends on
the size of the ore fragments, and on the permeablhty

" . of the intact ore as well as of the fracture system sepa-
+- rating the fragments. The permeability of the fracture

55°

empioved 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 hcles pref-
erably are drilled and provided with support casing
prior to the detonation of charges in adjacent holes.

-~ The sections ¢f substantially vertical shot holes located

60
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. System separating the fragments, Wwhich is variabie and .
" . generaily much higher than the permeability of 2 singlg ]

in the overburden that overlies the rock segment to be’

--fractured preferably survive the ‘blasting process and

__serve as ari additional set of passageways, leading from
substantiaily the top of the blasted rock to the earth® S~;;',

surface, also for liguid andfor gas passage.

In a preferred explosive fractusing process, hquld is’ i
drivén through the fracture zones produced by the;"'
sequential detonation of cxploswe chargesin a plurality -
of cavxtzes in a segment of rock, in a manner such zs to.
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entrain the fines found tn the fracture zones, 2nd the
fines-laden liquid removed froin the rock. Thix finsiung
of the blasted. rock is achicved by swecp-i-"zg of grivin;

liquid at high velocity through the fiacture 20ncs by
mjectmg gas into said zones at high pressure, the liquid
moving laterally and upwardly through the hlasted
rock, passing into the fractures, for example, from the
passageways formed by uncharged substantially verti-

" cal drill holes and out of the fractures into passageways

formed by pteserved sections of substantially vertical
detonated holes located in the overburden. Best results
are achieved when -cubstantially each detonation is
followed by a flushing step applied to the fracture zone
thereby produced, before the next detonztion in an
adjacent cavity_ occurs, and-this is preferred. In the
leaching of a mass of ore, e.g., in the situ leaching of an
cxplosiveiy fractured ore body or in dump leaching,
fines also preferably are flushed out of fractures therein
by sweeping the lixiviant therethroagh at high velocity
by high-pressure gas.

The term “deep™ as used herem to describe a subsur-
face segment of rock denotes a depth at which the
detonation causes no significant change in the overly-
ing topography, ie., the surface does not swell. As a
rule, deep-rock as described herein lies at 2 depth of at
least 10@, z'm'd_ usually not more than 3000, feet. *“Frac-
ture zones™™and “fractured rock™ herein denote zones
and rock in.which new fractures have been formed, or
existing fractures opened "up, by the detonations.
“Fracn.rmg :denotes herein a-trzatment which reduces
the size of, andfor mxsahgns tock fragments.

BRIEF DESCR!PTION OF THE DRAWING

The explosive fractunng process of the invention will
be described wnh referencc to the attached drawing in
which ...

FIG. tisa schemat:c representanon in plan view of a
subsurface scgment of rock which has been fragmented
by the blast/flush process.of the invention, and the
liquid circulation pattern between holes therem.

FIG. 2'is: 2-schematic fepresentation in elevation
showing the surface-to-surface liquid circulation pat-
tern through the segment 6f rock chown in FIG. 1;

FIG. 3 is & “schematic representation of a shot hole
pattern described in the example; and

FIG. 4 is a plot showing the effect of repeated blast/-
flush operations on the permeability of a fracture zone
produced with. ‘the shot hole pattemn shown in FIG. 3.

DETAILEDDESCR[PT [QN OF THE INVENTION

In the present process, eiplésive charges ace delo-
nated sequentially in separate cavities in a segment of
mineralized rock to be fractured, each detonation in
the sequence producing a zone of fracture in the rock
and being delayed until lquId is present in the frac-

. tured rock around the cav;ty containing the charge to

be detonated, especially in fracture zones produced by
the previous detonation of ‘charges in cavities adjacent
thereto. Thus, the detonations occur while fractures in
the surrounding rock are filled with liquid, or the rock
is in a flooded, or hquld-soakcd condition. The cavi-

" ties, e.g., drill holes or tunnels, containing the explosive

charges are spaced sufficiently close together, and the
charges aré sufficiently lafge, that the fracture zones

. produced by the detonatiohs thersin overlap one an-

other. Thus, each fracture: ’zone is within the region of
influence of other de'onauona and is subject to the
cumulative’ effect of a succession of detonations of

- 3,999,803
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explosive charges in a group of adjacent cavities. This

.;»;m}dtwc. afisct permits the fmm.eut size-reduction
and disorientation needed to eahance leachability to be
obtained readily from the available explosive energy.
The degree of overlapping of the fracture zones, which
ave generaliy cylindrical in shape, 18 at least that re-
quired io locate all of the rock, in the segment of rock
to be fractured, within the fracture zone produced by
the detonation of at least one of the charges.

The cavities in the assemblage in which explosive
charges are to be detonated (i.e., blast cavities) can be
substartially vertical holes (s‘mt or blast holes) drilled

into the segment of rock from the surface or from a . =\

cavity in the rock, or'substantially horizontal cavities
sich as tunnels, driven in the rock, e.g., from a hillside-
or shait. Whether the cavity volume is provided by
tunnel driving technigues such as are employed-in coy-

" otz blasts, for example, or drilling techniques, possibly

20

25
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associated with chambering procedures, will be largely
a question of economics, although technical practica-
bility depending on such factors as topography, com-
pressive strength of the rock, etc., will influence the
selection of the method. Substantially vertical drill
holes are preferred in many cases since the preserved
sections of the shot holes can be used subsequently as
passageways to or from the fractured rock, reducing
the number of holes needed to be drilled solely to pro-
vide passageways for lzquad injection or ejection.
Although the blast cavities need not form a regular
pattern, and regularity of pattern actually may not be

. desirable or practical, a somewhat regular pattern is

indicated in a formation of reasonably unifcrm con-

- four, structure, and physical strength to assure a high

35
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<degree of uniformity in the fracture netviork produced.

In- some cases, as core tests reveal unpredictable
changes in the rock occurring during the sequential
blasting process, it may be desirable to deviate from a° -
regular pattern, e.g., to use one or more.additional blast
cavities where needed to provide the required overlap-
ping of fracture zones. Nevertheless, substantial regu-
larity of pattern generally vill be provided in the ar-
rangement of most of the blast cavities. It will be under-
stood, of course, that in the case of substantially verti-
cal drill holes the actval pattern of the holes within the
segment of rock to be fractured may.approach, rather
than match, the hole pattern at the surface, inasmuch
as the available drilling equipment may not be counted

-on to produce parallel holes at depths of the order -

gonsidered herein.

Regardless of the blast cavity pattern employed, the
distance between explosive charges -(and, also there-
fore, between cavities) of 2 given composition ang size
is such that a cluster of overlapping fracture zones is
produced by the detonation of adjacent charges. Al-
though it may not be possible to deiineate the fracture
zones with precision, the extent or radius of the frac-
ture zone that can be expected to result from the deto-
nation™of an explosive charge of a given composition,
density, shagpe, and size under a given amount of con-
finement in a given geological mass can be approxi-
r.;ated hy, making some experimental shots and study-
mg the't tracture zornes surrounding the blast cavities by
using one or more geophysical methods. Such methods .
include (1) coring, (2) measurements in satellite holes
of compressional and shear wave propagation, of per-
meability, and of electrical conductivity, and 3)
acoustic holography. Based on these studies, the cavi-
ties are spaced close enough together to provxde the
required overlapping of fracture zones.
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“‘Adjacent” blast cavities or explosive charges, as
described herein, are biast cavities or explosive charges
which, although speced from one another, are immedi-
- ate or nearest nexghbors to one another, as contrasted
to blast cavmes or explosive charges which are more

distant neighbors or separated from one anotker by one -

or more other blast cavities or explosive charges.
Although I do not intend that my invention be limited
by theorctical considerations, the delaying of each
detonation until liquid is present in the fracture volume
surrounding the cavities is believed to have two benefi-
cial effects. First, the liquid can lubricate the fractures
so that nyualus faces can move SuuuCnu; in shear
~ more easily, thereby enhancing fragmentation of the
surrounding rock, which is no longer supgported 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 of the liquid-filled fractures to sud-
den small displacements in shear, is believed to cause
disorientation of individual rock fragments and dilation
and swelling of the bed of fragments as a whole. Each
detonation creates a misalignment or disarrangement
of fragments with an accompanying increase in void
volume. Therefore, when the fracture zones produced
by the successive dstonations in adjacent cavities par-
tially overlap, the fracture zone around each cavity
thereby .being subject to additional. fracturing and/or
disorientation produced by the detonations in the adja-
- cent cavities, and previously prodsced fracture zones
are flooded, each fracture zone will be swelled in incre-
ments, with each detonation jacking it to larger vol-
vme, and higher permeability, against the pressure of

the surrounding rock. The present process makes use

of the 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

blasting. A liquid pressure in the fractures at the time of 40

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
course of-the detonation sequence, a lixiviant can be
used as th flcoding liquid. For reasons of economy as
well-as because of the safety risks associated with the
" use of explosives which are sensitive enough to deto-
nate in extremely smali diameters, the use of explosive
liquids in"the fracture zones is not contemplated Any
fluid explosive which may be used in the present pro-
cess will be gelled to a v:scos.ty that will hinder any
appreciable loss thereof from the blast cavities to the
surreunding fracture zones, and inany case will not be
sufficiently sensitive to be detonated in said zones.
“hus, while small amounts of the explosive charges
may escape into the fracture zones, such material viii
" behave as a non-explosive liquid therein. Accerdir .gly.
the flooding liquid is non-explosive.

A preferred biast cavity patern for use in the present 60

process is one in which substatially zll of the internal
cavities, i.e:, cavities not located at the edge of the
pattern, ‘are surrounded by at least four adjacent blast
cavilies, £.g., a pattern in which the biast cavitics are at
the' corners of adjacent polygons, which are cither

quadrangles or triangles and which are as close to equi-

lateral as permitied by wander of the cavities, as shown
in FIG. 1. )

3,999,803 SR

. 6 -

Although all of the blast holes in a group of adjacent
substantially vertial diill holes can be drilled prior to
the sequential detonation of the charges, this proce-
dure is not preferred inasmuch as it could be necessary
to appiy 2 suppert casing to the as-ve! undeiomated
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 consid-
ered economically unsound because-the casing would -
occupy volume that could otherwise be loaded with
explosive and because casing in these sections of the
holes is not needed in subsequent laching operations.
Therefore, it is preferred that in a group of adjacent

5 drilled shot holes the detonation of each charge tekes

place before adjacent shot holes are drilied. In practice,
onie might drill and, if desired, chamber (as described
later), one shot hole of a group of adjacent holes, load
the hole or chamber with explosive, allow water 10
enter the formation surrounding the hole or chamber,
and detonate the charge, and then repeat the sequence
of steps with adjacent holes. In each successive se-
quence of steps, the entrance of water into the forma-
tion can occur prior to, or during, any of the other
steps, however. 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 surrounding holes. However, shot holes farther
removed from the dctonations 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 after 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 asiother.

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 to be
blasted rises locally aboe the water table, or the reck
surrounding this section is so impermeable that flood-
ing of the fracture zone does not occur by natural flow,
the section will be naturally flooded, or water-soaked,
before the sequential blasting begins, and after a cer-
tain period of time has elapsed after each detonation to
allow the water to {iow 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 exploswe charge has been
emplaced therein, and also into any available nearby
vncharged cwities at a Lfﬁciently high flow rate to
cause the rock to be Dlasted to be in a flooded condi-
tion at the time of detonation.

As stated previously, liquid is present in the. rock

"around each cavity prior to the detonation of the

charge therein. This means that liquid is present in any _
pre-existent fractures in the zone which will become a
fracture zone as a result of the detonation of the charge
in that cav'lty, and in fractures produced by previous
detonations in cavities adjacent thereto. This condition

. permits the above-described incremental swelling of

overlapping fracture zones to take place. In the case of
substantially vertical drill holes, the liquid level in the

-tock around the hiole should be at least as high as the

top of the charge in the hole, thereby assvring the pres-
ence of liquid u‘lroughOLl the hczbm of the formztion

B L o T
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where fracturing will occur. With horizontal cavities,
the liquid level in the rock around the cavity should be
at least us high as the radius of fracture to be produced
by the detonaiion of the charge therein. When the
segment of rock tc be fractured. is located below the
water table, the position of the water table above it will
conform to the water levels in undisturbed holes, and
may be inferred at cther-locations by interpolation
between the elevations of the water levels in undis-
turbed holes. As-a practical matter, the water table will
almost always be sufficiently horizontal that the first
charge can be detonzted when the elevation of the
liquid level in any nearby hole is at least as high as the
clevation to be reached by thie top of the charge (or
radius of fracturz in the horizontal cavity case). If the
liquid'level is measured in the cavity in which the
charge is to be detonated, the level before loading of
the explosive into the cavity should be the level mea-
'sured. After the detonation, the liquid level in cavitie:
within the resuiting fracture zone drops in proportion
to the new fracture volume produced, the expulsion of

gasecus products of detonation, and the drainage of

detonation of the next charge in the sequence in a
cavity adjacent to the first is delayed until the liquid in

new fracture volume produced by the previous detona-

It is understood,-however, that explosive charges in
blast cavities elsewhere in a section of the formation
that is not strongly influenced by a previous detonation
(i.e., where the liquid level has not dropped below the
‘required elevation as a result of the previous detona-
‘tion) can be detonated at zny time after the previous
detonation: The delay to allow flooding applies to deto-
nations in cavities which are adjacent to previously

ture zones will be subject to the effect of the next deto-
nation.

As was stated previously, some of the holes in an
assemblage of substantially vertical holes preferably

passageways to the fractured roc¢k to allow the intro-
duction of gases and/or liquids thereto, e.g., in a subse-

ore body for leaching, as will be described more fully

drilling, that they be drilled prior to the sequential

ing, e.g., unperforated pipe grouted to the upper part of
. the hole wall, at least in the section thereof located in
the segment of rock to be fractured, and ungrcuted
perforated pipe or a wellscreen in the bottom section of
the hole, in.order to prevent hole collapse as a result of
the detonations. Inasmuch as full-length casing will be

the full iength of the injection holes usually will be

ir minimized in the present blasting process owing to
- the sequential, long-delay character of the muliiple
detonations. .

The location and pattern of the injection holes are
.selected on the basis of their intended function during

liquid into the cavity created by the detonation. The

the formation around the next cavity (including the.-

_.quent leaching operation: These holes, which can thus’
- be looked upon as injection holes (although they may .
" .serve as ejection or recovery holes depending ‘on the -
required flow pattern), are also useful in'preparing the

detonation process in holes surrounding them. Pre- ...
- drilicd injection holes are provided with a support cas- ..

3,999,803

the Tracturing and leaching processes, which will be
described in cetail- hereinafter. The overall purpose of

. these holex usvally is to provide ameans for introduc-

2C

liquid from the immediate vicinity of the charge by the

25

tion in an adjacent cavity) returns to its required level.

30
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detonated cavities, where the previously formed frac-

40

-ing gases and/or liquids into the fracture network pro-
5 ~duced, ot hﬂpn nrr\dnr‘pd and therefore the Lmac!!nn
holes should be distributed throughout the segment of
rock among ‘the blast cavities in.a manner, sich that
they lie within the fracture zones produced by the deto-
nations. After the detonation of the charge in a sub-
stantially vertical shot hole, the resulting fracture zone
permits communication between a neighboring injec--
tion hole and the portion of the shot holc remaining in

the overburden. The shot hole remnants thereby act as

passageways to complete the liquid circuit through the.

“fractared rock. -

If injection holes are present in the formation during
the sequentia! detonation process, an injection hole
lying within the fracture zone produced by a previous
detonation in a cavity adjacent to 2 cavity to be shot
can be employed to determine whether the liquid level
in the rock surrounding the cavity to be shet has recov-
ered sufficiently to flood the section to be blasted.
Whenever an hydraulic potential (e.g., a liquid level)

" measurement is required after a blast cavity has becn

loaded with explosive, 2 nearby injection hole can be
used. When the segment of rock to be blasted is at least -
partly above the water table, liquid is introduced into
the rock in the cavity to be shot, in previously deto-
nated cavities adjacent thereto; and/for in nearby injec-
tion holes. Flooding via multiple cavities is preferred.
Liguid #s run into a blast cavity after the explosive
‘charge has been emplaced therein (if the charge is
stable i the presence of water), and liquid level mea-
surements, if-required, are made in nearby injection
holes. It should be understood that, in practice, hydrau-
lic potential ‘measurements, e.g., pressure measure-
ments made with a piezometer, or liquid level measure- -
ments, will not be required after each dctonation, inas-
much 25 the experience gained in determining the nec-
essary delay times to permit recovery of hydraulic po-
tential between a few of the early detonations in the

- sequence will usually aliow the practitioner to select -
_ with confidence suitable delay times to be used be-

are left uncharged with explosive, these holes providing: -

45

- tween subsequent detonations.

Although the -exact.delay required depends on the
size of each blast, the void volume to be filled, the

- elevation of the segment.to be blasted relative to the

water table, and the hydraulic transmissibiiity of the

- sufrounding rock, delays on the order of hours or days

50

hereinafter, and-it is preferred, on the basis of case of -

55

generally will be needed. As a practical matter, the
time required for a shot hole to be drilled, or a- tunnel
to be driven, and loaded with explosive usually will be
more than sufficient for the hydraulic potential around

- the cavity and the pre viously detonated adjacent cavi-

ties to recover to the minimum fequired level either by -
natural influx of water from the surrounding rock or by

. introduction through cavitiés made in the formation. In

general, delay times between detonations of at. least
abaut one hour, and typically in the range of about

~from 4 to 24 hours, are sufficient for flooging to take

60

r:quired for subsequent leachmg operations, however, -

cased prior to blasting. Damage to the injection piping

place, although much longer delays, e.g., in the range
of about from 4-to 30 days, may be employed in ‘order
to prepare the next blast cavity for blasting. It will be
understood that these delays refer to the time between

" detonations of adjacent. charges, and that one or more

65

charges whose zones of fracture are non-adjacent (i.e., B
whose regions of influence are mutually exclusxve) can
be detonzted at-much shoner delay ‘times or even si-

; multaneous!y

S



I have found that when scquential blasting is carried
out in less competent, broken, or clayey rock, the per-
meability of the rock may be decreased, although the
fracture volue is increased, by the blasting. Lost per-
meability can be restored by flushing of the 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 eac‘l 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 exisiting clays and rock crushed or abraded
during b‘astmg

The flushing can b accU"tPhshcd by the pressure
injection of lighid and gas into the fractured rock
through one or mors injection holes, and removal of
the fines-laden iiquid from the fractured rock by bring-
ing it to the surface through one or more detonated
shot holes, in the preserved sections cf the laiter which
pass through the overburden to the surface. Liquid and
gas, e.g., water or other aqueous liquid and air ot oxy-
gen, can both be injected; or gas alone can be injected
5o as 1o sweep zhead the liquid alrcady present in the
fractures. Alternatively, a liquefied gas, such as air,
nitrogen, oxygen, can be introduced into the injection
holes and allowed to vaporize therein and thereafier

-drive the liquid through the fractures. Inasmuch as

there is a two-phase flow in a generally upward divec-
tion and laterally in the direction of the detonated shot
holes, the circulation of the liguid is powered by gas lift
such that the gas chases the liquid upward and outward
through the broken fcrmaiion, and fins are driven
toward the zones of severest fracture, where their con-
centration is heaviest, from which zones they are

. ejected with the liquid. This direction of sweep is pre-

ferred inasthuck as the reverse direction drives the
fines more,deeply. into the less severely worked zones
of the forimation away from their point of heaviest
concentration and can cause an intensified clogginy of

‘the fractures. The surging high-velocity flow which

develops with the upward two-phase ﬂushmg system

_removes finies that prevent frec irrigation around the |

fragments. If nécessary to achievé the required lateral
circulation of liquid between injection hole and ejec-
tion hole throughout the length of the fracture zones
being rlus}ied two or wnore vertically separated injec-
ticn zones in_a given injection hole can be employed,
one’ substantiz! ly at the bottom of the fractured rock
and one or more others avove it.

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 decp that the
buoyancy is insufficient, the liquid can.be pumped up
the ‘coller of the shot hole.

At the start of flushing, the gas injection pressure
should be mgher than the-ambient hydrostatic pressure
at the position -in the injection hole where iniection

- occurs, and preferably higher than the lithostatic pres-

"”—MM
sure

-at t}ns posmon The minimum gas pressure re-
quired for flushing is highest at the start of the opera-

-tion and falls as gas injection progeeds. _

" Although there can be much variation in the number
of fracture zones being fiushed out at any given time,
and the nature and number of other opcra‘ions which
can be pcrformed during flushing, it is preferred that a
detonation in any “given cavity be followed by detona-

tions in no morg than two or three adjacent cavities,

3
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40 the lbdviant through the ore body to a
 -covery holes by means of high-pressute~oxidiz_ing gas,
the lixiviant moving laterally and upwardly fror zones -

i

10

and most preferably by 2 detonation in no ad]acent
cavity, before the fracture zone produced by the deto-
u:ation in the given cavity hab been fiushed out as de-
scribed. In some formatinas, if a given fracture zone is
5 subjected to a number of subsequent detonatxons with-

out the intervention of flushing, restcration of permea-
bﬂaty by a later flushing becomes difficult beczuse the
fractures may have become plugged up too tightly with
fines. Therﬁfore, a cyclic blast/flush/blasi/{lush, ete.

10 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 _'

“zomes by ﬂ‘uwzng the ejection hole in that zone. Fiush-

" 15 ing of one or more zones can be carried out whlle adia-

.cent 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

20 overburden (the strata ovetlying the rock segment

beng worked), and these sections of the shot holes can
serve as ejection holes im the flushing process, *as de-
scribed above. The reduced fragment size and un-
clogged fracture network achieved after all. of the

25 charges have been detonated, and the detonations faol- _
lowed by a flushing procedure, produce, in thé case of -
an ore body, an ore which is well-prepared for ir situ_ -

leaching.
‘The present invention also provm as a leachmg pro-

30 cess wherein fines are flushed out of a mass of ore by -

.driving lixiviant through the mass by mecans-of high-"~

- pressure gas, e.g., in a specific circelation pattern. Ac- .
cording to one embodiment of the present leaching pro- -

cess, an ore body which has been prepared for leaching

35 by detonating explosive charges in separate cavities

“therein, ¢.g., accoding 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 interinittently or con unuously-dnvmg
pluraliity, of re-

_that have been less severely worked, to others. that have

-.been most severely worked, by the detonauons - .
-45 whereby fines are removed from the ore body ‘When = " 7.
the ore body has been prepared for leaching by means
-“of the above-described blast/flush process the lixiviant .

for the ore can be injecied into the orc body: through
“injection holes which have been previously beén used

50 in the flushing steps, and fines-laden pregnant leach
solution recovered from the ore body through’the pre--

served upper portions of shot holes, piping having been
grouted into all holes used to circulate lixiviants and
pumps provided as necessary to inject {ixiviants'in one

55 set of holes and remove pregnant liquor from another
set of holes. The bottom ends of the pipes and any

__other positions along the pipes where lixiviants are to
" be injected or collected are provxded wnh perforations

_or wellscreens.

60 The lixiviant (e.g., sulfuric acid/water ot sulfuric

. acid/nitric acid/wzter for ores whose acid consumption
- is within tolerable levels, or NH,OH/water for ores

’ having a high acid consumption), which is a liquid, and
“-a gas, usually an oxidizing gas, preferably oxygen, air,’
65_NO,, or mixtures thereof, are injected into 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

&
-
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the liquid through the brokén.rock:’ Ever with. constant .

fiow vates of gas and liquid at the injeciion holes, a
sieging, high-velocify flow cevelops in the rock which
is. belleved 1 beé- beneficial in {1} remioving fines
- around the ore fragments {wcb dimes -being created
during the leaching process in forms sich as dei.rem«

tated orc glimes and’ precipitated iron ‘saiig), {2) -

creasmg the Icat:hmg rale as a result of the cyclic
squeezing of the oré fragmerits: from the pressure. fluc-

tations assocsated with the surging: Flow, and {3) work- -

iing the ore gently so as {0 coliapse wide openings
‘among the frapments that may develop during the
leaching process and can cayse channelling of leaching
‘solution. Sweeping the' lixiviant faterally toward calec-

tion .points in the more. severely worked fracture re- 1.

gions-of the ore hody, and: from injection: points'in the
Yess severely worked régions reduces the chances thata
mote intense clogging of the ore body with fines. WLH
| eccur: |

The circation pittern employed in the !eau.hmg
process as well us in-the Tlushing steps of the fracturing
prosess may be understood. tnore clearly by reference
to the accompanying drawing. In FIG. 1, the holes

designated by the lettér § are substantially tertical ghot’

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 rr:placed
by the adjacent, overiappmg fracture zones showa in
the upper half of the fig igure, and aléo denoted by the

letier $, to-indicate a previous shot hole. The shot holes

" rather than the fracture zones are shown in the lower
half of the-figure.so that liquid circulation lines can be
indicated clearly. It should be understood, however

that upon compiétion of the entiré hlast sequefice all
shot holes are surrounded by fractuore zones {as dg-

picted in the-upper half of the fi igure} in the sections'

-thereof located in the'rock segment that was blasted. In
the ‘secuon,s overlying the blasted segment,. the shot
holes remain substantially intact and in these sections

all shot holes appear as they are shown in the lower half’

of the figure. The preserved upper sections of the shot,
holes.are ejection holés in the ﬂushmg steps of the
- blasting process, and Tecovery holes in the Ieach;ng
process. [n the hole arrangement illustrated in FIG.'1,
‘the shiot holes ‘are. arranged. in 2 irigonal pattérn
wherein lines between ddjacent hu!es form ‘substan-
tially equilateral triangles.

The holes designated I are m_;ecum ho!es ‘These
‘holes are uniformly distributed among-the shot holes as
shown. The arfows indicate the du’echon of flow of
liquid. from ijCtIOII holes Iy, Iy, Ja Ly, Isand I to the
preserved upper sx:ctmn of shothole S,y and from i u'uec-
tion hdles I, Is, I;, Is,-and twe othier undepicted injec-
tion holes to the=prescrved upper section of shot hole

$,. The preserved upper section of shot hole’ 8, is

. plugged off while shot holes $; and S, are being used for
flushing or ‘as recovery holes for- pregnant ‘leach solu-
tion. At the same time, liquid injected into these injec-
tion holes is bemg driven to-other-open.shot holes.

InFIG. 2, pipmg in injection hole | and shot hole §'is ¢

shown as'it passess through overburden' 1 to the frac-

tured.rock segment 2. Plpmg G.in injection hole I leads -

from-the carth s surface 3 1o substantially the bottom of
rock segment 2, Piping.7 in shot hole § leads frofn the
earth'ssirface 3 to-the top. nf rock segment 2. Fracture

zone 4 has been produced by the detonafion of un
explosive charge in shot-hole S, which before the déto-.
nation jed o %ubmnt:ally the biottomi of rock segment;

S

[

w

12

2 Ps-\mp 7 termanates in vell screen & and inprng 6is .
¥ l.h-lc..t.u \.w,'h perforations verticsify ,w d-along the
lapgih trereof lc.-ca:ed in rock segment Z. I the. fiushe
ing steps of the fracmnag process, @nd in the teachking

" process, Liguid is injected into fractired rock sepment 2

ihirough the perforations in piping 6, then is-dniven by

- pressurized gos through the fractured rock as mdicated
- by the arraws, and leaves the top:of the rock segment
- throlgh piping 7. Lateral as well as upward flow.cccurs
0 from the lessseverely worked zore around hole Lo the

most-severely worked zone, ie., fracture zone 4.
Regulation of the'rate at which fgas and" Haquid ligivi-

ant are injected and collected at the various injection,

and collection holes allows a high degree of centrol of

"thein situ leaching process. By the operation of control

valves, the injection and collection pressures can be
.regulated to obtaiil a ‘relatively whiform flow through
the ore bodyin spite of variations in permeability from
place to place. Shtft.ng the injection or collection from

-¢me set of holés to anothet will change the direction of

flow through the ore and can be used to frustrate chan.-
nelling. The repulation of pressures and flow rates at
the various holes can Hé-used to maintain a net fiow of
grournd water toward the operation under conditions-
that might otherwise result in the escape of leach.solu-
tion. Leaiage of the Jeach solution is.ajse. rediced in
the present process as a result of the carrizge of some’
of the fines away from the area of gas agitation where
they settle qut and. ph.g the leak. In leaching, the. gasl-‘
liquid pressure injection can be intermistent or continu-
ous, depending upon the dcgree to which the ore tends
to pl.:g up, and the frequancy with which flow patterns
are -changed to obtain uniform and complele leaching
throughout the ore.

When lixiviant is introduced. into an injection hLole
simultaneously: with gas, its injection pressuse should
be egual to that of the gas, i.e., higher than the ambient
hydrostatic pressurz at the'injection point, and prefer-
ably higher then the lithostatic pressure at-this point. fn
50me: cases, especm!ly at.gréater depths, the injection
of lixiviant-and ox*amng gas-at sufficient pressure to

" exceed the lithostatic pressire may be necéssary. in |

order to get sufficient flow rate through the ore. if, in -
some or all of the: injection holes, there are periods of
time when lixiviint alone is introditced into.the ore, thig
intr oductwn preferably is done at a pressure at !east as
high a5 the lithostatic pressure-at the in jection position. -
That is, the pumping:pressure preferably is'at least as

high as the lithostatic pressure minus the heads.of fiuid

‘in -the piping leading from thé pump to the mjection’
-postton, :

According to the present invention, Jpermeability can
be increased 2lso in.ore masses such as mine waste
dumps by driving lixiviaat through fractures therzin by

.means of gasat sufficiently high pressure that the ixivi-

ant is swept, t.hrcugh ata rate sufficiently hxgh 0 entrain
fines present in the fractures, and remmm;g the ﬁnes-

- iadan Exiviant from the oré mass.

_In a preferred ‘embodiment of the present prccess
the sections of substantially vertical shot holes which
are located. in the segment of rock to be fractured are
ficst chambered to largér diameter, and the explosive

_ charges positioped in the chambered portions. In this

procedure, drilling costs are reduced by drilling mdely
spaced-apart shot holes of smaller diameéter than is-
required to accommodate the. s:ze of exploswe charges
ta be employed -and enlarging or “springing™ the lower

parts of the shot holes to pmduce chambers ha,vmg the
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‘riinimized since.a portion of the chamber volume  hole I, their
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volime rcqmred 'to hold the explnswc charge. “The ps_l The water table was at a-depth ¢f dbout 15 fecl
. sections of the holcs in ife rock sepmenit are cham- - below the surface. A 3-inch-diameter hole was drilled
‘bered etther by drilling them out, e, with-an expan- into the. formatios to.a depth-of 100 feet. This Kole was

sion_ bit, or by-detcnating explosive charges therein. usedasa coressampling and' permeability-testing hole,,

“The chambermg ‘méthod is rot critical, the prcfeme:d 5 ‘and also 25 an-injection hole for purposes of flushmg

method generally being the one that resulis inthe low-  surrounding shot holes. A core test reveuled-a compe:
est averall cost per unit of- ‘.ham_be.r .valume f6f theé ~ ‘tent silty'shale at the 70-50 foot depth. A well screen

" particular rock 'segmen't' in :question. In the present  was instailed in the hole at the 70-90 foot level,;and .
process, explosive charges used for springing may be 20 piping to the well screen was gronted to the hole: Ce- .
‘feet or more Iengt"i f rock fragntents tend:to fall' 10 ment filled the hole below the well screen. '

from the wills of an-explosively sprung hole and thus to The - pattern of shot holés vsed is shown in FIG 3.
occupy sone of the volume requ:red for the. exp!oswe Three shot holes(SH 1, SH 3, and SH 3) were Ioand
charge subsequently to be used in‘producing the frac- 16.25 feet from the injection ho!e 1, their centers lying

> -ture zone; the hole to-be sprung can-be drilled deeper  ~on 120° radii from. the center of hole [ and the lines”
* so that.the bottom of the hole is 1ocated below the 1$ ioining them formmg an equilateral triangie. The-dis-

botrom of the formation, In this manner, any loss m  _ tance between ihese shot Holés was 28 feet Three shot

" volame that is to be. available: for explosive loadmg is  holés (SH 4, SH 5, SH 6) were located 32.5 feei from

heir centers also lying on 120° radii from the
bélow the. segmem of rock to be fraclured can holdthe  center of hole I; and the lines joining them (also form-

" fatlenrock fragments. 20 ing-zn equlfaterai triangie) bging bisected by the cen-

The advantage of chambering the shot holes.before  tors of holes SH 1, SH 2, and SH 3. The distance’ be-
loading them-with the.charges which will be detonated - tween holes SH 4,SH 5, and SH'6 was 56 feet. It isseen

-ta produce the fracture netwerk becomes evideni when that in this arrangement the lines-joining adjacent (i.e:,

itis considered that an explosi: sely sprung hole typically  "nearest neighbor) shot holes formed equilateral trian-
will hold about ten time§ as much explosive.25'an un- 25 gles: SH 1, 8H 2, and-SH'3 each had four shot holes
sprung hole. Thus, for example, a pattern of 30-inch  :adjacent thereto (SH 2,843, SH 4, and SH - 5-for SH 1;

diameter charges on 100-foot spacings (centér-tocen-  SH1,SH 3, SH: 8, and SH 6 for SH 2yand SH 1, SH 2
' ter) typically can be achieved by oni]mg 9-inch-diame-  SH 4 .and SH 6 for SH 3), and SH: 4 SH 5, and SH 6

ter holes an 100- foot spacings. each. had two shot holes adjacent thereto lSH 1.and SH
Although the b]asu’ﬁush process has, utu!ny in decp 30 3for SH 4;8H 1 and SH 2 for SH 5; and SH 2. and SH

.underground blasting with explosives of all types, the 3 for SH 6)..
use of chemical explosive charges is much preferiéd for Shot. hole SH 1 was dn']']ed first.. Thé hole was 5-

several reasons.~The many iechnical ag well as civil  inches in, diameétér and 91 feet deep and was loaded
(legal, political, public relations) problems: associated - with 255 pounds of an aluminized water gel. exploswe
with the undertaking of nuclear blasting are self-evi-.-35 having the following” composition: 18.9% apumonium
dent. Vibration effects’ and radicactivity are the two  -nitrate, 10.5% sodium nitrate; 29.6% methylathine
major rodts of’ these problems.. A nuclear blast.which is fitrate, 30% afuminum, and 11% water. The: ;:xploswe
large’ enough to'be economically feasible must bg set  column-was 21.7 fect high, and was covered by a- layer
off at - sufficient depth, e.g., preferably aporecnably of water which naturally flowed into and filled: the
deepér than 1000 feet, in order to besafely contained 40 remainder of thé. hole and stemmed the -explgsive

and not release radioactivity to the atmosphere. Many. - charge. The water level in the injéction hole was above .

potentially workable oré bodies will not be located a5 the level of thie top of the explosive charge in the shot

deep as the safe containment depth Furthermore, the  hole, indicating that the rock surrounding the shot hele
extreme magmtudc -and’ concentration -of the energy was, properly flooded., Befoie the explosive charge was -
- preduced in a-nuclear blast imply that it will be diffi- 45 initiated, the penneabahty and sound velocity of the
cult, if not lmposslbie, to achieve (&) a-high degree of:  rock surrounding the injection ‘hole were. freasured. °

umformny in ekplosion-energy distnbutlon and ore’ The permeability was deétermined by slug tests, in

" brgakage, (b) close hydraulic -contro} of the ﬂuw ‘of - whichi the permeablh‘y s iferred from the rate at

lixiviants without an appreciable amourit of additional  which the head of liquid subsides toward the ambient
drilling to incréas¢ the nuimber.of injecticn and extrac- :50 level in a hole after the rapid introduction-of.a slug of
tion points, and (¢) a:close match-of tlie broken volume - . _ liquid therein (seg’ Ferris, 4. G., etal,, “Theoty of Aqui-
with the outline ‘of the.ore body, particularly for small . fer Tests”, US. Geo!ogzcai Survey, Water-Supply

“or :rregular ore bodies, such a:match resulting in econ- Paper 1536-E, 1962). Thie soapd.velocity, measured at

omies in the wse of the: available exp!oswe energy -and - depths of 74.5 feet to 85 feet between the injection
in the consumption of lixiviants, - : 55 hole;shot hole SH'1, and a test hole collared 13 féet on

‘Whitle sirigle explosive charges generally will be deto-. .- the opposite side. of the m;ectlon hole, was, 3970:meters.

nated in squence to produce- the. fracture. zonés, the ~ per sc¢cond.

-charges also Can’ be. mu!n-ccmponent charges .posi The explosive: chargc in shm hole SH 1in the ﬂooc»d:"

tioned in separate cavities and detonated substantially- formation was detonated, whereupon the water level in

" simultaneously as a gmup "to produce each fracture, 60 the-injection hole dropped to below its prc—demndtlon

Zone, each detonatian in thé sequence of detonanonsm - level, as a resnlt of the formation of a new-fracture

~suchi a case being a group of detonations. ~ " volume sdround shot hicle' SH i, the. chasing -of ‘water -

. The ‘foliowing example ‘flusirates specific. e-nbadl- from the rock fractures by the gaséous defonation
ments of the process-of thé invention, - - producis, and the flow of water into the cavity created
. The formation ta be fracturéd was a bedded series of 65 by the cxpluswe cha:ge After partial recovery of the
shales and silt stones, dipping about 45% 'located-at a = -water leveljin the- injéction hole, the second shot, hofe
depth of 70 t0.90 feet below the surfice, and theiefore . {shot ho!e SH 2 ‘was drilled to the same size as;shot

: mbjﬂcted to a !uhostahc prcssure of; about 70 to 98- holc 1SH,I,andt_u r10ck sg:t_mundmg shothole SH 1 was

-
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. then ﬂuched with water by (a) b}o“mg compressed air
" into thie bottom of the open injection hele, (b) injecting

water through a packer in the injection ho!e, and (c¢)
three long air injections, and then {d) 18 short air injec-

tions through a packer in the injection hole. The total

flushing time was about 4 hourss. Siit-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 of the water from
the bottom of the mck segment (bottom of the injec-
tion hole) laterally and upward through the fracture
network 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 after the flushing op-

erations. ~

" . Shot hole SH 2 and subsequently drilled shot hole SH

3999803 -

16

mﬂhdarcys ona logarithmic sczle as the ordinate. Nine-
teen points are shewn, including those obtained after

_ . the four flushing proccdures (a, b, ¢, and d} described
" above after the shooting of hole SH 1; three flushing

- procedures (a, b, and ¢) after the shooting of hole SH 2;

- and two flishing procedures (g and b) after the shoot-

ing of hole SH 3. Each point denotes the average per-
meablhty measured after a given cperation.

‘The plot shows that ths permesbility of the rock was
increased ¢onsiderably (from 500 to over 2000 milii- -

‘darcys). by the total six-cycle blast/flush process, and

- “-that variations in permeability occurring during the
--cychcal 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

- remnant cf a shot hole achieved by means of air injec-
_ tion through- another hole or by strong pumping froma . ~

2 were loaded and the charges thercin detonated as .

described for shot hole SH 1.

The water level in the injection hole returned to its
pre-cetonation level, above the levei of the top of the
explosive charge in shot hole SH I before detonation,

- in about 18 hours. Thereaiter, the charge in shot hole -
" SH 2 was detonated, whereupon the water level in the --

injection hole again dropped to below its pre-detona:

- shot hole (by.blowing air into the botiom of an cpen -
- shot hole, for example) increases the permeability after
207

blastmg, best results having been achieved when both

- air mjectnon at thie injection Yiote and strong pumping at

25

tion level. The rock surrounding shot hole SH 2 was -~

flushed with water, and silt-laden water ejected from ",
shot 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;

" velocity around the injection hole after the thiree blasts

injection hole, and (c) injecting air thrcugh a packer in"”

the injection hole, followed by water through the
packer while blowing compressed zir into the bottom
of shot hole SH 3. The totai flushing time was about 11
hours. The permeability was again measured before
and afier the flushing operations.

After the water level in the injection hole had re-

turned to its pre-detonation’ level, the charge in shot
hole SH 3 was detonates, and the.surrounding rock
flushed by (a) air injection-through a packer in the

injecticn hole, followed: by sealing off shot hole SH 1. .3

and blowing air down shot hole SH 2 and shot hole SH

3 to drive water to each shot hole in turn until water.
was exhausted from the broken rock; and (b) two air.
“injection flushings, each followed by water injection.

The total f] ushing time was about 7 hours. The permea-

operations.

were drilled, loaded and detonated in the same mam-

w“ 43‘5;'.
:in the samé; prism of rock before blasting). The total

40

45}
_ ~ -These porosmes imply that the £racu.re volumes

bility was again measured before and after the flushing -..- caused by the _blasting were 4.3% (12-ft. radxus) and
[ .22.9%
The remaining shot holes, SH 4, SH 5, and SH 6, .
'50: -
' _,sohd mass of ore by introducing a lixiviant for the ore

ner as holes SH 1, SH 2, and SH 3, with the detonations

occurring after the return of the water level in the
injection hole to its predetonation level. Between the
shooting of shot holes SH 4 and SH 5, the rock sur-
rounding hole SH 4 was flushed by three air injections

_in the injection hole, each followed by water injection;

a nearby shot hole was used. While blasting was found

.- generally to decrease the permeability, permeability
-.*»which had pieviously been reduced by the injection of

water (aloné or as a final flushing step after blasting)

‘was increased by blasting.

The degree of dilation produced in the rock by the

first threei*of the - -above-described detonations in
_'ﬂooded rock was estimated from calculations of poros-

ity based on seund velocrty measurements. The sound

was 3650 meters per second at a 12 fost cadius from
the hole, and 2530 meters per second threugh paths in
the blasted rock running from the shot holts in to the
injection hole (compared with 3970 meters per second

porosity in the rock () was calculated from the follow-

‘ing empmcul -equation for ihe sound velocity (a, in
*m/fsec) as 4. function of porosity, for flooded ocean
,s.dunents havmg various degrees of lithification:

¢=-~50.748 Ina+432.23.
. Totai porosity. before blasting: 11.7% :
. Total por3sity after blasting: (12-ft. radius) 16.0%
Total porgsity after blasting: (center to shot holes)
34.6%

(center to shot holes).
Iclaim: = .
1..In.a process for leaching a fracture-containing

.and a gas in..o the solid mass through a p!urallty of holes

' theréin, tae’ xmprovement which comprises driving lig-. .
. " uid lixiviant laterally :and upwardly through the frac- ~
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‘tures in thé-solid mass to a piurahty of recovery holes

- by injecting'said gas, and allowing it to exit from said

between the shooting of shot holes SH 5 and SH 6, the - rec
. - producé- a surging flow of lixiviant in said recovery

rock surrounding hole SH 5 was flushed by injecting air

into the injection hole, and blowing air down hole SH¢ -

_ (vnshot), separately and simultzneously; and after hole

60

SH 6 was shot, the rock surrounding it was flushed by -
alternately. 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

"after each biast and flush operartioa at’each of the six
holes are plotted in FIG. 4 as a function of the opera-

‘recovery holes-with said lixiviant, at a rate sufficiert ta -

" holes, whercby fines present in the fractures in the solid

mass 2re entrained by said lixiviant and are. 'emoved

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

65

pressure.. | -
3. A procéss for the in situ Imhmg of an ore body
which has fbeen worked by detonating explosive

‘charges in separate cavitics therein to produce in the

tion performed, the permeabilities being presented in -

[

-ore body immediately adjacent io the site of each deto-
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tion a fracture zone comprised of a most svverely .
m.c;ured core portion surrourided by a less severely -

fractured outer portion, comprising introducing a lig-
uid lixiviant for the ore into the ore body through a

plurality of injection holes in the less severely fractured:
- portions and driving said lixiviant lateraily and up-

wardly through the ore body to a plurality of récovery
holes in the most severely fractured portions by ifiject-

ing gas into the ore body and allowinyg said gas to exit.

from ‘said recovery holes with said lixiviant at a rate

5

. 18 ;
as high as the h&:ostzxn.. pressure, and said gas fs in-
yzczrd and said fincs are vemoved internnittendy.

5. A provess of claim 3 wherein the ore body has

becn worked by the demranon of chemical explosive -

charges.
6. A process of claim 5 wherein the injection holes
extend from the carth's surface to substantially the

- bottom of the ore body, and the recovery holss extend

10,

sufficient to produce a surging flow of lixiviant in said -

recovery holes, whereby fines are entrained by said
lixiviant and removed from the ore body therewith,

.4 A process of claim 3 wherein said lixiviant i in-

jected into said ore body st a pressure which i at least
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from the earth'’s surface to substantiaily the top of the
ore body.

7. A process of claim 6 wherein the recovery holes‘

are preserved upper portions of shot holes in which -

explosive charges have been detonated.
8. A process-of claxm 3 wherein said gas is an-oxidiz-

mgga&

a'tavo
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(571 ABSTRACT -

There is disclosed 2 method for the in-situ extractio

of metal/mineral values from metalliferous and/or
nonmetallic ores cccurring in substantially imperme-
able ore deposits of the laminar gneiss or schist or
conglomerate types, or the like. The invention is par-
ticularly 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 containing 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 the 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
mears of any suitable agent such as described for ex-
ample in U.S. Pat. No. 2,645,291. An explosive mate-
nial of liquid or slurry form is then flowed into the cav-

- “ttated U-tube system comprising the bore holes and

the “base™ fractured zone, therebigreplacing the hy-
draulic fracturing fluid by an explosive matena!l of flu-
idized powder or liquid or slurry form. This operation
is conducted under only substantially the earth’s-
surface-ambient atmospheric pressure conditions,
thereby eliminating serious prior art hazards. The ex-
plosive is then detcnated so as to fracture the overly-
ing ore body according to the petro-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
pattern through the ore body, featuring a vertical mi-
gration and “floating™ of the solvent/reactant on top
of the more metal concentrated fractior 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-situ solvenit/reactant.

8 Qlaims, S Drawing Figures
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IN:SITU EXTRACTION OF MINERAL VALUES drawing herein, the method of the presént invention is
FROM ORE DEPOSITS applied to an inclined dike or other type copper or

BACKGROUND OF THE INVENTION

Economically successiul methods for the in-situ min-
ing {as by leaching) of ares have long been squght, as
tHustrated for examplé by way of US. Pat. No.
3,574,599, but such methads have proved to be eco-
nomically and/or otherwise inadequate for various rea-
sons. For example, previously proposed and employed
methods for underground fracturing utilizing liquid ex-
plosives have necessitated supply and vnderground dis-
tribution of the liquid explosive under exifemeély high
pressures (in order to avercome the hydrostatic pres-
sures at depths below the earth’s surface) thereby in-
herently rendering such operations highly hazardous,
while at the same time beinginefficient from the stand-
point of ontimum placement of the liquid explosives
Also, problems associated with solution-mining gallery
maintenance have heretofore rendered such previously
proposed methods economically impracticable; and it
is an object of the present invéntion to provide an im-
proved method and system whereby an ore can be re-
acted in-situ with a suitable solvent and/or reactant to
produce a preduoct solution of the sought-for mineral
such as will flow continuously through a *production-
well™ to the earthsurface metal recovery plang, while
leaving behind the residual inseluble gangue material
The invention also contemplatés an improved solvent-
freactant solution flow pattern through the ore body
which is: operatively maintained in accordance with
specific paraméters as discloséd hereinafter; and as il-
lustrated.by way'of example in the accompanying draw-
ing, wherein: .

"THE DRAWING
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FiG. lisa S}mbolical illusiration of vertical geologi- ‘

cal section type, iliusirating-a typical ore- bearmg schist,
gneiss, dike, sheet, lode, lens, sill or the like whick is of
imited or varying vertical thickness; and showing dia-
grammatigal]y how the initial ore-body penetration and
base fracturi ing- proppmg operations are pe'formed:

“““ s Hiustrating
how the base fractured zone of the ore- budy is subse-
quently loaded with a liquid (or slurry) type explosive;

F1G. 3 illustrates how the-ore deposit is then benefi-
cially three-dimensionally fractured 50 as to accommo-
date a dissolution/reaction flowage system in accor-
dance with the invention;,

FIG. 4 illustrates how a leach/ion-reaction mining
and value-recovering operation may then be carried on
in accordance-with the present invention; and

FIG. § is a view Hlustrating how the system of the in-
vention is conducted when operating upon an ore-body
of substantially gredter vertical extent than as illus-
trated at FIGS. 1-4.

SPECIFICATION

It is-well known that many copper ore deposits of
value occur at such depths witlin the earth-surface’s
geology as to render their exploitation by typical me-

40
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mangansse of the like ore deposit such 43 is indicated
generally at 10. Such deposits occur @ various depths
and distances underground, and are only economically
mined by conventional mechanical mining methods
whenever they occur relatively close to the earth's sur-
face and when they contain relatively high-grade recov-
erable mineral values.

According to the present invention as illustrated by
way of example by the drawing herewith, the mineral
deposit 10 may be intersected by a pair of bore holes
i2, 14, which exterd substantially to the lower levels of
the ore-bearing body and communicate at their uppet
ends with appropriate surface plant processing facilities
as indicated at 16, i8. The bore holes are preferably
“ecased™ (as is well known in the well dnlling art) by
means of casings fabricated of or lined with material
which is non-reactive relative to the fluids to be han-
dled. Thus, the bore holes 12, 14, provide means for in-

-gress to the ore deposit; and preferably the bore hole

12 which intersects the deposit at a lower 1¢vel than the
bore hole 14 is used. as the site 1o “base-fracture™ the
ore body as indicated at 20 (FIG. 1) thereby utilizing
the “uphift” effect.of the hydraulic operation 1o opti-
mum aidvantage. The fracturing operation may be per-
fornizd iy accordance with any suitable hydraulic frac-
wring technique; and as previously mentioned it may

-be pesformed as disclosed for example in my U.S: Pat,

No. 3,064,957, As shown therein, the result of such an
operation provides a solution-permeable region desig-
natzd 20 extending radially from the bottom of the
bore hole-12 toward the bottom of the bore hole 14, In
the case of a copper carbonate ore the fracturing oper-
ation is preferably performed by unllzmg a dilute sulfu-
ric acid soh:tion containing in suspension a fracture
“propping” agent such 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 introduction of liquid or slurry type explosive is
thereby established.

in event the “base™ fracturing process referred to
hereinabove does not operate 1o coalesce the two or

. more bore holes the situation may be rémedied by re-

peated attempts to hydraulically re-fracture the zone
between the bore holes, or by extending the propped
cavity by means &f a liquid or slurry fype explosive.
This may be done simply by pumping the explosive into
the cavity under relatively low pressure such as is suffi-
cient 1 displace 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

55
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through the bore hole 12, supplemented if preferred by
use of a suction pump operatively connected to the
upper end of bare hole 14,

The éxplosive is then detonated; thereby propagatmg

a“base™ fracture toward the target well; but in event
this operation still does not provide an open communi-
cation between the bottom ends of the wells the opera-
nomnnyberq:eatsdasoﬁenasmaybenecessary
(from the same well, or alternatively from either well)
in order 10 complete an: inter-connection between the
lower ends of the wells. The system including the

chanical mmmg methods to.be not econom}cal]y feadi- &5 Propped base-{ractured zone may now be purged of the
ble; and it is a primary object of the present invention r:s:du:ﬂ “frac™ BHquids and replaced by an explosive
to provide a practicable system whereby such deposis  mmterial of liquid or slurty form as shown at 22 (FIG.

may be economically recovered. As illustrated by the

-

stm:ply by flowing it into the- syslem under only sub-
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stantially atmospheric pressure condition. This explo-
sive is subsequently 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 passmg a

solvent or reactant liquid and/cr gas through the system
s0 as to extract the desired mineral values from the de-
posit. For example, as shown at FIG. 3 the ore-reactant
fluid is preferably injected into the ore body through
the bore hole 14 which terminates at a higher elcvation
than the other bore hole (s) of the system. The fuid #ni-
tially percoiates 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 of a 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 ap-
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 to extract the sought-for min-
eral values. As the ore-reactant operation progresses
the reacting solution forms progressively enlarging
veids andfor passageways through the ore body; the
leaching action operating to “honeycomb” the ore
body of the mineral vaiues 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 deepcst bore hole in-
volved. By virtue of this system advantage is takén of
the phenomenon that the mireral-laden liquid (or gas)
will be of higher specific gravity than the fresh solvent-
Jreactant and will automatically migrate down towards
the bottom of the bore hole 12, while the fresh solvent-
freactant fractions will float on top so that the 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-

wise stated the mineral-vzlue-laden liquid (or gas) will
astomatically 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 of the ore body.

Should the above described system operate to mine
only the lower portion of the ore body (such as in the
case of an ore deposit of substantial vertical extent as
illustrated for examgle at FIG. § herein) the system
may be repeated as many times as necessary to fracture
and mine successively higher levels of the 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 illustrated at FIG. §, herein, detonation
of the fluid explosive cccupying the fractured zone 30
will operate to fracture the ore body both downwardly
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40 openings into said ore

45 necessary to coalesce the lowe
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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 understcod that
5 in the case of an 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 hody is completed.
I claim:

10 1, The method for extracting metalliferous values

from a laminar type impermeable metalliferous ore .-
body compnsmg:

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 of the 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 1o provide a permeable zone underly-
ing a higher portion of the ore body of substantial
vertical thickness, lb-reb) establishing a substan-
tially closed fluid cizcuiation system includiag said
openings and said permeable zone;

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

39 D.detonating said explosive so as to permeablize the

ore body thereabove; and

E. then flowing a sought-for metalliferous solvent-
Jreactant fluid through another of said openings
downwardly and through said circulation system so

15 as to percolate through the permeabilized portions

of the ore body to produce a product fluid contain-

ing the sought-for metalliferous values from the

opening teiminating at the lowermos! elevation.
2. A method as set forth in claim 1 wherein said
bedy are provided by two or
more horizontzally 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
r ends of at least two
bore holes.

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

50 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 1 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 opemng hole tenmnalmg at l.he
lowest level.

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

8. The method for extracting metalliferous values

65 from a laminar type impermeable metalliferous ore

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

B. fluid-pressure fracturing the ore body from the
bottom end of the opening terminating at the low-
.ermiost elevation vpwardly to the bottom.end of an- §
other of sai openings. in the laminar direction of
the ore body to-provide a permezble zone underly-
ing a higher portion G{the ore body of substantial
vertical thickness, thereby establishing a substan-

tially closed fluid circulation system including said 10

openings and said permeable zone;
C. flowing a fluid type explosive under pressure less
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than the fracturing pressure into said circulation
systeft so as'to fill said permaeable zone; .
D. detonating said explosive so-as to permeabilize the
ore body thereabove; and
E then flowing a sought-for metalliferous solvent-
Jreactant fluid through one of said openings, up-
wardly.and through said circulation system so as to
percolite through the permeabilized portions of
thé ore body 1o produce a product fluid containing
the sought-for metalliferous: values from 2n épen-

ing terminating at a higher elevation.
- . *r » * x A
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ABSTRACT

An economic simulation model was 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 deslgn and cost,
copper extraction, solution distribution and recovery, effluent
solution cutoff grade, and flnancial analysis. Cost and price
indices were also developed Uo 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 1s also shown that while the profit per unit of extracted
copper increases with the increase in ore grade or ore thickhess,

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

. INTRODUCTION

The pércent of copper extracted by leaching 1s one of the most
eritical factors in determining the economics of an in situ leaching
operation. While the percen; of copper extracted by le;ching de-
pends on many geological and physical factors, it also depends on
many economic factors which affect the profitability of the oper-
afion. One of the most important economic factors 1is 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 telow which the leaching operation ceases to be profitable.
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To calculate the cutoff grade, one has to determine the cost per g, ;
unit of extracted‘copper and the production rate as a function of ék;
time. —e—
a———
An economic simulation model was developed to predict the amount
cf copper extracted from 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 functlon 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 1nvestiga£e the economic and physical
boundaries of in situ leaching operations.
ECONOMIC SIMULATICON MODEL
The economlc system simulation model is composed of a number of o
] models which calculate the amount of ore reserve of the property ’
ﬁé being investigated, calculate the fragmentatlon cost of an 1in situ
%j leaching cperation, simulate the copper recovery process, calculate
% the optimum cutoff grade and amount of copper produced, and calcu-
Ez late the rate of return on investment based on the analysils of the
éi cash flow resulting from the in situ leaching opération. _
:; Is or
more
> etary -
; ade
i torm "
e
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Ore Reserve Model

The ore reserve model was developed at the Pennsylvania State
University (1) 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 fragmentatlion cost for in situ leaching operations as
a function of the deposit parameters. The model is based on blasting
an ore zone Oor 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 coyoté 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 thé 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 of

references at the 2nd of this report.
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Copper Recovery Model H :
v
A copper oxide recovery simulation model was developed (3) to S
2 o
determine the amount of copper produced as a function of the time of _________J

leaching, acid concentration, ore grade, effective diffusivity, and
particle size distribution. The model is based on a shrinking
unreacted core theory (4) 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 1s 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 1s 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 leacning reaction for this model is described by

T = 1000bpvGR2 ,1 + 3,7¢,?2 Te,3
SR ( () +2 () ¢h)
where T = cumulative reacticn time, minutes,
b = grams of acid consumed per 1 gram of copper recovered,

density of ore, grams per cubic centimeter,

©
u

v = correction factor for spherical particles

surface area correction factor for spherical

soamecs
o
L]

particles,

D = effective diffusivity, square centimeters per minute,
Y G = percent copper ore grade.
t
= R = radius of ore particle size, centimeters,

r = radius of unleached core, centimeters,

and C = acid concentration, grams per liter of H,SOy.

nmsauuucny unnulna.
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Equation 1 describes the leaching of a single particle.

The percent
recovery from a single particle is described by
]

Ree = 100(1 - (Tc)?3) (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 1s terminated. The input to the computer

model 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

et raman e o

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 L 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 mining operation is profitable.

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

ore deposit 1s being evaluated for its economic feasibility for
leaching. However, the cutoff grade at which leaching should be |
stopped 1s determined after the leaching operation has been started. g
This cutoff grade is defined as the grade of the effluent solution §

{

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

Any :

of producing a unit of copper is equal to its selling price.
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further production at lower solution grades results in an economic q"
-
B 2
loss from the added production. The cutoff grade could then be )J?
e
alternatively defined as the grade of the effluent solutlon at which
——————

the profit from the operation is at 1ts maximum. Assuming that
profit maximization is the objective from the operation, the cumu-
lative amount of copper produced up to the cutoff grade 1s then
defined as the optimum level of production. In other words, maxi-
mization of profit is defined by

T = Pag - G _ (3)
where P = the price per pound of copper,

Qg = cumulative amount of copper produced until time ¢,

and Ct = total cost of production at time t.
Therefore _
d2=PF-d% . (4)
dq W

The togal cost of an 1in situ operationlis 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 Ct = FC + VC (5)

CC + DEV + Aqy + Wt + Rq

where CC = capital cost (including property purchase price),

DEV = predevelopment and development cost,

:‘ A = acid, iron, and smelting cost per pound of cement
copper,
W = operating cost per day such as power cost, main-

tenance, ‘and wages,

nme. sm Lake City. Utah 84108,
‘ mzmnnmumun LIST (S PUBLISHED PERIODICALLY m
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t = time of production, days,

and R = royalty per pound of copper.

Iron and smelting costs per pound of copper are included in the
above cost elemenés, assuming a cementation operation where the iron
is used to cement the dissolved copper and the cement copper 1is then
smelted. When an electrowlnning operation is belng analyzed, the
element of cost "A" should include the acid cost, precipitation
solution cost, and cathode plate cost per pound of copper produced.
Analyses of solvent extraction and electrowinning operations are not
included in this manuscript.

The marginal cost is defined by

MC = dct = C. - C
dqt Aqt

A+ W(tz - tl) + R (6)

g,
Equation 4 imblies that profit maximization is attained a2t 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 1is only a function of the variable costs, and hence of the

operating cost only.

A second profit maximization condition requires that

2
a2z _ _ 2% ()
2 2
dag dag g
or d2C,
——2—" > 0 (8)
dqt
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This condition implies that the marginal cost must be increasing at

the profit maximization condition.

Figure 1 shows a representation ¢f the above analysis where &t
is the optimum level of production. The average cost per pound of
copper for this level of production 1s 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

n = OPab - OdcP = dpac (9)
From the copper recovery mcdel the amount of copper produced at time
t 1s determined by simulation, while the éptimum i1s defined by the
preceding economlc analysis. The optimum cutoff grade of the efflu-

ent solution is then defined by

~

¢ = 9% - 9g-1 (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 conQition 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 price indices equations were
developed to predict the values of these indices in future years as

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

ume.smutecuy Illlh“llll. ' . y
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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 1is then to maximize

n=5:Q P, ~-Lo (12)
£ t -t t t
where Qt = the amount of copper produced in period ¢ only,
Pt = price per pound of copper,
and g, = total cost 1in period t only.

Proceeding in a similar fashion as in the static approach, the
amount of copper produced, the cutoff gradet and the profit are

optimized for the dynamlc case.

A distinction of the spatial analysis from the statlc approach

is that, if a deposit is economically unfeasible currently, it coul:

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 otherwlse for the dynamic case if the areas ar«
leached at different times. However, to attain the optimum con-
dition by either approach, three conditions have to be satisfied.
These three conditilons are that the marzinal cost should be
1. Equal to the price,
2. Increasing,

3. Greater than the averuage cost.

atam

Cavr



————
. RANT
BER
77-AS~-68 -5
10 ;o,
To satisfy these three conditions simultaneously, a computer :ﬂ.é
model was developed to calculate the elements of costs for static 5‘:
and dynamic conditlons, simulate the amount of copper extracted,, and ——
calculate the optimum cutoff grade and the time at which it occurs. — ]
COMPUTER MODEL
The computer modeél is divided into a number of individual pro-
grams that are designed to run separately but could be combined by a
Taster program. These programs are
1. FRAGMENTATION - 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 leaéhing of one unit copper
oxide ore column and -calculates the percent of copper recovered,
the grade of the effluent solution, agd the grade of the ore
column as a2 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 geologlcal parameter.
4, CUTOFF - This program calculates the optimum level of cumu-
ulative production for each leachlng 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 s or
figure 2. nore . -
tary - .
.de.. L
form
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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 speciflc
gravity of the explosives. If the coyote option is required, the
input data for this program will include the mining parameters,
which 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 éf
ore, effective diffusivity of H+ in leached ore, particle size
distribution, and ;he grade of the effluent solution, and/or the
number of days at which leaching simulation 1s 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 1in the 1influent solution should change.

The input data for the solution distribution and recovery pro-
gram consist of the geological parameters, the design elements for
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 the geological

parameters.
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MODEL APPLICATION :ﬂ.é
The fragmentation model was applied to the ore reserve data of é;?
an assumed mine property to be evaluated for leaching. The outline e ae———t
e ———

of the area of the mine 1is U460 meters long by 340 meters wide, and
the minable area is approximately 450 meters long by 330 meters
wide. The average ore thickness 1s 19 meters with assumed no over-
burden. The average values for the ore reserve parameters for this
_broperty are shown 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

Arithmetic Standard

- mean deviation
Grade, percent 0.45 0.13
Ore thickness, meters | 19.0 5.8
Area of outline, square meters 156,400
Total ore volume, cubic meters 2,952,226
Total tonnage, tonnes (metric tons) 7,955,939
Area of minable reserves, square meters 148,075
Tonnage of ore, tonnes 7,955,939

Table 2 shows the elements of cost and total cost of fragmentation
for the three assumed properties. The elements of cost 1n 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

R average ore thickness. = o

L e e
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TABLE 2. -~ Drill and blast cost report
Average ore thickness, meters 18.0 - ~25.7 31.8
Total drilling cost ($6.5/meter) 556,107 825,981 11,141,380
Cost of explosives ($0.30/kilogram) 668,478 1,009,068 (1,408,548
Cost of primers and delays ($0.91 each) 5,601 8,907 12,435
Detonation cord cost ($0.13/meter) 18,555 24,933 32,286
Loading supervision cost ($300/day) 7,161 10,812 15,090
Loading labor cost ($50/shift) 3,579 5,406 7,545
Stemming cost ($6.7/cubic meter) 2,642 37,197 51,924
Total cost of fragmentation 1,284,423 1,922,304 (2,669,208
Cost per tonne of ore 0.16 0.18 0.20

This increase was found to be particularly due to the increase in
the drilling and explosives cost assoclated with the greater number
of holes in the cases of larger thickness. The copper recovery
simulation model was applied to the three assumed properties. For
all three properties it was assumed (3) that--

ore grade, G = 0.45 percent

4]

ore density, » 2.27 g/cmd

]

&
effective diffusivity, D 4,12 x 10 cm?/min

H,80, acld consumption per

gram of leached copper = 5 grams
surface factor to volume

of factor ratio, a = 2.55
\Y
. . f
time to flow through a

unit volume, ¢ 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 4.9 grams per liter (pH 1.0), and then to 0.49 gram per
liter (pHE 2.0) 1if the acid concentration in the effluent solution

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

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

Oy, g
-

extract all the dissolved copper in the leach column. The leaching
simulation was set to terminate after 800 days or when the grade of
copper in the effluent solution aropped below 0.1 gram per liter. A
particle size distribution felt to duplicate that attainéd by the
industry (6) and composed of six sizes having an average dilameter 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 1is proportional to the amount
of copper in the column. Figure ! 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 1t exceeds

w

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

acid concentration 1s changed to 7 grams per liter. At point ¢,
~ which 1s around 220 days, the new extraction rate is continuously ts or -

declining until point d is reached, where the acid concentration more .
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 de'-“

'nme.samaumy Utah Bat08. . - . - R
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liter. The effect of this concentration becomes apparent at point f
at wnhich time the new extraction rate is shown by fg. At U410 days
the new effluent solution acid concentration exceeds 3 grams per
liter, and the acid concentration in the iInfluent 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 ¢ would have continued declining at a slower rate than
that showed. Figure 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 recerry 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, withvlonger 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 amount 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 model shown

above. The elements of costs for these leaching operations are




e
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Capiltal cost 2,112,699 2,115,853 2,118,672
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shown in table 3 as a function of the ore thickness. The predetglop- Mt
ment cost shown 1in table 3 includes the elements of exploration costs é;
and 1s assumed constant for the different ore thicknesses investi-  mmm—
gated. Similarly, the operating cosﬁ per year 1s assumed to be - ]
independent of the thickness of the ore, but is a function of the
production rate, which 1s 1dentical 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 cosf
is shown to inerease 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 talckness, meters 19.0 25.7 31.8
Predevelopment cost $314,000 $314,000 $314,000
Development cost 1,396,580 2,069,227 2,832,925

Operating cost per year 815,763 815,763 815,763
(365 days per year) . .
Acid and iron cost 0.u4s57 0.457 0.457 ‘
(per kilogram of copper ) :
recovered)
at $31.70 per tonne H,S0,
and $87.10 per tonne iron

In applying the model to the properties being investigated, each

mine was arbltrarily divided into four.equal leaching areas. The

capital costs shown in table 3 were derived for each ore tirickness
based on a plant capacity sufficiently adequate for the amount of
production from one leaching area. In addition, the operating costs
shown in table 3 are based on 1975 dollars and are inflated by the "

medel for the particular year the leaching operation is taking place. ade R
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Because of this particular feature in the model and the assumed
dynamic nature of copper prices, the resulting optimum cutoff grade'
and the length of leaching time for each leaching area could be
significantly different. Flgure 6 shows the cutoff grade for each of
the leaching areas of the mine property with l9-meter ore thickness
and 0.6-percent grade. As shown by the figure, the cutoff gradé
shown in brackets and the leaching time are different for each leach-~
ing area. The average cutoff grade for the whole mine for thls case
15 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¢/1b) 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 functibn of the ore grade. As
shown by this table, there 1s 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 1is due to the fact that all of
these cases have the same operating cost, which as indicated by
equation 6 1s the primary variable defining the merginal 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 qoppe} recovered differs significantly
among the different properties, the percent of copper recovered is
insensitive to the grade of ore.within the range of grades invés-

tigated, but is very sensitive to changes in the ore thickness.
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TABLE 4. - Optimality conditions

T A —— 7 PO © -

Item . Ore thickness, Ore grade, percent
meters 0.75 0.5 0.45
Optimum average cut- 19.0 0.36 0.37 0.37
off grade, percent 25.7 0.35 0.36 | -0.36
31.8 0.35 0.35 0.37
Optimum copper 19.0 27,5408 21,814 16,321
recovery, tonnes 25.7 bo,161 32.069 23.999
31.8 52,445 41.970 31,210
Optimum copper 19.0 45 45 45
recovery, percent 25.7 49 bg 4o
31.8 52 52 51
. TABLE 5. - Financial analysis

ltem Ore thickness, Ore grade ] percent
meters 0.75 0.6 0.45
Average cost, dollars 19.0 1,210) 1,210 1,250
per tonne 25.7 1,210f 1,210 1,230
31.8 1,230 1,210 1,210
Rate of return, percent 19.0 0.0 36.4 29.3
25.7 38.6{( 36.8 32.9
31.8 35.2 34.1 31.2

The amount and percent of copper recovered shown in table 4 could
be considered excessive when compared to recoveries obtained by the
industry. This is due to conditions attalned by the industry where

the amount of ore that is in coﬁtact with the leaching solutien 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 1s 1in perfect contact with the

leaching solution. For actual leaching conditions, the percent of

'ik" the total ore deposit that 1is in contact with the solution could be
i?l' less than 80; consequently, the recoveries shown in table 4 would be
%\' reduced. Analysis of the solution flow through the fragmented de-
ér posit would result in accurate prediction of industrial conditions.

et
Nt

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

-

tracted copper. One can conclude from this table that, f{or the ore
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grades and thicknesses investigated, the average cost is independent
of both variables. The average profit per killogram of extracted
copper was, however, shown (3) to be a function of the amount of
copper produced and as such a function 6? 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.
While the rate of return is shown to decrease, for example, {rom
36.8 to 34.1 percent for 25.7-meter and 34.l-meter ore thicknesses,
respectively, the profit per tonne for these two cases was shown (1)
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 cash flow associated with the second case.

For all the cases4investigated, the profit per tonne of extracted
copper increased with the increase in the ore thickness and/or the

ore grade.

SUMMARY AND CONCLUSICNS .

A simulation model was developed to determine the economics of zan
in situ leaching operation. The model is composed of a fragmentation
model which caleculates the design elements and cost of a fragmen-
tation system, a copper recovery model which simulates the leaching
process of copper from an ore column, a cutoff grade model which
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 medels To three assumed properties esach at
three assumed ore grades showed tTha2t the optimum cutoff grade does

not change significantly among these conditions. This would imply
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’ that the cutoff grade 1s independent of the capital and development ?'é
, costs, which vary for these conditions. The cutoff grade is, &‘b
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 1in situ leaching operation, one has
to control the level of the operating costs more than the develop-
ment 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 lnsignificantly different for
various ore grades and significantly incréased with increasing ore
thickness. The calculations of the rate of return showed that, while )
, 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. Thils 1s due t& the inﬁluence of the
;M longer leaching time of the higher percent recovery on the discounted

?f cash [low.

< While the authors believe that the approach used in developing

?; the preceding model 1is technically sound, the model has not been

§*4§ validated by comparing results from an in situ leaching operation and i s or -

: those derived from the model. vﬂ”t
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IN SITU FRAGMENTATION FOR SOLUTION MINING - A RESEARCH NEED

by

Richard A. Dick!

ABSTRACT
A systeﬁ using confined blasting with chemical explosives to

fracture a mineral deposit in preparation for in situ solution mining
isvproposed. After a discussion of other in situ fragmentation tech-
Aniques, the benefits of solution mining in environment, safety, conser-
vation of resources, support of national interests, and the characteris~-
tics of the ”ideallore body" for solution mining are described. Blast
deéién factors and the-economics of the fragmentation system are con=-
sidered, and the need for pilot scale research is pointed out. 4Emphasis
"is placed on a system designed for copper recévery-from low-grade oxide
deposits, but the technology is applicable to in situ recovery of such
natural resources as organic fuels, uranium,and.numetous 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. 1In 1965, leaching accounted for about 12 percent of

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

1Mining engineer, Twin Cities Mining Research Center, Bureau of Mines,
U.S. Department of the Interior, Minneapolis, Minn.



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. TFigure 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. 1In 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 existsg with.solution mining. Standard

beneficiation procedures create vast piles of very fine tailings which



become pqtential sources of air, land, and water pollution. Smelger
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. Thgse
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 controlsipn the U.S,

domestic copper supply

of copper if certain proposed sulfur emission standards are imposed on
the smelting industry (;g}. 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=-
mént 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.- 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 0ld Reliable project
near Mammoth, Ariz. (6). A joint effort of Ranchers Exploration and
Development Corp. and DuPont, this project shouid yield a good assessment
of the compatibility between coyote blasting and solution mining. The
principal shortcoming of coyote blasting in previous mining.appiications
has been the poor fragmentation obtained because of the relatively poor
powder distribution in the deﬁosit. 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 0ld 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 Dowell 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 (3).
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 technoloéical advances may Be.
Solution losses may be difficult to cbntrol in this system,and disputes
could arise between adjacedt 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 c;Ving, and high;ﬁfeséuré wate¥ injéction to'prépare 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 Q>9-in),'déep,
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 uéing 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 depogit and recovered
b& 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.

1

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



practical depth limit for fracturing an ore body with heavily 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 acceptéﬁle. 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 1lb/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 underlyiug
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 coasiderable
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 (1) create sufficient permeabilityy

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



pass through the mineralized zéne, and be.coliected;"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 diameter 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 %ree 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 breakingfrock 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. Numerous cracks are produced out to a distance
of about six charge radii,and a smaller number extend to about twelve
charge radii. 1In contrast to a single charge, the proposed in situ
blasting program will havg 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. 1If

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,'ﬁhis
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, bif life, and pene=

tration rate all increase, resulting in the treands 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 lard rock does the cost increase with
diameter. In copper ore, costs drop progressiveiy in the 9-, 10-, and
12-in diameter. It would be interesting to see the trend carried out

to a 15-in diameter. figure 7 indicates that the choice of biasthole
diameter is not in itself an éxtremely 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 (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 blastiag ageats are heavily favored

FIGURE 8 - Explosive consumptiosn trends

——— ——

by all segments of the blastiag 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 fof AN-FO's lower density. Wet conditions wauld,
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 '.. e
The cost of fracturing a deposit for in situ leéching 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.



Co = (T+D43)Cq + (T+D+T-Y) (B2) (G) (.34) (Ce+Cl)
¢ () (@) (@) ®)

where

Cy = total fragmentation costs, ¢ /1b
T = overburden thickness, ft

D = ore body thickness, ft

J = subdrilling depth, ft

Cq = blasthole drilling cost, ¢/ft

Y = length of stemming, ft

o]
|4

borehole diameter, in
G = explosive specific gravity
Ce = explosive cost, ¢ 71b
C; = cost of loading,‘stemming, firing and explosive accessories,

¢/1b of explosive
S = 5orehole spacing, ft
d = 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 rigﬁt siae gives fhe cost of blasting. The denominator éives the
amount of copper rec;vered 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 assumptions are made. A 150-ft ore zone is overlain by a 50-ft

11

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 &ucents/lbufor AN=FO,
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8 cents/1lb for a nonaluminized slurry, and 14 cents/1lb 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 £ft3/
ton and yields 6 1b 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/1lb 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 1b/yd®, which is quite high. Using a 12-1/4-in blasthole on a
proportionally expanded spacing gives a fragmentation cost of 7.9 cents/
1b. This cost reduction is due to the constant drilling cost per foot
of borehole, regardless of diameter, described in figure 7, and iilﬁstrates
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/1lb and 20.0 cent/lb, respectively. .However, the powder
factors of 10.9 1b/yd® are unrealistically high. There is reason to
believe'that'enhanced glast effects between adjacent charges'would permit
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 (7)
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in 1967 for fracturing an ore body withTé'totally confined nucleaf'charée.
Later sources have reported costs one-fourth to one-third higher. It
should Se understood, however, that chemical and nuclear blasting will

not normally compete for the same orebody. Chemical blasting isibettef

~ adapted. toexploiting 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 desigﬂ an adequate fragmentétion system. Among-the many un-
knowns involved in blasting with teavily confined explosive charges are
these; maximum feasible depths, optimum borehole séacings, 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 sgfficient, assuming
that the fractures will tend to occur in zones of ﬁineralization, which
normally are planes of weakness. Although one might assume that the
finest ffagmentation attainable will give the best mineral recovery,
some knowledgeable people believe that an excess of fines will seriously
reduce ore bodypermeability, 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 with rock which has been
moved from its original location. In situ mining, where the mineral
is extracted from the rock in its original location, is advantageous
from the standpoint of the environment, comservation of resources,
safety, and national self-sufficiency in natural resources. Fragmen-
tation systems under study for in situ mining include coyote blasting,
nuclear blasting, pargial 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
bléstholes appears favorable. Anaiysis 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-reCOQer system; Such a project would provide
valuable spinoff information on in situ mining of dil shale, tar sands,

and numerous leachable metallic and nonmetallic  minerals.
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"IDEAL ORE BODY'"CHARACTERISTICS .

Minimum overburden
Total depth near 200 feet
0.5 % to 0.8% copper
Oxide-corbona"re minerals

Above water table
Impermeable underlying bed

Near existing facilities

FIGURE 4.-Characteristics of an "ldeal Ore Body.
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Chﬂrge . ‘ ) COSf, cents/lb Powder

diameter, Product Spfacnng, factor,

inches eet Drilling | Blasting Total Ib/cu yd
9 AN-FO 9 7.0 4.1 1.1 7.6
121/ AN-FO 121V/4 3.8 4.1 7.9 7.6
12174 Non Al slurry 121/, 3.8 9.3 13.1 10.9
12V, 10% Al slurry 121/4 3.8 6.2 20.0 12.3
1214 AN—FO 183/ 1.7 |.8 3.5 3.4
121/4 10% Al sjurry 1 83/, |.7 7.2 8.9 5.5

1O kton nuclear device (,f:onfined) 9.2 cents/Ib
20 kton nuclear device (confined) 5.6 cents/Ib

e

TABLE 1.~In Situ Drilling and Blasting Costs.
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IN SITU FRAGMENTATION FOR SOLUTION MINING - A RESEARCH NEED

by

Richard A. Dick1

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 recévery'from low-grade oxide
deposits but the technology-is applicable to in situ recovery of such
natural resources as organic fuels, uraniuﬁ,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

1Mining engineer, Twin Cities Mining Research Center, Bureau of Mines,
U.S. Department of the Interior, Minneapolis, Minn.



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 operatipns. 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. Tigure 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 pqtential sources_of_ai;, land, and water pollution. Smelger
gases containing sulfur dioxide are of particular concern to the public.
In situ solution mining coupled with solvent extractioan recovery tech-
niques eliminates the conventional milling and smelting processes. Thgse
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:pn the U.S.

domestic copper supply

of copper if certain proposed sulfur emission standards are imposed on
the smelting industry (lg). 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-
mént 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.- 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 0ld Reliable project
. near Mammoth, Ariz. (6). A joint effort of Ranchers Exploration and
Development Corp. and DuPont, this project shouid 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 poo?
powder distribution in the debosit. 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
sitvation 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 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 qgcovered through a fifth borehole (3). .
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 technoloéical advances may Be.
Solﬁtion losses may be difficult to cﬁntrol 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 c;Ving, and high;éfeséuré watef injéction to'prépare.an ofexbody

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 1arge-diameter(>9-in),'déep,
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 uéing 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 depogiﬁ and recovered
b& 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.

Figurev4 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



practical depth limit for fracturing an ore body with heavily 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 acceptaEle. 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 1b/ton should be apcut right. The deposit should be above tﬁe
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 (1) create sufficient permeabilityy

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



pass through the mineralized zoune, and be.coliecfed:mand (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 diameter and type of blasting
agent.

In normal bench blasting, each blasthole breaks to a nearby
parallel free face. 1In 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. Numerous cracks are produced out to a distance
of about six charge radii,and a smaller number extend to about twelve
charge radii., 1In contrast to a single charge, the proposed in situ
blasting program will havg 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,‘ﬁhiﬁ
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 diaméter increased. The advent of large-diameter rotary
drilling has changed this. Bauer describes the economics of rotary
drilling in & very interesting article ‘in the January .1971 issue of the
Journal of the South African Institute of Mining and Métallurgy (2). As
votary 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 diaméter for
several rock types: Only in very lmrd fock does the cost increase with
diameter, In copper ore, costs drop p:ogressiveIY'in the 9-, 10-, and
12-in diameter. It would be interesting to see the trend carried out

to a 15-in dfameterf figUre 7 indicates that the choice of biasthcle
diameter is .not in itself an éxtremely 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
of slurry. Although explosives experts have conflicting opinions on the
relative merits of the two 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 blastiag agénts are heavily favored

FIGURE 8 - Explosive consumptisn trends

B ) - - - — ——

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 fof AN-FO's lower density. Wet conditions woauld,
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 '.. R
The cost of fracturing a deposit for in situ leéching 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.



(T+D+1)Cq_+ (T+D+I-Y) (BD) (6) (. 34) (CetC1)
T (®EYDY @R

where
Cp = total fragmentation costs, ¢ /1b
T < overburden thickness, ft
D = oré body thickness; ft
| J = subdrilling depth, ft
Cq = blasthole drillinpg cost, ¢/ft
Y = length of stemming, ft
B = borehole diameter,; in
G = explosive specific gravity
Co = explosive cost, ¢ /1b
€y = cost of loading, stémming, firing and explosive accessories,
¢/1b of explesive
8 = i:orehol,e‘ .spacing, -ft
d = ore density, tons/ftS
R = recovered copper, lb/ton of ore
The left side of the numerator gives the cost of drilling a borehole;
the rigﬁt siﬂe gives £he cost of blasting. The denominator éives the
amount of copper recovered per borehole. The formula can be adapted toA
determine thé costs for any drillting and blgSting program. To calculate
‘some sample costs for anm in situ drilling and blasting program, the fol-

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

‘11

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

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

9- and 12-1/4-in holes. Blasting 4gent costs are &ucentsflbofor AN=FQ,
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8 cents/1b 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 ft3/
ton and yields 6 1b 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 1b/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/
1b. This cost reductiqn 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 1b/yd® 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 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/1b,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 (7)
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in 1967 for fracturing an ore body with?é'totally éonfined nucleaflcharée.
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

4 adapted  toexploiting 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. Amongvthe many un-
knowns involved in blasting with he avily 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. Althouéh 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 bodypermeability, 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 with rock which has been
moved from its original location. In situ mining, where the mineral
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
bléstholes appears favorable. Analysis of leaching and dissodlution 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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FIGURE 4.-Characteristics of an "ldeal Ore Body.
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Chorge ) Gost, cents/lb Powder
diameter, Product Spfocntng, factor,

inches cel Drilling |Blasting Total Ib/cu yd
9 AN-FO 9 7.0 4.1 1.1 7.6
121/g AN-FO 121/ 3.8 4.1 7.9 7.6
12174 Non Al slurry 12174 - 3.8 9.3 3.1 10.9
1214 10% Al slurry 121/4 3.8 16.2 20.0 2.3
1214 AN—FO 183/, 1.7 1.8 3.5 3.4
12174 10% Al slurry 1 83/, 1.7 7.2 89 | 5.5

IO kton nuclear device (confined) 9.2 cents/ib
20 kton nuclear device (confined) 5.6 cents/Ib

TABLE |.—In Situ Drilling and Blasting Costs.
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IN SITU GENERATION OF ACID DURING DUMP
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ABSTRACT

Genceration of sulfuric ‘acid while leaching copper
from sulfidic material has both environmental and oper-
ational impact. The roles of acid in dump. leach chemis-
try are defined and approaches to estimation of in stitu
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 most practical. Rates indicate that 5 to 10 times
as much acild 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.

INTRODUCTLON

For many vears systematic leaching of }ow—grade waste from
open-pit mines has been an important source of copper. Copper
sulfide waste dumps are commonly high in pyrite which, {f 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
103
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the: role of acid in dump leach chemistry, to identify .approaches
to estimating the magnitude of in situ acid generation in waste
dumps, and to discuss the effects of this acid generation on the

overall leach/recovery circuit.

DUMP LEACH CHEMISTRY

The basic physical and chemical processés occurring, during
the leaching of copper sulfides in heaps or dumps and in the

-6, diagram-

copper recovery system are fairly well understood.
matic representation of a typical dump leach-copper cementation
operation is presented in Figure 1. Consider this dump as a unit
operation. On a macrpscaie (see Figure 2), solubilization of
sulfide minerals inside the dump requires that they be oxidized at
least indirectly by oxygen in the air. This air generally flows
upward through the dump by convection. Nonsulfide minerals are
already oxidized and are simply dissolved by the acid in the leach
solutipn. ‘A host of reactions involving précipitation, secondary
enrichment, hydrolysis, or ion exchange may also occur in solution
or at the different mineral-solution interfaces. Soluble copper
from both sulfide and nonsulfide sources is flushed from the dump
by application of 1leach 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. ATo avoid environ-
mental problems and to conserve water, the barren solution is then
returned to the dump surfaces to be used for.additional leaching.

Typical microscopic phenomena are shown in Figure 2. Once a
dump has heen thoroughly wetted, individual rock fragments retain
a surface film of leach water which may also fiil both rock pores
and interstitial voids. Oxygen from the gas phase dissolves in
the 1liquid film and is consumed 1in the bacterially catalyzed

oxidation of ferrous.iron to the ferric state. Ferric iron is the

direct oxidant for sulfidgs; it diffuses into the rock fragment,

v

oxidizing both copper and iron sulfides and liberating Cu+2, Fe+2

IN SITU GENERATION OF ACID 105

4

SCRAP CEMENTATION
IRON > PLANT

SoLID :
Liauio ——= COPPER
SEPARATION .

STRIPPED LEACH

SOLUTION y \\\

WASTE pump

COLLECTED
PREGNANT LEACH
SOLUTION

Figure 1. Simple Schematic of Dump Leach/Recovery Circuit

SOZZ‘ s°, H+, and heat. Reacfion products diffuse away from

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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0, DEPLETED
AIR
0,DEPLETED
AIR

- FRESH

AIR

LEACH SOLUTION )
PERCOLATING DOWNWARD

LiQuID
o
2y =02,
, ‘ Fe*t & % OyFettt
HEAT
SULFIDE
PARTICLES 7

DISCRETE ROCK FRAGMENT

Figure 2. Cross Section of Typical Dump Showing Macro- and Micro-

Scale Leééhing Phenonmenon

"reactions. FEvidence 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 enrichment.
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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 1liberates heat which warms bhoth the fluid and solid
phases within the dump and accelerates leach kinetics. Heating of
the gas phase (air.within the dump), together with oxygen deple-
tion, provides the huoyancy 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 dump

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 thé aqueous phase exchanges with hydrogen {on in the organic
extractant. This purifies and concentrates coppér.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 intermediate species are not shown.

The chemical reactions in wﬁich acid participates can be

separated into three géneral categories:

Category Reactions*
1. Acid generating 3, 4,5, 6, 8,9
2. Acid consuming 2, 10, 11, 20
3. Buffering 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

0y (gas)—22(1iq)

4 ﬁ-‘e+3

. 42
2. A4Fe +02(11q) +2H20

3. Fe§2+(15-6d)Fe+3+<8-Ad)azo——(1s-6d)Fef2+(2-d)sob’2+ds°
+(16-84)8" :

4. cuses2+(16L6c)Fe*3+(s-«c)uzo-.Cu*2+(17-6c)Fé*2+cs°+(2—c)soa'2

+(16-8c)H*

5. CuaS+(6+2a-46b) Fe+3+(l&—4b)H20-.aCu+2*(6*23—613) Fe*Z+bs°
+(1-b)504_2+(8—8b)ﬂ+

6. S°+6Fe+3+4H20—-6Fe+2+506_2+8ﬂ+

+2 : +2
7. CuFeSz+Cu —e 2CuS+Fe-

8. SCuFe32+11Cu+2+8H20——80u28+5Fe+2+2804_2+16H+

9. 5Fe32+1ACu+2+12H20—-7Cu25+5Fe+2+1AH++3SOA-2

Of the acid-generating reactions, those involving the oxidation of
sulfides (especially py;“lte) are most important. - The effect of
the extent of sulf.ide oxidation on net acid genetaition is pre-
sent.ed 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 1is the only
net autogenous sour.ce of sulfuric acid in a dump. Usually the
pyrite-to'-copper sulfide molar ratio in porphyry copper wastes is

in the range of S5 to 50 and sheer mass action dominates over
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Table 1 (Continued)

10. Kz(Mg3Fe3)(Si6A12020)(ou)A+zouf_.zx*+3pe*2+3ng*2+2A1*3
+6H,510,, :

+ -2 .
11. '.CaCO3*2H +50, +H20——CaSOA+2H20+C02

12. Fe*3s2u,0Feoon+3u"t .

2
+ +3 -2 :
13. K +3Fe “+2 = *
50, 2 +6H,0=KFe, (50, ) , (OH) ;+6H
14. 3Fet3+250 ~247H_0==Fe, (S0, ). (OH) "2H_0+5H"
304 2 3(80,),(0H) 5 "2H,

15. 2A1*3+2H20+2504_2::2A1(OH)(SOA)+2H+
+2 +3 +2
16. 0.5Ca ~+3.6A1 ~+0.7Mg “+7.7H,S5i0,=C )
o g +7.TH;S10,=Cay o (Al3 3"8o 7

i, 0'3)020(0H)4+13.2H +6.§H20

17. 2a173+2H, 510, +H_0AL_Si. 0. (OH) ,+6H"
474 2 277275 4

18. Fe®+Cu*lecuc+Fe’?
19. Fe°~f2Fe+3——3Fe+2

° + +2
20. Fe®+2H —=Fe +H2
relative reaction rates. As a result, sulfide oxidation as a

whole is a net acid source.

Acid is consumed i{n a dump through net generation of ferric
iron and acid attack of gangue minerals. Net generation of ferric
iron (i.e., ferric 4iron not consumed by sulfide oxid:atton ot
removed from solution by precipitation) is a relatively small acid
cons r . -

umer (0.005-0.015 tpd stol‘/gpm flow) when compared to con-

sumption by acid attack of gangue minerals. Generally the princi-
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TABLE 2
The Effect of the Extent of Sulfide Oxidation

on Net Acid Generation

Topal + . Net
Moles H Moles 1l Moles H
Produced Consumed by Produced
. Per Mole Requiged Per Mole
Sulfide . Sulfide Sulfide Fe Sulfide
Mineral Oxidation Product* Qxidized Production Oxidized
Pyrite 28° (d=2) o 2 -2
(Fes,) 5°+50, 7% (d=1) 8 8 0
_2 : "
ZSO4 (d=0) 16 14 2
Chalcopyrite 28°(c=2) 0 .4 A
(CuPes,)) 5°+50, 72 (c=1) 8 10 -2
-2
250, (c=0) 16 16 0
Secondary 5% (b=2) -3 2a-6 -2a-=2
Sulfide -  1/2(s°+50,72)(b=1) 0O 2a -2a
(CuaS) 304;2(b=0) 8 2a+6 ~2a+2

*See respective reaction stoichiometries in Table 1.
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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 normally too slow to bhe

of significance.

The waste dump actd—conéuming and generating reactions dis-
cuséed above are generally far from thermodynamic equilibrium,
However, hydrolysis/precipitation reactions involving sulfide
oxidation and acid/gangue reaction products méy be near equilib-
rium, and as such, those reactions involving acid serve to
"buffer" the leach sélutton pH at a "relatively constant value.
Thesé reactions include Al and Fe hydrolysis and precipitation of

goethite, jarosite, basic iron and aluminum sulfates, and kaolin.

In general, the net acid-generating/consuming nature of a
particular waste dump is dependent on & balance between many
factors.. _These 1include: the rates of sulfide oxidation, the
relative amounts of s&lfides reacting, sulfide oxidation to
sulfate or elemental sulfur, the amount of acid consumed 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 degreé
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 halance on the dumps or heaps, oxygen
balance, mineral alteration, and leach process modeling. Leach
solution stream acid balances provide an estimate of the net rate
of acid generatibn by the dump or dump systeh; heat 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 amount
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 Duncan7 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 H,80, - This maximum is
attainable only for certain sulfides such as FeSZ and requires
accompanying hydrolysis of oxidation products. A -100 mesh sample
is then titFated to pH 3.5 to compare acid consumption under
nongenerating conditions to the maximum calculated generating
capacity. If consumption exceeds calculated generating capacity,
the material is judged a non-acid source. 1f consumption is less
than calculated generating capacity, a blological oxidation test
with T. fertrooxidans 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 conteﬁt of such solutions must be defined and
related to measurable parameters. According to the Bronsted-Lowry
definition, an acid is a proton donor.g The principal acids
(proion donors) in copper sulfide dump 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 ions in solution.

The acid content of these solutisns may be defined in terms
of pH, free acid, hydrolytic acid, and total acid. ‘pH is a mea-
sure of the hydrogen lon 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
total.sf)[’-2 which must be charge balanced by H' after subtracting

out all other cation equivalents

: + U
- 2 - 1 i .
Meree ~ k15042) 7 DRZANC (1)

where Mi and + Vi represent the individual cationic species’

and their corresponding charge respectively.

TABLE 3

Typical Pregnant Leach Solution Composition

Component Concentration (gpl)
Cu . 0.5
Fe (Total) . 1.5
re*> : 1.3
Fe+2 R 0.2
Al . 5.0

" Mg ' 7.0
Ca 0.6
50, 60.0
cl . 0.2
pH = 2.50
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stimates of free acid content may be made by appropriate titra-

ion techniques, the accuracy of which increases with increasing

ree acid content in solution. However; in many dump leach

iquors, free acid is quite low ( 0.0l mole/l).

Hydrolytic acid results from water dissociation or hydrolysis

y cations (principally Fe+3 and A1+3) and is defined as the total

q- molarity:

- aplexed )
Mhydrolyti.c acid Heonyiree and complexe

.irect measurement of hydrolytic acid would be extremely difficult.

‘otal acid in terms of proton molarity is defined as the sum of

he free and hydrolytic acid:

- , N ) 4
Meotal = 2 Mfree * ‘“thydrolytic 3)

+Z/i )
V.o, ) (4}
it

+

- 2 -
total - 2"(s0;%) M)

‘quation (4) is essentially the solution charge balanc¢ with con-

- -2,
sributions of anions other than OH and soh ignored.

Freé, hydrolytic, and total acid contents of leaching solu-
tions at various points in the 1eaching circuit may be estimated
wy measuring the pH and overall ion concentrations of these solu-
zions, then theoretically calculatlng the ionilc distribution of
species, and finally applying equations (1), (), and (4) dis-

:ussed 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 betwcen 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 balnnce 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
plant. TIndividual dump on- and off-flow streams and cementation
plant head and tail 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
snlution pH's ranged from approximately 2.2 to 3.5. Chemical
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 nqueous species in solution as the
solution reacts with a mineral assemblage at a given temperature
and pressure. The mathematical'framewonk follows the theoretical

approach to chemical processes developed by H, C. Helgeson aad

Aassociates.q “The initialization step solves the appropriate mass
balance, charge balance and equilibrium expressions for the con-

centrations of all species assumed preseat in solution. Disso-

ciation constants for assumed species are specified at 25°C and
extended Debye-Huckel theory 1s used for activity coefficient
determinations. Electrical neutrality 1is forced by balancing any
charge balance error with sulfate ions, and the hydrogen ‘ion
activity is fixed by inputed room temperature (25°C) pH's. An
example of tne output of the initialization step for a cementation
plant feed solution is presented in Table S. Adm{ttedly, with the

near unity ionic strengths ‘of typical dump leach solutions, Debye-

*FASTPATH is a Kennecott developed program.
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Huckel theory is inadequate. However, calculations acte assumed to

6.40 0.55

29 m 2 2 be at least semi-quantitative.
[ -« I v — o
'l L =R T Y w0 [*al .
Distribution of species was used to caleulate. the free,
Nt o v . . . . 5 . L
v w v hydrolytic, .and total 'acid contents of ‘the sampled streams. Using
o o o o =1 o S . . . .
; estimated ‘or méasiurad flow rates {Table 4), the total daily acid

o o o o ) . Qs
®one < - _output of various streams and by difference, the net genetation or
. ’ consumption of -acid for the individual units of the leaching
o 4 o - operation were calculdted. These data are presénted in Table 6.
oK v - = .
R ) NN

. Acid bzlance results indicate the following:
T | =1 o R =
oo e " «
=R I o o .

L. 411 dumps {h both systems are net acid producers axcept
L B Ty ~r o X . < e .~ : Loan
e non = - dump' 1F. This dump ‘containg dbout -B% limestone which is
— - o — ] =
i ) réspansible. for its net acid consumption.

- afy n ’
o o o = = 2. Klmost 40% more .acid is produced BY dump system 'l ‘than
o o e - - dump systen 2 {120 stpd vs B3 gtpd)., This is not sur-
o - O . . . . . .
® d o m m prising since system 2 is a much older, statric (no waste

Y . . S

d < - currently belng -added) system with corregpandiagly lowet

tates of acid prodiction.

- o o o
o 0y o I
A ! i .
- -S4 3. ThHe cementation plant 4s a.eet acid consumer. through
© o« Vi o acid attack -of scrap iron (Eguation 19, Table 1). The
o l.“- J-q - - ) . ’ N B e B
o oF e o - H:m%ﬁmnmm consumptinn of 164 stpd of sulfuric acid
during cemdditation would résult. in ‘consumpticd .of approx-
n 9 e = < “imately 90 .dtpd ‘of ‘scrap iron which ﬁm,. in moo...._ agreement
=F D ~ = . s . - .
ENTEIN o~ ™ with' independent :caleculation of iron consumption.
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§% 5% ,
s 2= Heat Bdlance
= )
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O W s 2B e . .
& NN gn g% . : :
R Assuming that the heat effects of acld-gangue reactions axe
@ @ . L .
w3 w offset by the heat effects of basic iron sulfaté and jarosite pre-

nmvwnmhwon.,.. sulfide oxidation {itcluding the heat generated in
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TABLE 5
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Distribution of Species in Cementation Plant Head Solution

. Activity
Species Molality Coefficient Activity
A 212 x 107} 0.3065 3.715  x 1072
s .293 x 1072 0.0797 1.827 x 1073
nat? 233 x 1073 0.2338 1.691 x 1072
ne*? .984 x 1072 0.2338 4.637 x 1073
W' 860 x 1072 0.5862 3.435 x 107'2
\1(on)*2 .598 x 107 0.1539 3.998 x 1070
\L(OH), T .749 x 10718 0.6646 4.486 x 107138
1250, 467 'x 107 1.2220 7.903 x 1073
1gs0, 748 x 107" 1.2220 2.136 x 107!
"es0, 415 x 1072 1.2220 1.730 x 1072
7eso, * .846 x 1073 " 0.7896 4.616 x 1073
7e(50,),” 805 x 1072 0.789 1.425 x 1072
w*? .589 x 1073 1.2220 3.052 x 1077
1150, " .082 x 1072 0.789 4.802 x 1072
\1(50,) 5" 299 x 107! 0.789 1.025 x 1071
a0, .563 x 1077 0.6646 3.033 x 1077
‘12(0H)2*4 171 1070 0.0070 2.206 x 1073
tu, (OH) 2 .996 x 10711 0.1945 7.773 x 10712
592 x 10719 0.2338 3.723 x 10720

. +2
,u3(OH)a
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Table 5 (Continued)

Fe(ou)z+

+4
<F82(DH)2

Fé3(on)4+5
FeHSOA+
cuon”
HSO,
Mgon®
Feon”
caon’
FeoH "2
Cu(OH)2
Cu(OH)3;
Fe(oﬁ)2
Fe(OH)3
Fe(OH),
Fez(OH)3+3
A150, OH
FeSOAOH

+

H

OH™

7.449 x 1077
1.403 x 107%
1.970 x 107°
1.080 x 107°
1.613 x.107°
1.371 x 1072
5.240 x 107
8.467 x 107°
1.071 x 10713
8.082 x 107°
1.525 x 10743
1.169 x 10723

5.744 x 19710
3.695 x 10711
1.668 x 1071
6.644 x 107
5.948 x 107°
8.076 x 107
5.029 x 107°
3.989 x 10-12

0.6646

0.0070

0.

0004

.6646
.6646
6646
6646
.6646
.6646
.1539
.2220
.6646
.2220
.2220
6646
.0344
.2220
.2220
.8100

L6153

4.951
9.758

8.017

9.112
3.483

5.628

7.115:

1.244

1.853

7.768

7.020

4.515

1.108
2.288
7.269
9.870
4.074

2.455

X

119

10

=11

1o-14

10
10743

10724

10716

10-11

10

10712
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Dump Leach Circuit Acid Generation and Consumption Rates

Predicted from Solution Acid Balance

Net H,S0, Gen/Consumption

Acid Flow as HZSOA

Acid Content (Moles H2506/1)

Waste

g/sec

Tons/day

g/sec

Tons/day

Total

Free

Hydrolytic

Dump System 'l

10.00719

14.90
412.36

1.42
39.27

17.17
455.30

1.64
43.37

0.00085
0.00024
0.00024
0.00039
0.00055
0.00244

0.00634
0.00984
0.00971
0.01631
0.00722
-0.00154

1A
1B
1c
1D
1E
IF

0.01008
0.00995
n.01669
0.00767
0.00090

34.89
612.72

3.32
58.36

38.58
649.70

3.68
61.89
20.46

0.62

188.16

17,92

-0.03

214.80

-0.36

6.53

Dump System 2
39.18

0.01043
0.01103

373.86

35.61

411.30

0.01002 0.00041

2A
28

3.48 0.0t 0.06

0.33

0.00187

0.00916
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producing the required ferric oxidant) is the only significant
heat source in a leach dump. Heat is lost from a dump by two

mechanisms--convection and conduction. Convective heat 1loss
occurs. through heating of gas and liquid phases flowing through

the dump. Conductive heat loss occurs ~through dump surfaces,

Assuming short-term isothermicity, measured dump heat losses

can be equated to the heat liberated by sulfide oxidation. With
sulfide

rates, reaction products, and reaction enthalpies, the rate of

appropriate assumptions regarding relative oxidation

mnhm generation by sulfide oxidation can be back calculated.

Of all heat loss mechanisms, convective heat loss by heating
of leach solution is most easily estimated. This 1is done by

measuring temperatures and flow rates of individual dump on- and

off-flow streams. Wmmnmnmw<m temperature changes through the dump

are then equated to the heat gained or lost by use of an appro-
priate heat capacity proportionality constant. Heat lost by
removal of heated air and nosaCWnHo: through dump surfaces is much
more difficult -to determine and may account for as much as 50% of

the total heat loss.

Temperatures and flow rates of on- and off-flow streams for
the same two dump systems are summarized in Table 7. On-flow
temperatures were measured at pond surfaces and off-flow tempera-
Net convective heat losses to flowing solu-
tions were calculated using the indicated temperature mwmmmnm:nmmJ
and a leach water heat capacity and density of 1.0 cal/gm C° and
1 gm/cc, respectively. >m.vnm<wo:mww stated, these heat losses
account for only a part of the total heat generated. However,
when related to sulfide oxidation enthalpies, heat losses to
solution do place a lower limit on the estimate of in situ acid
generation by sulfide oxidation. Assuming principal sulfides of

mmmw and ocmmmn and complete oxidation of sulfide to sulfate, the
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TABLE 7

‘Dump Leach Circuit Solution Temperature

Ambient On-flow Off-flow

Waste Dump " Temp. (°C) Temp. (°C) Temp. (°C)

Dump System 1

1A 3 18.0 33.0
18 3 19.0 ° 34.5
1C 3 18.0 27.5
1D © 3 12.0 33.2
1E 3 23.5 32.5
1F 3 24.0 25.0
Dump System 2
2A -1 21.5 24.0
2B - -1 11.0 15.5
¢ - 0 12.8 18.0
2D -1 13.0 24.5
2E -3 16.0 27.0
2F -3 18.0 27.0

‘ollowing equation relates measured heat loss and reaction

nthalpies to acid generation rates.

+OH
- ANt dump (9.325) ()
H2504 OHpy + OHepy/ (FPY)
there
RHZSOA = stpd sulfuric acid generated
JaY;! o )
Bt dump = hgat gain by leach solution in Kcal/sec
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OHpy = net enthalpy for pyrite oxidation includ-
ing heat -released in providing required

ferric oxidant (-335 Kcal/mole)

OHepy = net enthalpy Ffor chalcopyrite oxidation
including heat released in providing

required ferric oxidant (-384 Kcal/mole)

- FPY = moles pyrite oxidized per mple chalco-

pyrite oxidized

9.325 = units conversion factor

Calculated heat and acid generation rates for various dumps are
presented in Table 8 for FPY values of 5; 10, and 50. As shown,
the acid generation rate becomes less seansitive to FPY as FPY
increases. The net acid generation rates determined from leach
solution acid balance are repeatéd in Table-8 for comparison. For
the most part, rates detetmined by the two methods are within an
order of magnitudé of each other. Rates calculated from acid
balances are. generally less than those determined from the heat
balance since the former represenf a net acid generation rate for
the dump aad 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. TIf the
oxygen consumption- rate is known, assumptions with -respect to
oxygen utilization efficiency, oxygen partitioning between sul-
fides, and sulfide oxidation products permit calculation of the

rate of acid generation as follows:
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L3 )
H2304

where

. OZZ EFF

SCHLITT AND JACKSON

(R, ) (0% EFF)(1.079 x 107°)
2

3.5 + 4(FpPY) -

(6)

oxygen consumption rate, moles Oz/day

percentage of consumed oxygen actually

contributing to sulfide oxidation

TABLE 8

Dump Leach Circuit Acid Generation and Consumption Rates

Predicted from Heat Balance
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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 aand 90% utilization eféiciency 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 tﬂe acid generatlon rates

indicated by acid and heat halances 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 of the

flow rate and oxygen concentration of gas exhausting from bore-

T 1 T T I T 1 1 T T ] i I T Ll | I I

140 - OXYGEN CONSUMPTION = 20%

130

OXYGEN UTILIZATION EFFICIENCY =90%

H2804 Generation Rate (stpd)

Waste AQH/ Ot - . Acid
Dump (Kcal/sec) FPY = 5 FPY = 10 FPY = -50 Balance
Dump System 1
1A 365.25 8.3 9.1 9.9 - 1.42
I8 7,137.91 161.7 178.7 194 .2 39.27
1C 375.73 8.5 9.4 10.2 3.32
1D 8,414.70 190.6 210.7 229.0 58.36
1E 2,571.31 58.2 64.4 70.0 17.92
LF 73.93 1.7 1.9 2.0 -0.03
Dump System 2
2A 1,005.70 22.8 25.2 27.4 35.61
- 2B 14.49 0.3 0.4 0.4 0.01
2C 94.08 2.1 2.4 2.6 1.38
2D 791.43 17.9 19.8 T 21,5 4,18
2E 5,424.32 122.8 135.8 147.6 37.36
2F 567.72 12.9 14.2 15.5 6.07

REQUIRED AR FLOW (Thousands of SCFM)

120 -
10
100

80 -
80 FPY=50

FPY=10

FPY=25

70 |-
60 -
50 -
a0 |
30
20
10

| N | [ I S PR B | 1 L1 1 1 | | [ 1

10 20 30 40 50 60 70 8O 90 100 110 120 130 140 150 160 170 180 190

H3S04 GENERATION RATE (Tons HyS04/Day)

Required Air Flow Vs Acid Generation Rate for Various
Values of FPY (Moles Pyrite Oxidized/Mole Chalcopyrite
Oxidized) .

Figure 3.

200
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Y
holes. Tt may also be possible to capture gés exiting over rela-
tively large dump surfaces under plastic sheeting Qith a single
outlet for gas sampling and flow measurement. Howevef, in light
of the heterogeneity of dumps, such measurements probably cannot
be extFapolaied to the dump as a whole. Such measurement problems
limit the usefulness of this technique fotr estimating in situ acid

generation rates.

Formation of Alteration Products

The type and relative abundance of alteratlion products (e.g.,
jarosite, goethite, gypsum, kaolin, and montmorillonite) within a
dump can provide at least a qualitati&c indication of the degree
of acid attack which has occurred throughout the leaching petiod;
These observations can be compared with the amount of acid
generated by‘ sulfide oxidation as determined by examination of
tesidual sulfide in leached rims of remaining rock fragments.
lowever, 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.

Mathematical Modeling -

Efforts have been made to develop a model of dump leaching
which correlates measured dump_physiéal, chemical, and mineral-
ogical parameters through appropriate mass and energy bhalance
equations io predict the dump- responses to lozn':l{.:hing.l“3 One
factor identified by such a model would be the amount of acid
generated by pyrite oxidation. However, to date such 'models,
though adequérely pointing out the relative importance of dump
operational parameters, have proved cumbersome and nonpredictive.
\s such, they are of little use in estimating in situ acid

zeneration.
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LEACH CIRCUTT [MPLICATIONS

Prior discussion has centered on the generation of sulfuric
acid during the leaching of copper from sulfidic mine waste.
However, methods for estimatingbacid generation rates within the
dump have some value from an operational point of view omnly if
they guide leach practices. Two cases 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 pH 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 1low copper production.

This situation may correct itself with time as acid-consuming
gangue is neutralized. External addition of acid to recycleq
leach solution may accelerate éhis neutralization process. Stimu-
lation of sulfide oxidation vcan also increase acid generation
rates and dump temperatures, and Fhis may improve release of
copper from the dump. However, an appropriate ¢ "nerimental test
program would be needed to select the best approach since the
cause of 1low acid generation and poor copper recovery may be

complicated and site specific.

Dumps with Net Acid Generation

Fortunately, dumps that exhibit net acid consumption are not
common, and attention has focused primarily on dumps which are net

acid generators. Howcver, even 1in 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 oa dump surfaces.
Since the bulk of the acid in the pregnant leach solutios 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
"iron. At the high pH levels, ferric iron is thermodynamically
'_unstable and will precipitate és basic iron sulfate. If this
occurs in pipelines, scale can build up and restrict flow
capacity. If it occurs on the dumps, surface permeability 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 1is also effective.’ Newer pipe haterials 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 recovéry, 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.. Furéher-
more, no iron will be added to solution during copper recovery.
Thus, iron contents in 1each»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-acidificatlon 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
mechantcalvprocedures. 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.lo

Other considerations also favor limited use of acid for dumps
that are already net acid generators. Data presented above indi-
cate that 1 to 2 x 10—3 1b acid/ton waste are generated in situ
each day in dumps with an FPY as low aé 10. Even if recycled
leach solution were acidified to pH 2.1, the amount of acid added

4 1b acid/ton waste/day. Further-

in this way is only about 2 x 107
more, this acid is added in a conceatrated 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-—
imately 0.5 gal./ffz/hr. After percolation to this depth, much of
thg 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 CONCLUSTIONS

Methods for estimating in situ sulfuric acid generation rates
based on the physics and chemistry of pyritic copper sulf#de 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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&sﬁl hglsncc eethods are most practical. The acid ‘balance

- ralth provides an estimate of the' net rate of acid generation

) f,“ihﬂ duﬂp or dump system. The heat balance approach preovides a

;idgéf 1imit on the gross rate of .acid generation by pyrite

oxidation,

In general, pyritic copper sulfide waste dumps which are
producing copper and do not contain excessive  acid-consuming
gangue .are- det’ sulfuric acid sources in the leaéh-cementatica:
cirbuit. This acid 1is produced only through pyrire éxidation.
The: bulle -of the net generated acid is consumed in the cementation
step. Data from two large dump systems ihﬁicéte net rates on the
order of lO_4 1o HZSO fron -waste/day and gross rates of wore than
10—3 1b, HZSOAIton wagte/ddy. Thus, most of the acid genérated in

the dump 1s also consumed therve,

Acid generation rates are useful 1In deciding hetween dump
leach Q@eﬁational .alterndtives Involwing 'sulfuric .acid. Rates
indicate tHat 5 to, 10 timés as.mich acid 1$ generited inm situ than
would be" added din acldifying cementation plant tails to prevent

ferric . iron precipdtation in pipelines and on dump surfaces.
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LEACHING OF PRIMARY SULFIDE ORES: LABORATORY LEACHING DATA AND
KINETICS MODEL. PROC. SOLUTION MINING SYMP.s AIME ANNUAL
MEETING: DALLASs TEXASs FEB. 25=27¢ 1974y PP. 295=323.

BRAUNs R. Les AND Ro Go MALLON. COMBINED LEACH=CIRCULATION
CALCULATION FOR PREDICTING IN-SITU COPPER LEACHING OF PRIMARY
SULFIDE ORE. TRANS. SMEs AIMEs V. 2SB8ICTING IN=-SITU COPPER
LEACHING OF PRIMARY SULFIDE ORE. TRANS. SOC. MIN. ENGo.s AIMEy
Vo 25B8s NOo 29 JUNE 1975y PP. 103~ 1109 S

BROWNSs Mo R¢ KERR GETS FIRST SALES CONTR&CT FOR URANIUM FOR

AGNEW LAKE MINE PRODUCTIONs NORTHERN MINERs V. 629 NO. 18

. JULY 15, 1976s P. 1.

17.
180

19,

BRUYNESTEYNy Ass AND Do We DUNCAN. EFFECT OF PARTICLE SIZE ON
THE MICROBIOLOGICAL LEACHING OF CHALCOPYRITE BEARING ORE.
PROC. SQLUTION MINING SYMP., AIME ANNUAL MEETINGs DALLAS,
TEXASs FEB. 25=27s 19745 PP, 324-337.

:CARNAHANe T G.v AND He 'Jo HEINEN (ASSIGNED TO: THE UNITED

STATES OF AMERICA. AS REPRESENTED BY THE SECRETARY OF THE
INTERIORe: WASHINGTON. D Ce)o CHEMICAL MINING OF COPPER

T . PORPHYRY ORES. UsSe PAT. 3,912,3309 0CT, 1ag 19?a,

CARNAHﬁNq Te_ Goo AND” Ho.J. HEINEN. SIMULATED IN SITU LEACHING
OF COPPER FROM A PORPHYRY ORE. BUMINES TPR 69s MAY 19735 11

PP,

;20.

2l

22,

23.

CARNINEs Go Tos AND L. Ro DARBEE (ASSIGNED TO FMC CORPORATIONS
NEW YORKs NoYes A CORP:; OF OfL.)s STABILIZATION OF HYDROGEN
PEROXIDE. UsSe PAT. 3938351745 MAY 145 19685 8 PP,

CATANACHs Co. Bes DEVELOPMENT AND IN PLACE LEACHING OF MOUNTAIN
CITY CHALCOCITE ORE BODY., PROC, INTERNAT. SYMP. ON COPPER
EXTRACTION AND REFININGs MET. SOCa.s AIMEs LAS VEGASs NEV.s FEB.
22-265 1976 (PUB. AS EXTRACTIVE METALLURGY oF '
COPPER~-HYDROMETALLURGY AND ELECTROWINNINGq EDo BY Jo Coe
YANNOPOULOS AND-Jde. C. AGARWAL)., PORT CITY PRESSs BALTIMORES,

MDes Ve IIs 1976s PP. 849-872.

CLARKs Do A, STATE=-OF=-THE-ART. U@ANLUMyMININGa MILLINGs AND
REFINING INDUSTRY. U.S. ENVIRONMENTAL PROTECTION AGENCY REPT.
EPA-660/2-74=038s JUNE 1974, 113 PP,

CRAWFORDs E., DEVELOPERS EYE TEXAS POTENTIAL FOR IN SITU
URANIUM LEAGHING, ENG, AND MINe Je» Ve 176s NOo, To JULY 1975
PP« 8l=82,




24,

25,

260
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DANDRFA« Do Vo ZONTA MINEs; NOTES FROM AUG. 16s 19735 VISIT TO
ZONIA MINEs ARIZONAs 19735 3 PPe3 AVAIULABLE FOR CONSULTATION
AT BUREAU OF MINESe TWIN CITIES MINING RESE&RCH CENTERs
MINNE&POLIS; MINNESOTA. _ -

DANDREA. Da Vev Qe Ao DICKQ Ro C& STECKLEYQ AND e Ca LARSONj
ACFRAGMENTATION EXPERIMENT FOR IN SITU EXTRACTION, PROC. '
SOLUTION MINING SYMPe.s AIME ANNUAL MEETINGs DALLASs TEX.s» FEB

25-27, 19745 PP. 148-161.

DANDREAs Do Ves AND W, C, LARSON:¢ PHASE I-IN SITU LEACH TESY
AT THE EMERALD ISLE MINE. BUMINES INTERNAL REPORTs 1975, 77
PP.3 AVAILABLE FOR CONSULTATION AT BUREAU OF MINESs TWIN CITIES
MINING RESEARCH CENTER, MINNEAPOLISs MINNESOTA.

DANDREA. Do, VagthD We Co LARSON. PHASE IT IN SITU LEACH TEST
AT THE EMERALD TSLE MINE. BUMINES: INTERNAL REPORTs 197Ss 24
PP.$ . -AVATLABLE FOR CONSULTATION AT BUREAU OF NINESv TWIN

".-CITIES MINING RESE&RCH CENTER; MINNEAPOL159 MINNESOTA,

-

2%.

300

3.

32.

33.

“DANDREAQ Do Vc’ Ho Ca LARbONe Pa Ge CH&MBERLAINQ AND do Ja

OLSON, SOME CONSIDERATICNS IN THE DESIGN GF BLASTS FOR IN SITU

. COPPER LEACHING. FRES. AT 17TH UsS. SYMP. ON ROCK MECH:»

SNOWBIRDs UTAHs AUG. 25=27s 19769 15 PP

DANDREAs Do Voo Wo Cs LARSONs L. Ro FLETCHERv Po Go

CHAMBERLAINs AND Wo He ENGELMANN, - SITU LEACHING éESFARCH

IN A COPPER DEPOSIT AT THE EMERALD ISLE MINE, . BUMINES RI IN

‘PREPARATIONs 19765 35 PP.

DANDREA« Do Vos AND So Me RUNKE. IN SITU :COPPER LEACHING
RESEARCH AT THE EMERALD ISLE MINE. PROC. 'JOINT MEETING OF

THEMINING AND METALLURGICAL INSTITUTE OF JAPAN AND THE AMERICAN

INSTITUTE OF MININGe METALLURGICALs AND PETROLEUM ENGINEERS,
DENVERs COLOss SEP. 1~35 1976 (PUB. AS WORLD.MINING AND METALS

‘TECHNOLOGYs EDs BY A, HEISS)e Vo ly 19765 RP, 409*419.

DEWs Jo Nes. AND We Lo MARTIN (ASSIGNED TO CONTINENTAL oIL

© COMPANYs PONCA CITYs OKLA.s A CORPORATION OF DELAWARE}. IN

SITU:ROhSTING AND LEACHING OF URANIUM ORES. UsS. PAT.
229549218 SEP. 27+ 1960, 3 PP,

DICKs R. A. IN SITU FRAGMENTATION FOR SOLUTION MINING =~ A
RESEARCH NEED. PRES. AT THE SECOND INTERNAT. SYMP. ON DRILLING
AND BLASTINGs PHOENIXs ARIZONAs FEB. 12=16¢ 1973.3 AVAILABLE
FOR CONSULTATION AT BUREAU OF MINESs TWIN CITIES MINING

RESEARCH CENTERs MINNEAPOLIS; MINNESOTA,

DRAVO CORPORATION. SOLUTION MINING. SECTION 6.6.2 IN ANALYSIS
OF LARGE SCALE NON=COAL UNDERGROUND MINING METHODSs USBM :

CONTRACT REPORT S012205%9y JANUARY 19749 PP. 455~464.
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34. DUDASv Les He MASSe AND R, BRHAPPU., ROLE OF MINERALOGY IN HEAP
AND IN SITU LEACHING OF COPPER ORES. PROC. SOLUTION MINING
SYMP.s AIME ANNUAL MEETINGs OALLASs TEXASs FEB. 25-27+ 1974,
PP, 163-209. . -

35, DUNCANs De Wes AND A, BRUYNESTEYN, ENHANCING BACTERIAL
ACTIVITY IN A URANIUM MINE., CAN. MIN. AND MET. BULL.s MAY
1971y PP. 32-36.

J6. DUNCANe Do Woes AND A, BRUYNESTEYNa MICROBICLOGICAL LEACHING
OF URANIUM, PROCe 1970 URANIUM SYMP,9 SOCORROs N. MEX.9s COMP,

BY Ro J. ROMAN9 19709 Ppo 55-610

37. DUNCANs Ds Wos Co Co WALDENs Po Co TRUSSELLs AND Eo As LOWE.
RECENT ADVANCES IN THE MICROBIOLOGICAL LEACHING OF SULFIDES.
- TRANS.' SOC. MIN. ENG.s V. 238y JUNE 1967, PP.-122-128.

38 ENGINEERING AND MINING JOURNAL. AEC 'AND KCC WILL JOINTLY STUDY
POTENTIAL GF NUCLEAR BLASTING TO MINE COPPER ORE. Vo 1749 NO.
" . G4y APRIL 19735 PP, 26-30,

36. ENGINEEQING AND MINING JOURNAL. ASARCO AND bOWYCHEMICAL TO
LEACH DEEP COPPER OREBODY IN SITU IN ARIZONA. V. 173y NOs 6,
JUNE 1972y P, .19,

40. ENGINEERING AND MINING JOURNAL., COPPER LEACKHING WITH 'CYANIDE
- A REVIEW OF FIVE INVENTIONSe. V. 168s NOo 9y SEPTEMBER 1967,

_fdiQ ENGINEERING AND MINING JOURNAL, THE COST OF LEACHING U308 IN
...STOPES AND PUMPING SOLUTION TO THE SURFACE. V. 1699 NO. 69
" -JUNE 19685 -Pe 186, , S

42. ENGINEERING AND MINING JOURNAL., 'THE EéTIMATED COST OF A
NUCLEAR. LEACHING EXPERIMENT ON COPPER OREo. V. 1695 NO. 65 JUNE

19685 P. 186,

. 43. ENGINEERING AND MINING JOURNAL. INDIA STUDIES POSSIBILITY OF
: COPPER MINING BY NUCLEAR BLASTS. V. 171ls NOo. 74 JULY 19705 33
PP,

44, ENGINEERING AND MINING JOURNAL. KENNECOTT INVESTIGATES
SOLUTION MINING POTENTIAL OF DEEP CU DEPOSITe V. 1769 NO. 9y
SEPTEMBER 19755 PPe 379 41l

45. ENGINEERING AND MINING JOURNAL., KENNECOTT SETS SIGHTS ON
NUCLEAR TEST FOR IN SITU RECOVERY OF COPPER. V. 1689 NOo 11y

NOVEMBER 1967y PP. 116=~-122.

46, ENGINEERING AND MINING JOURNAL. MINING IN=SITU BY NATURES EASY
WAY. "V, 1685 NO, 109 OCTOBER 19675 PP, 75-80.
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58e.
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ENGINEERING AND MINING JOURNAL. NEW METHOC SUGGESTED FOR
LEACHING URANIUM ORE IN PLACE. Vo 1684 NO. 5¢ MAY 1967, PP,
106-107.3 DISCUSSION OF UosSo PATENT 393099140 LEACHING OF
URANIUM ORE IN SITUs BY Jo GARDNER AND Mo I. RITCHIE.

ENGINEERING AND MINING JOURNAL, RANCHERS BIG BLAST SHATTERS
COPPER OREBODY FOR IN~SITU LEACHINbo Ve 1735 NOs 49 APRIL
19721 PP, 98-100, " I e

ENGINEERING AND MINING JOURNAL. SOLUTION MINING OPENING NEW
RESERVES. Vo 1755 NO. 75 JULY 1974s PP, 62-Tl.

ENGINEERING AND MINING JOURNAL, TEXAS-URANIUM PRODUCTION BY
IN SITU LEACHING. Vo 1769 NO. 69 JUNE 19755 Pe. 304.

FEHLNER. F. - Pos ELECTROCHEMICAL METHOD OF MINING. U.S. PAT,
39819¢2319 JUNE 255 1974y 8 PP,

FINLAYs We Lo MOLECULAR MINING OF KEWEENAW COPPERs A PRIME
CANDIDATE FOR THE ENLARGEMENT OF NON-RENEWABLE ‘MINERAL RESERVES

‘THROUGH TECHNOLOGY. PANEL DISCUSSION AT THE JOINT NAS~NAE

MEETING ON NATIONAL POLICYs WASHINGTON DoCaes OCT. 255 1973y 15
PP. TSI P ,

.- .t

FISHERs Jo R. ‘BACTERIAL LEACHING OF ELLIOT LAKE URANIUM ORE. -
CAN. MIN. AND MET. BULL.» MAY 1966, PP, 5882592, -

FISHERe Je Res Fo Ce LENDRUMy AND Bo. G. MACDERMID. LABORATORY
AND "‘UNDERGROUND STUDIES OF BACTERIAL LEACHING OF ELLIOT LAKE .
ORES. AIME ANNUAL MEETINGs 1966y 9 PP,

FITCHe Je Les AND Bo G. HURD (ASSIGNED TO MOBIL OIL

CORPORATIONy A CORPORATION OF NEW YORK). IN SITU LEACHING

‘METHOD. "U«Se PAT. 3527852325 0CT. 119 19669 S PP,

FITCHy Jo Les AND Be Go HURD (ASSIGNED TO MOBIL OIL

CORPORATIONs A CORPORATION OF NEW YORK), METHOD 'OF LEACHING

...SUBSURFACE HINERALS IN SITUs UoSo PAT, 3930951415 MAR. 14,
: 1967y 8 PP -

FLETCHERs Ds Ae (ASSIGNED TO TALLEY=FRAC CORPORATION¢ PRYOR) |
OKLA.+ A CORPe. OF DEL.). WELL FRACTURING METHOD USING ‘
EXPLOSIVE SLURRY., Ue.Se PAT. 3956195329 FEB. 99 1971s 8 PP.

FLETCHERs Jo Be IN PLACE LEACHING. SKILLINGS MINING REVIEW,
Ve 63y NOo 179 APR. 279 1974y PP. 7-10,

FLETCHERs Jo Be IN PLACE LEACHING AT MIAMI MINE, MIAMI,
ARTZONA, PRES. AT AIME CENTENNIAL ANNUAL MEETINGs SOC. OF MIN.
ENGes AIMEs NEW YORKs NeYos MARCH 1971y AIME PREPRINT 71~-AS~403
TRANS. SOC. OF MIN. ENGe.s AIMEs Vo 2509 NO. 49 DECEMBER 1971,
PP. 310-314,
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FLETCHERs Jo B. IN PLUACE LEACHING MIAMI MINE. PRES. AT
ARIZONA SECTION MEETINGs MILLING DIV.s AIMEs APR. 65 1962, ‘9
PP. :

FRANKs Jo No COST MODEL FOR SOLUTION MINING OF URANIUM, PRES.
AT THE URANIUM INDUSTRY SEMINARs GRAND JUNCTIONs COLOos 'OCT.
19=20, 19769 25 PP, .

FRANKy Jo No IN SITU LEACHING OF URANIUM. PRES. AT THE 1975
URANIUM AND THORIUM RESEARCH AND RESOURCES CONFes UoSs
GEOLOGICAL SURVEYs DENVERs COLOo9 DEC. 8-109 1975y 8 PP,

GARDNERs Joeo AND Mo I. RITCHIE (ASSIGNED TO UTAH CONSTRUCTION
AND MINING COMPANYs SAN FRANCISCOs CALIF.s A CORPORATION OF
DELAWARE). -LEACHING OF URANIUM ORE IN SITUs U.S. PAT.
3430951409 MARs 149 19679 8 PP,

GEORGEs D« Res AND Jo Re ROSS. RECOVERY OF URANIUM FROM
URANIUM MINE WATERS AND COPPER ORE LEACHING SOLUTIONS,
PROCESSING OF LOW-GRADE URANIUM ORES. PROCa OF A PANEL HELD
IN. VIENNAs JUNE 27 = JULY 1y 1966, INTERNAT. ATOMIC ENERGY
AGENCY VIENNAs 19675 PP 227-234. :

GIRARDs Los AND R, A. HARD. (ASSIGNED TO KENNECOTT COPPER
CORPORATIONy NEW YORKs NoYe)o STIMULATION OF PRODUCTION WELL
FOR IN SITU METAL MININGe U.Se PATo 3984157059 OCTe 159 19745

7 PP, .

GREENWOODs Ce Co UNDERGROUND LEACHING AT ‘CANANEA, ENG. AND
MINe Jos Vo 1215 NOo 13s MARCH 19265 PP. 518-521.

~GRiMESo Ms Eo. PREDICTION OF'URANIUM EXTRACTION IN IN=SITU

STOPE LEACHING. PROC. SOLUTION MINING SYMP.s AIME ANNUAL
MEETINGs DALLASs TEXASs FEB. 25-27+ 1974s PP. 338<353,

. -GRISWOLD» G. Bo . ROCK FRACTURING TECHNIOUES'?OR IN PLACE

LEACHING. PRES. ANNUAL MEETING OF THE SOCo. OF MINe ENGos AIMEs’
WASHINGTON DoCes FEBe. 16=20s 1969y AIME PREPRINT 69~AS=74, 4

PP

GROVESs Re Des To Ho JEFFERSy AND Go M, POTTER. LEACHING
COARSE NATIVE COPPER ORE WITH DILUTE AMMONIUM CARBONATE
SOLUTION. PROCe SOLUTION MINIMG SYMP.s AIME ANNUAL MEETING
DALLASy TEXASs FEB. 25-27, 1974, PP. 381-389,.

GUBKINs No Vo9 D, To. DESYATNIKOVs AND I. Ko RUDNEVA,
ADVANTAGES OF MINING ‘URANIUM IN INUNDATED SHEET DEPOSITS BY
UNDERGROUND LEACKING. ATOMIC ENERGYy Ve 245 NOes 69 JUNE 1968y
PP. S511-514,

HANSENs S. M. NUCLEAR BLASTING FOR MINING AND LEACHINC: WORLD
MININGs V. 19 NO, 1¢ SEPTEMBER 19655 PP. 20-27.
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5.

76

7.

78...

79,
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8I.
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HANSENs Se Mes AND A. Rs JAGER. HOW TO MAKE ORE FROM MARGINAL
DEFOSITS. ENGo AND MINo Joy Vo 1695 NOo» 12y DECEMBER 1968s PP.
75-81.

HARDs R, A, (ASSIGNED TO KENNECQOTT COPPER 'CORPORATIONs NEW
YORKs N,.Ye)e PROCESS FOR IN=SITU MININGo UsSe PATs 399105636,
0CTe 7o 1975+ S PP,

HARDy R. A.s AND R, L. RIPLEY (ASSIGNED TO UNION CARBIDE

CORPORATIONs NEW YORKs No¥s). PROCESS FOR LEACHING BASE
:AELEMENT59 ‘SUCH AS URANIUM ORE 1IN SITUo UeSe PATo. 3970852069

© AN, 2s 1973y 10 PP

HARDWICKs We R FRACTURING A DEPOSTIT WITH NUCLEAR EXPLOSIVES
AND RECOVERING COPPER BY THE IN=SITY LEACHING METH0D., BUMINES
RI 6996, 19679 48 PP. ,

HEINENs He Jos Te Go CARNAHANs AND J, A, EISELE (ASSIGNED TO
THE UNITED STATES OF AMERICAs AS REPRESENTED BY THE SECRETARY

OF THE INTERIORs WASHINGTONs DeCs)e CHEMICAL MINING OF COPPER

PORPHYRY ORESe. UeSo PAT, 358505007+ JUNE 175 1975s 6 PP

‘HEINEN;IHay AND B. PORTER. EXPERIMENTAL LEACHING OF .GOLD FROM
MINE WASTE, BUMINES RL 72509 APRIL 19699 S PP

HOCKTNGSs We: Aos ﬁND We Lo FREYBERGERo LABORATORY STUDIES OF

IN SITU AMMONIA LEACHING OF MICHIGAN COPPER ORES. PROC,
INTERNAT« SYMPo.-ON COPPER EXTRACTION AND REFININGs MET. SOC.s
AIMEs LAS VEGASs NEV.s FEB. 22-265s 1976 (PUB. AS EXTRACTIVE
METTALURGY OF COPPER=~HYDROMETALLURGY AND ELECTROWINNING» ED.
BY Jo C., YANNOPOULQS AND J. Ce AGARWAL). PORT CITY PRESSs
BALTIMORE s -MDoe Vo Ils 19765 PP. 873=906,

HOGANs 0. Ko IN=SITU COPPER LEACHING AT THE OLD RELIABLE MINE,
MINING MAGAZINEs V. 245 NOo Sy MAY 19745 PP, 353-359,

HOLDERREEDo Fo Lo COPPER EXTRACTION BY THE ACID LEACHING OF
BROKEN OREe REPORT OF PINCOCK, ALLEN AND iHOLTs INqu 19752 19

PP,

HUNKINy Go Ge CONCENTRATION PROCESSES FOR URANIUM IN SITU

..LEACH L'TQUORS. PRES. AT 10STH ANN. MEETINGs AIMEs LAS VEGAS,

NEVe.s FEB. 22-26s 19765 PREPRINT 76=B~77sy 7 PP,

HUNKINs Ge Go THE ENVIRONMENTAL IMPACT OF SOLUTION MINIMG FOR

YRANIUM, MIN. CONGo Jesv Yo 619 NOe 109 OCTOBER 1675, PP

24=27 o

KUNKINy G. Go A REVIEW OF IN SITY LEACHING. PRES. AT AIME
ANNUAL MEETINGs SOC. OF MIN., ENGos AIMEs NEW YORKs, NoYo.s FEB,
26 = MAR. 4y 19715 ATME PREPRINT 71-AS~885 23 PP,
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HURD; Be Geo AND Jo Lo FITCH (ASSIGNED TO MOBfL oIL
CORPORATIONy A CORPORATION OF NEW YORK)e. IN SITU LEACHING OF
SQBTERRANEAN“DEPOSITS. UeSe PATa 3927892339 MAR. 149 1967y 10

ITOy I. PRESENT STATUS OF PRACTICE AND RESEARCH WORKS ON
IN=PLACE LEACHING IN JUAPAN, PROC. JOINT MEETING OF THE MINING
AND METALLURGICAL INSTITUTE OF JAPAN AND THE AMERICAN INSTITUTE
OF MININGs METALLURGICALs AND PETROLEUM ENGINEERS» DENVERS
COLOcs SEP.-1-3s 1976 (FUB. AS WORLD MINING AND METALS
TECHNOLOGYs EDe BY Ao WEISS)sy Ve 19 19769 PP. 349-364,

JOHNSON, P, He ACID=-FERRIC SULFATE SOLUTIONS FOR CHEMICAL
MINING, MINING ENGINEERINGs Vo 179¢ NO. 8s AUGUST 19659 PPo
64-689 T

JOHNSONs Po Hes AND R, B. BHAPPU. CHEMICAL MINING = A STUDY
OF LEACHING “AGENTS.  NEW MEXICO BUREAU OF MINES AND MINERAL

. RESOURCESs CIRCs. 995 19699 7 PP

-JOHNSONs P, Heo AND R, B., BHAPPU. CHEMICAL MINING =~

THEORETICAL AND PRACTICAL ASPECTS. PRES. AT SME FALL MEETING

-~ ROCKY MOUNTAIN MINERALS CONFes LAS VEGASs NEVADAs SEP. 6-84

1967, 20 PP,

"KACZYNSKIs Do Aes Geo. We LOWERs AND W, Aes HOCKINGS, KINETICS

OF LEACHING METALLIC COPPER IN AQUEOUS CUPRIC AMMONIUM NITRATE
SOLUTIONS. PROC. SOLUTION MINING SYMP.s AIME ANNUAL MEETING,
DALLASs TEXASs FEB. 25-275 1974s PPo 390=400. —- ="

KALABIN: Ao I._. WINNING OF USEFUL ELEMENTS FROM MINERALS BY
LEACHING UNDERGRGUND. MINING MAGAZINEs V. 118s FEBRUARY 1968

.PP, 129-134,

KALLUSy - Mo Fo ENVIRONMENTAL ASPECTS OF URANIUM MINING AND
MILLING IN SOUTH TEXAS. U.S., ENVIRONMENTAL PROTECTION AGENCYs
EPA 906/9-75-004y OCTOBER 1975y 86 PP

KELSEAUXs Rs Mo (ASSIGNED TO CITIES SERVICE OIL COMPANYs TULSA»

. OKLAc)es STIMULATION OF RECOVERY FROM UNDERGROUND DEPOSITS.

UoSe PATo. 395939793¢ FEB. 20y 19719 8 PP,

KEYESs He Eo OISCUSSION OF IN PLACE LEACHING AT MIAMI MINE,

MIAMIy ARIZONAy BY Jo Bo FLETCHERy IN TRANS..SOCo. OF MINo ENGoo

V. 2509 NO, 49 DECEMBER 1971s.PP+v 310-314., TRANS, SOC. OF MIN.

_ENGes V. 252+ NO. 25 JUNE 1972y PP. 186-187.

LACKEYs Jo .Ae SOLUTION, MINING (IN SITU LEACHING) A LITERATURE
SURVEY. AMDEL BULL.s (THE AUSTRALIAN MINERAL DEVELOPMENT
LABORATORIES) s NO. 19s APRIL 19755 PP, 40-61.
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95. LAMPARD,y We Jo (ASSIGNED TO KENNECOTT COPPER CORPORATION, NEW
YORKy N.Ye)o CONTROLLED IN SITU LEACHING OF ORE DEPOSITS
UTILIZING PRE-SPLIT BLASTINGs Ue Se PAT, 3986359875 FEB. 49
19755 6 PP,

96. LANGy Ee Aay AND We R. ARCHIBALDo INNOVATIVE SYSTEMS FOR THE
RECOVERY OF URANIUM. PRES. AT THE NATIONAL WESTERN MIN. CONF.»
DENVERs COLOss FEBe 75 19755 PPo 1~13.3 COLORADO MINING
ASSOCes 1975 MINING YEARBOOKs PP. 1l4-118.

.-

97. LANGs L. Cos AND Wo. B. MORREY. BLAST PREPARATION FOR IN-SITU
. LEACHINGs AGNEW LAKE MINES LIMITED. PREPRINT OF PAPER TO BE
PUB. BY ENG. AND MIN. Jos JANUARY 1976,

98.‘ LANGy L. Cos AND Woe Bo MORREY. SCIENTIFIC BLASTING FOR IN-SITU
LEACHING PROVES SUCCESSFUL AT AGNEW LAKE MINES. ENGes AND MIN,
Jes Ve 1775 NOo 19 JANUARY 1976+ PPe. 100-102,

99, .LARSONs De Re A REPORT COMPARING OPEN PIT MINING AND HEAP
LEACHING WITH AN IN SITU LEACHING SYSTEM FOR A -HYPOTHETICAL

OXIDE COPPER DEPOSIT BASED ON -THE CHARACTERISTICS OF THE CACTUS
.. ‘DEPOSIT, MIAMIs ARTZONAe Mo,So THESISs UNIV. MINNESOTA, DEPT,
..-OF “MINERAL AND MEVALLURGICAL ENGo.s -JUNE 1973, 254 PP.

100. LASWELL+ G. Wo CONSIDERATIONS APPLICABLE TO UTILIZATION OF
ROTARY DRILLING FOR IN-PLACE RECOVERY OF MINERALS AND
HYDROCARBONS. REPORT FOR PINCOCKs ALLEN AND HOLTs INCe.s FEBo
19755 7 PP, .

10l. LASWELL, G. We WANTED: ROTARY DRILLING TECHNOLOGY FOR IN SITU
_MINING SYSTEMS, MINING ENGINEERINGs V. 27s NOs 1s JANUARY
19765 PP, 22-26. : S

102. LEWISs A. E. CHEMICAL MINING OF PRIMARY COPPER ORES BY USE OF
NUCLEAR TECHNOLOGY. PROC. SYMP. OF ENGINEERING WITH NUCLEAR
EXPLOSIVESs LAS VEGASs NEV.s JAN. 14=169 1970s-CONFe 7001015
.Voi-2194"PPo 907-917., L e .

103. . LEWISsy A, E. IN SITU PRESSURE LEACHING METHODo U.S. PAT,

v .. 396400579y FEBy 8s 19729 S PP,

104. LEWISe A, Eo (ASSIGNED TO THE UNITED STATES OF AMERICA AS
REPRESENTED BY THE U.S. ATOMIC EMNERGY COMMISSIONs WASHINGTON,
DeCe)e - SITU LEACHING SOLVENT EXTRACTION=-PRCCESS. Uo.S. PAT,

398239981y JULY 16y 19749 6 FP,

105. LEWIS, A. Eo.o AND R, Lo BRAUN. NUCLEAR CHEMICAL MINING OF
PRIMARY COPPER SULFIDES. PRES. AT THE AIME MEETINGs SAN
FRANCISCOs CALIFey» JAN, 279 19729 30 PP,

106 LEWISsy Ae Eey Re Lo BRAUNs C, Jo SISEMCREs AND Re Go MALLON,
NUCLEAR SOLUTION MINING-BREAKING AND LEACHING CONSIDERATIONS,
PROC. SOLUTION MINING SYMPe.s AIME ANNUAL MEETINGs DALLASH
TEXASy FEB, 25=279 1974s PP, 56-75,
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LENIS; Fe Mes AND R. Be BHAPPU, EVALUATING MINING VENTURES VIA
FEASIBILITY STUDIES. MINING ENGINEERINGs Ve 279 NOo 10
OCTOBER 1975y PP. 48-54,

LEWISy Fe Mes Co Ko CHASEy AND Re. Bo BHAPPU. ECONOMIC
EVALUATION OF IN SITU EXTRACTION FOR COPPERs GOLDs AND URANIUM.
PROCos JOINT MEETING OF THE MINING AND METALLURGICAL INSTITUTE
OF JAPAN AND THE AMERICAN INSTITUTE OF MININGs METALLURGICAL,
AND PETROLEUM ENGINEERSs DENVERs COLO.y» SEP. 1=3¢ 1976 (PUB.

AS WORLD MINING AND METALS TECHNOLOGYs ED, BY Ae WEISS)s Ve 1o
1976+ PP. 333-348.,

LIVINGSTONs Co W. METHOD OF MINING ORES INJSi}U BY LEACHING,
UeSe PAT. 298185240y DEC. 315 1957 14 PP,

LONGWELLs Re Lo 1IN PLACE LEACHING OF A MIXED COPPER ORE BODY.
PROC, SOLUTION MINING SYMP.s AIME ANNUAL MEETINGy DALLASS

TEXASs FEB. 25=275 1974y PP, 233-242,

MACGREGORs Re A. THE BACTERIAL LEACHING OF URANJUM. .NUCLEAR
APPLICATIONSy V. 65 JANUARY 1969, PP. 68-72.

MACGREGORs Re Ae RECOVERY OF U308 BY UNDERGROUND LEACHING.
PRES. AT ANNUAL GENERAL MEETINGs MONTREALs APRIL 19645 CAN.
MINes AND MET. BULLes MAY 19669 PP. 583-587. :

MACGREGORs Rs Ae URANIUM DIVIDENDS FROM BACTERIAL LEACHING.

MINING ‘ENGINEERINGs Ve 219 NOo 3¢ MARCH 1969y PP, 54=-55,

MALOUFs Eo. E« COPPER LEACHING PRACTICES. PRES. AT ANNUAL

MEETING, SOC. OF MIN., ENGos AIMEs SAN FRANCISCOs .CALIF.s FEB,

20-244° 1972 AIME. PREPRINT 72-AS-84y 7 PP,

YMALOUFy €Eo Eo« INTRODUCTION TO DUMP LEACHING PRACTICE. PART

7 OF SECOND TUTORIAL SYMP. ON EXTRACTIVE METALLURGYs UNIV.
UTAHs DEC. 14-164 1972+ 26 PP.

MALOUFe Eo Ee 'THE ROLE OF MICROORGANISMS IN CHEMICAL MINING.
MINING ENGINEERINGs Vo 235 NO. 11y NOVEMBER 19715 PP, 43-46,

"~ MARRSs L. F. UNDERGROUND LEACHING OF URANIUM AT THE PITCH

MINE. PRES, AMERICAN MIN., CONGs CONVENTIGCNs DENVERs COLOo.s
SEP. 27-30¢ 1970s 14 PPos MINe. CONGo Jes Ve 565 NOo 11l
NOVEMBER 1970s PP. 35=43,

" MARTINs Jo We (ASSIGNED TO OIL RECOVERY CORPORATIONs NEW YORK,

NeYes A CORPORATLON OF NEW YORK). RECOVERY OF URANIUM BY

.CARBONATED WATER AND SURFACE ACTION AGENTS AND WETTING AGENTS.

U.S. pAT. 3913099609 APR. 28'; 196149 & Ppo

MCKINNEYs We Aa SOLUTION MINING. MINING ENGINEERINGs V. 259
NO. 2+ FEBRUARY 19735 PP, 56-57,
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130,

121,
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MICHIGAN TECHNOLOGICAL UNIVFERSITY. A PLAN FOR DETERMIMING THE
FEASIBILITY OF AN IN SITU LEhCHING O0F WNATIVE COPPER ORES.
PREP@RED FOR HOMESTAKE COPPER COMPANYs CALUMETs MICHIGANs JUNE
l4e 19749 35 PPo

MILLERs Jo Do -PROCESSING OF LEACH ¢ L IQUORS PRODUCED BY NUCLEAR

SOLUTTON MINING. LAWRENCE LLIVERMORE LABORATORYs REFT.

UCRL-51350+ FEB. 15s 19735 18 PPa

MINING CONGRESS JOURNAL. AN EXPERIMENTAL IN=PLACE LEACHING

TEST. Ve 599 NOe Sy MAY 19?39 Pa 109

MINING ENGINEERING. KENNECOTT PROPOSES NUCLEAR MINING
EXPERIMENTS AT SAFFORD DEPQSIT. Ve 19¢ NOo 119 NOVEMBER 1967,
PPQ 66"'6?,0

MINING ENGINEERINGu KERR=MCGEES AMBROSIA COMPLEX: FROM MINED

‘ROCK TO YELLOW CAKE. V. 269 NOs Bs AUGUST 1974s PP, 28-29,

MINING ENGINEERING. RANCHERS DEVELOPMENT SETS -OFF -BLASTs WILL

LEACH AT BIG MIKEe Y°.259 NOo 8¢ AUGUST 1973+ Po 10,

MINING. HAGAZINEo "IN SITU LEACHING = A REVIEW. Vo 12%% ND.-Ev

“TSEPTEMBER 19719 PPo 213-215.

MINING RECORD (DENVERs COLORADC}o RANCHERS BLASTS OLD ‘RELTABLE
TO TEST NEW MINING TECHNIQUE. V. 835 NO. 12y MAR. 225 1972¢

Pe Lo

MINING RECORD (DENVER, COLORADO), SOLUTION MINING = CAN IT
SPEED DEVELOPMENT OF URANIUM RESERVES. V. 875 NOo 265 JUNE 23,
19765 PP. 1s 7,

MURPHYs J. NEW RETURNS FROM OLD RELIABLE. -SOURCE UNKNOWNs PP,
20-23.5 COPY AVAILABLE FOR CONSULTATION AT BUREAU OF MINES,
TWIN CITIES MINING RESEARCH CENTERs- MINNEAPOLI%& MINNESOTAe

MYERSS a,L. MINING COPPER iN.SITUa MINES MAGav-V° 31 NO.

69 JUNE 19415 PP, 255-263.

NARAYAN: Kos Po Jo RANDs AND Ro Bo MILLe. ENVIRONMENTAL
CONSIDERATIONS IN URANIUM SOLUTION MINING. PRES. AT -105TH ANNo
MEETING, AIME: LAS VEGAS: NEV.s FEB. 22-265 19765 PREPRINT

- 76~=AS~70s 12 PP.

OLSONs Jo Jas We C, LARSONs De Ro TWEETONs AND 0THER§«‘-MINING
RESEARCH FOR IMPROVED IN SITU EXTRACTION OF (URANIUM., PRES. AT

URANIUM IN SITU LEACHING CONFss SPONSORED BY AAPGs SMEs AND
SPEs VAILs COLO.s AUG, 25=27s 1976 BUMINES PREPRINTy .37 PP,

ORTLOFF, Gs Doy Co Eo¢ COOKEs JRes AN Do Ko ATWOOD (ASSIGNED
TO ESSO PRODUCTION RESEARCH COMPANY). MINERAL RECOVERYe U.Se
PAT. 395?“’5999‘ APR. 139 19?19 6 PP,
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‘135.

136.

IN!SITGFLEACHING BIBLIOGRAPHIES =~ MASTER LIST ’ PAéE 12
UesSo BUREAU OF MINESs TWIN CITIES MINING RESEARCH CENTER

PINGSs We Be BACTERIAL LEACHING. MINERAL INDUSTRIES BULLas |
Ve 25 NO. 35 MAY 1968, PP. 1-19. ,

POJARs M, IN~PLACE LEACHING OF A COPPER SULFIDE DEPOSIT.
PRES. AT _DULUTH-MEETINGs SOC. OF MIN, ENGes AIMEs DULUTH»

MINN.s JAN. 16=18s 19745 9 PP,
POPOFFs De Re BACTERIAL LEACHING MEANS NEW LIFE FOR MINE.

CANADIAN NUCLEAR TECHNOLOGYs Vo 5¢ NOo 43 JULY = AUGUST 1966,

we PR g 31“330

~137¢

' 138,

139,
1405

141.

. 1420“'~

143,
IR FEBRU“RY 19?2! pPa 62 640
144,

- 1458,

146.

PORTERs Do Ds BLAST DESIGN FOR IN SITU LEACHING. PRES. AT

'SOUTHWEST MINERAL INDUSTRY -CONFos PHOENIXs ARIZes APRo 279

19735 7 PP.§ AVAILABLE FROM Eo I« DU PONT DE NEMOURS AND CO.»

" INCes NILHINGTONq DEL. 19898,

PORTERs D. Dos AND Hs G. CARLEVATO. IN SITU LEACHING: A NEW
BLASTING CHALLENGE. PROC, SOLUTION MINING SYMP., AIME ANNUAL

MEETING, DALLASs TEXAS, FEB. 25%27» 1974 PP, 33-43.

POTTERs Ge Mo  SOLUTION MINING. HINING ENGINEEﬁIN@;;vs,zle NO .

T 1e FEBRUARY 19699 PPe 68=69.

PRESCOTT NEWSPAPER (PRESCOTTe ARIZONA)a IRKLAND BLAST HILL

~ 'OPEN NEw BODY OF COPPER: AFR. I8¢ 19739 . Po ke

© RABBs D. Do LEACHING OF COPPER ORES AND mﬁé USE OF BACTERIA.

LAWRENCE RADTATION LABORATORYs REPTo UCID=4958s JANo 229 196%5¢

.25 PP..

RABBs .D. Do  PENETRATION OF LEACH SOLUTION ~INTO “ROCKS FRACTURED
“BY A NUCLEAR EXPLOSION, ANNUAL MEETING OF SOC. OF MINe ENGas

AIMEs WASHINGTONs D.Cos FEB. 16=20s 19695 Vo 13As AIME PREPRINT

69~AS=4s 14 PP.

RABBs D. D.- SOLUTION MININGQ MINING ENGINEERINGs Ve 245 NOo

RANCHERS EXPLORATION AND DEUELOPMENT CORP., THE OLd RELIABLE

”PRUJECT - A TEST OF NEW TECHNOLOGY. COMPANY REPORTs 4 PP,

RHOADESs V. We (ASSIGNED TO CITIES SERVICE OIL COMPANYs TULSAs
OKLA.)« WURANIUM 'SOLUTION MINING PROCESS. 'WeSe PATe 3571356985
JAN, 305 19739 4 PP, _ ‘

'RHOADES« Vo We (ASSIGNED T0.--DALCO OIL COH?ANY! UNTTED STATES
.STEEL- CORPORATIONS PART INTERESYT TQO EACH). WURANIUM SOLUTION

 ---MINING PROCESSe UeSe PAT. 3579259039 FEB. 1%y 1974 4 PP.

147,

RICKARD: R. S. CHEMICAL CONSTRAINTS ON IN=SITU.LEACHING AND
METAL RECOVERY. PROC. SOLUTION MINING SYMP.s AIME ANNUAL
MEETINGs DALLASy TEXASs FEB, 25=27¢ 1974+ PP. 185-192,
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148. ROMAN, R, Jo SOLUTION MININGe MINING ENGINEERINGs Vo, 265 NQo

2s FEBRUARY 19745 PP, 43-44, -
149, ROOTs T. LEGAL ASPECTS OF MINING BY THE IN SITY LEACHING
METHOD. PRES. AT 22ND ANN. ROCKY MOUNTAIN MINERAL LAW INST.,

aSUN“VALLEYs IDAHQ JULY 22-249 19765 18 PP.

150« ROSENBAUM» Je Bes AND We A, MCKIMNEY, IN SITU RECOVERY OF
COPPER FROM SULFIDE OREBODIES FOLLOWING NUCLEAR FRACTURING,
PROC. SYMP. OF ENGINEERING WITH NUCLEAR EXPLOSIVESs LAS VEGAS,
NEV.s JANo. l4=16s 1570y CONF. 700101y V., 23 PP B77+887.,

~151. ROSENZWEIGs Mo De NEW COPPER TECHNOLOGY IS WINNING THE QRE.

o e E I

CHEMICAL ENGo.s DEC. 49 19679 PP. 88-90y 92,

152 ROUSEs J. V. ENVIRONMENTAL ASPECTS OF IN SITU MINING AND DUNMP
LEACHING. PROC. SOLUTION MINING SYMP., AIME ANNUAL MEETINGS

DALLASs TEXASs FEB. 25=-275 1974s PP. 3- 14o

"153a- RUDERSHAUSENs Ce-Ge COPPER SOLUTION MINING AT OLO RELIABLEw

PRESo AT NﬁTIONAL MEETING OF AMERICAN INST. OF CHEMECAL ENGes
~-SALT LAKE CITYs NEVes AUG. 18-21, 1974y 11 PP.

154, :ST« PETERs As Lo IN SITU LEACHING OF OREBODIEs'DESIGN AND
MANAGEMENT ., ~'REPORT FOR PINCOCKy» ALLEN AND HOLTs INCos 19754
20 P P L]

" 155. STo PETERs Ao.Le IN SITU MINING == & DESIGN FOR POSITIVE

... RESULTS,. PRES. AT FOSTH ANN. MEETINGs AIMEs LAS VEGASs NEVss
~..-FEB. 22-26y 19765 PREFRINT 76-AS=363 43 PP,

156¢ ‘SAREENs So Ses Lo GIRARDs IIls AND R. Ao HARDs STIMULATION OF
.. RECOVERY FROM UNDERGROUND DEROSITS. UsSo PAT. 3986594355 FEB.
.11y 1975, 5 PF.

T157. SCOTTs We Ge. (ASSIGNED T0. INSPIRATION CONSOLIDATED COPPER

R

nmn@GGHPﬂNYo A CURPOR#TION OF ‘MAINE). LEACHING COPPER ORES, UeSoe
... -PAT. 2556396235 AUG, Ts 1551e¢ 14 PP

I58s SELIMs As Ao A DECISION ANALYSIS APPROACHK TO IN SITU

*-rEXTRﬁCTION OF COPPER. PHo B, THESISs UNIV, MINNESOTAs
~MINNEAPQLISYy MINNe.» MARCH 1976+ 659 PP,

159, SHEFFER, He. Was AND L. G. EVANS. COPPER LEACHING PRACTICES IN

. THE WESTERN UNITED STATES. BUMINES IC 8341s 1968s S7 PP,

160, SHOCKs D, A, DEVELOPMENTS IN SOLUTION MINING PORTEND GREATER
..USE FOR IN SITU LEACHING. MINING ENGINEERINGs Ve 22y NO, 25
FEBRUARY 1970s Po 73 Lo ‘

“Y&ls SHOCKs Dw A.s AND Fo Re CONLEY. SOLUTION MINING=ITS PROMISE

AND ITS PROBLEMS. PROC. SOLUTION MINING SYMP.s AIME ANNUAL
MEETINGs DALLAS: TEXASs FEB. 25«27y 1974y PP, 79-97.
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SHOCKs Do Aos AND Jo Gu DAVISs IT. (ASSIGNED TO CONTINENTAL OIL
COMPANY+ PONCA CITYs OKLA.y A CORP. OF DELo.}e FRACTURING
METHGD IN SOLUTION MININGs UeSe PATs 39387+888s JUNE 11y 1568y

4 PP,

163,

173,

174,

SHOCKs Des Aes AND Jo Go DAVIS. HYDROFRACING AS A MINING
TECHNIQUE. PRES. AT ANNUAL MEETINGs SOC. OF MIN., ENGeo AIME,
WASHINGTONs DoCos-FEBo 16-205 19695 AIME PREPRINT 69-AS=63s 25

- P P ° kT

. SHOEMAKER: Re S; AMMONIA REVIVAL FOR THE KEWEENAW. MINING
~ENGINEERINGs V. 249 NO. Ss MAY 19725 PP. 45=47,

| SIEVERT, J. Ao (ASSIGNED TO CONTINENTAL OIL COMPANYs PONCA
~CITYS OKLAL) e IN SITU MINING USING BACTERIA. U.S. PAT,
3993745209 FEB. 10+ 1976,

SIEVERTs. Jo Acs We Lo MARTINs AND Fo Roe CONLEY. IN SITU

-EACGHING OF URANIUMs PRES, AT SOC. MIN. ENGo FALL MEETINGs ST.
C LOWISs MOes 19705 18 PP,

. .SKILLINGS MINING ﬁEVIEw. EL PASO STUDYING IN SITU LEACHING AT
.EHERALD ISLEG Vo 639 NOo 520 DEC! 28' 19749 pe 80

.. SKILLINGS MINING REVIEHe RANCHERS DETONATES LARGE BLAST AT BI1G

MIKE MINE IN NEVADA. Vo 62s NOo 29y JULY 215 19735 P. 5.

SPEDDENs He Res AND E, E. MALOUF (ASSIGNED TO KENNECOTT COPFER

.CORPORATIONs NEW YORKs NoYo)s CONTROLLED IN-SITU LEACHING OF

MINERAL VALUES. U«Se PAT. 3¢8159957¢ JUNE 11y 19745 3 PPs

" SPEDDENs He Res AND E. Eo MALOUF (ASSIGNED TO KENNECOTT COPPER

CORPORATIONs NEW YORKs NoYo)es IN=SITU GENERATION OF ACID FOR
IN=SITU LEACHING OF COPPER. UosSe PAT. 3383497605 SEP. 104
1974y 4 PP, :

SPEDDENs M. Res-Ee Es MALOUFs AND Jo DAVIS. IN, SITU LEACHING

o OF--COPPER==PILOT PLANT TEST. PRES. AT ANN. MEETINGs AIMEs NEW
. 'YORKs FEBRUARY 1971s 21 PP, L

" STECKLEYy Ro Cos We Co LARSONs Do Vo DANDREA. BLASTING TESTS

IN A PORPHYRY COPPER DEPOSIT-=IN PREPARATION FOR IN SITU

EXTRACTION. BUMINES RI 8070, 1975 57 PP.

STEWART, Re Mas AND K. E, NIERMEYERs NUCLEAR TECHNOLOGY AND
MINERAL RECOVERY. PROC. SYMPe ON ENGINEERING WITH NUCLEAR
EXPLOSIVESy LAS VEGASs NEV.s JAN. 14=16s 19?09 CONFo 7001015
Ve 25 PP. 86‘0"8769 . I

TEWESy He Ay He Be LEVYs AND Lo Lo SCHWARTZ. HNUCLEAR CHEMICAL
COPPER MINING AND REFINING: RADIOLOGICAL CONSIDERATIONS.

LAWRENCE LIVERMORE LABORATORYs REPT. UCRL=5134Ss REV. ls JUNE

31‘ 1974v 34 ppo
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175, TEXAS WATER QUALITY BOARD., IN SITU LEACHING TEST SITE NEAR
. BENEVIDASs TEXAS IN DUVAL COUNTY. PERMIT ISSUED TO UNION
CARBIDE . _

176+ TYEXAS WATER QUALITY ‘BOARD. IN SITU LEACHING TEST SITE NEAR
I BRUNIs TEXAS IN WEBB -COUNTY. PERMIT NO. 01941, ISSUED TO MOBIL
T OIL COMPANYs 1975, -

T177. TEXAS WATER QUALITY BOARD. IN SITU LEACHING TEST SITE NEAR
. .-BRUNIs TEXAS IN WEBB COUNTY. PERMIT NO. -01942s ISSUED TO
T WYOMING: MINERALS s 1975 S w -

T Y 7B TEXAS WATER QUALITY -BOARD., IN SITU LEACHING TEST SITE NEAR
ot GEGRGE WESTs TEXAS IN LIVE OAK COUNTY. PERMITs AND AMENDMENT
__....TO PERMITs NGO, 01890s ISSUED TO ATLANTIC RICHFIELD COMPANYS

=TT U JAN. 284 1975 53 PP,

.1?9.L TEXAS WATER ‘QUALITY BOARC. . IN SITU LEAGHING TEST. SITE NEAR
=" 7 .GEGRGE WESTs» TEXAS IN LIVE OAK COUNTY._ PERMIT.ISSUED TO DALCO

| 180; TEXAS WATER QUALITY BOARD. IN SITU LEACHING TEST SITE NEAR
... ~KENEDYs TEXAS IN BEE COUNTY., PERMIT ISSUED TO INTERCONTINENTAL

- ENERGY CORPORATION

"161; TEXAS WATER QUALITY BOARD. ' IN SITU LEACHING TEST SITE NEAR RAY
POINTs TEXAS IN LIVE OAK COUNTY. PERMIT NOo 0194%s ISSUED TO
~HYOMING MINERALS-~1975 o

e

———""182. THOMASs R. We LEACHING COPPER FROM WORKED-OUT AREAS OF THE RAY
. .-MINESs ARTZONA., MINs AND METes V. 19s NOVEMBER 19385 PP,
AT 4B1=485, |

. 183. TRUSSELLs Pe Cos De Wo DUNCANs AND C, C. WALDEN. BIOLOGICAL
T MINING. -CANo MINo Jes V. 859 NO. 35 MARCH 1964y PP, -46-49,

184, TUOVINENs O. Ha MICROBICLOGICAL ASPECTS IN THE LEACHING OF
.. URANIUM BY THIOBACILLUS FERROOXIDANS. ATOMIC ENERGY REVIEW,
ST T Ve 105 NOe 28 19729 PP, 251-258. : ‘

185, U.S. ATOMIC ENERGY COMMISSION. TO CONDUCT A RESEARCH IN=SITU
URANIUM SOLUTIGN-MINING PROJECT IN SWEETWATER COUNTYs WYOMING.

: e SOURCE” MATERIAL LICENSEs SUA=1223s DOCKET NO. 40~8348s ISSUED
o ~ TO MINERALS EXPLORATION CUMPANYs DEC. 31y 19745 142 PP,

186 U.S, ATOMIC ENERGY COMMISSION. FOR EXPERIMENTAL INSITU URAMIUM
LEACHING AND REFINING ACTIVITIES IN CONVERSE COUNTYs MYOMING.
SOURCE MATERIAL LICENSEs SUA-1064s DOCKET NOo. 40-8064s ISSUED
TO HUMBLE OIL AND REFINING COMPANYs NOV. 1l2s 1970+ 18 PP,

187. U.S. ATOMIC ENERGY COMMISSION. INSITU LEACHING. OF URANIUM,
CONVERSE COUNTYs WYOMING. SOQURCE MATERIAL LICENSEs SUA=1228,
DOCKET NCe 40~83580¢ ISSUED T0 ROCKY MOUNTAIN ENERGY COMPANY
FEBs 26+ 1975¢ 39 PP,
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. 1BBe--4sSy ATOMIC ENERGY COMMISSION. RESEARCH AND DEVELOPMENT INSITU

S LEACHING ACTIVITIES IN CAMPBELL COUNTYs WYOMING. SOURCE
MATERTAL LICENSE, SUA-1199s DOCKET NO, 40~8200s ISSUED TO
CLEVELAND-CLIFFS IRON COMPANYs MAY 235 1974, 43 PP,

189. UesSe. ATOMIC ENERGY COMMISSION. A SOLUTION MINING TEST PROGRAM,
CHARLIE PROPERTY, JOHNSON COUNTYs WYOMING. SOURCE MATERIAL
LICENSE,y DOCKET NO. 40~8511s ISSUED TO URANERZ UeSoAos INCoos

S6 PP.

190. U.S. BUREAU OF MINES. PROJECT PROPOSAL: PORPHY COPPER « IN
SITU RECOVERY BY LEACHING FOLLOWING NON-NUCLEAR FRACTURING.
INTERODISCIPLINARY RESEARCH TASK FORCEs COMP. BY L. Wo GIBBSS
NOVe 235 1971s (REV. DEC. 65 1971)s 20 PP.; AVAILABLE -FOR
CONSUETATION.AT BUREAU OF MINESs TWIN CITIES MINING RESEARCH

T e CENTERy MINNEAPOLISs MINNESOTA,

g S PVUTE

’ 191. Uo.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION., IN SITU
y ... LEACHING OF A NUCLEAR RUBBLIZED COPPER ORE B0ODY (IN THWO
- VOLUMES). Uo.S. ERDA REPORT NVO=155s JUNE 1975, 348 PP.

192, 'U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION. NATIONAL
"URANIUM RESQURCE EVALUATION PRELIMINARY REPORT. GRAND JUNCTION
. ... ~OFFICEs GRAND JUNCTIONs COLOos REPTe GJO-111(76)s JUNE 19765
R . -132 PP,

193, U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION,
STATISTICAL DATA OF THE URANIUM INDUSTRY, GRAND JUNCTION
. ..-OFFICEs GRAND JUNCTIONs COLO,s REPT. GJO-100(T6)s APRIL 1976,
T .87 PP, - L Y
1940 . WARDs M., Ho ENGINEERING FOR: IN SITU LEACHINGs. MINe CONGo Jos
e Vo 599 NOe. ls JANUARY 19739 PP. 21-27.

195. WARDs M. Ho SURFACE BLASTING FOLLOWED BY IN SITU LEACHING THE
. . BIG-MIKE MINE.. PROC., SOLUTION MINING SYMP.» AIME ANNUAL
=70 77 MEETING, DALLASs TEXASs FEB. 25-27s 19745 PP. 243-251.

196. WEEDs R. Co " CANANEAS PROGRAM FOR LEACHING IN PLACE. MINING .
'Tf“. ENGINEERINGs Ve 85 NOo 7o JULY 19 19565 PP. 721-723,

197, WHITEs L. IN SITU LEACHING OPENS NEW URANIUM RESERVES IN
T . . TEXAS. ENG. AND MINe Jos Ve 1765 NOo 75 JULY 1975s PP, 73~80.

_198.. - WORMSER, F. Eo LEACHING A.COPPER MINE. ENGs AND MINe Joy Vo
7. 1165 NO. 16, .OCTOBER 19235 PP. 665-670. |

= "'199. ZIMMERs P. Fes AND M. A. LEKAS. (COMP. AND ED. BY)s PROJECT
SLOOP (NUCLEAR EXPLOSIVES=-PEACEFUL APPLICATIONS). UsSe ATOMIC
ENERGY COMMISSION REPORT NO. PNE 1300y JUNE 1s 1967s 44 PP
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IN SITU LEACHING BIBLIOGRAPHY

THIS BIBLIOGKAPHY 1S SEPARATED INTO TwC PARTS,

PART 1 IS A BIBLICGRAPHY PERTAINING SPECIFICALLY
TO In SITU LEACRING AND CONTAINS ARTICLES ON EOTH
THE TECHNICAL AND GENERAL ASPECTS OF IN SITU LEACHING.
MAUOR EMPRASIS RAS BEEN PLACED ON COPPER AND URANIUM
HOWEVER SOME INFORMATION ON LEACKING OTHER COMMODITIES
SUCH AS MANGANESE., GOLDs MOLYBDENUMs ETC. IS ALSO
INCLUDED. IN ADDITION VARIOUS DOMESTIC AND FOREIGN

PATENTS ARE INCLUDED.

PART -II OF THIS BIBLIOGKAPHY PERTAINS TO ARTICLES
THAT ARE INDIRECTLY RELATED TO IN SITU LEACHINGs COVERINC
SUCH SUBJECTS AS LABORATORY LEACKHING STLLCIESs BACTERIA
LEACHINCs HYDROLOGYs CEOLOGY» METALLURCICAL ASPECTS OF

LEACHINGs AND OTHERS.

10 FEERUARY 1G76
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ACLERs +H, H. GECLCGY AND RESOURCES OF FUREIGN URANIUM
DEPOSITS. AEC URANIUM INDUSTKY SEMINAke CRAND JUNCTIONs COLQ.»
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In-Situ Leaching of Nonferrous Metals

ISLN

E n-situ leaching (ISL) of minerals has the potential of
Y opening up resources which currently are uneconom-
ical to mine by conventional methods with 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 are deep-lying, lower
grade and water saturatéd, with high low 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: .

e Commercialization of uranium production in south

Texas.! '

e Pilot operations for'uranium in' Wyoming and Colo-
rado.'

e Kennecott's development project for copper sulfide
leaching in Arizona.?

o 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 ISL 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.

e 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.

e Solvent travels through the rock and reacts with the
solid mineral, transferring the metal value to the lig-
uid phase.

e 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 make-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
technical 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):

e The majority of the capital investment is tied up in
‘the surface facility, where technology is somewhat
standard and controlled, unlike the sub-surface
component.

e A number of sub-surface mining strategies are
likely to achieve a given production capacity.

e 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.

CHEMICAL
MAKE-UP

METAL
EXTRACTOR

_t

A

 .::]
.4/1"'

STATIC FLUID PRESSURE

Fig. 1. Overview of in situ feaching

Solution volumes, flow rates determine performance

The economic performance of an in-situ operation is
governed by the following:
¢ The volume of solution processed through the sys-
tem.
® Rates of fluid injection and production from wells.
e The rate of mineral solubilization in the liquid
phase. )
e 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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e Deposit characterization
—Depth
—Ore grade
—Total contained metal
—Ore thickness
—Flow conductivity (permeability)
—Void space in rock (porosity)
—Mineral distribution in rock
—Natural groundwater flow.

e Solvent characterization
—Composition
—Rate of metal solubilization
—Interaction with gangue minerals
—Impadct on rock permeability
—Impact on materials of construction used in wells

and surface tacilities

—Trace metal solubilization and impact on surface

. processing and environmental requirements.

A final design requires specification of the following
sub-surface parameters: effluent 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 of the 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 of the 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 fucility investment. 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 production capacity, the volume
of solution continually being handled (total gpm) de-
creases as the concentration of metal in solution in-
creases. Thus, from the standpoint of surface facility

capital, it is desirable to achieve a high effluent metal

concentration.

Wells. Total well costs are related to mdnvndual well
costs, which increase with depth, and the number of
wells. Since the individual production capacity of a well
is proportional to the product of flow rate and metal
concentration in solution, it is desirable to have a high
metal concentration to achieve a high level of individual
well capacity, which in turn keeps the number of wells
at a minimum level.

Pumps. Pump investments usually increase with both
the volume of solution processed and the pressure head
against which the fluid must be pumped. High effluent
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.
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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 300 PPM URANIUM
e 1250 GPM FLOW ® 210 GPM FLOW
¢ 10 MILLION GALLONS FLUID ¢ 10 MILLION GALLONS FLUID.
IN ROCK PORES BETWEEN  IN ROCK PORES BETWEEN

WELLS WELLS -
* 5 1/2 DAYS TO DISPLACE * 33 DAYS TO DISPLACE
PORE FLUID

PORE FLUID

+ 11/2% OF OPERATING WELL ~ 9% OF OPERATING WELL
LIFE START-UP TIME LIFE START-UP TIME
NEGATIVE CASH FLOW NEGATIVE CASH FLOW
- 25 WELL UNITS + 4 WELL UNITS
~ MOVE FLUID AROUND 66 + MOVE FLUID AROUND 11
TIMES TIMES

Table 1. Opposing effects in systems handling 50 and 300 ppm ura-
nium concentrations

Start-up. 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 of the 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 rate 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 affecung major capital investments for
in'situ leaching

¢ SURFACE FACILITIES
* PRODUCTION CAPACITY
* TOTAL PLANT GPM
o WELLS
* DEPTH
* FLOW RATE PER WELL
* METAL CONCENTRATION
« PUMPS
* TOTAL PLANT GPM
* DEPTH
* PERMEABILITY
o START-UP
" OPERATING COST
* TIME TO EXCHANGE PORE-FLUID
« WELL LIFE
. POROSITY } VOLUME OF PORE FLUID
« GRADE : :
< TOTAL PLANT GPM

PUMPING HEAD

Three of the 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 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 |
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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 oxidizing agént 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 probably 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 mixture. The added cost of using peroxide in
uranium operations is tolerable, as peroxide operating
costs are in the $1 to $2 per Ib uranium range. In leach-
ing copper sulfides, gaseous oxygen is the only choice,
as even at minimum consumption oxygen costs are 5¢
per pound of copper and use of peroxide would ap-
proach the selling price of the 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 of the 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 vertical
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 of the ore-reducing
capacity and water table (oxygen requirements versus
solubility). To achieve copper loadings above 4 Ib per
1000 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 presence of
free gas in the rock affects both the rate of liquid injec-
tion and the operation of the 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 forms. 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 low
rate and concentration, will continue to increase, al-
though at a lower rate than with a soluble oxidant, until
a point i1s 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 separa-
tions and injected oxygen concentrations have to be bal-
anced when free gas is present in the deposit to insure
that an adequate oxidizing condition can.be maintained

TECHNICAL
$ UNCERTAINTY

SURFACE
FACILITY

SUB-S

Fig. 2.-Although the technical aspects of in situ leaching can vary
widely, most ISL systems have in common high capital investment
in the surface facilities, where the technology is standard and con-
trolled, unlike the sub-surface component

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 of the rock be-
tween wells. Two actions can be taken to compensate
for gas venting. .

e Increase the level of oxygen 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. " .

e Reduce well spucing. 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 frequency at which well patterns are brought into
production have significant economic and technical im-
pact on operation of the process. Frequent replacement
or addition of wells relative to the life of the 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 performance of the 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 also has both economic
and technical significance. Should the well spacing be
made too large, then the time required to displace the
water from the well pattern with enriched metal solution
is high. resulting in negative cash low impact on overall
economic performance. Short well spacings provide on-
ly a limited time for the solvent to react with mineral

Donald H. Davidson’is deputy manager
"of project development at TRW's Re-
source Development Organization. He
was emploved from 1971 until 1978 by
Kennecott Copper Corp:, where he
worked on the development of in-situ
leaching, and from 1967 1o 1971 he ways
affiliated with Shell Development Co,
Davidson holds a PhD in chemical en-

gineering from New York University,
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and enrich lhe metal value in solutnon 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 hydrological testing
of the deposit can provide sufficient data such that well
separations can be adjusted to insure equal travel times

premature loading declines.

In conclusion, in-situ leaching of non-ferrous metals
has developed to a considerable extent over the last
decade. As experience is gained in dealing with subsur-
fuce operations, it is likely that additional quantities of
the large U.S. resource of fow grade non-ferrous ore
can be brought into economic production. ¢
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of fluids in the deposit. This avoids uneven mining and’

continued from p. 25
er that we're paying no attention to the debate. One just
has to learn how 10 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 legislature, the first thing to
figure out is whether you're dealing with a professional
legislature or a part time legislature. Most of your West-

instance, has a full-time legislature. Again, you're gomg
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, [ remember
that. Don't be defensive about saying you don’t know
something. Just make 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 tosee
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 prepdred 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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ern mining states have part-timers, but California, for |

legislature. In Utah, one of them 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
because they don’t tike 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 when
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 up and giving a speech, while it may be just the
opposite.

It is particularly important for-a lobbyist to try to like
the folks he is dealing with. You can't be very etfective
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 different folks. It
might be difficuit for lobbyists to approach each person
differently 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 ferms 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. He is likely to become resentful and take an op-
posite stand. When people feel that they ""own a legisla-
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 oftf-season. Then,
when you have to influence the fegisiator, at least you
have access. Then, use positive reinforcement in deal-
ing with the official.

The last thing 1 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. @

Genevieve Atwood has been a senior geologist for Ford,

Bacon und Davis Utah Inc. since 1975, Earlier experience in-
cludes twa vears as stafl officer, Energy Studies Board at the
National Academy of Sciences. and a year as field geologist

Jor the government of Honduras. Atwood has been a member

of the Utaly House of Representatives for five years.
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[57] ABSTRACT

Producing a’fracture network in deep rock, e.g.,in an
ore bady, by detonating explosive charges sequentially

in separate cavities therein, the detonations producing a
cluster of overlapping fracture zenes and each detona-
tion occurring-afierliquid has entered the fraction zones
produced by previous adJaccnt detonations. High per-
meability is maintained in an explosively fractured seg:
ment of rock by flushing the fractured rock with liquid,
i.€., by sweeping liguid.through the fracture zones with
high-pressure gas, between sequestial detonations

therein so-asto enirain 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 sity via
a number of holes previously used as injection holes in
the flushing procedure and a number of holes which are
preseérved 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 of the ore with lixiviant and high-pres-
sure gas; e.g., air, using, in the case of the in situ leach-
ing of an exploswe!y fractured ore body, a laterat and
upward flow of lixiviantfrom. zones that have béen less
severely, to others that have been most. severely,
worked by multiple detonations:in the ore body.

23 Claims, 4 Drawing Figures
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1
IN SITU LEACHING OF ORE BODIES

This is a continuation, of application Ser. No.
382,845, filed July 26, 1973 now abandoned.

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
baodies 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
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
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-
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.

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
leaching rate would be too low to support a commercial
leaching operation. In such cases, it becomes necessary
to prepare the ore for leaching, by fragmenting it in a
manner such as to provide the necessary permeability
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-
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
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-
plosive charges in deep reservoir rock has been de-
scribed in a method for stimulating hydrocarbon-bear-
ing rock, e.g., in U.S. Pat. No. 3,674,089. However, if a
deep ore body, i.e., one lying at depths of about from
100 to 3000 feet from the surface, is to be effectively
leached in place, and the ore prepared for leaching by
blasting, i.e., blasting in the absence of a 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-
quired for efficient leaching.

The leachability of a fractured ore body depends on
the size of the ore fragments, and on the permeability of
the intact ore as well as of the fracture system separat-
ing the fragments. The permeability of the fracture
system separating the fragments, which is variable and
generally much higher than the permeability of a single
fragment, is determined by a network of wider, open
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fractures {determining the permeability of the ore body
as a whole), and a network of narrower, open fractures
(determining the irrigability of individual particles to be
leached). Therefore, in explosively fracturing a segment
of an ore body to prepare it properly for in situ leaching,
the objective is not simply an indiscriminate reduction
in the fragment size of the 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 liguid.

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) positioning 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 effect of a succession of detonations of explosive
charges in a group of adjacent 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 to 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 blasting process and
serve as an additional set of passageways, leading from
substantially the top 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 to
entrain the fines found in the fracture zones, and the
fines-laden liquid removed from the rock. This flushing
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of the blasted rock is achieved by sweeping or driving
liguid at high velocity through: the fracturc: zanes by
mjectmg gas inio said zoncs at high pressure, the llqmd
moving lalerally and wpwardly through the blasted
rock, passing into the fractures, for example; from the
passageways formed by uncharged substaniially ‘verti-
cal.drill holes and out of the fraciures into passageways
formed by preserved sections of subitantially vertical
détonated holes located.in the overburden. Best results
are achieved when substantially each detonation is fol-
jowéd by a flushing step applied to the fracture zone
thereby produced, before the next detonation in an
adjacent cavity occurs, and this is preferred. In the
leaching of a mass of ore; e.g., in the in-situ Jeaching of
an explosively fractured ore body or in dump leaching,
fines also preferably are flushed out of fractures therein
bysweeping the lixiviant-therethrough at high velocity
by high-pressure gas.

Theterm “deep” as used herein ta describe a subsur-
face segment of rock denotes a depth at which the deto-
nation. causes no significant change in the overlying
topography, i.e,, the surface does not swell. As’a rule,
“deep” rock as described herein lies at.a depth of at léast
100,-and usually not more than 3000, feet. “Fracture
zones” and “fractured rock” herein denote zories and
rock in which new fractures have been formed, or exist-
ing fractures opened up, by the detonations. “Fractur-
ing” denctes herein a treatent which reduces. thesize
of, and/or misaligns, rock fragments.

BRIEF DESCRIPTION OF THE DRAWING

The explosive fracturing process of the invention will
be described with reference. to the attached drawing in
whiich

FIG. 1 is a schematic répresentation in plan view of a
subsurface ségment of rock which has been fragmented
by the blast/flush process of the invention, and the
liguid circulation pattern between holes thereim;

FIG. 2 is a schematic representation in elevation
‘showing the surface-to-surface liquid circulation pat-
‘tern through the segment of rock shown in FIG. L;

FIG. 3 is a schematic represenmuon of a shot ho]e
pattern described in the example; and

FIG. 4 is a plot showing the effect of repeated blast/-
flush operations on the permeability of a fracture.zone
produced with the shot hole pattern shown in FIG. 3,

DETAILED DESCRIPTION OF THE
INVENTION

In the present process, explosive charges are deto-
nated sequentially in separate cavities in a segment of
minéralized rock to be fractured, each detonation in tlie
sequence producing a zone of fracture-in the rock and
being delayed until liquid is present in the fractured
rock around the cavity containing the charge to be
detoriated, especially in fracture Zones produced by the
previous detopation of charges in cavities adjacent
theréto. Thus, the detonations occur while fractures in
the surrounding rock are filled with liguid, or the rock
is in a flooded, or liquid-soaked, coadition. The cavities,
€.g., dnill holes or tunnels, containing the. explosive
charges are spaced sufficiently close together, and the
charges are sufficiently large, that the.fracture zones
produced by the detonations therein overlap one an-
other. Thus, each fracture zone is within the region of
influeace of other-detonations and is subject to the cu-
mulative effect of a succession of detonations of explo-
sive charges in a group of adjacent ¢avities. This cumu-
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lative effect permils- thé fragment §izé.réduciion and
disorientation needed to enhance leachability 1o be ob-
tatned readily from the available éxplosive energy. The
degree of overlipping of ihe fracture zones, which are
generally cylindrical in shape, is at Jeast that required to
logate 4ll of the rock, ih the segment of rock t6 be frac-
tured, within the fracture zone produced by the detena-
tion of at least one'of the chargés. )

The cavities in the assemblage in which explosive
charges are td be detonated (i.e., blast cavities) can be-
substantially vertical holes (shot or blast holes) drilled
into the segment of rock from the surface or from a
cavity in. the:rock, or substbmiaily horizontal cavities
such as mnne]s driven in the rock, e.g., fiom 2 hillside
or shaft. Whether the cavity volume is provided by
tunnel driving technigues such as are employed in coy-

-ote blasts, for example; or drilling techniques, possibly

associdted with chambering procedures, will bé largely
a question of economics, although technical practicabil-
ity depending on such factors as iopography, compres-
sive strength of the rock, etc.,, will influence the selec-
tion of the method. Substantially vertical drill holes are
preferréd in'many cases since the preserved sections of
the shot holes can be used subseguently as. passageways
to.or from the fractured. rock, reducing the number of
holes needed to be. drilled solely to provide passage-
ways for liquid injection or gjection.

Although the blast cavities need not form a regular
pattern, and regularity of pattern: actuaily may not be
desirable. or practical, a somewhat régular pattern ‘is
md:cated in a formation of reasonably uniform contour,
structare; and physwai strength to assurc-a high degree
of uniformity in the fracture network produced. In
some cases,'as core tests reveal unpredictable changes in
the rock occurring during the seqvéntial blasting pro-
cess, it may-be desirable to deviate from a regular pat-
tern, e.g., to use one or more additional blast' cavities
wheére needed to provide the required overlapping of
fracture: zones. Nevertheless, substantial regularity of
pattern generally will be provided in the arrangement of
most of the Blast cavities. It will be understood, of
course, that in the case of substantially vertical drill
holes the actual pattern of the holes within the segment
of rock to be fractured may approach, rather than
match, the hole pattern at the surface, inasmuch as the

available drilling equipment may not be counted on to

produceé parallel holes at depths-of the order considered

‘herein.

Regardless of the blast cavily paitern employed, the

distance-between explosive charges (and, also‘therefore,
‘between cavities) of a given composition and size is

such that.a cluster of everlapping fracture zones is pro-
duced by the detonation of adjacent charges, Although
it inay fot be possible to delineate the fracture zones
with precision, the extent or radius of the fracture zone
that.can be expected 1o resilt from the detonation of an
exploswe charge of a given-composition, density, shape,
and size.under & given ainount 6f confinement in & given
geological mass can be approximated by making some
experiméntal shots and studying the fracture zénes sur-
rounding the blast cavities by using one or.more geo-
physical methods. Such methods include (1) coring, (2)
mezsurements in satellite holes of compressional and
shear wave propagation, of pcrmeabl]ny, and of electri-
cal’conductivity, and (3) acoustic holugraphy Based on
these studies, the cavities are spaced close enough to-
gether to provide the required overiapping of fracture
zones.
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“Adiacent” blast cavities or eaplosive charges, as
described herein, are blast cavities or explosive charges
which. zlthongh spaced from one unother, are immedi-
ate or nearest neighbors 1o one another, as contrasted to
blast cavities or explosive charges which are more dis-
tant neighbors or separated {from one another by one or
more other blast cavities or explosive charges.

Although I do not-intend that my invention be limited
by theoretical considerations, the delaying of each deto-
nation until liquid is present in the fracture volume
surrounding the cavities is believed to 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 of the 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 fracture zones are
flooded, each fracture zone will be swelled in incre-
ments, with each detonation jacking it to larger volume,
and higher permeability, against the pressure of the
surrounding rock. The present process makes use of the
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
blasting. A liquid pressure in the fractures at 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
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 lig-
vids 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
sensitive to be detonated in said zones. Thus, while
small amounts of the explosive charges may escape into
the fracture zones, such material will behave as a non-
explosive liquid therein. Accordingly, the flooding lig-
uid is non-explosive. '

A preferred blast cavity pattern for use in the present
process is one in which substantially all of the internal
cavities, i.e., cavities not located at the edge of the pat-
tern, are surrounded by at least four adjacent blast cavi-
ties, ¢.g., a pattern in which the blast cavities are at the
corners of adjacent polygons, which are either quadran-
gles or triangles and which are as close to equilateral as
permitted by wander of the cavities, as shown in FIG. 1.
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Although all of the blast holes in a group of adjacen:
substantially vertical drill holes can be drilled prior to
the sequential detonation of the 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
shot 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 of a group of adjacent holes, load the hole
or chamber with 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 after 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 to 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 water 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 into any available nearby
uncharged cavities, at a sufficiently high flow rate to
cause the rock to be blasted to be in a flooded condition
at the time of detonation. ’

As stated previously, liquid is present in the rock
around each cavity prior to the detonation of the 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 throughout the height of the formation where
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fracturing; will occur. With horizonial cavities, the lig-
uid level in'the rock around the cavity-should beat least
as'high as the radjus of fracture to be produced by the
detonation of the ¢harge therein. Wlhicn the segment of
rock t6 be fractured is located below the water table,
the pasition of the water table above it will conform to
the water levels in undisturbed heles, and :may be in-
ferred at other locations by interpolation betweén the
elevations of the water levels in undisturbed holes, Asa
practical matter, the water table will almost always be
sufficiently horizontal that the first charge canbe deto-
nated when the eléevation of the liquid level in any
nearby hole is-at least as high as the elevation to be
reached by the top of the charge {or radivs of fracture
in the hofizontal cav1ty case). If the lzquld level is mea-
sured in the cavity in which the charge i§'to be deto-
natéd, the level before loading of the eiplosive into the
cavity should be the level measured. Afier the deiona-
tion, the liguid ievel in cavities ‘within -the resulting
fracture zone-drops in propostion te the new fracture.
volume. produced, the expulsion: of liquid from the im-
médiate vicinity of the charge by the gaseous preducts
of detonation, and the drainage of liquid into the cavity
created -by fhe detonation. The detonation of the next.

charge in the sequence.in a cavity adjacent to the first is
delayed until the liquid in the formation arouad the next

‘cavity’ (inc]uding the new fracture volume produced by

the previcus detonation in an-adjacent cavity) returns to
its required levél: It is understoad, however, that explo-
sive charges in blast cavities elsewhere in a seciién of
the formation that isiet strongly influenced by a previ-
cus detonation (i.e., where the liquid level has not

.dropped below the requlrcd ‘elevation as a result of the

prcwous detonation) can be detonated at any time- after
the previous detonation: The delay to allow ﬂacdmg
applies to detonitions in cavities which are adjacent to
previousty deionated cavities, where the previously
formed fracture.zones will be subject to'the éffect of the
next detonation.

As was stated previously, some of the holés in an
assemblagé.of substantially vertical hioles preférably are
left uncharged with explosive, these holes providing
passageways to the fractured rock to aliow the intro-
duction of gases and/or llqmds thereto, e.g., in a subse-
guent leaching aperation. These holés, which can thus
be looked -upon as injection holes (although they may

serve as ¢jection or- recovery holes dcpendmg on the.

required flow pattern),-are.alsé useful in preparing the
ore body for leaching, as will be described more fully
hereinafter, and it i§ preferred, on the basis of ¢ase of

drilling, that they be drilled prior to the sequential deto-

nation process in hofes -surrounding them. Pre-drilled
injection heles are provided-with a support casing, e.g.,

unperforated plpe grouted to the upger part of the hole.
wall, at least in the section theréof located in- the Segs

ment of rock to be fractured, and ungrouted perforated
pipe or.a wellscréen in the bottom section of the hale, in
order tg prevent hole collapse as a result of the detona-
tions. Inasmuch as fiill-length casing will be required for
subsequent leaching operations, however, the full

length of theiinjection’ holes usually will be cased prior

to blasting. Damage to the injection piping-is minimized
in the.present, blasting process owing to the.sequential,
long-delay character ‘of the multiple:detonations.

The location and pattern of the injection holes are
selected on the basis of their intended funciion during
the fractunng and Jeaching. processes, which will be
described in detail hereinafter. The overali purpose of
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these holes usually isto prowde a means for lntroducmg
gases and/or liquids into the fracture nétwork pro-
duced, or being produced, and therefore the injection
holes should be distributed throughout the segment of
rock among the blast cavities in.a mariner such that they
lie within the fracture zones produced by the detona-
tions. After the detonation of the charge.in a substan.
tially vertical shot hole, the resulting fracture zone
permits communication between a neighboring. inje¢-

tion hole and the-portion of the shot hole remaining in

the overburden. The shot hole remnants thereby -act as
passageways to complete the liquid circuit through the
fractared rock.

If injection holes are present in the formation during
the sequential détonation process, an . injection hole
lying within the fracture zone preduced by a previous
detonation in a cavity adjacent 16 a cavity to bé shot can
bé employed 10 determine whether the liquid level in
the rock surrounding the cavity to be shot has récov-
ered sufficiently to flood the séction to be blasted.
Whenever an hydraulic potential {e.g., 2 liquid level)
measurement is required after a blast cavity has been
loaded with explosive, a-nearby injection hole can be
used. When the segment of rock to be blasted is at least
partly above the. water table, liquid is introduced into

the rock in the cavity to be shot, in previously deto-

nated cavities adjacént thereto, and/or in nearby injec-
tion holes. Flooding via multiple cavities is preferred.
Liguid is run into a blast cavity after the exploswe
charge: has been emplaced therein (if the charge is stable

in the presence of water), and liguid level measure-

ments; if required, are made in nearby injection holes. It.
should be understood that; in practice, hydraulic poten-
tial measuremenis, €.g., pressure- measureménts made
with a piezometer, or liquid level measurements, will
not be-required after each detonation, inasmuch as the
experience -gained in determining the necessary delay
times to permit recovery of hydraulic potential between

-a few of the early detonations in the sequencé will usu-
ally allow the practitioner to select with confidence
suitable delay times to be used between subsequent

detonations. .

Although the exact delay required depends on the
size-of each blast, the void volume to be filled, the eleva-
tion. of the segmerit to'be blasted relative to the water
table, and the hydraulic transmissibility of the surround-
ing rock, delays on'the order 6f hours or days generally
will be needed. As a practical matter, the time required
for a shot holé to be drilled, or a tunné) to be driven, and
loaded with explosive usually will be-more than suffi-
cient for.the hydraulic potential around the cavity and
the préviously detonated adjacent cavities to recover o
the minimum required.level either by natural influx of
water from the surroundmg rock or. by introduction
through cavities made: in the f'ormauon In general,
délay times betwéen detonations of at.least about one
haur, ;and typically in the range of about from 4 to 24
Hours, aré sufficient for flooding to take place, although
much longer delays, e.g,, in the range of about from 4 to
30 days, may bé. employed in.order to prepare the next
blast cavity for blasting. It will be undesstood that these
delays refer to the time between detonations of adjacent
charges, dnd that one of more charges whase zones of

fracture are non-adjacent (i.c.,,whose regions of influ-

ence are mutually exclusive) can be.detonatéd at much

shorter delay times or ‘even simultaneously.

I have found that when sequential blasting is carried
out in less compétent, brokern, or clayey rock, the per-
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meability of the rock may be decreased, although the
fracture volume is increased, by the blasting. Lost per-
meability can be restored by flushing of the fraciured
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
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
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
the surface through one or more detonated shot holes,
in the preserved sections of the latter 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
to sweep ahead the liquid already present in the 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
two-phase flow in a generally upward direction and
laterally in the direction of the 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
zones of severest fracture, where their concentration is
heaviest, from which zones they are ejected with the
liquid. This direction of sweep is preferred inasmuch as
the reverse direction drives the fines more deeply into
the less severely worked zones of the formation away
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 to
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 injection zones in a given injection
hole can be employed, one substantially at the bottom of
the fractured rock and one or more others above it.

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
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
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 of the operation
and falls as gas injection proceeds.

Although there can be much variation in the number
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 preferred that a
detonation in any given cavity be followed by detona-
tions in no more than two or three adjacent cavities, and
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
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some formations, if a given fracture zone is subjected to
a number of subsequent detonations without the inter-
vention of flushing, restoration of permeability by 2
later flushing becomes difficult because the fractures
may have become plugged up too tightly with fines.
Therefore, d 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 into 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
set of holes. The bottom ends of the pipes and any other
positions along the pipes where lixiviants are to 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 NH4OH/water for ores
having a high acid consumption), which is a liquid, and
a gas, usually an oxidizing gas, preferably oxygen, air,
NO;, or mixtures thereof, are injected into 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 constant
flow rates of gas and liquid at the injection holes, a
surging, high-velocity flow develops in the rock which

t
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is believed-to be beneficial in {1} removing fisies arpund
the ore fngmuﬂ,: (<uch fines being crealed during the
!f‘dt}lmb process in forms sychi as du.u.pl[alr_d ore
slimes and precipitated iron salis), {2) increasing the
leuching rite as a result of the cyclie squeezing of thé
ore- fragmenls from the pressure Nluctuations associated
with the surping flow, and (3) wnrklng the ore gently so
as to coltapse. wide openings among the [ragments that
miay develop during the leaching process and can cause
channelling of leaching-solution. Sweeping the lixiviant
laterally toward collection points in: the more severely
worked fracture tegitas of the ore body, and from
injectipn points in the less severely worked- regions
reduces-the chances that-a more intense clogging of the
ore body with fines will accur.

The circulation patiern employed in the leaching:

process as well ds'in the flushing- steps of the fracmnng
process may.be understood more clearly by referénce to
the accompanying drawmg ‘In FIG. 1, the holes desig-
nated by the letter § are substantially vertical shot
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 dnd also denoted by the

letter S, to indicate.a previous shot hole. The shot holes.

.father than thé fracturé zones-are shown in the lower
half of the figure so that-liquid circulation lines can be
indicated clearly. It should be undersicod, however,
that upon completion of the entire blast sequence all

shot holes a+e surrounded by fracture zones (as depicted .

in the upper half of the figuré) in the sections thereof
located in the rock segment that was blasted. In the
seclions oveflying the blasted segment, the shot holes

remain substantially intact and in’thesé sections alt shot :

“holes appear as they are shown in the Jower half of the

ﬁgure The preserved upper séctions of the shot holes
are ejection holes in ‘the flushing steps of the blasting
process, and recovery holes in the leaching process. In
the hole arrangement illusirated in FIG. 1, the shot
holes are.arranged in a trigonal pattern wherein lines
between adjacént holes form substantta]ly equllatera]
‘triangles.

The. holes designated I are mJectlon holes. These
holes are uniformly disiributed amiong the skot Holes as
shown. The: arrows. indicate the direction of flow of
liguid fronm injection holes ¥y, Xz, 13, 14, 15 and Tgto the
preserved upper section of shot-hole Sy;.and from m_]ec-
tion holes Iy, Is, I3, Is,.and twdiother undeplcted injec-

tion holes to the preserved upper section of shot hole !

83. THe preserved upper section of shot hole S3 is
plugged off while shot holes Syand Szare being used for
flushing or as recovery holes for pregnant leach solu-
tion. Al thessame time, Yiquid injected inio these injec-
tion holes is being-driven to other open shot holes.

In FIG. 2, piping in"injection hole L'and shot hble.§ is
shown-as it passes through overburden 1 tg the frac-
tured rock ségment 2. Piping 6 in-injection hole I leads
from the earth’s sur{acc 3 to substantialty the bottom of
rock ségment 2. Piping 7 in shot hole S leads from the
earth’s surface 3 to the topof rock segmént.2. Fracture
zone 4 has been produccd by the detonation of an explo-

sive;chargein shot hole 8, which béfore the defonation

led to substantially the bottom of rock segment 2. Pip-
ing 7 terminates in well séreen 5, and piping 6 is pro-
vided with peri’oranons vertically spaced along ‘the
length thereof located in rock segment 2. In the flushing
steps of the fracturing process, and in the Jeaching pro-
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cess, Tiquid i5. injected into fraclured rock segment 2
through the perfgrations in piping 6, then'is driven by

" pressurized gas through the fractured rock as mdmatcd

by the arrows, and leaves the top of the rock ‘segment
through piping 7. Lateral as well as upward flew oceurs
from the less severely workeéd zone aroind hole T to the
most severely worked zone, i.e., {racture-zone 4.
Regulation of the rate at which gas and liquid lixivi-
ant-are injected and cotlected at the vanicus injection
and collection holes allows a high degree of control of
the in situ leaching process. By the opération of ¢ontro)
valves, the injection and collection pressures can be

regulated to obtain a relatively uniform flow through
the ore body- in spitg of variations in perméeability. from

place to place: Shifting the injection or collection from
one set of holes 1o another will Ehange the diréction of
flow through the ore and can beused to frustrate chan-
fAelling. The regulation of pressures and flow rates at the
various holes can be uwsed to maintain a net flow of

ground water toward the operation under conditions

that might-otherwise résult in-the eScape of leach solu-
tion. Leakage-of the leach solution is also reduced in the
present process 45 a result of the carriage of some of the
fines. away from the area of gas agitation where they
sefile 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 patierns
are changed to-obtain uniform and complete leaching
throughout the:ore.

When lixiviant. is introdoced into an. injection hote
simultaneousty with gas, its injection pressure:shoutd be
equal tao that of 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
some casés, &specially at gredter depths, the injection of
lixiviant and oxidizing gas at sufficient pressure to ea-
ceed the. lithostatic pressure may be necessary in order
to get sufficient flow rate through theore. If, in some or
ali of the injection holes, there are periods of time when
lixiviant alone #§ introduced into the ore, this iniroduc-
tion preferably is done at-a.pressure at least a5 high-as
the lithostatic: pressuré:at the injection position. That is,
the; \pumping pressure preferably is at.least as high as the
lithostatié.pressure-minus the heads of fluid in the piping

Aeading from the pump to the injection position.

According to the present invention, permeability can
be increased also in ore masses such as mine. waste
dumps by driving lixiviant through fractures therein by

‘means-of gas at sufficiently high pressure thét the lixivi-

ant is swept Ihrough at a rate sufficiently high te entrain
fines present in the fractures, and removing ihe fines-
laden lixiviant from the ore mass.

In a prefefréd émbodiment of the present process, the
sections of substantially vertical shot holes which are,
located in the segment of rock to be fractured are first
chambered to larger diameter, and the explosive
¢harges positioned in the chambered portions. In this
procédure; drilling costs are reduced by grilling widely

spaced-apart shat holes of smaller diameter than is re-

quired to accommodate the size of explosive charges 1o
be employed, and enlarging or “springing” the lawer
parts of the:shot holes 10 produce chambers having the
volume required to hold ‘the éxplosive charge. The.
sections of the holes i in the rock segment are chambered
gither by dnllmg them out, e.g., with an expansion bit,
or by-detonating explasive charges therein. The cham-
bering: method is not critical, the preferred method
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generally being the One thal resulis in the lowest overall
zost per unit of chamber volume for the particular rock
sepment in queéstion. In the present process, mp]oswe
charges used for springing: may be 20 feet or mGre in
lengih. 1f rock fragments. tend to fall from the walls of
an explosively sprung hole and thus to gecupy somie of
the volume required for the EXp]OS!Ve charge. subse-
quently-to, be used in producmg the fracture zone; the
hole to be sprung can be drilled deeper so that the bot-
tom of the hole is Iocated below the battom of the for-
mation. In this manner, any loss in volume that is to be
avaﬂab}e for explaswe loading is minimized since a
poition of the chamber volume below the segment of
rock-to be fractured can hold the fallen rock fragments.

Thie ‘advantage of chambering the 5hét holes ‘before
loading them with the charges which will be detonated
to preduce the Tracture network becomes evident when
itis considered 1h31 an explosively sprung-hole typically
will hold about ten times as much explosive as-an un-
sprurig hote. Thus, for éxample, a pattern of 30-inch-
diameter charges on 100-foot spacings (center-to-cen-
ter)-typically can bé.achieved by drilling 9-iri¢h-diame-
ter holes on 100-Toot spacings.

Although the blast/flush process Has utility in deep
underground blasting with explosives.of all types, the
use of chemical exploswc charges is much-preferred for
several reasons. The mdny technical as well as civil
{iegal, political, public relations} problems associated

with the undertaking of nuclear blasting are self-evi--

dent, Vibration effécts .and radiocactivity are the two
major roots of these problems. A nuclear blast which is
large enough to be'economicaily feasible must be set off

at sufficient depth; e.g., preferably appreciably deeper

than 1000 feét, in order to be safely contained and -not
release radioactivity to the atmosphere. Many poten-
tially workable ore bodies will not be located-as deep as.
the safe containment depth. Furthermore, the extréme:
magnitude ard concentration of the encrgy. produced in
a nuclear blast imply that it will be difficult, if not im-
possible, to achieve (d) a high degree of uniformity in
explosion-energy distribufion and ore breakage; (b)
close hydraulic control of the flow of lixiviants withouit

an.appreciable amount of additional drilling tg increase

the number of injection and extraction points, “and (c)a
close-match of the broken volume with the outline ‘of

the ore body, pdrticularly for small or 1rregular ore-

badies, such a match resulting in economies in the usé of
the available explosive energy and in the consumption
of lixiviants.

“While singlé explosive charges generally will be deto-
nated in sequence to produce the fracture zones, the
chargcs also can be multi-component charges posi-
tioned. in separate ¢avities and detonated substantially
simultaneously as a group to produce each fracture
zoné, each detonation in the'sequenée of detonations:in
such 2 case being a group of detonations.

The following example illustrates specific embodi-
menis of the process of the invention.

The formation to be fractured was a bedded series of’

shales and silt stones,, dipping about 43°, located at a
depth. of 70 1090 feet below the surface, and therefore
subjected to a lithostatic préssure ofabout 70 to 90 p.s.i.
The water. table was at a depth of about 15 feet below
the surface. A 3-inch-diameter hole was drilled into the:
formation toa depth of 100 feet: This hole was used as
a coresampling and permeability-testing hole, and also
as.an injection hole for purposes:af flushing surrounding
shot holes. A core test revealed a competent sitty shale
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at 'the 70-90 foot depth. A well screen was instdlled i
the hole at the 70-90 foot level, and piping to the well
Screen was grouted 1o the hole. Cement filled the hole
below the, well screen.

The pattern of shot holes used i is shown in FIG. 3.
Three shot holes (SH 1, SH 2, and SH 3) were locdted
16.25 feet from the injectiqn hole 1, their centers lying
on 120* radii frém the. center of héle I and the lines
Joining them forming an eguilateral triangle. The dis-
tance between these shot holes was 28 feet. Three shot
holes (§H 4, SH 5,.and SH 6) were located 325 feet
from hotle 1, their centers also lying on 120" radii from.
the center of hole I, and the lines Jjoining. them (also
forming an equilateral triangle} being bisected by the
centers of holes SH 1, SH 2, and SH 3. The distance
between holes.SH 4, SH 5, and SH 6 was 56 feet. It is
seen that in this arrangement the lines joining adjacent
(i.e.,, nedrest neighbor) shot holes formed equilateral
triangles. SH 1, SH 2, and SH:3 each had four shot hole§
adjacent thereto (SH 2,SH 3, SH 4, and SH 5 for SH 1
SH 1, SH 3, SH 5, and SH 6 for SH 2; and SH 1, SH.2,
SH 4, and SHﬁforSHa) and SH 4, SH 5, .and SH 6 .
each had two:shot holes adjacent thereto (SH 1 and SH

- 3for SH 4; SH 1 and SH 2 for SH 5; and SH 2 and SH

3'for SH 6).

Shot hole SH 1 was: drilled first. The hole was §
inches in diameter and 91 feet deep and was located
with. 255 pounds of an aluminized witer gel explosive
havmg the following cempaosition: 18.9% ammonium
nitrate, 10.5% sodium nitrate, 29.6% methylamine ni-
trate, 30% aluminum, and 11% water. The explasive
column. was 21.7 feet high, and was covered by a layer
of water which paturally flowed int6 and filled the
remainder of the hole and stemmed the explosive
charge. Thé water level in the in jection hole was above
the level of the top,of the explosive charge in the shot
hole, indicating that the rock surrounding the shot hole
was properly flooded. Before the explosive charge was
initiated, fhe permeablllty and sound velocity of the
rock .surrounding the injection hole were measured.
The permeability 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. Geological 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, and a test hale collared 13 feet on the

opposite side-of the injection hole, was 3970 meters per
second. ) »

The explosive chargé in shot hole SH 1in the flooded
formadtion was detonated, whereupon the water tevel in
the-injection hole dropped to below its pre-detonation.
level, as a result of the formation of a new fracture
volume around shot hole SH 1, the chasing of water
from the rock fractures by the gaseous detonation prod-
ucts, and the flow of water into the cavity created by
the, explosive charge. After partial recovery of the
witer level in the injection hole; the second shot hole
(shot hote SH 2) was drilled to the same€ size as shot hole.
SH 1, and the rock surrounding shot hole SH 1 was then.
flushed with water by (a) blowmg 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. injections, and then (d) 18 short air injec-

tions through a packer in the injection hole. The tatal
flushing time’ was*about 4 hours. Sitt-ladén water was
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ejected from shot hole SH 1 (but not shot hole SH 2)
during the flushing, indicating the preservation of the
top of shot hole SH 1, the circulation of the 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 after 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 returned.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 shot 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 shot 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 the injec-
tion hole, followed by water through the packer while
blowing compressed air into the bottom of shot hole SH
3. The total flushing time was about 11 hours. The per-
meability was again measured before and after the flush-
ing operations.

After the water level in the injection 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 injection 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 turn until water was
exhausted from the broken rock; and (b) two air injec-
tion flushings, each followed by water injection. The
total flushing time was about 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 return of the water level in the injec-
tion hole to its predetonation level. Between the shoot-
ing of shot holes SH 4 and SH S, the rock surrounding
hole SH 4 was flushed by three air injections in the
injection hole, each followed by water injection; be-
tween the shooting of shot holes SH 5 and SH 6, the
rock surrounding hole SH 5 was flushed by injecting air
into the injection 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 injection hole and
blowing air down the surviving section of hole SH 6.

The permeabilities measured by slug tests in the injec-
tion hole before the blast/flush process began and after
each blast and flush operation at each of the 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, ¢, 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
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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 500 1o over 2000 milli-
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
remnant of a 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
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
water (alone or as a final flushing step after blasting)
was increased by blasting.

The degree of dilation produced in the rock by the
first three of the above-described detonations in flooded
rock was estimated from calculations of porosity based
on sound velocity measurements. The sound velocity
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
prism of rock before blasting). The total porosity in the
rock () 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:

¢=—50.748 Ina+432.23.

Total porosity before blasting: 11.7%

Total porosity after blasting: (12-ft. radius) 16.0%

Total porosity after blasting: (center to shot holes)
34.6%

These porosities imply that the fracture volumes caused
by the blasting were 4.3% (12-ft. radius) and 22.9%
(center to shot holes).

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-
tion a fracture zone comprised of a most 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
and recovering pregnant leach solution from the ore
body through a plurality of recovery holes in the most
severely fractured portions.

2. A process of claim 1 wherein the ore body has been
worked by the detonation of chemical explosive
charges.

3. A process of claim 2 wherein the injection holes
extend from the earth’s surface to substantially the bot-
tom of the ore body, and the recovery holes extend
from the earth’s surface to substantially the top of the
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 of claim 5 wherein gas is introduced into
the injection holes with the lixiviant.

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
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
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
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
the most severely fractured portion.

9. The process of claim 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.

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-
tion is injected through the one or more injection wells
at a pressure less than the formation fracture pressure.

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:

(a) injecting a leach solution 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 of a fracture zone of a metal-
bearing ore body located below the water table;

(b) allowing the leach solution to remain in the ore
body to solubilize metallic ions present in the ore
body; and

(c) recovering metallic-ion-containing leach solution
from at least one production well located in a most
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severely fractured portion of a 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 aquedus 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
rubblized 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 injection wells
at 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 a2 non-rubblized zone of a
metal bearing ore body located below the water
table;

b. allowing the leach solution to remain in the ore
body to solubilize metallic ions present in the ore
body, and .

¢. recovering metallic ion containing leach solution

from at least one production 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 agqueous sulfuric acid containing an oxygen bear-
ing gas.

L . * * »
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A COMMERCIAL IN-SITU URANIUM LEACHING OPERATION -
that is quite probably the largest ever buili started up in *
April, 10 mi sovthwest of George West, Tex. Producing -

from & pattern of 66 injection wells and 46 extraction wells
occupying an-area of less than 3 aéres; the Clay West mine

and plant are expected to reach design capacity of 250,000 -

1b per year of yellowcake by the end of the summer. By

" late May, results were sufficiently favorable to make the

owners think seriously about an €asly expansion.
Built at a cost of $7 million by joint venturers Atlantic
_Ri¢hfiéld (50% owner and operator), Daléo (25%), and US
Steel (25%), the Clay West mine may be only the first of
several ‘mines to -extract UzOg from a uranium provinee
that streétches from north of Houston to Brownsville, at the
sbuthierninost tip of the 'state. Westinghoise subsidiary
-Wyoming Minerals is building a'250,000-ib-per-year plant
near Bruni, with startup planned before ihe end of 1975,
:gnd Mohil Qil is setting up a pilot:scale plantin the same
area. A number of other companies are reported to be ac-
tively interested in development of in-sita vranium leach-
ingin Texas, °




Fig. 1—Uranium extraction flowsheet, Clay West, Tex.

Pattern

Y 3

area

r
{
!
!

_'-’O Backwash reservoir

5

Chemicals

Field 1 1 -
i N Chemicals Leaching
Solution gathering A A e S S s e e o
‘ tank | mix solution Solution
from field l tank tank —
- tolqach area-~- - v
| | . Ve
Process water l | . . o
ST S S T Hsiletsd e Water vapor :
r—-——‘-——*———.—--— » ‘(elutiqn) A
2 ’ Sodi;Jm . Flue gas . i
Uranium hV‘{'Of‘id? . | A
i solution :
solution uti f Scrubber
storage ] |
|
1 _| Precipitation . T -
rr=- - of yellowcake ] : _ Dried >
H ' : Rotary yellowcake |
| | filter .
Overflow |
Charcoal Claritier | Heater. .
col. Recirculating | .
solution
NaCl
| > Resin - | -
s Purge regeneration {ssit)
¥ To chemical
- reservoir

solu
74

Chemicals mix tank in the Clay West plant a

rea feeds leaching
tion to a surge tank located at the in-situ mining pattern.

* nium operations headquarters in Corpus Christi. Reserves

" partnership has access to 35-40 sections, and patterns of in-

The Atlantic Richfield (Arco) Clay West operation will
employ 45 people, supported by a staff of 12 at Arco ura-

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

jection and production wells will eventually be operated
up to 2 mi from the central processing plant.

The Clay West operation uses a proprietary alkaline
leach solution developed during pilot testing by Dalco 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 formation. 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 trairis, each consisting of a carbon column and

an ion exchange column in series (Fig. 1). A commercial
resin extracts U3Og in the ion exchange column. Solution
circulates through the leach pattern 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 patterns to assure that no leaching solution escapes the
producing area, and when a pattern is exhausted, Arco
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-Fig. 2—Clay West uranium leaching pattern
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Shallow monitor wells

bR O kvslle sandstone ls source honzon of U305

£ depth of -550 ft in the Miocene Oakville sandstone—about

¥ ore occurs-in zones 1010 60 fu thick and grades from a low
”.0.05% U304 to as high as 0.5%—the latter being uncom-

i Mex:co at about 79 ft per.mi.
-+ The- Oakville -is ‘underlain by Catahoula clays—about
2 100-ft of clays'and thin' beds of sand that have a higher-

‘" Catahoula. is thought to derive from volcanic ash depos-

ited during Catahoula time, according to Arco geologist

"Charles Trimble. Peroolatmg ground waters dissolve the

: U303 and transport it to neighboring rocks, where, in the

." presence of H,S derived from oil-bearing formations, the

U303 precipitates, sometimes in commercial concentra-
tlons

+ The Clay"West'mine taps'the Oakville deposits through

’; a pattern of production wells spaced at 50-ft intervals (Flg

: 2) The 46 extraction Wells are interspersed at regular in-

4 E/MJ-JuIy 1975
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The Clay West mine extracts uranium from a maximum

% 350 ft of interbedded sands, silts; and bentonitic clays. The -

¢ mon..Regionally, rock formations. dxp toward.the Gulf of- -

than normal.background count of U3Os. The U3Og in the

: ?;.; . p
Ll A ' A
b i:f Injectors are located at each grid intersection
3 ;':- ) Producers are located at each grid center
BE
B R .
N | o
B Deep manitar wells
348 A A N
7 - ) . -
F g:) u , : .~
b 5
5 =
Fo
T EES . . . . . .
f ‘must restore the aquifer to the chemical condition that  tervals with a grid of injection wells and are surrounded by
; prevailed prior to operation. * monitor wells.
;= A deep disposal well will be used to dispose of solution The Oakville sandstone is a reglonal aqunfer having a
¢ pumped from the-patterns durmg aquer renovation. - slow rate of flow—about 12 fi per year. Should the monitor
] : _'_wclls detect leaching solution escaping from the produc-

""tion Zone, the rate of production can be increased.or the
rate of injection decreased to pull the solution back.

A Midway drill of the type used for seismic blasthole
drilling sinks 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 with minimal extraction of ’

entrained particulates.

* Well pnpmg, along with most other plpmg at the Clay

- West mine, is of PVC, to minimize corrosion and to keep

corrosion products out of the system Davis said. This pro-
tection will prevent plugging of injection wells and conta-
mination of the 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 U3Og. 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. The water
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" View, of the Clay West plant across

" one of two solution storage ponds:- )

. chericals mix tank is shownat =~ . = . .

"' ., "theright, storage.and process. . .. - -
~ tacilities at center, and yellowcake

+ * processing building to the left.- .

REERT IR SR P o M

"is recirculated and evaporation losses are made up by wa-

ter from a fresh water well.

A sodium chloride solution is used to extract U3sOg from
the ion exchange column. The rich uranium-bearing solu-
tion (about 1% U3Os) 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 annual 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 of operation, a critical examination of
waste streams is seekigg opportunities for waste reduction.

After precipitation,|yellowcake is allowed to settle in a
clarifier, filtered, dried, and packed for shipping to the Al-
lied Chemical uranium hexafluoride plant at Metropolis,

76 {

Ill. The dryer, the only source of air emissionis.in the plant, | cash
is a screw-conveyor unit based on indirect heat transfer be- '} ant, !
tween a recirculating heated oil and yellowcake solids. The -.. and
heat-transfer oil is heated externally in a unit fueled with - { The
liquefied petroleum gas. The quantity of flue gas from the ' Geo
dryer is insufficient to require a permit from the Texas Air neat
Control Board. .} port
One of the advantages of the dryer is minimal dust - A
problems, because of the absence of air contact. For added ;.. that
protection, however, exhaust gases will be scrubbed by a .| area
two-stage water scrubber. The exhaust from this scrubber .| crez
will be virtually dust-free, releasing only water vapor to plo:
the air. , - for
The Clay West operation is not energy-intensive, as cir- ~.
culating solutions all flow at ambient temperatures. Power | Co
_draw for the entire operation is about 1,500 kw from San
Patricio Electric, a small co-op producer at Sinton, Tex. \
The major costs of operation are labor and chemiicals. sou
Mine manager Walter Ely noted that creation of jobs at lev
the Clay West mine has provided a welcome injection of ;| TOD
E/MJ-July 1975 % EI
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Fig. 3—Generalized section of Clay West %
. injection and production wells . | 4
. Wellhgadd

..Ifamentld AR B ”‘;’é[ ' -

TETrE T

D
RCPEear S

PVC pips

PR

Injection well = 4-in.
Praduction well = 6-in.

LR L . - Barren zone

- Scregned intenval .
= “‘Qrazong.| -

is, located in pleass " from ) akmg out ofthe ore zone: durmg leachmg and to ré-

produced well for farmers  storeithie water in the orebody after conclusion of leaching,

7 and. ranchers but has! prowded féw non-agncultura! jobs. Dunng leaching, injection and production rates will be
: :TheLFC!ay West “mine. offers zan-opportunity: for. some-- _ balanced; with - each - injection and production line’
~.George. West natives o _secure long-term cmployment eqmpped with direct-reading flow meters. A central instru:
-near home, and ‘the 5500 000 annual payroll will help sup- ment pariel inthe pattern area.monitors the flow meters;:
port additionial jobs in.the George West ‘community. © . and-a-daily check is made to balance total 24-hr produc-

Arco has adopted a system .of rotation for'its emp!oyees tionagainst total-24-hr injection.
- Thatwill:fegularly fové @ach inio,a different jOb in various All injection and.producing ‘wells in. the léach area afe. . '

uareaaof_mmc and, plant. activity. The:system is expectedito, . cased.and cemenied to the surface, preventing upward mi-
; 1¢ q;stmg work énvironment_for the em-. .gration of injééted solutions behind the casing. Four shal-
; low monitor wells drilled in the pattern area are sampled '
and'analyzed routiriely to determine whethér the leach so- )
, . : S : lution'moves wpward. -
i Controlling solution in the leaching zone A detailed: -program of water well samphn g was formu- -
e T - lated by Arco'in consulfation’ with the Texas Water Qual-
Waters present in the Clay West orebody-are-notmowa ity Board, and all water wells within a 5-mi radius of the
source of potable. water due to naturally-occurring high  pattern were sampled and analyzed prior to production.-
. levels.ofiradium, -As noted above, the two primary -envi-  During, productlan one-cighth of these. wells:will be ex-
-t ronmental considérations will be-to-prévent contaminants: - - amined: every ‘thre¢*months-to detect;any change in the
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the heart of the Clay West plant site- Building in the background
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mn and ion exchange column tanks aré. -
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Clay West clarifier is a wood-stave thickener-type unit.
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Top disposal zone

Perforations.”

Class:C cement

céeds

& chemical analysas.or ihe water. The wells will.be analyzed
' for calci ¥

sodmm,,:ron molybdenum b:carbonate, sul-

The'same wells w1ll be: analyzed“'
oSS Beta radiation.-If Gross’ Alpha '

picocufies per hter! a lead 210 determination will

+-~be performed, Every six iiioriths, the nedrest siX wélls used
for drinkirig water will be examined radiometrically and
List A analyses will be run;_

E/MJ—Jub; 1975

C gs “liter, &' barilim: cox precipi- .
‘tation for radium 226 will be performed If Gross Beta €x-

b

The Clay West laboratory is equlpped witha spectrophotorneter
& Technicon and an atomic-adsorption apparatus for analyzmg
.the many samples required both for process solutions-and for re- |

gional water samipling. Monitor wells in the leach area are sam- .

pled reguiarly to detect any-rmigration of m;ected solutions. 1f mi:
gratich’ otcurs, the material balanée of‘reservoir fiuids can be -
controlled, resulting in a net fiow of native water:into the. Ieach
© ing area, preventing any mlgrailon outside the Ieach area.

Daring development of the’ C!ay West leach pattern, 28
operating wells ‘were samipléd and ‘analyzed for List A
ions. In-addition, 10 of these wells were analyzed for radi.
atlon -afid- heavy metalsmmagnesmm, fluoride, _arsenic,
barium, borgn, cadmium, copper, chromium, lead, _manga-

‘nese, mercury, ‘nickel, selenium, ‘silver; uranm'

inity~as CaCOs (List ‘B). .As,part of this. program, some.
wells were sampled-and analyzed as many as four times
prior to operation.

To monitor surfacé drainage, Spring Creek is sampled

79
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Clay West process building houses p,recipitalion'ta nks, rotary fil-

ter, heater, dryer, and packaging and shipping facilities. -~

_able levels.-Pilot- tests conducied by Dalcs and "US "Stég

“cies in the produced solutions. These data are proprietary %
_ but, were released on a confidential, basis; to the:Texas Wa-“l

- orebody will alsg-be stidied, and téchniques for converts:

 drilled to & ‘total depth of 4;500:ft, downi through the*Cock-
'ﬁeld sandstone of Upper Clalbome (Oltgocene'?) age The,

. -upstream of the Clay West plant site and downstream ofr"‘:; Cockfiel

the pattern area. The Nueces River, which provides drink- ’E “Durin
mg water for Corpus Christi, is sampled above'and below t% pects to.
its confluence with Spiing Creek. Samplés are analyzed 1a- ‘5 “ter from
.diometrically and chemically" #| 2,000 m;

“Arco -also organized an_ in-house environmental task sl . pumped
force to perform a bascline stady:of the Clay-West- -envi=#| .~ been. re
ronment prior to moving itito’the area. The task fotte in- 3| mach m
cluded® blOlOngtS radiologists, chemical-engineers, petro: 3|~ “The s
leum cngmeers, gealogists, - hydrologists and' zoologiss, 1] -~ deep,'th
Among its subjects, of study were fish; amphibia, birds,.in- 3} . Catahisu
sects, bacteria, shrubs, grasses, roots, stems, soils, and $f in willt

streams, _ . - ﬁ lated 10,

The present plan for orebody resloratwn i5 to pump $17 4,500 ft,
contaminated solutions out of the leached zone intd-a.degp 5| . density.
disposal well uniil ion concentrations are down to accept--g{ - Casin;

demonstrated that-when injection is stopped bat: produc— 4 .
tion maintained, there is a gra.Jual decrease in ionic spe- 2 o

ter Quahty ‘Board. Other altérnatives to pumping the ,%

ing the aquer back from an oxidized state to. a reduce

The Clay West disposal 3 wells;two are_ planned~will- be_b

On a smaller scale, other mines. have recovered U308 by m-sntu leachmg

Wh;le the new Clay West in-situ uramum leachmg

“mine in Texas is the-first-of its type to produce on a

‘commiercial scalé, limited quantlties of uranium have -
*.been produced.by other in-sitt mines operating now or _

*, in the past. A number of. these-operations are described’

- "briefly in “Analys:s 'of Non-coal Undergrouind Mmmg
‘Methods,” prepared by Dravo Corp.-for the US Burcau
of Mines and pubhshedlm 1978, - -

. Min€ watérnear Grants; N. Mex., was found to carry
2-10 ppm of dissoived uranium, thc report states. The
slightly basic water {7 to 8 pH).takes the uranium into
solution as the. tricarbonaté ion, which is readily ex-.
tracted by ion exchange. Oxidation 'of the insoluble fet-
ravalent nraniom to & $oluble héxavalent uramiut is”’
-accomplished by exposure to air and possibly by.bacte-
rial action. After passmg through ion éxchange; the wa-
" tér-is returned to the mine and sprayed on diift'and .

~“stope walls. It then drains back to a sump for feturn-to. _

the ion exchange columns; Production of 5,000. t6. .
15,000 b per. month is dependent on the.-flow of water
-and the-ground area being wetted.

. The $ame procedure is used in the Elliof Lake district
in- Canada, the report states; except that.an acid envi- -
ronment is generated by the omdatmn of i iron sulphldes

" inthe ore.

“The Pitch mine in Colorado was. water leached by
drilling injection wells from the' surfacc into ‘the aban-

doned and caved stoping areas,” the Dravo report .

notes. “The water ‘percolated through the old mine
workings, collected in the-main haulage wnnel, :and
passéd thirough an ion. cxchange column. The stripped
waterwas then returned ‘to the injection wélls. Later in
the program, soda-ash and bicarbonate were added to

80 -
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producti

‘uranium
~the leach s6liition tojimprove extraction: This operatlon' ning, des
is now closéd, but hés potential fo_r producing addl- < Therm
tional uranium by jn-situ leacking.” % wholly: ¢
" Utdh Mining and Constructmn Co. (now Utah Inter- Z building
national)-experimented with-a series of i injection wells, * '|:: ~about-40
vsually three; around & production Well" Based on ~not reve
groundwater flow, the injection wells weré drilled up- Tgleﬁ W
- stream from the production well. Tracer dyes were used [ uwea '“ff_'li;
to study solution flow betwedn ihjection wellsand-the - | &} - SxFactio
production;well, Afte. flow patterns were established, . [ {Wygr‘n.
an acid. leach solution was injected, Withdrawal rate - ;}‘ 'mum,__mri
- was,slightly, more:than the injection rate. Thc pregnant ... Westin |
 solution was passed through 10n ex¢hange columns for |3} #has-recel
Ufafifum extraction, and then it was rejected becanse it ?‘ early Jur
‘contained soluble-gypsunr that-would blind the'leach | -In Du
area if reused. . sgaie -
- “Thé' area under léach from each. set 0!‘ wells was | §, h"*‘} been
. very small;” acccirdlng to -the, Drayo. Feport, “seldom -+ z,.:(While
‘larger.than 25-ft.dia. The project-never produced more~ | ;| ~tion:&B
‘than 7,000 or 8,000 Ib"per morith of UyOg, even-with-as ~|, | fure callk
many as five-well systems operatmg Leaching'was djs- || ploration
continued-in 1968, when the. 0peratmn was converled to, {3 “railroad
an‘open pit”? * ' E - o | mig M
* Exxon (Humble 011) 8, expenme mg vnth the ame_- §§ The ‘agic
leach méthod in-the Powder River Basin'in- Wyoinidg, ™ [1{ well as ¢
the reportstates, except'thdt a‘'carbonaté. systetir'is; used, . |* WK"F""“:
‘permitting recirculation-of the leach sohition.” e L3 :erc,ﬂhp[m
“Wnth the depleuon of h1gher grade depos;ts of ura= | m t ne P
mum * the report concludes, “much of the' future pro- : . West—Is
. duction may depend-on successful in-situ leach extrac- |4 T
tion. This is p:;lruc:l.tla.rl}r importast-for small, isolated - [z Mobil pil
_deposits of lower -grade values that will fiot economi- |}~ b
cally support convenhona! . ektraction.” - % - Southe

5 Corp- is
. .- '% pmpneta
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L % _ Cockﬁeld isthe proposed dxsposal zone -

Dufing aqtnfer renovition followmg leaching, Arco ex-

‘.:,_ pects-to’puinp-an estimated 150 gpm of slightly “saline was -

- ter from thé leach, _pattern, with a probable maximuim of
2,(}00 mg.per litér total. dissolved solids. This water will be

-been:. removed. ‘The native water in, Cickfield- sands is
much more:; salmc than the disposal stream. .~ |
"The surface hole will be drilled 12%-in. dla and 60{) ft

. |5 -deep;. ihrough the. Oakville: aquer and intothefunderlying- -

- Catahoula clays: H740, 32.3.16 pipe with-a- diameter of 9%
* in, will be set as- casing to 600 ft;'and Class C.cément. circu-

4,500 ft. Upofy ‘completion’ of drilling, eleclnca] and bulk
densny logs will be run in‘the hote,. .~ -

b

YR

v mnmou TO‘ the Arco US Steel—DaleD plant«nowh in
produet:on fnéar George West; Tex., several other in-sitix

. nm .8 desngn, and construcuon insoith Texas. -

whony owned subsxd:ary, Wyoming Minerals, which is
.~ ,building” a_ 250 000-1b-pet-year “plant near* Bruni, Tex.;-
about 40 mi €ast'of ‘Laredo. While Wyoming Minerals has
.not revealed apy details of its process, a source at-the
Texas ‘Water Quality Board: states. that' the operation will
~use'a weak ammonia:1€ach; and a propnetary ion exchange

exf.racuon System.:.

Wyommg Minerals-also pl plans a-second-commercial ura:
" nium in-situ-leach plant near Ray Point, north of George
*West inLive Oak County. Thé Texas Water Quahty Board

.has received. an application-for-this-operation; but -as of

““early June, no date had been set fora hearing.

“In Duval County, Union Carbide is considering -a pilot-
scale in-situ leach-operation, butfarittdo; no hearm g dite
had beenset by.early June. _

‘(While'n -t of direct interest'to- Texas, Uraniui produc-‘

Ri tion. a’Burlington Nonhern-Wyommg Minerals joint ven-

ture-calls for Wyoming Minerals 1o conduct minerals-ex-
. ploration on 8.4 million acres of Burlington Northern.
railroad property in Orégon,” Washmgton, Idaho, Wyo-
ming, Montana,, Narth Dakota, Minnesota and Wisconsin.
- The agreement; which includes, gas, oil, and uranivin as
-+ well-as other: minerals, Will rufi five to ‘eight years, and.
- "Wyoming Minerals will get up to 50%-interest in’ discov-

) ered properties, dependlng. on_how:much money:it'invests .

i the p oject. The int ventore company—called Bur- .
WCSI——IS headquanered in Bll]mgs Mom 3

Mobil pllot plarit‘is under construction

Southeast of Brumi, in’ Webb Counly, Tex,, Mobil Oil
Corp: is building & p:]ot Plant to test the feaslh:hty of a
propnetary in- -siiu uranium leachmg mezhod The plant is,

E/M.f-—.lu{y 1975

-~ pumped to-the disposal well after.most.of: thie dranium has-

. lranium,Jeaching, projects are in varlous stages. of plan- -

do
i

hring, cement to’ the: top of the. Cockﬁeld sand; a depth of

-about 3,500 ft. Utilizing'a D- Vltool sufficient additional--
cement will be piimped 16 circulate fo the surface:
Injection intervals will ‘he detérmined from electric and

‘gamma-ray. logs. Proposed intervals are from 3;580-ftto_ . -~ '
* 3,670 ft.and from 3,700 ft to 3,790 ft. Thie balarice of the .

Cockfield sand between:the depths of ‘dbout 3,790 ft and

4,500 ft is considered a reserve for future, disposal, if vol: ~

umes or pressure gradientsexceed present estimates.. .
Whei the ore zone of a. leachmg pattern, “has_been. e-

“stored, Arco will tirn the surface back. to:normal use. The
. Area wxll need reseeding; but. feclamstion inthe. usually
. -lated 10" the:surface: Ah 8%-in: hiole mll thén be drilled to

understéod sense will be. unnecessary. The.leacliing oper-
,ations will leave the surface essenna]ly undisturbed.

. " Withiin a few years after. Jleaching stops, it may. be difficult "
Casmg—?—m ~dia,"20-Ib;"H-40 ;pipé—will be set on the .
holtom and oemented in_ two stages. The first stage wﬂl' N

to xdentlfy a leach pattern areq 4s ever having been dlﬁ"er- '
ent from thé surroundmg countryside; [ S

:Developers eye Texas potentml
for m-sntu uramum Ieachmg

expected to start up around Oetober 1 to-leach U303 in
" plage, at depths 0f410 to 430 ft.

- Present plans-call for &n initial I-B mofith’ ‘tést program

- with an overlapping 15-month test ‘at a nearby site if the
* The most advanced -project.belongs to Westmghouse s

first program is successful. The capacity of ‘the pilot scale
operation will not:be determined.until solunon is.actually

' put-into tlie. ground, and Mabil has'no present tlmetable

for commercial development..

The Mobil ‘pilot operation will inject a leach soluuon
into the uramum-bearmg formation through 15 injection
wells and extract- it Lhrough seven production wells. The
solution is identified as a’ dilute ammonivm carbonate

" made by mixing' gaseous ammonia and carbon_ dioxide

with formation water treated with ordinary water softener.

An unidentified oxidant.is also added. Solution produced
will be ‘collected in'a surge fank and thén pumped to a
holding rank at the recovery-plant site, about 700-ft away.

" A sand filter will: remove suspended-solids; and an.ion”
‘exchange column will extract U30q. The bartén- effluent

. from the ioh exchange-column will be pumped to a hold-
" ing tank where an oxidant and l¢ach chemicals are added,

and the’ sohition will be recycled to the injection wells,
Uramum will be extracted from the ion exchange resin -

:by an unidentified chemical, and the: ‘U3Osg:rich eluate will

be pumped. to-a holdmg tank and then 10 a precipitation . -
tank for ‘uranium prempnatlon Ammonia and carbon
dioxide gases generated in the precipitation process will be
vented 10.2-20-ft-high fume scrubber. Water spray in the -
scrubber will absorb.the vapors and the resultm 18 solunon

will'be recycled to the injection wéll §tream;

. Filters, ion exchange,-and water softener tanks ‘will be
backwashed penodnca[ly and- the water held.in'a 500-bb

tank, If backwash water'is found 16 coiitain excess solid or
raglioactive material, it will be pumped to an evaporauon

pit.
A system. of eight monitoring wells will determine IF

there i§ leakage of chemicals outside theplanned.irjection
_production pattern.
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Abstract. A laboratory method for the simula-
tion of in-situ leaching of uranium was develcped
under contract to the Interior Department's
Bureau of Mines. Simulation tests using sul-
furic acid, ammonium bicarbonate and sodium car~
bonate as reagents, and hydrogen peroxide as
oxidadt were carried out with representative
ores from Texas and Wyoming. The tests not only
vyielded recovery rates of uranium and permeability
changeg, but also qualitative. inferences on the
chemical and physical phenomena which vccur- -
underground. Leaching with basic solutions was
found to ba kinatic constrained and with acid
solutions, equilibrium comstrained. The rapid
permeability changes cbserved when leach solu~
tions were introcduced, were probably caused by
gas blockages in the packing. Praecipitation of
caleita or gypsum and the reaction of clay to
leach solutions had slow and gradual effect on

the packing permeabilities.

Introduction

In-gitu leaching is becoming increasiagly at-
tractive ag a method for recovering uranium from
secondary ore deposits, since it offers the ad-
vantages of (a) low capital and operating costs,
(b) minimum disturbance of the enviromment, and
(¢) reduction in. the 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 tests on a typical potticn of
the ore body.

The batch agitation leach tests usa a small
quantity of ore (10 to 500 g) which ia agitated
with 4 known amount of leach solution. Samples.
are withdrasm with time to identify the kinetics

and the equilibrium extraction of leaching. Agi- .-

tation leach tests at best provide information
on the chemigtry of leaching and should, as such,
be used mainly to identify potential leach re-
agents. The tests may also provide 'a limited
amount of information on the leach reaction mech-
anism., The agitation leach tests, however, do i
not reproduce the physical ore body characteris-’
tics (such as permeability, bed density, miner~
alogical orientations, particle size, etc.) or
the hydro-dynamics of underground leaching.
Therefore, it-is not an effective me:hod of -
studying the physical phenomena of 1n~situ leach—
ing. , . w v :

Although the leach tests using short (2 to 4
foot) lengths of core samples approximate in-situ
leaching better than the agitation leach tests,

" these tests have several limitations: (a) the

distribution and the amount of uranium in the
core is not known precisely, (b) because of the
heterogeneous nature of the deposit, the core
may not contain the desired uranium levels, and
(c) the length of the cores are, in general, pex-
pendicular to the direction in which the leach
solution would flow during in~situ leaching.
Secause of the anisotropic nature of the ore
deposit, the permeabilities observed during the
tests are not representative of those in the
field.o . 7 v o e

The principal limitation, however, is the
short geometrvy of this svstem. Many chemical
phenomena (such as chromatographic effects, re-
precipication or recrvstallization of minerals,
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gas blockage, depletion front movement, etc.)
cannot be detected in such a system.

Fleld leaching tests reproduce actual leaching
conditions in all respects, but their high cost
limits their number. Furthermore, there ig -
limited knowledge and little control over the
conditions existing underground. Although com= —
plex theoretical 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 characterigtics during the leach opera-
tion render the selection of correct parameters
for such models very difficult and verification -
of observations and. analyses impractical. No
visual observations of the undaerground body
during leaching {s feasible and it {s difficult
to locate precisely the sample withdrawal points.
Furthermore, most ora bodies are remote enough
to require datailed advance planning and long
delays if equipment breaks down. In general,
fleld testing is a good verification methed but -
a very inefficient investigative technique for
understanding in-situ leaching phenomena.

A less expensive and more convenient method
of testing i1s laboratory simulation of in-situ
leaching. This is an acceptable method of

_ ilnvestigation 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
characterigtics;, the ability to determine charac~-
teristics of the uncontrolled variables and the
ability to conduct reproducible experiments. In
addition, the experiments take less time than
field tests 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 (im 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 conditiomns encountered
in the underground deposit. Although prediction
of fleld 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 the results and
conclusions arrived at during the first three
phases of a program to develop a technique for
the laboratory simulation of in-situ leaching
of uranium and the associated eavirommental res-—
toration ¢f the post-leach ore body.

The program was performed under contract to
the U.S. Department of Interior's Bureau of Mines,
Washington, D.C., with D. C. Seidel of the
Bureau of Mines Salt Lake City Metallurgy. .
Research Center as Technical Project Officer, and
John Arnold of the Bureau of Mines, Denver,
Colorado, as the Contracting Officer.

The principle objectives of the first chree
ohases of the program were: (a) acauisition
and characterization of two 3-ton samples of .
uranium ore, one each from Texas and Wvoming,.
and similar to those being leached in~situ;

(b) Determination of the agitation leach behav-
ior of each ore sample using sulfuric acid,
ammonium bicarbonate and sodium carbonate as

-
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leach redgents and hydrogen peroxide and. oxygen
ag oxidants; (c) Deaign 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, ammonium bicarbon-
ate amd sodium carbonate as leach reagents, and
nydrogen 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
No. 140-77.

The In~Situ Simulation System

In designing a system to simulate the in-gitu
leaching of underground ore bodies, it is impor-
tant to take into counsideration such aspects as -
the flow characteristics of leach solution, the
physical .characteristics of the ore body, and
the leaching conditions which control the kinet-
ics. The {ollowing features were comsidered in
arriving at an acceptable design: -

e Ore sample container of representative gecome-.
try (cylindrical, rectangular slab, etec.) cap-
able of operating at temperature and pressure
constraints occurring in in-situ leaching.

e Adequate sampling ports for obtaining solution
and ore samples for analysis and characteriza-
tion.

o Sufficient ilnscrumentation to monitor all oper—

ating parameters (flow, pressure, temperature, -

etc.) and to allow identification of the state.
of the system.

e A leach solution(s) feed system to tha ore .-

sample container that does not superimpose any
additional changes in the bed characteristics
such as packing density, voidage, homogeneicy,
atc. .
o Provision for use of oxidant injection into
the feed. .
o Visibility of the leach process in progress.‘
o Safe operating conditions. ¢ .
¢ Eage of maintenance and assembly. ; oo

A schematic diagram of the im=~-situ simulaclon‘
- system designed and constructed is given in . '

Figure 1. The system consists of a pressurized
feed section, from which the leach solution is
fed co the ore container through flow metering
and monitoring devices. . The pregnant leach solu-
tion is collected in large tanks with provision
for mixing. A\ pressurized feed section was -

selected to prevent any movement or re-orienta-

tion of the ore packing that may be induced if a
positive displacement or other pulsing pump is
used. Furthermore, absence of any moving parts
in the pressurized mode of feed makes this mechod-

more reliable cthan pumping. A pressurized system-

also mininizes the losg of volatile reagents
such as ammonjum carbonate from the feed solution.

. The feed section consists of two primary - .
Type 316 scainless steel captive gas tanks (one -
esach for the leach reagent and the oxidant solu-

tions) of 16 gal. capacity with PVC liners and .-
two similar reserve captive gas tanks of 2 gal.
capacity. each. The PVC liners separating the' -
solution and the pressurizing gas were intro-
duced, in order to prevent nucleation of the dis- |,

solved pressurizing gas in-the ore packing as the ..

static pressure decreases. This is particularly -

true of inert gases {argon or nitrogen), if used.-

However, the solubility of zas can be exploited
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in tests with gaseous oxidants such asg. oxygen,
to supply the oxidant to the ore. The reserve
tanks sarve 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 regserve) is metered through a needle
valve and monitored by a 0 to 50 ml/min flow-
meter. Solution check valves downstream from
the flowmetaer prevent backflow of solutioms into
the tanks. The solutions mix downstream before
entering the pressure switch. Toggle valves
shut off the feed. from either the primary or the
regserve tanks. By providing individual metering
and monitoring capability on the £low from each
tank, it is possible to control closely the de-
sired oxidant and reagent compositions.

Each. of the three in-situ simulation systems
constructed consists of two clear glass cylinders
of 4 in. ingide 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 50 psig.
Tha component pieces and the lengths of packing
to be employed for leaching. are illustrated in
Figure 2. The entrance to the column, the first
7 inches, is to be filled with fine casting sand
(silica) of permeability less 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 the ore sample for leaching.
The last 5 inches of the cylinder is packed with
coarse casting sand. The packing in the cylinder
i3 held in.place during leaching by Type 316
stainless 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 test, 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 Simuiation Taest Method

. The development of a packing method that
would consistently reproduce packing permeability
was. paramount to the success of the simulation
tests. Based on limited data om the field per-
meabilities of uranium. mineralizations, a water
uetmeability in the range of 0.5 to 2.5 darcy
was nreferred in developing a packing method.

The correlation (Darcy equation) used in the
estimation of the permeability duting the simu-
larion tests is given by = . o

. e . B ..

AP - Y ‘.~‘
T =V T _(l)
where 2P- - . = Lo - : ’
. " Flow pressure gradient, atm/cm
v = Liauld superficial veloczty, cmd/
cmé sec.
u = Solution viscosity, centipose
% A Permeability, Darcy (by definition)



The aquation.(l) ‘could be rewritten as

u(V ) /60 A)
)/ (L' x 2.54)

: (varey] = 2)
&
14.7

Solution Volumetric flow, cm3/min
Packing area of cross-~section, cm

where, v!
TA

T
é%r = Flow pressure gradient, psi/in.

and L' = Packing length, inches.

For a 4~in. inaside diameter column, the area.of
cross-section A = 81.06 cm?, Assuming solu-
tion viscosity = 1.0 cp, the permeability is
given by the equation

I3

L = (Darey] = 7.677 x 103 (ko (3)

AP'

This correlation has been consistently uged
to estimate the permeability of cha 4~in. inside
diameter column packing.

The Texas ore sample used in the tests repre-
sented fine grain sandstone ore-of medium to dark
gray color which had been recently mired from
the Sickenius Pit. This ore with a moisture con-
. tent of 18.35 percent was predominantly unconsoli-
dated, and equilibrated in deionized water to a
pH of approximately 4.0. Since possible preoxi-
dation could be a cause of such low equilibrium
pl, tests were carried out to estimate the degree
of ore preoxidation. Approximately 20 percent
of the uranium in the ore was extractablae by
water in the presence of sufficient sulfate and
carbonates during these tests.
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was determinaed by both dry and wet screening.
The results of this determination are summarized
in Table 1 for the Texas ore sample and in Table
2 for the Wyoming Ore Sample used in the simula-
tion tests. The chemical and mineralogical
characterization results for the two samples are
summarized in Table 3.

The ore samples were packed into the glass
columns according to the methods developed for
each ore sample. It was opted to pack the ore
dry to minimize preoxidation during che packing
operation. The columns were packed in a vertical-
poaition and were leachedin ahorizontal-position
to eliminate any gravity effects on solution flow,
fines migration and packing density variations
due to {ts own weight. The packings were
examined visually for voids, faults and gross
segregation prior to acceptance for water flow
test. The packings were flow tested using de~
ionized water over a pariod of 125-200 hours to
ensure correct permeability and stability. To
obtain maximum stability, the packings werg
allowed to consolidate prior to accepting the
full test flow rate. The dry ore packing was
wetted very slowly (over a period of 24 to 48
hours) till solution breakthrough was observed
at the outlet. The flow was maintained at
approximately 2 to 5 ml/min. in the firstc 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 golution migration rate of 1 £t/hour in the
packing was considered as full test flow rate.
This corresponds to approximately 10-12 5 ml/min
solution volumetric flow rate.

TABLE '1

Surmary of the Screen Size Analysis Results for the Texas Ore Sample

Sample Size: Dry Screen Size Analysis = 2000 g

Screen Product

Wet Screen Size Analyasis = 825 g

Cumulative Pagssing

Dry Wet Dry . Wet -
: Weight Weight (Tyler) Weight Weight
! (Tyler) Mesh b A Mesh 2 Z
ol sy e T -10 +14 0.2 10 100.0 100.0
¢ S -14°  +20 2.9 0.8 1% 99.8 -
-20 +28° 3.5 v 20 . 96.9 - -
-28 +35 2.7 28 93.4 -
=35 +48 5.5 1.1 35 90.7 99.2
-48 +65 10.0 3.5 48 85.2 . 98.1 .
; ~65 4100 47.9° 33.9 65 - 75.2 94.6 ;
S o -100  +150 17.6 34.7 - 100 - ., 27.3 . 60.7
R - -150~ +200 4.2 7.7 150" . 9.7 - 26.0
S i -200  +270 1.6 1.4 200 © 5.5 18.3°
- o =270 +325 0.5 - 0.7 270 % 3.9 16.9
- -325 3.4 - 16.2 325 3.4 16.2

The Wyominngre sample acquired for the tests
was very poorly consolidated, coarse grained,
_light gray to tan in color, and had a moisture
centent of 3.8 percent. Each sample was spread
over the floor and air dried.  After screening’
the entire sample at 10 mesh (Tvler), it was
stage crushed and ground to =10 mesh. The entire
~10 mesh ore thus obtained was blended together
by coning and quartering using a front-end
loader. The size distribution of each sample

The feed was switched to the chemical leach
solution from deionized water, if the packing

" was found acceptable. The criteria for rejec-

tion could be (a) permeability of any one sec—
tion outside cthe range of 0.3 to 2.5 darcy and
(b) development.-of a fault such as a crack or
flow compaction of the packing. The feed solu-
tions were stored in separate feed tanks to
prevent premature decomposition of che peroxide

‘and were mixed prior to the packing inlect. The

¢
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TABLE 2
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Summary of the Screen Size Analysis Results for the Wyoming Ore Sample

Sample Size: Dry Screen Size Analysis = 2000 g
Wet Screen Size Analysis = 903 g

Screen Product Cumulative Passing
Dry Wet Dry Wet
Weight Weight (Tyler) Weight Weight
(Tvler) Mesh 2 4 Mesh b4 Z
-10 +14 9.3 8.5 10 100.0 100.0
-14  +20 25.1 22.6 14 90.7 91.5
-20  +28 16 .0 14.1 20 65.6 68.9
~-28 435 9.6 8.2 28~ 49 .6 54.8
-35 +48 8.4 7.2 35 40.0 46 .6
-48 465 7.7 6.3 48 31.6 39.4
~65 +100 7.4 5.4 100 23.9 33.1
-100 +150 5.0 4.4 150 16.5 27.7
-150 +200 4.0 3.8 200 11.5 23.3
~200 +270 . 1.9 1.8 270 ~7.5 19.5
=270 +325 0.7 1.1 325 5.6. 17.7
=325 | 4.9 16.6° 4.9 16.6
TABLE 3

Ore Characterization Summary for Texas and Wyoming Ore Samples -

Texas Ore Sample

Wyoming Ore Sample

Litharenite

Fraction -Description Weight % " Wedight %
0.07%% . 0.119Z*
U308 {0 0562 o001z
Ca0 ) 1.63Z 1.12%
Mo03 . , 0.0015Z 0.001%
V05 - ¢ ' ’ ) 0.041% 0.014Z
Fe * ) . 0.58% - 0.94%
co2 .- o - 0.45% 0.84% ,
S04 o - 0.16% 0.005%- .
Totals '~ =~ o 0.24% 0.33%
-325 megh (dry screen)" 3.42 4.9%
-325 mesh (wet screen) 16.2% 16.62
Clay fraction 6.92 9.1%.
U~-digtribuation (dry 27% in -100M (27%) 547 in -48M (32%)
screen) i
U-distribution (wet 707 in -150M (26%) 812 in -48M (397) ,
screen) : : . o
U-minerals : Not identified - '~ Not identified
Clay winerals ' Montmorillonite * Montmorillonite °
Heavy mlnerals (2.8) Mica, pyrite, . Clorite, clinozoisite,
magnetite ! pyrite, magnetite -
Bulk sample mineralogy Quartz, montmoril- ' Quartz, feldspar, mont-
lonite) :eldspar morillonite, mica.
Feldspar/quartz ratio ) 1:5 1:2 ) !
Volcanic rock fragments ves no :
.. Rock clagsification - Feldspathic Lithic

Arcose .

* . ’ .
Mean values deterﬁlned at Jescinghouae R&D Center, based on analvses in

triplzca:a

e e

e — v, T T




adjuscmenta to the desired flow were made by
increasing (or decreasing) the inlet pressure.
It wag, therefore, constrained by the maximum
allowable operating pressure for the glass
cylinder of 30 psig. For the simulation tests,
this limit was lowered to 45 psi for added
safety.

At the termination of the leach test, the

packing section was disconnected from the system °

and allowad to drain vertically. After draining,
the packing was returmed to a horizontal positiocn
for approximately 72 hours to allow the remaining
moisture to distribute uniformly. The pressure
profile along the length of the column was
recorded every 6 hours to permit estimation of
permeability changes. The cumslative product
solution voluma was measured every 48 hours and

a solution sample was collected for uranium
analysis. Solution samples along the length of
the packing were collected approximately every

48 hours to determine uranium concentration
profiles. A chemical leach period of aminipum of
750 hours was observed during the tests.

Simulation Test Results

In-situ leach simulation tests were carried
out with each of the ore samples acquired using
deionized water, 1.0 g/l ammonium bicarbonate .
-0.5 g/l peroxide, 1.0 g/l sodium carbonate °
~0.5 g/l paroxide, and sulfuric acid solution of
pH = 1.0,
In addition to the above, simulation tests
were carried out with the Wyoming ore sample only
using 1.0 g/l ammonium bicarbomate, 0.5 g/l -
peroxide, and 1.0 g/1 ammonium bicarbonate -~0. 5
g/l peroxida.
The latter three tests were carried out to
study the effect of each reagent on the leaching
process and to verify the reprecducibility of
the in-situ simulation test method. The specific
objectives of each simulation test were to deter—
mine:
¢ The maximum overall uranium recovery over the
test duratiom. N

o Uranium recovery as a function of the volume
of leach solution required at a fixed solution '
flux through the ore.

o Number of bed displacements required to obtain
the maximum recovery.

e Permeability change with tima.. .

The simulation leach studles also sought to
derive qualitative inferences om the possible
leach controlling mechanism, effect of solution

. flux upon recovery rate, and the physical phenom-

ena occurring in :he simulated ore body (packing)
during the test.

The observations and results from all the
above tests are given in their entirety in the
Bureau of Mines Open File Report No. 140-77. 1In
the 'ollowing cnly the permeability variations
and the uranium recovery rates observed during .
the simulation leach tests with the Yyoming ore
sample using deionized water, 1 g/l ammonium
bicarbonate -0.5 g/l peroxide, 1 g/l sodium car-
bonate -0.5 g/l peroxide and sulfuric acid of '
oH = 1.0, and that with the Texas ore sample
using deionized water and sulfuric acid (pH = 1. 0)
are summarized.
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Water Leach Tests

The simulation leach tests using deioanized
water as leach solution was carrted out as a con=
trol test to esgtablish the baseline for the per-
meability changes and the uranium recovery rate
during the chemical leaching tests. The per- ..
meability variations for the three sections of
the packing observed during the deionized water
flow test with the two ore samples were similar.
Tha 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 ore
samples, the permeability of the front and the
middle section remained near initial values
throughout the test. Howaver, the end section
permeability decreased to a minimum in the first
approximately 350 hours, followed by a gradual
recovery to near initial conditioms over the
reainder of the test duration. This trough
shape variation of the end section permeability
wag attributed to the migration of the fines
fraction (decreasing permeability period) fol- -
lowed by reorientation of the packing to the
flow (permeability recovery period).

The uranium recovery rate cbserved, and the
total carbonate and bicarbonate concentration
of the product solutions (expressed as bicar-
bonate ion concentratiom) are illustrated in
Figure 5 for the Wyoming ore sample. The uranium
recovery rate and the sulfate ion concentrations
of the product solution observed during the test
with the Texas ore sample are given in Figure 6.
Baecause of the low product solution pH (< 4.8)
in the case of the Texas ore, the sulfate ion
concentrations (principal anion) inmstead of the
carbonate~bicarbonate levels, were determined.

In both the tests, the uranium recovery rate

was directly proportional to-the principal anion
concentration. in the solution. The overall
uranium recoveries estimated based on the solu-
tion values (approximately 63% for the Wyoming
ore and 58% for the Texas ore) were high relative
to that estimated on the post leach ore residue
analysis (approximately 30% for the Wyoming ore
and 48% for the Texas ore).

The product solution pH indicated no signifi-
cant change with time over the duration of the
tests. The solution equilibriated 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/AgtCl™ 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 :

Ammonium Bicarbonate Leaching

The permeability and flow variations observed
during the simulation test with the Wyoming ore
sample using ammonium bicarbonate-peroxide leach
solution is given in Figure 7. Upon incroduction
of the ammonium bicarbonate-peroxide leach solu-
tion, the front ore section permeability de- :
creased from approximately 0.75 darcy to 0.25
darcy 1n the first 40 hours, and displayed a
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gradual decrease during the remainder ‘of the
test. The permeabilicty 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 comstant
inlet pressure. Adjustments. to maintain 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 pericd. The leach system was allowed to
drift with respect to volumetric flow rate over
the remainder of the test. During this test,
it was difficult to maintain am equal volume
flow of each solution (reagent .and. oxidant). The
actual oxidant-co-reagent flow 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 observed and  the bicar-
bonate ion concentration of the product solutiom
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, 86.7%7 of the uranium in
the packing was recovered. Based on the analysis
of the ore before and after the leaching opera=-
tion, the overall uranium recovery achieved was.
78.8%. Even though the bicarbonate conceantration.
varied over the duration of the test, the recov—
ery rate seemed unaffected by it. This is due to
the presence of gufficient anion to complex the
available uranium, even at the aminimum reagent
concentration of 570 ppm .obtained at oxidant to
reagent flow ratio of 2:5. The uranium concen-
tration levels observed in solution were typical
of in-situ leach solution levels. The. equilib=-
rium pH observed was nearly constant in the.
range of 7.80 to 8,20, The redox potential.of

v

" the solutfon samples were, in gemeral, lower

than thogse observed with deionized water by
approximately 50 to 100 mV. The decreasing
redox potential from the inlet to the outlet .
was still observed. .A duplicate leach test was .,
carried out to verify the reproducibility of the
experimental method. Similar permeability varia-
tions as obgerved in the first test were observed.
An overall uranium recovery of, 81.2% based oun _
solution concentrations and 73.9%7 based on the
residue concentrations was obtained during the.
duplicate test. The results indicated that the
simulation test method was repreducible within
the margin of experimental variance..

The- leach test with the Texas ore sample
using 1.0 g/l ammonium bicarbonate -0.5 g/l -
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 the leach solution caused flow rates = -
.too low to monitor leading to loss of control.

Sodium Carbonate Leachihgi,j' C o

AU

In packing the column for the leaching of the "
Wyoming ore using sodium carbonate-peroxide o ’
sclucion, a- 50-50 mixture of sand and ore was
used at the inlet instead of the sand only.

This was done to give the inlet section additional
mechanical stability. Upon introduction of the
1.0 g/l sodium carbonate -0.5 g/l peroxide ieach
solution (pH *~ 9.0), the permeability of the

0
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column decreased very rapidly, leading to loss
of control over the feed composition. Near .
plugging conditions were reached in approximately .
50 hours from the time of chemical introduction.
The permeability and the flow changes 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 loss
was more rapid in the case of the Texas ora,
than that observed with the Wyoming ore sample.
Thesa tests were aborted due to loss of control
on feed, before the carbonate breakthrough at
the outlet could be obtained. Therefore, no

" yranium recovery rates for tha sodium carbonate-
perozida leach solution were obtained.

Sulfuric Acid Leaching

The permeability and flow variations observed
during sulfuric acid leaching of the Wyoming ore
sample are given in Figure 10. Upon acid injec-
tion the front ore section permeability decreased
rapidly in the first 50 hours (from 2.0 to 0.25
darcy), followed by a gradual decrease at a very
slow rate. A similar decrease but of lower mag-
nitude was observed of the middle and the end
gection permeabilities. 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 the Wyoming ore sample, are
illustrated in Figure 11. The uranium concen=: |
tration in the product solution exhibited a very
sharp breakthrough and cut-off with minimum
tailing. Approximately 89.2% of the uranium in
the ore was recovered based on the solution com-
centrations and approximately 83.7% based on the-
solid residue analysis. Straight line recovery
data generally indicate an equilibrium con-
atrained system, and.the recovery rate insensi-
tive to leach solutfon flow variations. The
sulfuric acid leaching of the Wyocming ore sample
seemed to indicate this behavior. Although the
recovery data indicate equilibrium, the iden-—
tity of the 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 imlet
to the outlet), and indicated a breakthrough
similar to the pH breakthrough. The redox
potential decreased from +440 mV at the inlet
to +385 aV at the outlet, indicating the reducing
capagity of the ore. ’

* « A rapid decrease in the permeability of all

three- sactions of the ore packing upon sulfuric
acid (pH = 1.0) introduction was also observed
with the Texas ore sample. However, unlike im -
thi case of the Wyoming ore sample, the middle
anfl the end section permeabilities did not
recover after the initial decrease. The per-
meability and flow variations observed during’
this test are shown in Figure 12. 3ecause of

thé poor permeability of the packing ounly two -
packing volumes (or approximately 6.5 void
volumes) of solution were passed through the
Texas ore packing during this test. an overall
regovery of 75.9% based on che solution uranium
value (and 87:2% based on the residue value) was
obgerved. However, the contribution to the

-
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overall recovery' (solution value based) during.
the water flow teat period was approximately
47.32. The uranium recovery and the sulfate

ion concentrations observed in the product
solution for the Texas ore sample are illustrated
in Figure 1J. The slaw response of the uranium
in the product solution to acid introduction was
ateributed to uranium reprecipitation within the
packing. The reprecipitation occurred in the
neutralization reaction zone between the acid

and the ore. This conclusion was based on the.
solution uranium concentration profiles obtained
along the length of the packing. The pH pro-~
files indicated a slow neutralization rate of

the acid by the ore (with a reaction zome length
of 50.5 in. at a solution flow pate of 1 to 2
nl/min) . The delay in sulfate breakthrough could
probably be attributed to the long retention time
of solution in ore, leading to total relaxationm
of gypsum supersaturation within the column.

This would explain the observed behavior of thae
middle and the end section permeabilities not
racovering-to their original values.

Permeability Change Machanism

Based on the observations with the three
leach solutions and the two ore samples, the
following mechanisma are proposed for the per-
meability variations observed:

Ammonium Bicarbonate/Sodium Carbonate-Peroxide
Leach System

The rapid decay of the permeability of the
packings during leaching by ammonium bicarbonmate
or sodium carbonate solutions with peroxide as
oxidant may be caused by (a) caleium 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 with tha
reduced ore-

The principal source of calcium fon for pre-
cipitation {s the montmorillonite clay fraction
of the ore. It can be estimated that if all the
calcium present in the clay ba precipitated, it
amounts to only 0.5 percent increase in fines
fraction of the packing and could be significant
to the permeability change. The two mechanism
by which clay fraction affects the permeability
are [1]: (a) structural expansion of clay par=-
ticles ir which water adsorbs in the interlayer.
spacing between the silicate units. Structural
expansion consumes pore space in the packing to
decrease the permeabiliry; (b) deflocculation
and dispersion of {individual clay particles

followed by migration downstream until they lodge’
at the pore inlets to plug the smaller pores and.

constrict the larger pores. The deflocculation
is caused by the dissociation of the surface
cations (ammonium and sodium) in dilute or low
ionic strength solutions leading to increased
elec::oscatic repulsion forces between the
parcicles.

The contribution to the 'educ*ion in per=-
meability by scructuradl expansion is considered
small since Na¥t or NHA+ as axchangeable cation |

‘{s generally associated with a single layer of

water and calcium ion is generally associlated
with two molecular layers of water [2]. It is
reasonable to assume that the clay is predomi-

.

“

" the front section).
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nantly in calcium form prior to chemical leach-
ing. Therefora, sodium or ammonium ions should
not cause any additiomal structural expangiom.

Although it 1s difficult to estimate the
effect of deflocculation and migration of clay
particles, it is considared a plausible mechanism
that could lead to the types of permeabili:y
changes observed. -

Oxygen blockage of the packing is considated
a likely mechanism causing the permeability
decrease observed upon chemical introduction.
The decomposition of peroxide 1s autocatalytic
and once initiated can proceed rapidly to com=~
pletion. The decomposition is initiated by the
presance of reduced ora. The oxygen released
nucleates on the solid particles within the void
space. The net effect of this nucleation is to
(a) reduce the area available for flow, (b) in~
crease tortuosity of the packing, and (c¢) increase
the contribution of gas-liquid surface temsion
forcas. A simple model based on the first order
effect that the area available for the flow is
inversely proportional to the volume of gas en-
trained was applied to the leaching of the
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

Permeability changes during acid leaching of
ore gsamples could be caused by- (a) increase in
the fraction of fines, changes in the shape of
the particles and in the viscosity of the solu-
tion caused by thae dissolution of ore, (b) pre-
cipitation of heavy metals in. the leading edge
of the neutralization reaction zome, (c) pre-
cipitation of gypaum, and (d) carbon.dioxide
blockage cauged by the action of acid on the
calcium carbonata. Among these, only the pre-
cipitation of gypsum and carbon dioxide blockage
of the packing were considered to be significant.

The post pracipitation of gypsum is 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 diamater.
The precipitation of gypsum downstream could aid
in the consolidation 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 pnysical *esemblance and the rapidity of
the change Iin permeability of the front secction
observed to that during bicarbonate-peroxide
leaching, indicates that carbon-dioxide may be
the dominant cause of the permeability drop
observed. In the case of the Wyoming ore, the
carbonate content of the front section (0.84 wti
CO2) alone is equivalent co 25.29 liters of
carbon-dioxide at a mean pressure of 28.85 psig
(pressure corresponding to the mean pressure of
This is approximately aight
times the veid volume in this section. Calcu-
lations similar to those carried out-in the case



bicarbonata-peroxida leach solutions, would
indicate definite rapid permeability changa of
the front section of the packing from tha carbon
dioxide evolution. .

In summary, the most likely mechanisms causing
the rapid changa in the permeability of the fromt
secrion are (a) the deflocculation and migration
of clay particles and oxygen blockage in the case.
of bicarbonate or carbonate solutions with per—
oxide as oxidant, and (b) carbon dioxide. blockage
in the case of acid leach solucions. The gradual
decrease in the permeability, inthe mse of bicar-
bonate-carbeonate solutions may be caused by (a)
clay swelling from hydration of the clay and (b)
calcite precipitation. The gradual decrease in
the permeabilicy in the case- of.acid leach may
be caused by (a) change in packing and solution
characteristics due to acid dissolution of ore
and (b) gypsum poat precipitatiom. .

Discusaion of the Simulation Test Findings

Because of the. capability to obtain represen=
tative ore packings consistently and the capa=-
bility to produce the physical phenomena of in— .-
situ leaching, the simulation test is a.superior
laboratory method to the existing methods of
studying in-situ leaching. The phenomena such
as reprecipitation of uranium at the leading edge
of a neutralization (pH) front, uranium exhaus=-
tion fromt movement rate, ete., are nearly
impossible to detect in short packings or undis-
turbed core tests. In additiom, the simulation
test could be of assistance in qualitatively
estimating the impact of various mechaniams that
cause permeability changes.

Even though the tests expoaed the '‘complex
nature of in-situ leaching, effects unique to
the law_presaure operation, ian the tests per-
formed, might have masked the true nature of the
permeability changes occurring in the ore pack-
ing. The manifestation of gas blockage of an.

ore body could not occur when the. absolute pres-.

sure at any point along the flow line is less
than the partial pressure of the gas correspond-.
ing to its solution concentration at that point.
Therefore, to pravent any gas liberation in the
ore body, the only sufficient condition ig that
the packing be operated at a minimum 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 impottance

of correct size distribution {m achieving success-‘

ful testing. Texas ore with finer particles and
near bi-modal distribution represented the un- ‘
desirable end of the spectrum. The sensitivity
of a packing to plugging by precipitation clay: - -
swelling or gas biockage is a strong function of’
the mean pore diameter, particle shape factor

and surface tension characteristics. Selection,’
of the correct size reduction unit operation, . -
may be critical to this affect. -

An area of concern was the potential for :He -
oxidation of uranium by the dissolved oxygen con—,
tent of the water during the water flow rest . ,_
period. Calculations indicated that in 125 hours
at i0rml/min Flow of water enough oxvgen at 8 ppm
level is available to oxidize 8.925 z of uranium.
This 1s approximately 40 percent of the total
uranium in a simulation test with the Texas ore.
This, in addition to 20 percent preoxidation ’
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during ore processing, allows 60 percent extrac-
tions 1f sufficient complexing agent is made
vailable. i

The high recoveries obtained with the Wyoming
ore sampla (86.7 percent with NH4HCO3-H207 leach
nd approximately 89.2 percent with acid) may be
ndicative of high accessibility of the uranium
o leach solution. Since the effort is directed
t simulation of in-situ leaching, it is esseantial
to identify tha diffarences between uranium
ceurrence in the formation underground and in
e processed ore., This is considered important
to understand the kinetics of leach phenomena.
or instance, leaching of very accassible uranium
n the ore may bae comtrolled by dissolution rate
hereas a. very inaccessible uranium in the ore
be controlled by the oxidation rate. The

 pffect of dissolved oxygen (8 ppm) in the solu-

kion in the two cases would be vastly different.
The accesaible uranium will be readily preoxi-
dized, thereby distorting the leach responses
observed.

The Phase IV of this continuing development
program has been addressed to obtain quantitative
answers to some of these questions.

Conclusions

A method to simulate in-situ leaching repro-
Hucibility in.the laboratory was developed.
Although the conclusions summarized are specific
to the particular ore gamples used in the tests
and the low presgure nature of the system, the
qualitative and relative conclusions do provide
genaralities of interest in understanding in-situ
leaching.

In the tests carried ouc using representative
samplas of ores from Texas and Wyoming, the:
gulfuric. acid solution gave higher solution
uranium concentrations, and shorter rise and
fall times for the uranium solubilization than
the ammonium bicarbonate-peroxide leach solution.
Furthermora, only 75~85% of the uranium in the
dres was extractable by either leach solution.
The remaining uranium is believed to be inacces-
gible to the leach solution. During acid leach-
ing of the ore samples, precipitation of the
extracted uranium does occur at the high pHd edge
of the neutralization zone. The precipitated
sranium is redissolved at the low pH edge of the
reaction zone. The leaching of uranium by basic
pr 3 7) leach solutions was leaching rate.
{kinetic) constraimed in the 12 ft. long ore
packing length and solution retention times in
the* range of 12-32 hours. The leaching by acid
leach solution under similar conditions was
équilibrium constrained. - -

Sulfuric acid and ammonium bicarbonate leach
golutions gave higher coverall uranium recovery
tates and ore packing permeabilitles than the
dodiun carbonate solution. Comparable par-
deabilities were obtained using the acid and the
dmmonium bicarbonate solutions. Deflocculation
dnd migration of montmorillonite clay and oxygen
Blockage of the packing were considered the sig-
plficant mechanisms leading to rapid decay in

he packing permeability with alkaline leach
golutions.: With acid leach solution, the carbon-
dioxide blockage was considered the significant
mechanism. The gas blockage of the packing may
be unique to the low pressure nature of the cests
3dnd may not occur if the tests are carried out
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. at near formation pressures.
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157 *  ABSTRACT

A process is disclosed for in-situ mining of copper from
a subterranean ore body characterized, at least in part,
by the presence of a sulfidic ore and by natural, micro-
scopic fracture openings. The process comprises forc-
ing a stable, two-phase lixiviant comprising an aqueous
phase, a multiplicity of gaseous, oxygen-containing
bubbles having a size sufficient to pass through the
natural fracture openings in the ore body, and a surfac-
tant for enhancing the formation of the bubbles and for
minimizing bubble coalescence through the ore body to
leach copper.

The aqueous and gaseous phases of the lixiviant are
mixed at the surface and injected into the leaching inter-
val through an injection hole, or preferably, are mixed
in a subterranean sparger within the hole above the
leaching interval. The pregnant liquor is recovered
through one or more production holes and, after the
copper is recovered, the lixiviant may be reconstituted
and recirculated.

11 Claims, 7 Drawing Figures
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IN-SITU MINING OF COPPER AND NICKEL
BACKGROUND OF THE INVENTION

This invention relates to a process for in-situ mining
of copper and nickel from a deep subterranean ore body
using a stable, two phase lixiviant. More specificially, it
relates to 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
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
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
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 deposits treatable by the present invention
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-

nite, covellite, pentlandite, heazlewoodite, vaesite, and
violarite. )

When a deposit of the 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
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 open pit min-
ing is not available because the costs involved are pro-
hibitive and because landscape destructive open pit
mining techniques have been restricted in many areas.

It has been proposed 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
leach liquor is pumped down the hole into the ore con-
taining the metal to be recovered. After the liquor has
leached the metal values, it is brought back to the sur-
face and the values are recovered.

There are many prior art procedures for in-situ min-
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,
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
within the rock so that 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.
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-
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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. The ideal
lixiviant would comprise a leach liquor containing a
high concentration of oxygen in the form of stable 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 pockets of gas. The
higher the viscosity of the liquid phase, the easier it is to
form bubbles of the 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 of the 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 might theoretically be gained by em-
ploying a high flow rate. When deterioration of the
two-phase system occurs in the in-situ mining proce-
dure such as thal disclosed in the aforementioned co-
pending application, a two-phase lixiviant is rendered
inoperative or unacceptably inefficient.

SUMMARY OF THE 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 formation 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 formed, enables smaller bubbles to be formed,
and tends to maintain the size of the 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 ijons for further minimizing coalescence of the
bubbles and an agent to increase solubilization of Ca++
ions which are often present in ore formations.

The term “surfactant™ as used herein is an abbreviated
term for “surface active agent.” A surfactant is any
compound that usually reduces surface tension when
dissolved in water or water solutions, or which simi-
larly affects interfacial tension between two liquids.
Soap is such a material but the term is more frequently
applied to organic derivatives such as sodium salts of
high molecular weight alkyl sulfates, alkyl sulfonates
and other organic derived surfactants as further de-
scribed herein. _

The addition of one or more surfactants to the lixivi-
ant also imparts increased wetting ability of the mineral
surfaces as well as reducing bubble size and increasing
the intersurface area. Still further, the surfactant’s
known ability to reduce surface tension tends to en-
hance the mass transfer rate of oxygen with the ore of
interest. The preferred aqueous phase comprises an
ammoniacal leach liquor, although, as will be set forth
below, other aqueous phases are contemplated for cer-
tain applications.

In accordance with the invention, an injection hole
and at least one recovery hole are drilled to provide
communication with the ore body. The stable, two
phase lixiviant is then forced through the ore body
under pressure, the oxygen bubbles passing through the
fracture openings and oxidizing the sulfidic minerals.
The copper and/or nickel ions are solubilized in the
aqueous phase and recovered through the recovery
hole. Copper and/or nickel metal may then be recov-
ered from the pregnant liquor by conventional tech-
niques. The two phases of the lixiviant may be put to-
gether either at the well head or, preferably, at a point
well below ground level close to the leaching interval.
In this latter regard, see copending U.S. application Ser.
No. 724,549 entitled “In Situ Method and Apparatus for
Sparging Gas Bubbles” filed on even date herewith, the
disclosure of which is incorporated herein by reference.

In the process disclosed in U.S. application Ser. No.
724,548, apparatus is employed adjacent the bottom of
the injection hole at the leaching interval to minimize
separation of the phases of the two phase lixiviant.
Briefly explained, the apparatus comprises an exhauster
and tail pipe located below a cemented off portion of
the injection pipe. Two phase lixiviant passing through
the exhauster creates a reduced pressure zone in the
exhauster by aspiration and then passes out into the
injection interval through the tail pipe. Gas which sepa-
rates from the lixiviant collects in the hole adjacent the
exhauster and is drawn into the lixiviant stream. In the
process of the present invention, the provision of the
surfactant stabilized lixiviant substantially reduces sepa-
ration of the phases and hence improves the efficiency
of the leaching process.

Accordingly, it is an object of the invention to pro-
vide a process for in-situ mining of copper and nickel
bearing ores of the type which have naturally occurring
microscopic fractures therein and which contain sul-
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ing bubbles small enough to penetrate microscopie frac-
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Still another object of the invention is to provide a
process utilizing a lixiviant containing oxygen bubbles
less than about 10 microns in size.

Another object of the invention is to provide an in-
situ mining procedure which omits the step of rubbliz-
ing the ore in the leaching interval.

Another object of the invention is to provide a pro-
cess utilizing an ammioniated leach liquor containing
small bubbles of oxygen containing gas which resist
coalescence to an improved degree and which thereby
minimizes the formation of gas pockets in the leaching
zone or interval.

Another object of the invention is to provide an eco-
nomical process for obtaining copper and/or nickel
from deep, subterranean or submerged deposits.

Yet another object of the invention is to leach copper
using a two phase lixiviant containing a surfactant
which inhibits coalescence of the phases.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a schématic representation of laboratory
apparatus for measuring the bubble size of two phase
lixiviant formulations;

FIG. 2 is a schematic diagram showing laboratory
apparatus for testing the stability, under various condi-
tions, of two phase lixiviants;

FIGS. 3-6 are graphs made from data derived from
experiments conducted using the apparatus of FIG. 2;
and

FIG. 7 is a schematic diagram illustrating one em-
bodiment of the process of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

At the outset, the invention is described in its broadest
overall aspects with a more detailed description follow-
ing. According to an important aspect of the invention,
it has been found that in-situ mining of copper and
nickel values is possible in deep ore formations of the
type characterized by the presence of sulfidic mineral
and by natural microscopic fracture openings, without
rubblizing, if a stabilized, two-phase lixiviant compris-
ing an aqueous ammoniacal leach liquor and a multiplic-
ity of oxygen containing bubbles having a size sufficient
to pass through the fracture openings in the formation is
employed. According to another aspect of the inven-
tion, it has been discovered that a large number of sur-
factants which are available commercially, when added
in a effective amount (usually about 5 to 200 parts per
million) to the aqueous phase of the two phase lixiviant
described above, enable the production of oxygen con-
taining bubbles of the necessary size and greatly reduce
the tendency of the two phases to separate into liquid
and gas phases, i.e., greatly reduces the tendency of the
bubbles to coalesce.

The improved stability of the lixiviant greatly en-
hances the distribution of oxygen within the leaching
interval and ensures delivery of the gaseous phase to the
ore even at relatively low lixiviant downward linear
velocity in the pipe. Accordingly, the stabilized lixivi-
ants make possible a relatively efficient and inexpensive
in-situ mining process which heretofore was believed
impossible to accomplish. Furthermore, the presence of
a surfactant in the lixiviant has been observed to en-
hance the mass transfer rate of oxygen to such ores.

Referring 10 FIG. 1, laboratory apparatus for produc-
ing two phase lixiviants and for measuring the size of
the bubbles dispersed therein is shown. The 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 of the 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,
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 SO;, SO;, or NO,. The gas bubbles produced
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
the bubble size and stability of lixiviants produced, e.g.,
the effect of the gas flow rate, liquid flow rate, inclusion
of the 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
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
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
method for measuring the size of large numbers of gas
bubbles in the fluid. The size of bubbles present in the
viewing area 13 of the 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
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
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 of the bubbles are
within the range of 0.1 to 0.5 mm (lixiviant at atmo-
spheric pressure). Without a surfactant, two-phase lixiv-
jants produced under identical conditiors have a bubble
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size range of 1.0 to 1.5 mm. In short, the addition of the
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