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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

3 9,9 803

R 1

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 -
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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
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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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Near existing facilities

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
LEACH PRODUCTION OF COPPER
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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
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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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PERCOLATING DOWNWARD
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o
2y =02,
, ‘ Fe*t & % OyFettt
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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.






