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PREFACE

The results of U.S. Bureau of Mines (USBM) research on mechanca excavation min systems are presented
in a thee-par Inormation Circular (Ie) series. Part 1 deal with narow-vein and longal min usin the
USBM-developed radial-axal dr-split tool. Par 2 presents stope leachi and stope autoclave mineral recovery
systems usin the part-1-described dril-split narow-vein and longwal min methods. Par 3 is a review of
potential envionmental applications for the par-1-descrbed dr-split narow-vein and longal ming method
includi the development of city-center "vertica landf."

The USBM resarch presented in th series is conceptua in nature. The concepts were deemed technicaly
feasble and coted. The coti of conceptua design that use technologes that have no commerci track record

is necessy speculative. Wherever possible, cost estiatin was guded by the "Bureau of Mines Cost Estiat

System Handbok"" and USBM IC "Simplied Cost Models for Prefeasbilty Mineral Exaintions.""" Where these
cot sources were not applicable, the best avaiable literature was exained and engeeri judgents usd. Cots
are for comparative us only and in 1984 dollars. Conservative estiates of technology and technolog combinon
productvities were sougt for use in the cost-estiati exercis; however, only furer development and demon-
stration of the propoed technologies ca valdate the cost estimates in the series. Althoug many components of
the propoed min systems are conceptua the combination of aU component costs that compri a system should
produce a reliable prefeasibilty-ty cost estimate. Prefeasibilty cost estiates are best used in acceptance and

rejecton deciionmakg; for the ming systems proposed in the series, thi level of decisionmakg makes sine-
component cost tracki inappropriate.

'U.S. Buru of Mines. Bureu of Mines Cot Estimating System Handbook (In Two Part). 1. Surface and Undergund Mining,

ie 9142,1987,631 pp.; 2. Mineral Proesing, ie 9143,1987,56 pp.
"Camm, T. W. Simplified Cot Models for Prefeaibility Mineral Evaluations. USBM ie 9298,1991,35 pp.
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MECHANICAL EXCAVATION SYSTEMS

(In Three Part)

2. Stope Leach and Stope Autoclave Mineral Recover Systems

By John A. Lomberdi1 and Charles V. Jude1

ABSTRACT

In th U.S. Bureau of Mines report, in situ vat leach mineral recovery system concepts are described
and cost compared with conventional ming and pad and autoclave leach processing systems. In the
propod systems, leachable ores are enclosed in place in reagent-impermeable in situ vat constrctions.
The ores are then rubbled and flood leached or flood oxidid and leached. The in situ vats are caed

stope leach or stope autoclave vessls. The report alo proposes ore body-adjacent in situ vat constrc-

tions contai rechgeable processin stopes.

A series of ore boy-specic, inovative, and conventional mineral recovery systems ca study desi
are descnbed and prefeasibilty level costed. Based on a comparon of these prefeasibilty level cost
estates, the proposed systems are determined to be economicay competitive with conventiona min-

eral recovery systems.
The in situ vat leach mineral recovery systems concepts for leachable and refractory ores are devel-

oped around the dr-split nàow-vein and longwal min method descrbed in part 1 of th Inorma-
tion Circul series.

lMinng engineer, Denver Rerch Center, U.S. Bureau of Mines, Denver, CO.
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INTRODUCTION

The mision of the U.S. Bureau of Mines (USBM) is to
help ensure the avaiabilty of mineral to the U.S.

economy at accptable soci, envionmental and eco-
nomic costs. Since many of the mineral crucial to the
welfare of the Nation are domesticay avaiable only in
low-grade, hard-rock resources, the USBM is engaged in
the development of new hard-rock min system tech-
nologies. Accrdiy, the USBM intiated a broad review
of the potential for hard-rock mechanca excavation min-
in. The specic goal of the research was to identif hard-
roc "min system" potential unque to the mechanca

excavation technque. An exaple of the kid of potential
sougt, taken from the soft-rock-coal industry, is the mine
desig revolution that followed the development of the

10ngwaU. In coal, safer, more productive, more economic,
hier resource recovery mines resulted from thi mechan-
ica excavation inovation. Th report identifes similar,
revolutionar, mechanca excavator-based mine design

concepts for the hard-rock ming of leachable and refrac-
tory ore. These hard-rock min concepts are based on
the potenti of the USBM-developed radial-axal dril-split
mechaca excavator in its narrow-vein and 10ngaU min-
in modes, as proposed in par 1 of thi Information Cir-
cular (Ie) series.

The proposed mine design are inovative and undem-
onstrated, and requie proof of concept before technca
and economic feasibilties are proven.

Technca descriptions and costs for the proposed dr-
split mechanca excavation mineral recovery systems for
leachable and refractory ores are presented in the body of
the report. The proposed mineral recovery systems in-

clude (1) stope leachi (2) stope autoclavig, and (3) un-

derground leach plants. The systems assume that vertcay
extensive 0.6-m-wide sidewaU chanels ca be constrcted

around ore zones usin the dr-split narow-vein mier.

These chanels, when backfed with reagent-impermeable

compounds, form solution-controll in situ vat sidewal.
Reagent -impermeable vat bottoms and tops are assumed
to be constructable by the dr-split-Iongal ming and
backfilg of ore zone undercuts and over cuts.

Ore body-specic cae studies using the proposed sys-
tems were developed and costed. Costs are alo developed
for the conventional ming and mig of the case study
ore bodies. Costs and the tiing of expenditures for the

proposed and conventional systems were compared to de-
termine the economic feasibilties for the proposed sys-
tems. Detaied stope leach-autoclave mineral recovery
system and conventional mineral recovery system cost
comparators are shown in the tables in the appendis.

LEACH MINERAL RECOVERY OVERVIEW

Most metal ca be disolved by one or more aqueous

chemica. Once in solution, these metal ca be selec-
tively precipitated to effect a recovery of the metal in a
hiy concentrated form. Metal recoveries from ores
using disolution-precipitation processes are caed "leach-

in" operations. The easiest metal to recover by this
method are diectly leachable with single-pass reagent
contacti; dicult ores requie alternate, and/or elevated

temperature-and-pressure chemica treatment prior to

leach reagent use and metal diolution. The treatment
requied by these latter "refractory ores is accomplished
in pressure-retentive reaction vessels caed autoclaves.

The rate of disolution of metal from ores is, in part,
determined by ease of leach chemica-metal contacti,
i.e., a long soak time is requied for solution penetration
of lump ore-he larger the lump, the longer the tie.
Ore crushig to facitate chemica penetration and effect
a rapid metal dissolution is the common industral prac-
tice. The solution control and crushig inastructure re-
quied for successfu leach processing is usualy perma-

nently sited away from, but adjacent to, the active min
area. Run-of-mine ores are hauled and hoisted to these
ore body-adjacent processin facities. The chemica
used for the disolution of metal are unversaUy toxic, and

solution controls are envionmentaly mandated.
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STOPE LEACH MINERAL RECOVERY METHOD

The dr-split narrow-vein and 10ngwaU ming methods
presented in par 1 of th IC series are proposed to con-

struct in situ leach vats and autoclaves.
Dri-split narow-vein method previously described are

proposed to cut O.6-m-wide vertca chanels around ore

boy zones. Back these cuts with a reagent-
impermeable compound forms an ore boy-enclosin side-
waU. Dri-split longal methods previously descrbed

Fig 1

AL~?

are proposed to excavate top and bottom cuts to li

the sidewal. Backfil these cuts with a reagent-
impermeable compound creates an ore body-encompain
zone of hydrologic isolation. Thi rock mas enclosure
process is shown graphicay in figue 1. Ore boy zone
encapsulation is the physica inastructure requied for the
control of toxic, aqueous leach reagents.
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Consequent to the formation of these zones, the ore
with the zone is dril-split spiral or multislice 10ngaU
excavated and face crushed, and. 70% to 80% of the ore
stream is stowed behid the advancing shield lie. (Twen-

ty to thty percent of the ore must be sent to the surface

to accmmodate swell.) In thi way, the encapsulated

zone is entirely filed with coarsely crushed ore. The
longal multilice ming of the rock mass withi a vat or
autoclave-enclosed zone is shown in fie 2.

Figu 2

30% of are
to surface

Upon the completion of these two basic leach mineral
recovery criteria, i.e., that of solution control and sizg
ore, the ore ca be flooded for long or short periods of
tie to effect leachi with either ambient or elevated

temperature aqueous reagents. The ores ca alo be gas

sparged to oxygenate the reactions and/or create enclosed
stope pressurtion. Zone pressuriztion ca alo be used

to repeatedly force flush reagent or wash fluids though
the chamber. One scheme for vat or autoclave liviant

Vat-autoclave, reagent-impermeable walls
on 6 sides of ore zone

.. 50 m .

Longwall
multislices,
bottom to top
of are zone

50 m

70% of are
stowed as sized
backfill

Mullie logw TUbe of va-a co or. (Di sho ar ty)
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and wash water plumbing and/or gas sparge and product
gas ventiation is shown in figue 3.

Ore body zone encapsulations for leachig and elevated
temperature-and-pressure autoclave oxidation-leachig are
caed "stope leach" and "stope autoclave" mining systems,
respectively.

A derivation of the stope leach-stope autoclave method
is the ore body-adjacent, underground leach plant method.

In thi system, reagent-impermeable wal are constructed
around open stopes that are equipped for ore and reagent
chargings and dischargigs. The stopes are, in effect,
rechargeable vat leachig vessels. Ores are brought to

the encapsulated processing vats, treated, then returned to
the ming areas for use as backfil. A two-stope refrac-
tory ore treatment plant module is shown graphicay in
figue 4.

Figu 3
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Figu 4
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STOPE LEACH MINERAL RECOVERY SYSTEMS

Mineral recovery systems presented in this report are
defined as includig aU aspects of ore body access, ore

extraction and treatment, and tais disposal. Ming sys-
tems are evaluated on the basis of safety, envionmental
impact, and economy.

SAFETY

The standards and priciples of safe activities in regards
to the min aspects of the proposed leach ming sys-

tems, e.g., the number, siz, and construction sequencing
of headi, etc., are well developed. There is, however,

no industrial use hitory avaiable to giude the design and
operation of in situ processing vats.

The principle design concept chosen to effect work
force protection, relative to the operation of the proposed
in situ chemica reaction contaient vessels, is isolation.
In the isolation principle, the ore body is divided into dis-
crete, modular, pilar and bulead separated ore blocks.

The sequenced exploitation of liquid and gas isolated ore
blocks to keep chemicay active processing stopes
physicay ditant from the personnel performing other

mine duties, is presumed to futher safeguard the work
force.

ENVIRONMENTAL IMPACT

In each of the proposed stope leach mineral recovery

systems, 70% to 80% of the ore is left underground as
washed backf and enclosed on five sides by water-
impermeable barers (in situ vat remnants). In the stope
autoclave mineral recovery system, the washed backfil is
totaUy encapsulated by impermeable barriers (in situ
autoclave remnants). Water-impermeable waU construc-
tions suroundig a washed backfil redundantly protect
the site ground water from reagent contamination.

When stope leach mineral recovery is chosen over sur-
face ming, the volume of waste rock and tais discaded

on the surface is reduced by an order of magntude. For
exaple, in a 1.7:1 strpping ratio open-pit mine, 1 m3 of

waste rock and tai is discaded on the surface for every
metrc ton of ore processed; only 0.10 m3 of taig per

metric ton of ore processed is disposed of on the surface
by the stope leach technque. For a 4:1 stripping ratio ore
body, the open-pit technque discads 20 times more mate-
rial on the surface than the stope leach approach, and so
on. The open-pit ming method also leaves a glory hole,
whereas the stope leach technque does not.

The reduced surface disposal characteristic of the stope
leach systems reduces the potential for waste pile acid
formation and draiage.

The reduced surface disruption characteristic of the
stope leach systems greatly reduces the viual pollution of

the operation. In some locaes, reduced viual impacts

may be the key to permit attaient.

COSTS DISCUSSION

The standard industrial measure of project attractive-
ness is the value resultin from a tie-value-of-money
weighted dicounted-cah-flow-rate-of-retur (DCFROR)
analysis; the hier the value, the more economicaly
attractive the project. In a DCFROR caculation, the
hiest DCFROR values are obtaied when early years
expenditures are minizd and revenues are maxizd.
From a systems perspective, the proposed stope leach
mineral recovery operations potentialy maxiz early
years revenues by (1) being flexible in "targeting" the
highest grade zones of the ore body for early years extrac-
tion, and (2) being flexible by sort segregating, on a daiy
basis, the highest grade 20% to 30% of the ore for deliv-
ery to high-recovery surface processing. These high grad-
ing flexibilties advantage the stope leach techniques over
(1) open-pit mines, which ca access high grades only on
a systematic, ore body top-to-bottom plang fashion; and
(2) blasting operations of aU tyes, which mix high-grade
and low-grade ores in the blast process and lose the poten-
tial to selectively mine and mil ores by grade and/or tye
for retur-on-investment optimizd miling.

The proposed stope leach mineral recovery systems
miniz envionmental permit and bonding costs because
they discad signcatly less waste on the surface.

Similarly, the reduced size surface mil (only 20% to 30%
of the fu mine production is surface treated) is propor-
tionately less envionmentaUy disruptive and lower in cost
to permit and bond.

In addition to the early years revenue maxmiztion and
permit cost miniztion characteristics, the economics of
the proposed mineral recovery systems wil be largely
determined by (1) the costs of mechanica excavation min-
ing and face crushig (see part 1 of this IC series), (2) the
costs savigs associated with the avoided haul-hoist costs
for the 70% to 80% of the ore retaied underground, (3)
the costs of in situ stope vat, autoclave, or processing zone
constructions, and (4) the costs associated with the leach

and oxidie-leach chemistries suited to stope processing.
Of these, the costs of contaiment construction and the
costs associated with whole ore treatment chemistries are
noted as crucial to the ore body-specifc applicabilty of the
proposed stope leach mineral recovery systems.

In the proposed in situ vat construction technique, a
0.6-m-wide dril-split narrow-vein channel is cut around
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an ore body zone, 2-m-thck dr-split 10ngwaU top and

bottom cuts are made, and aU cuts are backfed with
reagent-impermeable compound. The ideal backfil mate-
rial would be a chemicay inert substance that is easily
placed and autogenously healg (i.e., cracks rebond) or
cellular (i.e., crushes but does not break). There are a
number of substances in the marketplace that ostensibly
meet these crteria. Sand-sodium silcate mixures, sand-

polyuethane mixures, and hot mix asphalt ca aU theo-
reticay be used to construct reagent-impermeable in situ
wal. The costs asocited with placement and use of

these material underground are not well developed, but
are conservatively estiated at $50 It in place underground.

In many proposed applications, the cost competitiveness
of stope leach mineral recovery systems wi be determined
by the identifcation of whole ore, vat leach chemistries.

Ambient temperature-and-pressure leachig of gold ores
in ore body zone stope vats or processing zone recharge-

able vats has a low level of whole ore treatment risk

because the pertinent leach chemistries have been well
demonstrated in the heap leach gold industry. Copper ox-
ide leachi with sulic acid represents another low-risk

whole ore chemistry, agai by vitue of widespread indus-

trial demonstration.
Sigcat uncertaity exists in the whole ore, stope

autoclave treatment chemistries for refractory ores. Con-
ventional autoclaves operate at high temperatures and
pressures, usin caustic and corrosive chemicas on fmely

ground materials. This "extreme conditions" autoclave
chemistry, althoug common, does not translate well to the
coarse ore autoclave treatment methods described by

either stope autoclavig (up to 750,00-t batches) or re-
chargeable stope autoclavig (tyicay 5,00 t per batch

with 12- to 36-h treatment times). The specic diculties
encountered in treating stope leach mineral recovery orcs
with extreme conditions chemistries include:

. Temperature: Stope vat temperatures approachig

100 °C appear achievable through heated reagent circula-
tion systems. Temperatures greater than 100 °C represent

a signcat British thermal unt -delivery problem and may

only be achievable by the trggerig of ore-based exo-

thermic reactions withi the stope autoclaves. Relative

to the extreme conditions autoclave chemistries used by

industry, 100 °C is a low temperature, and reaction rates
and percentages of reaction completions wi be compara-
tively low.

. Pressure: Gas spargi ca be used to deliver oxy-
gen, chlorie, etc., and chemica reactions with the ves-
sels ca themselves be gas evolvi. In either cae, the gas

buidup withi the stope ca be contaied and pressure al-
lowed to rie. The upper liit on the pressurtion of

stopes is unown but may be a fuction of the gas per-
meabilty of the in situ vessel wal material.

. Material siz: Fine-grd rod and bal mil are

complex, ciculati load systems that are not practica ad-
ditions to a mobile face-crushi cicuit. It is most liely

that a "coarse sand" siz, the result of a fial stage of roll

crhig at the face, wi be the minum stope autoclave

feed siz.

. Caustic-corrosive: waU rock reactions andlor in

situ vat waU corrosion susceptibilty wi determine the
kids of chemica avaiable to the stope autoclave chem-
istries designer. Ore body-specic and wal-material-
specifc data are necessar to authoritatively address these
issues.

In combination, these factors indicate the need for

aqueous oxidation-leach chemistries that exhbit high
recovery at low temperature from coarse materi (im-

plyig a long retention time). Long retention time, low-

temperature autoclave chemistres are largely undeveloped,
but there are precedents. As shown in the cae studies in
this report, these precedents show whole ore stope auto-
clave systems economics to be attractive when the chemis-
tres are avaiable.

The field of bioleachig in ambient temperature-and-
pressure envionments is too new to apprie for whole ore
treatment chemistry potential, but the early indications are
that a wide variety of metal may eventualy be obtaiable
in thi maner.

One of the more excitin, presently identied biotreat-
ment opportunties is the two-step, ambient pressure and
temperature, bio-oxidation-cyande leachi chemistr pro-

posed for the double refractory (cabonaceous ore-sulde
encapsulated values) deep Carli Belt ores (1).2 Ores of

this tye would appear to be an ideal match with the pro-
posed in situ vat, stope leach mineral recovery technology.

CASE STUDIES

Four case studies were developed for dierent tyes of

ore bodies using the proposed stope leach mineral recov-
ery systems. The desigs were costed and compared with
cost projections for the conventional drill-blast ming and
surface processing of the specifed case study ore bodies.

Specifc mine designs and cost estimate detai are con-

taied in the appendies.

21talic numbers in parenthess refer to items in the list of references

prcceding the appendixes at the end of this report.



The followi four cae study ming system desig
were developed to test the economic viabilties of the
proposed stope leach min methods:

1. Case study 1: The stope vat treatment of cyande
(CN) leachable ores, tested on a surface-exposed ore body
(tyica oxidid Carli Belt deposit).

2. Case study 2: The stope vat bio-oxidation-CN-
leachi of a refractory ore, tested on a buried, but near-

surface ore body that would normaly be open-pit mined
(tyica double refractory deep Carli Belt deposit).

3. Case study 3: The stope vat hypochlorite oxidation-
CN-Ieachi of a refractory ore, tested on a deeply bured
medium-width vein (tyica deep sulde or tellurde vein

paralel vein, or vein swar zone).
4. Case study 4: A processing zone is created adja-

cent to the ore body; lie-oxygen, low pressure-low

temperature-long-residence-time (12 h), autoclave oxidi-

CN leach; tested on a deeply bured medium-width vein
ore (tyica deep sulde or telluride vein, paralel vein,
or vein swar zone).

In the ca studies of the proposed methods, some

sigcat cot -savi desig potentials were not used in

order to create a generic, baselie defintion of stope vat,
stope autoclve, and encapsulted leach plant costs and
economic vibilties, includi the followig: (1) The ore.

was dieminated, i.e., not distributed bimodaly; hence,
hi-grade ore blocks were not targetable for early years
exploitation, and hi-grade ores were not targetable day
at the min face for hi-recovery processing; (2) the

0.6-m-wide asphalt stope vat waUs with asphalt at S50/t in
place (1984 dollars) is not the lowest cost impermeable
wal construction material inerable from the literature;
and (3) the S10/t for hypochlorite and lie-oxygen ore
oxidation is a hi estiated process chemica charges.

The proposed stope leach mineral recovery method are
new and untested, and, based on the further development
and demonstrations of the technques, systems optimiz-
tions in the above cited areas wi signcatly afect
utition of the proposed systems for specifc ore

deposits.

CASE STUDY 1: STOPE CYANIDE LEACH

In cae study 1, the hypothesized ore body is 120 by

36 by 120 m hi and surface exposed. The ore is as-
sumed to ca 2.6 g/t Au and 75% recoverable by CN

leachi.
The conventional min system approach to the ore

body was assumed to be open-pit ming with ore crush-
ing, aggomeration, and pad leachig. With 45° pit walls,
the ore body had a 1.7:1lie-of-mine stripping ratio.

9

The stope leach mineral recovery system chosen for the
ore body removed 20% of the ore to the surface for pad
leachig and left 80% of the ore underground in open-

topped vat, flood leach vessels. The ore withi the in situ
vats was spiral-IongaU mined. In spiral longal an
asphalt isolated ore block is raie bored in the center, and
the dr-split 10ngwaU is spiraled up around the raise.

Ores are dropped down the raie, mucked and crushed,

then retured behid the shields (80%) for eventua stope

leachig, or sent to the surface (20%) for pad leachi.
As shown in table 1, the open-pit approach is margial-

ly more economic than the underground stope leach sys-
tem approach for the case study ore boy. Table 1 cost
estimate detai are contaied in appendi A.

A true assigent of envionmental permitti and

bondig costs for the open-pit technque would adjust the
results more in favor of the less surace diruptive stope
leach mineral recovery system.

Table 1.-e stuy 1 co copaso: stpe lehlng
and op-pit-pa lehIng

Mining rate ................ tid..

Mil equipment caital cost, 106 $:
SUnace........ ......... ..... ..

Underground . . . . . . . . . . . . . . . . . . .
Miling recvery ... . . . . . . . . . . . . % . .
Mil operating cost, $/t:

Sunace........ ..... ..... . .....

Underground . . . . . . . . . . . . . . . . . . .
Mine equipment caitl cost . .. 106 $ . .
Mine operating cost ........... $/t . .

Mine preproducton cost. . . . .. 106 $ . .
Mining recvery . . . . . . . . . . . . . . . % . .

NA Not applicable.
lOre.

Stope Opn-
pit-pad

5,00 13,50

2.975 18.700
3.22 NA

75 75

6.10 4.43
4.60 NA

11.725 7.100
7.50 14.60

5.65 1.50
100 100

CASE STUDY 2: STOPE BIO-XIDIZE
AND CYANIDE LECH

In case study 2, the hypothesizd ore body is 36 m
wide, 750 m long, 30 m high, and under 120 m of cover.
The ore grade is identifed to be 3.9 g/t Au and 80%
recoverable with sequential bio-oxidation and CN leach
treatments.

The conventional ming system approach to this ore
body is open-pit minin with bio-oxidation and CN leach-
ing done on the surface on separate pads. With 45° pit
waUs, the life-of-mine stripping ratio was determined to be
4:1.

The stope leach mineral recovery system chosen was

stope bio-oxidation and CN leaching. Eighty percent of
the ore was treated in stope vats; 20% of the ore was
treated on surface pads. In situ asphalt vats were created
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to segment the ore body underground. The ores withi
the in situ vats were then dril-split longwal multislice

mined. Ores in the underground vats were flood bio-
oxidid, washed, CN treated, and washed agai.

No hi-grade vats were identied to take economic
advantage of ore body grade zonation. The open-pit
technque spoiled 20 ties more rock on the surface and

left a large glory hole, but no sigcat dierential en-
vionmental permit and bondi cots were asiged to

these diruptions.
As shown in table 2, the stope leach mineral recovery

system approach is decidedly more economic than the
open-pit-pad treatment approach. Table 2 cost estiate

detai are contaied in appendi B.

Tabl 2.--.. stuy 2 cost coparIson: stope oxitin-
lehIng and opn-pit-pa oxidaon-leahIng

Mining rate ................ tid..

Mil equipment caita cost, 106 $:
Surface.. . . . . . . . . .. . . . . . . .. . .. .
Underground ..... . .. .. . . .. . .. ..

Miling recoery ............... 'l . .

Mil operating co, $/t:

Surface. . . . . . . . . . . . . . . ., . .. . .. .
Underground . . . . . . . . . . . . . . . . . . .

Mine equipment caita cost . .. 106 $ . .
Mine operating cost . . . . . . . . . . . $/t . .
Mine preproducton cost . . . . .. 106 $ . .
Mining recovery .. . . . . . . . . . . . . . 'l . .

NA Not applicable.
lOre.

Stope Op-
pit-pad

8,00 35,50

4.950 23.65
3.525 NA

80 80

9.60 8.15
6.30 NA

17.35 12.40
5.40 15.10

7.40 4.90
100 100

CASE STUDY 3: STOPE HYPOCHLORITE OXIDIZE
AND CYANIDE LECH

In cae study 3, the hypothesized ore body is a 13.3-m-

wide, steeply dippin vein, 500 m deep, 40 m long, and
under 100 m of cover. The ore grade is assumed to be
7.8 glt Au and 90% recoverable in a frne grind, autoclave-
cabon-in-leach (elL) cicuit, and 70% recoverable in a

hypchlorite oxidation-CN leachig cicuit with $10/t hy-
pochlorite consumption (2).

The conventional ming system chosen for the ore
body is longole blast stopin. The stope leach mineral

recovery system chosen was a multislice "shortaU" min
of the ore body, bottom-to-top, and the diviion of the ore
body into 16 separate stope vats. Narrow chanel excava-
tions were made on the hangig waU and footwaU and

filed with asphalt to form the sidewaUs for the in situ vats.
Vat bottoms and tops were constructed by the asphalt
backfg of shortwaU cuts. The vats were flooded with
hypochlorite for 6 weeks to effect ore oxidation; the hypo-
chlorite was then draied and the ore washed. Cyande

was then used to effect leachg and the ore was wahed
agai. Seventy percent of the ore body was stowed as pea-

gravel-sizd backfil in the in situ vats; 30% of the ore
was treated on the surface in a fie-grd, hi-recovery,

autoclave-CIL cicuit.
As shown in table 3, the stope leach mineral recovery

technque is more costly than the dr-blast ming and
autoclave-CIL processin technque. Table 3 cost estiate

detai are contaied in appendi C.

Tabl 3.--.. sty 3 co copaso: st oidn-
lechIng and Ioho stng-IL circuit

Stope
oxidation-
leaching

Longhole
stping-

autolave-
elL
2,502,30Mining rate ................. tId..

Mil equipment capital cost, 106 $:
Surface. . . . . . .. . . . . . ..... . . . . . . .
Underground ...................

Millng recovery, 'l:
Surface. . . . . . ... . . .. . ..... .. . . . .

Underground ...................
Mil operating cost, $/t:

Surfac... . . .... . .. . . . . .. . ... . . .
Underground ...................

Mine equipment capita cost . . .. 106 $ . .
Mine operating cost . . . . . . . . . .. $/t..

Mine preproduction cost. . . . . .. 106 $ . .
Mining recvery .. . . . . . . . . . . . .. 'l..

NA Not applicale.
i Autoclave-eiL.
2Stope oxidation leaching.
3Hyhlorite consumption of $10/tfor underground treate ores;

also includes $SIt in narrow-vein sidewall excavation and $SIt in vat
asphalt charges.

41ncludes $8.1 milion in underground vat constcton cost.

.5en percent dilution.

13.22
5.575

37.25
NA

190

2r5
90

NA

19.75
325.40

5.225
7.63

416.55
90

15.50
NA

6.575
6.70

5.750
Sg2

The results of thi cae study become more equitable if
the ore body is markedly bimodal, i.e., if the hangig waU
and footwaU ores are identifed to be high-grade narow
veins, with lower grade diseminated or vein swar ores
between the high-grade paralel vein. In th cae, the fu

extraction of the han wal and footwal vein ores,
necessar to form the vat sidewal, upgrades the quaty of
the feed to the high-recovery surface plant. Upgradi the
qualty of the feedstock to the hi recovery surface plant

improves the ultimate metal recovery of the systems at
little extra cost and yields a higher DCFROR.

CASE STUDY 4: RECHARGEABLE STOPE
AUTOCLAVE-LEACH

In case study 4, the hypothesizd ore body is a 13.3-m-
wide, steeply dippin vein, 500 m deep, 40 m long, and



under 100 m of cover. The ore grade is assumed to be
7.8 g/t Au and 90% recoverable in a fme grind, autoclave-
CIL cicuit, and 82.5% recoverable in a two-stage, lie-

oxygen, 40 °c, 12-h residence time per stage, oxidation
autoclave-CN vat leach (coarse sand-size particles).

The conventional ming system chosen for the ore
body is longhole blast stoping with surface autoclave-CIL
processing.

The stope leach mineral recovery system study pre-
sumes a multilice shortaU ming of the ore body, bot-
tom to top, combined with an encapsulated underground
lie-oxygen-CN processing zone. Vein ores are shortwal
mined, han waU to footwal, face crushed to pea-gravel
siz, and tranported to additional crhig (to coarse-sand
size) in the underground processin area. Twenty percent
of the ore is transported to the surface for fme grdig
and hi-recovery processing in an autoclave-CIL plant.
Eighty percent of the ore is fed to the rechargeable stope,
underground lie-oxygen-CN circuit. Afer a 12-h treat-
ment in the 5,00-t stope, lie-oxygen, low-temperature

autoclave (3) and a 12-h treatment in an ambient tempera-
ture CN solution in a stope leach vat, the underground
processed ores are washed and sent to the ming area for
use as backfil. The mine ventilation cicuit was designed

so that aU stope vat gases are diectly discharged to the

surface throug a common venting borehole.
As shown in table 4, the stope leach mineral recovery

method employi the encapsulated processing zone is

11

projected to be considerably more economic than the
conventional dril-blast, longhole stopin-surface autoclave-
CIL processing option. Table 4 cost estimate detai are

contaied in appendi D.

Table 4.-e.. stdy 4 coat grouncleh
plant and longhole stngutlav.CIL clrc'llt

Mining rate .................. tid..

Mil equipment caital cost, 106 $:
Surface. . . . . . . . . . . . . . . . . . . . . . . . .
Underground . ...................

Millng recovery, %:

Surface. . . . . . . . . . . . . . . . . . . . . . . . .
Underground . ...................

Mil operating cost, Sit:
Surface. . . . . . . . . . . . . . . . . . . . . . . . .
Underground . ...................

Mine equipment capital cost. . . . . 1d $ . .
Mine operating cost .. . . . . . . . . .. $/t..

Mine preproduction cost. . . . . . . . 106 $ . .
Mining recovery . . . . . . . . . . . . . . .. %..

NA Not applicable.
1 Autoclave-CIL.
2Ume oxidation-CN leaching.

3ren dollars per metric ton.
41en percent dilution.

CONCLUSIONS

The leachi and autoclavig of ores in encapsulated,
reagent-impermeable, underground processing vats are
techncay described and determined to be economically
feasible for the treatment of most large leachable and
refractory ore deposits. These conclusions are based on
the effcacies of the dril-split narrow-vein and longwal
ming systems presented in part 1 of this IC series. The
conclusions are alo based on the efficacy of asphalt or
other compounds as the reagent-impermeable backfil
material needed for the formation of underground in situ
vat (open-topped) or autoclave (close-topped vats) waUs
and/or encapsulated processing zone wals. The leach
process and autoclave chemistries proposed are necessarily
aqueous, at ambient to moderate pressures (estimated
atmospheric to 13.8 kPa) low temperatures (estimated less
than 100 0c), and long residence times (days, months, or
years, as requied).

The proposed stope leach mineral recovery systems
leave one-thid or less of the ore body on the surface

as tais. The remaig two-thids of the ore is left

Under- Longhole
ground stoping-
leach autoclave-
plant CIL

2.30 2,50

10.50 37.25
7.325 NA

190 90
2s NA

20.64 15.50
315.10

NA
7.00 6.575

7.10 6.70
3.05 5.250

100 492

underground as a washed backfi1l material. In the stope
leachig and stope autoclavig options, the ores left under-

ground as stope fill are left in open or closed-top in situ
vats, and the migration of meteoric and site-tranitin
waters through the stope-fil ores is impeded and/or
prevented.

The tenor of the economic results of the baselie
technology-generic ore body case studies iners (1) that

leachable and refractory ore bodies with an open-pit mine
stripping ratio greater than 1.7:1 are stope leach mineral
recovery system targets, (2) that increased ore body-grade
modalty tends to increase the competitiveness of the stope
leach systems to include the targeting of ore bodies with

stripping ratios less than 1.7:1, and (3) that all deeply

buried sultic and telluridic refractory ores are stope leach
mineral recovery system targets. Aqueous, whole ore
chemical treatments to effect metals leaching are neces-
sarily presumed developable in assigng these ore body
targetabilities, i.e., potential reserves status.
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APPENDIX A.-CASE STUDY 1 COST ESTIMATE DETAILS: STOPE LEACHING
AND OPEN-PIT MINING-PAD LEACHING

The hypothesized ore body is 120 by 36 by 120 m thick
and surface exposed. The ore grade is designated to be
2.6 g/t Au and 75% recoverable by CN heap leachig.

Stope leach featurg mechanca excavation tech-
niques, is the min system selected for the exploitation

of the ore body. In th technque, the ore body is divided

into 12 separate leach cell by the asphalt backfilg of
dr-split narow-vein sidewaU and longwal undercuts.

These cuts form, in effect, open-topped in situ vessels.
The ores with each vessel were dr-split, spiral 10ngwaU

mined, bottom to top, around a raie in the center of the
leach cell. Twenty percent of the excavated ore (the swell
volume) was sent to the surface; 80% of the ore was
stowed behid the upward-spiralg longal shields. Al

ores were crushed to a pea-gravel size. Crushed ores were
transported pneumaticay. The surface-delivered ores
were pad leached, and the vat backfil ores were flood
leached. System components and costs for the stope leach
mineral recovery system are shown in table A- 1.

The conventional dr-blast min system selected for
the extraction of the ore body was open-pit ming. In this
method, one-eighth of the ore body and one-eighth of the
total strippin requied to maitai 45° pit walls is mined

each year. The lie-of-mine stripping ratio is 1.7:1. The
open-pit mined ore is crushed to minus one-hal inch and
pad leached with CN solution. Mine systems components
and costs for the open-pit ming and pad treatment of the
cae study ore body are shown in table A-2.

The open-pit approach to the exploitation of the ore
body discads 20 Mm3 of waste rock and tais on the sur-
face and leaves an open-pit glory hole. The stope leach
technque discads 1.5 Mm3 of tais on the surface and
leaves no glory hole. No substantial envionmental per-
mittin and reclamation bondig cost dierences were

developed despite the dierent surface disturbance

characteristics of the two methods. If such costs were
developed, they would be preproduction year (year 0)

costs. Year 0 costs are especially sigcat in the

caculation of time-value-of-money weigted retur-on-

investment values. A true aUocation of envionmental per-
mitting and bondig costs, based on the magntudes of
land diturbances, wi reduce the DCFROR of the open-
pit option and make the stope leach approach relatively
more favorable.

Most ore bodies exhbit some form of vertica or hori-
zontal (macrogeologic) or vein and veinet (microgeologic)
grade zonation. Open-pit ming exploits the ore body
from top to bottom in horintal planes and exhbits only

a minal potential for grade zonation exploitation, i.e.,
"high grading." The stope leach mineral recovery system

technques proposed in thi report are well adapted, as are
aU underground technques, to macrogeologic high gradig.

Also, as a nonexplosive technque, the dril-split ming
method, which underlies stope leach mineral recovery, ca
selectively mine veins, veinets, and ore tyes at the face
and/or in combination with face crush and sort systems to
effect microgeologic high gradig. The high gradi flexi-

bilty of the dril-split systems ca create larger cah flows
faster, and, ultimately, recover more of the values of the
ore body. This high gradi capabilty wi probably be a

crucial factor in the selection of stope leach mineral recov-
ery systems over open-pit dril-blast systems for most real-

world, grade-zoned ore bodies. The cae study ore body,
however, was assumed to be 100% diseminated and un-

sortable and, in effect, totaly negated the high grading
advantage of the dr-split mechanca excavation tech-

nique. That the baselie costs for the proposed stope

leach mineral recovery system is cost competitive with the
open-pit approach for thi 1.7:1 stripping ratio ore body
without the incorporation of any of the dr-split methods
high grading advantages iners a greater real-world com-

petitiveness for the proposed technque than that shown in
this case study.
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APPENDIX B.-CASE STUDY 2 COST ESTIMATE DETAILS: STOPE
OXIDATION-LEACHING AND OPEN-PIT MINING-PAD

OXIDATION-LEACHING TREATMENTS

The hypothesizd ore body is 36 m wide, 750 m long,
30 m hi and under 120 m of cover. The ore grade was

identifed to be 3.9 g/t Au and 80% recoverable with

sequential bio-oxidation and CN leach treatments.
In the stope leach mineral recovery system approach to

the exploitation of the ore body, the ore reserve is divided

into 24 separate, open-topped, in situ flood leach cell.
The cell are formed by asphalt backfed dr-split

narow-vein sidecuts and longal undercuts. The ores

with each cell are dr-split, multislice longal mined
from bottom to top, with 20% of the ore bein sent to the
surface and 80% retaied underground in the cell as back-
fil. Al ores are face cruhed to pea-gravel size. The cell-

contaied ores are flooded with a bio-oxidi solution for

3 month, washed, then CN flood leached for 3 month,
and washed agai. Systems components and costs for

the stope leach mineral recovery system are shown in
table B-L.

The conventional dr-blast min method selected for
ore extraction is open-pit ming. The lie-of-mine strip-
pin ratio is 4:1; year 0 was devoted to the strip accessing

of one end of the ore body; in years 1 thoug 8, over-
burden was strpped as requied to maitai production.

The ores are crushed and placed on a bio-oxidation treat-
ment pad, then removed from ths pad, agomerated, and
stacked on a CN heap leach pad. Mine systems compo-

nents and cots for the conventional ming and pad treat-
ment of ores are shown in table B-2.

The open-pit approach to the exploitation of the ore
body dicads 50 Mm3 of waste rock and tai on the sur-
face and leaves an open-pit glory hole. The stope leach
techque dicads 2.0 Mm3 of tai on the surface and
leaves no glory hole. No substantial envionmental per-
mitti and reclamation bondig cost dierences were de-

veloped despite the dierent surface diturbance character-

istics of the two methods. If such costs were developed,

they would be year 0 costs. Year 0 costs are especial-
ly signcat in the caculation of time-value-of-money

weighted retur-on-investment values. A true alocation
of envionmental permitti and bondi costs, based on
the magtudes of land diturbances, wi reduce the
DCFROR of the open-pit option and make the stope
leach approach relatively more favorable.

Most ore bodes exhbit some form of vertica or hori-
zontal (macrogeologc) or vein veinet, or ore ty (mi-

crogeology) grade zonation. Open-pit min exploits the
ore body from top to bottom in horintal plaes and ex-

hibits only a minal potential for grade zonation exploita-

tion, i.e., "hi gradi." The dr-split excavation tech-
niques proposed in thi report are well adapted, as are aU
underground technques, to macrogeologic hi gradig.

Alo, as nonexplosive technques, they ca selectively mine

vein, veinets, and ore tyes at the face and/or in com-

bination with face crush and sort systems to effect micro-
geologic hi gradi. The high gradi flexibilty of the
dr-split systems ca create larger cah flows faster and,

ultiately, recover more of the values of the ore body.

Th high gradi capabilty wi probably be a crucial
factor in the selection of stope leach mineral recovery

systems over open-pit dr-blast systems for most real-
world, grade-zoned ore bodies. The cae study ore body,
however, was assumed to be 100% diseminated and un-

sortable and, in effect, totally negated the high gradig
advantage of the dr-split ming systems approach. That
the baselie costs for the proposed stope leach mineral

recovery technque is so cost competitive without the in-
corporation of its high gradig advantages iners real-world
competitiveness.

Bio-oxidation costs were extrapolated from the pre-
liinar results of work conducted in 1989 by researchers

at the Idaho National Engieering Laboratory (1).
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APPENDIX C.-eASE STUDY 3 COST ESTIMATE DETAILS: STOPE
OXIDATION~LEACHING AND LONGHOLE

STOPING-AUTOCLA VE-CARBON-IN-LEACH CIRCUIT

The hypothesizd ore body is a 13.3-m-wide steeply
dipping vein 50 m deep, 40 m long, and under 100 m of

cover. The ore grade was asumed to be 7.8 g/t Au, 90%
recoverable in an autocave-CIL circuit, and 70% recov-
erable in a hypochlorite oxidation-CN leachig cicuit.

Stope leachi featurg mechanca excavation is the
min method selected for the exploitation of the ore
body. The ore body was divided into 16 separate leach
cell, 2 cell on each of 8 ming levels. Cell were located
on either side of a central pilar dividig the ore body.

Cell were alo separated verticay by 2.5-m sil pilars.
Han waU and footwaU narow-vein chanel cuts were
made and connected on the ends, then backfiled with
asphalt to form the vat sidewaU enclosures. A 2-m-thick
longwal slice was made at the base of each leach cell to
connect the sidewal and complete the vat construction.
The ores with the vat constructions were multislice short-
waU mined from top to bottom using a 9-m-lengt shield
lie. The shortwal-mined ores were face crushed to pea-

gravel siz. Eigty percent of the crushed ore was re-
tured behid the shields; 20% of the ore was sent to the
surface for fie grd, autoclave-CIL, hi-recovery proc-

essing. The backfil ores were flooded with an ore oxidi-

ing hyphlorite solution, washed, then flooded with a CN

leachi solution, and washed agai. The mine systems

components and costs for the stope leach mineral recovery
system are shown in table C- 1.

The conventional min and milg methods chosen
for the ore boy are longole blast stoping and surface

autoclave-CIL processing. The lie of the mine is 8 years.
Mine systems components and costs for the conventional
ming of the ore body are shown in table C-2.

The longhole stoping of the medium-vein ore body di-
lutes the ore so that a 2,500 tId ming rate is required.
The more selective dril-split ming of the ore body re-
duces the ming rate to 2,30 tId.

Al of the longhole stoped ore, i.e., 2,500 tId, is hoist-
ed to the surface and treated in the autoclave-CIL cir-
cuit. For the stope autoclave mineral recovery system,

the narow-vein excavated sidewal ores and 20% of the
shortwal-mined ores that lie between the hanging waU and
footwal side slices, i.e., 675 tId, are surface autoclave-CIL
treated.

In the cae study, the medium-width vein ores are as-

sumed to be disseminated. Thi chosen, disseminated ore

scenario is not particularly realstic in that most ore

bodies exhbit hangig waU, footwal and/or veined grade
zonations. The exploitation of ore body grade zonation is
easily effected in dr-split min by either selective
ming or face sorting procedures. Hig gradi improves
the qualty of the ore stream sent to high-recovery surface

processing, which tends to improve the rate-of-retur of

the dr-split option.

Hypochlorite was charged at $10/t of treated ores in
the stope autoclave option; thi value was chosen from
literature exaples that ranged between $2/t to $30/t.

The total charge for the construction of ore zone vats
over the 8 years mine lie was $47 milon. These vat con-
struction expenditures enabled the stope oxidation-leachig
of some 4.5 Mt of ore. If the vein had been 40 m wide
and not 13.3 m wide, a $56.5 milon vat construction
charge would have enabled the underground treatment of

13.5 Mt of ore. The vat construction charge per unt of

ore treated drops from $10.44/t in the medium-width sce-
nario to $4.18/t in the wide-vein scenario. The $6.26/t
savigs accruig to the changed vein geometry represents

a 25% reduction in underground mil unit operating costs.
The competitiveness of the ore zone vat construction
technque is seen from this case study to be vein-width
sensitive.

In the stope-leaching scenario, some $8.1 milon in 'vat
construction work was done in year O. Ths expnditure
buit both the required year 1 vats and the requied year
2 narow-vein vat sidewaUs. These expnditures could

have been reduced to $2.5 millon expended in year 0 if
only a single 6-month production vat had been buit.

Asphalt may not be the lowest cost vat waU material.
Asphalt was chosen because of its historica use as pad
material beneath heap leach piles. It is reasoned that if it
is envionmentaUy acceptable as a pad liner and as a per-
manent addition to the geologic sequence of the property,
it wi alo be acceptable as a nonrecoverable component

in underground constructions. New, lower cost wal con-
struction materials have recently been developed (specif-
cay, sand-sodium silicate and sand-polyurethane mix-
tures). The sand-sodium silcate mixure is touted to be
both impermeable and autogenously healing (self-healg;

i.e., cracks rebond). The sand-polyuethane mixure is
cellular, i.e., crushes, but does not crack. If these mate-
rials are made using process plant sands, vat wal costs
would be reduced by more than 50% over the $50/t in-
place asphalt used in the case study.
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APPENDIX D.-eASE STUDY 4 COST ESTIMATE DETAILS: UNDERGROUND LEACH
PLANT AND LONGHOLE STOPING-AUTOCLA VE-eARBON-IN-LEACH CIRCUIT

The hypothesizd ore body is a 13.3-m-wide steeply

dippin vein 50 m deep, 40 m long and under 100 m of

cover. The ore grade is asumed to be 7.8 glt Au, 90%
recoverable in an autoclave-CIL cicuit, and 82.5% recov-
erable in a lie-oxygen oxidation-CN leach cicuit.

The stope leach mineral recovery system chosen for the
exploitation of the ore boy is shortwal multilice min.
The bottom-to-top min of the ore body removes 100%

of the ore. The ore is face crushed to pea-gravel siz, and
20% of it is tranported to the surface for frne grd, hi-

recovery autoclave-CIL treatment. Eigty percent of the

ore is sent to ore body-adjacent oxidation and leach proc-
essin stopes. In the underground processing zone, the

ores are roll crushed to coarse sand siz before being
charged into 5,OO-t stope lie-oxygen oxidation autoclaves
(a 12-h, 2.8 kPa, 40 °C oxidation step). These ores are
then washed and dicharged into a 12-h, ambient pressure-
and-temperature CN flood leach. Afer leachig, the ores
are washed and hydraulcay tranported back to the min-
ing area for use as backf. System components and costs
for the stope leach mineral recovery system using en-

capsulated, rechargeable processin stopes are shown in
table D-1.

The conventional min and mil methods chosen
for the ore body are longhole blast stoping and surface

autoclave-elL processin. The lie of the mine is 8 years.
Mine systems components and costs for the conventional
ming of the ore boy are shown in table D-2.

In the stope leachi scenaro, six each 2-m-wide, 3Om-

high, 50-m-Iong stopes were cut. The stopes were con-
structed on two levels, thee stopes per leveL, and verticay
aled. The verticay coincident stopes were connected
by a bored raie with a flap valve. Al stopes were fitted

with extensible belt ore chargi systems and Pachuca (ai-
li) ore dichargi systems. The stopes were individuaUy

asphalt encapsulated on al six sides. Al encapsulated

stopes were connected and flap valved to a central raie

bored, exhaust ventilation shaf. (The exhaust ventilation

shaf had no purose other than ventilation, i.e., it was not
part of the mine emergency egress system.) Each of the
top-level encapsulated stopes, by vitue of valvi could

be pressurd to 2.8 kPa by oxygen spargi. The sparg-
in take place afer the chargi of ore and are part of
the lie-oxygen ore oxidation procss. An aqueous lie-
oxygen reagent reciculation system was used to heat

solutions and maitai a 40 °C reaction vessel (stope)
temperature.

The capital cost of the underground facity per metric
ton of ore treated per day is $3,700; values recovery is

82.5%, as shown in table 4. The capital cost of the 90%
recovery autoclave-CIL circuit on the surface was $14,90
tId. Thi 75% reduction in plant construction costs with
less than a 10% loss in recovery, combined with nominaly
equal operating costs ($15/t for both systems), accounts in

large par for the cost superiority of the stope leachi
system over the dril-blast longhole stopin system.

The pressure and heat retention characteristics of stope
vats, and the ease with which these stope-vats ca be ex-
cavated, encapsulated, and piped and valed to tranfer

reagents and solids, when compared with the costs of con-
struction of pressurd vessels, pipe networks, etc., on

the surface, implies the underground space has a value
that has heretofore been unecogd, hence unexploited.
The underground processin zones are inexpnsive to con-
struct relative to conventional (high temperature-hi
pressure-hi througput-high recovery) surface autoclave-

CIL systems. Thi iners a new genre of cost effective low
temperature-low pressure-long residence time in situ treat-
ment vessels is imminent. New, aqueous whole ore treat-
ment chemistries wi need to be developed for use in
these low cost, in situ vessels.
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