
tion asd recleaning operations (g/ton): 230 potassium per-
riVingajiate, 450 lead acetate, 25 aerofloat. 
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extracted from It into solution during leaching with sodia^ 
sulphide. •• f 'f i£ 
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The results from an experiment on the separation of tlie 
collective concentrate, realised in a continuous process 
from five samples with recycUng of the intermediate prod­
ucts, are given in table 2. 

The antimony concentrate contained 5.7%Pb with extraction 
of about 74% of the lead into it. The pyrite concentrate con­
tained 38-40fcS and 20 g/ton of gold. More than 70%Sb was 

Concentration of lead-baryte ore of the Chachu-Kulack deposit 

Conclusions 

In the separation of collective concentrates containing ...4: 
antimonite, pyrite, and arsenopyrite chlorinated Ume and* 
potassium permanganate can be used for depression of 
pyrite and arsenopyrite. ' 

S I Korkhin and I I Matveev (North-Caucasian Mining-Metallurgical Institute - Department of Uie Concentration 
of Minerals) 

Summary 

The article gives the resuUs from tests on the con­
centration of a technological sample of ore from the 
Chachu-Kulack deposit. The ore investigated can be 
assigned to the type of sulphide-oxide lead-baryte ore 
with a hit̂ h lead conteni. 

The best results in the concentration of the ore during 
the laboratory investigation were obtained by a scheme 
involving preliminary concentration of the ore in a heavy 
suspension with particle size -30-(-3nim and flotation of 
the concenLrate mixture from concentration in heavy 
suspension with the -3-^0mm class. The tailings from 
concentration in heavy suspension (with a yiel^ of 34.14rc a yield 

(0)Kr sT.'̂  t / f 

on the initial ore) contained 0. 089^ Pb and 2.41-
baryte. 

Good technical resuUs were obtained during joint flota- . . « ^ 
tion of sulphide and oxidised lead minerals ;uid alsoduringrtt^ 
baryte flotation from the concentrate mixture from con--,;,*.-^ 
centration in a heavy suspension with the -S-rOnmi class, .-rttl 
A lead concentrate was obtained with up to 76̂ c Pb, and a '.r^''>;. 
baryte concentrate was obtained with 87-89^ BaSO». With.-.'^ 
allowance for the de-assignment of Uie intermediate pro-^^;.,.> 
ducts the lead extraction can be brought to 85-87^; and ^ e p ' 
baryte extraction to 80":. . ."JSS 

The kinetics of the flotation in any cycle (sulphide, oxide,!^?^ 
baryte flotation) obey tlie equation '• = kt^-"'. Specific .,. J Q ^ 
kinetic equations are given for each form of flotation, .".̂ ^r^ 

Intensification of autoclave processes in alumina production 

N I Eremin, Yu A Lainer and V V Medvedev 

Autoclave processes find use in alumina production dur­
ing the leaching of bauxites by the Bayer process: in the 
desiliconising section for the production of alumina from 
high-silicon bauxites and nephelines; in the chemical con­
centration of nepheline syenites: and in the treatment of 
low-grade aluminium raw material by alkaline and acid 
methods at the stages of its decomposition and the isola­
tion of aluminium compounds by hydroylsis e tc '" ' ) . 

In the USSR and abroad the leaching of bauxites is real­
ised in batteries of autoclave battery is a complex con­
tinuously operating plant, involving heaters, autoclaves 
and steam separators (fig. 1). Thus, at the Martinswerk 
plant (Federal Republic of Germany) each autoclave 
battery intended for the leaching of boehmite and hydrar­
gilUte bauxites comprises ten heaters (heat exchangers), 
four autoclaves (leachers) and nine separators. 

Two types of autoclaves are used: 1) autoclaves with a 
blade mixer and heating coil; 2) autoclaves without mixers 
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and heating coils and with live steam heating (figs. 2 and 3). 
For the first type the autoclaves used at the alumina planls,»-i». 
have a heating surface up to 200m^ with p = 40atm. and 
capacities between 50 and lOOni^: for the second they have 
diameters between 1.6 and 2.5m, heights between 9.8 and . 
15m, and capacities between 24 and 70m^ °). The roost ' . 
powerful autoclaves with diameter of 3.0m, heights up to ..-.:i 
21m in the cylindrical part, and total capacities up to ^; 3 . 
150m=* have been established in the Federal RepubUc of - ~ 
Germany'^). .̂ .̂ fe 

r i ^ . J Diagram o t t h c cont / i""* 
a u c o c l 3 v c p l a n t fo r the l e " ^ ^ 
o r b a u x i t e : I - mixer; 2 ' t ^ 
3 - h e a t e r ; 4 - autoclavcs t * ' 
s t o p I s e p a r a t o r : 6 - s t ep o ^ 
s e p a r a t o r ; 7 - mixer ; 8 - " ' ^ 
f o r d i l u t i o n ; C l i v e stcaP ' « • 
B-1 sccondar i ) s team of s t e p " 
B t h e same for s t e p t l . ^ , 
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Pulp Pulp 
At the present time there are no data for direct compari­

son of the operation of the first and second types of auto-
slave batteries on pulps in Soviet plants and in the choice 
of one or the other type of autoclave in designs for new 
plants and factories it is necessary to take the properties 
of the bauxites and slime suspensions, which can be ob­
tained on ejqierimental plants, carefully inlo account. 

Heating steam 

r ig .2 Autociave uith 
l ive steam heating 

. ' ig.3 Autoclave n.:t 

.mixer and heating 
c o i l . 

A great achievement in autoclave technology was the 
transition to a continuous process, and this secured an 
increase in productivity, a reduction of operating costs, 
and more complete utilisation of the heat content of the 
leached pulp. In respect of equipment continuous leaching 
of bauxites differs in two main directions. 

The first is characterised by the use of autoclaves with 
blade mixers and built-in heating elements. Batteries of 
such autoclaves, which act simultaneously as healers and 
reactors, are used for the treaiment of boehmite bauxites at, 
for example, alumina plants in France (Gardanne, la Barasse), 
in Hungary (Aika) and in Yugoslavia. Asa result of the large 
capacity of the system, which is structurally necessary for the 
location of the heating surface, and the easy disintegration of 
such bauxites complete or almost complete leaching ean be 
achieved. 

The second direction differs in the use of shell-tubular 
(leat exchangers as heaters and elongated hollow auto­
claves without mixers and healed with live steam as 
{-eactors, and this is based on ideal displacement con­
ditions. Such batteries are used for the treatment of vari­
ous types of bauxites in the USSR and the Federal RepubUc 
of Germany. 

Etoth types of autoclave batteries are characterised by 
specUic advantages and disadvantages. 
1. The presence of mixers in the large-capacity auto-
slaves required to secure the flow of ilic pulp around the 
heating elements, creates conditions close to ideal mixing. 
Heat transfer takes place at the final temperature difference 
for a given degree with a heat transfer coefficient of 300-
SSOkcal/m^.h.deg. In tubular heaters the average heat 
transfer coefficient amounts to 600-700, since the heat is 
transmitted with a temperature difference which decreases 
from the initial to the final value. Therefore, the estab­
lishment of large-capacity autoclaves for the production of 
an equal technical heat effect requires twice the heating 
surface and four to five times the weight of equipment as 
with the use of shell-tubular heaters. 
2. The presence of drives and rapidly wearing components 
(packings, bearings etc.) in large-capacity autoclaves 
creates difficulties in operation. When any mechanical 
comi^nent or apparatus falls out of service for cleaning 
the heating surface it is necessary to undertake a by­
passing operation on the autoclaves for a single shut off, 
and this, requires the establishment of particularly rel i ­
able locking devices. 
3. Heating of the pulp with Uve steam, while considerably 
simplifying the active heating operation, has a substantial 
disadvantage in the increased steam requirement both for 
leaching and for evaporation. 
4. An advantage of autoclaves with mixers and heating 
coils in their lower rate of build up and the easier clean­
ing of the heating surface. 

(n rn 
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Fig.-} Diagram of the sirgle-flow la) 
and two-floi.- lb) proc-sses: 1) bauxite; 
21 strong solution; 3) -.,;-t grinding; 
4) collecting tank; 5) pjmp; 6) pulp; 
7) heaters ; 8) leachers; 9) separation 
of pulp; 10) high-pressijre steam; 11) 
se-ji^rator steam; 12) cc.-.trifugal pump; 
13) to d i lu t ion; 14) gro-.-p of heaters; 

' 15) heat exchanger. 

In the continuous leaching of bauxites in autoclaves') il 
is possible to distinguish two methods, i.e. single-flow and 

dual-flow (fig. 4). In the single-flow method the pulp, 
consisting of ground bauxite and strong solution, passes 
through a series of heaters where the heating is realised 
by separator steam and then through leachers, where 
the required bauxite digestion temperature is achieved 
through the use of live steam. The majority of auto­
clave batteries in alumina production operate by the 
single-flow scheme. 

In the dual-flow method the material flow is divided 
^into two inequal parts. The main part (80-85^ of the 
" total flow) of the strong solution is gradually heated in 
tubular heat exchangers with the use of separator steam. 
Heating of the pure solution in the heat exchangers requires 
a smaUer heating surface, and the build up of deposits here 
must be less. The remainder of the strong solution is with­
drawn for wet grinding of bauxite. Both flows (the recycled 
sodium aluminate solution heated with separator steam and 
the bauxite pulp with a high solid*phase content) are mixed 
for leaching. HeaUng to the required tempierature is 
realised by a contact method. 

Thus, the difficulties associated with the heating of the 
bauxite pulps are considerably smaller in this method. 
The dual-flow method is practised at the plants in Martins­
werk''). At the same time a considerable improvement was 
observed in the sedimentation characteristics of the red 
mud, and this led to improvement,in its settling behaviour 
and the filtration of the pulp. The dual-flow method of 
autoclave treatment was adopted in the plan of the Razdan 
Mining-Chemical Combine for chemical concentration of 
nepheline syenites. In this case there were indications 
against self-evaporation, and the heat of the autoclave 
pulp was used by direct heat exchange with the heated 
solutions. A special design of sheU-tubular heat exchange, 
securing counterflow of two. media with equal rates, was 
developed for this purpose at the All-Union Aluminium and 
Magnesium Institute. 

Temperature is the most important factor in the acceler­
ation of the leaching of bauxites. With increase in temper­
ature the dissolution rate of the alumina increases (fig. 5), 
and the required leaching time can consequently be reduced 
with retention of the same degree of extraction'*). 

As far back as 1934 Hiller °) proposed to leach bauxites 
in tubular leachers at 280-290 oC. In more recent years • 



there has been a clear tendency throughout the world to 
increase the leaching temperature of bauxites. The problems 
of semi-industrial trials and industrial implementation of 
high-temperature leaching of bauxites in tubular reactors 
have been resolved (fig. 6). Thus, a semi-industrial high-
temperature (up to 290OC) leaching plant, where bauxite 
from various deposits of the USSR and abroad were tested, 
has been in operation at the Dneprovsk Aluminium Works 
for several years. An industrial plant for the h i ^ -
temperature leaching of batixites is in operation at the 
Nabwerk plant in Germany''^. In 1969 the same plant,with 
a productive capacity of 60000 tons of alumina a year^ was 
introduced at the Lippewerk Works"). The time required 
to leach the bauxites at a temperature of "ZOtPC amounts 
to 1-2 min. The maintenance of such a plant is extremely 
simple and is realised by a small number of workers. 

F i g . S K i n e t i c s of t.'ie leac}iing 
of : i o r t h - U r a l s B:iuxites as a 
func t ion of t empera tu re "C: 
1 - 280, 2 - 260; 3 - 240; 
4 - 225; 5 - 215; 6 - 205. 

teaching time min 

Fig,6 Diagram of thc Icack ing 
of b a u x i t e s a t h igh p r e s s u r e s 
on one of the exper imen ta l 
p l a n t s : 1) hea t g e n e r a t o r ; 
2) f i n a l hea t exchanger ; 3) 
and 41 i n t e r m e d i a t e h e a t e r 
exchangers ; 5) r e a c t o r s ; 
6) pu lp c o o l e r ; 7) and 8) 
m i x e r s ; 9) pumps; 

p u l p , d ipheny l m i x t u r e ; 
- . - u a t e r 

The flow-type leaching of bauxites at temperatures above 
350°C and pressures of 270 atm. in a tubular reactor 14m 
long, calculated for a continuous process, has been 
investigated in Hungary. Trials showed that under these 
conditions the alumina dissolves in 2 min, and the extrac­
tion in the solution is higher than the calculated value. 

During comparison of ordinary autoclaves with the 
tubular reactors it should be noted that the former can 
only operate up to temperatures of 240-245<H;, while the 
tubular reactors can operate up to 300OC or higher^"). 
The specific volume of a tubular reactor (Im' of reaction 
volume for 1 ton of aluminium oxide produced) is consider­
ably smaller than in the case of a series of autoclaves. The 
cost of the tubular plant amounts to about two thirds of the 
cost of an autoclave plant with the same productive capacity. 
A necessary condition for the operation of the tubular're­
actors is the existence of pumps suitable for transferring 
large amounts of pulp at counterpressures of 100-200atm. 
As heat carrier it is possible to use high-temperature high-
pressure steam and-also high-temperature organic heat 
carriers or molten salts. 

A great advantage of the high-temperature leaching of 
bauxites is the fact that the leaching ean be realised with 
dilute recycled solutions and the load on the evaporating 
batteries can be greatly reduced. The caustic ratio of the 
solutions after ieaching can be at a level of 1.30-1.35, and 
this leads to their more rapid decomposition at the de­
composition section. In order to prevent the separation of 
finely dispersed aluminium hydroxide it is recommended 
that a low caustic ratio in the solution be coupled with an 
increased decomposition temperature. In sueh a combina­
tion centrifuging takes place at a higher rate, and coarsely 
crystalline aluminium hydroxide is isolated. 

A high leaching temperature (>280°C) also leads to an 
improvement in the sedimentation of the red mud, and this 
is due to the formation of well crystallised cancrinites and 
also the complete dehydration of the geothite at this tem-
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perature. Complete dehydration of limonite requires a SMH... 
what higher leaching temperature of 320-360°C^"). in (hr*** 
hi}^-temperature leaching of diaspore bauxites the need te 
add lime is retained, but its amount can be reduced. ;̂-

Improvement of schemes for regeneration of the heat tyi 
the autoclave pulp is extremely important in the autoclav* 
leaching of bauxites. Such regeneration can be realised 
either by direct heat exchange from the leaching pulp to i ^ 
pulp passing on for leaching or by stepwise seU-evaporajw 
of the aluminate solution. Thus, the first variant can ii«, 
more promising for the high-temperature technology ol 0^ 
treabnent of low-silicon diaspore bauxites^'). ... 

An advantage of multi-step evaporation is the combina--. 
tion of the effective utilisation of the heat of the autocl3T»>4 
pulp with the reraoval of water from it, which is Importaat 
for the heat scheme of the Bayer process as a whole. A -•••̂  
multi-step system for ordinary large-capacity separalonC-: 
requires reliably operating devices for automatic conlrol si • 
of the pulp level in each separator. ' • ' ' ^ -

The main difficulties in the practical utilisation of auto-?*:'-
clave processes in the production of alumina are associatit.' 
with specific characteristics of the bauxite suspensions.''...^, 
including the crystallisation of difficulty soluble compoia*^ 
which form deposits on the walls of the apparatus. In '.V-
mineralogical composition these deposits canbe divided '••,;•' 
into three main groups. The first (with a pulp tempera- .j. 
ture below 160°C) is composed of sodium aluminosilicate.' 
of the nosean, haematite and boehmite type; the second , . 
(above ISOOC) is composed of perovskite, sodium alumino.,- . 
SiUcate of the cancrinite type, haematite and a small 
aniount of boehmite and magnetite: the third (above ZZtfiC)' n 
is composed of hydroxyapatite and haematite. The depositt"- ^ 
are zonal. ' .•;,-:'. 

The mechanism of the incrustation of the heater during 
digestion of bauxite can be represented as foUows: passagt 
of .^silicon, titanium , phosphorus, calcium and iron com­
pounds and impurity components into solution: super-
saturation of the solution with these components and the 
formation of precipitates. By forming a compact film the ' 
precipitates greatly reduce the heat transfer coefficient, 
and this leads to an increase in the steam consumption and • 
a decrease in the productivity of the apparatus. On an 
experimental plant at the Dneprovsk Aluminium Works 
relationships were obtained between the heat transfer co­
efficient and the thickness of the deposit on the pulp 
heater tubes for various leaching temperatures (fig. 7). 
Decrease in the calculated heat transfer coefficient gives 
rise to the need for an increase in the number of self-
evaporation steps in order to retain the specified heating 
temperature in the raw pulp in the heat exchangers, as 
follows from lig. 7, and this leads accordingly to an increia* 
in the capital costs of construction. 

F i g . 7 a ) Dependence of t h e ,__—.*.-
hea t t r a n s f e r c o e f f i c i e n t 
(a kca l /m^-deg ) on t h e 
t h i c k n e s s o f t h e d e p o s i t ' - • -
IB mm) on t h e pu lp h e a t e r 
t u b e s : 1 - IQO-160'C, 0 .80 
k c a l / k g . ' C t 2) 160-200°C; 
3) 200-235' 'C, l ' . 4 0 k c a l / k g ' C ; 
4 - 235-275 ' 'C, l . l O k c a l / k g ' C i 
hj E f f e c t o f t h e hea t t r a n s ­
f e r c o e f f i c i e n t (A) on t h e 
number o f s e l f - e v a p o r a t i o n 
s t e p s ( C ) . 

• • i . 

The investigations showed that the intensity of the en­
crustation of the heaters, which is determined by the heat­
ing temperature and the composition of the raw material, 
can be substantially reduced. For this purpose it is neces- ' 
sary to secure the minimum temperature difference between 
the steam and the puip and to adopt special measures elimi­
nating supersaturation of the solution primarily in TiOa and 
SiOg. They include brief holding of the pulps al one or two 
critical temperature points and also additions of calcium 
oxide within appropriate limits. , - y 
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Of other methods for reduction of deposits magnetic and 
electric treatment of the solutions and pulps is promising. 
With magnetic treatment of a solution saturated with silicic 
acid an appreciable decrease in deposit formation was 
observed at the All-Union Aluminium and Magnesium 
Institute Heat Exchange Plant. Industrial trials at DAZ on 
the effect of magnetic treatment on the encrustation of pipe­
lines were successfully completed. Continuing industrial 
trials on the electric treatment of aluminate solutions sub­
jected to evaporation are giving stable positive results. 
Analogous trials on the protection of the bauxite pulp 
heating surface will be carried oul at DAZ. If the problem 
is successfully developed, magnetic and electric treat­
ments willbe the least energy-consuming and the simplest 
nethods of protection. Thus, intensification of the bauxite 
leaching process in the production of alumina wiU take 
place in the coming years as a result of improvement in 
the design of the equipment of the autoclave battery, increase 
In the bauxite digestion temperature, more extensive regener-
aUon of heat (reduction of steam consumption), and the search 
for effective methods of fighting against encrustation. 
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Gome physicocbemical characteristics of diaphragms in the electrodialysis of ammonium molybdate solutions 

A N ZeUkman, I G KaUnina, L V Myakisheva, and V A Polosukhin 
of Rare and Radioactive Metals and Powder Metallurgy) 

(Moscow Institute of Steel and Alloys - Department 

Summary 

« Electrodialysis with ion-exchange membranes is a promis-
itig method for the extracUon, purificaUon, and concentration 
of solutions containing compounds of various metals. The 
effectiveness of the method depends on the characteristics 
of the memberanes. The article gives the residts from 

linvestigation into the physico-chemical characteristics of 
-.-membranes in contact with ammonium molybdate solutions, 
--including diffusion coefficients, transport numbers, mobiUty 

-of MOQJ" ions, electrical conductivity, and polarisation 
reffects at the membrane-solution boundary. These are the 
JTiaost important characteristics which determine the selec­

tivity of the membranes and the energy expenditures in the 
electrodialysis process. 

Some of the membranes possess high electrochemical 
characteristics and considerable diffusion coefficients for 
MoOj " ions. They are recommended for use where the 
attainment of a high degree of concentration is not re­
quired during extracUon of molybdenum by electrodialysis 
i. e . , where the effect of reverse diffusion flow is small. 

Another membrane occupies an intermediate posiUon and 
has lower diffusion permeabiUty. This makes it possible 
to use it for the electrodialysis of concentrated solutions 
of ammpnium molybdate. , 
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B e l a t i o n between FeO and 
the ma t t e phase 

F i g . l 
CuzS con ten t in 

in t h e e q u i l i b r i u m 
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Home reUtiionships in the distributioii of the components between the separating phases in the CUgS-FeS-FeO-SlOa system 

1 s t Grozdanov, T N Genevska, and P N Bak'rdzhiev (Higher Chemical-Technological Institute, Bulgaria) 

• Treatment of the experimental results from investigation 
of the region of separation in the FeS-FeO-SiOj and CugS-
FeS-FeO-SSOg systems»»'^ made it possible to obtain rela­
tionships describing the mutual solubiUty of the components 
between the two equiUbrium phases at 1473°K. These re ­
lationships were represented in a rectangular system of 
co-ordinates (some of them were described analytically) 
and can be used to solve various practical problems. It is 
difficult to use the phase diagram of the CuaS-FeS-FeO-SiOg 
system direcUy for this purpose on account of the impos­
sibiUty of constructing isocomposiUon sections suitable for 
practical use. 

.and SiO? 
s l a g phase 

. . . iH :c .» 
CuiS in s u l p h i d e 

phase wt.S 

rf .i,--

" In the present report the relationships obtained are dis­
cussed as appUed to the processes of fusion of sulphide 

^ copper raw material and the converter treatment of copper 
: ^ . mattes. 

Figl shows the relation between the contents of FeO and 
CuaS in the sulphide phase (matte) and SiO, in the slag 
phase in equiUbrium with it: [FeO] = f [CujSKSiOa). (Here 
and subsequently square brackets are used to indicate that 
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the gas-collection hood, and Uie variation in the composition 
of the outgoing anode gas was monitored at the same Ume. 
It was established that the length of the transiUonal process 
along the gas channel (12 min) depends on the state of the 
region below the hood. From the presented charac ter i sUcs 
it follows that the length of the transitional process along 
the gas channel i s not limiled by the gas rpute. 

Conclusions 

1. Representat ive gas sampling points were found where the 
e r r o r from the nonrepresentat iveness is comparable with 
the instrumental e r ro r . • Consequently, the e r r o r of the 
chromatographic equipment does not limit the accuracy of the 
analysis . 

2. The variation and charac te r of the^gas p res su re under the 

gas-collection hood was investigated. On this basis conclus] ' 
were reached about t h e g a s delivery points. \\, 
3. The dynamic charac te r i s i t i cs of the gas channel were j l 
investigated. J j 
4. It was established that the la rges t component of the erroi! 
in the determination of the productivity of the electrolytic 
cell is the disturbance caused by the inflow of air , and the 
algorithm for control of the productivity must consequently 
eliminate this e r r o r as much as possible. 
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Investigation of the behaviour of gold in cyanide solutions. 

A N Lebedev V V Gubailovskii and I A Kakovskii (Urals Polytechnical Institute and Lower-Tagil State 
Pedagogical Institute). 

Investigation of the reaction of gold with cyamde solulions 
is of in teres t both for the theory of the e lecl ro-chemical 
dissolution of melals in solutions of complex electrolytes 
and for pract ice in certain technological p rocesses and, in 
paeUcular, the cyanide method (or the t reatment of gold-
containing o r e s ' ) . Previous r e sea r ches ' ' ^ ) have shown 
that the phase or adsorption layers formed on the surface of 
gold in the reaction have a considerable effect on the rate of 
dissolution of gold in cyamde solutions. 

in this connection it seemed expedient lo study the behaviour 
of gold in cyanide soluUons by the potentiostatic meihod of 
recording the anodic polarisation curves . The electrode, 
made from ZL99.99 gold, was polar ised by means of a 
P-5827 potentiostat. The potentials were measured with 
reference to a s i lver chloride reference electrode and con­
verted to a hydrogen electrode. The experiments were 
ca r r i ed out in a thermostated ceU at 25 and 35°C. The 
concentration in the solution varied from 4.3 to 14.4. 10 °M. 
Potassium hydroxide was added to the solution (pH = 11. 6) to 
reduce the hydrolysis of the cyanide. 

Fig. ,1a shows the anodic potentiostaUc curves for gold with 
various concentraUons of potassium cyanide in the solution. 
On these curves sections corresponding lo active dissolution 
of gold can be dislinguished in the region of potentials 
between -0 .50 and +0,75 V. Under these conditions the 
anodic cur rent depends on-the concentration of cyanide in the 
solution. A s imi l a r effect of anions on the electrochemical 
dissolution ra te of metals was demonslralcd ea r l i e r In work 
by Kolotyrkin *) , which made it possible for the author to 
conclude that the anions take part in the electrochemical 
stage of the ionisation of the metal. The anodic reaction of 
the dissolution of gold in cyanide solutions can be represented 
as a two-stage p r o c e s s : 

Au CN-

AuCN CN ' 

AuCN I e 

Au (CN): 

Au -f 2CN" = Au (CN)a'-t^ e, 

(a) 

(b) 

(1) 

tflo = -O.543BL5J 
When (p> -0 .10 V the anodic overpotenttal of this reaction 

inc reases abrupUy, and the anodic current , reaching its 
maximum value, remains practically unchanged over a 
fairly wide range of potentials iO. 00-0. 75 V (fig. la).. Such 
a "diffuse" maximum on the polenUostatic curves is typical 
of some nietals ^ ) . 

It can be supposed that the considerable increase in tlie 

I t 
I 

anodic overpotential at v> -0. 10 V is due to the formation ol 
a sal t film of AuCN on the surface of the gold in accordance 
with stage (a) of reaction (1). In this case the shift of the ' 
potential resul t s from a fall of the potential in the film, as 
observed, for example, in the anodic dissolution of copper 
in sodium chloride solution ° ) . 

iec-

l g i 

F i g . l . a) Anodic p o t e n t i o s t a t i c 
curves for gold i n s o l u t i o n s of^ 
potass ium cyanide wi th var ious 
c o n c e n t r a t i o n s ill) a t 25''C with 
an oxygen p r e s s u r e of 0.21atm 
.over the s o l u t i o n a t pll 7 . 6 . 
i - 4 . 3 - l O - \ - 2 , 3 - 2 . e 4 - 1 0 ' ^ ; 
4 - 3 .42 -10 - ' ' ; 5 - 14 . .1 -10- ' 
KCN. (In curve 2 t h e c u r r e n t 
va lues were c a l c u l a t e d from 
chemical a n a l y s i s of the s o l u ­
t ion for the g iven e l e c t r o d e 
l i o t e n t i a l ) . b) rhe dependence 
of the anod ic c u r r e n t ac ffi » 
0.4V on the .cyanide concen t ra t ion 
in the s o l u t i o n tpH = 1 1 . 6 . ?5»c;,'J 

t M / c r i ' 

J ! 

ftrirlS' 
S IS l i 

However, an electron diffraction analysis confirms the 
presence of cyanides in the phase film on olher mela ls and,! 
in par t icular , on copper and si lver , but it was not possible/I 
to delect Ihem on gold ' ) . This i s evidently explained by ^ | 
the extremely strong affinity of gold to cyanide. In fact, 
the equilibrium constants of the reacUons AgCN * CN" = 
AK(CN)a and CuCN -f CN-= Cu(CN); a re almosl three orderil 
of magnitude lower than that of the reaction AuCN \ CN"=, 
Au(CN)j (5.0.10*, 3.10*, a n d i . 6 . 1 0 ' r e s p e c U v e l y ' ) ) . 

The limiting value for the anodic cur ren t at potentials of 
iO. 00-0. 75 V is probably due to diffusion l imitat ions. TWil 
i s demonstrated, first , by the l inear dependence of the 
anodic cur rent on the cyanide concentration in the solution-' 
(fig. lb) and, second, by the comparatively weak dependence! 
on tempera ture (fig. 2, curves 1 and 3). The experimental! 
activation energy of the anodic process for <p = 0. 40 V is 
about 5. 0 kcal/mole, whereas the value for conditions whenl 
the ionisation of the metal is the controlling stage it reachei| 
values of 9. 8-14. 1 kcal/mole M. 
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The potential corresponding to Ihe beginning of passivation 
olgoliifip in cyanide soluUons is pract ical ly independent of 
the concentration of cyanide in the solulion and is equal lo 
ihout 0.75 V (Ug. l a ) . The value of this poiential for gold 
tJttermined by Vetter °) from the charging curves in 
potassium sulphate solution differs from our value and is 
ibout 0. 5 V. This- may be explained by the effect of the 
complexing agent potassium cyanide. 

II It is assumed that the transition lo the passive state i s 
due lo the formation of oxygen compounds on the surface of 
the gold, the reactions giving r i se to this passivation in 
alkaline cyanide solutions can be written as follows: 

2Au + VaOa = AUjOa + 6e , 

Au-t 30H- = Au(0H)3 ••• 3e , 

tPo = 0,532 L i o j (2) 

Vo = 0.590 D l J (3) 

Under the conditions of our experiment at pH = 11. 6 the 
thermodynamically calculated equilibrium potentials of these 
reacUons are ipa = 0. 61 and tftj = 0. 73 V respect ively. They 
»re fairly close to the experimenlally obtained poteniial 
corresponding to the beginning of passivation of gold ifip. = 
0.75 V (fig. la) , and this confirms the possibility of 
passivation of gold by its oxygen compounds. Elect ron-
diffraction analysis of the phase film on the surface of gold 
also shows that it cons is t s of the oxide o r hydrcxide of 
trivalent g o l d ' ) . 

F i g . 2 Anodic p o t e n t i o s t a t i c 
cu rves for gold in a s o l u t i o n 
of potas.sium cyan ide ( 4 . 2 1 - lO '^ ' l , 
pH = 11.6) at, 25°C 13) and 35°C 
( 1 ) . Oxygen p r e s s u r e 0.21 atm; 
curve 3 was recorded i n the 
o p p o s i t e d i r e c t i o n a t 25''C. 

mA/cm 

At the full passivation poiential <Pcp = 0. 9 V (fig. l a ) the 
gold acquires a stable passive stale, which is retained at -
extremely positive potentials (up to 2V). The increase in 
the anodic current al potentials of more than 1. 35 V is due 
lo the anodic reaction of oxygen evolution, and Oiis i s 
confirmed conclusively by comparison of curves 2 and 1, 
3-5 (fig. l a ) . On curve 2 the values of the anodic cur rent 
tliere calculated from the amount of gold passing into solution 
at a given potential, determined by chemical analysis , and 
al «j> 1. 35 V no inc rease in currenI i s found. Curves 2 and 
3, obtained from the datafrom chemical analysis and e l ec l ro -
chenUcal measurements of the anodic cur ren t under the same 
conditions, a re fairly close. Only the values of the cur renI 
In the passive region differ, and tliis is clearly explained by 
Ihe difficulty in the chemical determination of gold in a 
soluUon with extremely small degree (^dissolution. 

The passivation of gold is accompanied by the formation of 
fairly stable l ayers on Ihe surface, since a hys te res i s loop 
is observed when the polenUostatic curves are recorded in 
the forward and r eve r se direct ions (fig. 2, curves 2 and 3). 
A feature of the behaviour of gold in the passive state is the 
nondependence of the anodic cur rent on the cyanide concen­
tration, whereas a clearly defined effect of the cyanide ion 
on the value of the cur rent is observed, on the other hand, 
at the active dissolution potentials (fig. l a , b). This i s 
evidently explained by the fact that the oxide compounds of 
trivalent gold react lilUe with cyanides. Consequently, the 
active dissolution reaction of gold (1) lakes place mainly on 
the surface free from oxide layers , while react ions (2) and 
(3), which give r i se to passivation of the gold, greatly 
reduce the ra te of i ts passage into solution. It i s interest ing 
that the passivating effect of reactions (2) and (3) inc reases 
with increase in tempera ture , since the current in the passive 
state (ifp) i s higher al 250C than at 35 C (curves 1 and 3 in 
Ug. 2). This contradicts the known ideas, according to 
which increase in tempera ture usually impedes passivation 
and inc reases icp °). However, the possibility of in tens ­
ification of the passivating effect with inc rease in tempera ture 
becomes understandable if the facts that the formed oxide 
compounds of tr ivalent gold a re prat ical ly insoluble in the 
cyamde soluUons and that the ra te of reacUons (2) and (3) 
i nc reases wilh inc rease in tempera ture are taken inlo 
account. 

Thus, on the bas is of the- invesUgations i l i s possible to 
dislingiush two chara lcer i s t ic regions of potentials (-0. 5 to 
4 0.75 V and 0 .75 -2 .0 V) where the gold dissolves wilh 
different kinetic relat ionships. In the first the ionisation 
ra te of gold inc reases witli increase in tempera ture and in 
the cyanide content of the solution. In the second (the region 
of the passive state), on the other hand, it d ec r ea se s with 
inc rease in tenipera ture and is pract ical ly independent of the 
concentration of the cyanide solution. 
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•rhe nature of charge t ransfer in mclta ol the SbiSg -CujS System 

V F Zinchenko A A Velikanov S Ya Gervits and P P Shevchuk (Kiev Slate University - Department of Physical 
Chemistry). 

In the Uquid state the sulphides of heavy metals have mixed 
ionic/non-iomc conductivity. Here, whereas the ionic 
contribution predominates for Uie SbaSa mell ' ) ' ) near the 
melting poinl, c a r r i e r s of nonionic charac te r have the p r e ­
dominating effect on the formalion of the charac te r of 
conductivity in copper sulphide in the liquid state ^) . 

It seemed of in teres t lo sludy the effect of continuous cation 
exchange in the above-mentioned sulphides on the nature of 
the conductivity of the mel ts . Melts of the SbaSa-CujS sys tem 
have p r e n o u s l y been investigated by conducUvity and thermo 
emf methods ^j and were interpreted as liquid semiconduc tors , 
and this (as will be shown below) simplifies the actual pat tern 
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Percen tage Compos i t ion of 
Subl imates and Lead-T in 

Cakes P r o c e s s e d 

INCREASING THE DIRECT EXTRACTION OF ZINC IN mtDROMETTOuLURGICAL PROCESSING OF 

TIN-BEARING DUSTS* 

ODC 6 6 9 . 5 3 6 . 2 2 1 : 6 6 9 . 6 4 8 

E. '5fa. Ben'yash, G. A. Motornaya, and T. M. Sukhorukova 

The sublimates produced in converting copper mattes, processing secondary copper 
material, and fuming certain slags are concentrated by neutral leaching and by final 
acid leaching of the residue. After removal of impurities, the solution which is 
formed is used for zinc sulfate production and the lead-tin cake is used for produc­
tion of lead-tin alloys by electric smelting. 

The high zinc content of the cake (see Table) causes 
the techftical. and economic results of electric smelt­
ing to deteriorate and leads to losses of tin and 
zinc. 
It is apparent from the Table that 60% of the zinc 

in •tihe lead-tin cake is present in the form of rela­
tively insoluble compounds (stannate and sulfide). 

Zinc stannate is decomposed by concentrated sulfuric 
and hydrochloric acids and in the process of acid 
autoclave leaching. In practice, however, it proved 
iitqoossible to increase acidity over 5-7 g/liter be­
cause the filterability of the pulp was substantially 
reduced. 

The following sequence of leaching operations was 
adopted: first the fuming sviblimates and electric 
smelting sublimates were leached at increased resid­
ual acidity, then lime was fed in to precipitate fluo­
rine and sublimates with a low content of relatively 
insoluble forms of zinc (copper enterprise sublimates 
and the like) to neutralize the acid. The excess of 
these was leached out with sulfuric acid at a pulp pH 
of not less than 4.7 ("reverse leaching"). 
After standing, the upper discharge was decanted 

and the lower was filtered. The filtrate was combined 
wifJi tJie upper discharge and the cake was subjected to acid washing by repulping at 
a liquid-to-solid ratio of 4 : 1, 
Study of the effect of residual acidity in leaching fvaming and electric furnace 

sublimates and of pulp acidity in cake washing upon the lead-tin cake zinc content 
and filtiration speed revealed the following: 
1. Zinc extraction increases in proportion to a rise in residual acidity up to 50 

g/liter. A further rise in acidity gives practically no increase in extraction. 
2. Increasing acidity in cake washing to pH 1.0-2.0 reduces the zinc content to 

3.5-4.5%. The speed of filtration of pulp frora acid cake washing does not alter sig-
nificeuitly in the 0.9-3.8 pH range, amovmting to ~ 0.3 m'/m^*hr. 
. 3. The sublimate leaching routine breaks down the zinc stannate and 50% of the 
zinc sulfide and increases the direct extraction of zinc into solution by 7-9%. 
4. The cake yield decreases by 10-15% by comparison with the existing technology 

and its lead and tin content increase from 19 to 22 and from 12 to 14% respectively. 
5. The speed of filtration of the lower discharge under the recommended conditions 

(0.22-0.25 m'/m*«hr) is 2-3 times higher than in the routine with final acid leach­
ing (0.07-0.09 m'/m^-hr); this makes it possible to mechanize the cake filtration 
process by replacing the filterpresses used in the existing technology by drum- or 
disk-type vacuum filters. 
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atmospheric influences the frost resistance of the Uiilin^s 
w^s determined. For this purpose each particle size class 
«-as immersed in a solution of sodium sulfate for 20h and 
then dried at 110°C. The investigations showed that ttie frost 
resistance of the tailings corresponds to Mrz-25. 

Table 4: Screen and chemical analyses of tailings 

A.Talyii 

V*.* l i J * 

Conltrnt 

-

-at data 

I 'art 

Total 

Pb 

Zn 

Cu 

Fe.O, 

CaO 

MgO 

A1,0, 

SiO, 

S to t 

^Sulphate 

•HO-BO 

34.5 

34.5 

0 .05 

0.19 

0 .06 

3.43 

1.78 

0.97 

11.28 

73.19 

0 .71 

0 .025 

Tai 

•2:-4V-

22.7 

57.2 

0 .05 

0 .24 

0 .026 

2 .25 

1.75 

0 .90 

5.65 -

75.24 

0.44 

0 .007 

l i a j s nm 

- • 2 - 2 5 

IS .5 

0 . 7 

0 .05 

0.27 

0 .023 

2 .2 

1.65 

0.92 

9.11 

76.90 

0 .45 

0 .01 

^••16-12 
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0 . 0 7 
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0 . 0 3 

2 . 3 7 

1 .97 

0 . 9 6 

8.80 

76.21 

0.62 

0.009 

Tota i 

100 

-

0.055 

0 .25 

0.038 

2.68 

1.8 

0.94 

9.90 

75.1 

0 .58 

0.014 

SO,) in reinforced concrete constructions, the use of Oie 
taiUngs in concrete and the reinforced constructions is 
contraindicated. To determine i)ie suiUibility of the tailings 
in concrete consti-uctions special samples were prepared 
and tested for compression and frost resistance. The com-
pressix'e strength of saniples prepared from various particle 
size classes, with steam treatmait and with natural ageing, 
varies between 10.2- 10"̂  .and 23.9-10 'N/m' . 
The results from investigation oi tlie physical and mech.ani-

cai characteristics of the Liilings and of concrete made from 
them show thnt the concentration tailings obtained during 
concentration of the mLxture of ores from the Sadon mine 
management in hca\7 suspensions correspond to the Stale 
Standards GOST-10260-62 and GOST-8267-64 and may find 
wide practical use for road constiniction, ns a foundation 
under concrete floors, as a ground sealing material, as 
rubble footings under toXindaiions, in drainage systems as 
a draining bed, as ballast for railways, as foundations for 
underground workings, and as a coarse filler for aspliaU, 
concrete, and concrete in nonreiiiforced coi-SS«^^!ESi»8 

The data in table 4 show that most of the sulphur in the 
light fraction (tailings) is present in sulphide form. With 
(ull oxidation of the sulphides and conversion to the sulphate 
(orm the SO3 content of the taiUngs will amount 1.54%. Since 
the State Standard GOST-8267-64 does not permit the pres­
ence ol more than 15c of sulphur compounds (converted to 

Conclusions 

1. Laboratory and pilot plant trials ofrTOVconcentration of 
lead-zinc ores on the Kholstin. Sadon. Arkhonskaya and 
Zgidsk deposits, in ratios of 1.0:2,15:2,35:2.5, showed that 
with a taiUngs outiwt of 30-40'^ the lead and zinc content 
does not exceed 0.06 and 0.3~c respectively. It was estabUshed 
that concentration can conveniently be carried out with 
control separation, and the density must be kept at 2.7 in the 
main opei-ation and 2.65 t/nr" in the control operation. In­
crease of the density in tlie main operation to 2.75 t/m^ leads 
to a considerable decrease in the e.\ti'action of the usef"' 
minerals into the heavy fraction. Comparatively cor; 
material (up to 80 mm) can be concentrated. MM^ 
2.Investigation ofthe physical and mech.mical charac MNG 
of the taiUngs from concentration in a he,i\->' suspensi ID|_ 
firmed the suitability of the tailings for many road ar 
building constructions, excluding the manufacture of 
forced concrete and reinforced stnictures. 

( The state of molybdenite surface during flotation 

UDC 622.765.41 

A A Abramov, E M Dzugkoeva and V M Avdokfiin (Moscow Institute of Steel and Alloys. Department of the Concentration 
of Nonferrous and Rare Metal Ores.) 

SUmmaiy 

To understand the mechanism of the reaction of flotation 
reagents with the surface of molylxfenite it Is necessary to 
know which compounds of molylxlenum are present at the 
Surface under various conditions. The results are given 
from thermodynamic and electrochemical investigation of 
the state of the molybdenite surface as a function of the pH 
and the oxidation-reduction potential of the solution. 

The thermodynamic calculations showed that the main 
product frora oxidation of molybdenite is MoOj- HgO, while 

W^ir- Aieu-'fe... 

^tensilication and development of leaching processes in hydro-metallurgy 

A N ZeUkman and L V Zverev (Moscow Institute of Steel and Alloys. AU-Union Institute of .VUneral Raw Material) 

the forniation of elemental sulphur at the surface of molyb­
denite is only possible in an acidic reducing medium. The 
results from the thermodynaniic calculations were confir­
med by the results from the electrochemical investigations. 

The results can be used to analyse the mechanism of the 
action of the reagents on the .surface of molybdenite, to 
create a physical and chemical model, and to improve the 
processes involved in the selecti^'e flotation of molybdenite-
containing collective concentrates. 

•UDC 669.053.4 

Summaiy 

The development of hydrometallurgical processes for the 
treatment of ores is briefly renewed. The increased use 
of hydrometaUurgical processes is attributed to recent 
developments in processes, the increasing need to use low-
grade ores, and the avoidance of atmospheric contamination. 
Processes mentioned include fluidised bed, flow-type pro­

cesses', sonic and ultrasonic treatment, sorption and ex­
traction processes, and autoclave treatment (for various 
metals). Heap leaching and underground leaching (uranium, 
copper) are discussed. The role of micro-organisms and 
the bacterial leaching of copper are mentioned. 

Attention is drawn to the need to develop scientific investi-



gations in the following directions: The thermodynamics of 
aqueous solutions of inorganic substances and the develop­
ment of methods for calculation of activity coefficients in 
complex solutions; improvement and.development of new 
physical and other methods for determination of the form 
in which metals are present in aqueous solutions; further 

tfieoretical consideration and experimental investigation of 
the kinetics and mechanism of the chemical dissolution of 
minerals; the search lor new reagents, including organic 
reagents, for selective dissolution of metals and, in par­
ticular, non-toxic solvents for gold. 

UDC 541.48 

Investigation of the equiUbrium between magnesium and its chloride dissolved in potassium chloride 

P V Polyakov. 0 A Kotelnikova and A N Tatakin (Krasnoyarsk Institute of Nonferrous Metals. Department of 
the Metallurgy of Light and Rare Metals) 
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Table 1: Empirical equations for the temperature 
dependence of the emf 

lon- t ract i 'U- . 
conc .o ! :-:i 

0 . 5 0 6 - 1 0 ' -
1.42-LO-: 
4 .04-10" -
0.2 - W -

L'tiuations 

E - 3 
t = 3 
•£ = 3 

•£ = 3 

4514 - 0 . 4 3 9 . 1 0 " ' T t 0 . 0 0 3 , V 
432 - 0 . 4 8 0 - 1 0 " ' T 1 Q.OOOS.V 
434 - 0 . 5 3 - 1 0 " ' T t 0.0005,V 
49 - 0 . 6 -10"- T * 0.0005,V 

Table 2: Average valences, solubiUties, and standard electrode potentials of 
magnesium in the melts 

T,K 

1063 
1033 
UOO 

4.09 
4.C51 
4.072 

x, 

0.0042 
0.00549 
0.0758 

XJ 

0.0 L72 
0.0224 
0.0317 

K 

2.8495 
2.8393 
2.8305 

l̂ 
2.9855 
2.8795 
2.9494 

S o l u b i l i t y a t . 
fracciop. lo ' ' 

I 

3.37 
5.06 
6.96 

2 

2.37 
3.16 
3.98 

3 

1.445 
1.64 
2.241 

4 

0 .931 
1.220 
1.61 

Average 
va lence 

1.970 
1.964 
1.941 
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Ol a and fMe ™ ̂ ^ coalescence of the mechanical suspen­
sion of the metal in the slag. The experiment was carried 
out as follows. 

An artificially prepared suspension of copper in iron-free 
slag was agitated with the extracting phase by means of argon. 
Is extracting phase we used grade MO copper, copper + 
!.33% CuaO, and copper + 1.5% S. Copper with 1.5% S, lUce 
ead with 1.5% S"*), is negatively charged in the slag. The 
•esults from the experiments are given in fig. 3. They show 
hat for the metal with charge having identical sign the dif­
ference in the oi a value Is largely significant for coales­
cence (curves 1 and 3 in fig. 3). For relatively comparable 

(Sir 0--3 / ^ 

Oi.a values (in the Cu-1.5TcS alloy Oi a = 220mJ/m*, see 
curves 2 and 3 in fig. 3) the principal role is played by the 
difference in the sign of the charge in the extracting (the 
surface of the Cu-S alloy with 1.5% S is negatively charged) 
and the extracted phases (the surface of drops of grade MO 
copper in the suspension is positively charged). 
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Investigation of the dissolution of lower cobalt sulphide in cobalt sulphate solution 

MG Zalazinskii, and I F Khudyakov (Urals Polytechnic Institute 
Non-Ferrous Metals) 

In the leaching of sulphides, in addition to their purely 
chemical dissolution, an important part is played by electro­
chemical processes ' ) , investigation of which assists the 
development and improvement of methods for hydrometal­
lurgical treatment of sulphide materials. Some of the pro­
gressive methods for investigation of oxidation-reduction • 
reactions occurring at the interface are electrochemical^). 
Whereas extensive researches have been devoted to inves­
tigation of electrode processes at copper and nickel 
sulphides^'*), there are hardly any papers on the oxidation-
reduction reactions in the dissolution cf cobalt sulphides. 

In the present work an attempt was made to determine 
certain relationships governing the leaching of lower cobalt 
sulphide COfSj from the standpoint of the laws of electro­
chemistry by investigation of the electrode potentials of the 
sulphide in a solution of ct^alt sulphate as a function of 
such parameters of the process as the activity of the metal 
ions in the solution, the nature and partial pressure of the 
gas phase, the temperature, and the length of dissolution of 
the materials. The electrode potentials of the sulphides 
under normal and autoclave conditions were investigated 
by the previously described method^). 

One of the characteristic features of metals of the iron 
group under normal conditions is the considerable i r r e -
versibiUty of the metal-solution system, as a result of 
which the steady-state potentials of these electrodes 
differ substantially from the equilibrium potentials cal­
culated on the basis of thermodynamic data. The latter 
may be due to the passive state of the electrode surface in 
the solution°), and it was not therefore possible to evaluate 
the activity of the cobalt ions directly under the experimental 
conditions. 

The activity of the ions in an aqueous solution of the metal 
sulphate was determined as the product of the activity co­
efficient (yyie'-t-) by the molal concentration of the ion in the 
solution. In turn, the activity coefficient of the ion in the 
solution was, determined from the expression: 

^sor 
where: 

y± 

, ^sol-

the average ionic activity coefficient of the elec­
trolyte according to published data''); 
the average activity coefficient of the SO'7 'ons 
and was obtained from the experimental depend­
ence of the latter on the ionic strength of the 
soluUon °). 

The values observed for the electrode potentials of CQ, SJ 
in solutions of cobalt sulphate with various concentrations 
are given in fig. 1 in'the form of their dependence on the 
calculated activities of the cobalt ions in the solution. The 
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gradient of the line connecting the points plotted on Uie 
graph agrees well with the value calculated by means of thc 
equation: 

(p = (ft, + 
RT 
2F ln t t r„ :4 (2) 

and amounts to 0.050V for unit increase in the logarithm of 
the activity of the cobalt ions. By extrapolation of the poten­
tials to a cobalt ion activit>' equal to unity it is possible to 
obtain a value of -O.IV. This shows that the dissolution ot 
CotSg is accompanied by passage of Co°* ions into solu­
tion, whUe the electrode process is described by the 
equation: 

3CoS -f Co* "̂  + 2e Co* S3 (3) 

The experiments were carried out in a neutral atmos­
phere Replacement of the neutral gas phase (argon) by an 
oxidising phase (oxygen) leads to an sharp shift of the 
electrode potential towards the positive side (to 0.5V, fig. 
2). The higher the pressure of the gas phase, the more 
appreciable is the shift of the potential. The value of the 
electrode potential (05V in a 0.5M solution of cobalt su 
phate) corresponds fairly satisfactorily to Kie calculated 
value (0.42V) for the process: 

C o S * i C o ^ + + S + 2e (4) 

which indicates the formation of a film with a different 
C(^alt-sulphur ratio (close in composition to CoS) on the 
CotS, surface. 

Fig. l Dependence of the clectroc 
p o t e n t i a l of Co.S-.on t.'ie activi ( 
of cobalt ions in the solution. 

ojm 

Fig.2 Dependence of the electrode 
potential of CoiSi on t.he length 
of dissolution of the sulp'nidc at 
the follouing par t ia l pressures: 
of oxygen (atm): 1 - 2; 2 - 3; 
3 - 12. 
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.3 Temperature dependence of 
e l e c t r o d e p o t e n t i a l of CotSg 

tti v a r i o u s " p a r t i a l p r e s s u r e s o f 
gas phase ( a tm) : 1 - 5 , a rgon ; 
2 ,oxygen; 3 - 3 ; 4 - I 2 t 
' 2 . 

From the temperature dependence of the potential of CotS, 
(fig. 3) it follows that in a neutral atmosphere the potential 
of cobalt sulphide is shifted towards the positive region 
with increase in temperature (curve 1), reaching a value of 
+0.03V, and this corresponds in character to the variation 
of the electrode potential of the sulphide, the dissolution of 
which is determined by reaction (3). With increase in the 
temperature in the presence of oxygen the electrode poten­
tial of CcwSa is shifted towards the negative side, and it 
here approaches the value for the potential of the sulphide 
electrode (Co* Ss) in a solution of cobalt sulphate in the 
neutral gas phase (fig. 3). 

On the basis of the experimental data the following mec­
hanism can be proposed for the dissolution of CQ,Sa in a .̂  
sulphuric acid solution of cobalt sulphate. 
1. In a neutral gas phase the electrode potential ia the 
solution corresponds to reaction (3), which determines 
the process. 
2. Under oxidising conditions a sulphide film, approac­
hing CoS in composition, is formed on the surface of the 
material. Reaction (4) is determining in the process. 
Increase in temperature evidently leads to an increase in 
the dissolution rate of the boundary layer, the thickness 
of which decreases, and the electrode potential begins to 
be determined by dissolution of the initial sulphide. 
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Precipitation of roasted and reduced alunite dust in counterflow systems 

A I Lainer (deceased), Yu A Lainer, I T El'perin, T D Israfilov and V L Mel'tser (Institute of Metallurgy 
Azerbaidzhan Polytechnic InsUtute). 

EssentiaUy the method for collection of dust in counterflow 
apparatus involves the hydrodynamic retardation of two 
colliding axisymmetrical dust-laden streams of gas, into 
which a wetting Uquid has been sprayed by means of a nozzle 
before the zone in which they merge. Together with the dust 
particles the wetting liquid performs a reciprocating motion 
in the region where the streams collide. In this zone coagu­
lation and enlargement of the particles occurs as a result of 
interaction of dust particles with the drops of Uquid. The . 
coagulated particles, having attained critical dimensions, 
separate from the collision zone under the Influence of 
gravitational forces and are collected in the precipitation 
chamber. Any liquid which is lyophilic towards the particles 
of dust tieing collected can be used as wetting Uquid. In the 
majority of cases this liquid can be water. 

In the present work the motion of the particles and the 
variation of the concentration of the particles in the zone 
where the gas streams meet were investigated *). The 
effectiveness of the collection of finely dispersed alunite 
dust in counterflow systems and the effect of the principal 
process parameters on it were studied on the previously 
described apparatus ' • ' ) . With increase in the specific 
consumption rate of the wetting Uquid (water) per unit weight 
of dispersed material the degree of collection of the dust at 
first increases and then remains practically unchanged at a 
value >0. 3 ml/g. On the basis of the experimental data the 
optimum constructional parameters for the dust collector 
were determined. The effect of the concentration of the 
dust and the velocity of the gas stream on the effectiveness 
of the collection of the dust was investigated. It was 
established that the degree of collection of the dust increases 
with increase in the dust content of the stream over the whole 
range of investigated gas velocities (10-25 m/sec). 

The effect of the gas velocity on the degree of collection of 
alunite dust &j) is extremely significant; with low gas 

velocities (10-14 m/sec) increase in the velocity of the gas 
leads to a decrease in the degree of collection of the dust, 
and with a velocity >14 m/sec, i. e. , under conditions where 
the motion of the particles in the counterflow Is more 
intensive, increase in the gas velocity leads to an increase 
in the effectiveness of collection. With bilateral deUvery ol 
the stream at a velocity of 23. 2 m/sec and with a dust 
content of 350 g/m* the degree of collection amounted to 
98. 5%. 

With increase in the temperature of the gas and with an 
unchanged specific consumption of the wetting liquid the 
degree of collection decreases somewhat, and to increase 
the degree of collection it is therefore necessary to increase 
the deUvery of water into the spraying system. At tempera­
tures of 250 and 480°C the amounts of water required lo 
secure the maximum degree of collection (88-91%) were 
0, 33 and 0. 37 ml/g respectively, but the obtained granules 
were dry. This is explained by the fact that evaporation of 
the water takes place after coagulation of the particles, 
since the collision of the water drop with the dust particles 
and between the particles takes place instantaneously. 

Table 

Particle size mm 

-fO.104 
•0.063 
-0.063 

Content of dust 
from apparatus % 

Roasting 

0,4 
1.0 

98.6 

Reducing 

0.2 
O.S 

99.7 

^ize the c< 
counterno 
data on thf 
are given 

The experiments were carried out with roasted and reduced 
alunite dust from the Kirovabad aluminium works, the 
granulometrlc composition of which is given in the table 
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ION-EXCHANGE EXTRACTION OF ALUMINUM . 

UDC 669.7:66.074.7 . ' ' . 

"ill. N. Fedulov, V. V. Alekseeva, L. I. Vodolazov, and B. N. Laskorin 

OMBVEBSiiTy m m m 

The efficiency of sorption processes increases as more raw material is used with 
lesser amounts of useful components or raw material with complex substantive compo­
sitions. From this point of view, ion exchange has some interest even for the.alu­
minum indusriry. 
Today, in order to produce alumina, raw raaterial.is used with silicon contents no 

higher than 20% [1]. Use of alkaline methods to recover aluminum from raw material 
witJi higher silica contents is uneconomic because of the laboriousness of the flow­
sheets, tJieir high energy consumption, and the requirement of many laborious techno- . 
logical operations. Therefore, to"process high-silica aluntinum raw material, att­
empts are being made to use various acids [2] or sulfur dioxide 13] for leaching. 
These methods of processing the aluminum raw material • have still" to find industrial 
acceptance-, due to the •complexities.:involved in the conversion of aluminum salts to 
hydroxides and the removal of anions from them.-
The variety of ionic forms, formed by aluminum in solutions [3-12], makes it pos­

sible to suggest that various grades of•ionites can be used for its sorption extracr . 
tion from solutiions. 
Among"the data published in the literature, t:he most ' interesting are the indica­

tions about the sorption of aluminum from various solutions to sulfo- and carboxyl, 
cationites [13-17], "phosphoryl-lireated FB-cellulose [18], as well as its absorption 
by the anionites of various classes [19-21]. . . 
Use of sorption processes when acid exposure is performed for.aluminum raw mater-^ 

ial can be effective only in that instance where,aluminum would be.directly 'removed ' 
frora the pulp antS it was converted to aluminate or the hydroxide would shift with the 
desorption process and ioiiite regeneration. We performed such research on alunite, 
nephelite, and ph a series of sulfate soliitions obtained after leaching aluminosili­
cate ores; . • . . , • • • . , 

Ion-Exchange Treatment" of- Calcined Alunite 

In the research, iise was made of .alunite coricentrate from the Zagliksk deposit,-
treated at the Kirovabad Alumina Plant. . ... 

• •" • Content of basic components in sample", % 

9.0 Al; 2.5 Fe; 0.035 V; 0.075 P; 23.2 SOX; 
..••-.• 25.9 lost, during calcination" (700°c) 

Alunite doesn't dissolve' in acids at room temperature arid' is dissolved only wheri 
concentrated; sulfuric acid is used during heating." After, thermal treatment, part of 
the aluminum", in"'the form'of sulfa.te,. is leached with,water [22]. 
This work uses-'alunite concentrate, calcined'at 550°c for. 3 hours. Its aluminum 

content is" 11.98%'. Aluminum from'the calcined alunite'is leached with diluted H'zSÔ  • 
(2N) by 20-25% in cold; when heated to 80°C, • leached by 95-97%. This makes it pos­
sible to suggest the possibility of effecting an ionite leaching of aluminum front 
calcined alunite with a stirongly acid cationite in an H-fprm. 
Added to the aqueous pulp of ground (to 100 mesh) alunite concentrate was cat'ion-

ite KU-2 in a swollen state,' from a "calculation bf catipnite-.water-.alunite = 50 ml: 
:110 ml: 10 g. After a 1.5-hour mixing of the pulp foir i.5 hours, the cationite was 
separated on a screen; a new portion of cationite in an H-form was added to the re­
gaining pulp and the treatment was repeated. The ionite dissolution cycle was comp-
m^^ after the third treatment; 97% of the aluminum was removed from the concentrate. 
The des ribed schedule included 6 cycles of„coutercurrent three-stage extraction of 

aluminum from the calcined alunite; 6 portions of saturated cationite and discard 
pulp were obtained.- Frpm "an analysis of the solid residue of the'discard pulp, the 
^an alumihum recovery during ionite leaching was .95.7% with the aluminum capacity at 
J<.8 kg/g cationite. 
_ Al'recovery from concentrate by means.of ionite dissolution iifom calcined alunite 
in a .countercurrent system of six sorption cycles was as follows. %: 

1 - 96.9%; 2 - 94.8%; 3 - 96%; 4 - 95.5%; 5 - 96%; 6 - 94.9% 
_ Analysis of. saturated, cationite showed that ."V is not sorbed during the process "of 
lonite dissolution of alunite; the content of other impurities was also low, the. g/g 
aluminum in the cationite being 0.192 K; 0.14 5 Na; 0.055 Ca, and 0.009 Mg. 
Solutions of sodium hydroxide and soda were u.sed for regeneration of aluminum-satu­

rated cationite. Desorption of aluminum \-iit'h sodium hydrox ide does not cause substan-
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ial difficulty and can be conducted in a static 
schedule for three stages with the commercial re­
generate yield at 1 vol/vol sorbent (Table). 
When using soda to regenerate aluminum-saturated 

sorbent, the desorption stage coincides with pre­
cipitation of alumina. The process of regenera­
ting the aluminum-saturated KU-2 with soda is com­
pleted with the total yield of regenerators at 5-6 
vol/vol sorbent: 

Yield of eluate, vol/ 
vol sorbent 1 2 3 4 5 6 
Desorbed aluminum, %. 61.5 75.3 78.2 83.7 90.4 100 

Finally, to treat calcined alunite concentrate, it 
is possible to recommend two flowsheets with the use 
of ion-exchange processes, characterized by a method 
calling for desorbing aluminum with saturated catio­
nite KU-2. In order to achieve the minimum losses 
of cationite in the pulp process one should use cationite 
strength, for example cationite KU-2u or KU-23. 

Ion-Exchange Treatment of Nephe 

Efficiency of Aluminum De­
sorption with Sodium Hyd­

roxide 

Ind ices 

Regenerate y ie ld , 
vol/vol ca t ion i t e 

Aluninum content * 
xn regenerate , • 
9 / l> t . . . 

Peaidual Al capac­
i ty of c J t i o n i t e : 
mq/g of Borbent 

Alunin'im desorp­
t ion , • 

Ind i ces of proce*. •-
f r a c t i o n s of 
t a ined 

. 1 

I 

7.2 

7,6 

78.25 

the OS-
concentraE* 

2 

2 

2.96 

2.1-

93,86 

1 

3 

oa 

Unin:- • 
er^liv:^ 

IOO 

with an increased mechanical 

lites 

Tests on nephelite dissolution were made on a mineral specimen with 15.8% aluminum. 
Despite the fact that nephelite decomposes comparatively readily with diluted acids 
[22], it was not possible to extract aluminum from the mineral directly with cationite 
in the H-form. Therefore, nephelite was leached with a stoichiometric amount of dilu­
ted sulfuric acid with subsequent sorption extraction of aluminum from the formed pulp 
by cationite in a sodium form. 

It was experimentally shown that when leaching was conducted with sulfuric acid 
(2N), from the nephelite there is an extraction of 99.5% aluminum which is quantita­
tively sorbed by cationite KU-2 in a sodium form during three sorption stages. The 
process overall occurred similarly to t he process bf aluminum sorption from calcined 
alunite concentrate and provided an almost complete separation of aluminum from sili-
cal and the sulfate ion. Following recovery of the aluminum, the discard pulp can 
be used to produce silica gel, the amount of which is about 1 t/t of alumina. The 
existing systems of producing silica gel satisfactorily coincide with preceding pro­
cesses of cation-exchange extraction of aluminum [23]. Sodium sulfate solutions, 
obtained during the process of sorption processing for nephelintes, can be converted 
— by electrodialysis — to sulfuric acid, and sodium hydroxide for their reuse in 
the process [24, 25]. 
Regeneration of aluminum-saturated cationite does not differ from the described 

process with respect to the treatment of alunite concentrate. 

Use of Carboxyl Cationites for Sorption Extraction of Aluminum 

As shown by research on the use of sulfocationite KU-2 for sorption of aluminum, 
its aluminum capacity in neutral and weak-acid solutions corresponds to a complete 
volumetric capacity, i.e., about 4 mg-equiv/g. Evidently, under these aluminum 
sorption conditions it boils down to a simple equivalent ion exchange, and the ca­
pacity achieved in -the described experiments is the maximum for the given condi­
tions and the class of cationites. 
It is possible to increase the aluminum capacity . by using carboxyl cationLtSs in 

a Salt form, the complete volumetric capacity of vhich reaches 10 mg-equiv/g ionite. 
For example, in solutions with the pH = 4, the cationite SG-1 has an aluminum capac­
ity of about 100 mg/g ionite, which corresponds to its complete volumetric capacity 
[25] . 
Regeneration of aluminum with type KB carboxyl cationites can be effected with 

sodium hydroxide or soda solutions, as was described for cationite KU-2. Due to the 
low stability of cationite SG-1 in alkaline media, its regeneration should be effec­
ted with acid; there should be a corresponding use of cationite SG-1 in those ins­
tances where one must obtain aluminum salts (sulfate, alum) as the final product. 
Ion-exchange processes can be used to treat high-silicon aluminum raw material when 

using acid methods of exposure. 
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Increasing the efficiency ot leaching and desiliconising operations in the treatment of high-silica bauxites. 

UDC 669.712-

L P Ni, B E Medvedkov, N F Pecherskaya and A A Maier (Institute of MetaUurgy and Concentration- Academy of 
Sciences of the Kazakh SSR) 

It is known that the decomposition rate of gibbsite bau.xites 
depends on their silica content'). During the leaching of 
high-silica bauxites the maximum contents of alumina and 
silica in the solution are achieved later than in the treat­
ment of low-silica form.s. This is explained by the large 
content of kaolinite in the first case. 

The decomposition rate of kaolinite is also affected signi­
ficantly by its structural characteristics. Thus, kaoUnite 
taken from the interlayers of Krasnooktyabr'skii bauxites 
are fully decomposed in the course of Ih^), but when we 
studied rocky iron-containing bauxites, in which the kaoli­
nite is present in a well crystallised poorly soluble form, 
it was observed to be present in the slime of the washing 
system. This is one of the reasons for the formation of en­
crustations in the settUng equipment. By decomposing in a 
medium where there is a comparatively low liquid-solid 
ratio, the kaolinite considerably reduces the caustic ratio 
of the liquid phase, and this gives rise to the crystallisation 
of aluminium hydroxide. This is confirmed by the presence 
of secondary gibbsite, detected during analysis of the de­
posits in thickeners. It is therefore of interest to study the 
kinetics of the decomposition of kaolinite in high-silica 
iron-containing bauxites. Application of the results from 
this investigation will make it possible to recommend ways 
of increasing the effectiveness of the leaching and desili­
conising operations in the processing of such raw materials. 
The investigation was carried out by an IR spectroscopic 
metho.d. An Initial material in the form of the kaolinite from 
the investigated ore, obtained by washing, and the products 
from its treatment with an alkaline-aluminate solution 
(260g/l NajOcauscic , a caustic = 3-3) at 105OC for 2 and 
5h was submitted to analysis (fig. 1). The spectra were re ­
corded on a UR-20 spectrometer. The standard spectra 
of sodium hydroaluminosilicates of various types were 
used for identification"). 

Fig. l The IR spectra of the i n i t i a l 
kaol in i te (1) and of the 
kaol in i te t reated Wth the 
aluminate solucion at J05°C 
for 2h.. (2) and Sh (3). 

In the Spectrum of the product obtained by treatment of 
the kaolinite for 2h there were changes in the form and 
relative intensity of the bands. For example, the intensity 
of the bands of kaolinite at 3702 and 3626cm"', corres­
ponding to the OH stretching vibrations, decreases by a 
factor of 2-3, and the Si-O stretching band of kaolinite at 
1110, 1033 and lOlOcm"'̂  merges with the band at 938 and 
910cm"', corresponding to the H-O-Al bond, and Is obser­
ved with two "shoulders'' at 1110 and 930cm"' (fig. 1, curve 
2). 

The intensity of the bands of kaolinite at 540cm"', corres­
ponding to the Si-O-Al vibrations, decreases by almost a 
half after its treatmeiit with the solution, and the bands of 
kaolinite at 470 and 432cm""', corresponding to the Si-O 
bond, merge into a single band, not fully resolved, in the 
region of 470-440cm"'. After treatment the characteristic 
bands of kaolinite with low intensity at 800 and 760cm"', 
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corresponding to the Si-O-Al(IV) bond, disappear completely 
and the band at 700cm"' (the Si-O bond) decreases in intensit* 

All the changes described in the spectrum of the kaolinite 
can be explained by its partial decomposition and by the 
formation of sodium hydroaluminosilicate, since the absorp. 
tion bands of the latter lie in approximately the same regions 
as the bands of kaolinite. In the spectrum of the product ob­
tained after treatment of the kaolinite with the aluminate 
Solution for 5h (fig. 1, curve 3) the bands of the initial kao­
linite are not observed, and there is a set of bands charac­
teristic of sodium hydroaluminosilicate of the nosean type 
(440, 470, 560,630, 6S0,1000cm " ' ) . ;. 

In the leaching of gibbsite bauxites the sodium hydroalu­
minosilicate is usually of the sodalite type {e.%.^)'^')\, but in 
this case the leaching of the iron-containing sideritlsed 
bauxites leads to the formation of nosean. Here an inter­
esting fact was discovered. The slimes alter leaching, de­
siliconising, and thickening contain a considerable amount 
of carbon dioxide, although the siderite is completely de­
composed after 15-30 min. It is logical to suppose that the 
carbon dioxide is sorbed at active sites on the surfaces of 
finely dispersed products, which may be iron hydroxide and J? 
sodium hydroaluminosilicates. ^ 

During the chemisorption of carbon dioxide on such sur- . 
faces mono and bidentate carbonate complexes are formed. 
The monodentate complex is characterised by a doublet 
band at 1490 and 1420cm-', which is present in the IR 
Spectrum of sodium hydroaluminosilicate of the nosean type 
(fig. 2). The spectra of the iron hydroxides do not change 
after the action of carbon dioxide on them. In the present 
case the presence of a large amount of carbon dioxide in 
the process leads to the formation of sodium hydroalumino­
silicate of the nosean type, since either COs or sulphate 
ions are required for this purpose. -s 

Fig.2 % 
•J 

The IR spectrum of the monO"̂ _ 
dentate cowplex formed on J^ 
the surface of nosean. â 

/«» HX tiO0 ttt» i j .^u j^^ 

•s 
Thus, reaction of kaolinite with the aluminate solution for •• 

5h leads to the formation of sodium hydroaluminosilicate -•: 
of the nosean type, on which the carbon dioxide is sorbed in-̂  
the form of a monodentate carbonate complex. Treatment of', 
the kaolinite for 2h results from investigation of the decom­
position. Analysis of the results from investigation of the 
decomposition kinetics of the kaolinite demonstrated the 
expediency of Investigating the time relationships govern­
ing the leaching of gibbsite bauxites, which contain a 
considerable amount of kaolinite in the poorly soluble ^ 
form. .§ 

The experiments were carried out under conditions sim­
ilar to those for the decomposition of bauxite in the non-
autoclave Bayer process. The effect of the holding time of 
the raw pulp, of the bauxite leaching operation, and of the i, 
aluminate solution desiliconising operation on the techno­
logical characteristics of the whole process were studied. 
The temperature conditions for the operations were as 
follows "C: holding of raw pu^ 80; leaching 105; desili­
conising 98: thickening 95. 4 

Fig. 3 shows the dependence of the extraction of alumin­
ium oxide on the holding time of the raw pulp. Analysis of 
the obtained data shows that the average extraction of alu-



71? ' -'mlna increases with increase in the holding time. The 
maximum on the kinetic curve corresponds to Ih. 

:... t l 
Fig.3 The effect of the length of 

holding of t.he raw pulp on 
the Bayer extraction of 
Al}03 (1) and SiOz (2) 
in to solution. 

T h 

I; 

Fig.4 The effect of leaching time 
on the extraction of alumina 
by the Bayer method. Holding 
time of raw pulo h: 1 -
0.25, 2 - 1 , 3 - 2 , 4 - 3 . 

:'-• » f .- J • T h 

The extraction of silica into solution is also characterised 
by an extremal relationship; it increases with increase in 
the holding time of the raw pulp to 2h and then decreases. 
Consequently, after holding for Ih sodium hydroalumino-

: silicate begins to form in the raw pulp, but dissolution of 
. tbe kaolinite and the gibbsite continued to be the predomin­

ating process. Under these conditions the particles of the 
sodium hydroaluminosilicate which forms are fine and 
poorly crystallised. Such a material does not assist effec­
tive deposition of the red mud. A holding time of Ih for the 
raw pulp must therefore be considered optimum to avoid 
crystallisation of sodium hydroaluminosilicate. 

Afler holding the raw pulp was leached. The results are 
shown in fig.4. The maximum extraction of aluminium oxide 

- is achieved with a holding time of Ih for the raw pulp and a 
leaching time of 4h. With leaching for 5h there is a sharp 
decrease in the extraction of aluminium oxide on account 
ofthe beginning of intensive crystallisation of sodium hydro-

' aluminosilicate. During leaching (105°C, concentrated 
alkaline solution) coarse readily deposited crystals of this 

, compound are formed. Conditions are created for a high 
...̂ degree of desiliconising of the solutions, and whereas the 
-pulp which has been treated for 2h requires 4-5h for de-

."' tUiconising in order to obtain a silica ratio of 250 in the 
-aluminate solution, after leaching for 5h a higher silica 

'/ratio (~35Q) is obtained when the diluted pulp is held for Ih. 

After desiliconising the pulp is passed on for thickening. 
Experiments showed that the thickening rate is determined 
by the size and degree of crystallinity of the sodium hydro­
aluminosilicate particles. The optimum conditions for the 
production of a well thickened deposit are obtained with a 
silica ratio of 230-300, and this corresponds to the maxi­
mum thickening rate of 0.14m/h. 

The experiments showed that the length of the technolog­
ical operations of the non-autoclave Bayer process signi­
ficantly depends largely on the form and amount of the 
kaolinite present in the bauxite. The factor which deter­
mines the holding time of the raw pulp, the leaching time 
of the bauxite, and the desiliconising time of the aluminate 
solution is the decomposition rate of the kaolinite. The 
relation between the lengths of these operations must secure 
full decomposition of the kaolinite and gibbsite at the leach­
ing stage and prevent the crystallisation of finely dispersed 
sodium hydroaluminosilicate under unfavourable tempera­
ture conditions (the raw pulp holding operation). 

However, it is not only full decomposition of the kaolinite 
and gibbsite at the leaching stage which secures success­
ful realisation of the subsequent operations in the desili­
conising ol the aluminate solution and the thickening of the 
red mud. An essential condition for this purpose is reali­
sation of the main purification of the aluminate solution 
from silica with an alkaline-aluminate solution having a 
high concentration and at an elevated temperature (105°C). 
This is achieved by increasing the length of the leaching 
operation to 5h. This secures a higher degree of desili­
conising of the aluminate solutions, while the production 
of coarse crystals of sodium hydroaluminate intensifies 
the thickening of the red mud. 

Conclusion 

To increase the effectiveness of the decomposition of 
high-silica iron-containing gibbsite bauxites containing 
the poorly soluble forms of kaolinite it is recommended 
that the following sequence.of operations should be main­
tained: holding of the raw pulp for Ih, leaching of the 
bauxite foP"'5h, desiliconising of the alkaline-aluminate 
solution for Ih. 

References 

1) L P Ni and B E Medvedkov: Izv VUZ Tsvetnaya 
Metallurgiya 1975, (1). 

2) M G Leiteizen and D I Tsekhovol'skaya: Neorgani­
cheskie Materialy 1970, VI, (6). 

3) F F Fedyaev: Author's Abstract of Thesis:Sverdlovsk 
1971. 

4) M K Moshkina et alia: Ukr. Khim. Zh. 1965, 31. 

UDC 669.713.7+621.357,1 

f:;-Tbe velocity fields in the electrolyte in aluminium electrolytic reduction cells 

, A I Begunov, V N Kul'kov, E L Igumnov and V G Popova Orkutsk Polytechnical Institute - Department of Analytical 
-• ,«na Physical Chemistry) 

^ -
The state of the heat and mass-exchange processes and the 

technical and economic effectiveness of electrolysis are 
••etermined to a significant degree by the hydrodynamics 
of the electrolyte, due to the movement of gaseous inclusions 
The measurements of the velocities of the electrolyte in 
industrial cells, which relate to the zone of free convection 
•nd were descnt>ed in the literature'"*), do not present in­
formation sufficient for the construction of a quantitative 
velocity field. This also holds for the single publications 
on the hydrodynamics of the interelectrode gap, which were 
*lso realised from the results of measurements on indus-
Wal cells^-'). The results from work on physical modelling 

obtained at the All-Union Aluminium and Magnesium Institute 
(G V Forsblom, A I Kulakov et alia) and in the report^), 
reflect the overall pattern of the hydrodynamic circumstan­
ces in the electrolysis cell but also do not make it possible 
to construct detailed vector velocity fields on account of 
procedural peculiarities. 

In our work we used a plastic planar model 30mm thick, 
in which the release of the anode gases was simulated by 
blowing air through a graphite plate. The model represen­
ted the centraLcross-section of the electrolysis cell in re­
lation to the electrolyte with an anode width of 800mm. The 
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Ion exchange recovery of copper promising 
General Mills' LiX-64 
prompts Bagdad Copper 
and Duval to set up 
pilot-plant trials 

SUBJ 
MNG 
l E R O 

MIXER-SETTLER, R. C. Bogart of Bag­
dad Copper peers into mixer-settler 
tank, in which dilute sulfuric acid ex­
tracts copper from organic solution 

PILOT PLANT. This pilot plant of Bag­
dad Copper's processes about 80 gal­
lons per minute of leach solution with 
copper recovery of better than 97% 

«Z C4EN APRIL 17, 1967 

Major changes may be in the offing 
for one of the standard practices of 
the copper industry—recovery of the 
metal from dump leach liquors. Sev­
eral companies are taking a close look 
at a liquid ion exchange process that 
General Mills' chemical division (Kan­
kakee, 111.) has been pushing since 
1985. The results so far, these com­
panies say, are encouraging, but some 
problems still remain. 

Selective reagent. The industry's 
interest stems from the introduction of 
General Mills' LIX-64, a reagent that 
is highly selective in taking copper out 
of acid solutions, with only slight af­
finity for iron. It wasn't until last 
year, however, that anyone got to the 
pilot-plant stage. Now, two compa­
nies, Bagdad Copper and Duval Corp., 
have installations that can process 
about 80. gallons per minute of leach 
solution. Others are operating small 
laboratory units. 

To copper producers, dump Ieach 
liquors are much more important than 
the term may imply. They obtain the 
solutions by spraying dilute sulfuric 
acid on piles of tailings and low-grade 
ore hundreds of feet high. 

The acid may take months to trickle 
through a dump, dissolving copper as 
it goes and ending in a natural catch 
basin. Although the dilute acid may 
then contain only 0.7 to 2 grams of 
copper per liter, it is a major economic 
resource to many producers. Last 
year, for example, Bagdad Copper pro­
duced about a third of its total produc­

tion of 40 million pounds from lead 
hquors; Duval got about 107o of ih 
98 million pounds from that source. 

The standard method of processiw 
leach liquors is to precipitate the cop. 
per with iron, usually in the form g' 
detinned cans, sponge, or other scrapi 
The resulting cement copper, contain, 
ing 75 to 85% copper, goes to a smel­
ter and then to electrolysis for refi». 
ing. The high cost of this convea. 
tional treatment seems to be the m» 
jor driving force in the work on tlic 
ion exchange process. 

In the process, as it's operated now, 
the acidic Ieach liquors are fed into a 
series of mixer-settler tanks, while 
LIX-64 dissolved in kerosine goo 
through in the opposite direction, ex­
changing its hydrogen ions for coppe 
ions. The loaded organic phase goa 
on to the stripper tanks, and the add 
raffinate goes back to the leach dump 
for re-use. •-. 

Stripper section. The stripper s€^ 
tion consists of another series of miter-
settler tanks, where dilute sulfuric add 
extracts the copper from the organje 
solution. The organic phase is recir­
cuiated to the e.xtraction units, and the 
acid, now containing the copper, it 
sent to a copper recovery system. 

Thus, the process is much like manr 
commercial liquid-liquid extraction!. 
The only diflFerences are the feed and 
the reagent, which must separate cop­
per not only from iron, the major con­
taminant, but also from the multitude 
of other ions present in dump leaci 



liquors. According ta all reports, 
LiX-64 does tliis very welL 

Ceneral Mills has never disclosed 
publicly what is in its product. It ini­
tially worked vvith a mixture of two 
compounds, 2-hydroxy-5-dodecylben-
zophenone oxime and 5,8-diethyl-7-hy-
(lro.xy-6-dodecanone oxime. But these 
coiopounds no longer represent the 
coniposition of LIX-64, General Mills 
says. 

The development price for the prod-
. uct is $2.50 per pound, and there is no 
indication as yet how much less it 
might cost in large quantities. As it 
no\v stands, there is little doubt that 
success of the process hinges heavily 

' on whether losses or degradation of the 
reagent can be kept low enough. 

Bagdad Copper's pilot plant at Bag­
dad, Ariz., uses a leach liquor that con­
tains from 0.7 to 1.0 gram per liter of 
copper. The organic phase is kerosine 
with 6% of LIX-64. The stripping 
acid, which goes in with 200 grams per 
liter of sulfuric acid, comes out with 
50 grams per liter acid and 90 to 100 
grams per liter of copper. 

Early last month, Bagdad completed 
a stabilized two-week run at an aver­
age leach liquor feed of 80.1 gallons 
per minute for a total of more than 
1.6 million gallons. Copper recovery 
was better tlian 97%. Organic solu­
tion losses averaged 0.139 gallon per 
1000 gallons of leach solution fed to 
the system, which works out to about 
1.7 cents per pound of copper. Much 
of this loss is due to Bagdads* heating 
the stripping solution to about 50°C. 

Acceptable loss. The company 
once figured that an organic loss 
amounting to 2 cents per pound of 
copper would be acceptable. Now, 
according to Bagdad vice president 
R. C. Bogart, it believes that losses 
must be much less than that. The 
reason is that Bagdad estimates that 
capital costs of a fidl-sized plant 
might be twice the $300 per gallon 
per minute of feed estimated by Gen­
eral Mills and Denver Equipment be­
fore the pilot plants came into being. 
A full-sized plant for Bagdad would 
have toTiandle 3300 gallons per min­
ute of leach liquor. 

The whole matter of organic losses 
is clouded by the lack of a simple 
analytical method for the active com­
ponents of LIX-64. It's a simple mat­
ter to determine how much of the or­
ganic solution is disappearing, but far 
more important is the fate of the ex­
pensive reagent. How much of that 
is lost by entrainment in the raffinate? 
Is its copper loading capacity chang­
ing? Do the active compounds de­
grade on long use? Frustrated by 
their inability to get answers quickly 
during pilot operations and unable 
tliemselves to launch analytical re­
search projects, some companies are . 

turning to outside help for a good test. 
Duval's pilot plant, at the company's 

Esperanza mine near Tucson, has a 
design capacity of 75 gallons per min­
ute of leach liquor, which contains 
about 1.5 grams per liter of copper. 
Using 7% LIX in kerosine, the com­
pany is getting 95% extraction of cop­
per. They can do much better than 
this, but other problems are a greater 
concern at the moment. 

Organic loss is less than 0.1 gallon 
per 1000 gallons of acid feed, and this 
loss may be mostly kerosine. One 
method that Duval is using to cut 
down on entrainment of reagent is a 
kerosine wash of the acid raffinate be­
fore it is sent back to the Ieach dump. 
The company is also having some suc­
cess with ways to separate orgamc 
and aqueous phases more completely, 
but it won't say much about these. 

Duval seems to be much further 
along than Bagdad in solving the loss 
problem, but Dr. Roger Nelson, re­
search engineer, is still concerned 
about the reagent's loading capacity. 
It usually drops off during use but 
sometimes rises unexpectedly. This 
behavior may reflect an analytical er­
ror, he says, as there is no standardized 
test to determine loading. 

Duval's pilot plant includes a four-
cell electrolysis installation. The solu­
tion this company uses to strip the 
copper from tfie organic phase is not 
dilute sulfuric acid alone, but acid with 
about 45 grams per liter of copper. 
The stripping solution gets enriched to 
50 grams per liter, then goes to the 
cells where only 10% of the copper is 
plated out, then back to the stripping 
secb'on in a closed loop. 

If Duval decides on a large extrac­
tion plant, an electrolysis plant will 
be part of the setup, and Duval will 
enter another part of the copper busi­
ness. Late last month, Duval made 
its first shipment of 40 tons of cathode 
copper from its pilot plant. 

Bagdad Copper, if it goes ahead, 
will use the copper-acid solution from 
tlie extraction plant to make copper 
powder by hydrogenation in a plant 
built last year as a joint venture with 
Chemetals Corp. "The company says 
that it has six to eight months more 
work to do before making a decision 
on the LIX plant. 

Six months. Duval's work is bud­
geted for another six months but -will 
probably go on for a good while after 
that. A new aspect of its project, now 
under way, will take one to two years 
to evaluate. The company is building 
two ore dumps; each will hold 1 mil­
lion tons and be as identical to the 
other as possible. 

One will be sprayed with acid as 
usual, the other with acid raffinate 
from tlie LIX pilot plant. The purpose 
is to find out if the small amounts of 
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organibs entrained in' the raffinate will 
iinpair or destroy the dump's produc­
tivity. Ore dumps that contairi copper, 
sulfide, such as Duval's does, depend 
on. bacteria that oxidize the. sulfide so 
the copper can be .leached. If these 
bacteria are destroyed, the dump 
woiild be ijseless. 

Both Duval and Bagdad Coppier are 
also involved with sonrie of Jhe more 
rhundane prbblems ofpildt-plaht-work, 
such as impeller configurations and 
equipment sizing and types; Duval's 
Dh Nelson is riot convinced that the 
standard mixer-settler tanks are the, 
best unib for the LIX process; "This 
thought is echoed by Phil AUeh of 
Metcqn Laboratories, a. consulting firiri 
in Warren; Ariz. One possibility men-
tidned by both; men, is the^ centrifugal 
separator. 

Ebewhere iii Arizona, Inspiration 
Consolidated Gopper (27.7% owned 
by Anaconda) is operating, a- 5 gallon-
per-minute pilot plant that, produces â  
50 -gram-per-liter solution'from a.Ieach 
liquor cpntaihing 1.5 grams per-liter 
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of copper. This' unit has>beeh operat­
ing only since December, says research 
director William Mitchell, and the 
company doesn't have enough.experi­
ence yet tb determine organic losses. 
He expects to operate thepilot unit for 
another'six; to eight months before de­
ciding whether to go to a full-sized 
plant. Inspiration; which already has 
an electrolysis plant, wiU use its ex­
tracted copper to niake-'Cathode cop-' 
pier, just as Duval is doing. 

Another Arizona producer is-running 
a lahoratory pilbtunit at about 80 ml, 
per minute. This project is less than 
two months old, however, and the^ 
company has nothing to report on it. 

Kennecott Copper has been* study­
ing the LIX process; at its research cen­
ter at Salt Laie City but doesn't have 
a pilot plant, Ih the view of H. R. 
Spedden, research directdifj reagents 
novv available have a low loading fac­
tor and would reqiiire large capital ex­
penditures for plants of the size now 
being built. A small plant, especially 
one that doesn't ha'ver a rieairby, low-

'''W 
cost source ol scrap irpn. Would be » 
logical step, he says. General MiUj ̂  
currently working oti develbprnejit nf 
other copper-extracting reagents 'tlijj 
have higher loading factors than LLX-
64. ":. 

Indeed, smaller copper producen 
are much more fascinated by the pros. 
pects gf LiX than'are the- giants; F{̂  
sctme of them, the opportvmity to tu™ 
out higheripriced firiisKed product in. 
stead of. cement copper is almost iire: 
sistible. Wbrk with LDf-64 is alig 
going on overseas and results are cj». 
couraging, says General Mills* Joseph 
-House. 

Not even the most aloof companiaL 
though, are unaware of th^ work now 
going on, and all are watching the 
progress of the vanous prbjeets; The 
mining industry is not as secrefa've JB 
Uie chemical industry. Dr. Netaa 
says that'he has shown many a pmjp 
through Duval's pilot .plant. Even 
wire manufacturers are inhrigued hr 
the process .and its. potential for reco^ 
eriiig copper from scrap. 

; • " ' • * 

COMMERCIAL CHEMICALS 
For further informalion on these-products, just eheeli the appropriate Itey numbers on the coupon on 
page 66, and C&EN's Raaders' Information' Seivice will forward your request to the rrianufacturor. 

MATERIAL 
Vitreous carbon 

COWPANY 
C65 Atornergic Ghemetals Co. 

' Long Island, N.Y. 

FEATURE 

'Deutero hydrocarbons 

Silicon-tetrachloride 

Microsizesalt 

C 66 Chemica! Samples Co. 
Columbus, Ohio 

C 67 Dow Gia rning Corp. 
Midland, Mich. 

C 68 Diamond Crystal Salt Co. 
St. Clair, Mich. 

Polygtjanylic acid 
(PblyG) 

C 69 Miles Laboratories, Inc. 
Efkhart, Ind. 

Completely amorphous materia r is riet 
wetted by many molten metals; highly 
resistant to corrosive compounds: out-
gasses easily; many applications ia 
electronics, metallurgy^ thick- argj 
thin-film jjrocessing for microcircoitfy, 
laboratory ware 

Oeuterium-labeled compounds are prac­
tical for research in NMR, IR, masj 
spectrometry;, can replace G-14 com­
pounds jn kinetics and mechanism 
stiJdies 

Semiconductor grade chemical is"avai> 
able for manufacture of epitaxial sifr 
con wafers; Allows consistent control 
of resistiyity at levels above 50 ohm-
cm., N-type; clear, nonflammable, low-
boiling 

Two grades- of extremely fine salt a'r« 
available with anticaking agents; 50% 
of particles of one grade are 34,5 cii-
crons or less; 5 0 % of particles of 
other grade .are 3.9 microns or less 
solubility rate five times .greater than 

• riormal granulated salt; application^ in 
food processing, chemicals, cbsmetics 

Enzyrriatically prepared pplyribonuclw-
tide has molecular v/eight of" about 
50,000; dialyzed to remove lowef* 
molecular-weight fragments; use to 
study mechanism of synthesis of pf* 
tein molecules'within living cells 

'̂hen you 
ê tank c 
ou some 
an telly 
mt Our 

Available In commercial quantities' unless dtherwise hated. 
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INITIATOR.FIRING TIMES AND THEIR RELATIONSHIP TO BLASTING PERFORMANCE 

unrnmiY OF UTAH 

ABSTRACT 

Commercially produced electric and non-electric 
ms delay initiators, period 0-19 (0-1000 ms), from the 
four principal U.S. manufacturers uere tested to de­
termine mean and standard deviations of firing times 
Deviations from nominal firing times given by the 
taanufacturer were noted for all manufacturers' Initi­
ators. A predictive statistical model has been de­
veloped to describe the behavior of these initiators 
in actual practice. Application of this model to the 
test data reveals that, at present, the probabilities 
of successful'shots (no sequencing errors and separa­
tion of adjacent periods by S ms or more) are low. 
Observations of production blasting operations in 
several aggregates quarries, using high-speed cinema­
tography, confirm the results of the test and the 
statistical model in field practice, and relation­
ships between deviations froai nominal firing time and 
problems with relief, fragmentation, flyrock, and 
backbreak were established. In addition, data from 
the high-speed films suggest that currently used tim­
ing guidelines for designing properly relieved shots 
(1 ms/ft of burden) are too short, and that delay 
times up to 3.5 ms/ft are needed. The low proba­
bilities of success predicted by the model potential­
ly affect vibration and airblast control. 

INTRODUCTION 

From the time fuse-type delay blasting caps were 
Introduced by Smith ln-1895 (1), explosives users 
have realized that better fragmentation could be at­
tained by using delay initiation instead of instan­
taneous shotfirlng. The Introduction of vented delay 
initiators in the 1920's, ventless delay initiators 
in the 1930's, and concurrent developments in non­
electric delay initiators and relay connectors im­
proved the operation of the earlier fuse-type initia­
tors substantially. Short delay (millisecond) initi­
ators were introduced in 19^6, and the design of de­
lay initiators used today varies little from those 
introduced more than 30 years ago (1). 

Millisecond delay initiators provide control of 

References and illustrations at end of pcper. 

fragmentation and muck distribution, as veil as, in­
creasingly, of vibration and airblast noise. Much 
has been written about which delay sequences achieve 
optimum fragmentation; however, most of these tend 
to be empirical in nature (2-A). Many patterns pre­
sently used follow the delay design criteria devel­
oped by Bergmann £t_ al̂ . (5). These criteria, devel­
oped from tests in large blocks of rock, established 
a minimum delay interval between holes of'-l ms/ft 
of burden for optimum fragmentation. Although these 
authors attempted to relate the optimum delay time 
to some more fundamental mechanism of fragmentation 
such as radial borehole crack development, in gener­
al, optimum delay tiajes obtained empirically tend to 
be longer than expected if reasonable crack propaga­
tion velocities are used (cf. ref. 6). 

Most current approaches to blasting design dis­
cuss initiation In terms of its effect on "active 
burden" or the development of new, Intemal free 
faces to which successive boreholes break (cf. refs. 
2, 4 ) . All such approaches rely heavily on the as­
sumption that currently available ms delay initia­
tors fire reasonably close to their nominal firing 
times (In fact, most patterns are presented in terms 
of the nominal firing times). 

Blasting patterns for vibration reduction are 
generally designed to follow Bureau of Mines guide­
lines based on thc relationship between peak par­
ticle velocity and the damage threshold of struc­
tures (7) . In the study which led to the guide­
lines, peak particle velocities uere found to de­
crease uith reduction In charge weight per delay, 
providing the delay was at least 9 milliseconds. 
From these relationships, a scaled distance function 
vas developed vhich is now used to design blasts to 
meet peak particle velocity requirements. 

Blasting operations produce complaints when 
peak particle velocities are far belou the damage 
range. This problem Is perhaps one of the most ser­
ious in the crushed stone industry, uhere producers 
must be close to their markets (population centers) 
if their prices are to be competitive. Aside from 
the sensitivity of humans to detect small vibrations, 
part of the reason for complaints at low peak par-
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tide velocities lies in the frequencies of the vi­
brations produced (8, 9). Open pit mining operations 
generate vibrations uith frequencies as low as 10 Hz, 
and these low-frequency vibrations lie uithin the 
resonant frequencies of residential structures. The 
relationship betveen frequency and blast parameters 
(timing, burden, spacing, explosive type and load, 
etc.) is far less well understood than the relation­
ship between charge ueight and peak particle velo­
city. It is highly likely, houever, that the fre­
quency of ground vibration is strongly dependent on 
the timing of a production blast, as is the total' 
charge ueight per delay. 

Because of the importance of delay initiation, 
design, and timing to both production parameters 
(fragmentation, muck handling, flyrock production, 
and backbreak) and environmental concerns (vibration 
and airblast) , we have undertaken a joint program 
with the University of >!aryland Mechanical Engineer­
ing Department, to study delay blasting. This study 
Is sponsored by the National Science Foundation. 
Earlier work, sponsored by Martin Marietta Aggre­
gates, in which high-speed cinematography was used to 
monitor production blasting operations, indicated 
considerable variation in the timing of borehole de­
tonations in standard production blasting operations. 
Because of the complexity of the system, unambiguous 
interpretation of these irregularities was not pos­
sible. To separate variables, and because of the 
potential Importance of timing in the production 
blasting operation, a test was set up to determine 
the firing times of currently available ms delay in­
itiators manufactured in the United States. The re­
sults of this study and corroborating field evidence 
are presented in this paper. 

EXPERLMENTAL METHODS 

1. Field Methods 

During the past three years, we have developed a 
method for high-speed cinematographic analysis of 
open pit production blasting operations (10). This 
development follows the original high-speed cinemato­
graphic work by the Bureau of Mines (11, 12) and 
others (13-16) , but extends it to allow derivation of 
timing, in situ fragmentation, vent and flyrock velo­
cities, and burden motion. The previous researchers 
generally used only one camera, and observed only the 
face in an open pit blasting operation. Their data 
were principally related to burden motion, although 
Frantti (15) observed and remarked on the firing 
times of non-electric relay connectors used in his 
experimental work. 

In contrast, ue use four high-speed cameras, and 
carefully choose both location and framing rate to 
maximize the return of Information from our observa­
tions. Camera location and framing rate are criti­
cal. Cameras located on the front of a bench cannot 
provide reliable data on firing times of individual 
boreholes other than those on the first row, and then 
only if the sun is at a high angle to the bench. Hou­
ever, the front cameras are needed to derive In situ 
fragmentation of the face and the effect of struc­
ture on fragmentation. The answer to this problem is 
to use an array of cameras, all linked to a common 
starting pulse, to observe the blast. 

Framing rate is Important because, at the higher 
framing rates needed for optimum timing of events and 

derivation of rock velocities, the spatial reso­
lution may be insufficient to determine the initial 
location of an event; for this, low framing rate 
cameras are needed. The higher framing rate camer­
as used, either a Wollensak WF-4 Fastax or a Red-
lakes Hycam, uere run at a framing rate betueen 2000 
and 4000 fram'es/s depending on the lighting con­
ditions, lens used, and camera type. The Fastax is 
preferred, as the optica allow higher framing rates 
to be used under low-light conditions. The other 
camera used is either a Redlakes Milliken or a Lo­
cam, with maximum framing rates of 500/s. One set 
of cameras (one Fastax and one Milliken) is located, 
behind the last row of holes to give data on initia­
tion times, stemming vent velocities, and flyrock 
velocities. The ocher set is located in front of 
the bench, usually at some angle to the face. This 
set may be split so that the Fastax camera Is lo­
cated with its optic axis parallel to the face, with 
the Locam or Milliken at a higher angle to the face. 
These cameras give data on burden motion, in situ 
face fragmentation, front rou flyrock, and front rou 
timing. Stemming vent velocities can also be deter­
mined from these cameras if they are located higher 
than the bench. Film types used are Kodak EF, uith 
a daylight ASA of 160, and, more recently, Kodak 
VNF, with a tungsten ASA of 400 and daylight ASA of 
320 using a filter. 

All camera positions are surveyed in relation 
to positions on the bench to be blasted, and bench 
locations are marked by -3-ft piles of rock, sprayed 
with high visibility paint so that they can be seen 
cn the high-speed films. In addition, each'hole is 
marked with high visibility paint. These markers 
provide scale and, along with knoun camera locations, 
distances to the bench, and horizontal and vertical 
angles, can be used to make quantitative measure­
ments of moving objects by triangulation or by loca­
tion of the event in a plane surface normal to the 
axis of the lens. 

2, Determination of Initiator Firing Times 

The test of initiator firing times uas designed 
to approximate, as closely as possible, their use in 
field practice (17). To arrive at a statistically 
valid data base, 30 initiators of each delay peri­
od 0-19 from Atlas, DuPont, and Hercules ms delay 
electric series, and ofeach delay period 1-14 of the 
Enslgn/Blckford Prlmadet non-electric ms delay ser­
ies uere tested. The initiators tested uere pur­
chased from distributors In the Southeastern U.S., 
and box numbers and dates of manufacture recorded. 
The test apparatus consisted of a 1/4 in. thick 
steel plate to which uere welded 60 3/4 In. ID 
pipes, each about 2 in. long in six rows of 10 pipes 
each. The pipes were 10 in. apart. The initiators 
were placed in the pipes to protect them from 
schrapnel generated by earlier-detonating initia­
tors. A 1/4 in.- hole uas drilled through the plate 
at each pipe location, so that the flash caused by 
detonation of the initiator could be recorded by the 
high-speed camera. Electric caps uere rigged in one 
or two series (depending on resistance) and initi­
ated by means of an REO BM 125 sequential blasting 
machine using either the first set of terminals or 
the first ahd second set, depending on the number of 
series used in the test. Zero time uas obtained us­
ing a flashbulb rigged to a separate circuit, and 
both the blasting machine and the flashbulb uere 
triggered by closure from a single Redlakes Hycam 
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used to monitor the test. 

Non-electric initiators were rigged somewhat dif­
ferently, but again as close to field use as pos­
sible. Three 10-ft strands of primacord were used to 
Initiate the prinaline leg lines of the primadet 
caps. All three trunklines uere initiated instantan­
eously by a common primacord line passed through one 
of the pipes to provide zero time. All leg lines 
were measured, as was their position on the prima­
cord, so that initiator firing times could be cor­
rected for the primacord and prlmallne detonation 
times. Temperatures for each test were recorded. 
The framing rate used for the high-speed camera was 
2000/s. 

Errors in determination of firing times stem 
from three areas in the test as Initially designed. 
The resolution, based on a framing rate of 2000/s 
Is 0.5 ms'and is the smallest contributor to over­
all error. The principal errors were with deter­
mination of zero time for electric caps. The REO 
BM 125 uses a free-running oscillator to achieve 
timing between each of its 10 circuits. When the 
signal to fire is given, the machine will valt until 
the end of a cycle to initiate the firing sequence. 
As a 10 ms interval uas used, an error of up to 9 ms 
is possible in zero time. Another, smaller source 
of error lies in the cycle time of the flashbulb, 
vhich can be as much as 5 ms. It should be noted 
that the zero time error does not affect the inter­
val betveen caps in a circuit. To minimize the 
zero time error, all caps vere normalized to the 
firing tine of the instant cap in the series. This 
decreases the zero time error to about ±1.5 ms for 
Atlas and DuPont caps and ±4 ms for Hercules caps. 

RESULTS 

1. Initiator Firing Times 

Firing times using forced data for all manufac­
turers are listed in Table 1; unforced data are con­
tained in (17). these data show that each manufac­
turer experiences deviations of the mean firing time 
obtained in this test from the nominal firing time 
of that particular delay period. Furthermore, the 
la standard deviation Increases sharply as the delay 
time increases. These tvo factors affect the suc­
cess of a blasting operation by increasing the 
chances of overlap between adjacent period initia­
tors, a situation that will manifest itself either 
as crowding (adjacent caps firing at shorter than 
desired intervals) or outright sequencing error 
vhere a lower and higher period Initiator fire in 
the reverse order. As will be discussed further on 
in this paper and as discussed in earlier work (10)', 
such problems have considerable effecc on production 
blasting operations. The probability of an occur­
rence such as those described above can be evaluated 
statistically using the data generated by the test. 

From the above discussion, it is clear that the 
time at uhich any cap uill explode is not exactly a 
predetermined quantity, but acts as if it uere a 
random (stochastic) variable. Therefore, even if ue 
excluded the experimental Inaccuracies in determin­
ing the firing times, ue uould still not have a de­
terministic system. Therefore ue must discuss the 
probablllt-y of a sequencing error or crowding prob­
lem rather than state that one uill occur. 

This immediately Implies that not only must the nom­
inal (or mean) firing times be knoun, but the proba­
bility distribution of the firing time for each cap 
as veil. Even the determinants of some statistical 
properties of the distribution (for example, the se­
cond moment, or "standard deviation") are really not 
sufficient to evaluate the probability distribution. 
Furthermore, the distribution of firing times of a 
cap at both extremes (very large and very small fir­
ing times) must also be knovn, uhich makes the de­
termination of the firing time distribution even 
more difficult than if it only had to be knovn in 
the region of the most frequent firing times. 

To-evaluate the probability of success, one 
must specify the criteria for "success" in a con­
crete, unambiguous manner. Clearly, this specifica­
tion may depend only upon a description of the se­
quence of events (such as vhen vhich cap fired) and 
must be explicit in detailing the necessary and suf­
ficient conditions for "success." For instance, all 
period 1 must fire before period 2, and all period 2 
before period 3, etc. 

To calculate the probabilities of not encoun­
tering a sequencing error (I.e., the probability of 
success), tvo general approaches can be used. These 
are: 

(1) We can (on a computer) simulate the firing 
times-for all the caps by suitably random­
izing the firing times (Monte Carlo ap­
proach). For each set of firing times 
thus computed, ve use the appropriate cri­
terion to tell uhether or not "success" 
vas achieved. 

(2) We can analytically solve for the proba­
bilities of success. Even though the re­
sulting formulas may be difficult to eval­
uate, they can, in principle, be written 
and, with the aid of computers, numerical­
ly evaluated. 

The first method (Monte Carlo) is the preferred 
approach if the criteria for success are involved, 
or If the probability distributions for the firing 
times for each cap are sufficiently complex (incor­
porating, for example, the firing times of other 
caps in hybrid non-electric systems). The second 
approach, uhich is preferred since It is much simp­
ler to gain Insight into the dominating features, is 
the one uhich uas used for this evaluation. 

Let us assume the follouing: 

(1) The configuration consists of N sets of 
caps (uhere each set 1 = 1 ... N ) . Each, 
set consists of some number of blasting 
caps (K^ " 1, 2, ... ) . There is a common 
initiation time for all caps. 

(2) The necessary and sufficient criteria for 
success are that for all sets 1 •• 2, ... N, 
the earliest cap of set 1 goes off no 
earlier than Ti(Ti 2. 0) after the last cap 
of set i-l has gone off; and that all caps 
go off. 

(3) In each set, the probability that a given 
cap explodes before time t is given by 
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L ?i(OdC (1) 

(i.e., Pt(t) is the probability density of 
the firing times for a given cap in set 1, 
and the cumulative distribution is contin­
uous) , and all caps in the same sec have 
the same probability density. Note that 
this assumption excludes the possibility 
that a mistake uas made in the selection 
of one of the caps. 

(4) The probability of any cap going off in a 
time interval is Independent of uhen other 
caps have fired or uill fire (i.e., the 
caps are statistically independent). 

The first assumption describes the configuration. 
The second represents the criteria of success; the 
third is basically the definition of the probability 
densities, and the statement that in each set the 
caps are (statistically) thesarne. The fourth states 
that the knouledge of the firing times of other caps 
has no bearing on the exact time uhen another cap 
uill fire or has fired. 

The first problem is to determine a mathemati­
cal expression for the probability of success. Let 
Pf(T) be the probability density that success has 
been obtained for all sets up to 1, and that the 
last cap (of the set 1) goes off at time t (i.e., 
the probability of success up to and including set N 
Is 

P*(t)dt. (2) 

The event as defined above can occur only in the 
follouing manner for 1 > 1: the elements of the ith 
set go off betueen time C ••• Tĵ  and t (uith the last 
cap of the 1^ set going, off at time t) , and success 
has been achieved for set 1-1 uith the last cap of 
set 1-1 going off at time C. The time C can be any 
time up to t - T^. 

The probability that all of the K^ Items go off 
betueen time tĵ  and t2 (tĵ  < t2) Is given by 

f ^Pi[?*)d'*l '•. (3) 

Therefore, the probability density that a l l go off 
betueen tĵ  and t2 , and that the l as t one goes off at 
t2, is 

^^?^(.tArh^Wtiii, 
K , - l 

(4) 

Therefore, ue have to evaluate the follouing func­
tions 

P*(t) - ^^f^uj i r P̂ (0).d(ti 
K,- l 

p*_j^(C)di; 

(5) 

1 - 2, 3 . . . N 

where 

P? * ( t ) - K^?^(.t) I Pĵ (<))d()> ^ . 

Success, for a l l N s e t s , i s given by 

5(t)dt. 'N • / 3 ^ (6) 

The above equations can be numerically evaluated. 
For the particular case uhere there is only one cap 
in set 1 

uith 

P*(t) = Pj^(t). 

The probability that ue uill have success for the 
set 1, given that ue have been successful up to and 
including the set i-l, is given by 

/In (t)dt 
R = - ^ 
1 r-H» 

/ p*_j^(t)dt 

(7) 

and the a posteriori probability density for the 
last cap of set 1 is given by P*(t)/Z . 

Equation 6 can be analytically evaluated for 
only a feu situations. Such a set case Is described 
belou. 

Assume that T. = x, ... Tfj - 0, and that P, (t) " 

P2(t) ..." Pf,(t). Let p =y*^Pj^(t)dt (i.e., the 

probability that any cap uill fire at some time). 
Then, from eqs. 5 and 6, ue can shou that 

' . • , : : : ' X ' : : . ' i s ! . . ' " ' ^ ^ ^ - ^ ^ ' ' - (8) 

This result can also be obtained by other means. We 
also have 

P*(t) - Z*X 
(.\ + ŷ  ... Kp 

uhere 

* (K^ + KJ ••• KpPj^(t) 

(9) 

X is /L,P(<<>)d*, 

For this simple case, ue can readily calculate 
the probability of success (Z^), for various Ki's. 
In this case, uhere all the probability distribu­
tions are the same, the rapidity uith uhich the 
probability of success goes to zero as the number of 
caps is Increased is evident. Furthermore, this 
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simple example illustrates that the event "the earli­
est 1 occurs after the last i-l," and the event "the 
earliest I+l occurs after the last i" are not sta­
tistically Independent. 

The last comment applies also to the general 
case (eq. 5), as can be reasoned from the following: 
if success up to the 1^^ set is confirmed, then It 
is likely that no items of the i ^ ^ set uent off very 
early. This condition implies that the probability 
of the last cap going off late (among the caps in 
set 1) has been enhanced. Consequently, there is'a 
slightly louer chance of success for the 1-H set. 

It is suspected, houever, that if R^ • 1, then 
there is only a small error Introduced by assuming 
statistical Independence betueen adjacent sets in­
stead of performing the (correct) calculations using 
eq. 5. In practice, it Is only such cases in uhich 
ue are really interested. If the calculations shov 
the probability of success to be lov, then the ques­
tion as to exactly hov low is academic. 

This discussion of the lack of statistical in­
dependence of the probability of success betveen 
sets of caps is important since eq. 5 is occasional­
ly difficult to evaluate numerically.* Consequently, 
ve have devised a slightly simplified method of eval­
uating the probability of success. That method is 
to evaluate the probability of success for sets 1 
and 2, then only for sets 2 and 3, then only for 
sets 3 and 4, etc. The total probability of success 
is then the product of these results. This method 
Implicitly assumes that the (pair-uise) results are 
statistically Independent of each other. As the 
above discussion Indicates, this is reasonably cor­
rect only for the Interesting cases uith fairly high 
chances of success. 

For the case of tuo sets, one can shou that 

dt 

dt 

(10) 

uhich, for 2 sets, is a more convenient form than 
eqs. 5 and 6. Except for the case Tj " 0 and Pj => 
P2, the value of this expression may depend upon che 
functional form of P. and P.. 

Let us now assume the Pi(t)'s have a Gaussian 
distribution uith mean values tĵ  and standard devia­
tions Oj^. This assumption is reasonable uhen one ex­
amines the firing times. We then have 

h 
/zi: ira. 

exp 
-(.t-t^) 

1 ^ erf 
K^-l 

*The assumption that the cap firing times are sta­
tistically independent still holds. 

uhere 

erf(t) 

H^) 

± 1 -["4*-

^ 
dt (11) 

Therefore, Z2 is a function of Kj^, K2, ~ , and 

^ ) - For the case uhere K. " K_ •> 1, ve have 

h ' -1 (12) 

Equation 5 vas evaluated for some assumed forms of 
?]_ . . . Pfj, and the results vere compared to those 
determined by successive application of eq. 10. We 
assumed (for the Gaussian distribution) that t^ = 1* 
constant (i.e., constant difference), Ti = 0, and 
OJ - v-ti, vhere v is a small constant. We also as­
sumed Kl =" K2 - 1. Except for numerical inac­
curacies (for Z^ - 1), the simplified (pair-vise) 
calculations slightly overpredicted the probability 
of success. For reasonable probabilities of success 
(i.e., not .lov), there are only minor differences 
betveen the two methods of computation. We there­
fore believe that the much simpler pair-uise method 
of calculation is appropriate for the evaluations.^ 
Calculated values of Z9, for several values of ' • 2 . 

2 /VV^N 
l ' \ .̂1 / ' 

and Kĵ  and Kj, are presented in Fig. 

For very large values of --—, 

11m -(If (13) 

uhile, for small values of 

K^) h. 
(14) 

If -^ - 1, then 

l{h' h- "•' '-^^-^ • h[h' 'h' 1' -^V/' 

(15) 

*Note: Comparisons uere also made uith the Monte 
Carlo simulations. The results agreed uithin rea­
sonable limits. 
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In fact. 

.k-s-rm KJ- h ' 
°1 '̂ 2-̂ 2-̂ l> 

I t i s clear from the above equations that the 
'='-'=l-'^2 c r i t i c a l parameter is —^—g ( i . e . , the non-dlmen-

sionallzed difference in the mean time minus the 
minimum delay) . If this difference i s small (or 
less than zero), the chances of success — for any 
pair — are rather dim, and this dimness gets uorse 
as the number of caps in each set is increased. For 
a reasonable number of caps and se t s , ue should l ike 
to have 

22:h:2i-~>, 
J 2~ 2 

for each adjacent pair. 

The approach developed above can be applied to 
various general configurations of delays in produc­
tion shots and to the calculation of probabilities 
of success for them. As an example. Table 2 shous 
calculated probabilities of success for a shot of 24 
holes, using 3 caps of each period 1-8 (25-200 
ms). This type of shot, typical of some aggregates 
quarries in the southeast, uses 3 rous of holes, 8 
holes per rou, shot on a 35-40 ft granite bench, in­
itiated in a V or offset V (opening from near one 
end) pattem (see Table 3, Atlas shot). The calcu­
lated probabilities of success range from 5Z to 70Z 
(no reversals) and 0.2% to 19Z (adjacent periods 
separated by at least 8 ms). 

2. Results of Production Tests 

Using the high-speed cinematographic technique 
described earlier, ue monitored 37 production blasts 
in several aggregates quarries, using several dif­
ferent patterns and delay sequences on benches of 
differing heights and rock types. Analysis of these 
films provided data on timing of borehole detona­
tions in the field, flyrock velocities, burden mo­
tion, and in situ fragmentation of the face. 

The previous sections of this paper have dis­
cussed the statistical treatment of test data for 
commercial initiators, and developed a predictive 
statistical model uith uhich analysis of potential 
problems arising from shot design using these ini­
tiators can be made. Table 3 gives mean and stan­
dard deviations of firing times for Initiators from 
three manufacturers, obtained by analysis of high­
speed films of production blasts. The error in de­
termination of the firing time of a given Initiator 
In field use uas someuhat higher than that for the 
board tests because the detonation of the explosive 
column and the number of frames needed to establish 
visually the disturbance caused by the detonation 
varied uith conditions of exposure (10). This error 
uas generally ±2 ms depending on bench height. 

Examination of Table 3 Indicates generally good 
agreement uith the results of the board tests even 
though the Initiators used in the field uere from 
different batches, different suppliers,, and had dif­

ferent production dates than those used in the board 
tests. Given this agreement, tuo conclusions can be 
made: first, the sample size used for the test is 
reasonably representative of the population of ini­
tiators used, at least in the southeastern and mid-
uestern United States. Second, the irregularities 
in firing times observed in all of our production 
shots can be attributed to deviations in initiator 
firing times, as opposed to other factors such as 
shock damage from che detonation of adjacent bore­
holes, primer location, variation In column detona­
tion velocity, etc. 

Firing time variations can be correlated uith 
blast parameters that affect production. Fig. 2 re­
presents firing times and vent or flyrock velocities 
derived from a production blast in Kansas. This 
shot used a sequential blasting machine (REO SBM 125) 
and period 3-S ms delay EB caps to achieve a flat V 
pattem. Hole diameter uas 4.5 in., bench height 
uas 20 ft, and 56 in. of crushed stone uas used for 
stemming. The nominal firing times are the middle 
values, uhile uppermost values are the actual times 
determined from the cameras. Flyrock or vent velo­
cities are recorded as the louemost values. 

As designed, this shot had a betueen-hole re­
lief of 1.9 ms/ft of burden, and a relief on the 
echelon of 5 ms/ft of burden. The echelon relief is 
a formalism, uhere the holes betueen rous firing 8 
ms apart are joined, and the next hole fires into 
this echelon. The burden as measured in che test 
uould be 5 ft, the timing, 25 ms, for a relief of 5 
ms/ft (see Fig. 2). The actual relief is a-function 
of the actual firing time of the Initiators used in 
the shot. In this shot, the hole-to-hole side (ad­
jacent holes) relief varied from -1.4 ms/ft to 4.02 
ms/ft (negative numbers reflect out-of-sequence fir­
ing), and the on-echelon relief varied from 0.83 
ms/ft to 10.65 ms/ft. It is obvious from Fig. 2 
that the development of this shot proceeded quite 
differently from the way in uhich it uas intended. 
To determine uhether the amount of relief in any uay 
correlates uith vent or flyrock velocity, the re­
lief, as defined above, uas plotted against vent or 
flyrock velocities measured for this shot (Figs. 3 
and 4 ) . It is clear that both shou a correlation, 
suggesting that increasing relief in this configura­
tion uill decrease the vent or flyrock velocity. In 
addicion, carrying the correlation back to the zero 
flyrock intercept gives a relief of 3.4 ms/ft mea­
sured against adjacent holes and 8.7 ms/ft measured 
on the echelon. These extrapolations imply that, 
uith this pattem, this bench, and che amount of 
stemming used, more relief is needed to attain zero 
flyrock or vent velocities perpendicular to the top 
Oi: the face. These numbers are substantially higher 
than those derived by Bergmann ^t_ al. (5) . 

Analysis of high-speed films to date has al-
loued us to correlate betueen timing problems, such 
as sequencing errors or crowding, and production of 
oversize blocks, backbreak, and tight muck. It nou 
appears that correlation can also be made uith re­
lief, uhich is essentially controlled by the timing 
and the drilled spacing and burden. Since, at pre­
sent, timing can be more readily varied in the 
blasting pattern (because drilled pattern is essen­
tially fixed uithin certain limits by drill size or 
bench height), uork should be concentrated in this 
area. The problem is not simple, houever, because 
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timing is not the only variable. Similar pattems 
to the one discussed above, uhen fired on lou (6-8 
ft) benches, produce poor correlations betueen re­
lief and vent or flyrock velocity. This is at least 
partly due co the geometry of che shot: short ex­
plosive columns, at similar spacings and burdens 
used on higher benches, produce conditions that pro­
mote cratering. In these situations, vent and fly­
rock velocities are very high (up to 1400 ft/sec), 
and virtually all holes vent. The timing correla-; 
tions can be expected to hold only uhere borehole 
diameter and drilled spacing and burden are matched 
to the bench height to be blasted. At present, the 
data are Insufficient to establish all parameters 
quantitatively. 

CONCLUSIONS 

T e s t s o f c u r r e n t l y a v a i l a b l e ms d e l a y b l a s t i n g 
c a p s , b o t h e l e c t r i c and n o n - e l e c t r i c . I n d i c a t e c o n ­
s i d e r a b l e d e v i a t i o n from t h e n o m i n a l f i r i n g t i m e s 
g i v e n by t h e m a n u f a c t u r e r and an i n c r e a s e i n s c a t ­
t e r a r o u n d t h e mean f i r i n g t i m e u i t h i n c r e a s e in d e ­
l a y p e r i o d . These r e s u l t s h a v e been con f i rmed by 
o b s e r v a t i o n s of a c t u a l p r o d u c t i o n b l a s t i n g o p e r a ­
t i o n s u i t h h i g h - s p e e d m o t i o n p i c t u r e c a m e r a s . S t a ­
t i s t i c a l t r e a t m e n t of t h e d a t a d e r i v e d from t h e 
t e s t s s u g g e s t s minimum s e p a r a t i o n s n e c e s s a r y t o i n ­
s u r e s u c c e s s ( F i g . 1 ) , and I n d i c a t e t h a t a h i g h 
p r o b a b i l i t y of s e q u e n c i n g and c r o u d i n g e r r o r s e x i s t s 
v i t h p r e s e n t l y a v a i l a b l e i n i t i a t o r s . 

S e q u e n c i n g and c r o w d i n g e r r o r s a r e I m p o r t a n t 
b e c a u s e t h e y a f f e c t t h e r e l i e f i n a s h o t a s i t d e ­
v e l o p s . I n s u f f i c i e n t r e l i e f c o r r e l a t e s v i t h h i g h 
v e n t o r f l y r o c k v e l o c i t i e s , a s v e i l a s u i t h p r o d u c ­
t i o n of o v e r s i z e , b a c k b r e a k , and t i g h t muck, a l l 
of v h i c h a t e d e t r i m e n t a l t o p r o d u c t i o n o r v i b r a t i o n 
c o n t r o l . From r e l a t i o n s h i p s b e t v e e n peak p a r t i c l e 
v e l o c i t y v s pounds e x p l o s i v e / d e l a y d e v e l o p e d by t h e 
Bureau of Mines ( 7 ) , c r o u d i n g c a n b e e x p e c t e d Co a d ­
v e r s e l y a f f e c t p a r t i c l e v e l o c i t i e s g e n e r a t e d by p r o ­
d u c t i o n b l a s t i n g , and to I n c r e a s e t h e d i f f i c u l t y i n 
m e e t i n g f e d e r a l or s t a t e r e g u l a t i o n s . I t I s a l s o 
c l e a r t h a t , even If t h e s e p r o b l e m s a r e c o r r e c t e d , 
n o t enough I s known a b o u t t h e manner t h r o u g h u h i c h 
d e l a y I n i t i a t i o n works t o Improve f r a g m e n t a t i o n t o 
d e s i g n optimum d e l a y p a t t e m s . For t h i s r e a s o n , 
f u r t h e r u o r k on d e l a y i n i t i a t i o n i n p r o d u c t i o n 
b l a s t i n g must be d o n e . 
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TABLE 1 

FIRING TIMES OF MS DELAY BLASTING CAPS* 

Period 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13. 

14 

15 

16 

17 

18 

19 

DuPont 

Rated T(ms) 

5 

25 

50 

75 

100 

125 

150 

175 

200 

250 

300 

350 

400 

450 

500 

600 

700 

800 

900 

1000 

0=5 ms 

X(21) 

5 

27.9 

51.1 

86.2 

111.7 

- 140.4 

173.4 

185.1 

183.4 

279.2 

307.0 

362.4 

428.1 

440.8 

523.7 

649.0 

735.3 

913.0 

992.3 

1166.0 

lo 

NA 

4.4 

6.2 

4.2 

5.6 

7.8 

6.0 

•5.9 

9.6 

9.6 

11.7 

34.4 

19.8 

18.9 

24.0 

51.8 

46.3 

56.1 

65.1 

60.7 

Hercul 

Rated T 

12 

25 

50 

75 

100 

130 

170 

205 

240 

280 

320 

360 

400 

450 

500 

550 

600 

700 

900 

1200 

es 0=12 ms 

5r(21) la 

12 NA 

28.6 4.0 

50.8 5.9 

62.7 4.9 

98.5 7.1 

138.7 .4.5 

178.5 9.4 

202.5 6.1 

253.9 19.6 

326.9 22.3 

324.3 18.0 

382.9 55.9 

401.5 34.2 

496.8 21.2 

506.9 25.5 

697.8 50.1 

797.8 48.0 

1144.6 73.6 

1050.8 101.4 

1366.1 112.1-

Atlas 

Rated T 

1 

8 

25 

50 

75 

100 

125 

150 

175 

200 

250 

300 

350 

400 

450 

500 

550 , 

650 

750 

875 

; 0=1 ms 

5((30) 

1 

5.7 

25.3 

48.6 

73.0 

100.1 

135.8 

154.5 

186.3 

217.4 

272.0 

318.5 

382.1 

441.6 

452.1 

556.4 

569.7 

708.5 

813.2 

911.1 

lo 

NA-

1.4 

4.4 

5.3 

11.8 

5.1 

6.2 

5.7 

7.5 

7.5 

12.5 

12.5 

20.1 

17.1 

17.9 

22.3 

17.9 

29.5 

36.2 

36.6 

Fjisign/Bickford Pr 

Rated T 

— 

25 

50 

75 

100 

125 

150 

175 

200 

250 

300 

350 

400 

450 

500 
• 

X(31) 

— 

38.8 

59.5 

81.9 

110.3 

135.8 

168.5 

168.9 

234.3 

255.1 

486.5 

356.0 

403.5 

466.7 

506.6 

imadets 

lo 

— 

1.8 

9.4 

1.4 

3.2 

2.9 

5.7 

7.8 

5.8 

3.9 

23.8 

4.7 

6.4 

12,1 

7.6 

*This table presents normalized data for electric caps. See text for details, 



TABLE 2 

PROBABILITY OF SUCCESS FOR MULTIPLE C^S 
PERIODS 1-8,3 CAPS EA.CH 

Atlas Forced to 0 = 1 ms 

DuPont Forced to 0 = 5 ms 

Hercules Forced to 0 = 12 ms 

Ensign/Bickford Prijnadets 

No Sequencing 

.70 

.02 

,60 

.06 

Error 8_ ms Separation 

.19 

.0002 

.09 

.003 



TABLE 3 

FIRING TIMES OF MS DELAY CAPS IN PRODUCTION BLASTING* 

Period 

0 

1 

2 

3 

4 

5 

6 

7 

8 

N 

10 

. 9 

7 

12 

14 

13 

6 

10 

13 

DuPont Shot 1 

Rated Tfms) 

5 

25 

50 

75 

100 

125 

150 

175 

200 

J 

2.2 

21.8 

54.1 

74.5 

92.4 

138.9 

177.6 

187.9 

216.5 

la 

1.9 

5.9 

2.7 

3.8 

5.5 

5.8 

7.7 

7.6 

8.0 

N 

5 

8 

7 

6 

6 

6 

DuPont 

Rated T 

75 

100 

125 

150 ' 

175 

200 

Shot 2 

I 

' 

79.6 

109.5 

144.9 

178.3 

188.9 

197.0 

la 

5.6 

10.7 

8.2 

12.5 

23.4 

26.1 

N 

2 

4 

4 

4 

5 

4 

2 

2 

Atlas 

Rated T 

8 

25 

50 

75 

100 

125 

150 

175 

J 

13.0 

31.0 

56.5 

81.0 

97.6 

123.0 

160.0 

180.0 

la 

4.2 

10.1 

11.0 

2.6 

19.8 

36.8 

5.7 

11.3 

Ensign/Bickford 

N Rated T X la 

13 17 16.9 0.6 

75 78.3 11.5 

100 83.5 15.4 

*A11 electric cap firing times are from shots using bottom hole initiation; thus, temperatures should be comparable. 
Caps are set in cast primers for the DuPont and Ensign/Bickford shots, in dynamite for the Atlas shot. 
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Figure 1. Probability of success, calculated using equation 10 versus 
non-dimensionalized mean time difference. 
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Figure 2 . T-26 blasting pattern showing nominal and actual firing times and stemming vent or flyrock vel­
ocities. The method of calculating the ecHelon relief is shown in the Upper right portion of 
the figure. 
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Investigation of tlie hydrolytic deposition of iron In the form of jarosites from sulphate solutions IQ~ .—^ 
< % 

L S Getskin, E V Margulis, L I Beisekeeva and A S Yaroslavtsev (All-Union Scientific-Research Institute of 
Non-ferrous Metals and North-Caucasian Mining-Metallurgical InsUtute). 

.m 
Hydrolytic purification of solutions from iron is widely used 

in chemical technology and hydrometaluurgy and, in 
particular, in the hydrometallurgy of zinc. A disadvantage 
of the process is the poor settling and filtering 
characteristics of the obtained precipitates "•). 

Ryazanov ' ) noticed that a readily settling precipitate of a 
compound analogous with the natural mineral jarosite is 
formed during the hydrolysis of iron in the presence of K* 
ion . This served as the basis for the development simultan­
eously in Norway ^) and Australia *) of the "jarosite process", 
which is most promising for the leaching of high-iron zinc 
raw material (e.g., zinc cakes). Even from iron-rich 
solutions (during high-temperature sulphuric acid leaching 
of zinc cakes the iron content of the solution amounts to 40% 
and its increase during jarosite precipitation of iron from 
the solution is of interest) it is possible to obtain readily 
settling precipitates of jarosite and an acidic solution 
(pH < 1. 0) with a low Fe"^** content, which is treated by 
standard methods separately or in the cycle of the neutral 
leaching of zinc calcines. 

It is known ^) that jarosites R^Fej (OH)B (SC^ )a can contain 
the ions of various monovalent elements and groups R"*" = Na*, 
K+, Ag+, H3O+, andNH**. Data on reduction of the time for 
the formation of hydrolytic deposits of iron in the Fea (SO,), -
ZnSOi -ZnO-HaO system with additions of K+, Na"̂ , Rb+, and 
NHt "̂  are contained in the literature *). However, these 
data are insufficient for optimum realisation of the "jarosite 
process". 

In the present work we studied the hydrolytic precipitation 
of iron in the Fea(SQ, Ja -ZnSC\ -ZnO-HaO system with and 
without the presence of K*", Na'*', and NH4 ••" ions under various 
concentration conditions and also the effect of additions, of the 
crystalline hydrolysis products as seeds. Reagents of 
analytical and chemically pure grades were used. The method 
used for the investigation was as follows. A solution of ferric 
sulphate or a mi.xture of ferric sulphate and zinc sulphate in 
a closed flask was placed in a water thermostat at 90 - 0. 5°C. 
The stopper of the flask contained a mechanical stirrer and 
a tube for the delivery of an aqueous suspension of zinc oxide 
with and without various additions and also for the removal 
of samples at specific intervals of time. 

The volume of the suspension and its ZnO content were , 
calculated for a total volume of 1 litre, for initial iron 
concentrations of 66, 50, or 12 g/1, and for the required 
molar ratio m = ZnO/Fe, (SC^ )3 (where m is the specific 
consumption of the neutraliser in moles per mole of 
Fea (SC^ )3). The solution was separated from the samples 
of pulp by filtration, the Fe"^** concentration was determined 
by complexometric titration (EDTA), and the pH value was 
measured (with an accuracy of ± 0. 05 at room temperature). 
The K+, Na*, and NH* "*• ions were added in the form of 
sulphates. The results are presented graphically in figs. 1-5. 

The addition of zinc oxide to a solution of ferric sulphate 
leads to a sharp rise in the pH value of the solution (fig. lb) 
as a result of neutralisation of the acid: 

2H3O* + ZnO = Zn°+ + 3HaO 

This displaces the system from hydrolysis equilibrium and 
thereby accelerates the hydrolysis reacUon. The dissolution 
of zinc oxide by reaction(l) is complete on the attainment of 
the maximum pH. The pH then gradually decreases as a 
result of slowly occurring hydrolysis ( hydrolysis of Fe^* 
can lead to the formation of various hydroxo complexes (7)) 
by the reaction: 

Fe(HaO)^ + 2HaO^FeOH(HaO)'* + H3O+ 

Additions of monovalent cations stimulate the crystalli'satiaa 
stage of the formation of a precipitate (fig. la, curves 2 and 
3), i. e. , the removal of the hydroxo complexes of iron from 
the solution, and this accelerates the hydrolysis reaction 
(the more rapid decrease of the pH, curves 2 and 3 in fig. \\A 
This shows that crystallisation is the controlling stage of the 
process under the investigated conditions. 
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F i g . l Ef fec t of additio.~.s of a l k a l i - m e t a l i o n s on the hydro­
l y t i c p r e c i p i t a t i o n of i r o n from a c o n c e n t r a t e d sulphAtt 
(CfQ = 50 g l l ) wi th m = ZnO/Fe^lSO^) ^ = 1.0 a t SOT on 
the i r o n c o n c e n t r a t i o n (a) and t h e pH vaiue (b) of the 
s o l u t i o n . 1 - ii-itjiout a d d i t i o n s , 2 - w^th a d d i t i o n s of 

S0._; 3 - wijh a d d i t i o n s of K.SO^; Czn = C; l ' , 2 ' , 3 ' -if:h a d d i t i o n s of 
the same for C j . - lOOg 1 ; a d d i t i o n i n stoic:-i iomeir:c 
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Comparison of curves 1, 2, 3 and 1', 2', and 3' in figs, l i , 
b shows that the presence of even considerable inital amount* 
of ZnSQt in the solution has little effect on the formation ol 
the hydrolytic precipitates of iron; the degree of precipitation 
of iron decrerses slightly, and the pH of the solutions 
decreases a little. If the initial concentration of Iron in the 
solution is not 50 (fig. 1) but 12 g/1, the effect of the same 
amounts of ZnS(\ in the solution bardly shows up at all in th« 
rates of formation of the precipitate and decrease of the pH 
value. (The presence of considerable amounts of zinc 
sulphate in the solution increases the degree of dispersion 
of the jarosite precipitates and the viscosity of the solution, 
and this substantially impairs, die settling characteristics of 
the precipitates.) 

F i g . 2 E f f e c t j a r o s i t e - f o r a i n g 
a d d i t i o n s on t h e hydro ly t i c p t e -
c i p i t a t i o n of i r o n by z inc o i ; - » 
from a s o l u t i o n of f e r r i c su.'pAJi* 
IC^s = ^29/^> f ° ' m • 1.0 a t ilTC. 
1 - w i thou t a d d i t i o n ; 2 - with 
a d d i t i o n s o f sodium su lpha te : > • 
ammonium s u l p h a t e ; 4 - potasst'X* 
s u l p h a t e ; Amounts of addi t ions -

__300% of t h e s t o i c h i o m e t r i c . 
e 12 h 

Comparison of curves 1 (fig. la, fig. 2, fig. 3) and 3 (fig. <) 
shows that, with the same specific consumption of the 
neutraliser m and with other conditions equal, the degree of 
precipitation of iron decreases with increase in its inilial 
concentration: 95. 8% with 0^^= 12g/l and 77. 6% with Ch = 
66 g/l. This is explained by the fact that a larger initial 
content of Fe^ in the solution corresponds to a larger init*l 
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content of Fef* in the solution correfipondstp a larger initial 
content of the, hydrolysis acid. This destroys the firopqrtional 

; relationship between the iiutial and final conte nts-of iron in 
•the solution for equal m values. Corisequehtly, the higher the 
-fe'+ content of Gie solution, thehigher the specific consump-
:tion of the neutraliser m and with other conditions equaJ, the 
,d#gree of precipitation of iron decresseswith increase in i ts 
(initial coa centration; 95. 8% with C -̂̂ ~ is 'g/l and 77.:6% with 
•C^e= 66 l / l . TlUs is explained by fhe fact that-a larger 
jinitial,content .of Fe''* in the solution corresponds to a larger 
tjiitiai conterit of the hydrolysis acid. This destroys the 
proporbonal relationship between the Inital and final contenfs 
of iron in,the splution for equal m values., Coiisequentljr, the 
higher the Fe'"' cpntent.ol the solution, the h i ^ e r the specJJic' 
consumption i-ate of neutraliser required for a given degree 
of precipitatiom Thus, 
of Iron of-96% is obtained 

an identical degree of precipitation 
ned with m = 1.5 for c f , ='66 g / l ' 

(curve 2 In,fig. 3) and with m = t.O for C ° 
3 In fig. 4). 

12 g/1-(curve 

F i g . J t h e e f f e c t .'of i h e z inb ' ' ox ide 
consumption o n i h e b y d r o l g t i c p r e -
c i p l t a i i o n o f i r o n • f i om-su l sha t e -
s o l a t i o n (d^ , - i66g/ l •and, C^ = 
lpOg/1) i n t h e p r e s e n c e of the. 
stdichiometriC'^aiiiount of'-^potassium 
s a l p b a t e ' a t SO-c.^ - m ^^-'l.o'i , 
2 - l . S ; .3 - 2 . 0 : 

» 
%'a' 

f r i ? . 4 E f f e c t of t h e :ainour!'t of ••adiii't'i'Dn.'; of r^ .(f-S) and ;:!ii^ 
f.6 7.) o p - t H e ' h y d r o l y t i c p r e c i p i . i a t i b n of i r o n from'a 
s o l u t i o n of f e r r i c sulp:-iate fCp'^-.= l i g / I ) by z inc 'oxi 'de-
Cor m •==! 0 a t - g o ' C ^ w i t h o u t a d d i t i o n s 'fJJ "arid •vi th ' 
d d d i t i b n s o f KjSOi, f4 of s t o i c J i i o m e t r i c J : 75 (2j-, I'goiS) , 
236 ' (4hand : 3 0 O ( 5 j i I'iitli a d d i c i o i i s of (illl,^)-,,,SOu:J.O0't (6J 
and '266j (Tj,. 

The effect of the consuaiptlon of jarositerforming'additipns 
l̂ 'on the hydrolytic precipitation of4ron'is,shown ih Fig. 4. 
• Increaseih the. consumption of.euch an effective additive, as, 
.potassium has little effect on the precipitation rate; Increase 

'̂  in the consumption of a less effective additive-, (am,inqnium) 
considerably accelerates tJie precipitation. Consequently, 

^ the lower effectiveness of the .additive can be compensated 
T-lo eome degree by Increase in.Its consumption rate.. 

The effect of.a seed as .accelerator of the-crystallisation 
stage on therate of* the hydroiyUc precipitatipri ,of iron is 

_ shown ih fig. 5. Snce goethite a-FeOOH is the stable'form 
0 - ot iron in Uie "hydrolytic precipitate under the, seiected 
^•i conditions without the jarosite-formihg addition^ It was'used 

_ as seed, and it-his little effect-on the preciptation ratie. 
^ {fig. S, curves 1 and 2). Clearly, the crystallisation rate 

of goethite is determined by tJie linear cry'stallisitibn. i-ate 
Sand not by the formation rate of,crystallisation centres; 

Jarosite as a seed.under the inriuence of the less.effective 
.jarosite-forming addition (sodium );substaritially accelerate 
the precipitation of iron (ciijves 3 and,4 in.fig, 5J. A 
similar pattern.is found.in the precipitation of KH, jarosit* 

"but the seed gives a smaller effect for K jarosite. The 
accelerating effect of thesseeds in the precipitation ofthe 
jarosites can be explained by the fact that in this case tiie 
crystall.isation rate is limited'by the! formation of 
crystalii'satidn centres and.not by the linear growth ol the 
crystals. Therefore, jarosite precipitates are more 
coarsely crystalline than'goethite, precipitates., 

•Kg . 5 s . .-.--'cro-i y tj, 0 p i ^ c i p i t a t i o n - o f 
Eo,i.u:ioh df ' : fe r r ' i c : sulpi iate-

l . a a t '^0°'C; 1 - ' v i t . ' i ou t . ado'i-

E f fee t of a seed, or, £; 
wi th z inc •oxide-'from-i 
fCpe = i ^ 9 i l i . for m r= 
t io r i s and \^.i^':-.out-.seed;, 2 - -^itiiout a d d i t i o n and 
•w,it.h.'q6ethite. s eed ; 3 ^ -.,'iz'n a d d i t i o n 'of .sodii;;:! i-u.i-
p.^atV. and "wi,t.^out seed;,, 4 - -.-lith .ad'd'Lzion o f sodium 
sulpha t e , and w i th j a r o s i t e - seed" (eddltJ^ohs, i'r: - i (o: c :i-
nietfi b ' amount's) . 

Conclusions 

IV The effectiveness of.the acceleration of the-hydrolytic 
preclplation of Iron.from sulphate solutions by jarosite-
forming additions decreases in the order k,> MU > Na.. 
2. The presence cit considerable am punts ot:ZnS(X in the 
solution has little effect on the .rate of hydrolysis and 
formation otthe'precipitate with high contents ot iron in 
the solutions (—50 g/1) , aiid with.,moderate content^ 
{"•IS g/1) the etfect is not detected. However, a consider;) 
content';Of ZhSQi iri the solution. (100 g/1 Zn) increases the 
Viscosity of the solution and the degree pf-dispersion of tJi 
jarosite precipitates, and this impairs their settling 
ciiaracterisitics, 
3. The specific consumption ;o£ the neutraliser tor a give 
degree of jpreeipitatipn of iron is greater, the higher the 
initial concentratidn dt iron in the soiution. 
,4. An excess of the-jarosite- forming, addition over the 
stoichiometricj^ value, slightly accelerates the hydrolytic 
precipitation it the addition i s highly effective (potassium] 
ajjd consideral)ly accelerates i t if liie additfcn is less 
ê f e cti ve (amriddriiu m), 
5. A seed Pf jarosite accelerates the precipitation ot iroi 
in the form of jarosite partieuiarly in the case.ol (he 
precipitation'.Of, NHi, -Na jarosite. A seed of goethite har< 
accelerates the precipitation of. iron in the form ol goethi 
a t all. 
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Is greater tlian unity. An increase in X is observed with in­
crease in temperature and willi increase in the oxygen p r e s ­
sure; thus, in the range of 60-140^0 it increased from 1.15 
lo 1.8 (for P Q , = A atm) and from 1.4 to 1.88 ( P j , = 8atm) . 
In order to explain the observed preferent ial dissolution of 
topper e.xperiments were car r ied oul on the reaction of 
llloy 2 with a solution coniaining lg/1 Cu and 0.1 mole / l 
ijSO, at80-180°C in ;) neutral a tmosphere . At 80OC the rate 
if transfer of zinc iniv, solution amounted to 0.6-10"^and 
halfor copper amounted to 0.77'10'* g-atom/cm^-sec; at 
|80°C these values increased to 1.31-10-'' and 2.9310- ' ' 
j-atom/cm°-sec respectively, i.e. with increase in lemper-
.ture the ionisation of copper atoms is preferred to the 
Ionisation of zinc atoms under the influence of the copper 
lons present in Uie solution. Metallic copper was found in 
Ihe surface films. Us formation is possible bolh on account 
of cementation-type deposilion of copper (the concentration 
of copper in tiie solution at t < 100^0 decreases ) and as a 
result of disproportionation of the copper ions whicii form 
(the copper conteni of the solution increases at l > 120OC). 
The developmenl of these p rocesses is promoted by the ob­
served increase in the electrochemical activity of the alloy 
wilh increase in temperature and also by increase in ils 
zinc content. The dispersed copper wliich forms dissolves 
much more quickly in the oxygen atmosphere than the cop­
per (zinc) from tlie alloy, and Ihis gives r i se lo Ihe obser ­
ved preferential dissolution of Uie copper, which resul ls 
from the side p rocesses . We therefore classify il as 
."pseudoselective". For alloy 2, in addition to dissolution 
In sulphuric acid, we investigated its behaviour in an 
ammoniacal medium. 

We used a solution containing 2 .0mole / l of NH, :ind 
0.5 mole of (NH^ )3S04 . The ratio of ammonia and ammo­
nium sulphate was chosen in relation to the composition 
of the solvent used in prac t ice") . Mosl attention was paid 
to the effect of temperature and o.xygen p re s su re (the most 
effective technological pa rame te r s ) . The dissolution of 
copper increases in direct proporiion to the oxygen p r e s ­
sure (V = K - P o j ) , and this Indicates that oxygen plays a 
definite part ui the niech;mism of Uie process (fig.b). 
With olher conditions equal the dissolution rate of pure 
copper in the ammoniacal medium is 1.75 t imes higher 
than the dissolution rate of copper from alloy 2. It is 
clear that during the ammoniacal leaching of Uie alloys an 
Impermeable film is formed from the oxidaiion products 
of tin, lead and iron present in the alloys, and this com­
plicates Uie diffusion of oxygen. For alloy 2 the K value 
(g-atoni/cni^-sec-atm) amounis to 0.217-10-'' for d issol ­
ution in ammonia and 0.2-10"' (for alloy 1 al lOOoC, K = 
0.25-10"^) for dissolution in sulphuric acid, i.e. the oxy­
gen deficiency is more clearly defined in ammonia solu­
tions and increase in the oxygen p re s su re has a more 
significant effect on the dissolution rate of copper th.an in 
sulphuric acid solutions. With identical oxygen p r e s s u r e s 
Uie dissolution r a l e s of copper from Uie polymetallic 
alloy in sulphuric acid and ammonia solutions differ by 
ohly 6-10%. For solvents with appreciably differ ing action 
Uiis can be explained by the different nature and by the 
permeability of Uie films which form. For dissolution in 
ammonia at 40-95OC (for pure copper) and 40-70OC (for 

the alloys) the experimental activaiion energies amount lo 
2.13 and 0.98kcal/mole respectively, which is consistent 
wilh published data"). When t -- 70-95OC, the E^ values for 
the dissolution of pure copper and of copper from alloy 2 
increase to 4 .3+0.2kcal /mole . The temperature dependence 
and the data from microscopic and X-ray analyses of the 
films make il possible to consider that nn re permeable 
films, which facilitate the diffusion of oxygen, a r e formed on 
the surface of the alloy at elevated tempera tures . In addi­
tion, with increase in temperature the role of the oxidative 
capacity of the divalent copper ions increases , and this 
leads to additional ionisaiion of copper atoms^). In the 
range of 40-70°C the dissolution rate of copper (alloy 2) is 
higher m the ammoniacal medium than in sulphuric acid: 
at 80-90°C it is comparable for both media, while at 100-
120°C the dissolution rate of copper increases by 1.84 l imes 
in sulphuric acid and by 1.32 l imes in the ammonia solulion. 
Thus, al I -• lOO^C an increase in lemperalure is more j u s ­
tified kinetically for sulphuric acid dissolution than for 
ammoniacal dissolution. 

Conclus ions 

1. The dissolution r a t e of copper (or zinc) from the alloys 
is controlled by the diffusion of oxygen. The latter is com­
plicated by a screening film of Insoluble alloy components. 
The films formed in ammonia solutions a re less permeable . 

2. In order to intensify the leaching of the alloys il is 
advisable to improve the mass exchange of oxygen in the 
system. The use of elevated tempera tures (above 90-100°C) 
is justified kinetically for dissolution in sulphuric acid. 

3. Compared with pure copper the dissolution of copper 
from the alloys occurs at a higher rate in Uie sulphuric 
acid medium than in the ammoniacal medium. Alloys with 
the minium contents of tin, lead, iron and other insoluble 
components are therefore better for ammoniacal dissolu­
tion. 
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•Investigation of the hydrolytic precipitation of iron(ni) from zinc sulphate solutions in the presence of monovalent cations 

N A Zapuskalova and E 'V Margulis (North-Caucasian Mining-Metallurgical Institute - Department of Chemistry) 

It is known'^"^) that the hydrolytic precipitation of Fe(III) 
frorri acidic sulphate solutions in the presence of mono­
valent cations gives j a ros i t es , and this has found wide use 
in zinc hydrometal lurgy"). Specific charac te r i s l ics must 
be expected in the hydrolytic precipitation of iron from 
zinc sulphate solutions in the presence of a monovalent 
cation both with respect to the process in purely iron sol­
utions*"') and with respecl to the process in zinc solu­
tions without the monovalent cation^). These Specific 

charac te r i s t ics can manifest themselves both in the con­
centration conditions for the formalion of the various solid 
phases and in the kinetics of hydrolysis and precipitation 
of Fe(III). In the absence of the monovalent cation the p r i ­
mary product from hydrolytic precipitation of Fe(ni) from 
zinc sulphate solutions when Cpg > O.lg/I is the amorphous 
basic sulphate 2Fej03-S03 • xH^O, which begins to form at 
pH .5 pH in, where pH ;„ = fj (C y^, t)^). In the presence of R"*" 
ja ros i te (R, HaO)Fe3(OH)5(SOi )j is fornied when pH < pHaj , 
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and the amorphous basic sulphate is formed when p H - p H a j , 
where pHgj = h{Cy^,l) '= ') . 

In order to invesfigaie these specific charac te r i s t ics in 
the present work we studied the pliase composition of Uie 
precipi ta les and the relat ive changes in the raie of hydro­
lytic precipitation of iron in the Fe5(S04 )3-ZnS04 -K^SO. -

.ZnO-HjO system at 50-90OC with C.^^,, = lOOg/1. For R' 
we used K* as the most effective ja ros i te - fomi ing cation 
^ ' ) . (Potassium sulphate was added to the solution in the 
amount calculated for the combination of all the iron into 
jarosi te) . In addiUon, we studied the rate of conversion of 
the amorphous sulphate into ja ros i te . (This t ransforma­
tion occurs during the hydrolytic precipitation of Fe(lll) in 
the presence of K'̂  *). 

The method used to investigate the niechanism and kine­
tics of the process was s imilar to that descr ibed before ^). 
To study the conversion of the amorphous b:isic .sulplr.ile 
into jaros i te we used the freshly precipitated amorphous 
b.asic sulphate, which had been washed by decantation and 
filtered on a vacuum filter, in an amounl corresponding to 
5g.of iron. The precipi tate was repulped in a solution 
with specific concentrations of iron ;ind zinc sulphates 
and specific pH values. The pulp was ;igitated in thermo­
stated flasks. To monitor the degree of conversion s a m ­
ples of the pulp were taken periodically and filtered. The 
iron content and pH value of the solution and the potas­
sium and iron contents of the precipi tate were determined. 
This made it possible to determine Ihe content of jarosi te 
and amorphous sulphate in the precipi ta te . The method 
used for the determination of pH^: was s imi lar to thai de s ­
cribed in the l i tera ture^") . Thc delermined pHjj: values are 
the average values in the range of pH where the lower limit 
of the range is the upper limit for the appearance of pure 
j;u-osite and Uie upper limit is the lower liniit for the 
appearance of the amorphous impurity in Ihe jaros i te . 
This pH range amounted to not more than 0.10-0.15pH 
unit, i.e. the accuracy of determination was +0.08. 

The resu l t s from the investigation reduce to the follow­
ing: data on the phase coniposition of the precipiiate. (by 
the IR spectroscopic method) confirm that Uie mechanism 
of theprocess is s imi lar to that described in Uie literature' ') . . 
The kinetics of ihe hydrolytic precipitation of iron a re char ­
acter ised by the variat ions of Cfg and pH with time (e.g. 
for CQP^ = 12g/l in figs. 1 and 2). ll was established that 
the pH^. values with the presence of zinc sulphate in Uie 
solulion (C = lOOg/1) a re 0.2-0.3 pH unit lower than 
under the same conditions bul without zinc sulpliate in the 
solution^). For example, at90°(: for Co,n = lOOg/1 and 
CoFc = 2.12 and 25g/l the experimental pHaj values a re 
1.65, 1.80 and 1.90 respectively. With allowance for pub­
lished data-") the pHaj value for solutions wiUi C o-/.ii = 
lOOg/1 in the presenceofK^ is delermined by the equation 

p a , j = 0.21 lg Cpe = 0.067t •̂  2.41 (1) 

where: Cpe is in g/1 and t is in °C. 

The resul t s from Uie precipitation of iron from zinc su l ­
phate Solutions with and without the presence of potassium 
under identical lemperalure and concentration conditions 
a re compared in table 1. The hydrolysis ra les were deter ­
mined by conversion of pH to CHJO* , the CHJO-^ - ' ' curve 
was plotted from these data, and Vjĵ ,̂ ^ was determined on 
the linear pari of the curve having the steepest slope. Such 
a method for determination of V),̂ ,̂ .̂ involves e r r o r s , since 
variat ions in the activity coefficients are not taken iiiio 
account. For one and the same system, however, the ac ­
tivity coefficients can be taken as identical and relative 
a s ses smen t s can be made of the effect of m within tlie l im­
its of one system on the hydrolysis ra tes . Data on the con­
version of amorphous basic sulphate intp jaros i te are given 
in tabic 2. 

The observed pH = fj(T) relation for various m values 
(fig. lb , table 1) is due to.the contribution from concentra­
tion and teniperature factors to the rate of ihe hydrolysis 
react ions proper . The concentration factor in turn is 
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determined by the degree of deviation of the initial (after 
healing and addition of neutral iser) hydrolysis s tate of 
Fe(IlI) in the solution from Uie equilibriuni s tate (this is 
the intensive concentration factor) and also by the amount.of 
Fe(in) in Uie solution, which is capable of taking p a n in the 
hydrolysis reacl ions proper afler the occurrence of the ex­
change hydrolytic react ions wiUi Uie hydroxide neutral iser 
(Uiis is the extensive concentration factor)^""). 

For a given temper:iiure the initial degree of non-equilib­
rium increases wilh increase in m, while the amount of 
hydroiysed iron dec reases . The hydrolysis rate therefore 
var ies exlremally with increase in m at a given tempera­
ture and has a maximum (fig. lb, table 1). Thein i t ia l de­
gree of non-equilibrium is fairly large over the whole range 
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Table 2: Data on the conversion ot ihe amorphous basic sulphate Into 
poiassium jarosile al 90"C, C,,,-̂  = lOOg/l and pH; = 1.5 

.,:, 

•••; I 

• ' 

i ' •• 

Conditions , 

Wilhoul Zi-iSO. 

Co2„ = 100R. ' I in ihe. 

lorm of ZnSO; 

T i m e 
h 

1 1? 
1, u 
1 2 
I 
5 
2-1 
•IH 

1 
5 
2-1 
•18 
96 

pli 

1.35 
I. SO 
1 •16 
1.Q-! 
1.10 
1.07 
1.03 

1.62 
1.15-
1.05 
1.00 

-

Cf.. B 1 

I I.'I 
11.5 

7.05 
1.1-1 
0 . 1 ! 
0.10 
0.10 

13.0 
1.7'J 
0.5(3 
0.-11 
0.10 

Coillenl of 
j a r o s i t e in 

. p r e n p i l a l e 

82.5 
37.5 
9u.7 

103.0 

81.5 
U7.0 
92.0 
90.5 

102.0 

Detirue ol 
oonvorsii in 

f 

•!u 
GG 

ac . 
IOO 

22 
41) 
78 
90 

100 

of giver, in values, ihe pH = f, (r) curves for the selected 
temperature increase regularly wilh increase in m (fig. 1, 
Ah); otherwise the cui-ves intersect at sni;ill m values (e.g. 
the curves 0.5 and 1.0 in fig. IBli and ICb). 

The hydrolytic precipitation of iron includes two s tages : 
l)the formation of hydroxo complexes of Fe(III) in the sol­
ulion (by fast exchange reactions and slow hydrolysis r e ­
actions); 2) the formation of jarosi te as a result of the 
participation of hydroxo complexes of Fe(lU) in crys ta l l i ­
sation or the formation of the amorphous sulphate as a 
result of polycondensation of the hydroxo complexes^""). 
Thc rate of formation of jaros i te in the inilial period of 
precipitation is liniited by Ihe rate of form:ition of the 
crystallisation c e n t r e s " ) , but acceleration of the process 
with increase in pH then appears , i.e. Uie chemical stages 
become limiting. The precipiiation of iron in Uie form of 
jarosite and amorphous sulphate has fast and slow s tages . 
The fast stage corresponds to Uie formalion of hydroxo 
complexes in double decomposition react ions, :ind the slow 
stage corresponds to hydrolysis react iohs. In figs. 1 and 2 
Uie precipitation of Fe(III) as jarosi te corresponds to the 
condition m * 2.0, and precipitalion as the amorphous sul­
phate, and the jarosi te begins to be precipitated after the 
pH value has fallen below pH^. . ) 

From table 1 it is seen that the rate of precipitation of 
iron from zinc sulphate solulions in Uie form of jarosi te 
is considerably higlier than the rale of precipiiation df 
iron from the same solutions but wilhoul potassium in the 
form of the amorphous sulphate. This difference in the p re ­
cipitation ra tes increases wilh decrease in tempera ture . 
Thus, the rat io of the maximum precipitation ra tes of iron 
in Uie form of jaros i te (Vj ) and in the form of the amor ­
phous sulphate (v^max) when m = ZnO/Fe,(S04 )3 = 1 , i.e. 
vJmax/VA;„ax'^ 2.45 for go^C, 5.40 for 70OC, and 10.5 for 
50°C. The presence of potassium increases the precipi ta­
tion of jarosi te even more when Uiere is no zinc sulphate 
in the solut ion ' ) . 

slum does not affect the rate of hydrolysis and precipi ta- • 
tion of iron (lable I), whereas in a solution not containing 
zinc sulphate the precipitation rate of iron in the presence 
of potassium is higher^) than without potassium"). The 
stabilising action of zinc sulphate on the colloidally d i s ­
persed iron in Uie solution^) evidently compensates for 
the strengthening second-sphere effect of potassium on 
the hydro.vo complexes of iron'^), i.e. compensates the 
accs lera t ing effect of poiassium on the precipitation ofthe 
amorphous sulphate. 

At y0"C when ni = 3 (fig. I, Aa and fig. 2a) anomalously 
slow precipitation of iron is observed, as in zinc solutions 
without potassium ), and this is due to the formation of a 
hydrogel of iron at 90"C, pH = 2-4, and Cm ^ 7.5g/l. 

The clecrease of pH „ | in zinc solutions compared wilh 
pll„j in purely iron solu t ions ' ) resu l t s from the manifes-
Uilion llf the st.ibilisiiig :iclion of ZnSO., on Ihe colloidally 
dispersed iron in the solution, which leads lo exiension of 
the concentration region for llie formation of Uie aiiior-
phous'sulphate. Stahilisaiion of Ihe colloidally dispersed 
iron leads lo an iiicre:ise in the fraction of the colloidal 
form of iron in the solution compared wilh the fraclion of 
tho ionic form. This gives r i s o l o an increase in the rale 
of formation of the amorphous sulphate v^ oompared wilh 
the rate of formation of jarosi te Vj at a given pH value. 
From the equaUty vj = v,\ nt-])Hg: it follows that the pH^j 
value must decrease , in Ihe presence of considerable 
amounis of zinc sulphaie in Uie solution, and this is con­
sis tent wiUi the experimental data. 

.The data in table 2 show that the conversion of the a m o r ­
phous sulphate inlo jaros i te occurs comparatively slowly 
and is real ised by dissolution of the amorphous sulphaie 
(in Uie initial period Cp,, > Cnp^ ) and thai the presence of 
zinc Sulphate in the solution re ta rds this transformation. 

Conclusions 

1. The mechanism of the hydrolytic precipitation of iron 
from zinc sulphate solutions containing a monovalent cation 

. is s imi lar to the previously established mechanism for 
purely iron solutions containing a monovalent cation. The 
limiting pHai values, separat ing the regions for Uie forma­
tion of jarosi te and the amorphous basic sulphate in zinc 
sblutions (Cozii = 100^/1), can be determined from equation 
(I) . These pHgj values a re O.2-0.3pH unit lower than pH^j 
in the purely iron solutions. 

2. In the presence of the monovalent cation in the region 
where pH < pHaj the precipitation of iron in the form of 
jaros i te occurs much more quickly (2.5-10 t imes, depend­
ing on Uie temperature) , and in the region where pH > pHaj 
it occurs at the same rale as from zinc' sulphate solulions 
without the monovalent cation. 
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'iieovations. In Go 

by GEORGE M, POTTER 
Reseatch Supervisor 

and HARRIS P. SALISBURY -." 
• Projeci Leader, Salt Lake Cit'/ Metallurgy Research Center, U.S. Bureau of Mines 

A conventional plant for processing lode gold ores' con­
taining finely disseminated gold usually embraces fine grind­
ing and. agitation leaching in cyanide solution, counter- . 
ciirr/:nt decantation in thickeners for liquid-solid separation 

• and residue washing, clarification of the pregnant solution -
by filtering, deaeration by application of a vacuum and pre­
cipitation of the gold by reacting the solution with zinc-pow­
der. Many known-domestic gold deposits are low in grade, 
of Iirhited reserves, or contain troublesome clays or other 

'corriponents-that- make treatmentby conventional proce­
dures impractical. Recent Bureau of Mines research has 

, been focused, therefore, on developing lo.w capital, low oper-
atir.g cost methods suitable for such ores. This report de­
scribes two such methods, namely, cyanide heap leaching 
and the carbon-in-pulp process. Gtanular activated carbon 
may be used to advantage in the heap leaching process, as 
weii as in the carbon-in-piilp method, for recovering the dis­
solved gold froni solution. •' 
. Basic information on heap leaching and carbon-in-pulp 
has been reported by the Bureau of Mines.'"' Gold heap 
leaching has some features in common with copper dump 
leaching and gold cyanide vat leaching. A fluidized-bed car­
bon column proposed for use in recovering gold from heap 
leaching solution was adapted from the Bureau's expanded-
bed, ion-exchange column.^'' 

- The carbon-in-pulp process as formerly used at the Carl-
ton-mill-of,Golden Cycle Corp., Cripple Creek, Co., was de­
scribed in an article by Seeton in 1961.'.Development of 
procedures for removing gold from the activated carbon by 
stripping with hot caustic cyanide solution in conjunction 
with electrolysis was reported by the Bureau of Mines in 
1952.' More recently, a technique for accelerated removal of 
gold by pressure stripping the loaded carbon has been devel­
oped.' An improved electrowinning cell for recovering the 
gold frorn the recycling strip solution is herein described. 
.. A riew technique for pretreatment of ores containing nat­
ural organic cirbon that absorbs gold from cyanide solu­
tions and thus causes loss of gold in the tailings" is used by 
Carlin Gold Mining Co., Carlin, Nv. Chlorine gas, a strong 
oxidant, is added to an aqueous slurry of ground ore. The 
ore pulp is subsequently cyanided in an agitation leach-
countercurrehl decantation process. .Recent laboratory 
work at the Salt Lake City Center indicates that pre-

• treatment with chlorine water is effective also for certain re- ; 
fractory sulfide ores. An alternative to the direct addition of 
chlorine to ore slurries is the preparation bf hypochlorite in 
situ byan electrolytic oxidation process.'.. 
54 . " 
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Heap leaching uses lime-cyanide solution ; ^.-j,^;^, 
• ' " • . ' •• ' ' - • • - • > " l | t ^ 

The heap leaching process (see fig. 1) consists 
coarse, treatable ore on an impervious pad and _ 
it withsmall amounts of dilute lime-cyanide sblution'^ 
clarified gold-bearing solution draining from.the h 
passed through, the Bureau's expanded-bedf multiple^ 
partment activated carbon column to recover nearly ai 
the gold-and is then returned to the leaching step. Loada 
carbon is stripped of its gold content in a new Bureau^J^^. 
oped pressure system,,reactivated and retumed to thi o ^ 
umri. Gold is electrowon from the stripping solution?"^^ 

To be treatable by heap leaching, gold bearingvj^ 
should be competent, porous, relatively cyanicide-frecarf^ 
contain fine-sized, clean-gold pai-ticles. Clay content mus^: 
low enough that the ore heap renhains permeable ^o'g 
cojating solutions during leaching. 
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i^q^cbnimercial applications, the Ieaching pads have been 
^Seof asphalt or other impervious material, or earth-lined 
sSfivclayasal soine copper leaching operations. Ore sizes 
^e'ranged from rnine run to about l/2in., depending upon 
'^fiiibn penetrability of the rock; The depth of theheap has 
^^6^10 '20 ft or more, and additional "lift's" have been 
3^«j for further leaching. Solution strengths have ranged 
a^i^0;02 to 0.1 percent NaCN depending on ore require^ 
^ t s^and the pH has been'maintained at about 10.5 with 
^^^T-herate-pf splulibn -appjicatioh by sprays has ranged 
^ m B u o ' 2 5 gal per sqiiare foot-per 24 hours.- Adequate-
iftjirage has been provided for pregnant solution betweenthe 
•Aching heap and'the gold recovery step that follows. 

.Potential for pollution is low 
^1 • ^ ^ ^ • r -

i^^five- to eight-stage countercurrent column using minus 
JO,^lus-20-mesh activated carbon for gbld recovery from 
:i}»Jeach liquor would be expected To produce a 0.()002 oz 
farrcii soliition from 0.10 to 0.20 oz pregnant solution and 
I^Md the carbon to at least 400 oz per ton, while flowing al 
ferateof 15.to.20 gpm.per square foot bf column cross sec-
4H)nliFrorrt an ecological standpoint, heap leaching has a Ibw 

«iitial for pollution. .The residiies are coarse, and nearly, 
i^free, no gases are emitted and all solutions are recy-

eap leaching Tesults based on laboratory and pilot tests 
Srijc-nable ores are "given instable,1. Gold reiibveries of 67 

1^5. percent were obtained with consumption of 0.4 to 1.0 

Jounul 

' . - - ' • : ' -" • • • ,'. . - . f f i ^ f l f i P ' 

' Ore Gold assay.' Gold " Lea'cHing consumption.' 
. ^ . . J, size. -• -.:.-oz/ton recovery. ..time. .• - -lb/ton ore -

J ^Samble • in. •' Head Tail pct days NaCN CaO 
- 4 
, 6 
6 

21 
36 
23 
42 

0.7 
- .5 

.4 

.7 
1.0 
1.0 
1,0 

2.7 
.3 
.5 

3.5 
4.3. 
5.6 
4.9 

j - j ^ ^ , , . ' • ' ' 
r r̂ We /. Re.uilis of percolation leaching ofgold ores and stripping 
" ^ J e " - • - • 

lb. NaCN per ton of ore and 0.3 to 5.6 lb bf lime. Leaching 
time varied roughly with the rock size from 4 days at-i/2'in. 
to 42 days at 4-in. size.-:However,_individu'al.ore amenability 
may be a more important factor in leaching response than 
rock size. • ' . . - . . . . -. . . .-

Heap leachirig. is. now being used successfully at several 
commercial operations, principally in Nevada. Although in­
dividual metallurgical data and operational informatiori has 
not been released, recbveries and other factors are similar to 
laboratory results. • 

Carbon-in-pulp process suited to slimy ores 

The carbon-in-pulp process (fig. 2) comprises cyanide.agi-
tation leaching of minus 35-rhesh or finer bre in a ihick 
slurry of about 45 percent solids. • Protective alkalinity is 

Gold ore 
— J — . . . • ' - • - ' • 
Crushing - • - - • -

• ' + . •• ' • • 
Grinding • •—Sod ium cyonide, lime 

' ' 4 5 pct solids pulp, rriinus 35-mesh . 

; - - - ^ ' - Carbon-in-pulp ogitotors 

Looded corbon -
Toiling •»-' 

Stripping 
T 

•. Electrowinning • •Gold 

Carbon reoctivotion 
1 

Mokeup 
minus 10 plus EO-mesh 

octivoted carbon 

Fig. 2. Flowsheet for carhon-in-pulp process • 
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r 
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maintained by adding lime, and the pulp is vigorously aer­
ated during leaching to speed gbld dissolution. Gold is re-
mbveici frbm the piilp without a prior liquid-solid separation • 
by CG.ntacting with activated carbon in a multiple stage-
countercurrent .system of agiiators and-screens. Granular 
carbon, minus 10, plus 20-mes i size is the preferred absorb­
ent. The process is particulariy suitable for treating very 
slimy cres. Silver is also recovered from amenable ores, al­
though recovery is loWer than for gold. 
= . As ari example of the application of the carbon-in-pulp -, 
process, Bureaii of Mines and Honiestake Mining Co. engi--
necrs worked cooperatively on a pilot unit treating 200 lb 
per hour of gold ore sUmes from the Lead,- S.D.i mill. At the 
Lear] pilot plant the.slihie ore pulp was leached at about 45 
pei-cent solids with 0.04 percent cyanide and lime for about. 
20 hours-in a,Pachuca-type agitator, Then the leached puljj 
was proc^sed in a four-stage countercurrent carbon-in-pulp 
unit-containing 8 gtaiiis carboh per liter of pulp and provid­
ing I hour pulp-carbon contact per stage. Carbon was ad­
vanced at a rate.of ! /2 gram per minute^Barren solutions of 
aboul 0!0002.oz per ton of soliition were rnade, and carbon 
loading.? of at least 400 bz per ton of carbon were readily at­
tained. Carbon was stripped, the, gold was electrowon from 
stripping-solution and the carbon was reactivated and re­
turned to use! • . • - ' , - . . ' . - , ' ' - . . 

Homestake subseqiiently designed, built and placed in op­
eration in April 1973 a 2,350 tpd carbon-in-pulp unit to rer 
place an existing slime plant. General features of the new 
pl-ant have been described by Howell, Homestake staff met-
aUurgist.'" 

stripping sclution 

Outlet ••—«—' 

Steom 

Cooling / ^ ^ \ 
w o f e r - - / \ ^ V » .Outlet 

Cylindrical 
screen 

'0<y 
Drain 
vdlve 

..Corbon. outlet. 

Pressure 
pump 

Surge 8 
. mokeup -

tonk 

~^T^ 

i 

>^Relief valve 
JT IOO Ib 
*^ pressure. . 

Stainless 
steel wool 
cathode 

-r—Perforoted 
^ ' Insulated 

cylinder 

Stainless 
screen 
anode 

-Two electrolytic 
cells in series 

Fig. 3. Schematic of pressure system to strip gold from 'activated 
carbon 
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Pressure strippiiig is preferred over burning 

Activated, carbpn may be loaded .with gold iae i 
heap leaching or carbon-in-pulp processes and bumed 
cover the gold, but it-is preferably.stripped, reactivated'j 
retumed to the loading circuit for reasons of process, 
omy. The stripping of gold (and silver) from loaded ca 
with hot (93''C) 1 percent caustic^. 1 percent cyanideT' 
tion has been described by Zadra' who reported that 6 hi 
of processing, under labpraiory conditions,,wouldHi^n^ 
gold loadings of 200 to 400*bz'pef tori "down tb about'-io^ 
However, former practice at the Carlton riiill, currenPpr 
tice at Homestake and pilot tests at our Iabbratory inSttâ  
that 24 to 48 hours was needed to satisfactorily stripca^ 
under plant conditions. Reagent requirements for. stripj 
with hot solutibn at atmospheric pressure are-aiSoiit'tO:!^ 

. NaOH arid.5 Ib.bf NaCN per ton of carbon;- .J .]" 
• Develbpment work is being done.at Sall.-Lake'Gity^ 

nbvel pressure stripping rnethod (fig. 3) that greatly;"reidii 
process time and. reagent consumption. THe uriifprpvii 
for stripping with 0.4 percent NaOH sblution aci^Bbat: 

JJJ 'orm e le'ctrical 
.̂̂ ; some:ar.eas ( 
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i„ined: built-anc 
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^ t i uniform el 
irr] wool and re 
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xi\- Barren sol uti 
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.4t«. ba.sed pn.tb 
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'Icapleuchingch 

.•\ preliminary 

.I'taiion cyanid 
y .Vleiallurgy 

->c three process 
r 

Proce 
'Counlercurrenl 
Cjrbon-in-'pulp 
Hcapleaching 

150»C and 52 psi. Cyanide is not ordinarily r e q u i r e d : ^ ./.j,^. ^^ap leach 
elution flbwrate is about IOO milliliter per minutepeF:r,Ci03, 
milliliter of wet carbon (abbut 470 grams of dry c a r l ^ l 
Minus 10, plus 20-mesh carbon loaded to 500 bz of gold d ^ 
be stripped to less than 5 oz in 2 to 6" hours witb'abbuil^ 
bed volumes of solution. Consumption of NaOH is 13ta_2fl| 
lb per ton of carbon. • ,. ,'-?-M0^ 

Eluate solutions assay as niuch as 100 bz gold pef toa, 
the start.of slripping.These solutionis are cooled in a-,i^§ 
denser to about .90°C before discharge from the;Strip(Hj 
uiiit. Gold is then recovered in a three-stage electrqlytfo;/^ 
using stainless steel riiesh -anodes and stainless-'steeK 
cathodes: Solution from electrolysis preferably ass'ayingje 
thai) 0.03 bz gold is recycled to stripping. The gold-Jira "' 
steel wool is melted with a standard refining flux." J -^^J 

' .Stripped carbon may be reused for three or foiir load 
cyclies without great loss of efficiency-bjefore. reacUyatJ 
Hpwever, because carbon returned lp columns pr:agit3^ 
loses its identity with carbon already in circuit, reactiv^ 
of all stripped carbon before use is advisable, Therea^f 
tion. step consists of heating the initially damp carboriri^ 
continuously operated, indirectly heated kiln, nearly clo 
to the atmosjjhere; for at least 20 minutes at 600^ to 9"' 
depending on the condition, pfthe carbon. Altemativ^yj 
carbon may be heated in a batch retort. 

Improved.electrowinning cell built 

,'.,!vS0^^ 

: . . — i . - . - t ' - , , - , 

'• The cylindrical electrowinning cell, used to date in-RUg 
and commercial applications fot recpyering gold fromj^ 
bon stripping solutions, is basically a cylindrical shell cog 
taining a central stainless steel reel wound with-staihle' 
steel wool as the cathode, a concentric perforated P'^L. 
cylinder-for insulation and a cylindrical-stainless.steel n i ^ 
anbde. Careful attention in assembly is required to o^J^S 

'-' '•,•'•' • . • • • - • ' . ' • ' • • •• ' • - • • . ' • ' . ' , - : ' ' ' i- - - . ^ ' i ' ^ m S 
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jiform electrical contact and gold plating. Despite such, 
ire; some areas of poor plating caused by inadequate elec-
^Icoritaet or solution-short circuitiiig is found from time 
fflime in operating cells. Therefore, an improved cell was 
igned,builtand testedXseefig:4); -

_ nitial operations of the new cell indicate that replace-
^ t of the steel wool cathode is much easier and faster 

•with the cylindrical unit. The weighted assembly in-
^ uniform electrical contact throughout the cathode 
m wool and results, in a heavier gold deposit and belter 
oin.-removal froin solutiori than when using the cylindrical 
^Barren solutions of less than 0!03 oz were pbtained us-
Mhree of the.flat cellsin series, starting with 60-oz strip-

* sol ution.,Operating voltage is 2.5 and the current den-
based dri the rectangular dimensions ofthe cathode 

icel, is 3.5 amp per square foot.- - • 

feip leaching cheapest of three processes 

jDreliminary estimate of the capital and operating costs 
e heap leaching, carbon-in-pulp and countercurrent de-

ffllatibn cyanidation processes was made at the Salt Lake 
^Metal lurgy Research Cenler. Relative cost factors of 

three processes are below: . 
Cost factor 

Process 
Kinlercurrent decantation 
arbon-in-pulp;r • -. ;". ,. 

I leaching'"=."^ 

Capital 
- - 1.00 

'-V. .68 

• . • - • : . 2 3 -

Operation 
•.:- 1:00" 
-.' .77 . 
- " .30lo44 

^•}4. Improved-eleclroiviiining cell. I I Tank wilh outlet pipe, '21 
^inle.\!i Sleel cdlhode iray aiid solulion feed pipe. .? / Steel whrtl 
^ihocie. 41 Perforated plastic divider. 51 Slainle.ts sleet mesh anode 
WtiShiedwiih steel h a r s l . a n d d l l i d . ' 
§#,••:' 

Bfj iE- : . ; - - - • . . ' 

Amenable ore responding to the heap leaching process 
when crushed to 2 to 3-in. size is assumed in the above. 
Based on mid-1973 costs, a countercurrent decantation 
plant td treat 2,500 tpd of amenable ore is assumed to have 
a capital cost equivalent lo S3; 100 per daily ton capacity-
and direct operating costs not including return on invest­
ment of $2.25 per ton. 
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V V LbdeishchikoVj LAShami's, I A Kakovskii.and piDKhmel'hitJslMiya irgiredmet, Urals Polytechnical Instihite) 

in -view of the prospects for the utiUsatiOT of' acidic solution's 
of thiourea as-a solvent for gold ore it was necessary to 
evaluate the behaviour of silver in this process. The' kinetics' 
of the dissolution of silver -wasrstudied by the rotatlrig disc 
method, the details of .which as applied to heterogeneousi 
processes have l;>een set but in. a series; of articles^). 

In acidified thiourea solutions silver becdthes a fairly 
bise,metal (the standard potential df the process Ag + 3T -
e = AgT,+. is 0.023 10, and this demonstrates the thermo­
dynamic fwssibility of its passage into solution even in the 
i^resehce of relativeiy wesik oxidising agents. 

iGP 4,.:i9;37kc3l 

.2Ag-v6SC(NHa)a-2e = 2Ag ScHm^^ 

= + 1,06 kcal 

+, 
•a > 

Eo=+0.023B;iO'=^ 

2Ag-^(SCNHaNH)3 + 4SC(NHj)j +2H+=2Ag SC{NH^3 

- ie.31 kcal 

Ka' E/at™/cm .sec 

/ i g . l j ^ .. , . • 
'Dec^ndehce .o'f the dissolution 
' 'of 'siiver -on. the concentration 
arid riktiiTe-.of oxl'dising agents-. 
1 - 'K'BrOj; '2 - KiCr^Oy.' 

ACP-

The experimerits confirmed the thermodynamic calcula lino;" 
the naaxirmim dissolution rate "was obseryed'with a molar r'£ 
ratioof 4/1 between urea and its disulphide; With other -~^. 
ratios there was an irisiifficiency of one of the.reagents,- aaii 
the dissolution rate decreased tflg.2), 

• ^1 
r i 9 : 2 , , .. -ifcl. 
Effect of the concentration ot:̂ )f̂ -
thiourea and i t s dlsulpiiide oa 
the dissolut ion ra te of' sijvef'-'i 
with overaU concentration of J 
the'-teagents 0.13 moie/1 at i. 
for r..'^'0..'67 rps.. 

s-'i 
ys 

m is so. :sa as 

§C€''. niole/l 

UnUke the majority of oxidising agents, ferric-sulphate^ ,^, 
lardiy Oxidises 

redox potential 

The effect of certain oxidising agents was studied under the 
following conditions: Ur̂ ea concentration 0.195 ,mole/l; sul­
phuric acid 0.051 hiole/i; temperaiJjre:25''e,; disc rotation 
rate 0.67 rps {fig.l). The-pbserved,dissoiutionrat0 of silver 
depends on'the-individual characteristics of the oxidising 
agent- in. the presence of KBrOg silver dissbives more quickly 
than with K^CrgO,, and this.i's ejtplained by the formatibh of 
a compactfilth on the surface pf the disc, when the latter is 
used. The, results=from nucrospectrahanaiysis on a Cameca 
instrument showed tlte presence bf-dark and light sectipiis 

hardly Oxidises thiourea at all althbugh, to judge from the jfe 
of tihe Fe^-^"+e = Fe*^ system (-0.7698 V), >^ 

this process is thermodyhamitraily possible. Thereasoii "% 
- . . J"-

for this clearly lies in the formation of complexes pf the f," 
FeT^a+ and FeTSO^" '̂ type*). For this reason, the di'ssolutloi J | 
rate of silver, in-the asperiirierits. tJieresults-frpm which * 
are given,iri fig.l, decreased sharply with ah excess bt the '.?. 
bxidising«agent. This was cqnfiririeiJ by analysis bytpplaro-^ 
grap-hy on an instrutrient designed by the IFKhlMS Institute) :-
of sblutiQ"ris containing 0.065 and 0.158 mole/ l of thiourea i 
(two ser iesoi experiments ^^ ĵ and variable concentrations 't 
of ferric ions (table). A secbnd-advantage oMerric-stilphate.* 
is the tact that it is fairly cheap, ^ d it was therefore 'v 

in this film, where silver an3 sulphur were found; chrbriiium was chosen as o.-tidising agentfor the subsequent experiments; _.j^ 
was detected atindUidualpo^uits in thejsectioni. The lowest 
rate was observed when,air was'blown through the solution 
(0.9-IO"^g-abm/cm*'-sec), which is explained by the.Iow 
concentration of oxygien in tlie'Solution (2.5 - lb"*inble/i), 

^although the experi'mental rate cohstant.is equal to about 
45% of the theoretical. 

Since i t is known?) that in an acidic medium thiourea is 
capable of being oxidised to .foi-mamidine disulphide 
(SCNHjNHJa, it was suggested that the latter behaves as.aii 
"internal" oxidising agent and electron carrier. To cheek 
this suggeEtion;a thermodynamiciCalcitlation was made of 

, the possibility of the occurrence of-'thecorresppndirig fe-
actibbj and a series of experiments were set up on the dis­
solution of silver in tnbitures.df thiourea and ,U,H ()i.su]]]hirie': 
(The formamidine disiilphitie was pi-ejinr,ed,.1>v,* Uit; ,i"Pllii>'l 
ofEreisler^j. 

Atnount of-Fe.^* 
g-ion/l 

'0.0 
0.025 
0.050 
0.100 
0.200 

added 

Goncentration of thiourea' 
after addition of Fe^ + 

1 

0.065 
0.065 
0,065 

,0.065. 
0.065 

mole/l 

2 

0.158 
0.158 
0.158 
0.138 
0.126 

(SCNH5,NH)a.-t 3H* 4,2e = 2SC (NHJa ;. E„= - 0.42 B: 
The dependence 'ol, tho.diH.spIutibn'rate of silver on the ^^ 

rril.iticin.rjite of ttiM disc {fiR:3) up to 270 rpm.shows unainbig-^ 

M 

. 1 / -

;.-.:ei 
jf 6; 
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dependence of <t7ie diss&iuti'on 
r a t e of s i l v e r on the square 
root of the rotat ion rete of 
the.-disc with &.'ferric lon 
concetitration pjf 0:o2 g- ion/ l 
a t 2S°C;. riiiOiirea concentration; 
1 - - D i i e i . J ' - b.JO nioie/i. 
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^gosfy that the reaction takes place accbi-ding to" diffusion 
tfvs: ll =t(ri'-l')- Th^ dependence of the dissolution rate of 
^(fcr bn ,the thiourea concentration with a, eonstaxit cbncen-
'tmtion of ferric ions (0.015 g-ion/l, 25°C, n = 0.'67 rps) is 
^tereiting. Without thioiirea-the silver dissolves at aerate 
a( evB-lO'^'g-atom/cm^-sec,, and under the same conditions 
M with a ferric ion concehtfa'tion df 0.025 g-iori/Mt diissol-
iM i t a ratfe of 7.2 • lO-« Uig:*). 

*. Fig.-4-
Dependence of tJie dissolution 
•rate of s i l v e r on the concen­
t ra t ion o t thiourea. Concentra­
tion of• f e r r i c iron.- 1 - 0 . 0 1 5 ; 
3 •- oVo25,.g^ion/l. 

„ "Cttur.̂ tO : nole / l 

With increase in the thiourea concentration to 0.02-0,04-
cdole/t the dissblution rate deereasies sharply as a result 
of the formation oh the surface of tlie disc of ari Insoluble 
ebu^ct greyish film, which i s visible with the naked eye 
•sd becomes dark in air . Silver, sulphur, and iron were 
found in this film by mi cro speeU-al analysis. With increase 
lp the thiourea concentration abo.ve 0,04 mole/l a linear 
tncrease in the dissolutioh rate is obser-yed up to a certain 
esBStant vaJiie V , which depends on the concentration of 
ferricioris. Curves with svich character are always observed 
during heterogeneous reactions with a cohipleKi-forming 
aeentand an cHcidi sing agent. The constant maximum disso-
lotion rate is <ietermined Iq̂  an insufficiency of one of the 
components (in the present case an, insufficiency of the 
oddisingagent, i . e , , ferric'ious). The highei- their ccin^ 
cdtat ion, the higher tiie majcimtim.rate; Gn the sloping 
•sctioii rf fhe curve the iate bf the process is cphtrolled 
ly ttedjffusion of thiourea, and on the horizontalsection 
.U ifi. controlled b^ diffusion of iifon ions. 

"'inte value of the tiieroretical rate constant, calculated at 
S5"C according to the published dataB), i s equal to: 

1.40 • io-» l y 3 
m : 6.1-10"» (l/cm» - secWE',- rev^'?) 

• -where-Dis the diffusion coefficient of thiourea (tiie dUfusion 
c«fticieiit of urpa was used for the "published calcula tipn?) ̂  

• e q u a l to 1.25-10"^ cm^sec ; rii is a stoichibmetric coefficient. 
'otthe reaction, equal to 3. The.racperimental value ot the 
constant, calculated from the; cui-ve, isjexactly an order bf. 
magnitude'tower (6.1 • 10"^), xhis effect-has been observed 
Wore than once in our researches'?) and is explained by the 
fortaation of compact films-on Ute reaction surface,creating 

j-=',**iltional diffusion resistance. 

.:r:,'*«'-g--ataiD/cm^-sec Fig.B 
Dependence of ihe.dissoli i t ibn 
r a t e of s i lve r on the ooncen­
txation of f e r r i c iron a t 25°C 
with n 1 6.7 rps . The ixincen-r 
t ra t ion of thiourea'«ss-.0.130 
(1) aiid 0.19S (2) male l l i 

m a > V < " g T i o n / l 
Thedependence of the dissblution ra teb t silver on the 

•concentration of ferric ions with a: constant boncentration of 

thiourea (two series of experiments "with O.lSOand 0.195 
mole/l) is shown in fig,5. In this'case too the character, of 
the curves is normal; there are two regions with contirQl by 
th« iron jnd'by the thiourea. In the* regipn controlled hy the 
dlffusiori of,ferric, ions the" rate constant.is 7,1 • 10"'' l /cm'-
• s e c ^ - r e v ^ i However, these experiments differ sbme-what 
from the previous experiments. In the post limit region with 
respect'to thiourea there is no hOrizon^l section, since 
the excess ferric ions (by.forming a complex with thiourea) 
reduce: the cpncentration of i t s molecules in its solutioh, 
and.this is.-accompanied by a decrease in the dissolution' 
rate of sil veri 

The, effect of temperature on the dissolution rate of silver 
was investigated unde'r the following conditipns; Ferric ion 
concentration'0.02 g-ion/l; thiourea OiOCS, 0,16, and 0,30 
mple/1; stslphuric acid 0.05J mole/l;, temperature from 15 
to 3S°C; disc rota tibri rate 0.67 rps. The resiilts from the 
experiments were treated by the^metiio'd of least square's. 
The deviatioris were small, and only the experimental 
actjyation energies are therefore igJveri.instead of-the 
Arrhenius curve. They are equal-to 9.61, 7.29 and 5.56 
kcal/mble for thiourea cpncentrations of ,0.065, 0.16 and 
0.30 nioie/I respectively. 

The zinc .and arsenic present in the solution reduce Uie 
dissolutioh rate of silver by approximately*a half only at 
high concentrations in the o'rder of 0.1 g-ion/l , whereas 
the harmful effect of copper becomes appreciable-at con­
centrations approximately an order of ma;gnitude lower 
(oxidapon of thiourea and the formation of fairly stable 
copper-thiourea complexes). 

The reactioninvestjgated of dissplution of silver in 
acidiiied solutions of thioure''a in the, preserice of ferric ions 
is interesting in i ts complexit}- and inconsistency. On theon 
hand, Uie experimental dissolution rate is an order of mag­
nitude lower than the theoretical value, and the experimental 
activatibn energy reaches almost 10 kcal/mole, which is 
similar to indications of a kinetic regime;. On theother 
hand; the dissolution rate depends on the square:root of 
the disc "rotation rate, i . e . , the main indication of a diffusion 
regime. It-has, been observed inany times') that the most 
reliable criterion'of the mechanism-is the dependence of 
the"rate ot the process on the intensity of agitation, while 
the other criteria'canbe distorted by the fofmatiori of 
compact films on the reaction surface, which create addition­
al diffusion but not che_jiiical resistance. The investigated 
reaction is an exceptionally clear confirmatioh of tliis fact. 
The experimentel activation energy decreases, sharply with 
iricrease in the thiourea concentration with a constant con^ 
centration of,ferric lons (rapid dissoiutipn ot the films) and 
reaches values (5,56 kcal/mole) characteristic of reactions 
complicated by the.fprmation of cpmjaratively permeable 
films. The eompUeating action of tiie films'is also dembn-
s'liated by ttie ratio of the.concentrations.ot tiie complexing 
agent and'the oxidising agent-atthe jwint of transition-from 
the-greljmit regioiito the postUmit regiori. During the 
cyanidliig of the gold, silver, and copper this ratio is very 
close to the stoichiometric cpefficient;ot the reaction} and 
during the. cyEmidiiig,„of palladium arid its-alloys; with silver 
and the tellurides of gold and silver it is considerably great­
er than the stoichiometric coefficient and reaches 300 -̂'''). 
For the reactibn wtiich we investigated this ratio, is, 10-15 
instead of 3. In addition, during calculatibn-.of the values 
bt the experirtiental.rate constants account was taken of the 
forrrial cprieen£rati6n of the reagents, whereas the complexing 
agent^and theoxidisitig agent react wifh each other and this 
is accompanied by a decrease in their active ion. concentra­
tions. Finally, trivalent iron in acidic sulphate solutions 
is present mainly in t}ie formof-Fe(OH)*'*^+ and FeSĈ "*" and 
not Fe*+ " ) . . The cpmp>ct films, the formation of thiourea 
complexes of tri-valerit irohj and the hydrolysis of ferric 
ioris;:are thefactors which reducer Uie rate of the investiga­
ted reacUon^ .Nevertheless, it takes place accprding to 
diffusion laiws, although it is veiry mtich complicated by the 
above-mentionedfactors. However, with increase in tem-
peraiaire the discrepancies between the nuriierical values 
of the experimental and calculated theoretical rate constants' 
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WiU will become smaller and smaller, since the activation 
energy of the reaction considerably exceeds the acti-vation 
energy of diffusion. The physical meaning of this relation 
between the activation energies signifies, that the surface 
films become thinner and the complexing of the iron ions 
and thiourea becomes weaker with increase in temperature. 
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UDC 546.289+541.12.01^ 

'e^fitinn nf f^rmantum disulphide With ferric chloride solution 

V N Kryukova and G L Lobanova (Institute of Petrochemical and Coal-Chemical Synthesis, Irkutsk State 
Uni-versity). 

Summary 

The kinetics of the reaction of germanium disulphide with 
an acidic solution of ferric chloride were investigated in 
the region of temperature^s between 60 and 130°C. It was 
estabUshed that at temperatures above 120°C the reaction 
takes place in the kinetic region. At lower temperatures it 
takes place in the diffusion region. 

The apparent activation energy of the process amounts to 
11.7 and 129.6 kJ/mole for low and high tenperatures 
respectively. 

It was shown that in tite region of 60-120°C the proces 
of the dissolution of gernianium disulphide is described )]y--
the equation, previously derived for processes involviaj^ ' 
retardation: 

( l / T ) l n [ l / ( l - x ) 3 - j } ( x / T ) = M 

where x is the proportion of reacted substance, r is the| 
reaction time^ and 0 and u are coefficients. 

UDC 66l.417:54a,tt; 

Diffusion coefficients of beryUium ions in an equimolar mizfaire of Uthium and potasidom dilorldes 

V P Butorov, E A Novikov, 1 F Nichkov, S P Raspopin, and A A Khamatshin 

Summary / 
The diffusion coefficients of berylUum ions in an equimo-

.lar mixture of Uthium and potassium chlorides were 
measured in connection with the production of berylUum 
by electrolysis of molten alkaU-metal halides with additions 
of berylUum salts. The foUowing empirical relationship 
was obtained: \ 

log D = -3.11 - I I IO/T +0.04i 

The experimental Umiting diffusion currents for the dis^ 
charge of berylUum ions and the values calculated by r* 
means of the measured dUfusion coefficients agree satis-tT' 
factorily. The mobiUty of the berylUum lons and the acU-̂  
-vation energy of diffusion depend on the ionic compositto^ 
of the electrolyte. 

Investigation of the ion-exchange separation of s(^u»dium from some accompanying elements 

UDC 6 8 1 . ^ 

Yu P Kudryavskii, E I Kazantsev, E A Kazantsev,\A S Baryshnikov and V N Onosov (Urals Polytechnical Institute. 
Department of the Metallurgy of Rare Metals) 

Summary 

The behaviour of scandium and its accompanying elements 
on a macroporous phosphate cation-exchange resin KFP-8 
was investigated. It was shown that the sorbabiUty of \ 
scandium exceeds the corresponding values for divalent "», 
and trivalent metals to a considerable degree. .«, 

Significant differences were fotmd In the behaviour of 
scandium and the impurify elements during the desorptjo*" 
processes. On the basis of the obtained differences in the ? 
ion-exchange behaviour of the elements the quantitative -̂  
separation of scandium from 5-lOO-fold amounts of Y,Lai^. 
Al, Fe (in), Ca, and Mn was reaUsed. , ^ » 

\, 

Three-dimensional zone model and calculaUon of tbe heat exchange in a copper reverberatory turnace 
\ 

Yu A Zhuravlev (Krasnoyarsk Instihite of Nonferrous Metals. Department of Metallurgical Furnaces). 

UDC 536.3:669.331JJ 

At the present time the raost complete physical method for 
calculation heat exchange in the working area of combustion 
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\ 
furnaces is the zone method. Its use in conjunction with B* 
Monte Carto method for determination of the generaUs«*|;^ 



T-vesdgation of the leacMng of bauxites from the Ayat' deposit 

U L ' ^ u W ^ . I &«• 

1 p Si BE Medvedkov, VI Grigor'ev and R A AbdulvaUev Onstitute of Metallurgy and Concentration, Academy of 
'iienees of the Kazakh SSR) 

The .-Wat' deposit is confined to the western edge of the 
-••r-av lowlands in northern Kazakhstan. All the bauxites 
'''c~-i region are represented by gibbsite ores^'^). It is well 
- yxr. that the bauxites of the deposits of northern Kazakhstan 

,-c i;enerally similar in composition'; Their differences Ue 
• •• 'jii ratio of the minerals and Uthologic-forms and the size 
",i .secondary changes^'^), having a large effect on the quality 
,! ihe mw materials. This in tum is reflected in the tech-
-'-.lo'--.- for the production of alumina from the bauxites of 
-.-.0 Carious deposits*). 

.A i'h:iracteristic feature of the Ayat' bauxites is the 
;.TCor.st.incy of chemical composition even within a single 
Jt-posit: these fluctuations reflect the quantitative ratio of 
:.̂ e principal rock-forming minerals. A common featore of 
-.'ic fiven deposit is the increased content of iron compounds 
ild. in particular, siderite (5-6%) and the preponderance of 
aton.v forms. 
The present work was devoted to determination of the effect 

of the principal factors on the technological characteristics 
ij'.d determination of the optimum conditions for the leaching 
if Ayat' batLKites. 
The investigation was carried out with various samples of 

!xiu.\ites (table 1) having siUca ratios between 3.6 and 7.3 
icomposition of recycled solution g/1: 248.0NaaOc. 120.0 
AliOa. Oc = 3.41; calculated caustic ratio 1.7; temperatore 
105°C, duration 2h). The effect of the composition of the 
tnu.\ite and its particle size, the concentration of the re ­
cycled solution, the time, and the reaction temperature on 
the leaching process was investigated. The results from the 
leaching of Ayat' bauxites under various conditions are given 
belo-A-. 

Table 1: Results from leaching of -various samples <̂  
Ayat' bauxites 

experimental Data 

Ccaposition of bauxite X 

Composition o£ solution 
obtained g/1 

Content in che residue 
fron leaching Z 

Extraction of AKOj 

NajO 

AljO, 

SiOj 

?e,0. 

TiO J 

calc. 
loss 

.Vâ Ô  

N-ajOy 

AljO, 

SiOj 

*c 

NajO 

AljO, 

SiO, 

FejOj 

calc. 
loss 

theor. 

pract. 

Sample N'o. 

1 

o.S 
43.1 

5.9 

23.2 

1.7 

25.0 

231.0 

7.0 

213.5 

2.28 

1.78 

8.9 

17.3 

12.8 

48.3 

9.0 

86.3 

80.6 

2 

0.5 

44.8 

12.4 

15.4 

2.0 

23.0 

225.0 

7.0 

209.0 

2.88 

1.77 

8.3 

23.9 

24.0 

31.2 

8.6 

72.3 

72.0 

3 

0.5 

45.5 

7.0 

19.7 

1.5 

23.8 

236.0 

6.0 

220.0 

2.01 

1.76 

9.0 

15.7 

15.4 

48.2 

7.4 

84,8 

85.9 

various samples were different (table 1); the extraction of 
AljOj was lower than, h i ^ e r than, or at the level of the 
theoreticaUy possible value. Three samples of the Ayat's 
bauxite containing rock-forming minerals (gibbsite, kaoUnite, 
goethite, haematite, magnetite and siderite) and the residues 
from their leaching were analysed by chemical, crystal-
optical, and X-ray diffraction methods. 

In sample No.l, crypto-crystalUne formations with a 
yellow-brown colour and variable refractive index (1.5-
1.62) were fotmd. It is known^®) that in t)au.xites and iron 
ores aluminium forms solid solutions with goethite,haema-. 
tite and maghaemite. The presence of aluminium-iron 
compounds in the bauxite leads to Incomplete extraction of 
AUOa during decomposition of such a bauxite. 

A similar effect was observed during the leaching of 
sample No.l, the deficiency in the extraction of which 
amounted to about 6%. The alumina combined in it passed 
into the sUme without change. The amount of AI3O3 in re­
lation to SiOa in "i® leaching residue therefore considerably 
exceeded the value required for the forniation of only hydra­
ted sodium aluminosiUcate (HSAS). During the leaching of 
sample No.2, which contained AI3O3 only in the form of 
gibbsite and kaoUnite, ttie theoretical yield of AlaOj was 
obtained. The amount of dissolved SiOa >n this case was the 
highest, and this was due to its highest content in this 
sample. The leaching of sample No.3 gave an AlaOj extrac­
tion somewhat higher than the theoretical on account of the 
presence of insoluble forms of SiOa in the bauxite. 

Leaching time. According to data from chemical analysis 
of the Uquid phases and physicochemical investigation of the 
soUd phases, the leaching time has a considerable effect on 
the results from the process (fig.l); a ma.\imum is observed 
on the kinetic curves for the extraction of AlaOa at 105°C. 
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Fig.l Variation of the concentrazion oz Ai,0 
and SiOz (dotted lines) as functionsof t.'ie iijuxitc 
leachin-^ times. Samples. 

(solid Lini.s) 
t.-ie i 

- .Vo.J. 

•As a result of the different ratios of the main rock-forming 
minerals in the bauxite, the results from leaching of the 

It is known that an increase in the temperature of the pro­
cess to 180-220°C leads to the disappearance of the extre-
mum. We find an explanation for this in the following. In 
the first case, during atmospheric leaching there are two 
opposing processes (dissolution of AljO, and SiOj and 
crystalUsation of HSAS), which are separated in time on 
account of a difference in rates. The left part of the kinetic 
curve (fig.l) characterises the dissolution of gibbsite and 
kaoUnite, while the right part characterises the crystalUsa­
tion of HSAS. Of course, there is no sharp botmdary bet\i'een 
the end of the dissolution process and the beginning of the 
crystalUsation process. However, when the first process 
predominates, the kinetic curve passes abruptly into a 
maximum, and when the crystalUsation process predomin­
ates the curve decreases more gently. 

During autoclave leaching the two processes (dissolution 
and crystalUsation) take place simultaneously,, since their 
rates are commensurable and the kinetic cur\-e in this case 
reflects the overall effect of the two reactions. During de­
composition of a more siUceous bauxite (fig.l) the maximum 
passage of AlaOa and SiOa into solution is reached later 
(120 mtn) than in bauxite with a smaller silicon content 
(60 min). Of course, the maximum concentration of dissolved 
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SiOa is higher in the leaching of the more siUceous bauxite. 
Particle size of the bauxite. Table 2 gives the results from 

the leaching of bauxites with the various particle sizes 
under the conditions of the nonautoclave variant of the Bayer 
scheme (composition of recycled solution: NaaO^ 254 g/1 , 
o = 3.38; composition of'f0.149mm fraction %: AlaQi, 5.6 
SiOa, 21.4Fea03; Composition of -0.149 mm fraction %: 43.3 
AlaOj, 6.2 SiO,: 21.0 FCaOj; temperature 105°C, time 2h). 

From these data it follows that the extraction of a AlaO^ 
decreases with increase in th^ amount of the -KO.Hgmm 
fraction in the bauxite. The extraction of AlaOa decreases 
particularly sharply from bauxite containing more than 10% 
of this fraction. 

On the basis of the results from X-ray and crystal-optical ' 
analyses of the solid phases it was estabUshed that a decrease-
in the leaching temperature leads to a quaUtative change in ;. 
the composition of the products. . | 

As a result of decomposition of the bauxite at 10S°C washed^' 
red mud with the following composition was obtained %: | 
6.2 NaaO, 18.1Ala03, 13,4 SiOg, 47.8 FeaO, , calcination loss * 
9.3. 

From the resuUs it follows that after thickening and 
washing the composition of the mud changed somewhat cjjm-
pared with the mud after leaching (table 1). The phase ct^m-
position also changed. Apart from Unes for HSAS, in which 
most of the aluniinium and siUcon was conibined, the X-ray 

Table 2: Dependence of the extracUon of AlgOa on the content of the -t-0.149mm fraction 
in the bauxite 't: 

Asount of residue 

on * 0.149 nm 
screen Z 

5 
10 
20 

Coniposition of obtained 
solution Z 

Na,0g 

253.0 
249.0 
252.0 

Na.O 
2 carb 

7.0 
7.0 
7.0 

Al^O, 

214.0 
208.0 
199.5 

SiOj 

3.8 
3.4 
2.1 

ac 

1.95 
1.97 
2.08 

Content in residue 

% 

A1,0, 

17.7 
18.3 
24.3 

SiO, 

U.4 
12.0 
10.6 

FeaO, 

47.0 
47.9 
41.7 

Extraction 
;i 

81.8 
81,4 
71.2 

The effect of the concentration of the recycled solution on 
the extraction of AlaOa at 105°C is shown in fig.2. Increase 
in the concentration from 156 to 243 g/1 in respect of caustic 
sodium oxide leads to an increase of approximately 10% in 
the extraction of AlaOj. 

,-:.: .-A- ::• ::.t . i : . . g / l 

Fig.2 Effect o: z.ie concentration of the alkali-aluminate 
.•solution {-.i-itii J£. • J.i-; on the extraction of Al^O,. 

Leaching temperature. The experiments were carried out 
at 70, 90 and 105°C. Owing to the fact tiiat the material compo­
sition of the residues from ieaching at various temperatures 
may be different, the subsequent operations of desiliconising 
the aluminate solution and thickening the red mud wiU be 
carried out under noncomparable conditions. The experi­
ments were therefore carried out in a system with desiUconi-
sing of the aluminate solution and thickening of the red mud 
according to the standard procedure*). The results are given 
in table 3 (bauxite composition %: 43.1 AUOa; S.gSiOj; 23.2 
FeaOj; 25.0 calc. loss; composition of recycled solution: 
NaaOc 247 g / l ; a,. = 3.38; calculated ratio 1.7; theoretical 
extraction 86.35i). Decrease in temperatore reduces the 
extraction of AUOa, while the SiOg content of the solution 
increases. 

Table 3: Results from decomposition of bauxite at various 
temperatures 

patiems also contained reflections for gibbsite. The appear 
ance of gibbsite in the thickened bauxite mud is a special -̂  
problem, which is not being considered in the present work. ^ 
Part of the superfluous (over the HSAS) aluminium oxide is f 
present in aluminium-iron compounds. Under these conditions^ 
the kaoUnite of the bauxite almost completely decomposed; | | 
it could not be detected in the washed thickened red mud by -i 
crystal-optical and X-ray methods. j ! 

With decrease in the leaching temperatore the kaoUnite of. -, 
the bauxite passes into the red mud without change. At 90°C f 
the kaoUnite only partiy decomposes. During subsequent 
operations part of the SiOa combines in the HSAS. The latter '•' 
is formed particularly intensively during the thickening of 5 
the red mud. At 70°C the '^aoUnite is hardly decomposed at 'i 
all. There is quite a small aniount of HSAS in Uie tiiickened '>; 
red mud, which contains ?c: 3.4NaaO: 27.1 AlaOj; 11.7 810,; 7, 
39.4Fea03; 11.7 calcination loss. On the X-ray pattem of ^ 
this mud the Unes for kaoUnite are appreciably stronger j 
than bn the X-ray pattern of the red mud obtained with a '-J 
leaching temperatore of 90*'C. ^ 

It should be noted that when the leaching temperatore is t 
reduced a certain part of the gibbsite which has not passed t 
into solution remains in the red mud. Leaching at even = 
lower temperatores (70°C) leads to even greater losses of 
gibbsite in the red mud. 

Operation 

Leaching 
Desiliconising 
Thickening 
Leaching 
Desiliconising 
Thickening 
Leaching 
Desiliconising 
Thickening 

Oc 

70 

90 

105 

Composition of solution g/1 

NajOc 

241.4 
144.8 
150.0 
248.0 
154.8 
155.0 
240.0 
142.0 
150.0 

AljO, 

220.9 
114.5 
117.5 
199.8 
121.0 
121.4 
225.0 
132.0 
139.0 

SiOz 

4.07 
1.19 
1.10 
3.82 
1.06 
0.86 
2.92 
0.70 
0.56 

Oc 

1.8 
2.08 
2.10 
2.04 
2.10 
2.10 
1.76 
1.77 
1.77 

Extraction of 
AljOa 2 

77.8 
67.0 
65.8 
69.0 
66.2 
66.0 
80.6 
77.8 
77.3 

Conclusions 

l.In the Ayat' bauxites the processes of dissolution of gibb­
site and kaoUnite and crystalUsation of HSAS take place 
separately. 
2. increase in the alkalinity of the recycled alkaU-aluminate 
solution from 160 to 250 ^ in respect of NaaO^ leads to an 
appreciable increase in the extraction of AljOj. 
3. The presence of aluminium-iron compotmds leads to in­
complete extraction of AljO, (to 6%) 
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[57] ABSTRACT 

In an in situ uranium leaching process, a method of 
detecting presence or absence ofleach solution escaping 
from a desired leaching zone involves monitoring the 
electrical impedance of a zone just outside the desired 
zone to detect high ionic concentration indicative of 
leach solution. Electrical impedance is measured by 
locating monitor wells just outside the leaching zone 
and |X)sitioning pairs of current and voltage probes 
within the monitor wells and closest injection wells. 
Low frequency, constant current is generated by each 
pair of current probes between corresponding injection 
and monitor wells to develop a zone impedance-
dependent voltage drop that is measured by each set of 
voltage probes and correlated to presence or absence of 
escaping leach solution. In an alternative embodiment, 
electrical impedances are measured between a single, 
central recovery well and a series of distributed, moni­
tor wells to reduce the total number of probes required. 
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IMPEDANCE MEASURING METHOD OF AND 
APPARATUS FOR DETECTING ESCAPING 

LEACH SOLUTION 

TECHNICAL FIELD 

The present invention relates generally to a method 
of monitoring the presence or absence of leach solution 
escaping from a desired leaching zone during in situ 
uranium leaching. The invention relates more particu­
larly to a highly sensitive, improved method of and 
apparatus for monitoring escaping leach solution by 
measuring the electrical impedance of a predetermined 
region outside the desired leaching zone using sets of 
current and voltage probes and correlating the mea­
sured impedance to presence or absence of the solution. 

BACKGROUND ART 

As an altemative to conventional shaft and strip min­
ing techniques to recover ores containing valuable met­
als such as uranium and other elements, a technique 
known as leaching has recently evolved for tapping 
underground ore bodies, in situ, by treating the under-

Another object is to provide a new and improved 
method of detecting escaping leach solution that is 
adaptable to automation to reduce personnel require­
ments. 

* DISCLOSURE OF INVENTION 

The above objects are satisfied by establishing moni­
tor wells surrounding the standard injection wells and 
recovery wells fonned within a desired leaching site. 

10 Escape of leach solution beyond the site is detected 
using current and voltage probes to monitor the electri­
cal impedance of the subterranean regions between the 
injection wells and nearest monitor wells. A decrease in 
imp>edance between pairs of injection and monitor wells 

15 is caused by leach solution replacing the natural ground 
water between the wells and is therefore indicative of 
escaping leach solution. The impedance between the 
well pairs are continuously monitored or are monitored 
periodically over the life of the leaching operation. 

20 Occurrence and magnitude of escaping leach solution 
are periodically reviewed by personnel or are analyzed 
automatically by computer to detennine the condition 
of the subtenanean regions outside the leaching site. 

In practice, in order to measure the electrical impe-
ground ore with a leaching solution (lixiviant) which ^5 dance ofthe ore fonnation distributed throughout the 
establishes oxidation-reduction reactions for separating 
and recovering a particular element or mineral from 
unwanted material in the ore'body. The process in­
volves mainly drilling an injection well into an under­
ground ore dep>osit, and then introducing the leach 
solution to contact the ore. The leach solution dissolves 
the mineral within the ore deposit, and thereafter, the 
pregnant solution is recovered at a recovery well and 
processed by conventional extraction means to recover 
desired minerals therefrom. 

In order to avoid contaminating an underground 
region outside of a desired leaching zone, it has been 
necessary to pyeriodically monitor water samples with­
drawn from monitor wells surrounding the leaching 

leaching site, a series of injection wells and recovery 
wells are established within the site in a pattem deter­
mined by particular mining requirements. Monitor 
wells are then drilled surrounding the injection and 

30 recovery wells outside the site. Each well is jacketed in 
an electrically insulated, corrosion resistant, casing. A 
portion of each casing at a preselected depth corre­
sponding to the depth of the ore deposit is formed with 
a screen to pass leaching solution and dissolved materi-

35 als. A first current probe is located within the monitor 
well just above the casing screen and a second current 
probe is positioned at a corresponding depth in the 
closest injection well. First and second voltage measur­
ing probes are positioned, respectively, in the two wells 

site. The water samples are analyzed for ions contained 40 adjacent the screens. A constant cunent source having 
in the water samples. An increase in ion concentration a magnitude of up to 10 amperes and a frequency in the 
in the samples is considered to be an indication of escap- range of 1-20 Hz is connected to the cunent probes to 
ing leach solution in proximity to the monitor wells establish a constant cunent flow through the voltage 
which are outside the desired leaching zone. measuring probes, casing screens and ore deposit be-

The above method is tedious and requires manual 45 tween the two wells. The voltage measured by the 
attention by personnel. Even more important, however, voltage probes is a function of electrical impedance of 
it is impossible to determine the presence of escaping the ore deposit between the wells which in tum is a 
leach solution until the solution actually reaches the function of amount of leach solution present. Thus, any 
monitor wells. Detection may therefore be delayed for drop in voltage from an expected or nominal voltage is 
p substantial period of time after escape begins. Even 50 indicative of the presence of escaping leach solution 
then, false indications of escaping leach solution some- between the injection well and monitor well, 
times occur because of locally high concentrations of As an alternative configuration, the voltage and cur-
ions in migrating ground water. A need exists, there- rent probes may be placed between a single, center 
fore, for a method of detecting escaping leach solution recovery well and a series of outer, monitor wells sur-
to avoid contamination of regions such as farm land 55 
outside the desired leaching zone that is faster and more 
reliable than previously known methods 

Accordingly, one object ofthe present invention is to 
provide a new and improved method of detecting leach 
solution escaping from a leaching zone. 

Another object is to provide a method of and appara­
tus for detecting escaping leach solution that does not 
require sampling of solutions from individual monitor 
wells sunoimding the leaching site 

rounding the injection wells. Electrical impedances are 
measured between the center recovery well and the 
monitor wells. Since only a common current probe and 
a common voltage probe are located in the center re­
covery well for cooperation with the monitor well 

60 cunent and voltage probes, the total number of probes 
in the system is reduced by (M—1), where M is the 
number of monitor wells provided. I am aware that 
earth resistance monitoring has been used in the past for 
various purposes, such as porosity logging (e.g., see 

Another object is to provide a new and improved 65 U.S. Pat. No. 3,975,674). I am also aware that it is 
method of and apparatus for detecting escaping leach known that leach solution has a characteristic impe-
solution that is faster and more reliable than prior meth- dance or conductance as described, for example, in U.S. 
ods. Pat. No. 4,071,278. The present invention is based on 
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the realization that escaping leach solution can be de­
tected by monitoring the impedance of an ore fonnation 
being mined in situ by leaching, using the probe ar­
rangement and operating parameters, described in detail 
below. Much higher sensitivity to presence of leach 
solution is realized by monitoring imp>edance or con­
ductance from within the monitor and injection or re­
covery wells in accordance with the invention than by 
monitoring those parameters at the surface of earth, for 
example, or by known other methods. 

Still other objects and advantages of the present in­
vention will become readily apparent to those skilled in 
this art fit)m the following detailed description, wherein 
I have shown and described only the prefened embodi-

10 

tion being supplied to cover a depth that is slightly 
greater than the depth of the formation 16 to dissolve a 
maximum amount of mineral. The leach solution chemi­
cally reacts with the ore 16 (e.g., UO3 UO2 of uranium 
ore) as the solution penetrates the ore toward the recov­
ery well 10. After some period of time, the zone be­
tween injection well 20 and recovery well 24 has been 
bridged by leach solution and the solution and dissolved 
ore are withdrawn from recovery well 10 by conven­
tional techniques, such as by pumping through tubing 
(not shown). The leach solution is pumped to treatment 
or processing equipment (not shown) where desired 
minerals are separated for commercial use using con­
ventional chemical separation or refining processes. 

ments of the invention, simply by way of illustration of IS The recovery process is continued until the desired 
the best modes contemplated by me of carrying out my mineral is leached out to the extent that it is no longer 
invention. As will be realized, the invention is capable practical to continue the process, 
of other and different embodiments, and its several During the leaching process, there is a tendency for 
details are capable of modifications in various obvious leach solution from injection well 12 to escape from the 
respects, all without departing from the invention. Ac- 20 desired leaching zone 30 between injection well 12 and 
cordingly, the drawings and description are to be re­
garded as illustrative in nature, and not as restrictive. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a cross sectional view of a subsurface min­
eral bearing fonnation penetrated by an injection well, 
a recovery well and a monitor well equipped with cur­
rent probes and voltage probes for practicing the inven­
tion; 

recovery well 10 into an undesired zone 32. To detect 
the presence of escaping leach solution 34, an additional 
borehole 36 is drilled into the earth outside the desired 
teaching zone 30. The borehole 36, identified hereinaf-

23 ter as "monitor well" is equipped with an end plug 38 
and casing 40 having a screen 42, in the same manner as 
described with respect to injection well 12 and recovery 
well 10. It is to be understood that although only single 
injection, recovery and monitor wells are shown in 

FIG. 2 is a diagram of an equivalent electrical circuit 30 FIG. 1, a number of each type of well arranged in a 
showing the constant cunent source and voltage drop 
induced across the ore formation together with a com­
puter for interpreting the results; 

FIG. 3 is a graph showing impedance verses time of 
an ore formation into which leach solution has been 
injected; 

FIG. 4 is a diagram showing an array of injection 
wells, production wells and monitor wells together 
with impedance measurement paths at a leaching site in 
accordance with one embodiment of the invention; 

FIG. 5 is a diagram of an altemative anay of wells 
and impedance paths; and 

FIG. 6 is a cross sectional side view of the array of 
FIG. 5 showing probe placement. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

Referring to FIG. 1, a pair of conventional boreholes 
10 and 12 are shown drilled into the earth for penetrat­
ing overlying strata 14 and a uranium ore or other min­
eral deposit 16. The lower ends of boreholes 10 and 12 
are sealed by conventional caps 18 and 20. The bore­
holes 10 and 12 are jacketed by electrically insulating, 
conosion resistant casings 22 and 24 formed preferably 

predetermined pattem or array depending upon partic­
ular requirements would be provided in practice as 
shown in FIGS. 3 and 4, for example. 

In accordance with the invention, the electrical impe-
3S dance of zone 32 is monitored by positioning a pair of 

current supply probes 44 and 46 together with voltage 
measuring probes 48 and 50 within, respectively, the 

• injection well 12 and monitor well 36. The current 
supply probes 44 and 46 are located within the two 

40 wells at or just above the upper ends of screens 28 and 
42. Voltage measuring probes 48 and SO are positioned 
beneath the current supply probes 44 and 46 in exposure 
to each other through the screens 28 and 42. The cur­
rent supply probes 44 and 46 are preferably located 

45 within the range of 5 to 20 feet above the upper ends of 
the screens 28 and 42, although the exact position 
within that range is not critical. The voltage probes 48 
and SO preferably extend along the entire length of 
screens 28 and 42, that is, from just above the upper 

50 ends of the screens to just below the lower ends thereof. 
Shorter probes may be used, however, as shown in 
FIG. 1, with proportionally reduced sensitivity. The 
significance of the probe placement described herein is 
that current is forced to flow along a path through ore 

of plastic or fiberglass. A portion of each of the casings 55 fonnation 16 at a depth defined by the depth of the 
22 and 24 is fonned as a screen 26, 28 having slots or casing screens 26, 28 because the impedance of the 
perforations that enable leach solution to flow out- casing 22, 24 at each well to cunent flow is lowest at 
wardly from borehole 12 and dissolved minerals to flow said screen. 
into the borehole 10 in the usual manner. The borehole A constant cunent source 52 is connected to the 
12 is usually retened to as "injection well" while the 60 cunent supply probes 44, 46 through conductors 54 and 
borehole 10 is referred to as "recovery well" in conven- 56. A voltage meter 58 is similarly connected to the 
tional mineral leaching. voltage measuring probes 48 and 50 through conductors 

A suitable leach solution (lixiviant), such as ammo- 60 and 62, as shown in FIG. 1. The current source 52 is 
nium carbonate or sulfuric acid, is distributed into injec- preferably a constant current, square wave current gen-
tion well 12 by suitable piping (not shown) and allowed 65 erator having a frequency of between 1 hertz and 20 
to disperse into the ore formation 16 through screen 28. hertz. The magnitude of current generated by cunent 
The screen 28 is positioned at a depth corresponding to source 52 is preferably as high as possible in order to 
the depth of the ore formation, with enough leach solu- maximize signal-to-noise ratio. In order to reduce 
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power supply requiremeiits,.'and to avoid disassociation well 36 and corresponding injection well 12. The volt-
of the leach solution, I have found that a current magni- age outputs of fhe voltage measuring probes within the 
tude of about up to 10 amperes peak is preferred. corresponding pairs of monitor and injection wells may 

Referring to FIG. 2, the impedance of'the ore forma- be supplied to a computer 64 (EIG. 2) to develop a map 
tion 16 between voltage measuring probes 48 and SO is 5 of the impedances distributed within the inqnitqred 
symbolized by ZQ. The magnitude of this impedance is zone shown in FIG. 4. It is thereby possible to deter-
3 functipn of the amount of leach solution within zone niine the ampunt of any leach solution that has escaped 
32, that is, the impedance decreases as the quantity "of into the monitored zone by inspection of the map. 
leach soiution within the zone increases. The lower An example ofthe above mentioned process is'shown 
inipedariCe is caused as a result of the ionic concentra- 10 in FIG. 4, wherein the numbers distributed in the moni­
tion of the leach solution which is greater thaii theionic tored zone defined by the arrows indicate relative volt-
concentration of water naturally occurring within the ages that could be measured by voltage probes 48 and 
zone 32. Since the nothtnal impedance ofthe zone 32 50 at a particular point in time. It can be noted that the 
can be determined by measuring the impedance prior to voltages measured in the mcfnitored zone at a position of 
delivery of leach solution-irito the injection well 12i any 15 about six o'clock are significantly lower than the re-
significant subsequent decrease in impedance can be maining measured voltages. It can therefore be pre-
attributed to the presence of leach solution that has sumed that there is an abrionnally high ion concentra-
escaped into the zone 32. tion within the six o'clock region pf the monitored zone 

Still refening to FIG. 2, since the amount pf current which is an indication that leach solution has escaped 
fljiwing through zone impedance Zq is constant, it is 20 into this region. 
evident that the voltage dropacrpss probes 48 and 50 is Refening to FIG. 5, an alternative array of mpnitpr, 
a function of only the magnitude of impedance Zp: This injection and recovery wells designed to reduce, the 
Vqltage is monitored by meter 58 and compared with total number of probes required for detecting escaping 
the predetermined, nominal impedance pf the ore for- leach solution is shpwn wherein a single, center recqv-
mation within zone 32 to determine the presence or 25 ery well 10 is positioned in communicatipn with four 
absence of escaping leach solution. injectipn wells 12 (the number pf injection welis is arbi-

FIG. 3 illustrates the, ineasured specific impedance in trary). This type of array is probably not suitable for 
an acquifer as sulfuric acid leach solution replaced large mining installations, but is adequate for sinaller 
groundwater. The strength of the injected leach solu- applications. A number of monitor wells 36 are posi­
tion was increased very slowly for about 30 days, and 30 tioned outside the region surrounded by' the injection 
then was increased more rapidly. FIG. 3 shows that the and recovery wells 12,10. During a leaching operation, 
specific impedance decreased to less than one-third of leach solutipn tends to flow substantiaUy along the 
the initia] value. The decrease in specific impedance paths shown in the dotted lines. Any leach sblution 
(Phrn-cm) decreased the total impedance (ohm), flowing along the paths defined by theanows, how-
thereby making the invention feasible. 35 ever, would have, a tendency to escape outside the 

Monitoring of the voltage-drop across probes 48 and leaching site and be detected by the monitor wells 36. In 
50 can be made continuously or perifxlically, either accordance with the embodiment of the invention 
manually, or by a programmed, general purposedigitaj shown ih FIG. 5, a single current supply probe and a 
cornputer 64, as shown in FIG. 2. Of particular signifi- single voltage measuring, probe are positioned in the 
cHnce, the output of voltage probes 48 and 50 is respon- 40 recovery well 10. An additional current supply probe 
sive to the presence of any leach soiution that escapes and voltage measuring probe are also, located in each of 
into the zorie 32 before the Kilution has migrated themonitor wells 36, The cunentand voltage probes in 
toward the monitor well 36. This is in cpntrast to pripr each pf the monitor wells 36 cooperate.with the single 
leach siDlution detection systems of which I am aware current probe and voltage probe inthe center recovery 
that are responsive to the presence of leach solution 45 well 10, that is, each of the constant current sources has 
only after the sdlution has penetrated the mpnitor well one terminal connected to the probe in recovery well 18 
screen. Accordingly, the presence of escaping leach and its remaining terminal connected to the ciinent 
solution canbe detected early, thereby enabling correc- probe in a different one .of the-monitor wells 36. Simi-
tive measures to be undertaken, larly, each voltage meter has one terminal connected to 

Referring to FIG. 4, an example of a typical well 50 the voltagie probe in center recovery well 10 and its 
array ata leaching site is shown. A number of injectipn remaining terminal connected to the voltage iheasuring 
wells 12 are distributed within the site ahd interposed probe in a different monitor well. This arrangement is 
with another, number of recovery wells. The numbe;r of illustrated schematically in FIG. 6 wherein is shown 
injection wells 12 in practice may be greater, smaller or two monitor wells 36 distributed around center recov-
equal to the number of recpvery wells 10. The leach 55 ery well 10. Thei total number of current and voltage 
solution injected into the leaching site through the in- probes saved in the configuration pf FIG; 6 compared 
jection wells 12 is distributed fhrqughout the site, but to the configuration of FIG. 4 b (M— 1), where ^ is the 
should no't be» permitted to extend substantially out of number of monitor wells in the array, 
the site. An anay of monitor wells 36 arc thus distrib- In this disclosure, there is shpwn and described only 
oted around the outer most group pf injectipn wells"36, 60 the "preferred embodiments pf the invention, but, as 
as shown, to monitor the impedance of the zone be- aforementioned, it is to be understocKl that the invention 
tween the monitor wells and injectipn w'ells showii in is capable pf use in various pther combinations and 
PIG. 4. The arrpws extending between monitor wells environments and is capable pf changes or modifica-
36 and the closestj corresponding injection wells 12 tions within the scppe of the inventive cpncept as ex-
indicate thepathsalpng which gepphysical impedances 65 pressed herein, 
are monitored by the cunent and voltage probe pairs I claim: 
described in connection, with FIG. 1. Thus, a pair of 1. A method of detecting presence or absence of 
current and voltage; probes are needed for each monitor leach solution Scaping frpm a desired underground 
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leaching zone having an iiijecttoii well and a recovery 
well extending- thereto from grpund atove, wherein 
leach solution is delivered through the injection well to 
a region of said zpne having an ore fonnation between 
the twp wells, and dissptved minerals are. recovered 
from said recovery well, comprising the steps of estab-
lishingra monitor well outside said regipn between said 
injection and recovery wells; measuring an impedance 
of underground formation l^iweeh said monitor well 
and orie of &iid injection well and said recovery well at 
a depth Iwlow said groimd substantially corresponding 
to that of said zone; and conelating said measured impe­
dance to a presence or absence of leach elution. 

2. The mediod of claim 1, wherein said measuring 
step include^ the steps of IcK^ting a first current prpbe 
and a first voltage probe in said monitor well; IcK^ting 
a second current prbt^ and a second voltage probe in 
one of said injection well ahd recoyery well; geiierating 
a constant current bstween said current probes; and 
monitoring a vqltage drop between said voltage probes. 

3i- The method of claim 2, wherein said locating steps 
includes positioning said voltage probes below said 
current probes within, said wells. 

4. The method of claim 3, wherein said injection, 
r^iovery and monitor weillsare'jacketed in electrically 
insiilating casings, the casings of said probe-cohtaining 
welts haying a portion formed with apertures, and said 
locating steps further include the steps of positioning 
said current probes above said apertures, arid position­
ing said voltage probes' for exposure through" said aper­
tures, a cunent flow path thereby being established 
thrpugh said voltage probes at the apertured portions of 
said well casings: 

5. The method of claim 1, wherein said locating steps 
iricluding positioning smd cunent and voltage probes in 
said injection well and said monitor well. 

6. Tlie method of claim 1, wherein said locating steps 
include petitioning said current and voltage probesih 40 said recovery well 
said recovery well and said mpnitor welL 

to 

15 

20 

25 

30 

35 

7. The method of claim 2', wherein said constant cur­
rent has a frequency in the range of 1-20 Hz. 

8. An apparatus for detecting'leakage ofleach solu­
tion outside a desired leaching zone, comprising: 

an injectipn welt into which leaching solutiori is de­
livered for dissolving a mineral from an pre fprma-
tion; 

a recovery well for withdrawing dissolved iriinerals,. 
^ d injection and recovery wells beiiig located 
within the desired leaching zone being mined, arid 
a monitor well located outside said desired ieach­
ing zone, wherein each of said wells includes an 
electrically insulating casing, and a pprtibn having 
fprmed therein apertures facilitating flpw pf said 
spliitidn and dissolved minerals through said zone; 

a set qf imp«lance monitoring probes located within 
said monitor well and one of said injectipn well and 
recovery well wherein each set of probes, includ-
injg a current supplying prqbe and a voltage mea­
suring probe, is located at a depth in said weUs 
substantially corresponding to the position df said 
apertures; 

means for operating said probes to measure electrical 
impedance of an earth fonnation between said 
proties, and 

means respdnsive to signals generated by said probes 
for conelating an impedance measurement to pres­
ence or absence of leach solution between said 
monitor welt and said one of said injection well and 
recovery well. 

9. The apparatus of claim 8,- wherein said voltage 
probes,are positioned beneath said cunent probes. 

10. The apparatus, of claim 9, including a source for 
supplying a constant current tb siaid cunent prdbes. 

i l . The apparatus ofclaim 8, wherein said impedance 
monitoring probra-are located in said monitor well and 
said injection well. 

12. The apparatus ofclaim 8, wherein said impedance 
monitoring probes^are located in said monitor welt and 

45 
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x'x = mntri.x of the sel of noi'iiial equations; 
Xp = the vector of the given values of the indepenctont 

var iables ; 
x' and Xp = the transposed matr ix and vector. 

As follows from table 2, the predicted values of tho 
fluidised bed temperature do not fall outside the confidence 
level. The following rcp-css ion equations were also used in 
the calculations: 

^ = 0.446223^ + 0.694.45 • 10"' S'^- 0.11065 

G. = 284.56-18.994S • 0.29723S^-
a t: I-. 

(11) 

(12) 

where: ., 
ff = the fraction of Hie concentrate in the dry cliarge: 
Gd = the ajnount of dust in the charge (kgyiOOkg of con­

centrate) . 

The excess blast coefficient was calculated by nieans of 
the equation: 

(13) 
P . | 3 \ 100 / ^ ' 

ton/h; 
V.|. = the specific theoretical consumption of blast m^/ton 

of concentrate (VT = 1481.4m^/ton). 

Conclusions. 

1. Dy a computer simulation experiment a mathematical 
model was obtained, relat ing the temperature in the fluidised 
bed during Uie roast ing of nicl<el concentrates from the 
Severonikel ' Combine lo the moisture content and sulphur 
content of tlie charge, the oxygen content of the blast, andthe 
excess bla.st coefficient. 

2. The adequacy of the model for experimental dala ob­
tained on an indus l r i a l roast ing furnace was established. 
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where: 
V = the consumption of blast delivered to tlie furnace 

m'V'i; 
P = the productivity of the furnace in the moist charge 

Investigation of the mechanism of oxidative leaching of copper subsulphide 

T 'V Radashevskaya and G N DobrokJiotov (Leningrad Mining Institute, Dep.-u-tment of the Metallurgy of Heavy 
and Noble Metals) 

UDC 669.334 

Recent r e sea rches have shown that the reactions in oxi­
dative leaching of sulphides a re well reproduced by e lec t ro­
chemical models^'"'). Since the general content of these r e ­
actions largely reduces to two p rocesses , i.e. cathodic r e ­
duction of the oxidising agent and anodic dissolution (oxida­
tion) of Uie sulphides, the localisation of the individual 
s tages possible in the electrochemical method greatly 
improves and intensifies the investigations. The present 
r epor t se t s out the resul l s from an electrochemical inves­
tigation inlo the oxidative leaching of copper subsulphide, 
which is of interest in connection wilh the development of 
var ious prospective hydrometallurgical schemes . 

F i g . l Oit '̂-jram of the app. ' i iatus (or 
measurement of anodic p o l a r i s ­
a t i o n : 1) ca thode compartment, 
2) anode compartment; 3} calomel 
e l e c t r o d e ; 4) sample. 

The samples for the invesUgations were prepared from 
a sample of fused white matte, coniaining 81.1'?f Cu and 
18.75 S. Ils s t ruc ture was di.ignosed by X-ray methods as 
Chalcocite wilh small inclusions of metall ic copper. These 
samples in the form of cubes with an edge of 10-15mmwerc 
coaled with copper electrolytically and attaclied mechanic­
ally to a copper conductor by soldering wilh tin. The whole 
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electrode was then effectively isolated by BF-2 cement, the 
working part was reinforced by a self-hardening acrylic 
plast ic, and the surface of the sulphide was carefully 
ground and polished. A general diagram of the apparatus 
is shown in fig. 1. The anode comparlmenl was assembled 
in the form of a beaker with an airtight lid, lo which the 
sulphide electrode and a capillary wilh a calomel electrode 
were attached. The observed potentials were read on the 
hydrogen scale by the usual method. The anolyte (solutions 
of CuSQ, wilh concentrations of 0.01, 0.1 and IM) was 
thermostated with an 'accuracy of + 0.5°C. The cathode 
compartment was an analogous device with a copper elec­
trode in an acidified solulion of copper sulphate. 

In the investigated temperature range ( 2 5 T 6 0 O C ) the 
stat ic potentials of the. sulphide electrodes were estab­
lished after a few minules. They were approximately 0.12V 
below the equililjrium values calculated by means of the 
Nernst equation and the slandard potential of chalcocite 
(0.530V) calculated from tables of thermodynamic data. 
The prelogari lhmic coefficients in llie tempera ture and 
concenlralion dependences were close lo the theoretical 
values (0.029-0.033). These me.isurenients and also ob­
servat ions on tbe formalion of pale blue deposits of covel­
lite in ex|jeriinenls wilh prolonged electrolysis and the 
absence of sulpli;ile formation during ajialogous electroly­
s i s experiments wiUi copper nilraie solutions showed that 
the main anodic reaction in the oxidaiion of chalcocite Is 
the ionisation ol copper according to the equation: 

CuaS - 2e = CuS + Cu= + 

.For low currenI densit ies the obtained polarisation rela-
lionships were found to be practically linear (fig. 2). This 
showed that tlie dissolution of chalcociie took place under 
exchange current control. Its equilibrium values (A/m^) 
obtahicd by means of the equation"); 

D,, = 
lla 

RT 

I F 



where D.-, :inc> ti^ respeclively a r e the observed anodic 
current density (A/ i i r ) and the electrode polarisation (V). 
are given in the lable. 

I-T 

CuSO., 
concenlralion M 

0.01 
0.1 
1 

Equilibrium values of the excli;\iige 
current density (A/m' ) at 

teniperature "C 

25 

0.254 
0.510 
0:933 

45 

0.680 
1.20 

•1.60 

60 

1.97 
2.64 
3.40 

11 

1! 

M 

(1 

A 
V 

\ \ 

\ \ \ 

ast Itt? odS 031 0.0 i u m ti . OH) ejs on 
+4 '/ f<;i V H ' V 

Fig.2 The anodic polar is : i t ionof copper subs'Jlphide 
in CuSO.. solutions :i: a) 0.01: bj 0 .1 ; c) 1.0. 
Temperature "C: i ' - 25; 2 - 40; 3 - 60. • -
s t a t i c potent ia l ; x - calculated value of-
current density. 

In a general assessment they were found to be compar­
able with the exchange current for pure copper in a solu­
tion of IM CUSO4 +1MH3S04 al 20°C, which is equal lo 
30A/ni^ ''). Some decrease in the exchange ra le in the 
transition to a more stable cheniical compound was.quite 
natural. The concentration dependence of Die exchange 
currents showed Uiat Ihe oxidaiion rate of copper sub­
sulphide increases appreciably with increase in the CuSO.> 
concentration. 

From the variation of the exchange cur rent wilh tem­
perature (fig. 3), it was established that Ihe observed ac ­
tivaUon energy for Uie ionisaiion of copper in solutioii.s 
with copper concentrations of 0.01, 0.1 and IM CuSO., is 
11.6, 8.9 and 7.5kcal/mole respectively. Thc direction of 
the variation in Uiese quantities makes-il possible to sup­
pose Uiat Uie extent of the linear section of the polaLiisalion 
curves will increase appreciably wilh lempera lure , and this 
increase will be somewhat grealer in dilute solutions than 
In concentrated solutions. 

f i J I lOCIO/T K-

F i g . J The e f f e c t o r t e n i p e r a t u r e on 
the exchange current at CuSOi, 
concentrations of 0.01,0.1 and 
l.OM. 

In addition, the graphs in figs.2 and 4 show the calculated 
values of the current density (0.2, 0.46 nnd l.34A/m-'), ob­
lained from the known temperature dependence of the rate 
ol Uie autoclave leaching of a sulphide mater ia l wilh s imi ­
lar composition?). The positions of the calculated poinis 
confirm that Uie dissolution of copper subsulphide takes 
place under exchange cur rent control under the leaching 
Conditions. 

A/m" 

ocef 

oeooi 

mA/cm~ 
---^. r , i - : r ' i . i - ( . " 

\ : 
11 i 

r,rc, I I I 

l.KOl ' ' ' 

IC'llr-'Jil"!'-'' 

,'l'J' 

Fig.4 The polarisation curves for 
the anodic oxidation of copper 
subsulphide (1), ths cathodic 
reduction of oxygen (2) and the 
cathodic reduction .of Cu •* ions 
(3). 

Of the possible cathodic p rocesses associated with Uie 
anodic dissolution of chalcociie of greatest interest is 
the reduction of molecular oxygen: 

O J ^ 4H.' .f 4e = 2HaO 

the dynaniic poiential of which is given by the equatipn: 

(1) 
, „ „ . 2.303 ,, 2.303RT, _, 

0 = 1.229 F—pH+ Jg;—Ig-Po 
4F 

where r),, is the overpotential for the reduction of oxygen 
(V). At present the kinetic chai-acterislics of reaction (1) 
have been poorly investigated, and the available informa­
tion is practically res t r i c ted to investigations in.the 
region of normal lemperalure"- ''•°''°). Since the over-
potential for the reduction of oxygen depends to a con­
siderable degree on the cathode mater ia l ' ' ) ' ) , and Uie 
reduction of ox\gen at base nietals is masked by self-
dissolution effects and by the presence of oxides, we 
used data on the kinetics of the reduction of oxygen al 
metall ic s i lver for comparison ° ) ' ° ) . According to Ihese 
dala, the polarisation of an oxygen electrode at 20^0 is 
given Vjy: 

7,̂  = a - b ' p H . b l g D ^ 

where a is a constant delermined by the general condi­
tions iuid by the dimensionality of Uie current density 0^.; 
b ' is a constant oblained experimentally (0.054V) and 
close lo the theoretical value of 2 .303nT/F = 0.058V: b 
is a constant found to be equal to 0.112 on the average 
and close to the theoretical value of 2.303RT/^F, where 
ff is Ihe transfer coefficient of the cation (~0.5). Cor ­
rection of equation (1) according to published dala^) ' " ) . 
gives: 

(P=-0.019-O.OOSpH+0.127 IgPy^ -O.U21gD^ (2) 

The overpotential for the reduction of oxv'gen at s i lver 
calculated by means of equation'(2) is too high. For ex­
ample, when pM = 1.8, PQJ = 0.21 aim and D .̂ = 10 '^A/m°, 
Ihe dynaniic poteniial of the o.xygen electrode amounts to 
only 0.110V wilh a polarisation of 0.916V. Comparison of 
Uie curve for the cathodic polar isa t ion of oxygen wilh the 
anodic curve for chalcocite at 25°C (fig. 4) shows that the 
dissolution of copper sulphide lakes place al an extremely 
low ra le (fig.4, poinl ,1), i.e. approximately four o rde r s 
of nKigniUido lower than Ihe calculated value (0.2A/m^). 
Since the ovorpotenlial for thc reduction of oxygen at base 
mclals is even luglicr than Ihal al s i lver") , Uiis d i sagree ­
ment between lhc r a l e s for chalcociie is even grealer . in 
Ihis respect Uie comparatively slow surface reduction of 
copper Cu' '̂  J e =Cu+ wilh subsequent rapid oxidation of 
Cu "̂  ions in the volume of Uie solution seems more p r o ­
mising: 

4C U-' + O^ + 4H+ = 4C u^ '"• + 2H aO 

According to published da ta^ ' ) , at 25oc the equilibrium 
constant of the reaction 2Cu"'̂ -i'- Cu' + + C is K = [ C u ^ + ] / 
[Cu+]"= = 1.7 • 10-, which wilh a Cu^* content of 40g/dm= 
and a HJSO4 content of 200g/dm^ gives an equilibrium 
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Cu ' concenlralion of 39nig/dnr ' . Even gentle bulibling of 
the solulion wilh oxygen or nitro.nen-n.xygon mixtures 
rapidly reduces the equilibrium cdnccMtralion of Cu'^ to 
2-lOiiig/dni^. Willi increase in temperature Uie equilib­
rium content of Cu"" ions and their oxidiilion rate in­
c rease rapidly. In lig. 4 Ihe dotted line shows llifi appro­
ximate position of the kinetic curves for the caUiodic • 
p rocess Cu" + ̂ - e= Gu"- with .-in overall copper conleni of 
O.IM and wilh nominal rC"" ' j . ' |Cu+]„„,„ rat ios of 100, 
50, 20, 10 and 1, calculated from the equilibrium values. 
Agreement betweeii Uie e.xpected ra les of Ihe anodic :ind 
cathodic proces-ses lor a calculated currenI density .of 
0.2A/m^ ") is oblained with Ihe'nominal rat io [Cu" ' J / 
[Cu-^l,iP„i K 25 or with a real Cu ' concentration of 
==0.6mg,''dnr . hi view of tlie high intensity of aeration 
and'Uic large volume rat io of the solution in the exper­
imen l s ' ) . the allaimiienl of such adyn:imic equilibrium 
seems quite tangible. 

A further argument in favour of the catalytic action of 
copper ions is provided by the known observations and 
conclusions on the e.xistence of an induction period 
during the oxid;itive (sulphuric acid) leaching of chal­
coci te ' " ) ' ' ^ ) . The leaching reactions can evidently only 
develop to a full extent wiUi a sufficieni accumulation of 
copper ions in the solulion. On tlie potential diajfriuiis 
the positions of the cathodic curves are determined by 
the attained dynamic equilibria. M.-iiiy of Ihe chalcociie 
leaching charac ie r i s i ics (the observed rale of the p rocess . 
i ls temperature dependence etc.) will Uierefore be deler ­
mined also by Uie composition and by the relat ive amounl 
of the solulion, by the intensity of the aeration of pulp, 
and by certain other specific conditions. 

Conclusions 

1. From examination of Die anodic dissolution potentials 
of copper subsulphide and Ihe cathodic potentials for" Ihe 
reduction of molecular o.xygen il w:is established lli:il Uie 
leaching of copper subsulphide wilh the direct par l ic ipa­
lion of o.xygen takes place al low ra les as a result of the 

higli overpolenlial for Ihe oxygen ionisaiion reaction. 
2. The diss<ilution of copper subsulphide is ajjpreciably 

accelerated wiUi the developmenl of the side reactions 
bf c;ilhodic reduction i)( divalent copper ions: 
Cu^''i CiCu- ' .and Uie subsequent volume oxidatipn of-
Uie obt;iinecl Cu'' ions: 

4Cu' + Os -I- 411* = 4Cu-'+ = 2II:.0 . 

The lc:iching rate of coiiper subsulphide :md Ihe temper­
a ture dependence of the overall proce.'Ss will therefore 
evidenlly lie determined also by the composition and rel­
ative amount of t l iesoluiion, by Uie intensity of Uie aera­
tion of the pulp, and by certain olher spe'cilic conditions. 

References 

,1) Kti Mazhima and E P i t e r s in: Eighth International 
Congress on the concentration of minera ls : Inst. 
Mekhanobr.. Leningrad 1969, (2), p. 5. 

2) F Habashi: Pr inciples of applied metallurgy: Pari 
2, Hydrometallury: Metallurgiya, Moscow 1975. 

3) A V Daev and A I Orlov: Izv VUZ Tsvetnaya Metal­
lurgiya 1975, (5), 18. 

4) V V Skorchelletl i : Theoretical electrochemistry: 
Khimiya, Leningrad 1973. 

5) D R Turner and C R Johnson: J. Electrochem.Soc. 
1962, 109, (9), 798. 

6) G N Dobrokhotov and E V Maiorova: Zh .Pr ik l . Khim. 
1963,36,(10). 2148. 

7) Yu V Pleskov and V Yu Filinovskii; The rotating 
disc electrode: Nauka, Moscow 1972. 

8) N D Tomashev: The Uieory of the corrosion and pro­
tection of melals : Akad.Nauk.SSSR,Moscow 1959. 

9) A I Ki-asil'shchikov in: Proceedings of conference 
on oJeclrocliemistry: Akad. Nauk.SSSR, Moscow 1953. 

10) A I Krasil 'shchikov: Z.ashchita Metallov 1965, (1), 611. 
11) D Schab and K llein: Neue HUtte 1970.15, (8), 461. 
12) L V Chugaev:,Izv VUZ Tsvetnaya Metallurgiya 1965, 

(4). 54. 
13) I Dahnis el :ilia: Z Erzbergbau und MetallhUllenwesen 

1967, 20, (5), 203. 

Investigation of tlie reaction of lead sulphide wiUi lead oxide and sulphate al l l S C C 

M M Klialmetov and V Ya Zaitsev (Moscow Institute of Sleel and Alloys. Department of the Metallurgy of 
Heavy Non-Fer rous Metals) 

The existing classical scheme of lead produciion (sintering, 
smelting) has sul>stanlial disadvantages. There a re grealer 
prospects for the recently developed melhods for the p r o ­
duction of lead by an autogenous method direclly from sul ­
phide concenlrales in the liquid s l a t e ' " ' ) . To develop the 
technological regimes and'to obl;iin a better understanding 
of such processes it is necessary accumulate a whole s e r i e s 
of dala on Ihe mechanism and kinolics of the reaction of 
lead sulphides and oxide compounds at high tempera tures . 
The kinetics of Ihe reactions in Uie solid stale have been 
studied°-*), but these dala a rc clearly insufficient to-deter­
mine Uie charac te r i s t ics of the react ions of the components 
of the lead charge in mel t s . 

The present ar t ic le sets out.lhc rcsul i s from an exper i ­
niental investigation inlo tlie re;iclions of PliS with PliO and 
P1>S04 . realised on the apparatus shown in fig. I. The alun­
dum crucible 1 wilh a weighed amounl of the charge was 
placed in a quartz tube 2 closed wilh an airt ight water-
cooled stopper, and the tube was placed in a Silit furnace 
(up lo 5kW). Thc temperature in the reac.lion tube w:is 
measured by means of the thermocouple 3; aulomatii; 
control of the temperature condilions was real ised wiUi 
an accuracy of ±5°C by means of the KSP-6 instrument 4. 

To eliminate fully Uie possibility of oxidaiion Uie argon 
was purified from oxygen. Argon from Ihe bottle 5 was 
passed successively through a column of copper filings 6. 

UDC 669.431.4 

.̂ c 
, U - i ^ 

F l - I . l l l i a . j i . im u l tlK- .i;>/i.iJVi(;u.'.-. 

Columns with an active jirepaialion of copper 8, a Drechsel 
bottle containing concentrated sulphuric acid 9, and avessel y 
coniaining calcium chloride 10. The lemperalure conditloni 
in the heated gas purification columns were maintained by , 
means of laboratory auto l ransfomiers 7. 

The gaseous reaction products were passed through a 
dust collector with a paper filter 11 and were dispersed 
in a beaker of water 12, where the sulphur dioxide was 
titrated automatically wilh a solulion of iodine on an auto­
matic l i t rator TFL-46-2 13. The amount of sulphur di­
oxide released or the reacted amount of sulphur at each 
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IDENTIFICATION OF NATIONAL NEEDS 
with 

INDUSTRY LEADERS COMMENTS 
on 

RESEARCH ANO DEVELOPMENT NEEDS 
in 

MINERALS EXTRACTION 

Section 2 - Summary 

Approximately forty top level executives were visited at seventeen 

company locations, seven universities and .a number of executives 

representing three additional corporations, were contacted by telephone 

in order: 

1. to discuss a cooperative program in mining-metals' research 

and developmerit proposed by the Office of Science and Technology 

Policy of the Executive Office of the President, and 

2. to identify problem areas reflective df national needs. 

Strong expressions of interest were received for participation in an 

industry-government cooperative R&D program; and national needs with 

respect to minerals were identified in areas of energy conservation, 

environmental control', and broad-based research and development in 

specific phases of the mineral cycle. 
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Section 3 - Introduction 

Early in .1980, Dr. Thomas A. Henrie, Chief Scientist of the U. S. 

Department of the Interior, Bureau of Mines, discussed with 

Dr. Alfred Weiss, President of Mineral Systems Inc., plans to contact 

industry leaders. The principal purpose of such contacts would be the 

identification of national needs with emphasis on Research and 

Development (R&D) needs in minerals extraction. Contacts would be 

established by visits with top management, and initial .discussions would 

center around a possible industry-government cooperative program in 

mining/metals R&D proposed by the Office of Science and Technology 

Policy (OSTP) of the Executive Office of the President. 

Dr. Weiss' assistance was requested because of his long standing 

acquaintance with and acceptance by many industry leaders and his 

familiarity with the planning and evaluation functions of the Bureau of 

Mines. His involvement included: 

a. Assistance in setting objectives as to 

overall industry leaders' visitation program. 

b. Assistance in the identification of key industry 

leaders. 

c. Participation in the preparation and scheduling of 

visits; in some instances take lead in approaching 

Chief Executive Officers. 

d. Participation in meetings and discussions. 

e. Analysis of each meeting/discussion session. 

f. Preparation of report on discussions with industry 

leaders. 

This document is submitted to address items E and F of the project. 

_4. 
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Section 4 - Subject of Discussion 

In contrast with other investigations, it was decided to conduct all ̂  

discussions with corporate officers before contacting any research and 

development managers. 

Also, while the intention was to keep the discussions unstructured, it 

was decided to start with a description of the proposed OSTP industry-

government cooperative program in mining-metals Research and Development. 

The following is a description of the R&D concept which was discussed 

with industry leaders during the project. 

Overall Concept 

The basic concept is that the extractive industry would join the Federal 

Government in a major effort of cooperative research. Such effort may 

last some 10 years and cost at least a billion dollars. Initially, the 

program would need to start small, possibly at the ten - twenty thousand 

dollar level; and grow as the management of such program would be able 

to effectively steer and guide the activity. By developing a cooperative 

program, the knowledge and experience derived would flow to all participants, 

generally in amounts far greater than could be achieved by individual 

corporate or Federally supported project investment in R&D. Furthermore, 

through such effort, technology transfer--one of the most troublesome 

aspects of Federal R&D--would be maximized. 

Participants 

The program that would be funded is one of basic and applied research 

and advanced technology development. Universities would participate in 

the basic research projects oriented toward the total program; government 

laboratories which combined have larger resources and capabilities would 

conduct the basic core program; and industry would execute engineering 

type programs such as pilot plants and demonstrations. 
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The program would be open to participation by all those firms seeking to 

join with other firms and the government. Costs would be shared in such 

a way so as not to impact disproportionately the smaller companies. 

Entry in the program would be voluntary. 

The program would start with Federal government participation through 

the Department of the Interior (the Bureau of Mines and the U.S. Geological 

Survey) and the National Science Foundation with the Bureau of Mines 

assuming a lead role. 

Organization of the Research 

The cooperative research activities envisioned in the government-industry 

mining-metals program could be organized in any of several ways. A 

specific organizational framework could be selected by the contributing 

companies, which could support research (through grants) at universities.' 

In this case, the research management teams would be guided in their 

decisions by the agreement of all particpating parties on a research 

framework. 

In another cooperative industry-government cooperative program, the 

industry funding is contributed to one project account,' managed by one 

agency. Another model might be to establish an independent research 

organization to which both the government and industry would contribute 

funding. In any case, an advisory or steering committee would include 

government, industry, academic and possibly public representatives. 

The discussions of these arrangement and other elements of administration, 

clearance of the program from the antitrust standpoint, patents, etc., 

would begin if there is a sufficient expression of interest in a cooperative 

program on the part of a number of firms in the mining-metals industry. 

At the same time, there would be continuing discussions of the possible 

research topics that would constitute a cooperative program. 
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On the basis of its experience with similar research programs and university-

industry programs the Bureau of Mines knows of no insurmountable issues 

that would inhibit successful cooperation between industry and government. 
t 

Funding Levels and' Duration of the Cooperative Effort 

Funding for R&D in mining-metals industry is significantly below that of 

other major industrial sectors, and Federal support is less than that 

for some other industry-related work. It is necessary to see what the 

capacity within the research community is, or can be expected to be 

after several years of support. Also important is the extent to which 

there will be funding directed toward applied research or pilot plants. 

As a target for discussion, the industrial firms and the government 

should undertake planning that could lead to an increase of investment 

of at least .SIOOM, achieved over several years, and then sustained over 

the rest of the decade. 

•7-
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Next"Steps 

Joint discussions of this concept would be followed by a more formal 

series of meetings in autumn, 1980 to seek a decision on an agreement of 

principles, endorsed by a sufficient number of firms to warrant inclusion 

of some funding for a sectoral initiative in the 1982 Federal Budget. 

The discussions will be conducted on the Federal side by the Office of 

Science and Technology Policy-Executive Office of the President and the 

Department of the Interior. 

The above conceptual framework was discussed face to face with each 

executive or small group of executives visited and discussions were held 

in.terms of expressing interest'and of making suggestions. No promises 

of commitment or of assured actions were made; emphasis was placed on an 

OSTP initiative to take the next step. 
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Section 5 - Analysis of Discussions: 

THE ANACONDA COMPANY 

Discussions at the Anaconda Copper Company took place with 

Messrs. J'. S. Morrison, President and J. Anderson, Senior Vice President. 

Both men were unaware of the Bureau's research program, but were in 

favor of participating in a joint R&D program. 

They believed, however, that if industry shared in the funding, the 

individual companies would want to have a say in determining the R&D 

problem. It was recognized that the problems need to be of a general 

nature so that industry as a whole and the national economy would 

benefit. 

They were very much in favor of the R&D concept especially those aspects 

related to an advisory o.r steering committee in which academia, govern­

ment labs and industrial groups could all participate. 

They believed Anaconda would be most interested in participating and 

assisting in the development of such programs and wanted to be kept 

advised. 

Problem areas mentioned were: 

Smelting research to meet ambient air standards, or alterna­

tively, substitute for smelter by alternative methods such as 

hydrometallurgical processes. 

Pit-wall leaching of mines which cannot be mined economically 

in the conventional manner, and 

Processes and systems related to in-situ leaching of deep-

seated copper deposits; both oxides and sulfides. 
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NEW YORK UNIVERSITY - Center for Science and Technology Policy 

Discussion at NYU/Center for Science and Technology Policy took place' 

with Drs. Herbert 1. Fusfeld, Director and A. C. Dameske, visiting Pro­

fessor. A number of pertinent questions related to any possible in­

dustry-government research program were addressed. The overall con­

clusions drawnwere that there would be little gain for individual com­

panies to develop technology, and there is sufficient incentive for a 

major individual effort to participate in a cooperative research and 

development. 

A number of organizational and procedura-1 problems were discussed and a 

strong interest was expressed on behalf of NYU to contribute to the 

solution of some of these problems. 

The Center for Science and Technology as represented by its Director, 

Dr. Herbert Fusfeld is most anxious to help the Bureau of Mines in 

planning any industry-wide meeting or even staging the meeting itself. 

We were shown facilities which would be ideally suited for such purpose 

Dr. Henrie indicated that the first meeting would be held in the Indian 

Treaty Room at the Old Executive Building in Washington, DC, but that 

there might be a good opportunity to use the NYU facilities at a later 

date. 

Industry problems of national scale perceived by the Center include: 

. Energy Conservation, and 

. Environmental Control. 

FREEPORT MINERALS COMPANY . 

Discussion at Freeport took place with Mr. Milton H. Ward, Executive 

Vice President. Visit was relatively brief because of Mr. Ward's pend­

ing departure for Australia and Indonesia. 
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strong support was expressed by Mr. Ward on behalf of the company for an 

R&D prog-'dm with the Bureau of Mines assuming a lead role. Freeport 

would like to be informed and Mr. Ward volunteered to represent Freeport 

in any follow-up meeting. 

The late hour and Ward's pending trip to Australia prevented an in-depth 

discussion of national problems and issues. 

ST. JOE MINERALS COPORATION 

Discussions c;t St. Joe'took place with Messrs Joseph G. Sevich, Vice 

President of Technology and John A. Wright, Executive Vice President. 

We were later joined by Mr. John C. Duncan, Chairman. 

St. Joe also expressed strong support for a Bureau of Mines managed R&D 

program and saw as a potential obstacle the selection of research prob-

lem(s). The management through.a Steering Committee with federal and 

industry representation appeared the solution to maintaining broad-based 

interest and to assuming selection of problems of national scope. 

Currently, St. Joe sees as problems of national importance which infringe 

heavily on mineral producers: 

. Wilderness Bill consequences, 

. Implications, such as technological obsolescence created by 

EPA and OSHA regulations, 

. Energy problems at the smelter, and 

. Competition from imports. 

St. Joe oriented problems and concerns include: 

. Lead chloride process, and 

. Direct reduction of iron process. 
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UNION CARBIDE CORPORATION 

Discussions at Union Carbide took place with Mr. F. J. Shortsleeve, Vice 

President, While Union Carbide was only retaining their Vanadium, Uran­

ium, and Tungsten business, having sold its domestic plants in the ferro­

alloy business, Mr. Shortsleeve expressed support for the program we 

outlined and wanted to be kept informed as to the progress. Furthermore 

he offered his personal assistance to encourage the concept of any fu­

ture cooperative research program. He pointed out that Union Carbide 

had sold its research laboratory in Niagra Falls lending additional 

weight to our impression that industry finds itself less and less in a 

position to sponsor its own research activities. 

AMAX INC. 

Discussions at Amax were held with Dr. Herbert Kay, Vice President of 

Technology. Dr. Kay, who had previously visited with Dr. Henrie in 

Washington, DC to seek Bureau of Mines support, was in complete agree­

ment with the concept of- an industry-government cooperative R&D program. 

On behalf of Amax, he offered his personal involvement and those reporting 

to him at the regional level in Denver, CO. 

He stressed Amax's interest in a broad-based program as his company has 

plans for and is involved in the exploration and/or production of prac­

tically all minerals of commercial value. The organizational chart he 

showed us reflected a broad-based and complex organization. Dr. Kay 

urged us to contact his associates in Amax's Denver laboratory, and 

especially to discuss the program with Dr. Eugene Michael. 

National problems expressed by Dr. Kay concurred with those listed under 

St. Joe and Anaconda. 
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COLUMBIA UNIVERSITY 

Discussions at Columbia'were held with Professor Stevan Boshkov, Chairman 

of the Henry Krumb School of Mines, and Herbert Kellogg, Professor of 

Metallurgy. Professor Boshkov not only expressed strong support for the 

cooperative R&D program, but pointed out that in many countries such 

programs are and have been successful and have served to place the 

respective countries in a strong competitive position. 

Professor Kellogg pointed out that the 'old technology' may not be obso­

lete and that any effective R&D program should not necessarily abandon 

the old technology; but should examine it to determine which parts of 

the unit processes should be maintained. He admits that the smelter-has 

many environmental problems and that the blast furnace is not flexible 

enough to accomodate the various grade and ore characteristics. 

Professor Boshkov expressed some apprehension that the industry might 

not be forward looking enough and might fail to appreciate the effect of 

an R&D program to maintain a high level of technology. However, with 

increased involvement of the oil companies in the minerals business and 

their differing views as to high technology operations, the more traditional 

segments of the minerals industry may follow with support once it is 

obtained by the oil companies. 

Both gentlemen expressed complete support and offered their personal 

involvement should this be required. 

EXXON CORPORATION 

Discussions at Exxon took place with Messrs. W. Cooper, Senior Advisor 

in Science and Technology, Exxon Corporation, and E. Paul Mortimer, 

Senior Vice President Exxon Minerals Corp. in charge of Research and 

Technology Development. 
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Both gentlemen were extremely interested in the program and pointed out 

that Exxon is already spending a sizable amount of money in all =)reas of 

the mineral business even though its cash flow from minerals is minimal. 

Mortimer in particular pointed out that aspects of organizational 

concurrence on research programs and monetary support from industrial 

companies would be our greatest problem areas as he experienced similar 

obstacles just within the Exxon family. 

After about an hour and a half discussion on the program and some of the 

concepts and how it would work, Mr. Mortimer thought it best that he be 

kept abreast of developments and was sure that when the time came Exxon 

would find a way to support a cooperative program in minerals research 

and would surely want to be part of it. He had very little doubt that 

McCardell's (William M. McCardell, President, Exxon Minerals Corp.) 

feelings would be the same. We felt that it was a productive meeting 

and that Exxon was quite forward looking in their minerals program. 

ASARCO INC. 

Discussions atAsarco took place with Messrs. C. F. Barber, Chairman and 

Chief Executive Officer, R. L. Hennebach, President; Richard Osbourn, 

Executive Vice President; K. D. Loughridge, Senior Vice President; Bill 

Roe, Vice President Research; and other staff members. 

Mr. Hennebach expressed skepticism and concern regarding the joint 

government-industry R&D program based on fear for the underlying premises. 

For instance, an R&D in smelting technology might imply inadequacies of 

current smelting practices, a subject matter on which Asarco has testified, 

defended in public hearings, and argued for in numerous court battles. 

Mr. Barber had a completely different perspective on any such joint 

program and viewed such activity more in light of a broad-based R&D 

program to develop new and more effective ways of mineral extraction. 
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Further, he offered his personal support as President of the American. 

Mining Congress to see to it that the Executive Committee of the AMC 

would adopt a resolution in principle supporting a joint government- , 

industry R&D program. 

While the initial phase of our meeting started in an adversary way, the 

meeting concluded very much in a positive and supportive posture. 

Mr. Barber suggested that we commit in writing (4 to 10 pages) a 

synopsis of the R&D program concept and how it would work to be reviewed 

by a small group of industrialists. 

UNIVERSITY OF CALIFORNIA at Berkeley 

Discussions at Berkeley took place with Dean A. M. Hopkiiis and Dr. Sherman. 

They were quite impressed with the idea of a joint R&D program but were 

relatively uninformed about industrial research within the extractive 

minerals industry. Neither appeared to know much about government-

industry relations in the R&D area. 

Much of the conversation channelled into a discussion concerning the contract 

and grant policy of the Bureau of Mines and both expressed concern over 

the publication of technological information policy introduced by the 

Bureau in the current R&D contracts with the University. 

We felt, however, that we could count on the University of California at 

Berkeley for its support when a joint R&D program is formulated. 

BECHTEL CORPORATION 

Discussion at Bechtel took place with Mr. Robert Shoemaker, Manager of 

Metallurgy. The reason for visiting Bechtel was to obtain the reaction 
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of" a large engineering-construction firm as to the idea of a cooperative 

research program between industry and government. 

Mr. Shoemaker was extremely supportive and hoped there would be a way 

the engineering-construction companies could get involved. He pointed 

out that during engineering of a large mining project the engineering-

construction firm, if they were current, would be able, in many areas, 

to implement innovative technology and to demonstrate such technology 

through the pilot plant stages. 

ENVIROTECH CORPORATION 

Discussions at Envirotech took place with Messrs. Bob Byron, Vice President 

Technology; Booker Moorey, Directory of Research; and Elwood Cone, Project 

Manager. 

Not only did they support the concept of a joint research program, but 

they urged that we keep them in mind as the involvement of equipment 

manufacturers would be key to the success of any joint program. They- ' 

wanted to be kept informed and to be brought into the program as an 

active participant. 

KAISER ALUMINUM COMPANY 

Discussions at Kaiser took place with Mr. Don McPherson, Vice Presient 

of Technology. Mr. McPherson pointed out that two elements would be 

important in the success of such a research program: development of an 

objective and the cohesiveness with which the various program objectives 

will be maintained. He expressed his personal commitment to work with 

us and would be available for an initial guidelines meeting should we 

call on him. 
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He cited numerous projects in which he had extensive experience and in 

which the two elements cited above were key to the success of such 

projects. 

Mr. McPherson expressed the hope that participants would be obligated to 

contribute in the funding, thereby committing themselves to an active 

interest and participation in making the program a success. 

KENNECOTT MINERALS COMPANY 

Discussions at Kennecott took place with Messrs. 6. F. Joklik, President; 

K. Richards, Vice President, and R. N. Pratt, Vice President. Apprehensions 

and concerns of these gentlemen centered around three areas: 1) organization, 

2) funding, and 3) integration of company proprietary technologies irito 

the joint program. Dr. Joklik pointed out that Kennecott has just curtailed 

its basic research activities and that as a result of many years of 

Kennecott's R&D programs, extensive knowledge already exists in the 

areas of in-situ leaching and ocean mining. His concern therefore was 

to what degree would the existing technology be integrated and what 

level of funding would be expected from a company such as Kennecott 

which already has developed extensive knowledge. 

On a personal basis Dr. Joklik had reservations as to the sincerity and 

Administration commitment of even starting a program since his most 

recent and extensive involvement in the Minerals Availability study 

sponsored by the Administration came to no avail. 

We felt, nevertheless that the meeting with Kennecott was productive and 

that the reservations expressed at that meeting could be dealt with 

effectively. 
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UNIVERSITY OF UTAH 

Discussions at the University of Utah took place with Dr. Larry Latmain, 

Dean of the Mining School and Acting Dean of the School of Engineering. 

Dr. Latman appeared to be well informed of the cooperative research 

agreements between industry and government. He appeared extremely 

interested and would definitely wish the University to be an active 

participant. He even offered his personal involvement if political 

pressure on the Utah delegation should be required. 

UNIVERSITY.OF UTAH RESEARCH INSTITUTE 

Discussions at the University of Utah Research Institute took place with 

Dr. Bill Partridge, the President of the Institute. Dr. Partridge had 

already been visited by Or. Henrie so that our meeting was brief and 

served the purpose of bringing Dr. Partridge up to date on the immediate 

future plans of the program. 

OCCIDENTAL MINERALS COPRORATION 

Discussions at Oxy took place with Dr. Paul A. Bailly, President. Dr. 

Bailly was quite supportive but was hesitant as to his- commitment for 

funding since Oxy Minerals at present has no cash flow and most likely 

will not be in the black for some time to come. Based on Dr. BaiIly's 

extensive experience he is well aware of research problems in the mineral 

industry and felt the time had come for industry and government to pool 

their respective resources and establish a cooperative research program. 

Having a broad international background, he also indicated the number of 

industrialized countries which have implemented a nonfuel minerals policy 

which emphasized mutual support and cooperation between industry and 

government. 

-18-
• Minerol Systems Inc.. 



AMAX INC. - Denver 

Discussion at Amax, Denver tookplace with Dr. Eugene Michaels, Director 

of Research; and Paul Quenau, Research Supervisor. Both gentlemen suppported 

the general idea of a cooperative research program but pointed out certain 

problem areas similar to those we encountered in earlier discussions. 

COLORADO SCHOOL OF MINES 

Discussions took place with Dr. Bill Muellar, Vice President Academic 

Affairs. While not familiar with the cooperative research program he 

expressed keen interest and wanted to know what he could do to help-

further the cause. He felt that the Colorado School of Mines by its 

' \ iery nature is interested in making a contribution either through specific 

research contracts, through managing parts of the program, or any 

combination thereof. 

OUVAL CORPORATION - Tucson, AZ 

Discussions at Duval took place with Messrs. George Edward, Chairman and 

Chief Executive Office and Royce Hardy, Vice President. Mr. Edwards 

expressed skepticism and reservations as to the effectiveness of bringing 

'all of these people together to develop a research program'. Mr. Hardy, 

having been an Assistant Secretary in the Department of the Interior was 

much more positive in his outlook. We felt that if a joint program were 

to be developed, Duval would lend its support. 

ASARCO - Tucson 

Discussions took place with Mr. Charles Campbell, General Manager, Western 

and Southwestern Mines. Mr. Campbell expressed a typical operators' 
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point of view - viewing studies as a means to promulgate more and more 

regulations causing his already difficult job to become more burdensome. 

He did express satisfaction concerning our visit with him which he 

perceived as a follow-up to an earlier meeting he had attended with Dr. 

Lindsay Norman, Director of the. Bureau of Mines. It's our impression 

that at an operating level, the joint R&D program will be viewed from a 

much more parochial standpoint; indicative of the necessity to keep any 

future R&D program broad-based, fundamental, and beneficial industry­

wide. 

ANACONDA - Tucson 

Discussions at Anaconda took place with Mr. Bill Stern, Metallurgical 

Consultant. Mr. Stern was formerly Manager of Research. Supportive of 

the cooperative program, he feels especially strong concerning 

hydrometallurgy to be the answer to future treatment of pyrittic 

nonferrous ores, especially the McArthur deposit in Australia and many 

mineralizations in Alaska. His remarks also reflect a much more site-

specific view point. 

UNIVERSITY OF ARIZONA 

Discussions took place with Dr. William Dresher, Dean of the Mining 

School. Dean Dresher was well apprised of the program having been a 

staunch supporter of the joint research program concept. He's presently 

chairman of the COMINTECH Committee of the National Academy of Engineers. 

Dresher's concern was centered around the timing, pointing out that the 

program perhaps, should await publication of the COMINTECH report. He 

would prefer to see the report as a. basic instrument in developing the 

joint R&D program. 
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GULF RESOURCES AND CHEMICAL CORPORATION 

Discijssions at Gulf Resources took place with Mr. Jack M. Webb, Vice , 

President Government Relations. Mr. Webb, having had a few bad experiences 

with Government, including Interior, expressed reservations concerning 

any cooperative research program. After learning of the Bureau of Mines' 

involvement, he became much more sympathetic and in the final analysis 

supportive of a Bureau managed program. 

Underlying Mr. Webb's views was his feeling concerning timing. He couldn't 

help but feel that introducing a joint program at the end of an Administration 

which has not been supportive of the minerals industry could only be 

construed as a political gimmick to gain voter support. He expressed 

suspicion of government and was also of the opinion that government 

research would leiad to more regulations. He would also see some 

complication of Gulf Resources support since his own organization has 

essentially curtailed its technical program. 
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Section 6 - Conclusions 

This project entitled Identification of National Needs with Respect to 

Minerals has served a two-fold purpose: 1) By structuring and centering 

the discussions around a possible industry-government cooperative program 

in mining-metals R&D an expression of interest was obtained; and 2) 

Throughout.the discussions, industrialists expressed those R&D needs in 

minerals extraction reflective of their perception of national mineral 

problems. Based on this project methodology, the following conclusions 

may be drawn: 

1. Informal expressions were obtained of keen interest by industrial 

companies in participating in industry-government cooperative 

programs in mining-metals R&D. 

2. Such an interest will continue provided the program is planned 

and.implemented carefully with all parties concerned. 

3. Such planning and implementation should include the development 

of a research agenda and the institutionalization mechanism to 

begin work in the summer of 1981 (FY1981) or later in the 

calendar year 1981 (FY82). 

4. The most frequently mentioned problem areas reflective of 

industry views as to national problems were: 

. Smelting research to meet ambient air standards, 

or alternatively, substitute alternative methods 

such as hydrometallurgical processes for the smelter, 

. Pit-wall leaching of mines which cannot be mined 

economically in the conventional manner, 

. Processes and systems related to in-situ leaching 

of deep-seated copper deposits; both oxides and sulfides, 

. Energy conservation, 

. Environmental control, 

. Wilderness Bill consequences, 

. Implications, such as technological obsolescence 

created by EPA and OSHA regulations, 

• Energy problems at the smelter, 
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. Competition from imports, 

• Lead chloride processes, and 

• Direct reduction of iron process 
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Appendix A 

Companies Visited 

Amax Inc. 
Amax Center 
Greenwich, CT 06830 
(203) 622-3000 

Amax Research Laboratory 
5950 Mclntrye Street 
Denver, CO 80212 
(303) 279-7636 

Anaconda Copper Company 
Sub. of The Anaconda Company, 
a Sub. of Atlantic Richfield Co. 
555 17th Street 
Denver, CO 80202 
(303) 575-4000 

Anaconda.Copper Co. 
Metallurgical Research Dept. 
Box 27007 
Interstate 10 E & 8000 South Col be Road 
Tucson, AZ 85726 
(602) 889-5361 

Asarco Inc. 
120 Broadway 
New York, NY 10005 
(212) 732-9500 

Asarco Inc. 
Western and Southwestern Mines Division 
1150 N. Seventh Ave. 
Tucson, AZ 85705 
(602) 792-3010 

Bechtel Corporation 
P.O. Box 3965 
50 Beale Street 
San Francisco, CA 94119 
(415) 768-1234 

Duval Corporation 
4715 E. Ft. Lowell Road 
Tucson, AZ 85712 
(602) 327-5941 
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Envirotech Corporation 
3000 Sand Hill Road 
Menlo Park, CA 94025 
(415) 854-2000 

Exxon Corporation 
1251 Ave. of the Americas 
New York, NY 10020 
(212) 398-3000 

Freeport Minerals Company 
200 Park Avenue 
New York, NY 10017 
(212) 578-9200 

Gulf Resources and Chemical Corporation 
1100 Milam Bldg. 
Houston, TX 77002 
(713) 658-0471 

Kaiser Aluminum and Chemical Company 
300 Lakeside Drive 
Oakland, CA 04643 
(415) 271-3300 

Kennecott Minerals Company 
Box 11248 
Salt Lake City, UT 84147 
(801) 534-8111 

Occidental Minerals Corporation 
Div. Occidental Petroleum Corp. 
Irongate Bldg. 4 
777 S. Wadsworth Bl.vd. 
Lakewood, CO 80226 
(303) 988-2200 

St. Joe Minerals Corp. 
250 Park Avenue 
New York, NY 10017 
(212) 953-5000 

Union Carbide Corp. 
270 Park Avenue 
New York, NY 10017 
(212) 551-2345 
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Appendix B 

Universities Visited 

University of Arizona 
College of Mines 
134 Geology Building Oil 
Tucscon, AZ 85721 
(602) 626-4357 

University of California at Berkeley 
Hearst Mining Building 
Berkeley, CA 94720 
(415) 642-6000 

Colorado School of Mines 
Mining Dept. 
Golden, CO 80401 
(303) 279-0300 

Columbia University • 
Henry Krumb School of Mines 
120th St. & Amsterdam Ave. 
New York, NY 94720 
(212) 280-1754 

New York University 
251 Mercer Street 
New York, NY 10012 
(212) 598-1212 

University of Utah 
Met. 312 W.C. Browning Bldg. 
Salt Lake City, UT 84112 
(801) 581-8006 

University of• Utah Research Institute 
391 A Chipeta Way 
Salt Lake City, UT 84108 
(801) 581-5226 
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Appendix C 

Individuals Visited 

Dr. Paul A. Bailly 
President 
Occidental Minerals Corp. 
Div. Occidental Petroleum Corp. 
Irongate Bldg. 4 
777 S. Wadsworth Blvd. 
Lakewood, CO 80226 

C. F. Barber 
Chairman, Chief Executive Officer 
Asarco Inc. 
120 Broadway 
New York, NY 10005 
(212) 732-9500 

R. L. Hennebach 
President 
Asarco, Inc. 
120 Broadway 
New York, NY 10005 
(212) 732-9500 

K. D. Loughridge 
Sr. Vice President 
Asarco Inc. 
120 Broadway 
New York, NY 10005 
(212) 732-9500 

William Roe 
Vice President - Research 
Asarco Inc. 
120 Broadway 
New York, NY 10005 
(212) 732-9500 

Prof. Stevan Boshkov 
Chairman 
Columbia University 
Henry Krumb School of Mines 
120th St. & Amsterdam Ave. 
New York, NY 10027 
(212) 280-1754 

Robert Byron 
Vice President - Technology 
Envirotech Corporation 
3000 Sand Hill Road 
Bldg. 1 
Menlo Park, CA 04025 
(415) 854-2000 
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Booker Moorey 
Director of Research 
Envirotech Corporation 
3000 Sand Hill Road 
Bldg. 1 
Menlo Park, CA 04025 
(415) 854-2000 

Elwood Cone 
Project Manager 
Envirotech Corporation 
3000 Sand Hill Road 
Bldg. 2 
Menlo Park, CA 04025 
(415) 854-200C) 

Charles Campbell 
General Manager 
Asarco Inc. 
Western and Southwestern Mines Div. 
1150 N. Seventh Ave. 
Tucson, AZ 85705 
(602) 792-3010 

W. Cooper 
Sr. Advisor - Science and Technology 
Exxon Corporation 
1251 Ave. of the Americas 
New York, NY 10020 
(212) 398-3000 

E. Paul Mortimer 
Sr. Vice President 
Exxon Minerals Corp. 
1251 Ave. of the Americas 
New York, NY 10020 
(212) 398-3000 

Dr. William Dresher 
Dean of the Mining School 
University of Arizona 
College of Mines 
134 Geology Bldg. Oil 
Tucson, AZ 85721 
(602) 626-4357 . 
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John C. Duncan 
Chairman 
St. Joe Minerals Corp. 
250 Park Avenue 
New York, NY 10017 
(212) 953-5000 

Joseph G. Sivich 
Vice President - Technology 
St. Joe Minerals Corp. 
250 Park Avenue 
New York, NY 10017 
(212) 953-5000 

John A. Wright 
Executive Vice President 
St. Joe Minerals Corp. 
250 Park Avenue 
New York, NY 10017 
(212) 953-5000 

George Edward 
Chairman & Chief Executive Officer 
Duval Corporation 
4715 E. Fort Lowell Road 
Tucson, AZ 85712 
(602) 327-5941 

Royce Hardy 
Vice President 
Duval Corporation 
4715 E. Fort Lowell Road 
Tucson, AZ 85712 
(602) 327-5941 

Dr. Herbert Fusfeld-
Director 
New York University 
251 Mercer Street 
New York, NY 10012 
(212) 598-1212 

Dr.' A. C. Dameske 
New York University 
251 Mercer Street 
New York, NY 10012 
(212) 598-1212 
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Dean A. M. Hopkins 
University of California 
Hearst Min-. -g Building 
Berkeley, CA 94720 
(415) 642-6000 

Dr. Sherman 
University of California 
Hearst Mining Building 
Berkeley, CA 94720 
(415) 642-6000 
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G. Frank Joklik 
President 
Kennecott Minerals Company 
Box 11248 
Salt Lake City, UT 84147 
(801) 534-8111 

Kenneth Richards 
Vice President 
Kennecott Minerals Company 
Box 11248 
Salt Lake City, UT 84147 
(801) 534-8111 

Robert N. Pratt 
Vice President 
Kennecott Minerals Company 
Box 11248 
Salt Lake City, UT 84147 • 
(801) 534-8111 

Dr. Herbert Kay 
Vice President - Technology 
Amax Inc. 
Amax Center 
Greenwich, CT 06830 
(203) 622-3000 

Dr. Laurence Lattman 
Dean 
University of Utah 
209 Mineral Science Bldg. 
Salt Lake City, UT 84112 
(801) 581-8006 

Donald McPherson 
Vice President - Technology 
Kaiser Aluminum & Chemical Company 
300 Lakeside Drive 
Oakland, CA 94643 
(413) 271-3300 

Dr. Eugene Michaels 
Director of Research 
Amax Research Laboratory 
5950 Mclntrye Street 
Denver, CO • 80212 • 
(303). 279-7636 

• v . 
-31-

. Minerol Systems Inc. 



Paul Quenau • 
Research Supervisor. 
Amax Research Laboratory 
5950 Mclntrye Street 
Denver, CO 80212 
(303) 279-76'36 

J. S. Morrison 
President 
Anaconda Copper Co. 
Sub. of The Ana,cond.a Company., 
a Sub. of Atlantic Richfield Go. 
555 17th Street 
Denver, CD 80202 
(3.03) 575-4000 

J. Anderson 
Sr. Vice President 
Anaconda Copper Go. 
Sub. of Thie Anaconda Company, 
a Sub. of Atlantic Richfield Co. 
555 17th Street 
Denver, CO 80202 
(303) 575-4000 

Dr., Wi Tl iam Muellar 
Vice President -"Academic Affairs 
Colorado School of Mines 
Mining Dept. 
Golden, CO 80401 
,(303) 279-0300 

Dr. William Partridge 
University of Utah Research Institute 
391 A Chipeta Way 
Salt Lake City, UT 84108 
(801) 581-5226 

Robert Schoemaker 
Manager of Metallurgy 
Bechtel Corporation ' 
Box 3965 • 
Sari Francisco, CA 94119 
(415) 768-1234 

F. J. Shortsleeve 
Vice President 
Union Carbide Corporation 
270 Park Avenue 
New York., NY 10017 
(212) 551-2345 
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William Stern 
Metallurgical Consultant 
Ariacorida Coppet" Co, 
Metallurgical Research Oept. 
Box 27007 
Interstate 10 E & "8000 South GoTbe Road 
Tucson, AZ 80202 
(602) 889-5361 

Milton H. Ward 
Executive Vice President 
Freeport Minerals 
200 Park Avenue 
New York, NY 10017 
{212 J .578-9200 

Jack' Webb 
Vice President - Government .Relations 
Gulf Resources and Chemical Corp. 
1100 Milam' Bldg. 
Houston, TX 77002 
(713) 658-0471 
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^ ^ ^ In-Place Leachihg at Miami Mine, Miami, Arizona 

by James 8. Fletcher 

Leachirig of the block caved mirie jroin 1B41 through 1970 is described, and the ivi-
prov.emeiUs made arc listed. DeUtiled is :the iricreased knowledge of ledchiiig gamed 
throngh tliis operatipn, including methods used ITI forecasting prtyd'iiction, predic­
tion!, of the economiciil end poiiit, rate of reoovefy, aiid ultimate recOvefij. 

I . •'\'(,H 

The Miami mine, is located near the town of Miami, 
Gila County, Ariz. The Miaimi mine started miriing in 
1910 and finished in July 1959. The .pre body was divided 
and'mined as follows: 

Tons 

Hiah Grade. 24,400,00!) Top slicing, subkH'el rnvinC. etc, 
J-,QW Grhdc IOS. 10.0,000 ,., Blftck .c.ivlng 
Mixed ore S;800.00O ' Bloelt'cavinf! 
l ^ w Grade # 2 irj.l'OO.OUO Bipck c.ivinfi 
Tr ta l MininB 1sz,40O,0O0' 

Geolpg-y: Ore minerals are largely in Precambrian Pinal 
schist intruded'by tertiary Schultz granite porphyry and 
covered to some extent by. Quarternary Gila conglom­
erate. Tlie structures are highly faulted and shattered. 
The Miami fault on the east cuts oil the ore and the 
Pinto fault on the southwest caused reoxidation of .en-

. i-iehed sulfides producing-mixed ore. 

Mirieralogy r The chief'iriineral is chalcocite, with chal­
copyrite, bornite, covellite, malacliite, azurite, chryso-
cola, cuprite, native copper; and molybdenite as mioor 
minerals. The .pre minerals occur in seams, veinlets, arid 
d issemi nated pa rticles: 

In block caving there is always .some dilution, and 
drawing of oie stops when the grade drops past an eco­
nomical point. This results in 'a .small amount of copper 
left in the stopes below the capping. There.is some cop­
per in the capping^ probably below 0.03% or les.'; than 
0.6 lb per ton. Over the low grade No. 2 oie body and 
portions of the high grade, there was an oxide capping 
which was not mined. The crushed pillars are another 
.'50 u rce of copper. The Jeach ing, a t Miami is an attempt 
to recover this last remaining copper of a worked-out 
mine. 

The enrichment at. the Miami mine had gone fnoriS 
nearly to completion than most ore bodies-in the spiith-
west. There is practically no pyrite in the'capping arid 
\-ery little in the pre: 

Leaching 
Leaching started on a; small scale in December 1941. 

Sorrie.of the early problems that were met are as follows: 
The first, leaching was tried, through the conglomerate 

over the high grade mining. No solution came through 
the fault. There had been mining below the high grade 
since the first leaching; which had broken the conglom­
erate for the second time, but this problem has not been 
completely solved to date. 

The next leaching was tried over the rnixed ore body ' 
with water. The •solution came through with very iittle 
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copper. Water was tried over .the,sulfide stopes with n o ^ 
recovery of cppper. Then acid w.as added to the water̂ f 
over the mixed ore. The first leaching was started with^*^ 
a 3%, H'jSOi soliition which wa,'! Immediately dropped tB| 
a p.6% solution. At the present time we try to, coritrol! 
the HLSOI feed by the amount of free acid in the<^preg-j 
riarit solution. If the^acid in the pregn-ant solutiop drdps| 
mucli belovv 0.5 lb H-SGi per ton of solutiori, the pumpsi^ 
pipe lines, sumps, etc., are-clogged with iron salts. 

The early thinking was that the reuse of the ferrou?| 
solutioh frona the" precipitation plarit would clog the^ 
caved area and stop the leaching. 

In order to leach sulfides it was realized that Fe"' 
woiild be necessary, and several attempts were made tf̂  
manufac.ture-'a high. Fe"' solution. It was discovered thall 
by adding acid: to the off-solution from the precipitatingj 
plant, Fe" was converted to Fe'" aS the solution wentji 
through 'the caved gro-und. The equation for this reac-' 
tion is: 

4FeS0. -h 2H-.SO. + O.-, Bacteria 2Fei(S0,) . + 2H=0,'j,, 

The ferric sul fate-reacts with the coppe^r sulfide miti-
eral, chalcpcite. to form coppisr sulfate, ferrous sulfate, 
and elemental sulfur as shown in the following equa­
tion: 

Cu...S + 2Fe,:(SO,), Bacteria 2CuS0. + 4FeS0, + S. 

The ferrous sulfate is then reoxidized by the iron-
oxidizing bacteria to form more ferric sulfate, and the 
cycle is repeated. The eleriierital sulfur set fi;ee in the 1̂  
dissolution of the copper mineral is oxidized by the 
sulfur-oxidizing bacteria, Thiobacillus Concretivoues, in/^ 
the presence-of-oxygen arid water, to form, sulfuric aoidî 'j 
as shown in the following equation: 

2S. + 3 Oi -f 2H;6 Bacteria 2H,SO,. 

The iron-oxidizing bacteria, Thiobacillus Ferrpoxidan.j^ 
and the sulfur-oxidizing bacteria, Thiobacillus Cgn-^ 
cretivoues, are present in the Miami solutions. 

Miami reports assay values in terms of pounds per ton^ 
of solution'. Practically, it is.a simple term, because:ali-
pumps are rated in gallons.per minute and we talk in H 
gallon's per riiiriute and days. 1 ig'al = 8,-1/3 lb; thei-eforeXi 
i gpm for 24 hr - (8-1/3 X 1440/2000 = 6 tons, ^ 

Requiremerits: The Miami plant was designed to tre at ̂ ^ 
2000 gpnn and tb produce 1,500,000 lb Cu per month OT ' / 
50;p00 lb Cu per day, Therefore. 

2000 gpm X 6 = 12,000 tons of solution.per day 

50,000 
= 4.17 lb Gu per ton of solution 

12,000 
+ 0.04 Tail 

4.-2I 
+ 0,07 Smelter Loss 

4,28 Required Assay 
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'"! Leaching can best be thought of in four dimensions; 
.j The first two dimerisions are-the surface to be covered. 
;iWe have, apprdximately 5,000,000 sq ft to cover. OneT 
; half of the area was covered in the first 20 years, of 

^; leaching. The .entire area.had been covered in the next 
tour years. Since 1963, the entire, area has been under 

''i leach. 
'̂ .', Tailing water from the precipita'tirig plant constitutes 

.•;,i the niost importaht source of leach solution. Water losses 
"'• occur principally frpm evaporation and' at Miariii they 
,vv approximate 10%. Eresh w a t e r i s used as wash water in 
, i'the precipitating plant, and usual ly supplies the makeup 
' i water to maintain the 2000 gpm from uriderground. Acid 

,;J is immediately added to the pff-sokition at the,sump to 
;,j bring the solution to 0,5 lb Hi.SO, per ton of the solution. 
'-1 -This keeps- the iron from precipitating but, which gives 

.J; us a clean sump, pump, and pipelines tp the caved 
*;: ground. This strength acid does not deteriorate the ce-
• Iment asbestos pipeline. When the^ solution reaches the 
jcaved ^ground it is measured in weir boxes and addi-
•i tional acid'is added to bring the strength up tp the acid. 
, required at each area, From this point on, the solution 

is carried in polyethylene plastic pipe to the point of ap­
plication. We have u.sed ponds, sprays and drill holes to 
introduce the solution to ,the caved ground. Due to the 

,(• uneven surface slope encountered' in the caved area, 
J sprays are the iribs-t satisfactory. Sprays also allow the 
;' solutioh to be introduced slower than by pond irig. Drill 
'ij holes were used in an attempt to introduce the sblution 

below the conglomerate' cover east of the Miami fault, 
Tlie solutiori descends vertically from the. point, ot 

;j application except where sealed off by the heavy gouge 
of the Miami fault. Holes that were drilled, through this 

^ gouge leached an area apprpximately 50 ft in diam di­
rectly .below- the hole. To leach this area wou.ld reiquired 
drilling on 50-:ft spacing. 

;i The third dirhensibn is the-ampunt of ore and waste 
; lo be penetrated. This averages about 600 ft, Gf this 600 

' \ t t ; the bottom 150 ft contains the rii'ixture .of pre and 
•waste we are leaching. We try to maintain the under-
.^o.und collecting system so that we have.a.free' flow"of 

..'- wafer in the main haulage ways and we have a few 
.! fKey sampling-points. 

*•' The fourth .dimension is the time factor. It takes from 
I to 4 weeks after a spray is turried on to the surface 

'Sfor i t to come through bri the lOOOlevel. The, same spray 
. ;] will drop off in about 2 weeks,after it is turned off. 
•,ll The next point is hpw lo.ng can tlie. spray remain at 
i,!!ohe place before the grade drops. This depends on th'e 
Ĉ  ^amount of ore in the area being leached. I t is praeitcally 

. ^i4mpos,sibIe to correlate the.-iuining extraction records 
• '•% With the material to be leached. .So when a ne'w area is 

I ' • 

,'":to be leached, the spray .is turned on and there is 
,„.| .a i«,:aiting peripd of 3 to 4 weeks -before a sample can be 
• ''̂  taken underground. 

''$ The sprays are left i n one place until the grade from 
• 'J'that area drops below 2 lb, Cu per ton. The spray is .then 
fVturned off and the area allowed to lie idle for a period 

I'f: of time. The rest and leach periods are alteriiated over 
Jand over. The second tirrie over an area we. can remain 

about .brie-half the time used originally and recover 
about one-half the amount of copper. The thi'rd time 
over it is one-half the second, the fourth is one-half the 
third, etc; 

There are several explanations for this. During the 
rest .period oxidation of the sulfides may take place, 
but since we are leaching with an acid ferric sulfate 

.'I solution and frbm obsei'yed action on the surface it 
appears that a reverse capillary action is the best ex­
planation. A copper-bearing boulder can be put in a 
flow of a leachirig solution, then the sol ution. remo ved. 

it 

''. 

and as the. boulder begins to dry, a copper oxide coating, 
forms on its surface. Wheri a cppper-bearing .rpck is 
brokeri,'it u'siially cracks on the mineralized seams and 
sho.ws'that the splution is actually penetrating the rock. 

The.sulflde areas dbno t give as high grade a pregnant-
sol uti on as the oxide areas. The leaching of chalcocite, 
the-predominate ore at Miami,..seems to take two steps, 
which are expressed iri'tKe'fdllowirig.reactions: 

CD Cu-^ + Fe:(SO,')» = C u S G , + 2FeS0, + CuS 

(2) CuS + Fe.CSO,), = CuSO, + 2FeSG), + S, 

The first reaction takes' place fairly rapidly. The 
second reaction is much :slower. Chalcopyrite, a minor 
ore mineral at Miami, does leach but at.a" much slower 
rate. 

The time to allow for an area to r,est is difficult to de-
termine due to the -varying depth of the column being 
leached, and the type and amourit bf niirieralization. 
With a depth of 600 ft, the minimuni rest period seems 
to be one month. 

To Jan, I, 1970, th'e Miami inine hasproduced by leach­
irig 261,000,000- lb of copper. The iron t̂ o copper ratio is 1.3 
and the acid to cqpper ratio is 2.4, both figures basfed on 
net smelter returns. It is apparent that the largest fac­
tors afle'c ting the ;cost per pound of copper are the iron 
and acid, consumption. If the acid in the pregnant solu­
tion becomes too high, the iron consurription pei- pound 
of copper will ;go up, (The ferric iron in the pregnant 
solution-also-affects the iron consumption.) If the ,acid 
strength is too high, the,gangue consumption of.acid will 
go up. The acid strerigth is kept belpw 15 lb even in the 
high grade pxide areas unless the ore is very c;los"e to the 
surface. The time lag between the solution entering-the 
caved ground and the same soliition appearing under­
ground where it-,can be. sampled and assayed rfiakes this 
problem of control difficult. The best way we have found 
is to keep graphs of the assays'of the underground 
sample points; From these graphs we can check the 
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Fig. 1—Typical assay feporfs For 1962 end 1968. 
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Fig. 2—Assay ond. Copper production by months " 
from start (1969) to November. 1970 with o pro­
jection to 1971, Miomi mine. 
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~il!i -'ii [f"-' -'î  'ii' '-'• * -̂' ii iii ii^i;; iiii' 
i : ^ iii, ! T j ; ; : jii ir;: ji: iiii :[;; i;: -M iii] i] iiiii 
iiiJj|i 'F; j i i iii; ijl j | ! : iiii ijl' ;|ij jjj, iii :::; jj; Bj; ! 
;;;S^;;;; j - ! : -iji ;; ;;;; n -i.-. ii;: •[ i::;;:;:!;;; :u;: 

iSsiiiiiii-iniiiNiiiiidiaiiii; iipiliPl 
ilipiilliiiii lii^iiiiiiiiil 

pi:,;;s;: j , i | i i ; : ;ni i j . j i : i ; : : :ni l=??£?3J5'; ''^••^ 
';;;;;;; ^ i " ; ; • ; * iiiiii;:;;::;••:•;;; ,i I'i i-• :i- H^ P - - , ^f 

; .iiijii i' .'ii iii; i iii mi iii; i-i:!!!!! 'iii " 'i'- iiii î i i'i'..,' ii-"-: 
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trctid nnd ;iiniicipate ,a drop in grade or n decrease in 
aci di con sumption,-

Thc operation .since liltiS, the lime wjien no' new 
ijr'eas to leacli •v\'e,i-e added, shows a: gradua! drop in 
grade: of the .pregnant'.solution from, 4.O.S lb -pijr ton in 
1963 to ,3il01b per'toh in -ims. 

li-On salt.s'-do .precipitate as ..the-.solution goes tlVrriiigh 
the caved material. From the assay report. Pig. 1, it ,t:an 
be seen that iron loss from the ,isave area feed, to the 
precipitation plant feecl is 4,2 lb Fe per ton of solu tioii 
to 1962, In lOGa-tlve loss is 2.(i lb Fei per ton' of solution. 
It. hos been our ^experi-erice that there is no-pUi.gging 
action of'the cave gfpun'd-from these basic iron salts. .It 
is not known where tlie iron precipitates, hul is probably 
high i n t h e column. 

Since the tail solutio'n from the iron laundecij is to "tic 
r'e'circu.lated the a,)-gunient always occurs; 'why mske -a 

Tahle 1. Assay Hesults in 1967 

Year 
I'.tr,-, 

Ju ly 
Auiiu,?? 
Si^p^tiiiibcr 
OL-lSbet-
l^os'timbbr 
Detjcimht:r 

Cu •As.sav, 
r.ti per Ton 

'Fei^d l.O i " l a i i i 

a:.7,-r 
a-G,-) 
2:29 
2.4(1 
2,;(n 
•2.-in 

Cil 
piit---] 

_1L)U-I1' 

Assiiv, l .h 
on (t f flircii-
f l i i l Sol 11 i ron 

0.(1^ 
l.OS. 
I.;i7 
I'. 07 
1.0H-
(1,75 

Table 2. Copper Cities Dam Nii. 1 Assay Report, lanuary 1964 

T.6 Diimp 
. FrorniDuinp 

DitrorciTfx^ 

f'JpiH 

47.7 

-J'o'n s 

BBi7a2 

Ifi.Odfi 

1.3,') 
1.5"!i 

,'141.0B7' 
.l.l.''fl,37fi 

24.fi9'r 

•l.O.'J 
0.42 
(i;GT 

0..'),=i 

' o .n 

Tahle 3. Copper CiljesDam Ho, 1 Assay Report, October 19G4 

'' 

To'D'ui i i 11 
Ft-iism'iriiiMii|) 
DIIVUI-QIU-I-

Cu .Assay, 

n.oi 
li.lO 
1 .na 

F f , 

a.ori 
n.2o 
s;fi;i 

I1;SO, 

o.nd 
o.nn-
'o.ip-

good rteegvery? It has often been p|-opose,d to ri5circulate 
low giade solution Isaek thi;q.ugh the same area- (•with 
additi(.in of acid) in-order to upgrade the solution to the 
iron Jaunclers, A strike was called at Miami in August 
19.̂ 4, The pregnant splution was pumped from the mine 
iind stored in a pond on the mill tailings diim. In Sep-
'lomber this solution, which asBa;'ed,5 lb Cu per.ton, wos 
pumped back to the leaching areas, riiore acid •was 
added, and sprayed back on to areas. No pickup in the 
pregnant,, sol uti on was noted: -in the .following months. 
The; pregnant solution fi-qm the mine continued to assay 
5 lb 'p'cr ton as- it had prior .io the strike. Miami was 
ai^aiti on .strike in igtiT, ©nly the. minimum ;ainouiit of-
•washing of the iron laundDrs. was allowed. The assa;* 
results in Table: 1 show tlif't recircul;UJon die) not up­
grade (he sohjtion. 

'Acid was added to bring the, acid strength of the re-
ci'rculated'solution to the:nprmal spray so'Iutioh. 

Mianii Cppper lias two othe& pr opart ies; ,Castle Dome 
and Copper Cities, where dump leaching is carried on. 
'In both operations the .dumps, contain ^enough pyrite so 
that acid is :not required ,:for leach'ihg. No, 14 dump al 
Copper Cities mine was producing a low grade solution. 
Iii'*D.eG'c,hvb.ef 1364 it was decided to try recirc.uJati-ng'N'o. 
,1 d.am pregna-n-t solutiori over thi's dum,p wi'th the hope 
that fhe -.Fe'" and-',l-,l;.SO, in .the, solution would.help tl'ie 
•leacKing. O.n .Dec, 21, IQ64, 500 gpm of No. 1 dam solu­
tion was started on the dump. The assays for the rnonth 
of January 1964 showed thelt.esults given in Table 2. 

From Tabic ;2. it is .apparent that, no copper is being 
leached from the dump to date. The copper assay shb'ws 
such,,a,,sma'll drop that it could be in assaying-. The only 
positive reaction is-tbe loss 'of iron in the dump. The as­
say'fijont. this dump the last time it was run (;Octob,ei-
1964) with tHi! solution is given in Table 3. 

,In 1969 a |3prtio,n of t.he Miami' ore 'body t.ha.t was. tog 
' I'ow grade to mine by caving, was min.ed. 'b,y opett pit 
and dumped into the ca'\'ed area adjacent to the mining 
area. This resultGd.in 200,000 sq ft of level area, i'deal :fô  
Teaching, containing "1,348,172 tons assaying 0.78% total 
Cu, 0.5.9% o.xide Gu, Shd 0.19% sulfide Cu or 21,000,000 
lb Gu. The solution- came ;thrDugh to the 1000 level and 
itiixed with the soliition :[rom other parts pf tlie mine. 
However, we we're able to •̂ ^̂ eir and assay this'solution. 
From the results obtained from tliis area a close ap­
proximation of the overail recover can be" made, fhe 
graph; fPig. 2) shows assay and coppei' production by 
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Fig. 3—Projected ossays ond produciion, wilh flow oF 2600 gpm, 
i Miami mine. 

months from the start to N;.ovember 1970 with a projec­
tion to 1972. The maximum How that can be-sprayed on 
ilhis area without excessi'v'e pooling is 900 gpni. This 
Igi ves a flow rate of 0.45 gpm per IOO sg ft with a loss 
lOf 10% by evaporation and gives-.a recovery of 800 gpm 
'froni this area. 

AUhpugh the ;plant was designed for a flow of 2,000 
gpm, as the grade dropped the flow was increased in 
.order to keep the production as high as possible. At th'e 
'present time 2600 gpm is the .maximum flow without 

major changes in the puhipirig syste:rn and precipitation 
plant. "With the '5;"000,000 sq ft of area available, if the 
entire area wer.e covered, it would "give a flow'rat^ of 
0,052 gpm per 100 sq ft. Using 2600 gpm, a graph of the 
projected assays and prpduction was made (Fig. 3) . 

Assuming .the. following -cost and the projected pro­
duction of'4,606,000 j b for 1980, the ecooornics w.ould be 
as follows; 

Assumed Cost; , Acid $25.66 ton, 1.25^ per Ib 
Iron ?64'. 00 toil, i.2f per lb 

Iron to Cu. ratio:: 2 (as the 'grade dif the' solution, 
decreases, the iron consiimption inci'eases due to Fe'") 
Acid to Cu ratio: 2.3 
Gives: 

'1.25if X 2.3 = 2';875(! per lb Cu 
3.2^ X 2 = 6:400^ per .lb ,Cu 

Freight, Smeiting,-and 
Refining = 7.00^ per'lb Cu (Assumed) 

Total Fixed Cost 16.275f 

As iha prpduction- drops, the manpower could prob­
ably be cut. But for tliis study, assume an operation 
cost of $3000 p'er day which would include labor, power, 
taxes, overhead, etc: "Using the.projected.copper produc­
tion of 4,000,600 lb for the year 1980 gives: 

4,000,000 

365 

,$3,000 

= l6,959"lb Cp per day 

10,959 

.16,275i.' -}- .27.-375t' 
the year 1980. 

27.375^' per lb Cu 

43.65<! .total cost per lb Cu for 

Therefore, the ultimate recovery vvill depend on tlie 
price of copper. 

The 1,348,172 tons mined in 1969 were dumped into an 
area of 200,600 scj ft -with an average depth of 135 ft. 
From this dump it is projected to have a recovery of 
80% in 3 .years. If the area could have been doubled, 
1800 gpm of solution could have been sprayed on the 
dump with a quicker recovery. This dump was rhostly 
oxide which gives'^a'cp'mparably rapid recovery. The ore 
broke fairly fine with very few rocks over 12 in. in 
diam. 

CA-^ea . ,,1-it^^ 

i.^fi:CfJJrJa OCCy.^J 

-rHJi.ir G ^ o , < ^ ' ^ . 

i i ,T l " i , 

""V"" 

Fig, A—Schematic of leaching at Mi­
ami Copper unit. All pumps ere type 
316 SS: \ ' 
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Tsble 4. Operating Crews/lnr Miami Leach Operatipn 

Prec ipUat ing Plant , l - d a y oper-
i t i i im i 

Uii-dcrii i 'oun'a, ^-cl.-jj' 0T?t-:i-nii6ii • 

jMflinteiKinc&.orc'u-s, fi-Qm c i 'p jK ' i ; 
'C ' i l i t s . 5-'ci;vy„oiJi:.i-al!un 

I'-Qpci-iitoi- or- pu innma i i 
1 Eqii1piT10ht.'Dpt;r.nt01-
1 Grivc,;'u-ca p'^Jiipn^nn 
;t Cel l w,is!-vt:r,s 
1-Fori! nis n 
3, 'r i i i ibci-rfL'WS, ft iiiL'ii 
2 Hois l Cll'H1150f]-a 
t Fc]i;E,'ri].'in 
1 PipLMlliljf 
1 M.-ichinisit 
l 'Mci ;h: fn io 

-.i'sWiUs 
D.n'y.sliifl, 
Dav sh i f i 
Dny sh i f l 
bny Ehi t l 
,Driyshi£t, 
Dji.^'?slii f i 
D,Tv-sliltt 
D.iy sh i t i 
'Da'y-sli i f l 
Day s t l l f l 

At the Copjjer Cities mine; as the::.dump. material came 
from lower in the m'ine, v^dlere. chalcopyrite was the 
.tnaih niineral, th.e .rate, o.f recovery dropped' rapid.ly-. At. 
Castle Dome mine, at, the toe of tiie dunips, wlvich a ie 
corhposed of large boulders, leaching is very slow. 

The' precipitating plant at Miami is sirnilar to others 
in the southwest. The only difierenee is the-method of 
celTloading. Detinned shredded cans are received by rail 
and unloaded by a magnet. The magnet drops the cans 
into a hopper which feeds a belt conveyor. The belt' 
travels over the center of the cells, and by means of ,a 
traveling tripper the cells are evenly charged with iron. 
The precipitated copper is washed from the cans through 
wooden screens by high pi-essure water. The pi-qcipitates 
discharge Oiito-a .decant slab, 'Washing is done on the day 
shift only. Solutions are drained from the precipitate'd, 
copper an'd pumped back to- the x-ells^ qn 'the: a.fternoon 
shift. The copper is rripved from the decant slab to a 
drying stab early the next morning before washing' 
begins. The copper is moved with -a front-end.loader. Tlie 
same loader loads the dry copper into the vailrobid ĉ vr. 
The copper is shipped to the smelter at Douglas, 

The plant operates every day in the.'year. The copper 
recovery at the plant is 99% or 6,04 lb Cu per ton of 

-solutipn lai!. The, p'recipiiales shipped average 23.5% 
moisture and assay 79% copper. 

The operating crew df the plant is listed in Table4. 
The .overall recovery by leacliing at Miarni will be 

impossible to determine as we do not know exactly how 
much eopp.er we had at the start. A percent recovery 
fi'gure for leaching Is: a misleading figure, A .50% recov' : 
\'ery df a l-9(. oi-e body would be poor, 

Th'e first \^% or' 20% of the copper i:h -place' is very.: 
easy to recover, 'It is pnly pos_s,ib!e through ca;i-efu! at- _, 
tention tb details to maiiitain a steady pioduction and .• 
to get a gqp;d overall recovery by tliis method. 

To give a complete picture of the leachirig af Miami, 
a-flowsheet-, CFig. 4,1 :and two typical assay reports (I'ig, ' 
.1) are included.-

Stimmary and Conclusions 
1) Leachi'ng in place of a blocl': caved mine recovers 

the'remaining cqpper. 
2) Oxide minei--c>ls'le-iiched with H^̂ SOi solulion, • 
3) Eerfic sulfate solution is hecessary for leaching , 

sulfide niinei^als arid can be obtaihed by utilizing the 
action of bacteria on the ferrous soiution from the iron 
huindei-s. 

4) There is no. plugging of the ground by disposition 
of iron salts from the I'eciaimed soiution. 

5) Sprays were found to be the most economical and 
simplest vvay to introduce solution to the caved area. 

6) Recirculation does not upgrade the solulion; there­
fore, a,good stripping of tl-ie solution in. the iron launders 
.is good, practi ce_. 

7) A rest pei-iod is util!-<;ed to induce reverse capillary 
actioii, 

8) Rate of leaching, is controlled by the si^e of the 
material, type of mineralization, and the area, available, 

9-) The" economical end point and. recovery can be 
closely pi:editte_d by graphs of the leach ing. 

I. 

••I 

TECHNICALXNOTE 

"it ize Distribution General Law of Fragments Resulting 
from Rock Blasting 

by C. Dinisda Gama 

Pl 

In mining; all unit opeiations aVe closely interielated, 
and the results pi blasting are probably the key factor 
w i f h in. that segue ii.ce'. 

Thi2; drilling program prior to blastitog is just as de-
peh'dent upon the desired rock fragnientXtion as are the 
loading, hauling, and mechanical i;rushiW; pperatioris 
which are- economically -and technically iMuenced by 
the results of blasting, tia'riiely, the size ano\scatter of 
the prpduct, 

•What is known today as optimum blas t ing\ i s the 
prQcess. of designing a blast in oi-'der td obtain a cWtain 

• degree .of' .£ra,grnenlat-ion so' that overall mining- costs 
are minimized. Applying this criterion-ofteti. re'SviUs i.iK'-a 

C O . DA GAMA, Member AIME, is Assistont Professor, Llniyersity 

of Luondo, Anqblo, Portugal. TN 71AM203, Monuscripl, Jun. 19, 

1971. 

.;! 
ditlei-ent. prOgrani than when an individual blasting 
pattern is chosen only on the basis-of'the lowest opera­
tional cost for that pattei-n, disregarding what comes 
before gr after the bla'st. Fig. 1 shows the characteristic 
variation of mining, unit costs 'iv,vth the degree Of .frag-
mehtatioh, or the maximurn size of blocks obtained from 
blasting.- Froiri the figure, it can be seen that optimum 
breakage must cor:resppn.d to the io.yvest tptal. .costs, but 
reducing drilling-blasting costs only-does not achieve 
such ah'Optimu.ni s.olution.-

Methqds of. designing'.surf ace or undefground blasting 
Operations should comply with the optirnization cri-
l.eriori, butihis.'cijrhpliance. is. feasible only if a detailed 
mining system analysis is a\'ailab]e. Therefore, predic­
tions of costs- of loading, transporting; and mechanica! 
breakage' of ore a s a function of its size will define a 
i^iarrow rajige of variation for drilling ahd blasting 

rame ters in order to get tiie minimum t.pta! costs. 
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O r e 

ru 

N-12 
o-4a 
J-44 
X-I5 
K-57 

Total 

Table 1. Summary 

T . 
Gpd per Kt 

54.000 
72,000 

±25.000 
34,000 
40.000 

of Devmerlng Systems at Pine Point Mines, 
iatmj^ 

s 

o.ois 
0,0.35 

±0.02 
0.006 
0.001 

y 1970 

NuVb 
nrlll>>< 

8 
9 

10 
12 
10 

47 

e r of W e l l s 
F u m p i n p 

\ 2 
>sO 

iK 
i i \ 

6 \ 

38 

P u m p -
a g e . 
MfTd 

2.2 
10.1 
10,8 

7.9 
7.9 

\ 3 8 . 9 

D r a w ­
d o w n , 

F t 

70 
• 7.1 

71 
57 
51 

was run under carefully controlled conditions forti total 
of 17 days. A single well was pumped to waste at\1140 
gpm for 13 days and then a second well was turnea\pn 
at 750 gpm for 4 days. During the entire test perioij 
drawdown measurements were made in the two pumpir 
wells and in 10 observation wells. After 272 weeks of 
pumping, about 15 of the required 40 ft of dewatering 
had been achieved in the center of the ore pit. 

Extrapolation of the pumping-test data was done 
largel.y.by methods described by Cooper and Jacob,^ to 
provide a basis for dewatering design. A pattern of six 
production wells was recommended to provide rapid and 
complete dewatering at all points of the ore pit, with 
an adequate safety factor for equipment breakdown. 
After the additional wells were drilled, a delay in the 
mining schedule provided sufficient time so that only 
three of the wells were required to complete the nec­
essary dewatering. 

Pumping-test methods were applied to two deep pils 
by mine personnel and the designs were reviewed by 
our' firm." The testing conducted by mine personnel pro­
duced highly satisfactory results. By 1969, the extent of 
dewatering operations was such that the mine added a 
hydiiogeolqgist to the staff. 

The scope of dewatering at Pine Point Mines is indi­
cated by Table 1, which gives design parameters and 
results as pf January 1970. Ore pits as large as 2000 by 
3000 ft in areal extent are being dewatered by peripheral 
wells. Plans calling for development of new ore pits 
having several benches thai require dewatering will r e ­
sult in greater pumpage in the future." The differences 
in aquifer transmissibility and storage characteristics 
highlight the need for individual testing of each ore pit. 
Costs of dewatering are reported to total 30(J per ton of 
ore mined in 1969. These costs are about one-third capi­
tal expenditure and two-thirds operating costs.* 

The results demonstrate that dewatering of open pit 
mines may be accomplished in a satisfactory manner by 
high-capacity peripheral wells, provided hydrogeologic 
condilions are favorable. The separation of such wells 
from the immediate area of mining activity provides 
advantages of efficiency, equipment protection and op­
erating convenience. In cold climates, peripheral wells 
do not have' troublesome freeze-up problems during 
equipment failure that may be experienced with central 
sump-pump systems in exposed open pits. 

Aquifer testing by conventional and relatively simple 
lethods can provide data for dewatering design. Testing 

programs may be tailored to the hydrologic and eco-
nortvic scope of the ground-water problem. Purnplng-test 
metHods permit proper selection of well spacing, aid in 
produotion-well design and provide a basis for pump 
selectioV all features that result in efTicient and eco­
nomical dewatering. 
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DISCUSSION 

In-Place Leaching at Miami Mine, Miami, Arizona 

by James B. Fletcher 

Transactions SIVIE/AIIVIE, Vol. 250, No. 4, December 1971, pp. 310-314. 

Harmon E. Keyes (Che7nical & Metallurgical Engineer, 
Eagar, Ariz.)—Chemical dissolution of chalcocite by 
acidic ferric sulfate is well known. Resulting elemental 
sulfur may be oxidized to sulfuric acid by heated ferric 
sulfate. Laboraiory lests al Southwest Experiment Sta­
tion, USBM, Tucson, generally confirmed stoichiometric 
relations of 1 part Cu dissolved to 1.750 parts ferric iron 
reduced, using CP chemicals, dried ore samples, and 
apparatus cleaned with potable water. Recirculation 
with open-drainage percolation to increase copper in 
leaching solvent was followed successfully when ap­
propriate, both in laboratory and Pinto Valley pilot 
tests.' 

Before 1924 attempts to produce ferric sulfate by 
aerating ferrous sulfate solution were known. Initial 
o.xidation was satisfactory, but rate slowed below prac­
ticality as oxidation progressed and acidity increased. 
Also, due to hydrolysis of ferric sulfate, a ferric pre­
cipitate of hydroxide and basic sulfate resulted. Both 
laboratory and pilot plant tests gave similar results, 
regardless of whether CP ferrous sulfate or scrap iron 
cementation discard solution was used. 

Rapid oxidation of ferrous hydroxide by air alone is 
well known to' analytical chemists. I demonstrated a 
process to produce acidic ferric sulfate solutions by 
precipitating ferrous hydroxide with milk of lime, aerat-
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ing lo form ferric precipitate in matter of minutes, dis­
solving ferric precipitate wifh sulfuric acid, and separat­
ing the calcium sulfate precipitate. Limestone can be.-
used under similar conditions. 

A USBM project was demonstration of a cheap method 
to produce acidic ferric sulfate solution applicable 
to leaching chalcocite. The well-documented- mixed 
ore acidic ferric sulfate leaching and electrolysis process 
at Inspiration was beyond the scope of smaller installa­
tions. 

The SW Experiment Station, USBM, prior to 1924, 
proved that acidic ferric sulfate solutions could be pro­
duced by aerating ferrous sulfate solution with sulfur 
dioxide and excess of finely divided air." About 1925 a 
cooperative agreement was arranged with Pinto Valley 
Co. Investigations were made and complete pilot plant 
erected and operated at this company's Castle Dome 
mine near Miami, Ariz. An objective was accelerating 
heap leaching of crushed chalcocite ore to compete with 
vat leaching.rates, thereby eliminating tight vats. Stoi­
chiometric relation of ferric iron-copper sulfate was 
contemplated. 

This pilot demonstration^ noted acid consumption con­
sistently higher than in laboratory tests. Calculations 
showed that ferric sulfate was regenerated in the leach­
ing columns, giving a higher ratio of coppei- leached to 
ferric iron reduced than stoichiometric conditions or 
previous laboratory tests indicated. This regeneration 
of ferric iron usually varied inversely with increased 
percolation rates. Estimates gave possibility of leaching 
crushed chalcocite ore in about six months, adding 
acidified' /errous sulfate. Accordingly, a patent was 
issued to Garret Mott, president, and assigned to Pinto 
Valley Co. about 1928. This covered regeneration of 
ferric sulfate in heaps. 

Independent of these investigations further evidence 
was secured proving increasing stability of stale of iron 

oxidaiion as acidity increased, and vice-versa. Research 
by me on regeneration of waste steel plant pickling 
liquors in Pennsylvania, about 1939, showed that ferric 
iron in acid of 10 to 20% strength resisted reduction to 
ferrous wilh SO2 of sulfur burner concentration. A pre­
vious book on "inhibition of chemical reaclions" verified 
this conclusion. Contacting this acidic ferric sulfate with 
S O J and activated carbon achieved successful reduction. 

The foregoing illustrations show pH as a major factor-
in controlling oxidaiion or reduction of iron in sulfate 
solutions. If iron is oxidized in a separate circuit, ferric 
precipitate can be dissolved by acid and applied to 
leaching at any desired strength of acid or ferric iron. 

Noteworthy advances in rhicrobiological leaching give ' 
new evidence on sulfide extraction.'-" However, the un­
expected ratio of copper dissolved to ferric iron reduced, 
demonstrated by Pinto Valley Co. at Castle Dome mine 
during 1926-27, probably furnished the first documented 
quantitative account of .what now is recognized as bio­
logical acceleration of chalcocite leaching. 

Local conditions may determine whether direct 
chemical action witlti ferric sulfate or biological effects 
dominates heap leaching of chalcocite. 

In conclusion, as stated by Mr. Fletcher", a controlling 
leaching factor is rate ingress and egress of the solu­
tion along the mineralized veinlets of an ore boulder. 
This, and many olher variables, niay offset differences in 
effectiveness of various leaching agents. 
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Cost of R ^ m a t i o n and Mine Drainage Abatement, 

E l i t e Demonstration Project 

11 

w 
i 
sis 

by R. B. S c o t t X C. Wilmoth, and R. D. Hill 
" '0 

'J it 

.4 cost breakdown is given for reclamatiohiMnd mine drciinage abatement conducted 
by the Federal Water Qiiality Achm7!ist7-ation's de77ioi!stratio?i project near Elkins, 
W. Vn. Costs for C07i.st7nicti07i of co7itrol measwKes have been developed and i7ichtde 
bncJc/iUi7ifir strip mines, sealing subsidence areas, r^onst rnct ing stream channels, and 
installing mine seals to prevent the entrance of ivate)\and air. 

Acid mirie drainage, discharging from coal beds, has 
polluted our streams and rivers since early times. These 
pollutants affect water quality by lowering the pH, re ­
ducing natural alkalinity, increasing total hardness, and 
adding undesirable amounts of iion, manganese, alu­
minum, and sulfates. The tangible damages are the costs 

R. B. SCOTT, R. C. WILMOTH, and R. D. HILL, ore with Federal 

Water Quality Administration, U.S. Dept. of the Interior, Elkins, 

W.Va, SME Preprint 70AG349, SME Foil Meeting, St. Louis, Mo., 

Oct, 1970, Manuscript, Sep, 23, 1970, Discussion ot this paper, sub­

mitted in duplicote prior to Sep. 15, 1972, will oppeor in SME Trons-

acfions, December 1972, and in AIME Transactions, 1972, Vol. 252. 

involved in r«)lacing equipment corroded by the acid 
water, addition^^ treatmeni costs at municipal and- in­
dustrial water treatment plants, and damages resulting 
from corrosion of stfeel culverts, bridge piers, locks, boat 
hulls, steel barges, phrnps, and condensers. Intangible 
damages, which are reaPand important, include destruc­
tion of biological-life of che stream, reduced property 
values, and streams renderfe^ undesirable for recrea­
tional uses.' 

The major problems of mineXi'^'i^^Se occur in the 
anthracite ahd bituminous coal regions in Appalachia. 
However, many of the westein minink states have sig­
nificant mine drainage problems in specific areas, but 
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IN-PLACE LEACHING RESEARCH AT THE SENECA MINE, 
MOHAWK, MICH. 

by 

Peter G. Chamberlain^ 

ABSTRACT 

The Bureau of Mines is conducting a broad research program to promote 
in-place leaching of mineral values from ore deposits. One project 
within that program was designed to develop technology for in situ 
leaching of ore in underground mines. In this project the Bureau of 
Mines, in cooperation with Homestake Copper Co., attempted to develop a 
method of confined' blasting suitable for use in underground mines that 
would create enough fracturing in the native copper ores to permit 
leaching. Results of tests conducted at the Seneca mine, Mohawk, Mich., 
indicated that confined blasting without void space to break the rock 
into is not a practical scheme for preparing deep ore bodies for leaching 
if the formation is relatively impermeable. 

INTRODUCTION 

The Bureau of Mines is conducting a broad research program to stimulate 
in-place leaching operations in the country. Leaching is commercially 
feasible in dump and heap leaching operations; in situ leaching has been 
applied with some success to near-surface deposits. Research at the 
Twin Cities Mining Research Center focuses on fragmenting ore bodies for 
leaching at surface, shallow, and.deep depths. Current and past Bureau 
research projects in Arizona (_1, 3)'^ have provided technology for frag­
menting surface and shallow ore bodies for leaching. The work described 
in this presentation was an attempt to develop a method of fragmenting 
deep ore bodies for subsequent leaching (Overhead 1). 

Access to the ore presents a major obstacle to widespread consideration 
of leaching deep deposits in-place. There are many ore bodies, particu­
larly on the fringes of old raining districts which are too low grade for 
conventional mining and too deep to fragment for leaching from surface 
blastholes. In the project that is the subject of this presentation, 
the primary interest was developing ore bodies where access is gained 
via conventional underground mine development openings. 

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

Underlined numbers in parentheses refer to items in the list of 
references at the end of this report. 



The Bureau's research in developing a system for fragmenting deep ore 
bodies for leaching required a suitable field test site. Since Homestake 
Copper Co. has had an interest in evaluating the leachability of the 
native copper ores in the copper mining district of Upper Michigan and 
since that district represented the closest suitable test site for the 
Bureau's research, the two parties entered into a cooperative agreement 
for the research (Overhead 2). Homestake's contribution consisted of 
providing a test site in an underground mine, renovating the site into 
usable condition, and providing a limited amount of support for the 
operations. The Bureau designed and conducted all research in the mine 
and provided most of the services associated with the operations. A 
service contract was subsequently awarded to Michigan Technological 
University, Institute of Minerals Research, to perform laboratory "vat" 
leaching tests, porosity and permeability tests, water analyses, and 
emergency machine-shop work. 

The research approach emphasized developing blocks of virgin ore for 
leaching rather than leaching existing stopes filled with rubblized gob. 
Two basic approaches were originally conceived for fragmenting deep ore 
bodies for leaching—confined blasting from drifts and blasting to 
relief provided by raises or other mine development openings (Overhead 
3). For ease and economy, confined blasting was selected as the first 
research effort. It was hoped that confined blasts could break rock 
sufficiently even without swell space to permit leaching fluids to flow 
through the ore body. Such a system would be much easier to establish 
than a fragmentation system predicated on removing a percentage of the 
ore to create appropriate swell space. This presentation will provide 
results of tests conducted at the Seneca mine to determine the possible 
application of confined blasting for preparing an ore body to be leached. 

SITE SELECTION AND PREPARATION 

The resident geologist for Homestake Copper made the preliminary site 
evaluation. The Kearsarge amygdaloldal basalt seemed the most desirable 
geological setting for a test site based upon remaining reserves, rela­
tively recent workings which provided access to the ore, and water 
levels below any potential working locations. After several mines 
situated on the Kearsarge ore body were visited by Homestake and Bureau 
personnel, the Seneca No. 2 Mine, third level, was selected as the best 
test site. The mine had been abandoned since the mid-1960's—no surface 
facilities were available. 

The geology of the district is a series of basaltic flows—often inter­
spersed with conglomerate beds—which were tilted subsequent to their 
extrusion and now dip toward Lake Superior. In the Seneca mine, the 
copper occurred in the amygdaloldal top of the Kearsarge basalt. The 
dip of the flow is about 37 in the mine. Since no stopes are present, 
the third level of the mine apparently did not 'contain significant 
amounts of copper. The drift was surveyed with a metal detector by 
Homestake to locate copper so that a test site with typical mineralization 
could be selected. 



A mining crew from Homestake rejuvenated the surface facilities at the 
mine so that it could be used as a test site. Shelters were constructed 
for the Bureau's air compressor and for a small hoist. Airlines and 
waterlines were installed down to the third level where a plat was 
constructed. A man-car brought to the site was modified so that equip­
ment could be easily lowered to the third level. A small amount of 
retimbering was necessary to restore the shaft. 

After Homestake had reconditioned the mine to the third level, a Bureau 
crew laid airlines and waterlines along the drift to the test site. As 
a final step preparatory to the research, fractures and joints traversing 
the test site were mapped. 

TEST PROCEDURES 

The first research efforts at the Seneca mine were to determine natural 
permeability, porosity, and fracture characteristics of the amygdaloldal 
basalt before blasting. These data provide baseline information for 
evaluating the effects of the blasting schemes tested. They also identify 
any problems in containing leaching fluids within a specified area in 
the mine. Several core holes were, therefore, drilled down-dip into the 
formation for porosity and permeability tests. 

Effective porosity was determined by forcing a given amount of com­
pressed air into the formation at a known pressure to estimate the 
length of paths over which the pores in the formation were interconnected 
(Overhead 4). 

Several schemes for measuring permeability were tested in the core 
holes. The method which seemed to give best results employed a mechanical 
packer to seal the hole (Overhead 5). Water was then forced into the 
formation from the hole at a constant pressure (arbitrarily selected 
from 60 to 80 psi); the volume of water injected into the formation was 
recorded as a function of time. Where the extreme "tightness" of the 
formation precluded measuring injected water with standard water meters, 
calibrated beakers were used to catch water outflow from adjacent holes 
and hence determine the volume of water flowing between holes with 
respect to time. 

Baseline fracture characteristics of the formation were obtained from 
two sources—geological mapping of joints in the drift and analyses 
of fractures in cores retrieved during drilling. Although mapping is 
familiar to most attendees at this meeting, analyzing drill cores for 
fracture characteristics may not be. Over the years the Bureau has 
determined that the rock quality designation (RQD)—the percentage of 
core pieces at least 4 inches long—and the average length of core 
pieces over 1 inch long have given the best quantitative characterizations 
of fracturing in rock. The number of core pieces in each of several 
size ranges can be plotted to provide an in-place fragment size distribution 
profile. A more detailed description of fracture analyses from cores 
can be found in reference 3. 



The basic approach to confined blasting was to drill and shoot blastholes 
drilled down dip into the formation from the third level drift, located 
280 feet below the surface. Parameters such as hole depth, hole diameter, 
hole spacing, explosive type, and stemming were considered in designing 
a blast that would break rOck without moving it. Hole depth was set at 
40 feet; this would minimize the effects of the drift on the blast yet 
keep drilling costs within the research budget. A 3-inch hole diameter 
was then selected based on the expected range of burdens associated with 
the lO-foot ore zone thickness. Finally, a slurry blasting agent suitable 
for wet conditions was chosen for the shots with a 20-foot powder column 
and 20 feet of water stemming (Overhead 6). 

The only significant blasting parameter remaining for evaluation in the 
tests—blasthole spacing—held the key to economic feasibility of 
confined blasting. If the blastholes had to be drilled very close 
together to create adequate permeability for leaching, confined blasting 
would be uneconomical. To evaluate fracturing and permeability as a 
function of blasthole spacing, a blast incorporating three different 
triangular blasthole patterns was designed (Overhead 7). This design, 
used successfully in earlier projects in Arizona, permits evaluation of 
three patterns with only seven holes instead of the nine required for 
three totally isolated patterns. In addition, three patterns in such a 
configuration will be affected by fewer variances from geologic inhomo­
geneities than would three separate patterns. The interaction between 
shots from adjacent patterns also closely approximates the interaction 
that would occur in a production blast consisting of many blastholes 
detonated in one shot. 

The three ratios of burden/blasthole-diameter selected for the test 
series were 10, 14, and 18. These ratios corresponded to blasthole 
spacings of 2-1/2, 3-1/2, and 4-1/2 feet. The calculated powder factors 
in the ore around the loaded portions of the blastholes were 8, 4, and 
2-1/2 lb/ton, respectively. Three-inch coreholes accordingly were 
drilled in triangular patterns at the desired spacings with a rotary, 
pneumatic drill for blasting. Core obtained from these holes was examined 
for the fracture analysis; permeability tests were also conducted in the 
blastholes before shooting. Borehole deviation was surveyed to determine 
the actual blasthole spacing present in the loaded portions of the 
holes. 

After permeability tests were completed, the holes were bottom primed 
with three 1-inch sticks of power primer. The holes were hand-loaded 
with three 30-pound bags of water gel in each, which created a 22-foot 
explosives column. Since the holes were filled with water while the 
gel was being poured, the water stemming was automatically applied. All 
three interconnected patterns were detonated in one shot using electric 
blasting caps. 



The fragmentation effectiveness of each blasthole spacing was evaluated 
with postshot core holes drilled in the center of each triangular pattern. 
Fracturing in the core was then compared with that in the preshot core: 
the permeability was also then determined in the postshot core holes for 
comparison with preshot measurements. 

Dyes were injected into the formation after the shot to locate fracture 
2ones capable of transmitting fluids. A two-component fluorescent dye, 
zinc 8-hydroxyquinolate, was forced from the upper three blastholes to 
the lower row of holes before the core holes were drilled in the center 
of each blast pattern. It was hoped that the dye would appear in the 
postshot core to identify fluid carrying fractures. 

DISCUSSION OF RESULTS 

All preshot tests and analyses pointed to "a "tight" impermeable formation 
that contained few fractures. Crude measurements of permeability ranged 
from 0 to 1.5 ft/yr (1.5 millidarcys)(table 1). One major fracture 
traversing the test zone apparently communicated with the surface ground 
water supply since it "made" water even before blasting. The test zone 
had a high RQD and a high average size of core pieces over 1 inch long. 
Both of these measurements indicate a very competent formation. Effec­
tive porosity tests showed that the pores were interconnected for an 
average of only 1 inch away from the core holes. 

The deviation survey indicated that in the powder column, the actual 
hole spacing was 2-3/4, 3-1/4, and 4-3/4 feet. Blasting did create new 
fractures, particularly at the closer spacings with their associated 
high powder factors (Overhead 8). The RQD and average piece length from 
the postshot core shows a definite trend towards increased fracturing at 
the 2-1/2- and 3-1/2-foot spacings when measurements on postshot core 
are normalized to those of the preshot core. At the 4-1/2-foot spacing, 
no fracturing could be observed. The high scatter in data associated 
with such a test blast precludes absolute quantification of the fracture 
damage. 

The permeability changes created by the fracturing were disappointingly 
small. Even with injection pressures of 80 psi, very little fluid could 
be pushed from one hole to the next. Permeabilities of at least 500 
ft/yr (or 500 millidarcys) are normally desired for leaching. Since the 
best permeability achieved with the close spacings was only 40 ft/yr (40 
millidarcys), blasting simply did not create enough permeability to 
consider leaching. Furthermore, studies of the postshot core to locate 
fractures containing dye injected into the formation revealed only one 
2-foot fracture that contained any traces. The remainder of the core 
from all three postshot core holes showed no evidence that dye had been 
transmitted through the formation. 



SUMMARY 

Confined blasting did not provide an adequate network of permeable 
cracks for leaching. Although the studies indicated fracturing with 
closely spaced blastholes, the fractures apparently cannot transmit 
fluids because the overburden pressure effectively reseals them. It 
would seem logical, therefore, that if a mining company wished to con­
sider leaching a deeply buried ore body, any of three conditions must be 
present: (1) Fragmentation must take place where significant swell 
space allows the rock fragments to jostle and realine themselves; (2) 
leaching fluids must be injected at pressures significantly higher than 
stresses from overburden to force open the fractures; or (3) the formation 
must be permeable enough for leaching without appreciable new fractures. 
Permeable deep formations occur primarily in sedimentary rocks—uranium 
deposits in sandstones frequently can be leached without fragmentation. 
Hydraulically "jacking open" fractures created in a formation is tech­
nically feasible. A production leaching operation employing high 
pressures would, however, be very expensive and much more dangerous than 
low-pressure systems. Further research in preparing impermeable formations 
for in situ leaching at depth must, therefore, concentrate on methods 
whereby significant swell space is provided to allow the fragmented rock 
to expand and realine. 
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ALUMINUM, ALUMINA, ELECTRODES 

IMPROVING SOLUTION CONCENTRATION BY EVAPORATION IN ALUMINA PRODUCTION 

UDC 669.712.1 

A. A. Bolotov, E. S. Fomin, Yu. V. Kartovskii, E. N. Starkov, andV. P. Velichutina 

Increasing the bulk of evaporating batteries is one way to reduce steam consumption 
for the concentration of solutions in alumina production. When treating bauxites of 
varying quality, solutions are evaporated in 3-, 4-, and 5-unit batteries, depending 
on the required alkali concentration and the soda concentration in the solutions. By 
employing the current industrial method of leaching diaspore bauxites, the caustic 
alkali concentration in the evaporated solutions is maintained within 300 g/1. More­
over, the carbonates contained in the solution as soda tend to separate intensively 
on the heated surfaces. In addition, the alkali-aluminate solutions with the indica­
ted concentration indices show a depression at IS-IB^C. In order to keep the batt­
eries from clogging up, it was proposed that the 4-unit direct-flow evaporation batt­
eries of the Urals Aluminum-Plant (UAZ) be replaced by 3- and 2-unit installations. 
Converting the evaporating batteries to a direct-flow arrangement made it possible 

to vaporize the water in 3-unit batteries with a capacity of 60-70 tons of evaporated 
water per hour. 
Attempts to increase the number of times that the steam was to be used, by altering 

the sequence of solution feed to each unit — in currently-employed apparatus — 
were not successful because the production units became encrusted with soda deposits. 
Therefore, two approaches v/ere used to increase the frequency of steam use: designing 
an apparatus capable of operating with an increased heat-transfer coefficient for so­
lutions which are supersaturated witli respect to soda, and developing a system which 
would keep soda from encrusting on to the heating surfaces. 
Workers at VMM and at the Bogoslovo Aluminum Plant (BAZ) developed an apparatus 

with a decreasing film and forced circulation. This apparatus, though it has a num­
ber of shortcomings, is being used today at several BAZ batteries and does provide a 
drop in steam consumption. 

At the UAZ, where this apparatus could be introduced at only one of the three bat­
teries without being forced into a major reconstruction of the building, industrial 
tests are being conducted on a two-stage evaporation system which had been developed 
in collaboration with SverdNIIkhimmash. 
The essence of the approach is as follows: 
1. The starting solution is evaporated in a multi-unit countercurrent evaporating 

battery to a concentration of 240-250 g/1 NaaOcaustic i-e-/ to the start of soda 
crystallization.' 

2. The "medium lye" obtained is heated to 140-150°C, and then subjected to step-by-
step evaporation in a system of series-connected units of flash-evaporator crystalli-
zers, where the concentration is increased to 300 g/1 Na20caustic' soda will crys­
tallize here. 
Reducing the solution concentration in the battery makes it possible: 
- to eliminate any soda separating at the heating surfaces; thus, when a constant 

productivity is maintained, it is possible to increase the period between battery, 
washes; 

- to reduce losses in useful temperature differences by reducing solution depress­
ion. This makes it possible to select an evaporating battery for the two-stage sys­
tem with a larger number of units and, correspondingly, with a lower specific steam 
consumption; 

- to reduce the corrosion rate of the boiler pipes. 
In making the industrial tests, I-stage evaporation was performed with a 4-unit 

countercurrent system. The solution from the production unit, with a 239-249 g/1 
Na,0 caustic concentration was transferred by a pump through a medium-lye preheater 
to'a chain of 5 flash-evaporator units where, as a result of step-by-step evapora-
tionj up to 290-300 g/1 was concentrated. Solutions from the fifth flash-evapo­
rator were fed, at 60-70°C, to a preheater (heated with steam from a heat- and elec­
tric-power plant); it was then directed, at 100-105°C, to a soda-settler as a means 
of separating the soda. In order to maintain the concentration of the circulating 
solution at a specific level, some part of it was directed to recirculation in the 
4th flash evaporator. 
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In working out the system, questions were resolved with respect to intensifying the 
heat-exchange in the vacuum unit, reducing the rate at which the flow pipes become 
overgrown in the flash-evaporator , and with respect to soda separation. 
Under conventional conditions, the vacuum units operate at heat-transfer coeffi­

cients of 600-800 kcal/(m^.hr°C). During the tests, in order to intensify the heat-
exchange in the vacuum unit, steam and air were blown into the lower solution chamber. 
Steain was sampled from the gas-exhaust of the 1st unit, the air being sucked in from 
the atmosphere. The steam-gas mixture — directed to the lower solution-chamber of 
the boiler — preheated the solution and agitated the preheating zone in the pipes, 
penetrating it. in the form of bubbles and forming a two-phase mixture on this section. 
That kind of hydrodynamic system contributed to an increase in heat-exchange intens­
ity. The heat-transfer coefficient increased to 1200 kcal/{m~-hr•"O . 
Intensive overgrowth of the flow pipes was slowed down through elimination of boi­

ling within the pipes and by the introduction of soda as a seed crystal to the flash 
evaporation system. 
The following indices were obtained during the tests: 

Amount of evaporated water, tons/hr To 100 
Heat-transfer coefficient per unit, kcal/(m -hr-'C): 

1 1100-1300 
2 1500-1800 
3 2100-2200 
4 To 1200 

Duration of period between washes: 
with seed crystal added to flash-evaporator, days. 5 
with no seed crystal added 76-78 

Specific steam consumption, t/t evaporated water.... 0-39 

Heating solutions, after they have passed through flash evaporators of two series-
connected preheaters — with one of them using liquor steam from the 1st installa­
tion — makes it possible to reduce steam consumption to 0.37 tons per ton of evapo­
rated water. 
The flash evaporators operated stably, with neither pulsation nor froth being ob­

served. Soda will not always precipitate frora the evaporated solutions normally. 
Moments occurred when there was a deterioration of the discharge from the industrial 
soda-settler. It was established under laboratory conditions that soda will settle 
very slowly or that a large part of the soda will float upwards as floes which inc­
lude air bubbles. Boiling the circulating solution under laboratory conditions pro­
vided a positive effect. 

Industrial verification of the efficiency of solution boiling was performed by 
passing an evaporated solution — after it has gone through preheaters — through 
the production installation of a 3-unit battery. As a result, the potential of the 
soda to deposit was about the same as from solutions in other shop batteries. 
Using the results of laboratory and industrial tests it became possible to set up 

a system in which solutions — after passing through flash-evaporators — were di­
rected to an evaporator which was heated by steam from heat- and electric-power 
plants. Heating the solution before it reaches the evaporator was performed in a 
tubular and contact preheater using the liquor steam from this apparatus. 
Calculations show that the specific consumption of steam by a two-stage system 

in which- there is a 4-fold use of heat in the battery and employing the given pre­
heating method will amount to 0.365-0.370 t/t of evaporated water. 

CONCLUSIONS 

1. By using the process of soda crystallization from concentration apparatus to 
solution flash-evaporators it becomes possible to convert from the use of 3-unit 
batteries to 4- and 5-fold uses of steam. The average capacity of a 4-unit batt­
ery using flash evaporation was about 90-95 tons/hr of evaporated Water. The in-
terwash period for the apparatus was 3-5 days. 

2. For flash-evaporation of crystallized solutions one can use flash-evaporators 
with natural circulation. They are sufficiently simple and operate reliably: they 
operate with a stable circulation with no frothing, discarding solutions into the 
lower part of the circulating circuit. 
3. By introducing small amounts of soda seed crystals into the flash evaporator 

it becomes possible to slow down encrustation of the flash evaporator. 
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IN-SITU C0PPER LEAi:ii i l i iN 
AT THE OLP ESELIUBLE UliiiyE 
THE Old Reliable Mine located approxi­
mately nine miles east of Mammoth, 
.\rizona, U.S. has been sporadically 
mined since about 1880. The most 
.TCent mining, prior to acquisition by 
Ranchers Exploration and Development 
Corp., was in 1953-54. The orebody is a 
aear-vertical breccia pipe containing 
approximately 4 million tons of 0-8 per 

"ontcopper with mineralisation occurring 
'ts chalcocite, chalcopyrite, malachite, 
and chrysocolla. The host rocks are 
atrusive lavas of Cretaceous age which 
«re intruded by the Copper Creek 
granodiorite. 
, The ore zone which outcrops on the 
crest ofa ridge, is about 300ft x 600ft in 
plan with die bulk of the deposit 
enending from the surface to a depth of 
•pproximately 500ft. 

The mine, as it existed prior to 
Ranchers' work, consisted of two levels. 

• The bottom level or 200 level was 
located just a few feet above the bottom 
ofa wash and consisted ofsome 1,400ft 
of drifting and cross-cuts and a few 
rases. A second level located 100ft 
>bove the 200 level consisted of 2,800ft 
of drifts and cross-cuts and some 
«opes. 

•Jjning Magazine—May 1974 

Upon leasing the property from 
Occidental Minerals Corporation and 
Siskon Corporation, Ranchers took bulk 
samples and began column leach tests at 
its Bluebird Mine lab with additional 
test work being done by an independent 
research lab. The resiilts of these tests 
being satisfactory, additional tests were 
nm on Bluebird and Old Reliable ores 
to obtain a correlation between the lab 
tests and actual leaching. The results of 
this study indicated that the Old 
Reliable ore was amenable to in situ 
leaching. 

During the drilling programme, it 
was established that the water table was 
only a few feet below the bottom level. 
Further investigation revealed that this 
would be an ideal floor from which to 
recover solutions. Permeability and 
porosity tests were undertaken on the 
samples to analyse the fracture and 
flow characteristics of the ore, and it 
was soon apparent that the orebody 
would have to be shattered to obtain 
the required degree of permeability. 

Several types of explosives were con­
sidered for breaking the deposit— 
nuclear, slurry, or ammonium nitrate. 
After serious study, the nuclear possi­

bility was eliminated primarily because 
of safety and blast monitoring costs and 
the time involved. Conventional ex­
plosives loaded for coyote blasting was 
the method eventually selected. The site 
was well suited for the large blast, being 
remotely located and situated on the 
side of a hill so that leaching solutions 
could be drawn off by gravity at the 
base. 

Blas t des ign 
The blast design developed by £. I. 

du Pont de Nemours & Company called 
for 4 million lb of ammonium nitrate 
explosives to be loaded throughout 
6,000ft of 6ft X 6ft coyote turmds on 
three levels. An over-aU powder factor 
of 0-66 lb of explosives ton or 170 Ib/yd^ 
was used to fracture the 4 million tons of 
ore and 2-1 million tons of waste. 

Additional imderground develop­
ment amounting to 1,300ft on the 200 
level, 1,050ft on the 100 level and 
1,700ft on a new level located looft 
above the 100 level was accomplished 
by Kop-Ran Development Corporation. 

Fifty - pound bags of ammonium 
nitrate were packed in pre-determined 
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Blast at the Old Reliable deposit. Right: Ore throughout an area measuring approximately SOOtt in diameter and SSOft deep 
3S broken into pieces averaging around 9in in diameter 

litems at specific points in the drifts 
id cross - cuts. As the ammonium 

was loaded, approximately 
jo,oooft̂  of sand stemming was blown 
in place utilising a Radmark stowing 
oachine and by hand-stacking sacks of 
end. 

The blast was detonated from a firing 
bunker one mile from the mine. 

Completed blasting circuit included 
lead wires connected to blasting caps, 
detonating cord, and high explosive 
primers placed in bags of ammonium 
nitrate. Dual blasting circuits were 
utilised to reduce the possibility of a 
mis - fire. Millisecond delays were 
attached with instantaneous delay on 
the top level followed by loo-milli-

second delays on the middle level and 
150-niillisecond delays on the lower 
level. 

Surface disturbance, as anticipated, 
was minimal with an area of only 
45O-50oft in diameter being affected. 
The plant area, which was located down­
hill and some 800ft from the blast zone, 
was not disturbed at all. Subsequent 

|liecn atlc diagram of Old Reliable project. 1.2 x 500gal/min leach pumps; 2. Barren solution pond; 3. Make-up water; 4?Precipitation 
' >; S. Shredded and de-tinned cans; 6. Fresh H^O for plant; 7. Acid tanks; 8. By-pass; 9. Pregnant solution pond; 10.1,000 gal/min 
ip of ore and distribution water sprinklers—dual lines, 6in e ; 11. Approximately 1,C00 gal/min pregnant solution; 12. Saloon wash; 
2in e by-pass; 14. Saloon wash collection dam; 15. Diversion dam 
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Inspection of the blast area indicates 
fjjat the shot was a complete success, 
ftith an average rock breakage size of 
o-ioin. 
ff 

ore zone survey 
Following the blast, the. entire ore 

zone was resurveyed and on March 15, 
terracing of benches (20ft high and 
\-arying from 15 to 180ft wide) was 
begun. The operation was completed on 
May 30s 1972. During the same period, 
g 6-ccll precipiiation plant, pregnant 
solution and barren solution storage 
ponds, and a drying pad were com­
pleted. To provide water for leaching 
solutions, a 6 mile-long, 6in-dameter 
pipeline was laid from a ly^in O.D. 
cased well drilled near Mammoth. This 
well is presently providing up to 200 
gal/min of fresh water. The average 
monthly consumption of fresh water is 
approximately five million gal or loj^ 
"per cent make-up. 

leach liquor 
* 0 n August 23, 1972, the first leach 
Iquor was pumped to the ore, and in 
September, 1972 the initial underflow 
exited the orebody. In mid-December, 
5972, nominal recovery of cement 
copper was commenced and by February, 

, J973, the orebody had been completely 
saturated. From December through 
February, the cement copper was 

'Jtockpiled, and in March, 1973 ship-
"^ent of precipitate began. Mine pro-
'Aiction capacity of 19,000 to 20,ooolb 
^ y was reached in August, 1973. 
g Leach liquor is now being distributed 
{ver 245,000 fi2 of surface at the rate of 
.̂ 100 gal/min. The soludou is acidified 
pa pH of 1-8. The ratio is five pounds 
a acid for each pound of cement copper 
itcovered. 

Water used in the leach solution is 
idified with sulphuric acid in the 

en solution pond and fed by gravity 
two 20ohp rwo-siage Goulds centri-
;al pumps. Each pump provides 
ludon to a distribution system cover-

igone-half of the terraced area. Each of 
systems consist of one 6in main 
mission line and several 2in distri-

ition lines. Rainbird sprin^der heads 
spaced at 40ft intervals along the 

tribution lines. The front and rear 
'pray nozzles cover a circular area having 
' toft radius. The pregnant solution 
3its the orebody at the base of the hill 

K *ar what was once the 200-level portal. 
Siown in the drawitg above is the 
.Kneral flow diagram of the solutions. 
The solution is collected by a con-

^te catch dam and then directed by 
•*o loin plastic pipes by gravity to the 
"fgi&nt liquor pond at the plant site. 

^ • ^ earthen diversion dam above the 

'•'"'ng Magazine—May 1974 

Notes Barren soln. pumping svstem will 

consisi of 2 • 5 0 0 gsl/min pumps * I spare 

Make up H;0 from valley - man. 400 gallniin 6(0 A 

Flow diagram of leaching solutions at the Old Reliable mine 

Sprinkling acid and water on the terraces 

Copper-bearing solution (left foreground) seeps from the bottom of the orebody 
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bias red area channels storm nm-off 
, through 6ooft of 72in culvert around the 
'pregnant liquor collection pond and 
into the natural drainage system below 
the mine. 
. From the pregnant liquor pond, the 
copper-laden solution passes' through a 

Copper-bearing solutions seeping from 
Ihe bottom of the orebody towards the 
pticipitation plant 

V' ' 

Production of cement copper in the 
precipitation cells at the plant -

magnetic flow meter and into the pre-
dpitetibn cells where shredded iron is 
added. The six cells are. 24ft'long by 8ft 
*ide by 4ft deep and are usually 
Operated in parallel, although they may 
be operated in series. Makeup acid is 
%(ided to the barren solution in the tail-
race of the cells to provide adequate 
niixbg before discharge: into the barren 
iolutibn pond. 

Mining Magazine—May 197*1 

The copper precipitate is washed each 
day from the cells into a. decant sump. 
The wash water is returned to the feed 
end of the cells by decanting from the 
top of the liquid. The precipitate is 
moved from the sump by a fi-ontend 
loader to a concrete drying pad to reduce 
the moisture content to 15 per cent. 

The .predpitatej which, averages 80 to 
83 pfer cent copper, is hauled by trucks 
to the railhead where it is there:3fter 
shipped fot refining into~wirebar oji_a 

toins^si ~ ' 
' Solution - monitoring wells were 
drilled above =an(i below and lieach area 

and are continuously monitored for 
liquid level changes, temperature, pH, 
total diss dived .solids, copper, iron, etc. 
This monitoring, along with the water 
balance, indicates-there is ho solution 
loss into the gjound. 
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Mill linings of rubber 
Trei lex mill linings consist of heavy-duty rubber units 
for tlie shell, the inlet and discharge heads and grates. 
Wear resisiancejn the rubber is utilized to-the f uli, 
as fitting is accomplished by means of rigid metal 
retainers, A lining of Trellex heavy-duty rubber appreclab-
ty reduces the*cost per ton of processed materials 
and provides excellent sound insulation, 
trellex can easily befitted to all types of mills, witbiout 
special toois being required. Siahdard units of accurate 
size ensure that a rubber lining can be fitted in place 
up to three limes faster than.a steel liner. 

IREUIBDRGV 
Trelleborg Rubber Limited 
124 Barlby Road. Lon(;lon W10 6BN 
Tel:: 0 1 - ^ 8303. Telex; 262*477 
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Chapter 24 

IN SITU COPPER LEACHING RESEARCH AT THE 
EMERALD ISLE MINE 

by Denois V. D'Andrea and Sidney M. Runke^ 

^ Geophysicist, Twin Cities Mining Research Center, 
Bureau of Mines, U.S. Department of the Interior, Twin Cities, Minn. 

' Metallurgist, El Paso Mining and Milliag Company, 
El Paso, Tex. 

ABSTRACT 

This paper describes the Bureau of Mines-El Paso Mining and Milling 
Company cooperative research program at the Emerald Isle mine^ near 
Kingman, Ariz. This research program was directed toward developing 
in situ leaching methods for 200,000 tons of ore exposed in the pit 
bottom and also 1,500,000 tons of ore under 200 feet of overburden ad­
jacent to the pit. A test area in the pit bottom containing 15,000 
Cons of ore wes blasted and leached. The results of this leach test 
were encouraging, and the entire pit bottom was leached in-place for 
about 7 months. Two test blasts under 200 feet of overburden and ex­
tending to 290 feet were detonated in an area near the open.pit. The 
results of these blasts were evaluated by core drilling and permea­
bility measurements. An in situ leaching system was designed, but not 
implemented, to recover copper from the 1,500,000-ton area near the 
ptt. The company decided to terminate operations at the Emerald Isle 
mine In November 1975. 

INTRODUCTION 

The Emerald Isle mine located 15 miles northwest of Kingman, Ariz., 
is nwned by El Paso Mining and Milling Company.- This copper deposit 
(principally chrysocolla) was owned by several companies over the 

The work upon which this report is based was done under a coopera­
tive agreement between the Bureau of Mines, U.S. Department of the 
Interior, and the El Paso Mining and Milling Coiqjany, El Paso, Tex. 
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years and was mined by underground and open pit methods. The ore has 
been heap leached and most recently treated in a leach-precipitate-
float plant. El Paso has mined 1,'+00,000 tons of 1-percent-copper ore 
since it acquired the property. Approximately 200,000 tons of 
1-perceot-copper ore remains exposed in the bottom of the pit, and 
about 1,500,000 tons of 0.5-percent ore remains under 180 to 250 feet 
of overburden. 

Open pit mining at the Emerald Isle mine ceased in July 1973 be­
cause increased stripping requirements made continued operation uneco­
nomical. El Paso decided to develop an in situ leaching system to re­
cover as much of the remaining copper as possible. The Bureau of Mines 
entered into a cooperative agreement with El Paso Mining and Milliag 
Company in November 1973 to conduct research at the mine related to 
the development of this system. Both-the Twin Cities Mining Research 
Center and the Salt Lake City Metallurgy Research Center of the Bureau 
of Mines became involved in this cooperative program. El Paso agreed 
to pay for all parts of the program that were required for the actual 
production of copper such as blasthole drilling, explosives, solution 
distribution and recovery systems, acid, and scrap iron, etc. The 
Bureau conducted core drilling, drill core analysis, physical property 
measurements, groundwater studies, permeability measurements, labora­
tory leaching tests, seismic measurements, and assisted El; Paso with 
the design of the blast and the In situ leaching system. .. 

A research program for the Emerald Isle mine uas prepared. Phase I 
of the research program began in January 1974 with a test blast fol­
lowed by in-place leaching of 15,000 tons of ore in the pit bottom. 
The information developed from this Phase I test was used to design an 
in situ leaching system for the remaining 200,000 tons of ore exposed 
in the pit bottom. Leaching of this ore began in December 1974 and 
continued for about 7 months. A Phase II test site vith again about 
15,000 tons of ore was selected in an area under 200 feet of overbur­
den. -A Phase II test blast was detonated in July 1974 with seven 280-
foot-deep blastholes. Circulation tests with water showed that this 
blast did not create sufficient permeability for leaching. In August 
1975 a second blast was detonated in the Phase II test area with three 
blastholes. The effects of this second blast were evaluated using 
core drilling and permeability techniques. In November 1975 El Paso 
Mining and Milling Company decided to terminate operations at the 
Emerald Isle mine, and plans to leach the Phase II test area were 
abandoned. 

This paper presents the research program at the Emerald Isle Miae 
and describes an in situ leaching system which was designed to re­
cover copper from a 1,500,000-ton area under 180 to 250 feet of over­
burden. 
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EMERALD ISLE DEPOSIT 

Pigure 1 is a cross section through the Emerald Isle mine showing 
the Phase I and Phase II test areas. The deepest portions of the open 
pit have been excavated to about 200 feet exposing the top of the ore 
body (Gila Conglomerate). The Gila Conglomerate averages about 70 
feet thick and dips approximately 10° to 15' to the southwest. The 
Gila Conglomerate is overlain by alluvium (quaternary) which is 150 
to 250 feet thick and underlain by a granite gneiss. The dominant 
copper mineral in the Gila Conglomerate at the Emerald Isle mine is 
chrysocolla. 

voo 

seal*, ft 
No iwfifcal «togvt.«liefl 

eoo aoo 
DISTANCE, t l 

Figure 1. - Cross section through Emerald Isle deposit 

Figure 2 is a plan view of the Emerald Isle mine with contours of 
the copper grade of the Gila Conglomerate. During open pit operation 
El Paso mined 1,400,000 tons of ore that averaged 1.0 percent copper. 
The copper mineralization continues beyond the pit in the downdip di­
rection in a channel type distribution that decreases in grade down-
dip. At about 1,000 feet from the pit crest the grade is about 0.1 
percent. Total ore reserves greater than 0.1 percent copper are es­
timated to be 3,000,000 tons. 

^•r^^^Biw^ 
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Figure 2. - Contour map of copper grade 

Table 1 lists the physical properties of Gila Conglomerate core 

TABLE 1. - Physical properties of 
the Gila Conglomerate 

Property 
Porosity pct.. 
Density g/cu cm.. 
Permeability darcy.. 
Pulse Velocity ft/sec.. 
Torsional Velocity do.. 
Compressive Strength psi. a 
Tensile Strength psi.. 
Young's Modulus 10^ psi.. 

Phase I 
20.6 
2.29 

8,100 
4,200 
2,600 

72 
0.85 

Phase II 
16.3 
2.28 
.65 

9.500 
5,100 

samples measured in the laboratory. The porosity, permeability, and 
strength values probably reflect the characteristics of the cementing 
material in the conglomerate and not the actual in situ values. 

Ground water entering the pit, about 14 gpm, was pumped from a suap 
area for about 30 hours each week. The ground water table was con­
trolled by eump pumping at about 5 feet below the surface of the pit 
floor. 
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PHASE I TEST BLAST 

F igu re 3 shows the Phase I t e s t b l a s t d e s i g n . Seven 8 - 3 / 8 - i n c h -
d lamete r b l a s t h o l e s , about 50 f e e t deep were spaced 25 f e e t a p a r t i n a 
s even - spo t p a t t e r n w i t h one c e n t r a l b l a s t h o l e . These b l a s t h o l e s had 
an average 22- foot powder column w i t h 25 f e e t of stemming. A t o t a l of 
4 ,500 pounds of s l u r r y was de tona t ed wi thou t d e l a y s . Table 2 l i s t s 
the b l a s t des ign d a t a for the Phase I b l a s t and the two Phase I I 
b l a s t s . 

TABLE 2. - B l a s t des ign d a t a 

Number of blascholes. 
Blasthole spacing f t . 
Average hole depth do. 
Average top powder column.do. 
Average powder column do. 
Average stemming do. 

Blasthole diameter t a . 
Explosive diameter do. 
Explosive 

Total explosives l b . 
Loading density l b / f t . 
Pouder factor* l b / t on . 
Pouder factor^ do. 
Delays (between each h o l e ) . . . 

Phase I 

7 
25 
47 
25 
22 
25 

8-3/8 
8-3/8 

nonalualnlzad 
Blurry 
4,500 

29.2 
0.30 
0.78 

Instantaneous 

Phase II 
1st Blast 

7 
20 
277 
205 
72 
205 

9 
7 

smokeless 
pouder slurry 

12,000 
23.7 

0.95 
17 ms 

Phase I I 
2nd Blast 

3 
18 

277 
192 
85 

192 
(90 ft gravel) 

9 
7-lD bags cut 

smokeless 
powder s lurry 

7,450 
29.3 

1.47 
25 ms 

Pouder factor (lb/ton) Includes ore above top of pouder column 

Pouder-factor (lb/ton) 1814 Pe fi 
Pr ^S' 

Pe - specif ic gravi ty , explosive 
Pr • specif ic g rav i ty , rock 
D - blasthole diameter, f t , and 
S - blasthole spacing, f t , for In f in i t e 

t r iangular pa t t e rn , ore zone only. 

for ore in powder column 
zone only 

Topographic surveys were run before and a f t e r the Phase I b l a s t so 
t h a t the b l a s t s w e l l could be c a l c u l a t e d . The maximum s u r f a c e r i s e 
was only about 1.5 f e e t , and the b l a s t swe l l was 1.4 p e r c e n t . The 
volume of o re broken by t h i s b l a s t was e s t ima ted to be .15,000 t o n s . 

PHASE I I TEST BIASTS 

Two b l a s t s were d e t o n a t e d In the Phase I I t e s t a r e a under 200 f e e t 
of overburden. The f i r s t b l a s t had seven b l a s t h o l e s d r i l l e d to an 
average depth of 277 f e e t . These ho les were 9 inches in d iameter and 
20 fee t a p a r t i n a s e v e n - s p o t p a t t e r n . F igure 4 shows the b l a s t h o l e 

^ ^ t i w ^ J i i ^ ^ l i a j i • 
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patterns for the two Phase II blasts. The second blast had three 
blastholes, 9 inches in diameter, 277 feet deep, and they were spaced 
18 feet apart. Table 2 lists the blast design data for the Phase II 
blasts. 

The first blast was loaded with 7-inch-dlameter, 50-pound-bagB, of 
smokeless powder slurry in 9-inch-diameter blastholes. The second 
blast was loaded with the same explosive, but the bags were cut before 
they were lowered into 9-inch holes. The cutting procedure increased 
the loading density from 23.7 lb/ft for the first blast to 29.3 lb/ft 
f6r the second. 

The second blast in the Phase II area was considered necessary 
after circulation tests with water revealed that the first blast had 
not created sufficient permeability for successful leaching. After 
the first blast a recovery well pump was installed at a depth of 290 
feet, end drawdown tests were conducted with and without water injec­
tion at the 2C0-foot level. Flow rates from these tests averaged less 
than 1 gpm over a 24-hour period and were not considered adequate for 
leaching. In addition the water injected at the 200-foot level did 
not work its way into the'fractured zone and into the recovery well 
but apparently flawed across the top of the alluvium-conglomerate con­
tact. The water table in the Phase II area was at a depth of 230 feet. 

•tapltJJ l>l|WjJ I WI.MJli^" • n n » « i t l ^ t m m m ^ i ^ ^ ' . 
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After the second blast the recovery well pump would have been re­
installed and water circulation would have been tested but this plan 
was not Implemented before El Paso closed down the Emerald Isle oper­
ation. However, a core hole was drilled after the second blast for 
fracture analysis. Permeability tests were also run in this core hole 
and in one of the blastholes that was open to a depth of 250 feet. 
The core fracture analysis and in-place permeability tests indicated 
that the second blast substantially improved the breakage and flow. 

Detailed topographic surveys before and after each Phase II blast 
did not reveal any significant surface rise. Elevation increases of 
4 to 6 inches were observed near the collars of some of the blastholes 
that vented. 

PHASE I LEACH TEST 

The Phase I leach test began in March 1974 and continued for 117 
days until July 1974. Leach solutions were distributed over the sur­
face of the broken ore through perforated pipes. Solutions were re­
covered in a well located on the east side of the blasted zone as 
shown in figure 3. The recovery well hble was drilled with a churn 
drill using one of the blastholes that remained open after the blast. 
The recovery well hole was about 11 inches in diameter, 50 feet deep, 
and had a 9-inch-diameter casing. The bottom 20 feet of this casing 
was perforated. 

During the 117-day leaching period flow rates averaged 57.4 gpm. 
Because of ground water dilution of the leach solutions and the desir­
ability of drawing down the water table, a bleed of 9 gpm was estab­
lished in the flow circuit after discharge frcim a cementation system 
and before recharging with acid. The water table was about 5 feet 
below the surface before leaching,but during the leach test it went to 
about 20 feet below the surface and reached a maximum of 23 feet 
drawdown. 

Table 3 lists the results of the Phase I leach tests and also data 
from thc pit bottom leaching. The pH averaged 1.18 for the sulphuric 
acid influent solutions and 1.71 for effluent solutions. Effluent 
copper grade averaged 0.562 gram/liter, calculated copper production 
vas 245 lb/day, and a total of 29,000 pounds of copper was produced. 
Copper was recovered by cementation on scrap iron. Iron consumption 
was 4.7 lb Fe/lb Cu. The acid consumption figure of 15 lb H, SO /lb Cu 
vas high, but this was attributed to the 9 gpm bleed in the solution 
circulation system, the small size of the test area with important 
fringe effects, the short duration of che leaching test, and the small 
difference between the pH of influent and effluent solutions. Figure 
5 shows the cumulative copper recovery for the Phase I leach test. 
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T/LBLE 3 . - Leaching r e s u l t s 

Phase I 
Leach Test 

15,000 
1.0 
117 

20.5 

1.18 
0.147 
8.5 

' 57.4 
• 1.3 
0.562 
6.2 

1.71 
0.067 
15.0 
4,7 
245 

29,000 

Pit Bottom 
Leaching 
100,000 

l.O 
190 

23.2 

1.10 
0.091 

-

115.9 
-

0.646 
-

1.62 
0.076 
10 ;o 
2,75 
748 

142,000 

Ore leached : t o n s . . 
Grade of ore p c t . . 
Duration of leaching days.. 
Average running time hr/day.. 
Leach influent: 

pH 
Copper g/1.. 
Iron g/I.. 

Leach effluent; 
Flow rate gpm.. 
pH 
Copper g/1.. 
Iron g/1.. 

Precipitation effluent: 
pH 
Copper g/1.. 

Acid consumption...lb H SO /lb Cu.. 
Iron consumption lo FE/lb Cu., 
Copper production lb/day.. 
Total copper production lb.. 

IBO 

O 
o 
o 
- ' 150 

w 120 -> o u 
UJ 

a. 
a. 
O 
o 
u 
> 

S 
U 

1 r 

Acid discontinued at 190 days after start of leaching 

KEY 
o Pit bottom leaching 
A Phase I leaching 

Figure 5. 

60 90 120 150 180 

DAYS AFTER START OF LEACHING 

Cummulative copper recovery - Phase 
test and pit bottom leaching 

240 
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PIT BOTTOM LEACHING 

Fit bottom leaching of about 100,000 tons of ore began in December 
1974 and continued for 190 days. A system of seven recovery wells 
vas Installed. These wells were installed in 12-inch-diameter holes 
to an average depth of 50 feet and were spaced 50 feet apart. The ore 
la the pit bottom was not blasted before leachiag in the hope that 
natural permeability was adequate for successful'leaching. 

Pit bottom leaching results are listed in Table 3. The average 
flow rate was 116 gpm, pH of influent solution was I.IO, and the 
copper grade of effluent solutions was 0.646 gram/liter. Calculated 
copper production averaged 748 lb/day, and a total of 142,000 pounds 
of copper was produced. Solutions were circulated for 41 days after 
acid addition ceased to bring up the pH of the solutions remaining in 
tbe pit bottom. During this period an additional 9,000 pounds of 
copper were produced. Figure 5 shows the cumulative copper production 
for the pit bottom leaching. 

During pit bottom leaching acid consumption averaged 10 lb H SO /lb 
Cu, and iron consumption averaged 2.75 lb Fe/lb Cu. This was an im­
provement over the Phase I leach test but was still high. However, 
acid consumption was dropping as the test continued. 

Pit bottom leaching was stopped because the flow rates of leach 
solutions were not as high as desired. Pit bottom leaching was 
baited, and the ore was to be blasted to improve permeabilities and 
flow rates. The drilling and blasting program began, but the Emerald 
Isle operation closed before the pit bottom ore was leached further. 

DESIGN OF FULL-SCALE OPERATION 

Based on the experimental blasting and leaching tests, a full-scale 
in situ system was.designed to recover the majority of the remaining 
copper. However, this plan was not implemented because the mine 
closed. This plan involved blasting and leaching of first a higher 
grade area followed by blasting and leaching of a second lower grade 
area. The first area would Include some ore in the pit bottom, some 
ore under the pit walls, and ore under 180 to 250 feet of overburden 
along a channel extending 700 feet from the crest of the pit. The 
700-foot-channel would follow the high-grade copper mineralization as 
shown In figure 6. The second area would be along the flanks of the 
700-foot-channel and would include lower grade ore. A third area 
parallel to the second area could be added if leaching of the initial 
areas were successful. 

i Fragmentation would be accomplished .primarily with vertical blast-
1 holes, although some inclined holes from the pit crest and some hori-
I zontal holes in the pit bottom would be required to break the ore 
I under the pit walls. The ore in the pit bottom and under the pit 
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Figure 6. - Blast design for full-scale operation 
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walls would be broken in one blast while the channel area would'be 
broken in a series of seven-hole blasts beginning at the pit crest and 
proceeding in the downdip direction, Each of the seven-hole blasts-
would be detionated as soon as drilling was completed so that this 
drilling and blasting program would continue for Several months. A 
series of blasts would also break the second area. Table 4 lists the 
full-scale blast design data. 

TABLE 4. Full-scale blast data 

Area 
Thickness 
Volume,a. 
Weight... 
Grade..... 
Total copper.. 
Drilling depth 
Powder factor. 
Total drilling 
Total explosiVjes 

sq ft, 
•i.ft, 
cu yd. 
.tons. 
. .pct. 
.a.lb. 
...ft. 

Ib/tOQ. 
.. ft, 
..lb. 

Area 1 
Pit 
59,000 

40 
87,000 
167,000 

0.70 
2,300,000 

40 
0.5 

2,200 
83.000 

Walls 
36,000 

69 
143,000 
274.000 

.58 
3,200i000 

125 
1,0 

12,900 
274,000 

Channel 
96,000 

78 
276,000 
530,000 

,55 
5,800,000 

287 
1.5 

76,300 
- 795.000 

Area 2 

88,000 
76 

246,000 
472,000 

,41 
3,900,000 

297 
,75 

36,000 
354,000 

Leach solution injection would occur primarily in the pit bottom 
with some vertical injection holes near the pit crest. Sblutions 
would be recovered dcFwridip with a series of recovery veils. It is 
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