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REIATINC PELLET qUALITy TO OPEBATIONAL 

VARIABLES THROUGH OXIDATION MEASUREMENTS 

by 

R. R. Beebe, Process Development Supervisor 

and 

M. J. Fraser, Product Development Supervisor 

Marcona Cori>oratlon 
One Maritime Plaza 

San Francisco, California 91*111 

INTRODUCTIOM 

Marcona Corporation produces about 3>5 million long tons of 

iron ore pellets annually on its tvo travelling grate pelletizing 

machines at San Nicolas, Peru. During I969, these pellets will be 

shipped to customers in four marketing areas—Japan, the United States, 

Europe, and South America. All of these sales are on the open market, 

and product quality is a major concern. 

Typical chemical, structural, and quality test results for 

Marcona pellets are given in TSble 1. 

TABLE 1. TYPICAL QUALITY OF MARCOiiA PELLETS 

i i 
Fe 
Cu 
S 
P 
SiOs 
A1203 
CaO 
MgO 

65.11 
0.013 
0.025 
0.009 
3.90 
0.96 
0.38 
0.80 

•*5/8" 3.9 
-5/6" -^3/8" 89.6 
-3/8" -t-l/l*" 3.9 
-Ifk" 2.6 
Tumble Index (JIS •^l mm) = g6.95t 
Tumble Index (ASTM -H/l»") = gU.TJ 
Average Compression Strength = hS^ lb /pe l l e t 
Gakushin Swelling Index = 1 3 . ^ (volume) 
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These quality levels must be maintained and improved to continue to 

meet the requirements of blast furnace operators throughout the world. 

In all pelletizing operations, great efforts are made to 

relate ore characteristics and beneficiation procedures to pellet 

quality parameters. At Marcona, these efforts take the form of 

rigorous supervision and process control by the plant operators, 

testwork by process development personnel in Peru, review of operating 

data by the corporate development group, and basic and applied research 

at universities and contract laboratories. This paper outlines the 

general relationships between Marcona ore characteristics, beneficiation 

procedures, and pellet quality, and also describes recent work on 

specific relationships between the degree of pellet oxidation and 

other operational and quality variables. 

MARCONA ORE 

The Marcona ore bodies are a series of lenticular replacement 

deposits located 15 kilometers east of San Nicolas. A typical ore 

(1) 
body bas three main zones: 

(1) Oxidized and Leached Zone 

Closest to the surface and of 30 meters average 

thickness, th is zone contains mainly secondary hematite 

and mart i te . The ore i s direct shipping grade, with 

more than 60 percent iron and less than 0.2 percent sulphur. 

(2) Transition Zone 

Just below the oxidized zone, this zone is about 

22 meters thick. It Is a result of incomplete leaching 

of the original ore and is a mixture of hematite and 

magnetite, relatl-vely high in sulfates. It Is mined as 

feed to a combination gravity-magnetic separation plant 

for production of sinter feed. 
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(3) Primary Zone 

This zone, the source of Marcona'6 pellet feed, is 

as much as 200'meters thick. The ore is doaalnantly magnetite. 

Proven reserves total over 280 million tons containing 53-55 

percent iron. 

Among mineralogical characteristics of the primary ore which 

are potentially significant In the pelletizing process are the 

following: 

(1) Copper and Sulfur Minerals 

J-linor copper is present as chalcopyrite, which Is 

efficiently removed by magnetic separation. The fired 

pellets are well within copper content specifications. 

Most of the sulfur present is found in pyrite, but 

pyrrhotite has been reported. Although magnetic separation 

rejects pyrite, a certain amount is mechanicaily entrapped 

in the finisher concentrate. Liberation of cqpper and 

sulfur minerals at pelletizing size is excellent. 

(2) Martite 

This mineral, the octahedral hematite pseudomorph 

after magnetite, occurs in the leached and transition 

zones. Its Importance In primary ore as a distinct 

mineralogical constituent Is undoubtedly minor. 

(3) Tremolite 

This fibrous calcium-magnesium silicate tends to 

survi-ve the grinding process and enter the concentrate 

by mechanical entrapment. Tremolite fibers, much larger 

in one dimension than the governing grain size, can form ' 

"fracture nuclei" in the green balls. Current practice 

is to run the concentrate thickener with a relatively 

heavy overflow to remove excessive tremolite. 

) ^ 
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BEMEFICIATIOM 

Marcona's pellet feed preparation flowsheet Is shown In 

Figvu-e 1. Approximate grades at several points in the process are 

listed In Table 2. 

TABLE 2. APPROXIMATE GRADES OF INTERMEDIATE AND FINAL PRODUCTS 

Rod Mill Feed 

Cobbing Concentrate 

Finisher Concentrate 

Filter Cake 

Pellets 

IN MARCONA PELLET 

Fe 

55 

61 

68 

66.5 

65.5 

Fe^ 

ll«.7 

17.1 

18.7 

18.2 

1.9 

PIAKT* 

S 

2.3 

1.6 

0.5 

0.5 

0.02 

Cu 

o.o8 

o.ou 

0.02 

0.02 

0.02 

SiOp 

10.0 

5.5 

2.0 

3.8 

"•.O 

•(after Ruff et al) 

Marcona primary ore has exceptionally good liberation characteristics, 

and can yield magnetic concentrate running over 69.5 percent iron and 

less than 0.5 percent silica. Such a concentrate would produce oxide 

pellets of about 68 percent iron, however for meet Marcona customers 

a lower iron-higher silica level has proved to be desirable for their 

blast furnace burdens. Present practice, therefore, is to produce 

pellets in the range 65.O-65.5 percent iron and k , 0 percent silica 

+0.2 percent. 

It is not practical merely to lower the grade of the magnetic 

concentrate to reach higher silica levels, because the level of copper, 

an important deleterious impurity, rises in a parallel fashion. The 

plant thus raust produce a relatively high grade magnetic concentrate 

i^i 
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( i . e . .about 68.0 percent iron) and bring the s i l i c a to the'j;equtred 

level by blending. In ground' high s i l i ca duiie sBXid. 

About 12 pounds of bentonite.per long ton of pel le ts i s added to 

a s s i s t bal l ing and drying. This addit ion, plus the weight' change 

due to oxidation of magnetite, accjimnts fci-; the. changes i t i i ron-and 

s i l i ca grades between f i l t e r cake arid f ired . pe l l e t s . 

qSJALTTC INDIGATORS 

The Marcona Beneficiation 'Department uses a bl-hburly tumble 

t e s t as one primary opera,tlng'ljiQntrol• If the' mtrius l/ii-inch tumble 

f a l l s below 9^,6 percen-t (ASTM"procedurei 25 pound san^jle),. the 

operatDr must take corrective action-. The average compression strength,, 

although notUsed; as'-a direct operating control , provides addit ional 

quali ty information. Average values in excess of kHo pounds per pe l l e t 

are malntaiiie'd, but the operators must' be, coriceriKd not only with the 

average coiiipression, but a lso with the dis t r ibut ion of; indlviaual 

values about -the average leve l . 

Tumble and compressibn -tests giire valuable 'information on 

pellet.' qual i ty , but they cannot sisiulate conditions in. the b las t 

furnace. Numerous reducibi l l ty and hot compression teats have been 

developed recently .to. evaliS-te pellets ' ureier the ofiemical and physical 

conditions found In tHe blast 'ftonace i t se l f , biit no.single t e s t 

has achieved universal acceptance in the industry. The Oakushln 

swelling tes t developed in Japan i s used by Marcona as a supplementary 

O) ' ' ' . . . 

routine, quali ty cohtrol procedure. In -the Gakushin t e s t , pe l le t s are 

reduced for .one ;hour a t 900° C by a:' 30 .percent carbon monoxide-to percent 

nitrogen gas, -without, being-sub jected t'o,any load or, movenieiit', -Although 

the t e s t conditions are certainly less severe -than xhose in the» biasf 

furnace, the resul ts gXT{e ano.ther re la t ive indication pf pe l le t -qual i ty . 

\ 
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Af-tar the start-up of I ts ; f i r s t peHetizlng line In 1963, 

^ferco^a produced pel le ts 'wi th about 68 pMarcent iron and less than 

'2.0 percent-s i l ica . Blast fUrnaoe performance with these pe l l e t s 
" ' • ' • " " " • w . 

veis -variable, with- SOUH operating difficulties reported; As s 

result'of -vaxicrus research studies, it was decided to increase the 

silica content to about" It.0 percent, thereby reducing the swelling 

charaeteristic of the pellets during reduction. Figure S illUKtrates 

-the .relationship be-tween the silica conteht and Cakushin swelling Inaex, 

OXirtATIO'll 

The addition of silica to Marcona magnetite concentrate 

produces a gangue structure or slag network -which-tends to Diaintain, 

its integrity during blast furnace reductloni Ihe presence of this 

slag ne-twork,, however dc«E not eliminate the need to develop a coherent 

liemtite structure duo-ing pelletiaing. For high grade pellets (i.e. '55 

percent iron a'nd better), it is probably"a truisin that the 'better 

the Hepjatlte structure, the lower the gaiigue le-vel required to develop 

stability during reduction. 

(5,6,7) 

• The basic work of Cooke and liil aasociaies defined the - condi-tibns 

required to form a s-trong hema-tite network in pel le ts made from 

magnetite: 

( l ) Oxidation'of the magnetite (or a t l eas t the-tsurface of 

magnetite par t ic les) to hematite. The oxidation reaction 

is temperature-dependent, but the-restrietl-ve effect-of 

secondary physical prooesaes^ means tha t '-the optljaira 

temperature range for oxidation i s about>.800-1000° 0. 

% 
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(2) Recrystallization and grain growth of hematite particles 

to develop interpartlcle bonds. Teniperatures in excess 

of 1250-1300° C are necessary to accomplish this reaction 

in commercially attractive time. 

The magnetite oxidation should be essentially conpleted before 

recrystallization and grain growth begin if optimum crystal structures 

are to be developed. These conditions are more or less effectively 

satisfied in the three major commercial pelletizing processes—shaft, 

travelling grate, and grate-kiln systems by controlling the rate of 

heating through the oxidation zone. Obviously, any operational 

condition which upsets the heating cycle may thereby result in poor 

oxidation and structure developraent. 

Most commercial pellets made from magnetite concentrates 

have between 0.7 and 2.5 percent ferrous iron after firing; Marcona 

pellets are in the 2.0-2,5 percent range. The ferrous iron le-vel 

in the fired pellet is generally considered to be a good indicator of 

both the degree of oxidation achieved during induration and (by 

inference) the pellet quality. Certainly high levels of ferrous iron 

go hand in hand with poor quality. For example the data of Table 3 

compare the tumble index, compression test and ferrous iron of an 

obviously underfired portion of a pellet sample with the complete 

sample, 

m 
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TABLE 3 . QUALITY COtffl'ARISOH: UtmERFIRED AiJD N0R1.1AL PELLETS 

Fe 

Underfired Total Sample 

U.8 2.3 

Tumble Index (ASTM) 73.1* gU.2 

Compression Strength, lb/pellets 303 1»52 

% of Total Weight k . 6 

RELATIONSHIP BETOEEM FERROUS IRON AHD COMPRESSION STRENGTH 

Over an extended period, operating personnel at San Nicolas 

observed occasional deviations in average compression strength 

and unexplained Increases in the percentage of pellets falling below 

a stated minimum compression value. Studies by the operators led 

them to tentatively identify low compression strength with relatively 

high residual ferrous iron in the fired pellets. Green feed variables 

such as Blaine surface area, filter cake moisture, and silica content 

appeared to have little effect, at least within the ranges of these 

variables normally encountered. 

Firing temperature and pattern were considered as prime possible 

causes of high residual ferrous iron, not only from underfiring but 

also from overfiring, since it is well known that hematite will 
(8, 9) 

revert to magnetite under certain conditions. Figure 3 shows the 

equilibrium temperature for the reversion reaction as a function of 

oxygen partial pressure, 'fliis relationship indicates that reversion 

is thermodynamically possible at the 1350-1375 C firing temperature 

used at San Nicolas. 

Pot grate tests run in the United States suggested that hematite 

reversion might be the mechanism by which residual ferrous iron occurred 

in fired pellets. In consultation with the designers of the pelletizing 

machine, hiarcona's operators tested several changes in firing pattern. 
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Although the results were something less than clear-cut, it appeared 

that hematite reversion was not the principal mechanism In the 

production units. 

Effect of Sulfur on Ferrous Iron 

Due to ore and operational -variables, the sulfur content of 

the pellet feed can fluctuate from a low of 0.2 percent up to 0.8 

percent or more, with most -values in the O.lt-0.6 percent range. This 

fluctuation was not considered significant because pyritic sulfur, 

regardless of its amount, burned off during pelletizing and the 

fired pellets invariably exhibited uniformly low sulfur contents. In 

studying the ffects of concentrate variables on pellet quality, however, 

Beneficiation Department personnel began to suspect that periods of 

high sulfur in the concentrate coincided with periods of low or 

erratic compression values. This suspicion was indirectly confirmed 

by linear regression analyses of operating data performed on Marcona's 

IBM 1130 engineering computer. Residual ferrous iron was found to 

correlate reasonably well with sulfur content of the green feed, 

pelletizing machine production rate, and ferrous iron content of the 

green feed. This relationship is illustrated in Figure 1*. Since 

there was some relationship between ferrous iron and compression 

strength, it was concluded that high-sulphur concentrate was contributing 

to a lower compression strength. 

Sulfur dioxide resulting from the burning of pyrite had 

previously been recognized as a cause of corrosion in pellet machine 

ductwork, and data had been gathered to show sulfur dioxide concentration 

in exhaust gases from different sections of the Line Two machine. 

These data ere presented graphically in Figure 5, and indicate that 

the zone of maximum sulfur release at windboxes 13 through 2k 

coincides with the preheating and early firing sections of the machine. 

m 
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The optimum temperature range for pyrite oxidation is 800-900° C, 
(10) 

similar to the optlmim range for magnetite oxidation. Oxygen requirements 

for the two process are of the same order of magnitude: 

(1) Magnetite Oxidation 

2(Fe*'^-Fea'^*0U) -•- JOg 

and 

(2) Pyrite Oxidation 

2FeS2 * 5^02 

-^ 3Fe203 

-> Fe203 + USOg 

For example, tolower the ferrous iron content from 18.0 percent in 

the filter cake to 2.0 percent in the fired pellets requires about 

516 ft-̂  of oxygen (STP) per ton of pellets. To lower sulfur from 

0.6 percent in the filter cake to 0.02 percent in the fired pellets 

requires about 200 ft-̂ ~lli6 ft^ for sulfur oxidation plus ^k ft^ 

fo r oxidation of pyritic iron. The pyrite oxidation, furthermore, 

liberates about lU6 ft of sulfur dioxide per ton of pellets. 

This analysis suggests that the concurrent processes of 

magnetite and pyrite oxidation compete for oxygen during the pellets' 

passage through the critical firing zone. The high chemical acti-vity 

of the labile sulphur atom and the rapid low temperature oxidation 

rates'of pyrite compared to iron oxides Indicate that the sulphur 

reaction sites are more actl-ve with respect to oxygen than are ferrous 
(10, U , 13) 

iron reaction sites. If this is true, then the sulphur oxioation 

reaction will dominate until most of the sulphur has been eliminated. 

In addition to encouraging high ferrous iron contents by 

preferentially using the available oxygen supply, the sulfur may 

contribute to the reversion of hematite in two ways: 

4 
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(1) The envelope of the sulfur dioxide reaction product 

liberated within the pellet probably reduces the oxygen 

partial pressure, thus lowering the temperature required 

for hematite reversion. 

(2) The heat released by the svOfide oxidation at 900° C 

Is about 9''-9 kcal/gm mole sulfur. This heat release 

is higher than the equivalent frcm magnetite oxidation 

(I.e. 28.ll kcal/gm mole Fe at 900° C), and coupled 

with the high volumetric concentration of sulphur in 

pyrite particles, might well cause local superheating and 

encourage hematite re-version. ) 

! 

Althoigh the reaction mechanisms discussed above are speculative, 

recent microscopic studies confirm that the residual ferrous iron 

content of Marcona pellets is present both as relict (unoxidized) 

and reversion magnetite. Relict magnetite appears dominant under 

conditions of high sulfur in the green feed and normally high pellet 

production rates. 

Ferrous Iron and Other Quality Indicators 

The original clue to the effect of sulfur came through recognition, 

of the apparent correlation between residual ferrous iron and coinpresslon 

strength. Attes?)t3 to confirm this correlation by regression analysis 

of operating data have not been successful, however. It Is now 

believed this resvilta from the fact that there ia a "plateau" effect, 

that Is, ferrous iron values within a certain range are not directly ;' 

related to compression strengths, pnly when the ferrous iron level ( 

goes beyond the safe range do we experience noticeably lower compression 

values. 
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In view of its effect on compression, it was first thought 

that excess residual ferrous iron might also have undesirable effects 

on swelling and tumble indices. Further studies have shown, however, 

that within normal operating ranges there are no correlations between 

ferrous Iron and these quality parameters. 

CONTROL OF RESIDUAL FERROUS IRON 

The most obvious method of controlling residual ferrous iron 

in fired pellets, simply lowering the pelletizing machine's production 

rate, is an entirely unsatisfactory solution from a production standpoint. V. 

Nevertheless, this course bad to be taken during periods when compression 

strength values approached undesirable levels. The discovery that 

sulfur affected the residual ferrous iron content opened the way to 

other possible solutions, including selective mining of low-sulfur 

ore, installation of additional magnetic separation equipment, and 

installation of flotation equipment to remove pyrite from magnetic 

concentrates. The preliminary goal was to maintain the sulphur content 

of the filter cake at less than 0.1* percent sulfur. 

Marcona primary orea all contain fairly uniform amounts of 

pyritic sulfur, a fact vhich limits opportunities for selective 

mining. This alternative, therefore, could not be considered as a 

satisfactory solution to the sulfur problem. Laboratory tests, 

however, had indicated that flotation could remove a substantial 

portion of the pyrite in normal finisher concentrate. The test 

conditions were simple and straight-forward, and encouraged the view 

that sulfur could be controlled by a circuit featuring minimal 

conditioning, short flotation time at high pulp density, and modest 

^ 
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reagent cost, without pH or other environmental controls. A program 

of confirmatory laboratory tests left little doubt that flotation 

would be a workable solution. 

During I966, a small flotation plant was ins-tailed above the 

concentrate thickener to treat concentrate pumped from the magnetic 

plant. Figures 6 and 7 show the flotation machines and their relationship 

to the existing thickener and agitators. The flotation circuit allows 

the operators to maintain high pellet production rates when high 

sulfur might otherwise limit production. Continuing programs of 

research and testing aimed at further improving flotation results are 

underway. These efforts are being backed up by testwork on magnetic 

separation improvements which can be accomplished within the limitations 

of the existing plant. 

SUMMARY 

At Marcona, residual ferrous iron in fired pellets results 

in part from Incomplete oxidation of magnetite. This condition, 

which leads to dimlnlshment of compression strength -values, correlates 

at high production rates with sulfur contained in the pelletizing 

plant feed. Analyses of ferrous iron in fired pellets as functions 

of feed and operational variables led directly to the conclusion 

that control of excess sulfur In the magnetic concentrate was required. 

Of the remedies considered, flotation of pyrite from the magnetic 

concentrate combined vith improved cleaning by additional stages of 

magnetic separation appears to provide the desired solution most efficiently. 

\ 
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Figure 1 - Marcona Pellet Feed Flowsheet 
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Figure 7 - Pelletizing Feed Flotation Circuit. 
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KineticB ol the autoclave dissolution ol indium sulphide 

G E Avakyan sind I F Khudyakov (Orals Polytechnical Institute) 

Summary 

Figy 
Variktion oC the 
specif ic dissolution 
rate of indium IJ J 
and zinc (2) sulphate as 
as a function of the 
srjuare root of the 
par t ia l nressure of 
oxiiaen. X " 100°C, 
CH^SOU '̂  O^S molell, 
n = 10.03 ijps. The 
desSgnatiori's 1 and 2 
are the saneiin f igs . 
2 and 3. \ ' . 

. / / 

/PoT.atm 

Fig. 2 
Variation of the 
specific dissolution 
rate as' a function of 
the sulphuric acid 
concentration, t = 
100°c. P02 = 5 at.-n, 

10.08 rps . 

Zinc concentrates and intermediate products at some con
centration plants contain up to Ikg/t of indium, which is 
present in the zinc sulphide as an ismorphous impurity, 
substituting the zinc atoms in the sphalerite lattice. Auto
clave leaching of zinc concentrates gives more complete 

i SUBJ 

iRRF 

Hf 

-10 

•IS 

-10 

Fig.3 
Variation of the spec
i f i c dissolution ra te as 
a function of the recip
rocal temperature. PQI = 
•S atm, CHiSOn " O.S molel 
1, n - 10.oa rps . 

IS U V U-titt'.f 

• •il ' .\^ 

% extraction of the valuable comporients, including indium. '-M', 
The behaviour of indium sulphide during autoclave leach- ^» 
ing was investigated by the rotating disc method. It was 'vj 
established that Uie dissolution rate is directly prqportlonal jĝ  
to the square root of the partial pressure of oxygen. This '^<, 
shows that oxygen takes part in the rate-controlling stage p, ^ 
of the reaction of the sulphide sulphur with atomic oxygen. ^ 

The linear relation between the reaction rate and sulphuric 
acid concentration is similar to the relationship obtained for s. 
zinc sulphide, and the reaction is of first order in sulphuric ,.. 
acid. The dissolution rate ol sulphides increases with in- .,' 
crease In temperature, and the activation energy of the dis- £, 
solution ol indium sulphide was found to be 13 750cal/raole. .,',^ 
Thus,coniparison of the data on the kinetics of the auto- ••.,»* 
clave dissolution of indium sulphide behaves similarly to, . ' ^ . 
zinc sulphide during leaching in sulphuric acid solutions ' ff^ 
under autoclave conditions. • 'il',' 

UDC 669.2/8:546.719:66.074.7'. 

Recovery of rhenium from the alkaUne solutions in the desiliconizing of copper concentrates 

T BShkodina, Kh A Al'zhanova and V G Shkodin (Chemical-Metallurgical Institute, Academy of Sciences of the Kazakh SSR)' 

During the autoclave leaching of high-siUcon Dzhezkazgan 
concentrates 55-60% of the silicon dioxide and 65% of the 
rhenium are extracted into solution'^). After regeneration 
the alkaline solutions contain 5nig/l of.rheniuni, 130-160g/l 
of sodium hydroxide and 0,l-0.6g/l of silicon dioxide. The 
repeated use of recycled alkaline solutions leads to the 
accumulation of rhenium up to 100-150mg/l,and here the 
degree of leaching of rhenium from the concentrate remains 
practically unchanged. 

The present paper gives the results from investigations 
into the extraction of rhenium from the desiliconizing solu
tions by ion-exchange sorption. There are data on the sorp
tion of rhenium from neutral and weakly alkaline solutions^), 
and the known data on the possibility of the sorption of 
rhenium from strongly alkaline solutions are far from com
plete^)*). We tested anion-exchange resins of grades A'V-17 
X 8, AV-27 x 8, AMP, AV-18x, AV-182P and AV-16GS as 

applied to the solutions from autoclave desiliconizing. Solu-' 
tions containing 160g/l of NaOH, 0.6g/l of SiO, and Oig/l f̂  
of Re were used. The experiments on the sorption of rheniuijj 
were carried out at room temperature under dynamic con-V 
ditions by the normal method. The full dynamic exchange 
capacity (FDEC) of tlie anion-exchange resins in respect of^ 
rhenium was as follows (% on the weight of the absolutely 
dry resin): AV-17 x 8, 41.5; AV-27 x 8, 36; AMP, 5.7; 
AV-182P, 5.6; AV-18x, 3.2; AV-16GS, 0.9. All subsequentj 
investigations on Uie sorption of rhenium were carried out ,1 
on the AV-n and AV-27 resins in the Cl" and OH" forms. ' 

The dependence of the exchange capacity of the AV-17 x 8 ^ 
resin under dynamic conditions on the rheniimi concentra
tion of the solution is shown in table I . Since the exchange 
capacity of the resin in rhenium decreases by a factor of 4 f̂fl 
with a decrease in the rhenium concentration of the soluUonjf̂  
by a factor of 10, it can be concluded that rhenium can be. 
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sorbed quantitalively from dilute soUitioiis. In fact, a test 
showed that rhenium is sorbed alniost coinplctely from tlie. 
solution at a concentration-of 4-5n-isn/l. 

Table 1: Effect of the initial concentration of rhenium on 
the capacity of the AV-17 x 8 res in in the OH- form 
(0.5g of a i r -d ry resin) 

Concentration of 
rhenium in 
solution mg/ l 

• 20 
60 

100 
200 

FDEC • 

mg-eq /g 

0.55 
1,56 
1.74 
2.23 

% 

10,6 
29,1-
32.3 
41.5 

Desorption of the rhenium from the res ins was real ised 
with solutions of ammonium nitrate having various concen
trations at room temperature under dynamic conditions. 
(The flow ra te of the solution was 0.2nil/min). For each 
experiment we used 0.5g of resin s.iturated with rhenium. 
The optimum concentration of the desorbent amounted to 
2g-eq/ l , s ince the enrichment of the eluate increased little 
with further increase in the concentration while the con
ditions for tlie crystal l isat ion of ammonium perrhenate 
from the eluate deter iorated (table 2). After elution from 
the NOa " form the resin was converted into the OH" form 
with 105h sodium hydroxide solution until tlie NOj" ions had 
been completely eluted. 

The variation of the capacity pf the AV-17 and AV-27 
res ins in the sorption-ciution-regenerat ion cycles was also 
investigated. After eight cycles the capacity of the AV-17 
,"; 8 res in in rhenium decreased from 41.5% to 30%. The de 
c rease is stronger initially, and from the fourth to the 
eight cycle it changes little (from 36% to 31% for AV-27). 
This is evidently due to mechanical disintegration of the 
grains and to some loss of the res in during elution and r e 
generation. 

The technique for the extraction of rhenium was checked 
on the solutions obtained from Uie autoclave desiliconising 
of Dzhezkazgan concentrates . After regeneration Oie s i l i 
cate alkali solutions have the following composition g/1: 
163 NaOH, 10.6NapO3, 0.59 SiO^, 2.81 S to t , 0.005Cu, -
0.005 Fe, 0.005 Pb, 0,024 Zn, 0.03 Ca, 0.2 Al, 0.004 Re. 
Td approximate the composition of the solution to the indus
tr ial composition the rheniuni content was increased to 0.18 
g/1 by the addition of ammonium perrhenate . The sorption 
was carr ied out in a colunin 1.2cm in diameter containing 
lOg of the AV-17 x.8 res in In the OH" form (calculated on 
the dry weight). The flow rate of the solution was 2ml/min, 
and the full dynamic-exchange capacity amounted to 33%. 
The dynamic exchange capacity (to Uie appearance of 5mg/ l 
of rhenium in Uie solution) was 27%. 

The desorption of rhenium from the-resin was real ised 
wiUi 1.5N ammonium nitrate solution, and 85% of Uie rhen
ium was eluted by 250ml of solution with an average rhen
ium content of 8.2g/l. The eluate was evaporated, and Uie 
ammonium perrhenate was crystal l ised. After washing 
wiUi alcohol the product corresponded to the requi rements 
of Uie state standard. 

Table 2: Resul ts from elution of rhenium from the AV-17 x 8 
res in 

Concentration of 
ammonium 

g-eq/ l 

1.0 
1.5 
2.0 
2.5 
3.0 

ni t rate 
Degree of 

enrichment in 
first fractions 

47 
52 
63 
65 
80 

Average content in 
f irs t fractions of 

eluate g/i 

4.7 
5.1 
5.7 
5.8 
7.2 
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Polar isa t ion of aluminium cathode in cer ium-contalning.melts 

V I Kober, E G Samoilov, V A Lebedev, I F Nichkov and S P Raspopin (Urals Polytechnical Institute,, Department of 
the Metallurgy of Rare Meta l s ) 

1̂ 

Summary 

The polarisat ion of solid and liquid aluminium cathodes 
in KCl-NaCi-CeCia and KCl-LiCL-CeCis mel ts was inves
tigated at current densi t ies between I'lO"^ and lOA/cni^. 

The polarisation curves a r e analysed. For the liquid alum
inium caUiode in Uic region of low current densit ies at tho 
potential close to the equilibrium potential of aluminium in ' 

Uie melt there is an effect attributed to discharge of Uie 
aluminium ions passing into the melt on account of corrosion. 
At higher current densi t ies there is a wave which is absent 
in mel ts not containing CeClj and can be associated with the 
separation of cerium at the liquid aluminium cathode. V a r i 
ous a r r e s t s on the polarisation curve for the solid aluminium 
caUiodc a rc attributed to the forniation of compounds of c e r 
ium wiUi aluminium, the part ial Gibbs energies of which 
were determined. 
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Increase in their concentr.ntion. prii-ticul.-irly ,-U luu- wygoii 
pressures. In the ammonia soluUons re;icliijii-^) devolijps 
«Ten al 40-6O°C'')''')°), when.',i,s in ,siil|)luiri.<- ncid yolulions 
• teniperature not lower th;ti\ 100"C is required for :ip|n-e-
tlable development of this proce,¥s, WiUi iiu-reruse in the 
slckel content the potential of Uic ;illoy bouomes less noble, 

L'"^-Mdin sulphuric acid media Uii,'̂  promotes the following 

i process 

(CuNi) + nCu '* 

particularly with increiised tempera ture : 

(CuNii.,,1,. Cu i nNi^-* (4) 

I 
i: 
I J . 

f'i: 

: : 

The nickel oxide fornied in Uie initial .stige.s of Uie oxida
tion of nickel-conlaining alloys only dissolves readily in 
DID ammonia soluUon, Nickel o,Nide i.s formed al the atoms 
ind complicates its furUicr o.\id.Tlion and dissolution. A.s a 
result, during t reatment of the copper-nickel alloy with 
sulphuric acid solutions the entry of o.xygen^o the reaction 
lone and its activation involve grea te r energy expenditures, 
particularly for nickel, Uian in ammonia media (table 1). 

-' Tlius, Uie alloys investigated dissolve uniformly a t the 
beginning of the process Ixith in sulphuric acid and in 
immonia solutions. The divalent copper ions which form 
«re capable of oxidising the copper component of Uie alloy 
or of being reduced to elemental copper with passage of the 
nickel into solution (in the sulphuric acid medium). The 
ratio of the ra tes of these p roces se s , which depend on tem
perature, Uie o.xygen p r e s s u r e , and ihe presence of a 
surface film (with other conditions equal) will determine 
the selectivity index for the dissolution of the alloys. 

In sulphuric acid solutions Uie amount of dissolved copper 
(reaction 1) increases with increase in the oxygen p r e s s u r e , 
particularly from high-copper .•illoy,s. As a resu l t nickel 
passes into solulion not only be reaction (3) but .ilso by r e -
acBon(4)especiallywithincrc.Tsed temperature . During 
dissolution of high-nickel alloys (>40%Ni) react ions (1) 
and particularjiy (3) a re re tarded on account of the intense 
formation of the screening film, nnd this r e s t r i c t s the 
passage of nickel into solution under strongly o.xidising 
conditions (PQJ = 8 atm). 

In ammonia solutions at low oxygen p r e s s u r e s Uie develop
ment of reactions (2) i s hindered, and the role of divalent 
copper as oxidising agent of the copper coniponent of the 
alloy increases; the copper therefore pas ses into solution 
more quickly than the nickel. WiUi increase in the p res su re 
(concentration) of oxygen the oxidising role ot divalent copper 
becomes less significant, and the dissolution ra tes of the 
alloy components level out. The l)ehaviour of high-nickel 

1 

fr 

.illoys approximates to the behaviour of pure nickel, which 
is character ised liy passivation in ammonia solutions at 
increased oxygen p r e s s u r e s (3). The nickel dissolution ra te 
Uierefore dec reases with increase in the nickel content of 
the alloy, and in view of the role of divalent copper con
ditions a r e created for preferential dissolution of the copper 
component of the alloy. 
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With increase in Uie temperature to 80°C the copper and 
nickel dissolution ra tes from the high-copper alloys a r e 
equalised. At a tiigher tempera ture , on account of the oxygen 
deficiency (at PQ = const = 4 atm), the oxidising role of 
diralent copper i nc rease s , and this leads to increased d i s so - 2 " 
luUon-of the copper component of the alloys. For high-nickel 
al loys, which a r e more stable lo the influence ofoxygen, 
the activating role of Uie dissolved copper i s retained for 
Uie. whole range of tempera tures . ^SUBJ 

MNG . 
Conclusions r \ o n r 

1. The dissolution rate of copper and nickel from Uie alloy 
is higher than the dissolution rate of pure copper and pure 
nickel, part icularly in sulphuric acid media. 

2. Alloys containing less than 20% of ,Ni dissolve a t the 
highest rate in sulphuric acid and ammonia media; The 
effecUveness of the use of the use df ammonia solutions 
inc reases with dec rease in Uie nickel content. 

3. To acce le ra te Uie dissolution of copper-nickel alloy it 
is necessary to improve Uie o.xygen mass transfer conditions, 
i. e . , to increase the p res su re and agitation ra te , par t icu-
l.irly wiUi t :»90-l00OC, which will .substantially acce lera te 
dissolution especially in ammonia media. 

4. Nickel dissolves more rapidly Uian copper from alloys 
containing <20%Ni; The denickeling of the alloys i nc r ea se s 
with inc rease in the oxygen p res su re and the tempera ture , 
but itfls not.possible to secure selective dissolution of 
copper. 
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The role of seeding in the autoclave precipitation of copper from sulphate solutions 

I F Kudyakov, S S Naboichenko and S E Klyain (Urals Polytechnic Institute and Unipromed') 

Data on the role of seeding in Uie autoclave precipitation 
ol copper are contradictory. In papers by D Halpern et alia 
the homogeneous nature of Uie activation of hydrogen by 
copper ions is ment ioned ' ) . According to the data of 
Shaulelberger^), the catalytic effects of seeding is extremely 
small. The autliors'^) came to a s imi la r conclu,sion. a l t r ibu-
llng the determining role to the homogeneous stage in Ute 
mechansim of the precipitation of copper. In Uie p a p e r ' ) it 
was shown that the conditions for disproportionation of mono
valent copper deter iora te and the overal l ra le of the p roces s 
decreases with increase in tlie consumption r a t e of the seed. 
According to data^), the copper precipitation ra te increases 
with Increase in the consumption of the seed right up to 300% 
of the initial copper content at 160°C, During precipitation of 
copper from ammonia solutions the p roces s ra te inc reases 
with increase in the consumption and degree of dispersion of 
the seed, and an autocatalytic mechanism is obse rved ' )^ ) . 
The contradictory published data-are largely due to Uie com
plexity of Uie mechanism of the p r o c e s s and the difficulty of 

controlling Uie concentration of monovalent copper ions, the 
determining role of which was confirmed by the r e s e a r c h e s 
of P e t e r s et al ia ' ) . -

We ca r r i ed out e.xperiments on the effect of seeding on the 
charac te r i s t ics of the autoclave precipitation of copper from 
sulphate solutions in a 1 l i tre titanium autoclave at control 
led tempera ture and hydrogen p r e s s u r e . On the bas i s of p r e 
vious invest igat ions ' ) Uie agitation r a t e (Re = 10*), Uie h y d r o 
gen p r e s s u r e (P„j = '26atm), the initial copper content (1,0 
g-ion/l) , Uie initial ammonium sulphate content (1.0-1.5mole/ 
1), and Uie polyacrylamide content (0 .4^1) were taken as con
stant. The development of the p roces s was monitored by 
per iodic samples , in which Oie copper was determined by a 
volumetric niethod. The sampling device was provided with 
a filter of f ine-pore s intered glass . 

Copper, titanium and tungsten powders and titanium, tung
sten, and chromium carbides , bor ides and ni t r ides with 
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known specific surface were used for seeding. The materials 
differed in their structure and size parameters and cryslal 
lattice imperfections, and their adsorption capacity and 
activity for surfac^ recombination of hydrogen molecules 
were therefore different') 

For a heterogeneous mechanism of activation of hydrogen 
of additives employed in increasing amounts should appreci
ably accelerate the precipitation of the copper. Increase in 
the consumption rate of the added powders by two to four 
times has almost no effect on the precipitation rate (table 1). 
With seeds having the same surface area the copper precip
itation rate Is fully comparable for all the powders. Somewhat 
higher rates were dJserved when molybdenum and tungsten 
powders were used, and these are due to their cementation 
capacity in relation to copper, as shown by<the presence of 
molybdenum arid tungsten and by the unchanged acid content 
In the final solution. At the same time, in spite of the much 
larger amount of seed, decrease in temperature to 120oC 
led to retardation of the precipitation of copper, while the 
experimental activation energy remained practically un
changed with variation in the consumption rate and type of 
seed (Eg = 25+ l,2kcal/mole). A similar effect was obtained 
with the carbides, borides and nitrides (specific area 1.71ni^) 
and even with graphite which had been activated by palladium 
fluoride. Microscopic investigations of Uie powders showed 
that the seeds took the form of an independent phase and were 
coated insignificantly with copper. Thus, the experimental 
data indicate Uie absence of an activating effect eith the vari
ous solid addilions and do not confirm the heterogeneous 
mechanism of the process. 

At the same time, with the addition of copper powder up to 
100% of the copper content in the solution some increase in 
the rate of Uie process was observed in the initial period of 
precipitation. With the use of monodisperse fractions.of 
powder with particle size between 0.3 and O.Olmm, posses
sing different surface are'as, the effect of Uie particle size 
of the seed showed up for fractions finer than 0.053mni 
right up to the precipitation of 50-60% of the copper. Frac
tions finer than 0.044mm were isolated by washing with 
water; to eliminate oxidation of the particles dehydration 
and drying were undertaken just before Oie experiment. , 
Experimental data on the elfect of the surface are of the 
seed on the rate of the process are given in fig. 1. 

During precipitation of the copper with t-wo to six thicken
ing cycles with a hydrogen pressure of 26 atm at 140°C for 
40 min (in the presence of the powder obtained during 
treatment of the previous volume qf the solution) Uie aver

age rate of the process after the first cycle remained 
practically unchanged and amounted to 1.7+0.02g/l.mln. .ijS] 
This Is fully explainable, since alter one cycle the amount -" 
of powder formed is almost equivalent to the copper con
tent in thenew portion of solution, and subsequent increase .jK 
in its aniount in the system does not affect the final results 
of fthe process (with unchanged mass transfer in the "gaa- , 
liquid" system). 

Table 1: Values for the average rate of the process (^1 min) 
in the presence of seeding powders at the moment ol ^jj 
50 and 90% precipitation of copper (P., = 27 atm, 
t = 140°C)' 

Seed 

Name of powder 

Electrolyt ic copper 

Titanium 

Molybdenum 

Carbonyl tungsten 

Consuniption 
B/l 

20.3 
38.8 
81,5 

122,3 
47.0 
95.0 

190,0 
22,5 
89.0 
20.3 
40.6 

1 81.2 

Surface 
m^ 

1.71 
3.27 
6.84 

10.11 
1.71 
3.42 
6.84 . 
1,71 
6,84 
1.71 
3.42 
6.84 

vg /1 

50% 

4.86 
5.14 
5.62 

(2.83) 
5.52 
5.14 
5.04 

(4.30) 
5.43 

(3.90) 
5.42 
5.40 

(2.80) 

min 

90% 

2.18 
2.23 
2.17 

(1,20) 
2.19 
2.26 
2.12 

(1.90) 
3.60 

(3.60) 
2.32 
2.32 

(1.44) 

*) The values given in brackets were obtained at HO^C. 

6 . 0 

•5 • ' .0 
p. 

l y . 

F i g . l R e l a t i o n between the 
average s a t e of tbe process 
of 50* ( ! ' , 2 ' j and 90% (1,2) 
p r e c i p i t a t i o n and the amount 
of seed added; t =140''C, 
f„2 = 26 atm, cg^ = 7 1 . 2 g / l , 
70g of copper powder; 

^fNHO.SO. ' / ^ ' ' - ° ' ° -
2 - 150. 2.0 4 .0 6.0 

Seed s u r f a c e m'' 

Table 2 gives data on Oie eflect of the amount of added 
copper powder on the kinetics of the precipitation of copper 
at various temperatures, hydrogen pressures and initial 
acidities. With increase in the amount of powder up to 

Table 2: Residual content of copper In the solution (g/1) wlUi var ious amounts of 
copper powder 

Precipi tat ion 
p a r a m e t e r s 

toe 

140 

150 

140 

' 150 

P H , atm 

28 

28 

15 

10 

CS.so. S l̂ 
. 

-

20,0 

20.0 

Seed 
consumption 
ra te g/1 

0.0 
16.0 
32,0 
64.0 
96.0 

0.0 
16.0 
32.0 
64.0 
96.0 

0.0 
32.Ci 
64.0 

128.0 
0 . 0 . 

32.0 
64,0 

128.0 

Interval between samples 

5 

36.7 
31.4 
28.6 
23,2 
22,8 
17,7 
19,1 
19,1 
18,4 
19.7 
55.5 
45.1 
42,0 
42,4 
58.1 
48,9 
40.0 
41.9 

10 

24.7 
20.3 
21.0 
20.3 
20.6 
12.9 
12.1 
11.4 

8.9 
8.3 

49.6 
41.2 

*3 .4 
36.7 
50.2 
42,0 
36.8 
37.0 

15 

15.9 
12.7 
15.3 
12.7 
13.0 

3.8 
_ 

4.8 
4.5 
4.5 

41.9 
36.8 
34.0 
32.0 
42.6 
37.8 
32.2 
31.0 

24 

7.0 
6.4 
8.3 
7.0 
7.2 

-
2.8 
1.9 
1.3 
2.9 

28.6 
-

27.9 
27.0 
34.3 
27.1 
23.5 
22.0 

min 

40 

3.9 
2.8 
4.4 
3.5 
4.1 

. 

. 
_ 
_ 
_ 

19.1 
15.9 
14.8 
15.3 
20.3 
15.6 
12.4 
12.7 

'I 
• l ' 

- • ) • ' 

t i : 

I 

m 

' ) Figure missing in Russian Journal. 
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Its 
5 -

rain) 
^ntof 
n. 

18 
23 
17 
20) 
19 
26 
12 
90) 
60" 
CO) 
32 
32 
-14) 

100% of the copper content in the initial solution Uie<copper 
precipitation ra te is accelerated, part icularly in Uie first 
10-15 min, except for Uic ex]ierimcnt at 150°C and Puj = 
28 atm. Decrease in the hydrogen p r e s s u r e and tempera
ture and increase in the initial acidity of the solution i.e, 
variation of the conditions which lead to a deficiency of 
hydrogen in the system, with a sniall content of copper in 
the solution leads to Uie appearance of an induction period 
on the kinetic curves . This induction period disappeared 
wiUi increase in P H , and the copper content or with addi-
lion of copper powder (fig. 2), The presented data demon
strate the effect of metall ic copper on Uic development of 
Uie processes involving copp'jr and hydrogen ions. 

F i g . 2 K i n e t i c s of the a u t o -
cla'. 'e p r e c i p i t a t i o n of cop
p e r a t IJO'C with C°,so„ " 
3 0 g / l . Hgdrogen p r e s s u r e 
(atm) and Cu c o n c e n t r a t i o n 
lg /1) : 1 - 10 ,20 : 2. - 2 i , 
20: 3 - 10 ,60 ; 4 - 10.20 

•t-2'Og/l of s e e d . 

It has been estal i l ished '") that for the reaction: 

Cu'+ + Cu 2Cu" (1) 

the equilibrium concentration of Cu''̂  ions is described by 
Uie equation: 

[Cu^] 

_ 4 , 5 7 5 e x p ( i ^ - 9 . 1 4 ) _ 

(2) 

by the reaction of activated hydrogen (H*) wiUi divalent 
copper: 

2Cu' 2H' 2Cu+ + 2H+ (3) 

and, with other conditions equal, will dec rease wiUi de
crease in the content of divalent copper ions. If it is sup
posed that the mvestlgated p roces s is heterogeneous, Uie 
rate of Its development should increase wiUi increase in the 
concentration of the initial compoundsand aisowiUi increase 
In the degree of dispersion of the copper powder. Moreover, 
according to the stoichiometry of the react ion, the initial 
substances reac t in an equimolar ra t io . The concentration of 
monovalent copper will therefore be determined by the con
tent of the substance,.which is present in the system in an 
Insufficient amount (compared wiUi the s toichiometr ic 
amount). An excess of copper powder, in par t icu lar , will 
affect the ra te of establishment of equilibrium bul not the 
equilibrium concentration of C>î  ions. 

The r e sea r ches ol D Halpern et alia and Uieir data on Uie 
role of various sr ds -n Uie precipitation ra te of copper in
dicate a determining role for Uie meclianism of homogeneous 
activation of hydrogen, the development of which is possible 
in Uie presence of copper ions Uuough a donor or dat ive bond. 
The dissociation energy of Uie H-H bond amount to 62kcal/mole 
by the donor mechanism and a 3,4kcal/niole by Uie dative m e c 
hanism, and the latter was prefer red for an ion wiUi a small 
cha rge" ) . From the energ)- standpoint Uie activation of hydro
gen is evidently real ised through a dative bond, i.e. by mono
valent copper ions. 

Thus the role of the added seed amounts to an ' inc rease in 
Uic concentration of monovalent copper in the solution, which 
helps to accelera te the whole p roces s by its activating effect 
on the hydrogen. Monovalent copper ions can also be formed 

However, due to the much lower activating power of Cu''*" 
ions^^), this p roces s develops more slowly, part icularly 
with a deficiency of dissolved hydrogen (e.g. with a low 
hydrogen p r e s s u r e ) and also with a low initial concentra
tion of copper or with significant acidity, which re t a rds 
the development of the direct reaction. The deficiency of 
hydrogen is felt at .Uie beginning of Oie p rocess , when its 
concentration is lower than the content of copper ions on 
account of its low solubility or the inadequate aerat ing 
capacity of the s t i r r e r . It is in this case that Oie addition 
of copper powder, which leads to the formation of mono
valent copper (a homogeneous catalyst for the activation 
of hydrogen molecules) by reac t ion ' ) , has an appreciable 
positive effect. 

The initial section of Uie kinetic curve 1 (fig. 2) i l lus
t ra tes the ii icreasing ra te of precipitation of copper, char 
ac ter i s t ic of autocatalytic p roces se s . The observed r e l a 
tionship begins lobe distorted when 50-60% of the copper 
has been precipi tated. The autocatalytic nature of the p r o 
cess with a deficiency of hydrogen is due to the increasing 
amount of powder which forms. The amounts of powder and 
monovalent copper a re proportional to the initial content of 
Cu^. According to the stoichiometry of reaction (1), It is 
most higiily developed wiUi a Cu'^:Cu' ' ra t io of 1:1, and 
theoretically Uiis should occur at the moment when 50% of 
the copper has been precipitated; it should then decrease 
as a resu l t of dec rease in the concentration of Cu* ions, 
which is confirmed in pract ice (curve 1, fig.2). 

Conclusions 

1. The rate of autoclave precipitation of copper from su l -
pha.se solutions is indifferent to solid additions (seeds), and 
this confirms the homogeneous mechanism of the p rocess , 
2, A seed of copper powder helps to increase the content 
of Cu"" ions (homogeneous act ivators of hydrogen) in the 
solution. 
3, The positive role of the seed (copper powder) appears 
under conditiohs which hinder Uie activation of hydrogen , , 
and Uie formation of Cu* ions (insufficient concentration 
of dissolved hydrogen, low content of copper, high acidity 
in the solution). 
4. The initial period of Uie precipitation of copper Is 
charac ter ised by an effect from increase in Uie degree of 
dispersion of the seed (-O.OSnim) and its consumption ra te 
(up to 100;i of the content of the copper In Oie solution), 
and also by the autocatalytic mechanism of Uie p roces s . 
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The Regional and Stratigraphical Context of ZeGhstein 3 and 4 
Potash Depasits iii the British Sector of the Southern 

North Sea and Adjoining Land Area? 

I D E N YS B, S M I T H A N D -A NTO N Y 'CROSBY 

i 
' • ' A b s t r a c t 

GeopKysical logs and cuttings recorc[s from Zechstein cycles 3 and 4 strata in boreholes. 
'm the .British sector of the southern North Sea liave been interpreted in ttie light of-
numerous cored boreholes through this sequence in northeast England. This interpreta
tion shov/s that potash salt's in the two cycles are thickest and most consistent in .a belt 
20 to 40 km wide parallel with and a few kilometers from the present, basin margin and 
are here generally similar in grade to thosev known, onshore.- The potash ores in both 
cycles are mainly of sylvinite in onshore, areas, the layered Upper Potash of the fourth 
cycle being rather less, variable.but generally of appreciably lo-wer average,grade: than 
the Boulby Potash .of the third cycle. Potash salts in both cycles are highly variable in 
thickness and grade in basin center areas where they have been grossly affected by 
diapirism of the thick second cycle salts; 

""̂ S ^ S crfc 

p™ n ^ t̂tst 

In t roduc t ion and S t r a t i g r aph ica l Classification 

ZECHSTEIW -salt and potash, d-eposits, the basis of 
major Ghemical industries' in England, Germany; and 
Poland, occur at depth below much of the present 
Nor th Sea, where they have been proved in some 
hundreds df hydrocarbon exploration boreholes. Xhe 
salts cornprise parts of four main broadly cyclic se
quences (Fig.' 1) , those in the first ( W e r r a ) cycle 
being thickest in the marginal belt in which anhydrite 
generally predominates, while those in the second 
(Stassfuft) cycle are thickest in basinal areas and 
comprise thick sulfates (including vast amounts of 

-polyhalite)' disposed .mainly peripherally to exception
ally thick cKlorides, Evaporite sequences in the 
third (Leine) and fourth (Al le r ) cycles are con
siderably more uniform in both lithology and thick
ness than those of the two earlier cycles and com
prise sulfates (subordinate) and chlorides (including 
potash salts) which together thicken' progressively 
toward the basin center and are .individually con
tinuous far onto the surrounding shelves. The .gen
eral geology of the Zechstein sequences has been 
summarized by Smith (1974a) and Taylor and 
Cpker (1975) and need not be repeated. 

Salts in the third and fourth Zechstein cycles, on 
which this paper concentrates, were profoundly ..dis
turbed in basin areas by movement of the underlying 
second cycle sajts and in places may themselves have 
initiated minor diapirism. In general, however, 
enough undisturbed or only slightly disturbed .areas 
are present, especially in marginal areas, for the 
broad outlines of the present stratigraphy and dis
tribution of the salts to be- determined and to pro

vide some clues to their former distribution and 
paleogeography. I t is clear that the salts" thicken 
progressively toward the basin center and that basin-
ward thinning of some sulfate members is more than 
matched by thickening of the chlorides. Both chlo
rides (first) and sulfates terminate abruptly toward 
the margin, where past or current dissolution by 
undersaturated groun'dwater is inferred. Potash salts 
in both the third and fourth cycles are of commercial 
grade, but only the Boulby Potash of the third cycle 
is currently being worked. 

Because well cuttings (coiiihfonly hot recovered .dr 
patently unrepresentatiye) and geophysical logs are 
the only record of the Zechstein third and fourth 
cycle evaporites beiveath the southern North Sea, the 
key to the interpretation of' the distribution and 
thickness of these salts lies in the well-explored area 
of northeast England where the margin of the evapo
rite liasins extends for some distance inland., Details 
of the evaporites in these land areas will therefore 
be given first, in the e.xpectation that they are typicai 
of marginal arfeas around the basin, and description 
of the .more problematical basinal sequences will fol
low. I t should be noted, however, first, that the se-
;quence in the northeast margin of the basin is likely-
to be anomalous becatise bf extensive prcrUpper 
Cretaceous Ieaching and erosion and, second, that 
comparatively few boreholes were drilled in basinal 
areas and in most of these, the salts are diapiric, 
English lithqstratigraphic nomenclature will be era-
ployed throughout in view of the uncertainty of cor
relation between the English, and German Zechstein 
potash deposits. 
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Series 

PERMIAN OR TRIASSIC 

< 

Hi 
a. 

UPPER 

LOWER 

Groups 

Eskdale 
Group 

Stsintondale 
Group 

Teesside 
Group 

Aislab)r 
Group 

Don 
Group 

Formations 

Saliferous Marl 

Top Antlrdfite 

Sleights Siftstone 

Upper .Halite 

Upper Anhydrite 

Upgang Formation 

Carnal littc Marl 

Boulbr Halite 

BiMingham Main Anhydrite 

Upper Magiiesian Limestone 

Fordon Evaporites 

Kifkham Abbey Formation 

Hay ton Anhydrite 

Lower Magnesian Limestone ' 

Marl Slate 

Yellow Sands & Basal Breccias 

Cycles 

^ \ 

EZS 

^ \ 

EZ4 

^ ^ 

EZ3 

E Z l 

EZI 

y ^ ^ 
,FiC, 1. General stratigraphy of Zechstein strata- in northeast Eriglantl and the southern 

North Sea, The abbreviations EZl to EZS denote the five* main evaporite cycles of the 
English Zechstein sequence. For correlation with Zechstein strata in Germany, see Figure 4. 

P o t a s h D e p o s i t s and Rela ted Evapor i t e s o f t h e 
T h i r d and F o u r t h Cycles on L a n d 

Tfte Teesside Group (EZSy^ 

This group, the correlative of the Leine Series of 
northern Gemiany, comprises three main formations 
(F ig . 1 ) ; these are, in ascending order, the Upper 
Magnesian Limestone or Seaham Formation, the 
Billihgham Main Aiihydrite, and the Boulby Halite. 
The Boulby Potash is present near the. fop of the 
Boulby Halite iii parts of North Yorkshire and 
Cleveland. Only the. Boulby Halite .and Boulby Pot
ash will be speeially considered here. 

The Boulby Halite.iswidesp'read (Fig, 2) in north
east England and locally reaches a thickness of 80 m 
hear the coast. Having; been proved in m o r e than 60 
cored -boreholeSj its detailed strafigraphy and min
eralogy are well known. Except in limited areas in 
Yorkshire it generally contains only small amounts 
of t€.rrig€ijous rnaterial and, where fully developed 
near the coast,, it comprises four.mai.n rmits ( A r m -

^ The abbreyiations E21 to EZS detiqte the five cy[:les of 
the English Zechstein seciueiice. Although these cycles are 
probably generally equiyalent to the Zl, to ZS cycles of the 
German Zechstein sequence,, there are several significant 
differences and also some doubts on,the correlation. 

strong et al., 1951; Raymond, 1953; Smith, 1971, 
1973; Stewart, 1951a). 

Fi-om the top they ai^e: 
D. Gray, brown, and red, generally medium-

grained halite with thin beds" df dark gray-green' or 
red mudst6ne;toward the top and with patchy sylvite 
near the base in some coastal districts. Par t s com-
mdrily coritairi a distended mesh of dark, gray-green 
or red mudstone. Small amounts of anhydrite, hema
tite, rnagnesite, and quartz are .generally present. 
The iinit is from 0 to 5.2 m thick. 

C. (Boulby Po ta sh ) . Sylvinite^ colorless, pink, 
red, br;owii, or gray, commonly strikingly mottled, 
comprising a, variable mixture" of medium-grained 
and coarse-grained halite and generally secondary 
amoeboid sylvite in a weakly layered, distended and 
discontinuous, fine-grained mesh of dark gray-green 
carbonaceous mudstone arid/or fine-grained gray 
anhydrite, and with beds of halitic or Sylyinitic mud
stone and anhydrite, Av.eraged KCl content is 'up to 
45 percent (Smith, 1974b), but fewvdata have been 
published, Bbracite, hematite, kbenenite, maignesite, 
pyrite, .and quartz ralige froin rare to; abundant and 
minor carnallite is common. I t is believed to pass 
laterally into halite of equivalent age. The unit ranges 
from 0 to 11 m in thickness., • 
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B. Halite: tipper part is colorless, pale gray or 
.amber, equi granular, medium-grained, with thin 
laminae of'fine-grained anhydrite and scattered cry.s-
tals and small patches of sylvite'; lower part mainly 
gray and brown, coarse to very coarse grained, with 
mudstone aiid anhydrite forming a discontinuous 
coarse mesh and -some thin beds; Medium-grained 
granular gray halite^ partly pseudomorphous after 
gypsum, viridely forms thin beds near the base, 
Carnallite, magnesite, sylvite, and quartz, (in higher 
beds) az'e widespread minor constituents. The unit 
is about 30 m thick. 

A. Halite with subordinate anhydrite': upper part 
is-pale gray, amber, and brown, faintly bahde'd, gen
erally mediiatn grained, commonly with a discontinu
ous ragged mesh and sdrn'e.thin beds of mudstone and 
fine-grained atihydrite and with upright fibro-radiate 
pseudomorphs after gypsum in numerous layers, 0,00,1 
to 0,003 m thick; lower part is of halite- (as above) 
and halitic anhydrite, the latter with halite -pseudo-
morphing layers of fibro-radiate coarse-grained gyp
sum. Thin beds of halitic'dolomite are.preserit locally. 
The unit is about 15 ra thick. 

The -Boulby Halite, exhibits great lateral changes 

FIG, 2, Generalized distribution and thickness of the Boulby Potash in 
the English Zechstein Basin, 
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in both, purity and thickness, partly because of pri
mary lateral variations but mainly through diagenetic 
and tectonic effects during and after burial. These 
variations are superimposed on a regional, gentle, 
generally basinward tilt and thickening and affect the 
constituent units in different ways. In general units 
A and C have undergone the most complex dia
genetic and mineralogical changes, whereas the most 
obvious changes in units B and C stem from plastic 
flow which has led to contortion and (exceptionally) 

• local inversion. Traced westward, the Boulby Halite 
becomes thinner and mineralogically more simple, 
before terminating against an inferred solution slope; 
the apparent absence of residues and collapse-breccias 

, only a few kilometers west of the margin of the halite 
at Teesside, northeast England, suggests that there 
the formation originally may not have extended far 
beyond its present limits. This situation may also 
be representative of other areas. 

The complex diagenetic history of much of the 
Boulby Halite was revealed by the exhaustive studies 
of Stewart (1951a) and Armstrong et al. (1951), 
who demonstrated extensive replacement of the pri
mary metastable mineral assemblages. Stewart, in 
particular, showed that early gypsum in the lower 
parts of the formation had undergone a whole series 
of transformations, including extensive replacement 
by halite and anhydrite. In the Boulby Potash the 
changes are even more complex, with several gen
erations of some minerals, and little or none of the 
original mineral assemblage surviving. Stewart's 
(1956) revelation that carnallite was once the main 
potassium-bearing mineral in parts of this unit is 
especially important. Other mineralogical changes 
peculiar (in this area) to the Boulby Potash include 
first, the unpredictable presence and distribution of 
displacive masses and lenses up to 1 m thick of 
pure sylvite which have locally increased bed thick
ness and enhanced ore grades and, second, where the 
unit D is absent, have caused the local mineralization 
of the lower part of the Carnallitic Marl by which up 
to 80 percent of the rock may comprise displacive 
halite, sylvite, and carnallite. The presence of a min
eralized zone at the base of the marl makes it dif
ficult to identify the true top of the Boulby'Potash 
and by occupying the place of the more competent 
halite of unit D could cause appreciable roof in
stability in mine workings. The cause and age of the 
mineralization are uncertain and some of it may 
have resulted from leaching or dehydration of the 
Boulby Potash during or shortly after deposition of 
the Carnallitic Marl. 

Plastic flow in the Boulby Halite, although concen
trated in the purer and mineralogically simpler halite, 
affects most beds. It is least apparent where a mesh 
of anhydrite or mudstone has hindered crystal rota

tion and imparted rigidity and is most apparent where 
anhydrite stringers in otherwise pure halite have 
been contorted. Flow lineation revealed by a gneis-
sose fabric, first noted by Stewart (19Sla), il wide
spread in units B and D wherever the formation as 
a whole is atypcially thick or thin and is relatively 
common in the Boulby Potash; beds featuring this 
fabric commonly contain rotated fragments of other 
rock types from former less ductile interbeds and 
locally, especially in the Boulby Potash, contain large 
.xenolithic rafts of halitic or sylvinitic anhydrite or 
mudstone. 

Contortion and accompanying thickness changes in 
the Boulby Halite in the coastal area probably stem 
mainly from halokinetic movements in the underlying 
Fordon Evaporites, but some undoubtedly result 
from flow induced by tectonic movement. Faults in 
most of the halite are apparently uncommon, pos
sibly because of its propensity for absorbing move
ment by flowage and recrystallization, but are locally 
present in the Boulby Potash in association with 
sharp monoclines, rolls, and other minor dislocations. 
In both the Boulby Potash and the Carnallitic Marl, 
veins of halite, sylvite, carnallite, or rinneite (or 
combinations of these) up to 15 cm thick separate 
listric surface disposed to all angles of the bedding 
and are locally abundant. Sharp thickening and 
thinning of the Boulby Potash, and in places its com
plete leaching and/or pinching-out, are associated 
with many of the minor dislocations and most of the 
larger ones. 

In the Boulby Halite as a whole, the sum of the 
many variables is insufficient to mask the essential 
continuity of the major subunits, and indeed some 
distinctive thin beds low in the formation are recog
nizable for considerable distances in cores and geo
physical logs. In the Boulby Potash, however, the 
variability of thickness, mineralogy, veining, and in
clination is such that it has rarely proved possible to 
correlate the deposit in detail even between cored 
boreholes a few hundred meters apart. In terms of 
exploration and mine working, this means that the 
mineralogy and stratigraphy of the orebody is unpre
dictable even over short distances; without support
ing cores, the interpretation 'of geophysical logs 
through so variable a body is fraught with uncer
tainties. 

The Stnintondale Group {EZ4) 

This group, the correlative of the Aller Series of 
the north German sequence, comprises four main 
formations (Fig. 1). Only the Upper Halite (in
cluding the Upper Potash) will be specially con
sidered here. 

The Upper Halite is slightly less extensive in 
northeast England than the Boulby Halite and is gen-
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FiG. 3, Generalised distribution and thickness of the Upper Potash in the 
English Zechstein Basin, 

-erally sdmewhat thinner. From its margin (Fig; 3) , 
inferred frpm its abruptness to.be a solution slope, 
the Upper Halite thickens gently and relatively uni
formly eastward to a maximum on land of about 60 
m. In the coastal area pf northeast Yorkshire it 

, comprises fiviemain units, recognizable in descriptions 
of several authors (Armstrong et a.l., 1951 * Ray
mond, 1953.; Smith, 1971, 1973; Stewart, l:951b). 
Except at the top of unit E and the base of unit A, 
boundaries are generally gradational. 

From the top the ufiits are as follows, 
E, Colorless to amber, medium- to coarse-grained 

halite- with scattered filnns and patches and locally a 
faint network of fine-grained gray anhydrite and red 
silty mudstone, Tbe unit is 1,8 to 4.9 in thick, 

D. .Mudstone, hah'tic, and argillaceous or silty ha
lite, comprising a heterogeneous, faintly layered mix
ture, of colorless,.mainly coarsely crystalline euhedral 
tb subhedral halite, in a distended mati-ix of brick-red 
silty mudstone pr argillaceous siltstorie. The relative 
proportions of the two main components range widely 
and beds of almost halite-free mudstone occur. An
hydrite,, hematite, magnesite, talc, quartz, and, locally 
in lower beds, sylvite are minor constituents. Unit 
D is H to 23 m thick. 

http://to.be
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C. (Upper Potash). Sylvinite, colorless, gray, 
brown, or mottled, comprising a variable mixture of 
m'ediinh- to coarse-grained halite and sylvite in a 
roughly coiicbrdant mesh of gray anhydrite and dark 
gray-green . carbonacebus clay. Commonly divided 
irito three or moreparfs by beds of halite or sylvinitic, 
red br gray fnudstone up to 1 m thick and by beds,of 
thinner halite and anhydrite. Averaged-KCl content 
is up to 26 percent (Smith, 1974b), but few pub
lished data are available. Boracite, carnallite, hema
tite, magnesite, rinneite, talc, arid quartz are gen
erally minor constituents. Believed to pass laterally 
into halite and mudstone pf equivalent age. The unit 
ranges from 0 to 8-5 m in thickness. 

B, Halite:; colorless, pink or amber, mainly nied-
iurn-graJned', equigranular, commonly weakly color-
banded, and with a few laminae and thin beds of fine
grained gray anhydrite and gray or red-brown 
anhydritic mudstone. Lpcal traces of a-delicate dis
tended mesh of anhydrite and/or mudstone in tbe 
upper part, where scattered patches of rinneite and 
sylvite are common. Hematite, magnesite, talc, and 
quartz are widely distributed minor constituents: 
Unit B ranges from 8 to 12 m in thickness, 

A. Halite: colorless to pale pink, medium- to 
coarse-grained, faintly rhythmically color-banded, 
with delicate laminae of firie-grained gray anhydrite 
at intervals of up to 0.2 rii' arid a few thin beds of 
halitic anhydrite, ' Halite in some rhythms near the 
base occurs in partly pseudbriiorphic courses of early 
iipright fihro-ra'diate gypsum, Magnesite, riririeite, 
sylvite, and talc are common minor constituentSi with 
ririneite and sylvite being localty abundant near the 
base. The unit ranges from 5 to 7 ni in thickness. 

The Upper Halite, like the Boulby Halite, is vari
able iri both mjneralbgy and. composition, and these 
variations are similarly due to both primary and 
secondary causes. The overall distribution and thick
ness of the: salt, and to a large extent that of the 
Upper Potash-, are. probably primary, except where 
modified by dissolution, but the original mineral as-
.semblage of unit C and to a lesser extent that of the 
other units has imdergone complex diagenesis on a 
massive scale (Stewart, 195ib; Armstrong et a!.,. 
1951). Secondary thickness changes'resulting from 
flow in the halite are most marked jn units B and 
E, where coritbrtiori, flow lineation, and a strikingly 
gneissbse textur-e are widespi-eatl. The sura of the 
variations; however^ as in the Boulby Halite, is in
sufficient .• to obscure the overall continuity pf the 
formation and of its individual units. 

Although superficially similar to the Boulby Pot
ash, the Upper Potash on land is considerably less, 
variable in mineralogy and thickness. Mineralogically 
it differs in that it contains talc and shows-no evidence 
that, carnallite was an important primary constituent 

(Stewart, 19SIb). But perhaps the main difference 
is that the Upper Potash is generally a layered body 
with a locally recognisable stratigraphy and with 
mudstone beds that may be traced for mpderate dis
tances, .Although the Potash is cut by abundant 
minor movement plaiies and veins oi carnallite, ha
lite, rinneite, arid sylvite, the deposit is less deformed 
than the Bbulby Potash. Flpw-Iineation is uncom
mon in the Upper Potash. 

Folds and faults iti the racks of the third and fourth 
eyeries on land and their effect on the potash ores 

The regional tectonic structure of Perinian strata 
on land in northeast England is relatively siniple 
with dips at the base and top generally of less than 2" 
and with unfaiiUed or sparingly faulted gentle folds 
commonly '2 to 5 km across and 100 to 2S0 m in 
amplitude. The top and bottom of the, Permian se
quence diverge eastward only slightly, niainly reflect-
ing slight differential synsedimentary subsidence, but 
some strata within the sequence display considerably 
riiore complex structure. For exarnple, the Upper 
Magnesian Limestone (EZ3) is appreciably more de
formed and dislocated than the base and top of the 
Permian sequence,-and -greater-structural complexity 
)5 also present in the Carnallitic Mar] and Upper 
Anhydrite in the Whitby area of northeast Yorkshire. 
There, these two formations have been defprmed into 
a variable much-faulted pattern by rolling folds corn-
in only a few scbre meters across and with amplitudes 
on the order ai' 10 to 30 m. , The cause of defprmation 
is uric'ertain, although it seems likely to be a response 
to flow in' the mPre ductile halite units rather than 
directly tb external tectonic pressures. Regardless of 
cause, it. is clear that most of the minor folds and 
faults in the Carnallitic Marl and Upper Anhydrite 
die- out or diminish in the halite below and above, 
and that most of the. movement was accommodated 
by flow and resultirig thickness changes in units B 
to D of the Bbulby Ha!lite and unit B of the Upper 
Halite. Similar accommodation by adjoining eva
porites is surmised, for dislocations in the Upper 
Magnesian Limestone, and other rigid strata lower 
in thesequence. 

We believe that the structural variability of the 
Boulby Potash is greater than that of the Upper 
Potash mainly because the former is- nearer to the 
most deformed part of- the third and fourth cycles. 
In this position, it was more liable to squeezing, de
formation, and redistribution or expulsion of forma-
tipn fluids. Such effects also influenced the, grade 
an.d thickness of the orebodies, as evidenced by the 
thinness or absence of the pre in the immediate VIT 
cinity of known,faults-and tts abnormally high thick
ness slightly farther away. It is also evident that 
vein and replacive mineralization of the Carri^llitic 
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Marl and Upper Anhydrite by carnallite, rinneite, 
and sylvite is most marked in areas where the Boulby 
Potash, though locally present, is thin or absent. In 
these areas we infer leaching of the potash ore and 
the migration of potassium and magnesium ions into 
fissures and interstices in the overlying mudstone 
and anhydrite. : 

A puzzling feature for which we have no satis
factory explanation is the thinness or absence of both 
potash beds in an irregular and ill-defined west-east 
belt a few kilometers south of Whitby (Figs. 2 and 
3) . Although this belt is generally aligned along the 
axis of the Cleveland anticline, the anticline is broad 
and gentle and seems unlikely to have radically af
fected the evaporites by induced flow. If there is a 
genetic relationship between the anticline and the belt 
of impoverished potash, it may be that the anticline 
was already active as a slightly positive feature during 
sedimentation. However, even though this feature 
decisively influenced sedimentation patterns during 
the Lower Permian and early Upper Permian 
(Smith, 1970),-the narrow width of the belt—only a 
few kilometers—suggests a more local cause. 

Potash Deposits and Related Evaporites of the 
Third and Fourth Cycles Beneath the 

Southern North Sea 

Armed with the key background information from 
the area where the third and fourth cycle evaporites 
extend on land, and mindful of the erratic response 
of geophysical logs to the highly varied potash ores, 
we have attempted to establish the distribution of the 
halite and potash strata where they extend beneath 
the southern North Sea. In doing so, we are aware 
that the resulting maps must inevitably be generalized 
and subjective, and little more than vague where 
borehole control is scanty or lacking. Nevertheless, 
we believe that, particularly near the southern margin 
of the basin where boreholes are relatively closely 
spaced, the data display a considerable degree of 
mutual consistency and probably give a first approxi
mation to the true distribution. As on land, the 
potash ores first appear some distance basinward of 
the margins of the halite, suggesting that this is a 
primary feature of their distribution. The only 
major exception to this is in the northeast of the 
basin, where sub-Upper Cretaceous erosion and solu
tion apparently has considerably modified the pri
mary distribution.' Secondary variation is presumed 
also to have accompanied the formation of the salt 
solution features described by Lohmann (1972), but 
no locality details are available. 

Some 300 borehole records from the southern 
North Sea were available to the authors, but many 
of these were from clusters of producing wells and 
too closely spaced to separate at our working scale. 

The geophysical logs and cutting records of the re
mainder were carefully analyzed in the light of 
experience gained from the cored boreholes on land 
and plotted at a scale of 1:500,000. Those obviously 
affected by diapirism were ruled out first, and an 
approximate test for mutual consistency of an order 
similar to that known on land enabled us to exclude 
other dubious records. Isopachous lines on the re
sulting maps are, of course, subject to errors gov
erned by sample size, an estimate of which may be 
made from the spacing of data points on Figures 2 
and 3. In these diagrams we have concentrated on 
the thickness of the potash deposits; for isopachous 
lines of the halites see figure 4 of Taylor and Colter 
(1975). 

The Teesside Group 

Traced basinward the chloride evaporites of the 
Teesside Group thicken progressively to 60 m some 
20 to 40 km from the marginal salt solution slope; 
we infer from averaged thickness figures that primary 
thickening continued beyond this, perhaps to as much 
as 120 m, but the evaporites in most boreholes in 
central parts of the basin are so variable that their 
original maximum thickness may only be surmised. 
Isopachous lines have little value in this area of 
widespread halokinesis. 

Mainly from the evidence of geophysical logs, the 
Billingham Main Anhydrite and Boulby Halite are 
found to be continuous across the basin, and sub
divisions of the latter may be traced by their distinc
tive signatures on electric and drilling-rate logs for 
long distances along the strike and for considerable 
distances across it (Fig. 4A). Beyond this, some 
subdivisions may be traced with less confidence far 
into the basin, where anhydrite (below) and halite 
make up almost the whole group. 

In tracing the distribution of the Boulby Potash we 
have relied mainly on gamma-ray and sonic logs. 
The gamma-ray logs in particular show a marked 
deflection, permitting reasonably accurate determina
tion of the thickness of the deposit (Fig. 2) . We 
found that in a belt 15 to 30 km wide in the south 
and southwest of the basin, where data are plentiful 
and reasonably consistent, the Boulby Potash thickens 
progressively basinward to more than 20 m. In this 
belt, which, as onshore, may not be continuous, the 
potash commonly forms one-fifth to one-third of the 
Boulby Halite and locally forms two-thirds, but there 
are as many variations of thickness and grade as on
shore and in some places the potash is absent; never
theless, the trend is clear. The main problem in 
determining the thickness of the potash in this belt 
lies where unit D is absent or unrecognizable; here 
the Boulby Potash-Carnallitic Marl contact may be 
difficult to identify on geophysical logs and in these 
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places we infer potash mineralization of unit D and 
of the lower parts of the Cirnallitic Marl. The in
ferred mineralization is increasingly common farther 
into the basin. 

On the assumption that the mineralogy of the pot
ash ores is similar to that in Yorkshire, and on the 
evidence of gamma-ray deflections commonly in the 
range 70 to 150 API units, it seeriis that ore grades 
in the marginal belt offshore are generally within the 
range known onshore (up to 45% KCl) but are 
locally better. The presence of scattered exception
ally high gamma-ray peaks in the orebody offshore 
probably indicates the presence there of thick veins 
and lenses of pure sylvite similar to those seen in 
cores onshore which were associated with comparable 
gamma-ray responses. However, the assumption of 
laterally constant mineralogy may not be valid; for 
example, sylvinitic ores in the marginal belt may pass 
basinward into less diagenetically altered, more 
carnallitic cores. The overall KCl content probably 
would be unaltered by such changes. 

The belt of consistent potash is succeeded basin
ward by a belt of about the same width (Fig. 2) in 
which the Boulby Potash is extremely variable in 
thickness and gamma-ray response; It may here 
comprise more than half the total thickness of the 
Boulby Halite and is 40 to 50 m thick in a number 
of boreholes. It is possible that in this belt the pot
ash ore was originally thicker than in the more con
sistent belt and may have commenced formation 
earlier. It still, however, lies in the upper part of 
the Boulby Halite, a stratigraphical position sug
gesting broad equivalence with the Riedel Potash of 
northern Germany rather than with the Ronnenberg 
Potash. Still farther basinward, potash salts in the 
few boreholes not obviously affected by diapirism 
range from absent to very thick, vary widely in ore 
grade, and lie at several different stratigraphic posi
tions ; in some boreholes two or more potash beds are 
present. We cannot determine from available data 
whether this variation is primary or, as seems more 
likely, results from deformation such as halokinetic 
folding or thrusting; nor can we say whether the 
thickest Boulby Potash originally lay in a semi-
marginal belt or was thickest in the basin center. 
The former alternative would be more consistent 
with the known distribution of the Riedel Potash in 
Germany, but that in itself might not be a primary 
feature. 

The Staintondale Group 

Strata of this group under the southern North Sea 
thicken basinward more gradually and are generally 
thinner, less extensive, and more uniform than their 
counterparts in the third cycle; furthermore, diapiric 
salt movements affect them less and more borehole 

data are available than from the deeper Teesside 
evaporites. Even so, thicknesses are so variable that 
we have not attempted to draw isopachous lines in 
basin center areas. 

In seeking to establish the pattern of distribution 
of the various formations in this group, we again 
relied mainly on geophysical logs, finding a marginal 
belt of reasonably consistent trends generally similar 
to that in the Teesside Group and a central area 
where data are too inconsistent for clear trends to 
be recognized. The Carnallitic Marl at the base of 
the group was found to be generally recognizable by 
its .sharply multipeaked gamma-ray and sonic traces 
despite an increasing content of salts away from the 
margins (also noted by Taylor and Colter, 1975). 
The Upper (Pegmatite) Anhydrite and Upgang 
formations, though commonly only 1 to 5 m thick 
together, also show a distinctive signature on some 
geophysical logs. A narrow, sharp gamma-ray peak 
and markedly low sonic velocity at the top of Car
nallitic Marl is almost ubiquitous and is probably 
caused by a concentration of veins of carnallite, 
sylvite, and rinneite such as is widespread at this 
level onshore. The Upper Anhydrite is commonly 
halite rich and/or sylvite rich and this is apparent on 
the geophysical logs both from land and undersea. 
Units A, B, and E of the Upper Halite are likewise 
readily traced by their distinctive log signatures and 
appear to change little throughout the marginal belt 
apart from a gentle basinward thickening and local 
deformation. 

Unit C (the Upper Potash) and D may readily be 
traced in the southern marginal belt and are generally 
clearly separable wherever unit C is less than 10 m 
thick. The base of the potash is marked by a sharp 
step'iri the gamma-ray traces (Fig. 4B), and the ore 
itself gives a distinctive "cockscomb" trace on 
gamma-ray, sonic, and neutron logs. The top, too, 
is generally readily recognizable, so that isopachous 
lines may be drawn (Fig. 3) in this belt with fair 
confidence. As on land, there are fewer anomalies in 
the thickness and inferred grade of the potash ores 
than in the Boulby Potash and the multipeaked trace 
of the geophysical logs suggests that the layered 
structure noted onshore is widespread around the 
basin. Gamma-ray deflections show that some 
potash beds in unit C are as rich as any in the 
Boulby Potash, but the average grade of the whole 
deposit is probably lower because of the inferred mud
stone and halite interbeds. Thick veins or lenses of 
pure sylvite appear to be uncommon in the Upper 
Potash in the marginal belt. v. 

The Upper Potash in the southeast of the basin 
thickens basinward to more than 50 m with a con
sistency suggesting that the thickening is a primary 
feature. Judging from the geophysical logs, part of 
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the thickening is probably a simple basinward ex
pansion of unit C, but most of it, as Taylor and 
Colter (1975) suggested, appears to be due to the 
presence of abundant potash salts in unit D, In some 
bores where the potash-rich beds are thick it remains 
possible to distin'guish units C and D because gamma-
ray peaks in the, latter tend to reach greater API 
unit values and tb be broader and farther apart than 
in unit C, In other bores no such distinction is pos
sible and units C and D merge into a thick body in
ferred to be of interbedded, possibly cyclic halite, 
mudstone, and potash. Here, as in the belt to the 
south, there is a tendency for geophysical logs from 
boreholes over limited distances to be broadly com
parable (see 49/22-3 and 49/23-2 on Fig. 4B, for 
example), suggesting a degree of lateral continuity 
seldom found in the Boulby Potash. This continuity 
in turn suggests greater primary consistency or less 
complex diagenesis than in the Boulby Potash. It 
seems less likely in the Upper Potash than in the 
Boulby Potash that the marginal sylvinite grades 
basinward into carnalhtic ore, but both carnallite 
and sylvite are present in unit D onshore and, on the 
evidence, either could predominate offshore in that 
unit. 

A low density of boreholes limits our undestanding 
of the Upper Potash in basinal areas. Potash salts, 
where present, appear to lie mainly in unit C and are 
generally thinner than in the south and southwest of 

the basin. From this distribution it might be specu
lated that this is a primary feature and that the potash 
salts were always thickest in a belt parallel with the 
southwestern margin of the basin. Such a possibility 
has interesting connotations in terms of ore genesis, 
but much more reliable information is needed before 
it may safely be pursued. 

Summary 

(1) The evaporites of the third cycle Teesside 
Group and the fourth cycle Staintondale Group of 
the English Zechstein were formed in a slightly 
elongate arm of the Zechstein Sea about 200 km 
across. They were accommodated in space created 
by gentle synsedimentary subsidence in a generally 
shallow basin. 

(2) In both cycles, geophysical log and other bore
hole information is adequate for analysis of trends 
only along the southwest and south sides of the basin. 
Data in the northwest and north is scanty and our 
interpretation here is correspondingly speculative. 
Erosion and solution are known to have removed 
rocks of both cycles in the northeast. 

(3) Cores from rocks of the third and fourth 
cycles in more than 60 boreholes onshore provide a 
key to the interpretation of geophysical logs in mar
ginal areas offshore, where no cores are available. It 
appears that the sequences in both cycles around the 
margins offshore are generally similar to those on-

FiG. S. Diagrammatic section of third and fourth cycle Zechstein strata near the southern 
margin of the English Zechstein Basin, as tentatively interpreted from borehole data. The 
section is about 40 km long. Key: a = Fordon Evaporites, b — Upper Magnesian Limestone/ 
Plattendolomit, c = Bilh'ngham Main Anhydrite/Hauptanhydrit, d = Boulby Halite/Leine Halit, 
e = Boulby Potash, f = Carnllitic Marl/Roter Salzton, g = Upper Anhydrite/Pegmatitanhydrit, 
h = Upper Halite/AIIer Halit, i = Upper Potash, j = Potash salts in unit D of Upper Hah'te, 
k = Saliferous Marl, Sth cycle evaporites and Sleights Siltstone. 
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shore arid have a cotnparable order of variability. 
Fburth cycle evaporites are soinewhat less extensive 
than those of the third cycle. 

(4) Halo tectonic deformation pf the evaporites of 
both cycles is generally' slight to moderate in a mar
ginal belt commonly 20 to 40 km wide but is prevalent 
in central areas beyond a line corresponding roughly 
with the basinward limit of thick Upper Magnesian 
Limestone. In the,raarginal belt deformation is geh-
erally most apparent in the Carnallitic Marl between 
the two cycles and in immediately adjacent evapo
rites, including the Boulby Potash. 

(5) The third cycle Boulby Potash is perhaps up 
to 40 m thick where undisturbed in the west, south
west,, and south of the basin. Here it is a rharkedly 
variable but commonly high-grade ore, probably 
mainly sylvinitic. We cannot determine whether it 
occurs offshore in a series of minor subbasins as it 
appears to onshore, or is a continuous belt. Thick
nesses exceeding 40 in probably restilt from secondary 
processes, mainly flow, and scattered barren areas 
may reflect nondeposition, leaching, or extreme tec
tonic-attenuation. The Boulby Potash in the halo-
tectonically disturbed basin center.areas is even more 
variable than in the southwest marginal belt and is-
commbnly thinner. 

(6) The less variable fourth cycle Upper Pptash 
(i.e., uriit C) is more than 20 m thick in a belt gen
erally parallel vvith that in which the Boulby Potash 
is thickest, biit abundant potassium salts apparently 
in the overlying argillaceous halite (unit D.) occur in 
a belt 10 to 20 km across and the combined thickness 
of potash ore here exceeds 50 m. Although ore grades 
in individual parts of the deposit are probably equal 
to those in the Boulby Potash, the average grade is 
lower because of widespread interbeds of halite- and 
mudstone. The Upper Potash in the basin center is-
commonly thinner and more variable than to the 
southwest. 

(7) An interpretation of the present distribution 
and disposition of the rocks of the third and fourth 
cycles in the marginal belts is given in Figure 5. 
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REDUCTION OF SELENIUM COMPOUNDS DISSOLVED IN CONCENTRATED SULFURIC ACID 

UDC 669.776:661.25 ^^ 

A. A. Zhukova, V. S. Epifanov, and L. V. Konyakhina 

It is desirable in a number of processes in non-ferrous metallurgy tp reduce and 
extract selenium from concentrated sulfuric acid without diluting it. It was dis
covered when studying the soption properties of bitvjminous coal in concentrated 92\ 
sulfuric acid that certain grades of coal were capable of extracting the selenium 
dioxide dissolved in the acid completely. Apparently the selenium is reduced not 
by adsorption but as a result of the participation of some constituent in the coal' . 
in the reactioii. The latter proposition is confirmed by the fact that in practic« 
coke made from bituminous coal and graphite does not directly reduce selenium frcai' < 
92% sulfuric acid. • ; j 
Further research on the selenium reduction involved studying the reducing capaciti j 

of individual compounds found in bituminous coal [1] . The experiments were conductî  
under laboratory and pilot-plant conditions with 92% acid containing 0.02% dissolv« 
selenium dioxide. The extent of selenium extraction was calculated from the acid 
selenium content before, and after the experiment, and also by reference to the aooas, 
of selenium in the slime separated from the acid. | 
The acid was passed through the reactor tank in continuous experiments at a speed ' 

which ensured the necessary time for reaction between the selenivam and the reducing j 
agent, which was added to the acid before it entered the reactor. About 40 indiviiJ 
substances found in bituminous coal or its primary tar have been tested for activitj* 
relative to selenium, but only some of them have the capacity to reduce selenium eJ:< 
tively (see Table). ' f 

Bituminous coal itself reduces selenium practically completely over a period of j 
.30 min at 80'C. The product obtained may contain 12-17% Se reduced on particles o! 
coal if the reduction process is conducted with continuous addition of fresh batchu 
of coal and subsequent removal of slime from the reaction zone. However, if the ac. 
is passed through a layer of coal floating in it and this layer is mixed so that tii 
particles of elementary selenium can be "shaken off" the coal particles and carried 

away by the stream of acid, the selenium slime pro
duced will contain up to 50% Se and addition of fret 
batches of coal can be reduced to the level necessir 
to make up for the loss of coal with the stream of 
acid [2]. 
Butyl mercaptan is very active in the process ol f 

lenium extraction [3], but the selenium slime prodv 
contains 30-40% S. Processing this slime to obtai; 
mercial grades of selenimn 
will call for complex ope
rations, which creates con
siderable difficulties in 
practical use, apart from 
the toxicity of the reduc
ing agent itself. 
The rest of the reducing 

agents given in the Table 
are fairly effective and 
do not contaminate the se
lenium slime separated 
from the acid with impuri
ties. The arsenic, iron, 
and copper compounds pres
ent in commercial sulfuric 
acid do not interfere with 
the reduction of selenium .' 
and are not themselves re
duced in these circumstan
ces. The reducing agent 
consumption is close to 
the stoichiometric amount 
if it is assumed that the 
process of selenium diox
ide reduction to metal in
volved oxidation of the 

Reduction of Selenium from• 
92% Sulfuric Acid by Subs
tances Found in Bituminous 

Coal, at 80"C 

Reduc
ing 

agen t 

Bi tutni -

c o a l " K ' 

Primary 
c o a l 
t a r 

Butyl 
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cap 
t a n 

Cyclo-
fiexa-
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Formic 
a c i d 

Oxal ic 
ac id 

Carbon 
monox
ide 
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3 0 0 
O -( 
a trO 

1,00 
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0,01 

0,03 
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0.10 

300 
ml/min 
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30,0 
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86.0 

5.0 
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of selenium reduc- • 
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when the followio-
reducing agents ŝ  
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1 - bituminous coî ^ 
2 - formic, acid; 
3 - cyclohexanone-
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organic reagent to carbon dioxide. The high selenium con-
j tent of the slimes ensures efficient processing to obtain 
I coinmercial grades of selenium. 
1 The process temperature has a profound effect upon re-
• duction of selenium from concentrated sulfuric acid (Fig. 

I ) . In the case of cyclohexanone and formic acid there 
is a sudden increase in the degree of selenium reduction 
in the 50-70°C range; this is probably due to the decom
position of the reducing agent by the sulfuric acid. 
The course of the kinetic curves (Fig. 2 ) , especially 

at low temperatures, shows that the process is retarded 
initially then sharply increases in speed. This phenome
non is observed only in experiments with pure solutions 
of selenium in 92% sulfuric acid. However, if the exper
iments were conducted with addition of metallic selenium 
crystals to the acid or with continuous flow of fresh so
lution into the reactor where reduced selenium was alrea
dy present, there was practically no.reduction process 
induction period. Obviously the process was retarded by 
formation of a new phase (crystalline selenium). 
Thus, a few minutes are sufficient for reduction of se

lenium with formic acid at temperatures above 50"C and for 
the reduction reaction to be practically complete. This 
is extremely important because, for example, the reduction 
process itself can be carried out directly on the filter 
vhere the metallic selenium is separated from the acid [4], 

Fig. 2. Kinetic curves 
for reduction of se
lenium dioxide by 
formic acid according 
to following tempera
tures, °C: 

1 - 80; 2,-2.' - 70; 3, 
3' - 50; 4 - 40; 5, 
5' - 35. 

Dashes indicate exper
iments in which me
tallic selenium crys
tals were added at 
the beginning. 
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[57] ABSTRACT 

A process for treating a pyrite concentrate containing 
silver, copper and zinc to recover the metals contained 
therein is disclosed. The process includes the partial 
roasting of the concentrate to open the pyrite matrix to 
solution penetration followed by hydrometallurgical 
steps, including ferric sulphate leaching, reduction 
leaching, solid-liquid separation and metal extraction 
steps, to recover the copper and zinc separately and 
silver in concentrated form. 

14 Claims, 1 Drawing Figure 
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fluid bed roaster. The fllter cake which contains signifi-
RECOVERY OF SILVER, COPPER AND ZINC cant amounts of the metal values is treated for metal 

FROM PARTIALLY ROASTED PYRITE recovery. 
CONCENTRATE BY FERRIC SULPHATE The oxidation leached pulp, after sulphur removal, is 

LEACHING 5 flocculated, and a solid-liquid separation is accom
plished by settling. The settled pulp is filtered and 

BACKGROUND OF THE INVENTION washed and the pulp discarded. 
1. Field of the Invention "^^ solution recovered from the oxidation leach 

. This invention relates to a process for treating sul- stage is then reduced by contacting it with a small 
phur containing ores, and more particularly, is directed '" amount of roasted pyrite concentrate in a reduction 

I to a process for recovering copper, silver and zinc from leach stage. 
a partially roasted pyrite concentrate by ferric sulphate After the reduction stage is completed the pulp is 
leaching. flocculated and filtered. The filter cake or pulp is then 

, 2. Description of fhe Prior Art relumed to the oxidation leach stage to recover any 
In the past a variety of processes have been used for " metal contained therein while the solution, is treated to 

i the extraction of metals and non-metals from sulphide recover copper and zinc. 
ores. In many of these processes the sulphide ores have The copper is recovered from solution by precipita-
been subjected to concentration steps prior to recovery tion with either iron or zinc while the zinc is recovered 
of specific metal values contained therein. Most of these by solvent extraction and electrowinning. 
processes sufi"er from the same disadvantage, in that 20 Accordingly, it is an object of the process of the 
they are incapable of recovering all the metal values in present invention to recover copper, silver, zinc, and 
the ore using one economical process. lead from pyrite concentrate. 

In addiUon many ofthe prior art processes have been Ajiother object of the process of the present inven-
I limited to specific ores and concentrates which have a jibn is the recovery of silver from pyrite concentrate 
, high concentration of the desired components to make 25 ^j^j^^^^ j ^ ^ ^ ^ ^^ cyanide, which presents health ba

the removal of those components economically feasible. zards 
I In a number of the above mentioned processes the ^ ' ^ t j ^ ^ object of the process of the present inven-
; sulph.de ore concentrates are subjected to feme sul- ^j^^ -^ ̂ ^ production of a concentrated SO2 gas sUeam 

phate leachmg techniques to recover the metal values ^̂ ^ ^^ j , ^ ^ ^^.^ production, 
contained therem. Some of these processes even mclude 30 ^^^^^^ ^^ ^̂ ^ ^ ^ ^ ^ ^^ ^ ^ ^̂ ^̂ ^̂  
a thermal decomposition of the pynte concentrate pnor .• • .L r -I -.U . .V r LI J 
to leaching. Hoover, m many of these prior art pro- " ° " '^^^ ^ ^ ^ " y ^^ '^^^ ^|*'°"» ^« ^ of chlonde 
cesses the pyrite concentrate matrix is ^drtually i^iat- ^^=5 P^^ents corrosion problems, 
tacked by the initial heating of the pyrite and therefore ^tdl other objects and advantages of the present in-
a significant portion ofthe metal values occluded in the 35 ^ ^ " " ° " ^ ' ^ ^ nppBient from the specification and 
pyrite is lost, since they cannot be reached by the leach attached drawmg. 
so'ut'on- BRIEF DESCRIPTION OF THE DRAWING 

Lastly many of the previously mentioned processes 
require the use of either chloride or cyanide to extract ^°^ * ^^^^ understandmg of the mvention reference 

! the sUver from the pyrite. Chloride ions in an oxidizing 40 ^ °ad to the foUowmg descnption taken in connection 
I atmosphere present corrosion problems and the use of "̂ ^̂ ^ *^̂  accompanying drawing wherein a flow chart 

cyanide may involve problems in waste control. °^ the preferred embodiment, indicating the various 
! The process of the present invention provides for the ^Uges or steps in schematic form, is shown. 
I recovery of the metal values from a pyrite ore by open- DESCRIPTION OF THE PREFERRED 
! ing the pyrite matrix prior to the leaching stage result- 45 EMBODIMENT 
I ing in higher percentages of metal extraction. 
1 Furthermore the process of the present mvention The process of the present invention comprises treat-
I allows for the complete recovery of essentially all the ">g » pyrite concentrate containing silver, copper, and 
', metal values contained in the pyrite concentrate with- zinc to recover the metals. The process involves roast-
, out the use of chloride or cyanide. 50 ing the concentrate followed by hydrometallurgical 

steps to recover copper and zinc separately and silver in 
SUMMARY OF THE INVENTION a concentrated form 

The present invention relates to a method for the -As shown by the flow chart depicted in the drawing 
extraction and recovery of metals and sulphur from the process comprises seven basic steps or stages, those 
pyrite concentrate. In accordance with the present in- 55 being: a pyrite roasting stage, an oxidation leach stage, 
vention the pyrite concentrate is roasted to open the a sulphur recovery stage, a first solid-liquid separation 
pyrite matrix to solution penetration. Subsequent to stage, a reduction leach stage, a second solid-liquid 
roasting the pyrite is split into two fractions, the larger separation stage and a metal recovery stage, 
of which is leached in a ferric sulphate solution. When For the purpose of clarity the process of the present 
the leaching is complete, the pulp is flashed to cool the 60 invention will be described in reference to the above 
solution and to reduce the volume of the leach liquor. listed steps. 
Wash water is then added to the oxidation leached pulp Pyrite Roasting Stage 
to further cool the material and to complete the solidifi- Referring to the drawing the pyrite concentrate is 
cation ofthe molten elemental sulphur generated during introduced to fluid bed roaster 10 wherein a portion of 
leaching. 65 the sulphur originally contained in the concentrate is 

This elemental sulphur, now in the form of pellets, is driven off. 
reheated and filtered. The elemental sulphur, recovered In order to completely open the pyrite matrix to 
as the filtrate, is essentially pure and is recycled to the leach solution penetration it has been calculated that at 

I 

I i 
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least 50% of the pyrite sulphur should be removed, and zinc but also results in the generation of elemental 
however, it had been found in practice that soinewhat sulphur. It has been found that silver in the form of 
less than 50% sulphur elimination is suflicient to allow silver sulphide is collected in this elemental sulphur and 
satisfactory solution penetration to the occluded miner- that higher leaching temperatures generally result in 
als. In cases where the roasting stage is also being used 5 higher silver concentrates in the sulphur, 
to evaporate water added for washing purp>oses, more In addition to its effect on the concentration of the 
than 50% sulphur elimination may be required to main- metals entrapped by the elemental sulphur, the leaching 
tain the reaction terai>erature. temperature also has an effect on the amount of the 

During the roasting stage exhaust gas will be gener- sulphur present in the leached pulp, 
ated. This gas contains very little oxygen and consists 10 At temperatures greater than about 150* C. the ele-
primarily of nitrogen, water vapor, sulphur dioxide, and mental sulphur begins oxidizing at a significant rate to 
traces of sulphur trioxide. This gas, after removal of form sulphuric acid and as the temperature exceeds 17S* 
entrained particles, may be used in the production of C. the amount of recoverable elemental sulphur de-
sulphuric acid. dines rapidly. At 200° C, no elemental sulphur is re-

It has been found that sulphur elimination of about 15 covered. It has been found that a temperature range of 
45% to 80% not only produces a strong SO2 off-gas between about 175' C. and 185' C. gives maximum 
suitable for sulphuric acid production, but also opens silver loading of the sulphur without major loss of sul-

j the pyrite matrix sufficiently to allow rapid and essen- pbur recovery. 
tially complete dissolution of the copper and zinc oc- In the temperature range of about 175* C. to about 
eluded therein by the leach solution. Sulphur elimina- 20 185* C, the optimal oxygen partial pressure is over 120 
tion of 45% to 50% is preferred to leave maximal sul- psia, preferably 150 psia, supplied as oxygen or air. At 
phur for elemental sulfur formation during leaching. these temperatures 20 minutes is adequate for reaction 

In addition to the above, the hot gases generated and any additional time results in reduced sulphur re-
during roasting may be used in waste heat boilers to covery and correspondingly reduced silver recovery, 
generate steam. However, when using waste heat boil- 25 Pulp densities of up to 400 grams of roasted pyrite per 
ers, about 80% sulphur elimination is preferred in order 600 ml of leaching solution react satisfactorily, while 
to produce maximal steam without forming ferrites in pulp densities of under 100 grams of roasted pyrite per 
the roasted pyrite. Roasting temperatures of about 550* 600 ml of leaching solution result in an unsatisfactorily 
C. to about 700' C. are suitable to prevent ferrite forma- weak pregnant solution. 
tion when sulphur elimination of from about 45%, to 30 The concentration ofthe constituents within the oxi-
about 80% is effected. dation leach solution will depend upon the material 

Oxidation Leach Stage being leached, the reaction rate desired, as well as the 
Subsequent to roasting, the pyrite concentrate is split limits imposed by the nature of the containment vessels. 

into two fractions the larger of which is introduced to Generally it has been found when using a Kidd Creek 
the oxidation leach stage 12 where it undergoes oxida- 35 pyrite concentrate, that the oxidation leaching stage 
tion in a ferric sulphate solution. solution will have the following composition: 

As can be seen in the drawing, two solution streams 
enter the oxidation leach stage. The first of these solu-
tions is the stripped solution from the metal recovery Coniutuent Concentration 
stage 13 which acts as a lixiviant for the oxidation leach- 40 ' ' '^2 5- 30 g/l 
ing reaction. The second solution stream introduces the ^22 ^ 
pulp from the reduction leach stage and contains a small 
amount of reduced pregnant solution. All of the iron The pH of this solution may vary from about 0.6 to 
contained in these solutions is originally present as fer- about 1.0, however, in order to prevent acid build-up 
rous ion and is oxidized to ferric ion in the reaction 45 small amounts of NaOH may be added. 
described by the following equation: Sulphur Recovery Stage 

At the conclusion of the oxidation leaching stage the 
2Fe+2+i/202+2H-H2Fe+'tH:O solution is flashed to 100* C. and introduced to the 

sulphur recovery stage 14. Water, used for washing the 
More specifically this reaction may be described for the 50 final residue and then the sulphur pellets, is added to the 
ferric sulphate system of the present invention by the pulp to provide further cooling. The sulphur pellets 
following equation: which form at the time of cooling are next recovered by 

either screening or flotation. The pellets are washed on 
; 2F<:SO«+1/2024-H2S04jFe2(S04)3+H20 ^ 3 ,̂̂ ^^^ ^ijj, ^^ter previously uscd to wash the oxida-
i . ^ , . . , . . .. . . . 5 5 tion leach residue. The pellets are then heated to about 
, The feme ions formed as shown above, leach the ,50. (,., s^ch that the viscosity of the molten sulphur is 
: copper, zinc, and iron minerals from the pynte as ^̂  ^ nunimum, and filtered. Essentially pure sulphur is 
i shown below: collected as a filtrate for recycle to the fluid bed 
I CuFeS2+2Fe2(S04)3lCuS04-(-JFeS04-t-2S' Roaster. The filter cake containing silver and some 

60 copper and zinc is recovered for extraction of the met-
ZnS+Fe2{S04)jJZnS04-f 2FeS04-i-S' als contained therein. In an alternate embodiment the 

sulphur is recovered by dissolution in an organic sol-
FeS + Fe2(SO4)]13FeS04+S* vent. 

First Solid-Liquid Stage 
Lead and silver are relatively unleached by the ferric 65 The oxidation leach pulp, after the sulphur pellets 

sulphate solution. have been removed, is subjected to a first solid-liquid 
As can be seen from the above equation the oxidation separation stage 15 where it is flocculated and settled. 

leach stage not only effects the dissolution of copper The thickened pulp, which contains about 50% solids, is 
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then filtered and washed. The washed residue, contain
ing about 28% moisture, is discarded. 

Reduction Leach Stage 
The clear lixiviant which results from the solid-liquid 

separation stage is high in ferric ion. This high concen
tration of ferric ion concentration would result in excess 
reductant consumption if metal recovery were at
tempted. Therefore, in order to reduce the concentra
tion of ferric ions in the solution, it is contacted with 
fresh roasted pyrite in the reduction leach stage 11 (not 
shown). The ferric ions are reduced to ferrous ions by 
reaction with artificial pyrrhotite contained in the par
tially roasted pyrite by the following equation: 

Fe2(S04)J•^ FeS—3FeS04 + S* 

10 

20 

25 

The temperature ofthe reduction leaching stage may 
vary considerably, from ambient (22* C.) to the melting 
point of sulphur. However, over 119' C , the elemental 
sulphur.tends to coat the particles and inhibit reactions. 
At 100* C , 90% ferric ion reduction can be achieved in 
30 minutes with the addition of an excess of about 60% 
roasted pyrite concentrate. Note that for optimum re
sults during the reduction leaching stage, oxygen partial 
pressure in the reaction vessel should be minimized. 

Second Solid-Liquid Separation Stage 
When the reduction leaching stage has been com

pleted the reduced product is recovered and introduced 30 
to a second solid-liquid separation stage 16 where it is 
flocculated and then filtered. The filter cake is then 
recycled to the oxidation leaching stage for recovery of 
the residual copper and zinc, as well as the silver and j , 
sulphur, while the clear filtrate is processed to recover 
the copper and zinc. In an alternate embodiment the 
reduction leach pulp is flocculated and settled. The 
settled pulp is then recycled to the oxidation leaching 
stage. 

Metal Recovery Stage 
Copper may be recovered from the clear filtrate by 

precipitation while the zinc is recovered by solvent 
extraction and electrowinning. Precipitation may be 
carried out with a variety of metals, iron being the most 
common in commercial operations. Zinc may also be 
used if available. 

As can be seen from the drawing, the stripped solu
tion from metal recovery stage 13 is recycled to the JQ 
oxidation leach stage 12. A bleed stream 17 isolates a 
portion ofthe stripped solution to compensate for water 
added to the system during washing operations. 

In another embodiment of the present invention the 
sulphur pellets recovered from the sulphur recovery 55 
stage are subjected to an additional leach stage in which 
the pellets are leached at approximately 135* C. to dis
solve copper and zinc without major oxidation of the 
elemental sulphur. 

Although the solution concentrations in the present 
invention may' vary, estimated solution concentrations 
are given in the following table. The values for copper 
and zinc are based on a 30% solids leach and therefore 
these values would be higher if the pulp densities were 55 
increased. On the olher hand the iron and sulphate -
analysis would be expected to remain the same if no 
changes were made in the pH or temperature. 

40 

45 

60 

FERRIC SULPHATE PROCESS 
LEACHINO SOLUTION CONCENTRATIONS 

Solulion 

Stripped Solulion 
Reduced Pregnant 
Solution 
Pregnant Solution 
Diluted Pregnant 
Solution 

Cu+J 
(g/l) 

0,00 

0,20 
0.24 

0,20 

Zn-t-J 
(g>^) 

0.1 

9.7 
11.4 

9.7 

Fe-^I 
(g/1) 

19 

19 
15(0 

13(1) 

S 0 4 - ' 
(g/1) 

76 

76 
90 

76 

^'ypcinc km (fc*^ 

The foregoing process may be illustrated by the fol-
15 lowing example. 

EXAMPLE 

Pyrite concentrate containing silver, copper, lead and 
zinc was roasted in a fluid bed roaster at 595' C. until 
approximately 44% of the sulphur contained therein 
was eliminated. The roasted pyrite was then subjected 
to a ferric sulphate leach stage. The temperature within 
the leach stage was 175* C. at an oxygen partial pressure 
of ISO psia. The pulp density within the leach stage was 
30%. After 20 minutes of leaching the solution was 
flashed to 100* C. and the elemental sulphur generated 
during leaching was separated. 

The following are the amounts of metals recovered 
from the solution and the sulphur based on the amount 
contained in the roasted pyrite: 

Product 
Phase 

Solution 
Sulphur 
Total 

PERCENT METAL EXTRACTED 

Ag 

0 
90 
90 

Cu 

12 
84 
96 

Pb 

0 
24 
24 

Zn 

46 
49 
95 

(by weiRht) 

Fe 

5 
13 
18 

The sulphur generated during the leach stage was 
then heated to 150* C. and filtered. The amount of sul
phur recovered from the filtrate was 92.1% which was 
recycled to the roaster. The filter cake containing silver 
and some copper and zinc vyas then treated-to recover 
the metal values. Listed below are the concentrations of 
metals recovered. 

Metal Recovered 
From Filter Cake 

Ag 
Cu 
Pb 
Zn 
Fe 
S(T) 
s-

Material Concentration 
(by weight) 

18.1 oz r r 
3.22% 
0,15% 

19,2% 
13.9% 
45,7% 
29,7% 

The clear lixiviant which results from the solid-liquid 
separation of the oxidation leach solution is then con
tacted with a small amount of roasted pyrite in a reduc
tion leach stage at a temperature of ICO' C, for 30 min
utes. The roasted pyrite addition is 1.71 g/g Fe+3 and 
the oxygen partial pressure within the reduction vessel 
is zero. It is found that 90% Fe+3 reduction was af
fected. 

Metal extraction from fhe roasted pyrite is shov^Ti 
below: 
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MelaJ Extracted Pcrcinl Metal Exlrscied (by weight) 

Cu 
Zn 
Fe 

0 
54 
52 

The reduced pulp is then flocculated and filtered. 
The filtrate is processed to recover the dissolved metal 
valves by precipitation of copper and solvent extraction jg 
of zinc. 

It will be apparent to workers skilled in this art that 
the foregoing process, while described with respect to 
certain preferred and exemplary materials and condi
tions, is subject to numerous other variations and alter- 15 
nations easily ascertainable from the description con
tained herein without departing from the scope and 
spirit of the invention as defined by the appended 
claims. 

What is claimed is: 20 
1. A process for the recovery of silver, copper and 

zinc from a pyrite concentrate, comprising the steps of: 
(a) partially roasting the pyrite concentrate to open 

the pyrite matrix to solution penetration by driving 
off a portion of the sulphur contained therein; 25 

(b) leaching under oxidizing conditions the bulk of 
the roasted pyrite concentrate to extract the silver, 
copper and zinc from therein; 

(c) cooling the oxidation leached pulp and recovering 
the elemental sulphur generated during the leach- 30 
•ng; 

(d) heating the elemental sulphur pellets to recover 
silver and the portion of the copper and zinc con
tained therein; 

(e) subjecting the solution resulting from the oxida- 35 
tion leach, containing the copper and zinc metals to 
a reduction leach stage wherein ferric ions con
tained therein are reduced to ferrous ions; and 

(0 introducing the reduced solution from said reduc
tion stage to a metal recovery stage wherein the 40 
copper and zinc are recovered therefrom. 

2. The process of claim 1 wherein said pyrite concen
trate is roasted until, about 45% to about 80% of the 
sulpHur contained therein is driven off. 

3. The process of claim 2 wherein the pyrite concen- 45 
trate is roasted at a temperature of from about 550* C. to 
about 700° C. 

4. The process of claim 1 wherein the pyrite concen
trate is leached using a ferric sulphate solution at a 
temperature of from about 150° C. to about 200* C. 50 

5. The process of claim 4 wherein the tempierature 
within the leach stage is from 175' C. to 185' C. ' 

6. The process of claim 5 wherein the oxygen partial 
pressure within the oxidation leaching stage is about 150 
psia. 55 

7. The process of claim 5 wherein the pulp density 
within the oxidation leaching stage is from about 100 
grams to about 400 grams of roasted pyrite per 600 ml of 
leaching solution. 

8. The process of claim 4 wherein the oxygen partial go 
pressure within the oxidation leach stage is over 120 
psia. 

9. The process of claim 1 wherein the reduction stage 
comprises contacting the oxidation leach solution with 
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a small amount of freshly roasted pyrite concentrate at 
a temperature of from about 22' C. to about 119' C. at 
an oxygen partial pressure of zero. 

10. The process of claim 9 which further comprises 
flocculating and filtering the product from the reduc
tion stage in a solid-liquid separation stage to produce a 
filter cake and filtrate, said filter cake being recycled to 
said oxidation leach .stage to recover any residual cop
per, zinc, silver or sulphur contained therein and said 
filtrate being processed to recover the metal values 
therein. 

11. The process of claim 10 wherein the stripped 
solution from the metal recovery stage is recycled to 
said oxidation leaching stage. 

12. A process for the recovery of silver, copper and 
zinc from a pyrite concentrate, comprising the steps of: 

(a) partially roasting the pyrite concentrate at a tem
perature of from about 550* C. to about 700* C. 
until about 45% to 50% of the sulphur contained 
therein is driven off; 

(b) introducing the majority of the partially roasted 
pyrite to an oxidation leach stage to extract the 
silver, copper and zinc values contained therein, 
said leaching being accomplished using a ferric 
sulphate solution at a temperature of about 175* C. 
to about 185* C. and the oxygen partial pressure 
within said leaching stage being about lS(^sia; 

(c) cooling the oxidation leached pulp by flashing and 
recovering the elemental sulphur pellets generated 
during the oxidation stage; 

(d) heating the elemental sulphur pellets to about 150* 
C , and thereafter filtering said sulphur and recov
ering silver and the portion of the copper and zinc 
in sulphur as a filter cake, and recycling the ele
mental sulphur filtrate to the roasting stage for 
SO2 production; 

(e) subjecting the oxidation leached solution, contain
ing the copp>er and zinc to a reduction leach stage, 
said reduction leach stage comprising contacting 
the oxidation leached solution with a small amount 
of freshly roasted pyrite concentrate at a tempera
ture of from about 22* C. to about 119* C. and 
maintaining the oxygen partial pressure within said 
reduction stage at zero; 

(0 introducing the reduced solution from said reduc
tion stage to a solid-liquid separation stage wherein 
said solution is flocculated and filtered to produce 
a filter cake and filtrate; 

(g) processing the filtrate from said solid-liquid sepa-
, ration stage to recover copper and zinc and; 
(h) recycling said filter cake from said solid-liquid 
. separation stage to the oxidation leach stage to 

recover any residual copper and zinc contained 
therein. 

13. The process of claim 12 wherein the copper con
tained in the filtrate produced by the solid-liquid separa
tion stage is recovered by precipitation. 

14. The process of claim 12 wherein the zinc con
lained in the filtiate produced by the solid-liquid separa
tion stage is recovered by solvent extraction and elec
trowinning. 
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V ' Abstract 

A new compilation of paleolatitudes of sedimentary phosphate deposits using world
wide paleomagnetic data confirnis the hypothesis that the majority formed at low-latitude 
locations. A number of: Jurassic and possibly some Cambrian deposits formed at inter
mediate latitudes (30°-50°). Phosphorites range in age from lower Proterozoic to 
Recent. There has been sporadic deposition of phosphate during this time, as continents 
drifted into low-latitude locations. It is proposed that there is no direct genetic link 
between periods of volcanism, orogenesis, formation of evaporites, and episodes of 
phosphogenesis. All these features are indirectly genetically related through plate 
tectonics to particular phases in the rifting and separation of continental and oceanic 
components of plates. In the case of diverging plates, volcanism and tectonism are an 
early-stage feature, evaporites intermediate-, and phosphorites late-stage features. 
Models are developed to explain the different sedimentary sequences that develop in 
north-south and east-west seaways. No model is presently available for epeiric seas. 

A temporal model is also proposed to explain the distribution of phosphorus in sedi
ments in the last 3,400 m.y. The association of phosphorus with iron and organic matter 
in the hydrosphere is particularly critical to the model. Even the temporal model is 
influenced to some extent by plate tectonics. 

t ' 

Introduction 

PHOSPHORUS plays a crucial role in present-day life 
processes and it was probably no less important in 
the past. Consequently, as there is now strong evi
dence that early forms of life existed more than 3 
billion years ago, it may be assumed that phosphorus 
has been available, in a soluble fbrm in the hydro
sphere, for at least 3 billion years. Therefore an 
understanding of the global distribution of phos
phorus in both space and time may ultimately lead to 
a far better understanding of evolutionary processes, 
particularly those in the Precambrian, where the 
fossil record is sparse. In this paper, only one as
pect of the distribution of phosphorus is considered— 
the distribution of phosphorus-rich sedimentary rocks 
(phosphorites). It can reasonably be argued that 
most phosphorus is not tied up in phosphorites alone 

I but in the total sediment pile. However, it is relevant 
to point out that the majority of phosphorites are be
lieved to form in areas of oceanic upwelling. These 
areas constitute less than 1 percent of the oceanic 
area (Ryther, 1963), yet probably contain 50 percent 
of the total marine biomass. Consequently upwelling 

• areas are pf very considerable importance to our 
understanding of the organic geochemical evolution, 
despite their relatively small size. Therefore, by 
analogy, though phosphorites are atypical sediments, 
they are nevertheless likely to be of very great sig
nificance to our understanding of the phosphorus 

cycle and perhaps also organic geochemical evolution. 
Of more immediate importance is the fact that 

recognition of a pattern in their spatial as well as 
temporal distribution will assist the search for new 
phosphate deposits. It is primarily for this reason 
that this topic has attracted the attention of a number 
of other authors, particularly Gimmel'farb (1958), 
Strakhov (1969), Sheldon (1964a), and Bushinski 
(1969). But in the ten years or so since this topic 
was last discussed in print, there has been a revolu
tion in our understanding of many geological pro
cesses through the development of the theory of plate 
tectonics. Using this theory, many structural and 
sedimentary features and sequences can be logically 
explained. Therefore there is a need to attempt to 
develop new models for phosphogenesis using plate 
tectonics vvhich will enable us to understand why a 
phosphorite is where it is and why particular sedi
ments accompany it. This paper develops two such 
models. 

General information on the majority of deposits 
was obtained from the third edition of the World 
Survey of Phosphate Deposits (British Sulphur 
Corporation, 1973) and Old Phosphorites of Asia and 
their Genesis (Bushinski, 1969). An additional gen
eral reference used is that of Liu et al. (1973). 
Where possible the primary sources were consulted 
for more precise figures on location, age, phosphorite 
type, and reserves. In all, data were compiled on 216 
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sedimentary deposits from throughout the world and 
ranging in age from Precambrian to Recent. 

The Abundance of Phosphorites 

In order to consider variations in phosphate abun
dance with time it was decided to attempt to deter
mine the total amount of phosphate in deposits (ex-

"pressed as metric tons of P2O5) without regard for 
whether or not that phosphate was a present or future 
reserve or resource. Using this sort of approach, 
the best figures that are arrived at are little more 
than appro.ximations vvhich provide an order of mag
nitude. But even with this crude approach it is only 
possible to provide estimates for the Phanerozoic 
era (Fig. 1). Total phosphate abundance for Phan
erozoic deposits is on the order of 3 X 10" metric 
tons of PaO,-;. The United States Bureau of Mines 
(1975) gives the world's measured and inferred re
serves of phosphate at 8.4 X 10'° tons, but, as this 
figure is for ore or potential ore and not total phos
phate content, there is not necessarily any significant 
disparity between the two sets of figures. • 

In addition to estimating the total phosphate con
tent, the number of deposits (at 25 m.y. intervals) 
was also plotted (Fig. 1). In general, the positions 
of the peaks in the curve and histogram correspond 
fairly well, though the amplitudes of the peaks do not. 
The Permian peak is a prime e.xample of this dis
parity and results from the fact that while there are 
relatively few Permian deposits, the total phosphate 
content is boosted considerably by the enormous de

posits of the Western Phosphate Field (McKelvey 
et al., 1953). The location of peaks in the Mesozoic 
and Cenozoic is complicated by the abundance of de
posits in those times, with a period of almost con
tinuous (and major) phosphate deposition possibly 
extending from the Jurassic to the Oligocene, and by 
the relatively coarse (25 m.y.) interval used for the 
histogram. . From these data, a number of discrete 
peaks can be identified as periods of phosphogenesis 
(Table 1). These peaks are, in general, similar to 
those recognized by previous workers, though the 
very great significance of the Lower and Middle 
Cambrian as a time of phosphogenesis in many parts 
of the world, rivaling the Permian or the Upper 
Cretaceous-Eocene in importance, has only become 
apparent in recent years. Perhaps equally important 
in terms of our overall understanding of the processes 
involved in phosphogenesis are the apparent hiatuses 
of phosphate deposition which occur in the Oligo
cene, the Triassic, and from the lower Carboniferous 
to the Silurian. 

The data for the Precambrian deposits are too 
inadequate at the present time to draw anything more 
than a very broad and qualitative distribution pat
tern. As recently as 1962, Geijer argued that there 
was an almost total absence of phosphorites in the 
Precambrian. Davidson (1963) and many subse
quent authors have pointed out that this clearly is 
not the case and that there are a large number of 
small Proterozoic deposits, as well as several large 
ones. The dating of these phosphogenic periods is 

Cstimoted obundance of 
phosphafe in deposits 
(as tonnes of P.O,) 

10' i g ! I O " 10' 
- f 

Number of deposits 

10 15 

FIC. 1. Estimated abundance of phosphate (expressed as metric tons PaOs) in phosphate de
posits throughout the Phanerozoic. The fixed time interval in the histogram is 25 m.y. It 
should be noted that a logarithmic scale is used for PsOs abundance. 



PHOSPHATE DEPOSITS IN LIGHT OF PLATE TECTONICS 317 

' ' ; 

doubtful and there is clearly a need for absolute age 
dating of the phosphorites or their associated sedi
ments. The most important period of Precambrian 
phosphogenesis appears to be in the upper Protero
zoic. Whether this comprised the two peaks, upper 
Proterozoic"'I and upper Proterozoic II as indicated 
in Table 1, or whether there was a fairly continuous 
period of phosphogenesis from about SOO to about 600 
m.y. and perhaps into the Cambrian, is uncertain. The 
status of the middle Proterozoic peak given in Table 
1 is doubtful, as it is based on only two deposits— 
the Pogoryy and Underly phosphorites of the Yenisei 
Ridge with an age of about 1,600 m.y. and the phos
phorites of Rajasthan vvith an age of 1,200 to 1,600 
m.y. Both deposits have poor age control. The 
lower Proterozoic occurrences at around 2,000 m.y. 
(there are no known major deposits) have better 
age control and include the phosphatic sediments of 
the Vayrylankyla area of Finland (Laajoki and 
Saikkonen, 1977), Rum Jungle (Prichard and Cook, 
1965), the Marquette Range of Michigan (Mancuso 
et al., 1975; Cannon and Klasner, 1976), the Hamers-
ley Group of Western Australia (Morris, 1973) and, 
possibly, also Broken Hill, Australia (Stanton, 
1972), though at present only an age of metamor
phism of about 1.700 m.y. (Shaw, 1968) is available 
for Broken Hill. 

Davidson (1963) suggests that the Slyudyanka 
deposits in the Baikal region of the USSR are Ar-
chean in age. Bushinski (1969) also considers that a 
number of small deposits in North Korea and the 
Inner Mongolian and Singelin districts of China may 
also be Archean. However, as the isotopic data in 
support of the inferred Archean ages are not pro
vided, these Archean ages must be regarded as ques
tionable for the present. 

The Paleolatitudes of Phosphorites 

Sheldon (1964a) was the first to point out that the 
paleolatitudinal distribution of ancient phosphorites 
matches the latitudinal distribution of young phos
phorites, with both falling within 40° of the equator. 
Subsequently, Sheldon (1964b) and later Freas and 
Eckstrom (1968) applied paleolatitudes and paleo-
geographic reconstructions to the search for new 
phosphate deposits. In recent years a considerable 
amount of new and more reliable paleomagnetic in
formation has become available and there is now a 
nevv understanding of plate tectonics and the move
ment of continents. For the purposes of this study, 
paleolatitudes were determined on 162 deposits from 
throughout the Phanerozoic, including 72 major de
posits. The information presently available is in
adequate for the determination of paleolatitudes for 
Precambrian phosphorites, 

Paleomagnetic pole positions through the Phanero-

TABLE 1, Major Phosphogenic Episodes 

• Episode 
Mean age 

(m.y.) L.ocation3 

Miocene-Pliocene 

t/pper Cretaceous-Eocene • 65 

Jurassic 

Permian 

Ordovician 

Cambrian 

Upper Proterozoic I 

Upper Proterozoic II 

Middle Proterozoic (?) 

Lower Proterozoic 

4 Continental margins;'5£, t/5/4," 
California, Sechura. Vene-
ziiela, Japan. Philippines 

I 541 w. Africa. N. Africa. Mid. East. 
I 771 w , Europe, N. South America,, 

Mexico, N, India, Ukraine, 
Kazakhstan, VV; Australia, 
Pakistan, Texas, Manitoba 

149 Russia. Mexico, N. South 
America, W, Europe, W, 
Australia, N, India, Pakistan, 
W. Canada 

250 W. USA. Urals, Szechwan, Indo
china. N, India 

464 Tennessee. Ala,, Ken., Central St 
SE. Australia, Baltic area. 
Iowa, E, Canada, Bolivia, 
Baikal 

542 Karatau. Russia. Georgina Basin. 
Central & SE. China, Vietnam, 
S. Australia, Chub Sugat. Tien 
Shan, Sayan, Central Kazakh
stan, Tennessee, E, Canada, 
Mauritania 

620 Volta area. Mauritania, China (?) 

700- 800 China. Central Siberia, India (?), 
Brazil, Central Australia 

1,200-1,600 Yenisei, Rajaslhan (?) 

1,800-2,200 Rum Jungle, Broken Hill, Aus
tralia (?) Michigan, Finland 

' Regions with very large deposits are italicized. 
1 Secondary peaks may be present at about these times. 

zoic for each of the major crustal units were deter
mined using the methods outlined in McElhinny 
(1973). A set of poles was calculated adding more 
recent data as sumarized in McElhinny (1972) and 
McElhinny and Cowley (1977, 1978). If the paleo
magnetic pole is situated at latitude A„ and longitude 
(̂ ,„ then the paleolatitude A' of a site presently located 
at latitude As. longitude <̂ .̂ , is given by: . 

sinA' = sinA,, sinA„ -f cosA,, cosAa Cos((/>,,-( ĵ). 

For the USSR the more recent compilations of Khra-
mov (1971, 1973. 1975) as summarized by Mc
Elhinny et al. (1977) were used. No data are avail
able directly for the Cambrian of China and in this 
case Cambrian data for North Korea were used (see 
McElhinny, 1973), A list of paleolatitudes calculated 
for each of the Phanerozoic phosphorite deposits is 
available from the authors on request. 

Results for all deposits are summarized in Figure 

I, 

I 
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PRESENT LATITUDES 
ALL DEPOSITS 

(216) 

0 K) 20 30 4 0 3 0 6 0 . 7 0 80 90 

Latitude (degrees) 
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Fic. 2. The latitudinal location of Phanerozoic phosphate 
deposits. The number in brackets is the number of latitude 
values used for the compilation of the histogram. 

2. These more complete data confirm the conclusion 
by Sheldon (1964a) that ancient deposits are found 
over a vvide range of present latitudes (Fig. 2A), 
whereas their paleolatitudes show a narrower spread 
closer to the equator (Fig. 2B). This is perhaps 
best illustrated by the middle Paleozoic phosphorites 
of the Pensacola Mountains of Antarctica which are 
presently located at latitude 84° S (Cathcart and 
Schmidt, 1977) but which have a paleolatitude calcli-
lated at 39° S. The paleolatitudes of all deposits 
show a spread from about 0° to 70° but with a clear 
ma.ximum within 20° of the paleoequator (Fig.-26). 
When only the major deposits' are taken (Fig. 2C), 
the low-latitude peak is more clearly defined, with a 
peak between 10° and 20° from the equator. This 
supports the view that phosphate deposition is most 
abundant at low-latitude locations, with a preference 
for a subequatorial (10°-20°) location rather than 
an equatorial (0°-10°) site. 

Because of the relatively large number of paleo
latitude results available here, it is possible to look 
at latitudinal distribution for various times and also 
at the distribution of major and minor deposits. 
Paleolatitude distribution for the six time periods 
taken, which generally correspond with the six 
major periods of Phanerozoic phosphogenesis (de
lineated in Fig. 1) are shown in Figure 3. Because 
of the smaller samples for these six groups, the dis
tribution patterns in Figure 3 are less reliable than 
the general distribution patterns in Figure 2. Never
theless it would appear from these plots that the zones 
of phosphogenesis, while generally at low-latitude 
locations, have not always remained static in a near-
equatorial location. There is also the suggestion of a 
bimodal distribution, with modes at about 10° and 
40°. This is particularly evident for major deposits 
of the Jurassic and the Cambrian, and to a lesser ex
tent for the Permian. The major deposits with inter
mediate (30°-50°) latitudes are the Jurassic deposits 
of Russia and the Cambrian deposits of China, al
though it should be stressed that Cambrian paleo
latitudes for China are derived from data for North 
Korea and this may not be a valid extrapolation. 

The Spatial Distribution 

The results presented previously are in general 
accord with those given by Sheldon (1964a). It is 
evident that, for phosphorite to form, the coastal por
tion of a continent must drift into a low-latitude 
location; however, some qualifications to this hy
pothesis need consideration. There are indications 
of some intermediate latitude phosphogenesis between 
latitudes 30° and 50°", especially in the Jurassic and 

' .A. major deposit is regarded here as a deposit with 10 
million, metric tons or more of total P-Os, whether the ore 
is high grade or low grade, economic or noneconomic. 
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FIG. 3. The paleolatitudes of phosphorites for the six main Phanerozoic periods of phospho
genesis. The number in brackets is the number of latitude values used for the compilation ofthe 
histogram. 

possibly the Cambrian, not evident from earlier com- of the world. Although none of the phosphorites at 
pilations. Young oflFshore phosphorites currently are these sites are forming at the present time (Kolodny, 
found within this latitudinal range in various parts 1969), many probably formed on these bank and 
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ridge locations in response to dynamic upwelling as 
currents were forced up over topographic highs (Mc
Kelvey, 1963). Whether this explanation can be in
voked for the very widespread Jurassic deposits of 
Russia, or the Cambrian deposits of China, is un
certain at this stage, especially as the Jurassic de
posits appear' to have formed under shallow-shelf 
conditions. 1 

The lack of phosphorites is also dependant on the 
paleolatitudes of oceans and continents. The recon
structions of Smith et al. (1973) for the Devonian 
and lower Carboniferous show that at these times 
there were few coasts at low-latitude locations. Thus 
the apparent Silurian to Carboniferous hiatus in 
phosphogenesis may simply be the consequence of 
there being few continental/coastal areas at low lati
tudes. The Triassic reconstruction also suggests that 
there were few areas then at low-latitude locations. 
However, this explanation does not appear to be the 
case during the Oligocene and clearly there must be 
other reasons for the hiatus at that time. 

The similarity of the fauna of the continents indi-

JUVENILE MATURE 
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strong 

UQwt l l ing 
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F:c, 4. Schematic representation of the likely current pat
terns and areas of upwelling in narrow seaways with lati
tudinal (A, B) and longitudinal (C, D) orientations. 

cates that during the Cambrian an appro.ximately 
east-west sea way. extended from Australia into Asia 
and perhaps even into-Europe, analogous to the 
Mesozoic Tethyan seaway (de Keyser and Cook, 
1972). No accurate reconstructions are available for 
the Cambrian, but it is proposed here, using paleo
latitude data, that the Cambrian phosphate deposits 
of Australia lay on the southern side of this seaway 
at about latitude 25° N and the Chinese and Hub-
sugai deposits on its northern side at about 40° N. 
This seaway, lying between about 25° and 40° N, 
then extended westward through the Karatau region, 
vvhich was probably situated on its northern side. It 
is likely that there would have been exceptionally 
strong currents flowing through this narrow lati
tudinal seaway, producing high productivity as a re
sult of coastal entrainment and upwelling, and par
ticularly as a result of intense dynamic upwelling 
associated with topographic highs. The Cretaceous-
Eocene phosphorites were similarly located in a rela
tively narrow east-west seaway. As we still do not 
understand many features of present-day oceanic 
circulation patterns, reconstructions of Paleozoic or 
Mesozoic circulation are even more speculative. 
Nevertheless, it is evident that just having a coast at 
the preferred (low) paleolatitude will not necessarily 
produce strong upwelling and associated phospho
rites, as the continent-ocean configuration is also of 
primary importance. A narrow east-west, sea way at 
a low latitude, such as the Tethyan seaway, will 
probably produce the strongest upwelling because of 
the strong westerly directed flow through it (Fig. 
4A). Conversely, a narrow north-south seaway is 
likely to have a complex pattern of interfering cur
rent systems with little or no associated upwelling 
(Fig. 4C)'and possibly even fairly stagnant restricted 
conditions (Evans, 1978). In order to have upwell
ing in a longitudinally directed ocean it is necessary 
for it to be sufficiently wide for discrete oceanic 
gyrals to develop. Therefore, phosphogenesis can be 
related to particular phases of sea-floor spreading 
and continental dispersal. Strong upwelling and as
sociated phosphogenesis can take place at a juvenlie 
stage in a latitudinally directed seaway (Fig, 4A) 
but only at a farily mature stage in a longitudinally 
directed seaway (Fig, 4D). 

The relationship between phosphogenesis and 
phases of continental separation and ocean formation 
also explains various relationships of phosphogenesis 
with volcanism, orogenesis, and the fonnation of 
evaporites, all of which have been invoked in the past 
to explain episodes of phosphogenesis. Mansfield 
(1940), Rooney and Kerr, (1967) and others have 
proposed that the formation of phosphorites is linked 
to volcanism either through the direct input of large 
amounts of volcanogenic phosphate into the sedi-
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mentary system or through the initiation of mass 
mortalities as a result of massive ash falls. Although 
both of these processes may be of some significance 
locally, there is no evidence that they are capable of 
producing large phosphate deposits. It is proposed 
here that the relationship is indirect. The volcanism 
results from the initiation of rifting which precedes 
the developmerit of a seaway. 

Similarly with orogenies the relationship is not a 
direct one, as proposed by Gimmel'farb (1958), re
sulting from an increased input of phosphate due to 
the erosion of the adjacent elevated land masses. 
Many orogenies and phases of phosphogenesis do 
seem to occur at about the same time. The Karelian 
(2,000 m.y.). Vyborgian (1,700-1,600 m.y.), Bai-
kalian (540-500 m.y.), Kimmerian (170-110 m.y.), 
and Alpine (85-12 m.y.) orogenic cycles of Salop 
(1977) all appear to have phosphogenic counter
parts (Table 1). However, orogeny can be a mani
festation of the early stages of plate movement and 
the initiation of rifting which precedes the formation 
of a seaway or the narrowing of a broad seaway in 
the case of converging plates. Alternatively, it is 
responsible (or is associated with) the movement of 
a plate to a low-latitude location where the formation 
of phosphorites is most likely to occur. Therefore, 
the time interval between an orogenic phase and phos
phogenesis will depend on the type and direction of 
plate movement. Specifically, phosphogenesis will 
take place at low-latitude locations: soon after the 
onset of plate divergence in the case of east-west 
rifting: some considerable time after the initiation of 
plate convergence (though possibly only a short 
time before plate collision) along an east-west axis; 
and a considerable time after the onset of plate 
divergence in the case of north-south rifting. 

One of the most striking sedimentary associations 
is between phosphorites and evaporites. The classi
cal example of this is provided by the Phosphoria 
Forniation which grades laterally landward into the 
evaporites of the Chugwater Formation (McKelvey 
et al., 1959; Sheldon et al., 1967), This same as
sociation holds for many other deposits. Hite (1976) 
has suggested that the association between phos
phorites and evaporites is a direct one, with phos
phate being precipitated as a result of the interaction 
of phosphorus-rich continental brines and cold ocean 
waters. However, Brongersma-Sanders (1969) 
makes the important point that the process of up
welling and the associated presence of cold nearshore 
waters are responsible for the aridity of the hinter
land and the development of coastal deserts such as 
the Atacama and Namib Deserts. Nevertheless, if 
there have been periods of global aridity due, for 
instance, to a broadening of the trade-wind belt, then 
it is conceivable that these times would have been 

accompanied by associated periods of phosphogenesis. 
In Figure 4, an attempt has been made, using mainly 
the compilation on world salt deposits by Lefond 
(1969), to plot the distribution of evaporites, • As in 
the other compilations, the location of peaks (though 
not necessarily their amplitude) is reliable only for 
the Phanerozoic. The peak shown at about 1,000 m.y. 
is based on the occurrence of late Proterozoic salt 
deposits in Asia (Lefond, 1969) and Australia 
(Wells et al.. 1970). The 1,800 m.y. peak is based 
on reports of extensive gypsum pseudomorphs in 
rocks of this age in Australia (Walker et al., 1977) 
and Canada (Beii and Jackson, 1974; Badhain and 
Stanvvorth, 1977), There is also evidence of Arch
ean evaporitic environments as old as 3,400 m.y. in 
the Onverwacht Group of South Africa (Lowe and 
Knauth, 1977). The lower and middle Proterozoic 
evaporite peaks do not seem to correspond with times-
of phosphate deposition (Fig. 5). However, the 
very extensive Cambrian salt deposits (possibly ex
tending down into the uppermost Proterozoic) do 
appear to show a correlation, as do also the Permian 
evaporites. Similarly, the time of development of 
Tethyan Belt salt deposits corresponds to a phos
phogenic period. 

But to explain these correlations it is not necessary 
to invoke periods of global aridity; it is again es
sentially part of a sedimentary sequence related to 
plate tectonics. The evaporites result from two pro
cesses, the movement of the area into a low-latitude 
location, and the initiation of rifting, forming a salt 
basin vvhich was partly connected to the open ocean. 
Whether the phosphorite is synchronous with, im
mediately follows, or follows many millions of years 
after the evaporitic phase is dependent primarily on 
plate movements. 

The Phosphoria Formation provides the type ex
ample of synchronous phosphorites and evaporites. 
In this case, both sediment types formed on the east 
side of a broad mature ocean as the lithospheric plate 
moved north-south into a low-latitude location. 

Some of the Cambrian' phosphorites immediately 
overlie evaporitic units. This situation will occur 
when there is an east-west seaway at a low-latitude 
location, the evaporites occurring at the rift-valley 
stage and the phosphorites forming as soon as the rift 
is completely breached, a narrow seaway formed, and 
dynamic upwelling initiated. It is conceivable, in the 
case of a converging plate boundary, that evaporites 
may immediately overlie phosphorites. 

From Figure 5 it is evident that the Lower Cre
taceous was an important period for evaporites, but 
the correlation with Cretaceous phosphorites is not 
so well defined. The enormous Lower Cretaceous 
(Aptian) evaporite deposits flanking the Atlantic 
Ocean (Wardlaw and Nicholls, 1972) do not have 
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FIG, 5. The temporal distribution df phosphorites and sedimentary, organic, and tectonic 
events which may influence phosphogenesis. The amplitudes of peaks are schematic and prob
ably should be regarded as being on a logarithmic scale. The time scale is logarithmic which 
has the effect of minimizing the Proterozoic and Archean peaks and ma.simizing the Phanero
zoic peaks on the diagram. 

any major phosphorites imediately associated with 
them. The evaporites formed in the juvenile stage 
of the north-south-oriented diverging plate boundary 
which was producing the ancestral Atlantic. It was 
not until late in the Upper Cretaceous and particu
larly in the middle Eocene that the Atlantic was suf
ficiently wide for a well-defined pattern of oceanic 
circulation (and associated upwelling) to develop 
and for phosphorites to be deposited along the west 
coast of Africa (Fig. 4C, D) . The time between 
formation of the Aptian evaporites and the deposi
tion of middle Eocene phosphorites is of the order of 
55 m.y. Based on the computed spreading rates of 
Dickson et al. (1968) and Heirtzler et al. (1968) 
and the reconstruction of Smith and Briden (1977), 
the ancestral South Atlantic Ocean widened from 
about 850 km to about 3,(X)0 km in this time. This-
suggests that a minimum oceanic width of about 
3,000 km is necessary for the formation of major 
oceanic gyrals. This in turn implies that the develop

ment of phosphorites could take place anywhere from 
about 15 m.y, to 200 m,y., after the initiation of sea-
floor spreading along a north-south a.xis, depending 
on whether a very slow (1 cm/yr) or a fast (6 cm/ 
yr) spreading rate is taken. Therefore the phos-
phorite-evaporite relationship is also dependant on 
the rate of sea-floor spreading. In a north-south 
seaway the evaporites will be overlain by a thick se
quence of restricted marine sediments, and then by 
phosphorites. Using these various disparate obser
vations, it is now possible to develop models to ex
plain many aspects of the distribution of phosphorites. 

Spatial Models 

There are probably a number of models which 
could be developed to e.xplain phosphogenesis. Here, 
only diverging plate models are dealt vvith. Converg
ing plate models would essentially be mirror images 
of models A and B, though the stages of continental 
sedimentation and rifting would be replaced by a 
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phase of mountain building. There is clearly a need 
to develop models for phosphogenesis in epeiric seas 
and it will probably be necessary to develop separate 
models for pelletal and fine-grained phosphorites. 
The models presented here are no more than first 
attempts and will no doubt need to be extensively 
modified in the future, , 

Spatial Model A 

1. Continental sedimentation. 
2. North-south movement of lithospheric plates 

produces east-west rifting at a low-latitude location; 
some associated volcanics. 

3. Large-scale development of evaporites during 
the stage of incomplete separation of the plates. The 
magnitude of the evaporites will be dependant on 
the nature of the rifting and the aridity of the area. 

4. Complete separation of the plates and the initia
tion of a narrow east-west seaway. A strong west
erly directed current system will produce strong 
dynamic upwelling and this will be associated with 
formation of phosphorites (e.g., the Cretaceous phos
phorites of the Tethyan region). 

5. As sea-floor spreading continues, the seaway be
comes broader. Phosphorites may be less abundant 
and carbonates more abundant as the ocean water 
becomes warmer and upwelling becomes weaker. 

6. Spreading may proceed to the stage where the 
northern boundary of the latitudinal sea (in the 
northern hemisphere) will be located within the zone 
of west-wind drift. This may result in high-latitude 
dynamic upwelling or upwelling on the northern 
shore as well as on the southern shore (e.g., some of 
the Cambrian phosphorites of China). 

7. Spreading may finally proceed to the stage 
where both shores no longer lie within the trade and 
west-wind belts and consequently the area no longer 
constitutes a potential phosphogenic province. 

Spatial Model B 

1. Continental sedimentation. 
2. East-west movement of lithospheric plates pro

duces north-south rifting over a wide range of lati
tudes ; some associated volcanics. 

3. Large-scale development of evaporites during 
the stage of incomplete separation of the plates, par
ticularly at low-latitude locations. 

4. Complete separation of the plates and the initia
tion of a narrow north-south seaway but with no 
dominant current pattern. Ocean waters may be 
fairly stagnant and poorly oxygenated during this 
period. Organic-rich sediments may be deposited 
during this time. 

5. As sea-floor spreading continues, the seaway will 
eventually become sufficiently broad (of the order of 
3,000 km) that oceanic gyrals finally become estab

lished. This will lead to upwelling on the east side 
of the ocean and the formation of phosphorites, 
especially at low-latitude locations (e.g., the Eocene 
phosphorites of West Africa). The time between 
the development of evaporites and phosphorites is 
entirely dependant on the sea-floor spreading rate 
and probably ranges from 15 m.y. to more than 1(X) 
•m.y. Bottom waters also become more oxygenated. 

6. Eventually the stage is reached where there is 
just a broad ocean (rather than a seaway) with 
stabilized oceanic gyrals. The formation of phos
phorites at any location will now be dependant on the 
north-south movement of the lithospheric plate, and 
of a coastal area, into the zone of upwelling. The 
formation of phosphorites will not now necessarily 
be preceded by an evaporitic phase; however, it is 
likely to grade laterally into synchronous evaporites 
because of the arid zone locatipn (e.g., the Permian 
deposits of the Phosphoria Formation) and the 
formation of coastal deserts due to upwelling ocean 
current systems. 

The Temporal Distribution 

So far in this discussion it has been shown that 
many geological events such as volcanism, orogenesis, 
and the formation of evaporites are related to phos
phogenesis by the processes implicit in plate tectonics. 
The consequences of plate tectonics on the develop
ment of phosphogenic provinces has already been 
outlined. Most of the peaks in phosphate abundance 
in Figures 1 and 5 and in Table 1 are the conse
quence of coasts/seaways being low-latitude locations. 
Conversely, some minima (such as the Silurian to 
Carboniferous) result from there being no coasts/ 
seaways at low-latitude locations during these times. 
Until now it has been assumed that oceanic circula
tion and patterns of upwelling, and also the geo
chemistry of the oceans, has remained fairly stable. 
But in the short term these parameters may change 
locally, and in the long term they are known to be 
changed profoundly by events of global significance 
such as glacial epochs, the geochemical evolution of 
the oceans, and organic evolution. Even these fea
tures cannot necessarily be totally divorced from 
plate tectonics, for many glacial periods are the 
consequence of a continent drifting to a high-latitude 
location, and the course of geochemical and biological 
evolution may have been markedly affected by a 
change in tectonic style between the Archean and the 
Proterozoic or between the Proterozoic and the 
Phanerozoic. Similarly, if iron ores are related to 
upwelling then again the disposition of continents 
and oceans is likely to be fundamental to the pres
ence or absence of iron ores. However, in this por
tion of the discussion, the main concern is on the ef-
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fects of the changing geochemistry of the oceans on 
the deposition of phosphorites. 

The oldest sediments (metasediments) known are 
those of West Greenland, which have an age of 
about 3,760 m.y. (Moorbath et al., 1973). The 
presence of a procaryotic fauna as far back as 3.4 
billion years (Muir and Grant, 1977) indicates that 
phosphorus was present in the oceans in a soluble 
form by that time. Throughout much of the Archean 
there appear to have been few shelf areas. Conse
quently, there was little opportunity for phosphorus 
to concentrate. As phosphorus-bearing organisms 
died they fell through a large water column and the 
phosphorus either went back into solution or else 
was reincorporated into the biota. It seldom was 
able to reach the sea bottom and be incorporated in 
the ocean sediments. The development of broad 
shelves in the Proterozoic and Phanerozoic, pre
sumably in response to a change in tectonic style, 
meant that the likelihood of phosphorus being incor
porated in the sediment column was now greatly en
hanced. At about 8(X) m.y. there was a very marked 
increase in the abundance of phosphorites which per
sists into- the present time. 

A number of authors such as Bushinski (1964) 
and Pevear (1966) have suggested' that rivers are 
the immediate source of the phosphorus in phos
phorites ; however, the most generally accepted source 
of the phosphorus is upwelling, nutrient-rich, ocean 
water. The original theory of the direct precipitation 
of phosphate from upw^elling sea water (Kazakov, 
1938) has been show-n to be questionable because of 
e.xperimental work by Smirnov (1958) and Atlas 
(1975) and also by observations on the modern 
phosphorites off southwest Africa (Baturin, 1969, 
1971) and Chile (Veeh et al,, 1973). There is now 
evidence that a low-grade phosphorite will form 
diagenetically, immediately below the sediment-water 
interface, or in some cases by phosphatization (e.g., 
of glauconite) at the interface (Bremner and Willis, 
1975). This is then followed by a period of me
chanical reworking to form a high-grade phosphorite 
(Cook, 1967, 1976). Nevertheless, the originally 
proposed spatial association of phosphorites with up
welling areas of high productivity still appears to be 
valid for most deposits. 

• Periods of glaciation are likely to be times when 
the cold, deep ocean waters have enhanced concentra
tions of phosphorus (because the waters are colder) 
and when upwelling is most intense because of the 
greater temperature differential (Gardner, 1973). 
Consequently, the view that periods of glaciation are 
likely to coincide with times of widespread phospho
genesis has been taken in the past by a number of 
Soviet and Chinese geologists (see Bushinski, 1969). 
An association of phosphogenesis and glaciation ap

pears to be supported by an apparent close strati-, 
graphic association between tillites and phosphorites 
such as in the Georgina Basin. But this stratigraphic. 
association is more apparent than real and there is 
generally a considerable time interval between the 
two. Nevertheless, if the distribution of glacial epi
sodes as proposed by Williams (1975a, b) and phos
phatic episodes is e.xamined (Fig. 5), there does ap
pear to be a fairly close correspondance between a 
number of events, particularly the upper Proterozoic-
Paleozoic glacial episodes occurring at about 770 
m.y., 615 m.y., 560 m.y., 445 m.y., and perhaps 295 
m.y. and also from 26 m.y, to the present. Con
versely, the major periods of phosphogenesis in the 
Mesozoic and early Cenozoic are totally devoid of 
any association with glacial episodes. Also, Burnett 
(1977) was able to show that the Pleistocene phos
phorites off Peru and southern Chile have radiometric 
ages which correspond with interglacial periods, 
when the oceans were warmer, sea level was higher, 
and there was mechanical reworking (and upgrad
ing) of the phosphorites. Gulbrandsen and Rober-
son (1973) give a residence time for phosphorus of 
4.9 X IO'' years. As the average glacial cycle has a 
periodicity of about 1 X 10^ years, a relatively short 
term glacial event could-modify the phosphate con
centration in the oceans and' hence the deposition of 
phosphate. There is, in addition, the inevitable prob
lem that in older sequences the record becomes in
creasingly blurred so that events which appear to be 
synchronous may in fact have a gap of 50 m.y. or 
more between them. Nevertheless, there does appear 
to be an empirical-relationship between some periods 
of phosphogenesis and glacial episodes, which is 
probably related to the associated enhanced upwelling. 

Few authors seem to have considered possible cor
relations between episodes of phosphogenesis and iron 
ore deposition. Bushinski (1969) takes the view 
that "phosphorites and ironstones are antagonistic." 
This view is apparently reinforced by the fact that 
while 90 percent or more of the total iron ore de
posits occurs in the Proterozoic (pre-750 to 800 
m.y.), 90 percent or more of the total phosphorite 
deposits occurs in the latest Proterozoic and Phanero
zoic (post-750 to 800 m.y.). Despite this, Pettijohn 
(1957) suggests that "the environments of phos
phorite and ironstone have many factors in common," 
A number of phosporites are apparently associated 
vvith iron ores, such as the Tonshanto (Sinian) phos
phorites of China which are interbedded' with iron
stones and the Tunisian phosphorites vvhich are over
lain by oolitic ironstones. However, most phospho
rites are relatively low in iron and therefore it has 
generally been concluded that ironstones and phos
phorites do indeed have little in common. But while 
phosphorites may be low in iron (the average Fe^O,-! 
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content of sedimentary phosphate rock is calculated 
froni Smith and Lehr, 1966, at 0.63%), iron ores 
are not necessarily low in phosphorus, for though 
McKelvey (1973) gives the average P2O5 content of 
Precambrian iron ores as 0.21 percent, Phanerozoic 
iron ores average 1.43 percent P2O.',. Therefore the 
Phanerozoic ores in particular suggest that there may 
be a geochemical link between the two. 

The distribution of iron ores throughout time 
(using data from James, 1966, and Goldich, 1973) is 
given in Figure 5. It should be pointed out that the 
effect of the vertical logarithmic scale used in this 
diagram is to minimize the Proterozoic peaks and en
hance the Phanerozoic peaks. The horizontal abun
dance axis which is qualitative should be regarded 
as logarithmic. From Figure 5 it is apparent that 
there are a number of similarities in the time dis
tribution patterns of iron ores and phosphorites. The 
possible lower Proterozoic phosphorite peak coincides 
with the enormous development of banded iron-
formations at about 2 billion years. The upper Pro
terozoic II peak (Table 1) would similarly appear to 
coincide with the appearance of the Rapitan-tyf>e 
(Yeo, 1977a, b) iron ores at about 750 to 800 m.y. 
Similarly in the Paleozoic, phosphogenic episodes in 
the Cambrian, Ordovician, the Jurassic, and the 
upper Eocene all appear to coincide with peaks of 
iron ore deposition. The two curves are clearly not" 
entirely coincident; there is, for instance, no Miocene 
peak in iron ore deposition to match that of phos
phorites. Similarly, there is no phosphorite peak 
to match the Devonian peak in iron ore fonnation at 
about 400 m.y., though the point should perhaps be 
made that, unlike most of the other ores, the Devon
ian Lahn-Dill-type iron ores are of probable volcano
genic origin and therefore soinewhat atypical of most 
of the other sedimentary iron ores. Nevertheless 
there is, overall, a strikirig similarity of the phos
phorite and iron ore distribution patterns in Figure 5. 

The similarity in the two ores also extends to their 
morphology. As pointed out by. Trueman (1971) 
the nonpellet'al fine-grained phosphorites, variously 
called microsphorite, collophane mudstone, or phos-
pholutite, are found to predominate in the Protero
zoic deposits, whereas pelletal phosphorites predom
inate in the Phanerozoic. There is no sharp cutoff 
at the Precambrian-Cambrian boundary. In the 
Cambrian deposits of the Georgina Basin Rogers and 
Keevers (1976), Howard and Cooney (1976), and 
Howard and Hough (1979) have described very 
extensive deposits of these nonpellet'al deposits. Riggs 
(1967, 1979a, b) has also described some beds of 
microsphorite from the Florida deposits. Neverthe
less the general lack of fine-grained phosphorites in 
the Phanerozoic (and especially the post-Cambrian) 
is quite striking. Similarly, in iron ores the boundary 

between ore types is not razor sharp and for instance 
in some beds of the Superior deposits, oolitic ore is 
fairly common though it forms only a very small 
proportion of the total deposits. There are also some 
banded iron-formations in the Phanerozoic 
(O'Rourke, 1961). However, there is no doubt that, 
overall, pelletal and oolitic ironstones predominate in 
the Phanerozoic. The analogy can be taken one 
stage further if the ores are considered in a little 
more detail. The lower Paleozoic phosphorites are 
commonly composed of abraded fragments of phos
phatic organisms (e.g., the Maardu deposits of 
Estonia) or calcareous organisms which have been 
abraded and phosphatized (e.g., the Duchess deposits 
of northwest Queensland). ' In the Permian and 
younger deposits, by contrast, phosphate pellets or 
ovules (or more rarely ooids) with obvious calcare
ous precurser material are much less in evidence. 
Similarly, the most important iron ores of the lower 
Paleozoic, the Clinton-types ores, are composed of 
ferruginized and abraded shells, whereas the Meso
zoic ores which are dominated by the pelletal 
Minette-type ores have no clearly recognizable cal
careous precursers. 

But if there is an analogy between phosphorites 
and iron ores, the precise nature of this analogy is 
unclear. The generally low iron content of phospho
rites demonstrates that there is certainly not a uni
versal and intimate association between iron and 
phosphorus. To some extent the phosphorus content 
of iron ores and the iron content of phosphate rock 
may be somewhat understated in the literature be
cause phosphorus is an undesirable feature of iron 
ore and iron is similarly an undesirable property of 
phosphate rock. Consequently, the "average ore" 
has commonly been preferentially mined to provide a 
low content of the undesirable minor element. Never
theless, the total phosphorus content of many iron 
deposits is very large. If the average P2O5 content 
of 0.25 percent for the Dales Gorge Member (Trend-
all, 1968) and the total iron content 9.4 X 10" metric 
tons for the Hamersley Basin (Trendall, 1973) are 
used, then the total P2O5 content of the Hamersley 
Group Iron Formation is appro.ximately 5. X 10'^ 
metric tons. This is more than the total phosphorus 
in most of the world's major phosphate deposits (see 
Fig. 1), Other iron deposits similarly contain 
enormous quantities of phosphorus though of course 
this does not mean that they are "phosphate de
posits," Most of the phosphorus is associated with 
the iron in an adsorbed form or, perhaps, in a poorly 
crystalline iron phosphate phase. But in some de
posits, apatite occurs as discrete laminae and thin 
beds. In the case of the Finnish deposits, the lan-
thanide distribution in the apatite (Laajoki, 1975) is 
very similar to that found in Phanerozoic phos-
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phorites (Altschuler et al., 1967; Cook, 1972). 
Laajoki and Saikkonen (1977) regard this, and 
particularly the cerium deficiency, as evidence that 
the apatite in the iron-formations is of marine origin. 

It is not the purpose of this paper to discuss the 
origin of iron-formations; this topic has been covered 
exhaustively in papers by Woolnough (1941), James 
(1954, 1966), Goodwin (1962), Lepp and Goldich 
(1964). Govett (1966). Gross (1973). Trendall 
(1973), and Holland (1973) to name but a few 
examples of the voluminous literature on this topic. 
The sources suggested for the iron include volcanic 
emanations, rivers, ground water, and the ocean. 
Holland (1973) shows fairly convincingly that, as 
suggested earlier by Borchert (1960), the most likely 
source for the iron is deep upwelling sea water. An 
upwelling environment would also serve to explain 
the large amount of phosphorus associated with iron 
ores. Though much more work is required on this 
topic, the rare earth patterns in apatite-rich iron ores 
support a marine source for the phosphorus and, by 
analogy, for the iron, too. Work by Berner (1973) 
has shown that on the East Pacific Rise phosphorus 
is "scavenged" by iron oxides, and apatite will not 
normally form as a separate mineral. Though Ber-
ner's experiments were concerned with the uptake 
of phosphorus by volcanogenic ferric oxides, his con
clusion—that all of the phosphorus delivered to the 
ocean by rivers can be adsorljed by the volcanic iron 
of the East Pacific Rise—is important to.our appreci
ation of just how potentially important the iron-
phosphorus association is. However, the presence of 
apatite-rich bands in some banded iron-formations 
indicates that, for a limited period at least, a high 
P /Fe ratio prevailed in places, which enabled pho.s-
phorus to form a separate mineral phase. During 
the early Proterozoic, at least, the dispersal and con
centration of phosphorus in marine sediments was 
controlled largely by the distribution of iron and the 
periodic upwelling of reducing iron-rich ocean waters 
of the type envisaged by Holland (1973). The ex
tent to which the biota was also involved at this time 
is uncertain, "though La" Berge" (1973) has shown 
that, despite the high degree of oxidation in the ores, 
there are still abundant remains of algae or bacteria 
in some iron ores or associated sediments, suggesting 
that organisms might have played a significant role 
at times. 

It was not until later in the Proterozoic that the 
development of a more prolific (eucaryotic) fauna 
resulted in larger quantities of phosphorus being tied 
in the biota. This, coupled with a decrease in the 
iron content of the deep upwelling ocean waters, re
sulted in the association with iron becoming mini
mized to the extent that phosphorus was sufficiently 
concentrated in some sediments for phosphorites to 

form as separate deposits. The development of major 
phosphorites at about 700 to 8(X) m.y. coincided with 
the incoming of the Rapitan-type ores, fairly exten
sive glaciation, and the development of metazoans. 
These large-bodied organisms presented enhanced 
opportunity for the further biochemical concentration 
of phosphorus in upwelling areas. An equally funda
mental change occurred at about the base of the Cam
brian with the massive development of phosphorites, 
and particularly the occurrence of pelletal phospho
rites (and to a lesser extent ironstones), on a large 
scale. In many cases, this is clearly linked to the devel
opment of organisms with hard parts which would 
abrade to form pellets. In some cases, the organisms 
(e,g., trilobites, inarticulate brachiopods) were origin
ally phosphatic; in other cases, the shell fragments 
were phosphatized following burial. Some of the 
pellets may be fecal pellets, but this is probably a rela
tively minor component in most deposits. 

Throughout the remainder of the Phanerozoic, 
pelletal phosphorites (and ironstones) continued to 
dominate. Few, if any, of the deposits result from 
the abrasion of phosphatic organisms because of the 
dominance of calcareous organisms in the post-Cam
brian period. Most of the pellets, especially those in 
the Mesozoic-Cenozoic, show few signs of abrasion 
or oolitic banding and their origin still remains 
something of a puzzle. Davies et al. (1976) have 
shown that the formation of calcareous ooids is in 
part dependant on the formation of an organic film 
on the outer skin. The composition of the film is a 
critical feature of the process, with the presence of 
lipids especially important. Powell et al. (1975) 
found that phospholipids were a particular feature of 
the Phanerozoic phosphorites that they examined. It 
therefore appears likely that the formation of pelletal 
phosphorites, and by inference pelletal iron ores, is 
linked to a particular stage of organic evolution. 
Therefore, it is now possible to propose a model to 
explain the temporal distribution of phosphorites 
though, as pointed out earlier, this model, too, is in 
part dependant on plate tectonics and should not be 
viewed purely as a geochemical model. 

Temporal Model 

Model C 

1. 3,400 w.y. or earlier: Phosphorus present at a 
sufficient level in the hydrosphere that is available to 
the procaryotic fauna but insufficient for the forma
tion of phosphorites. 

2. 3,400 to 2,200 m.y.: Phosphorus concentration 
continues to increase in the hydrosphere (by de
gassing and weathering) and in the biosphere. Lack 
of shallow seas and association with iron, and a com-
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paratively small total biomass,' preclude the formation 
of phosphorites. 

3. 2,200 to 1,800 m.y: Overturn (perhaps initiated 
by the Gowgandra glaciation) of reduced deep ocean 
waters rich in iron and phosphorus. Most of the 
phosphorus coprecipitated with the iron in banded 
iron-formations but a few thin phosphorites formed. 
The hydrosphere may have been somewhat depleted 
in iron and phosphorus by the end of this period. 

4. 1,800 to 800 m.y.: Gradual increase in phos-
. phorus content of the hydrosphere', again, by weather

ing. More, phosphorus now held in the biota, in
cluding the eucaryota, in the latter part of this period. 
Sufficient segregation of iron and phosphorus that 
some phosphorites were able to form. 

5. 800 to 600 m.y.: Major glacial phases may 
again have triggered massive ocean overturn leading 
to the formation of Rapitan-type iron ores, and also 
phosphorites, at about 800 m.y. Some phosphorus 
held in the iron deposits but large amounts now tied 
up in the biota (including metazoans). Development 
of some large sedimentary phosphate deposits during 
this time, in response to the biotic segregation of 
phosphorus and oceanic upwelling (possibly intensi
fied during glacial or associated interglacial episodes). 

6. 600 to 400 m.y.: High concentrations of phos
phorus in shallow waters in the early Cambrian re
sulted in the development of a phosphatic shelly 
fauna. This, coupled with the formation of an east-
west low- to medium-latitude seaway, produced large-
scale phosphorites (dominantly pelletal). 

7. 400 to 200 m.y.: There was only minor forma
tion of phosphorites during this period with the not
able exception of the Permian. This lack of phos
phorites may have resulted from an unfavorable con
tinent-ocean configuration and relative climatic 
quiescence (no glaciation until the late Carboniferous-
Permian), resulting in a lack of oceanic overturn. 

8.'200 m.y. to preien^-"Large-scale'"devel"opinent" 
of phosphorites throughout the Mesozoic and Ceno
zoic. Extensive sea-floor spreading, the development 
of a narrow east-west (Tethyan) seaway with 
marked dynamic upwelling, and a wide north-south 
(Atlantic) seaway with well-defined oceanic upwell
ing are important features of this period, which had 
a profound effect on the formation and distribution 
of phosphate deposits. 

Summary and Conclusions 

. Phosphorites most commonly form at low latitudes; 
a few deposits form at intermediate latitudes. The 
absence of phosphorites at some times is due to the 
relative lack of coastal areas at low latitudes. Most 
low-latitude phosphorites formed in an arid climatic 
zone either in narrow east-west seaways in response 
to dynamic upwelling or in broad north-south sea

ways in response to oceanic upwelling on the east 
side of the ocean. The phosphorites found in shallow 
intracontinental epeiric seas do not fit either of these 
situations and remain an enigma. 

Phosphorites formed sporadically during the Pro
terozoic and throughout the Phanerozoic as con-' 
tinents drifted into low-latitude locations and sea
ways formed. The major period of phosphogenesis 
was from about 8(K) m.y. to the present. A number 
of phosphogenic episodes can be recognized. The 
lower-and middle Proterozoic peaks are of uncertain 
validity at the present time because of the incomplete
ness of the geologic record. The upper Proterozoic 
and Phanerozoic peaks are well defined. 

Phosphogenesis is not directly related to phases of 
volcanism, orogenesis, or evaporites, but all are as
sociated through plate tectonics and the processes of 
plate separation and convergence, Volcanism and 
orogenesis are involved in the initiation of rifting; 
evaporites in the "rift-valley" stage and' phosphorites 
are formed once the rift valley is breached and a sea
way established. Using these features it is possible 
to develop Model A to explain features (the nature 
of the sediments and their order of superposition) of 
east-west seaways and Model B to explain features 
of north-south seaways. There are important dif
ferences between the two models. 

The chemistry of the oceans is of major significance 
to the forniation of phosphorites. The distribution of 
iron in Precambrian seas was of great importance to 
the distribution of phosphorus in the hydrosphere. 
The two are linked because upwelling is important to 
the formation of both iron ores and phosphorites. 
Glacial periods may have been important because 
of the. intensification of upwelling during glacial 
periods, and perhaps also because the onset of glacia
tion may have initiated oceanic overturn. Using the 
currently available information on the distribution of 

Iro'n ore," phosphorites, "arid the "course "of organic 
evolution, it is possible to develop Model C for the 
temporal distribution of phosphorites. 
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ABSTRACT 

Reduced-scale blasting experiments uere 
carried out in seven thoroughly characterized 
IA- to 23-aetric-ton blocks of lovjer Ordovician 
Chambersburg limestone to study fragoentation 
under controlled conditions of timing, explosive 
type, and borehole geometry. High-speed motion 
pictures (8,300 to lA.OOO loages/s) were taken 
of che disintegration of che face, allovring 
resolution of events 70 to 100 Ws apart, with 
spatial resolution of 0.25 cm- Cracks were 
observed to be open at the face about AGO Us 
after initiation cf the first borehole, and their 
fonnation ts consistent with the arrival time of 
t"ne ? wave at the free face. Rock motion ac Che 
free face Is observable 200 co 300 Ws foilo*d,ng 
Iniclacion of Che firsc borehole. Fragraentation 
of detached pieces, which are evident 600 Us 
after Iniclation of the first explosive column, 
can be seen continuing throughout che remainder 
of che event, and is believed to be due Co 
crapped stress waves uithin the detached block. 
Pre-existing fractures and other structural ele
ments in the blocks serve as crack iniclation 
sites, or re-initiate themselves. Mechanisms of 
fragmenCacion obsecvad in Che block tests can also 
be found in full-scale production blasting opera
tions. 

INTRODUCTION 

The current state of knowledge of che mechan
isms of fragmenCacion in explosively loaded rock 
is confusing and concradicCory. At the same time, 
demand is growing for gaining more control and 
predictability in fragmenCacion of rock by explo
sives, both because of the increasing degree of 
sophistication required in extraction processes 
and because of increasingly stringent requirements 
for vlbracion conCrol and noise reduccion. In 
response Co chese needs, a research effort spon
sored by the National Science Foundation, specif
ically aimed at the quarry industry but relevant 
CO mosc areas using explosives to fragtnenc rock, 
has been undercaken Jointly by Martin Marietta 
Laboratories and the University of Maryland. The 
goals are to gain beccer understanding of Che 
fragmenCacion mechanisms operacing in explosively-
loaded roc'K and Co derive from this knowledge 
methods useful in production blasting sicuacions. 
Some specific aspects of Che mechanisms of frag
menCacion are reporced here, along wich their 
implications for future design of blasting 
rounds. 

There are two broad areas for grouping 
theories of rock fragmentation by explosives. 
The theories can be grouped by the relative im
portance accorded to eicher (1) the role of the 
stress waves Imparted to Che rock by Che rapid 
release of energy during detonation of the explo
sive, or (2) the role of the gases released by the 
deconacion in creaclng a sCacic scress field around 
che borehole, extending radial cracks, and moving 
che rock. The first is based on findings from 
military applications of explosives, and owes its 
early formulation to Sharpe's (19A2} description 
of elastic wave production from spherical charges. 
Later work, using strain gages grouted Into rock, 
produced records of Che characcerlsclcs (amplitude 
and frequency) of the strain pulse created by 
dynamite under production conditions (Obert and 
Duvall, 19A9, 1950; Duvall and Atchison, 1950). 
This work culminated in a generalized cheory of 
Che contribution of che scress wave Co rock frag
mentation (Hino, 1956; Duvall and Atchison, 1957; 
Rinehart, 1958, 1960; and others). 

The second group of Cheories was developed 
from work by Forcer (1961), Langefors and Kihlstrom 
(1963), Noren (1956), Porter and Fairhurst (1970), 
Persson et al. (1970), and others, and expresses 
Che condiclons under which che expansion of gases 
resulting from the detonation of an explosive 
creates a static stress field conducive to promot
ing the radial cracking initiated by the shock 
wave. Radial cracks are then extended by gas 
pressurlzation until they intersect che free 
face, resulting in fragmentation of the rock. 
More modern discussions of the role of gas pres
sure can be found in Hagan (1977). 

There are problems with all the above theo
ries. Later researchers (Kutter and Fairhurst, 
1971; Field and Ladegaard-Pederson, 1971; and 
Hagan and JusC, 197A) have aCCerapced to synthe
size the two general areas inCo one unified theory 
of rock breakage, but applications of Chese ap
proaches CO full-scale blascing operations still 
do not provide a full explanation of the results. 

The strain (or stress) uave theory, as formu
lated by Hino (1956) and Duvall and Atchison (1957), 
relies heavily on the spall effect created by the 
reflection of a stress wave (the F or compressional 
wave) from Che free face. Lacer nodifIcations of 
the theory acknowledge the contribution of the 
reflected wave In modifying outgoing radial cracks 
(Field and Ladegaard-Pederson, 1971) and the func
tion of the stress uaves as a type of 'pre-condi-
cl.oner" of Che rock. Mote modern approaches to 
quantification of the role of stress uaves in 
rock fragmentation generally use a computational 



approach. The engineering parameters of rock are 
obcalned in the laboracory \>y cescs performed on 
small samples ac high rates of loading. These 
data, combined with data obtained from stress 
gages implanted in rock in full-scale tests and 
vich constitutive data on properties of Che 
explosive, can be used to calculate, using uave 
codes, the extent of damage to the rock (Shockey 
et al., 197A; Grady et al., 1979; Grady and Kipp, 
1979; Johnson, 1979; and others). These approaches 
have been successful in predicting size distribu
tion of fragments at laboratory scale, or in ap
proximating the damage zone in a single-hole shot 
wich a cracerlng configuration in reasonably homo
geneous media. However, these approaches have 
been somewhat less successful in larger, more 
complex configurations. 

The work of Fogelson ec al. (1959) and 
Persson ec al. (1970) indicates that only a small 
percentage of Che explosive energy is concained in 
the scress waves (3 to 105), and iC is rapidly 
dissipated. This finding, coupled with the results 
of work by Noren (1956), suggested that the stress 
waves could not be responsible for much of Che 
fracturing seen in an explosive event. All of this 
work tended to support the role of gas pressure as 
a major contributor to fragmentation, however, this 
cheory is noc entirely consistent uith observations. 
It is commonly observed (Dally et al., 1975) that 
only up Co 12 radial cracks propagaCe for any dis
tance from the borehole. Based on this observa
tion, a typical production blast should produce a 
few large pie-shaped fragments, which is a conclu
sion chat is clearly at odds with what is normally 
observed. 

The development of both theories suffers from 
the same difficulty. Most of che uork was done In 
eicher homogeneous Perspex or other polymeric 
models, oc in rock specifically chosen to be as 
free as possible of major discontinuities. There
fore, the polymeric models and snail rock samples 
do not reflect Che condlcion of che rock encoun
tered in most large-scale production slCuaclons, 
eicher prior co or during developmenc of a blast. 
Very feu consistently massive, joint-free rocks 
exist in quarries or mines. To be certain that the 
experimental conditions are reasonably representa
tive of actual production situations, it is neces
sary to take these discontinuities into account. 

To provide information on fragmentation mech
anisms operacing in rock masses encountered at 
produccion scales, we have undercaken scudies at 
reduced scale thac approxlmace production condi
clons. From chis, we plan to identify the mechan
isms of fragmentation in rock and to devise means 
of controlling fragmentation. 

EXPERIMENTAL METHODS 

The experlmenCs were designed Co be scaled-
down configurations approximating those found in 
production blasting operations in open pit mines. 
The shot size was chosen to be large enough to 
allow use of commercial explosives approximating 
AISFO in performance, but co sclll be small enough 
so all the resulting fragments could be screened 
to determine their size dlscributloa. 

Ideally, the rock used should contain discon
tinuities representative of the majority of those 
found in a full-size production bench. To meet 
chese requlrenenCs, we used seven IA- co 23-metrlc-
too blocks of lower Ordovician Chambersburg lime
stone. The Chambersburg is a dense (2.72-g/cm3), 

fine-grained, nodular biomlcrtte, which is cut 
(at quarry :cale) by one primary and several secon
dary joint sees. A rough "bedding" is evidenced 
chcough open or weaChered surfaces 0.6- to 2.A-n 
apart. The blocks of limestone used in this study 
result from failure along primary and secondary 
joint sets and the weathered "bedding" surface. 
They range from 7A to 101 cm thick, and up to 2.1 
and 3.A m In lengch and uidch, and concain all but 
che major weaChered dlsconcinuicies seen in che 
quarry. 

Each block uas carefully mapped, and we 
recorded Che pattern, density, and distribution 
of cracks thac were sufficiently open co draw in 
uacer by capillary action. The cracks on the face 
of each block (chac porclon simulacing che bench 
face) uere painced co enhance their visability in 
high-speed films. A typical experimental setup is 
shown in Figure 1. 
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Figure 1. Schemaclc diagram, drawn to scale, 
showing a typical experimental 
configuration for a large block cesc. 
The firing sequence in all cescs was 
similar, buc che length of t;lme be
tween echelons varied. The angle 
between echelons and the sCylollte 
trend varied from block to block. 

The explosive used was Gelataite 5, manufac
tured by Hercules, Inc., of Wilmington, Delaware. 
This is a low-density (0.95-g/cm3) semigelacln 
dynamice normally laanufacCured in 2.9-cm diameCer, 
or larger, carcrldges for use in pre-splitting or 
smooth blasting. This explosive will detonate in 
the 1.3-cm diameter required by the experiment, 
but ac velocities somewhat lower Chan found in 
Che production diameters. The specially manufac
tured cartridges were 76.2 cm long and 1.2 cm in 
diameter. Detonation velocities, measured by 
Hercules, Inc., ranged from 2,177 m/s (lOA-g stick) 
to 2,368 m/s (12A-g stick). All charges uere 
detonated uith a single Hercules Vlbrodet initia
tor placed at the louer end of the powder column. 
Timing was regulaCed by a programmable sequential 
blascing machine uith a A50-V capacity, capable of 



firing ten series of initiators at intervals rang
ing from AOO Us to 999 ms uith an error of Isss 
than lOZ at 400 Us and less Chan 12 at 999 ms. 
A variety of 16-nm high-speed motion picture cam
eras recorded the event at image rates ranging 
from 8,500 to 1A,000 per second. Zero time Indi
cation, for three of the cescs, uas achieved by 
placing a single initiator in che field of view 
of Che face camera. The accuracy of this method 
Is + 21 Us. Further experimental details can be 
found in Winzer et al. (1979). 

RESULTS 

Seven block tests have been carried out in the 
series, at delay intervals of ASO us, 800 us, and 
1.5 ms betueen echelons (see Figure 1 ) . In six of 
the seven tests, the disintegration of the face uas 
analyzed quantitatively by measuring the maximum 
length and uldth of the fragments and their area, 
and by mapping the neu crack network at progres
sively later times in the event... These data pre
sent a time history of the fragmentation of the 
face of each block, which can then be compared to 
the bulk fragmentation obtained by screening all 
of the fragmented rock. Examination of the films 
Suggests that fragmentation of the block Is a con
tinuous process, buc there are two distinct periods 
vithin the event. 

^arly Event: Development of a Surface Fracture 
Network 

The early portion of the event takes place 
betueen zero and about 600 us after detonation of 
the first borehole (depending on the delay between 
boreholes), and covers che evenc up oncil discincC 
fragmenCs, deCached from the face, become visible. 
The principal differences betueen the disintegra
tion paccerns of the blocks in Che early portion of 
the event are due to the difference la delay time 

10L5 
C 

(0.227 cmlfti) 

between the holes in the pattern, and the effects 
of scruccure. Figures 2a chrough 2d are scale 
drawings shouing Che positions of stress uaves, 
potential radial cracks, and cracks observed to be 
open on the face at 396 Us and 528 us into the 
event. The delay time for this test uas 800 us, 
so only the first hole in the pattern had fired. 
The explosive column takes 238 us to detonate, 
based on a velocity of 0.245 cm/us obtained by 
excrapolating from velocities measured for car
crldges of Gelamlce 5 of a given ueight. Figure 2a 
shous the front view, the position of the shear 
uave from the initial detonation of the column (at 
the bottom), and the P uave from the completion of 
deconacion a t the Cop of the column. The explosive 
is subsonic, detonating at about 34Z of the P wave 
and 93Z of Che S wave velocicy; Chus, chere Is no 
shock fronc as would be found with supersonic ex
plosives. The position of a hypothetical radial 
crack front, based on a propagacion velocicy of 
12Z of che P wave velocicy [Hollouay et al., 1980 
(in this volume)] is shown as a cone truncated at 
the borehole. Cracks that can be seen as open aC 
396 Us are shown in Che position where they ap
pear on the face. Figure 2b Is a view from the 
side as though the block uere truncated at the 
borehole. 

The situation at 528 Us is shoun in Figures 
2c and 2d. In Figures 2c and 2d, the radial crack 
front uould just reach the bottom of the block, 
houever, open fractures can be seen all the uay to 
the top of the block. Close examination of the 
films reveals the follouing sequence of events, 
uhich is applicable to all blocks. Motion can be 
detected within 200 to 300 Us of the beginning 
of the deconacion sequence, followed by che firsC 
Indlcaclon of fracturing, usually in the bottom 
half of the block, about 100 Us later. Fractures 
in the top half of the block appear 100 to 130 Us 
after chose in che bottom half of che block. 

(a231 cn.(;xs) 
(Del Vei. 0.245 cm//is, 

238/is to de t l 

Mi2 162.5 

cm 

Figure 2a. Exact scale drawing of the position of the shear wave from the 
beginning of detonation of borehole A; the P wave from detonation 
of the lasc increment of explosive in borehole A; the position of 
radial cracks, based on a propagation velocity of 12Z of the P 
uave; and cracks actually appearing at the face as seen from the 
front, all at 396 us after initiation of borehole A. 
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Figure 2d. Side view of same block depicted In 2a, but at 528 us after 
Iniclacion of borehole A. 



Discussion 

Ic Is clear from the diagrams shoun in Figures 
2a through 2d that the cracks appearing at the face 
early in the event could not have originated from 
the borehole. Furthermore, these cracks are not 
likely of radial origin because, although they are 
open a t least 0.5 cm, no gas can be seen venting 
through any of them. From the observations de
tailed above, and from other work on crack initia
tion and propagation in rock (Hollouay et al., 
1980), some further inferences can b^ drawn. The 
spatial resolution on the block face is about 
0.25 cm for a high-contrast object. At the time 
the first opening cracks were seen on the surface, 
they were open by about 0.5 cm. Holloway et al. 
(1980) observed from Interference patterns on the 
surface of explosively-loaded rock plates that the 
crack tip is out ahead of the point uhere the crack 
becomes visible. We can assume, therefore, that 
the crack arrival time at the face was prior to 
any visible indication of crack opeolns, and we 
can make a rough calculation of what che accual 
arrival time would be. The measured burden veloc
ity in these tests averages 21.9 m/s, or about 
0.0022 cm/us. At this velocity, assuming the 
fragments uere moving auay froin each ocher aC Che 
measured velocicy, IC uould take 250 Us for the 
opening to become 0.55 cm uide. The P wave transit 
time is 66 Us, thus, uithin the error of the mea
surements, the crack formation is coincident with, 
or no more than cuice che time ic cakes for Che P 
uave Co reach che face. This is an Impoccant ob
servation, for Noren (1956) and Persson et al. 
(1970) both suggest that neither cracks nor rock 
motion begin before 5 co 10 times the transit time 
of the P wave. It Is possible that chese early-
forming cracks are generaced by Che censlle 
scresses resulclng from che reflecCed P uave as 
lc cravels back Couards che borehole. The cracks 
uould then be Iniciaced ac che face, and uould be 
travelling back towards the borehole. This type 
of fracture has been observed by Hollouay et al. 
(1980) in rock plates. .The early cracks could 
also be generated at internal flaus close to the 
face; houever, ue do not have sufficient spatial 
or temporal resolution to resolve this question. 

Late Event: Fragment Foroatlon and Fragment 
Reduction 

The later portions of the event begin after 
observation of the early-forming cracks and frag
ments in front of the borehole. It Includes 
further fragment formation and detachment, and 
continued reduction In the size of fragments from 
che time of their detachment from che face chrough 
cessaclon of fragment motion (about 2 seconds). It 
is during this portion of Che evenC chac che ef-
fecCs of pre-exiscing cracks and ocher scructural 
discontinuities become visible and that differences 
betueen delay times manifest themselves. 

Some 130 to AOO Us after the early opening 
cracks are seen (Figure 2c), they begin to co
alesce, defining fragments in the face to the right 
of the borehole. Neu cracks are seen betueen bore
holes A and B. In blocks uith shorter delay inter
vals (450-us), the fracture pattern and frag
ment pattern uill be developed across the entire 

surface of the block about 400 to 500 Us after 
detonation of the boreholes. The earlier frac-, 
tures uill be open several centimeters by this 
time, but no gas is seen venting through the face 
of any of the blocks. The open fractures define 
larger fragments, which are by this time detached 
from the face and moving uell outward from It. 
In this early expression of fragment development, 
three types of fracturing can be seen. The first 
type Includes large, concinuous horizontal frac
tures parallel to the "bedding" ia the rock. In 
cases uhere ueathered bedding planes are present, 
gas may vent through the open plane uithin 1.5 ms 
of borehole detonation. This is the earliest ex
pression of gas venting through the face of any of 
the blocks. The second type of fracture develops 
perpendicular to the bedding planes, and may 
either terminate at one of the bedding plane frac
tures or continue through it (Figure 3a and b). 
The third type of fracture is smaller (shorter) 
and may be oriented in any direction on the face. 
These cracks can be seen originating at old crack's 
or Intersecting old cracks, or they may actually 
be old cracks that have re-lniciated and opened 
(Figure A). 

Betueen 1.5 ms and 3 ms, depending on delay 
time, the entire face of the block appears to be 
a mass of fragments in motion. From the side cam
era, the face appears to be a slightly undulating 
mass uhich has moved 3 to A cm from its original 
position. In some cases, a small amount of gas 
may be seen venting t"nrough the base of the block, 
or through small parts of ueathered bedding planes; 
but, in general, the face will be clear of gas. 
Most of the explosively-produced gases and steam 
vent through the steimning, a process uhich .begins 
from 100 to AOO Us after the column has deto
nated. 

During the period between 2 ms and loss of 
light, or movement of the fragments from the field 
of view, the fragments continue to break up. This 
continued breakup takes place by formation of new 
cracks, re-lnitlation of old cracks, or a com
bination of the two mechanisms, folloued by co
alescence of cracks. No collisions take place 
during this portion of the event; all the fragments 
are moving In essentially the same direction (uith 
some divergence) at very similar velocities. This 
continued disintegration can be assessed quantita
tively as follous: The length, uldth, and surface 
area of each visible fragment is measured through 
a photo-optical digitizer. Assuming that the maxi
mum width is equal to the thickness, Che weight of 
each fragment can be calculated from these measure
ments and the density of the rock. Using length 
as an Indication of which fragments would be 
retained or uould pass a screen of a given size, 
ue can obtain a size distribution equivalent to 
that obtained by bulk screening. This quantitative 
analysis is done at different times in the event, 
and the distributions are compared. Figure 5 is 
a plot of the size distribution of the face of 
block 6, taken 3.95 and 9.21 ms after the start of 
the event. It shous quite clearly the decrease in 
fragment size, uith time. During the time between 
the tuo measurements, the fragments have moved 
11.5 cm, based on a velocity of 21.9 m/s. This 
same phenomenon can be seen in all che block tests 
(see also Winzer et al., 1979 for earlier data). 



Figure 3a. Single frame taken from a 16-iam motion picture of block test 4, 1.6 ms following initiation of the 
first explosive column. The delay Interval is 1.5 ms, so the third hole (on the right) has just fired. 
Note the preponderance of large horizontal fractures (these are parallel to or include bedding planes) 
and fractures perpendicular to them. The small dark lines on the light-colored vertical sticks are 
15 cm apart. . 

Figure 3b. Single frame from a 16-mia high-speed motion picture of block test 6, taken 3.9 ms after initiation of 
the first borehole (left). This is the same block from which Figure 2 was drawn, but it Is printed in 
reverse. Note the long, undulating horizontal fractures, some portions crossing bedding planes. 
Vertical fractures appear perpendicular to these cracks in the top lefthand portion of the block. Near 
the center of the block, note the old fracture that has re-initiated. Note also the absence of gas 
venting through the face. The borehole positions (solid white lines at the top and bottom of the 
block) are A5.7 cm apart, the block is 75 cm thick. 

• New cracks 

Old cracks 
• New cracks that follo-.v old cracks 

FACE SURFACE 

Figure A. Diagram, traced from block test 4, showing the position of old cracks (light lines), new cracks 
(heavy lines), and old cracks thac have re-lniclated (dots over light lines). Careful examination of 
the figure shou where neu cracks have developed from old ones (perpendicular to them), and neu cracks 
that have intersected old ones. At the time the tracing uas made (up to 7 ms into the event), about 
25Z of the old cracks had become involved in fragmentation of the block. 
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integration of the face, taken ac 3.95 and 9.21 ms into Che event. 

Discussion 

In the fragmentation mechanisms described by 
Kutter and Fairhurst (1971), Persson et al. (1970), 
Langefors and Kihlstrom (1963), and Hagan (1977), 
among others, the series of events leading to the 
disintegration of a mass of rock begins uith initi
ation of radial cracks by the stress uaves, and 
possibly uith spalling of the face by the reflected 
stress uaves, if the burden is small enough. It Is 
folloued by gas extension of radial cracks, and by 
acceleration of the burden by the pressure of gas 
built up in the borehole, .̂ s our data show, events 
observed between zero and 600 Us fall to confirm 
the early portion of the event as described by 
these authors. Although radial cracks do form 
(they can be seen in Che remaining pieces of the 
block), they do not propagate fast enough to reach 
the face by the time cracks open on it. Rock at 
the face is io motion uithin 2 to 3 times the 
transit tine of the P wave. 

Observation of continued disintegration of 
the face also fails to confirm the mechanisms 
postulated by the above authors. The absence of 
gas venting through the majority of fractures at 
the surface loakes it unlikely that any of the 
cracks are gas pressurized. Most of Che gas that 
is generated vents through the top of the borehole, 
beginning very shortly after the column detonates. 
Thus, the borehole cannot be sustaining signifi
cant pressure for very long after the event begins. 
The continued disintegration of fragments detached 
from the surface cannot be related in any way to 
gas pressure, as there is no further communication 
possible betueen the borehole and the detached 
fragment. Tuo hypotheses can be put forth to ex
plain the continued fragmentation of detached 
blocks. The first Is that the cracks were formed 
during the first passage of the stress wave, and 

they do noc become visibly open uncil sufficienc 
movemenc has caken place. This is noc che favored 
hypochesls because of the time it takes for a typi
cal crack to traverse the fragment. To traverse 
a l5-cm thick block, a typical crack would take 
272 Us, about 4.5 times the P wave velocity. A 
more likely hypothesis is that the fragments con
tinue to disintegrate due to stress uaves trapped 
in the block as it is detached from the face. If 
the scress intensity remains high enough, cracks 
will continue to propagate within the detached 
block, resulting in further fragmentation of the 
block. To "put this hypothesis on firmer ground 
uould require measurements of the degree of atten
uation of the stress uaves, uhich have not been 
done yet. 

CONCLUSIONS • 

Examination of high-speed motion pictures of 
14- to 23-mfitric-ton limestone blocks (in uhich 
miniature blasting patterns using extended coluotn 
charges of low velocity explosives uere fired) 
indicates that earlier hypotheses concerning the 
nature of the fragmentation process and Its mecha
nisms need to be revised. Fragmentation of the 
face begins uith early-forming cracks, approxi
mately coincident with the arrival of the first 
stress uaves. Our tests lack the resolution neces
sary to separate the arriving stress uaves, but 
the opening of these early fractures Is similar 
to fractures Initiated by the reflected stress 
uaves in rock plates (Holloway et al. 1980). Rock 
motion also begins lauch earlier than previously 
thought. \X. appears likely that this early motion 
could be due to the momentu:n transfer associated 
with reflection of the P uave, as discussed by 
Rinehart (1975). 



As developraent of the fragment pattern con
tinues, the role.of the pre-existing structure of 
the pattern at the face becomes apparent. New 
fractures can be seen developing at pre-existing 
fractures, and parallel and perpendicular to 
"bedding" planes in the block. This type of 
fracturing closely approximates that found by 
Fourney et al. (1979) in Homallte "models with 
flaus simulating joint and bedding planes. In 
the models, this type of fracturing is the result 
of resolved shear stresses associated uith the 
compressive portion of the P uave as It crosses 
the discontinuity. We cannot confirm the mechan
ism, as ue cannot determine which stress wave Is 
Involved, however, the pattern closely resembles 
that seen in the models and is consistent uith 
the mechanism seen in the models. Concurrent uith 
this mechanism, old cracks reactivate, or are 
incersecced and reacclvaced along pare of Cheir 
lengch by new fraccures. It can be presumed that 
these mechanisms operate within Che body of Che 
block as well, so that wherever the outgoing or 
reflected stress waves interact with a dlscontinu-
ttyj the possibility exists that It Eay reactivate, 
or serve as a site for Initiation of new fractures. 
On the face, we have observed that from 20 to 30Z 
of the old fractures participate in the fragmenta
tion early in the event (up to 10 ms). It is 
likely that the final number Is higher than this 
because many of the fragments separating from the 
face continue to break up even as they go out of 
the field of view, but it is not possible to assess 
quantitatively this contribution beyond about 10 ms 
Into the event. 

From the data ue have obcalned, we can say 
wich some certainty that the stress waves play a 
considerably greater role than was previously 
thought, and that the manner in which they serve 
to break the rock is quite different than the 
mechanisms proposed earlier. Tlie pre-existing 
structural discontinuities in the rock play a 
critical and perhaps dominant role in the overall 
fragmentation of the rock by interacting with the 
stress waves to produce neu fractures or to further 
develop themselves. These new fractures likely 
result from shear stresses that developed because 
of the passage of the P wave over the discontinu
ity, and a lesser number develop in tension at the 
free face uith the reflection of the P uave. Some 
spall-like fracturing, with cracks opening parallel 
to the face, is possible, but cannot be confirmed. 
Evidence for this type of failure is observed later 
in the event, from the side cameras. In these 
views, the face becomes detached from the main body 
of the block, forming a fragmented sheet of vari
able thickness (4- to 12-cm). The shear wave and 
the reflected P wave would intersect at about 
7.6 cm Into the face, within the thickness of frag
ments observed. However, the actual geometry is 
too complex to evaluate with any degree of accur
acy. Any radial cracks that do form, do so quite 
late, and apparently do not reach the free face. 
Examination of the reiaainder of the block after 
tests reveals that the longest radial cracks extend 
some 25 to 30 cm along the remaining face, bijt most 
terminate much sooner, usually at pre-existing 
fractures. 

Observations of production blasting operations 
using high-speed cineiaatography, and observations 
of fracture patterns oo the faces remaining after 
production blasting tend to confirm the daca from 
che block cests. Winzer et al. (1979) observed 
continued reduction in the sizes of fragments 

follouing detachment from the face during pro
duction blascing operations. Neu fractures, per
pendicular to "bedding" planes, uere observed in 
the face follouing blasting in limestone (Winzer 
et al., 1979) and similar fractures uere observed 
developing perpendicular to major joints in gran
ite. 

The fragmentation mechanisms observed and 
identified in our research are of considerable 
importance to the design of production blasts. 
The structure is of paramount importance in con
trolling the fragmentation, even in the presence 
of delays (Winzer, in prep.). Activation of the 
mechanisms seen here Is obviously critical co con-
sideraclons of blase design, and furcher uork must 
be done to quantify the conditions under uhich 
these mechanisms are triggered. 
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Abstract 
In recent years in-silu leach mining has emerged as a 
new technology for the recovery of uranium from 
strata that cannot be mined economically by other 
means. Because ihe ore bodies lie within groundwater 
aquifers, a significant determinant in the process' 
viability is the requirement that such aquifers be 
protected from contamination. Since ammonia is one 
of the constituents of the leach solutions now being 
field tested, one environmental problem to be 
resolved is the removal of ammonia at the end of 
mining. A second related question is Ihe fate of the 
ammonia that is not removed by the restoration 
procedure. 

This paper considers the displacement and 
migration of ammonium cations in a flowing elec
trolyte with concomiiaiy ion exchange. The ion 
exchange is an important feature since, during the 
solution mining phase, ammonium cations adsorb 
onto the mineral exchange sites and must be removed 
from these sites. A mathematical model is used to 
.simulate this process, and the tnodel is tested against 
the results of laboratory experiments. It is found that 
the simulations are adequate if an appropriate 
selection of parameters is made. 

The model then is used to simulate restoration 
procedures and to delermine the rate of migration of 
unrecovered ammonium in the groundwater. Il is 
concluded that ammonium removal can be ac
complished best using high concentrations of a cation 
that is exchanged selectively relative to ammonium 
cation. 

Introduction 
In-situ solution mining is a process rapidly being 
developed for the recovery of uranium from sand-
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stone ore bodies. This mining technique is applicable 
when the uranium ore is too deep, loo small in ex
tent, or of too low a grade to justify using con
ventional mining techniques. Such oYe bodies are 
numerous in south Texas, occurring along a broad 
band ofthe U.S. gulf coastal plain. 

The solution mining process being used in Texas is 
primarily an alkaline leach. The sandstone ores that 
may be solution-mined occur in aquifers, and the 
uranium is in the insoluble -t-4 state of oxidation. To 
be mobilized, the uranium must be oxidized lo the 
-1-6 stale and then complexed with carbonate ions to 
form the highly soluble uranyl dicarbonate or uranyl 
tricarbonate ions. Thus, alkaline leach solutions 
conlain an oxidant (usually hydrogen peroxide) and a 
mixture of carbonates and bicarbonates. To 
minimize formalion damage, most solution mining 
now employs ammonium carbonate/bicarbonate as 
Ihe carbonate source. These solutions have been 
found effective in dissolving the uranium minerals 
found in south Texas sandstone ores.' 

However, Ihe resioraiion of the mining site is also 
a primary consideration. Since the ore bodies ihat 
can be solution-mined occur in aquifers, government 
regulations require that water quality at the mining 
sile not be degraded below the quality that existed at 
ihe inception of mining. Furthermore, the permitting 
procedures require ihal groundwater restoration be 
completed at one site before the next site on a par
ticular lease may be mined.^ Obviously, en
vironmental aspects will be an important con
sideration governing Ihe success of in-situ solution 
mining. 

Since there are virtually no naturally occurring 
ammonium cations in south Texas groundwater,^ the 
target ammonium concentrations at restored sites in 
south Texas have been set at quite small levels. The 
reduction of Ihe levels of ammonium cation from the 
initial concentration to these required low levels is 

AUGUST 1980 221 



complicated greatly by the process of ion exchange. 
The loosely packed sandstone ores in south Texas all 
contain some clay minerals, usually mont
morillonite,'* which has a significant cation exchange 
capacity (CEC). 

This report investigates the fate of ammonium 
cations as flow with cation exchange takes place in 
porous medium. The overall aim is to develop viable 
restoration procedures for in-situ uranium solution 
mining. The approach used is to model flow with 
cation exchange, test the model against laboratory 
results, and subsequently use it to identify those 
techniques that might prove successful in restoration. 
Both the fate of ammonium cation left in the mining 
site as it migrates downstream under the influence of 
groundwater flow and the behavior of the am
monium cation as restoring fluids are injected and 
produced will be considered. 

Theory of Cation Exchange 
in Porous Media 
Cation Exchange Equilibria 

The ion exchange process can be assumed, with good 
accuracy, to be described locally by equilibrium 
relations. Malcolm and Kennedy^ measured rates of 
ion exchange for several cations on different clays 
and found them to be rapid. Thus, over the range of 
fluxes normally associated with flows in porous 
media, an equilibrium relationship between solution 
and surface cations can be used instead of a kinetic 
description. This fact, coupled with material 
balances on the ionic species, will describe the 
phenomenon of flow with cation exchange. 

The models of exchange equilibria used most 
extensively in describing cation exchange on clays are 
the Capon equation," which considers the ad
sorption of a cation double layer on the clay surface, 
and the mass action equation.^ Various investigators 
have compared the behavior of these two descrip
tions of exchange equilibria. Paliwal^ decided on the 
basis of static ion exchange studies that the Capon 
equation gave slightly better agreement with ex
perimental results than the mass action equation. 
Others'-'^ have concluded that the mass action 
equation is better. Furthermore, Laudelout et al.^^ 
slated "the diffuse layer theory (Capon) of planar 
charged surfaces involves assumptions loo sweeping 
for a valid model of cation exchange processes on the 
surface of a clay mineral." Based on these findings, 
the mass action law will be used to describe ion 
exchange equilibria. 

Flow Equations 

The equalions describing flow with cation exchange 
have been presented by Van der Molen,'^ Reineger 
and Boh,'^ Pope et al.,^'* Smith,'^ and Criffith'^ 
and will not be (developed here. Material balances for 
the ammonium cation and the anion are as follows. 

dC NHJ 
dt 

-I-
ĝNH4-̂  _ _ J^ ^<^NH/ 

+ D, 

dt * dx 

HHt 

and 

udCA , „ d'̂ CA 
+ £>/ 

dx' 
(2) 

d t <t> d x 

where <̂  is the porosity, C ^ H / 'S the ammonium 
cation concentration in solution (equivalents/L), 
Qf^* is the ammonium adsorbed (equivalents/L of 
pore volume), u is the flux, D^ is the dispersion 
coefficient, and C^ is the solution anion con
centration (equivalents/L). Eq. 2 is written assuming 
that the anion does not adsorb on the mineral sur
faces. 

If the exchange process is assumed to be an 
equilibrium one, then from mass action the exchange 
of two monovalent cations can be approximated by 

^ ^ ^ = / ^ , ^ l ^ , (3a) 

where Kj is a constant. For a monovalent cation 
( N H / ) and a divalent cation the relationship 
becomes 

Vi ~ ^ i 
Qi Ci 1/2 ' 

(3b) 

Furthermore, the physical requirements of elec-
troneutrality in both the solution and on the surface 
demand that 

C'l + C'NHi 
and 

M> (4) 

9/+9NH/ =Qv ' 

dx' 
(1) 

(5) 

where C, is the concentration of the exchanging 
cation, QJ is adsorbed exchanging cation per unit of 
pore volume, and Qy is the cation exchange capacity 
(CEC). Using Eqs. 3 through 5 the term dq^^ + /dt 
can be eliminated from Eq. 1 leaving two coupled 
partial-differential equations and two unknowns. 
This system of equations can be solved numerically 
given the appropriate boundary conditions. The 
technique adopted'^ uses a forward time and 
backward space finite-difference approximation. 
Numerical dispersion is introduced in a controlled 
fashion to represent the actual dispersion. This 
technique is discussed by Roache. '^ 

Results of Laboratory Studies 
Experimental Observation 
A series of column-flow experiments were performed 
in a l-in.-ID, 12-in.-long stainless steel tube. The 
column was packed carefully (see Ref. 16 for details) 
with ore sampled from a batch prepared by 
disaggregating and thoroughly blending about 40 
Ibm of ore taken from a south Texas open pit mine in 
the Jackson formation, Karnes County, TX. Initially 
the ore was saturated with a 1-N ammonium chloride 
soliition. To ensure that all of the gases were 
removed, the system was evacuated before admitting 
the ammonium chloride solution. The 1-N solution 
was circulated through the column for 24 hours, and 
then the solution concentration was reduced to 0.1 N 
and the effluent concentration monitored. When the 
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Fig. 1-Ammonium cation elution for an initial N H / 
concentration of 100 meq/L and an eluting fluid 
concentration of 50 meq Na * IL. • 
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Fig. 2 -Ammonium cation elution for an initial N H / 
concentration of 95 meq/L and an eluting fluid 
concentration of 40 meq Ca'^ * /L. 

effluent concentration stabilized, all of the ion ex
change sites were assumed occupied by ammonium 
cation and the elution phase initiated. 

Sodium or calcium chlorides or mixtures of the 
two were used to displace the sorbed ammonium 
cation. Chlorides were used because precipitation 
problems associated with divalent anions are cir
cumvented. The effluent was collected in increments 
of 7 ml (about 0.1 PV) and was analyzed for sodium, 
calcium, and ammonium. The analytical methods are 
described by Hill.'^ 

Frontal velocities of approxiniately 10 ft/D were 
maintained. Experimenls were conducted to establish 
that the effluent concentrations depended only on the 
number of pore volumes injected and not on the fluid 
velocities at a fluid velocity of 10 ft/D. 

Typical ammonium cation elution curves are 
shown in Figs. 1 and 2. No attempt was made to 
protect the ore samples from oxidation or from 
exchanging moisture with the air. These factors are 
known to be important for leaching studies but 
should not influence restoration results. The solid 
lines are the model predictions obtained by adjusting 
the mass action equilibrium constant, the dispersion 
coefficient, and the CEC of the ore. The dispersion 
coefficient was adjusted to fit the anion wave since 
adsorption or desorption effects are absent when this 
wave emerges from the column. The CEC is 
determined essentially by the area under the curve 
after 1 PV has been displaced. 

The model results obtained by solving Eqs. 1 and 2 
accurately reflect the experimental observations. The 
agreement is good even though other mechanisms 
such as the dissolution of calcium carbonate con
tribute changes to the ion exchange environment that 
are not accounted for in this model. '̂  It is concluded 
that the model for flow with ion exchange is 
adequate. 

Another observation that may be made by com
paring Figs. 1 and 2 is that sodium and calcium 
generate different types of ammonium cation waves 

as the exchange takes place. In both figures, an 
abrupt drop in NH4" cation concentration occurs at 
1 PV due to the passage of the anion wave from the 
column. A 400 or 500 meq/L anion wave is 
displacing the 100 meq/L concentration initially in 
the core. When sodium is exchanging for ammonium 
cations, the effluent ammonium concentrations 
decline gradually throughout the rest of the run. In 
contrast, when calcium is the eluting cation, the 
ammonium cation concentration in the effluent 
remains essentially constant for several pore volumes 
after passage of the anion wave and then drops 
sharply. This sudden decline is evidence of the 
passage from the columns of Ihe back edge of the 
ammonium cation wave. The difference in these two 
wave shapes is a result of differences in the selectivity 
of the clay surface for the ions involved. The calcium 
cation with its high charge density adsorbs 
preferentially with respect to the ammonium cation, 
whereas the ammonium cation is favored with 
respect to sodium. It is the selectivity that gives rise to 
the wave form. This fact will be an important feature 
in understanding the discussion that follows. 

Variability of Cation Exchange Capacities 
A phenomenon observed in these experiments that 
could be important in the restoration of a solution 
mining site was the different CEC exhibited by the 
ore tested with respect to sodium and calcium (Figs. I 
and 2). 

Integrating the total amount of ammonium 
removed from the column when eluting with sodium 
yielded a value of 10 meq/100 g for the CEC. 
However, since this experiment was terminated while 
a significant concentration of ammonium cation (in 
excess of 10 meq/L) remained in the effiuent, the 
value of 10 meq/100 g must be considered a low 
estimate. From the elution curve in the calcium run 
(Fig. 2) an apparent CEC of 7 meq/100 g was ob
tained. In this run the effluent ammonium cation 
concentration had reached a low level, indicating that 
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the exchange reaction was virtually complete. 
From the disparity in these results, it appeared that 

calcium was not exchanging with all of the am
monium held on the clays, while sodium was. To 
check this hypothesis, a run was performed in which 
ammonium cation was first eluted with calcium 
cations followed by further elution .with sodium 
cations. It was evident that a significant portion of 
the ammonium held by the clays was not accessible to 
the calcium cations because a second ammonium 
cation elution wave was formed on injection of the 
sodium chloride solution. Integrating the two 
portions of the elution curve indicated that only 
about half of the ammonium cation present was 
displaced by the calcium cation. 

A second verification of the phenomenon is seen in 
the isotherms shown in Figs. 3 and 4. These were 
obtained by static batch tests in which at least 24 
hours were allowed for mixtures of ore and solution 
to come to equilibrium, but for some runs as many as 
16 days were allowed. The ammonium cation in these 
tests is replaced step-wise by calcium or sodium 
cations keeping the constant normality, A/=0.01. 

Fig. 3 shows the isotherm for ammonium-sodium. 
The fraction on the surface is calculated using a CEC 
of 8.7 meq/100 g. The results shown in Fig. 4 for 
ammonium-calcium refiect the inability of calcium 
cations to displace ammonium completely at least 
during a minimum of 24 hours allowed for solution 
equilibrium. 

A possible explanation of this phenomenon would 
be the expansion of alternate layers of the mont
morillonite structure as described by Sawhey.'^ 
Certain cations, particularly potassium and am
monium, are known to collapse the interlayers of 
montmorillonite. When calcium or magnesium was 
used to replace potassium in these collapsed layers, 
the potassium was replaced only in alternate layers, 
leaving half of the potassium ions unexchanged. 

Another possible explanation would be the presence 
of two clays having markedly different ion exchange 
isotherms. 

If this process occurs during restoration, using 
calcium clearly would be disadvantageous even 
though the shape of the wave front resulting from 
calcium elution of ammonium is the desired one. 

To date only two different ores have been studied. 
The second one has been obtained from the Oakville 
formation and did not exhibit differences in the 
apparent CEC when different cations were ex
changed for ammonium. The second ore tested had 
about the same CEC as the one reported here. The 
difference between these two ores that gives rise to 
the anomalous behavior of one and not the other is 
not understood. Therefore, it is not possible to 
predict which mine sites will be susceptible to suc
cessful restoration using solutions of divalent cations 
without first conducting laboratory tests. 

Application for Restoration 
Ammonium Migration of Groundwater 

Consider the hypothetical situation depicted in Fig. 
5. Assuming that groundwater behaves similarly to a 
solution containing 8.55 meq/L of NaCl, Fig. 6 
presents the ammonium profiles obtained when this 
groundwater invades a 200-ft mine site containing 
1,000 meq/L ammonium cation, which is ap
proximately the strength of the lixiviants now being 
tested. The ammonium cation moves downstream as 
a high concentration front until, after about 20 years 
for the conditions assumed, the front of the am
monium wave and the back of the anion wave (which 
is traveling faster) coincide. After this time the 
maximum ammonium concentration in solution is 
8.55 meq/L. (This level may be in excess of that 
allowed.) The ammonium cations initially present in 
the solution in the mine site are now adsorbed onto 
the clays in the 400-ft region downstream. 
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It also should be noted that the anion wave is not 
shown in Fig. 6. This wave will continue to migrate 
with groundwater velocity; however, the cation now 
associated with the anion to maintain electrical 
neutrality will not be ammonium but rather that 
cation displaced from the clays by the ammonium 
now adsorbed in the 400-ft region beyond the mine 
site. This high-salinity wave will move downdip until 
it is reduced in concentration by dispersive processes. 

If the initial ammonium carbonate concentration 
in the mine area is reduced substantially by some 
restoration technique, the progress of the front will 
be retarded greatly, as seen in Fig. 7. With an initial 
concentration of 200 meq/L, the ammonium has 
migrated only 140 ft in 35 years. Clearly, the distance 
that the ammonium migrates in a given time is also 
directly proportional to the groundwater flux. The 28 
ft/yr used in all of the calculations is larger than the 
average of those observed in the area. The distance of 
migration is almost exactly halved when the fiow rate 
is halved, since dispersion is not an important feature 
of these low-salinity processes. 

Increasing the CEC also will retard the movement 
of ammonium. The example used here is for a CEC 
smaller than usually is found; therefore, the distance 
of ammonium movement shown here is an 
overestimate for most field situations. 

The effect of the exchange isotherm can be seen by 
varying the equilibrium constant. By setting the value 
of K<i , the prevalent cation in the groundwater 
becomes selectively adsorbed in preference to am
monium. With K=0.2, the ammonium wave 
becomes sharp at the back and diffuse in the front, as 
shown in Fig. 8 and as predicted by chromatographic 
theory. 

From these results of ammonium migration from 
an unrestored site, the following conclusions may be 
drawn. First, the ammonium left in solution and on 
the clays will migrate downstream under the in
fluence of groundwater flow at a rate that decreases 
with increasing CEC and increases with increasing 
ammonium concentration in the site. After a period 
of years sufficient to allow the anion wave to pass the 
cation wave, the maximum ammonium con
centration will be equal to the groundwater anion 
concentration (assumed here to be 8.55 meq/L based 
on 500 ppm NaCl groundwater). The maximum 
concentration is about 120 ppm nitrogen. This 
ammonium wave will continue to move downstream. 

Reservoir heterogeneities in permeability and clay 
content will tend to make the ammonium cation wave 
more disperse as it migrates downstream. The 
assumption of a homogeneous formation probably 
leads to the worst possible case from the standpoint 
of ammonium cation migration. Nevertheless, it 
appears ihat some type of restoration is needed. 

Migration With Substantial Restoration 
ofa Mine Site 
To model more realistically the fate of ammonium 
after a solution-mining operation, the program was 
used to simulate a two-step process. In the first stage, 
restoration fiuid is injected at jc=0 and produced at 

SOLUTION MINING 
SITE 
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Fig. 5-Assumed ammonium cation (jistribution at ter
mination of mining activities. 
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x = L ^ y ^ * (Fig. 5). Thus , during the first stage 
ammonium is not permitted to migrate downstream. 
This constraint models the restoration step as well as 
it can be simulated using an equation that is restricted 
to one spatial direction. A two-dimensional program, 
such as that reported by Bommer and Schechter, '^ 
that considers the fiow patterns associated with a 
system of injection and production wells is required 
to model restoration accurately. In the present case, 
the restoring fiuid moves in a single direction. 

Following the injection of certain quantities and 
concentrations of a restoring fiuid, the injection and 
production wells are shut in and the migration of the 
remaining ammonium determined. Fig. 9 presents a 
typical result. In making this calculation, it was 
assumed that initially the 200-ft mine site contained 
200 m e q / L N H ^ in solution with the clay ion ex
change sites completely filled with ammonium 
cations. After restoring the region with 5 PV of a 
restoration fluid containing 200 m e q / L of a cation 
that is not favorably attracted to the surface when 
competing with N H 4 ' , the maximum ammonium 
concentration is always less than 10 ppm nitrogen 
contained in a diffuse wave that will migrate slowly 
downstream. 

To demonstrate better the benefits of increasing 
both the restoration-fluid cation concentration and 
the number of pore volumes applied, plots have been 
prepared showing the peak N H / concentration 
remaining in the system after 22 years vs. these 
variables. Fig. 9, a graph of peak N H / con
centration vs. the cation concentration of the fluid 
injected, shows the obvious conclusion that more 
effective restoration is obtained with a greater 

CNMJ(O)= 10 meq/ l 
^ = 0.3 

CEC = 10 meq/too g ORE 
GROUND WATER 
CONCENTRATION - 8.55 meq/l 

40 60 80 too 120 
PORE VOLUMES OISPLACED 

140 teo 

Fig- 10-Ammonium cation concentration at a point 
downstream from the mined area. 

number of pore volumes. More important is the 
benefit obtained by increasing the ionic strength of 
the restoring fluid. Thus , it appears that one strategy 
for restoration might be the injection of a highly 
saline brine to displace efficiently the ammonium 
cation. The high-concentration brine will migrate in 
the groundwater, but its concentration will be that of 
the groundwater anions once the anion wave passes 
the cation front. After this time, a high-salinity wave 
will continue to migrate downstream ahead of the 
cation wave. To prevent the migration of this high-
salinity pulse, the high-concentration brine could be 
displaced from the mine site as the last step in 
restoration. 

Another view of ammonium cation migration is 
seen by observing the concentration at a fixed point 
within the mine zone. Fig. 10 shows Ihe con
centration at a point (arbitrarily chosen) for two 
different / l va lues . With K=S.O, ammonium cations 
are held on the surface sites preferentially to the 
groundwater cation. A" = 0.5 represents preferential 
groundwater cation adsorption. In this plot the pore 
volume is defined as the fiuid volume contained 
between the observation point and the upstream edge 
o f the mined zone. 

The ammonium cation initially has a concentration 
equivalent to that of the lixiviant, but after 1 PV has 
been displaced, the concentration in solution 
decreases lo a level equal to the groundwater anion 
concentration. This decrease in concentration is seen 
in Fig. 10. Thereafter, more than 50 PV of displacing 
fiuid are required to displace that ammonium cation 
initially contained between the observation point and 
the upstream side of the mined zone. Since ground
water flows are often slow, measured in feet per year, 
it will take considerable time to displace 50 PV from 
the mined zone. It is evident from these results that 
the ammonium cation concentration in Ihe solution 
mining region will decline very slowly. 

Conclusions 
1. Flow with cation exchange for a two-cation 

system can be modeled accurately assuming local 
equilibrium. 

2. The use of the mass action model of the 
equilibrium exchange reaction provides an adequate 
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3 . I 

representation of the processes involved in the 
elution of ammonium cation from a packed column 
by a second cation. The formulation provided an 
adequate comparison with experiments both for 
cations that are selectively adsorbed and for those 
that are not. 

3. Solution containing only calcium cations may 
not exchange completely with an ammonium 
saturated one, perhaps because of alternate layer 
expansion of the clay structure. Solutions containing 
sodium have been found to displace ammonium 
cation completely. 

4. If the exchanging cation used to displace the 
ammonium cation is not adsorbed selectively (as in 
the case of sodium), then many pore volumes of 
solution would be needed to restore an ammoniuni 
leach site. Ammonium cation removal is improved by 
using more total volume of restoring fluid and by 
using higher concentrations of cations. 

5. The ammonium cation lefl after the mining site 
has been abandoned tends to migrate as a result of 
groundwater influx. The rate of migration depends 
on the composition ' of groundwater, the cation 
exchange capacity of the reservoir minerals, the 
groundwater flow rates, and the selectivity of the 
clays. 

Nomenclature 
C = concentrationof ions, meq/L 

K: 

Qv 

= axial dispersion coefficient, cm^/s 
= equilibrium constant, defined by Eq. 3a 

for monovalent-monovalent exchange 
and by Eq. 3b for divalent-monovalent 
exchange 

= cation exchange capacity per unit pore 
volume, meq/L 

Pso!idO_ 
<A 

^ 0 . 

Qy = cation exchange capacity per unit mass of 
ore, meq/g 

q = adsorbed ions per unit of pore volume, 
meq/L 
_ Psoiid(l-'A) -

</> 
q = adsorbed ions per unit mass of ore, meq/g 
/ = time 
u = fiux, cm/s 
X = distance measured along axis of linear 

system, cm 
PsoVtd - density of solid, g/cm^ 

0 = porosity 

Subscripts 
A = anion 

/ = exchanging cation 
NH/ = ammonium cation 
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SI Metric Conversion Factors 
ft X 3.048* E-01 = m 

in. X 2.54- E-fOO = cm 
Ibm X 4.535 924 E-Ol = kg 

'Conversion factor is exact. 
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Abstract 
A commonly encountered geothermal steam 
reservoir consists of a gas cap overlying an aquifer. 
In addition to steam, the gas cap may contain 
substantial amounts of carbon dioxide and other 
noncondensable gases. A mathematical model for 
describing the pressure and composition histories of 
such reservoirs is presented. The model evaluates the 
change in states of a homogeneous vapor/liquid 
region as a mixture of steam and carbon dioxide is 
removed from the gas cap and as recharge water 
enters the liquid region. 

The production history of the Bagnore steam field 
in Italy was evaluated using this model. It is con
cluded that early reservoir behavior was controlled 
by a blowdown of carbon dioxide in the gas cap, 
while long-time behavior is being controlled by water 
influx. 

Introduction 
This paper presents a lumped-parameter model of a 
vapor-dominated geothermal reservoir containing a 
significant quantity of noncondensable gas. The 
formulation and methodolgy presented may be 
applied to noncondensable gases in general. 
However, this work is concerned only with the effects 
of carbon dioxide and dissolved carbonates on the 
producing characteristics of a geothermal steam 
field. 

Model calculations are compared with the ob
served history of the Bagnore steam field in Italy. It 
is concluded that the behavior of this field can be 
explained in terms of multicomponent vapor/liquid 
equilibrium considerations in conjunction with 
energy influx from local reservoir rocks and liquid 
influx from an external source. 

•Now witti Science Applications Inc, 

0197-7520/80«XX)8-7132$00,25 
Copyrlgtit 1980 Society of Petroleum Engineers 

Lumped-parameter models traditionally have been 
used in studies of oil and gas reservoirs. Here they are 
known more commonly as material balance 
methods' since material conservation is the only 
balance law used. The extension of such techniques 
to pure water/steam geothermal systems requires in 
principle only the addition of appropriate energy 
balances. This has been done by Whiting and 
Ramey^ for a liquid-dominated field and by Brigham 
and Morrow^ for hypothetical vapor-dominated 
systems. The application of such models to 
multicomponent geothermal systems requires again 
only the addition of chemical species conservation 
equations for each additional component. For 
example. Grant'* has applied such a model to a 
liquid-dominated reservoir in New Zealand that 
contains substantial amounts of dissolved carbon 
dioxide. 

The model described in this paper is an extension 
and coupling of the Brigham and Morrow and Grant 
models. It is an example of a class of models that 
may be useful for analyzing the behavior of vapor-
dominated geothermal systems. This paper used the 
model to evaluate the production history of a gas-cap 
geothermal reservoir significantly affected by the 
presence of carbon dioxide. 

Lumped-Parameter Producing-State Model 
This section discusses the producing-state 
mathematical model. First the thermodynamic 
system is described, next the constituent equations of 
state are presented, and then the development and 
numerical solution of the governing equations are 
discussed. 

Thermodynamic System 
The thermodynamic model to be discussed is 
depicted in Fig. 1. The reservoir is considered to 
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ABSTRACT 

Following several months of test 
work, water leaching in mined-out 
areas at Stanrock commenced on a 
production basis in February, 1963. 

A combination of fast high-pres
sure washing and rewashing of 
stopes on a predetermined cycle, and 
the intermittent sprinkling of low-
grade heaps, using both fresh water 
and recirculated acid water, has 
proved most successful. Tliere was 

. also 3 correlation of daily sampling 
data points to a relationship between 
the leach water grade and the grade 
of the material being washed, the 
leaching time and the location along 
the dip. An increasing tolerance for 
uranium by the acid-producing bacte
ria is also indicated. 

A steady production rate of 10,000 
to 12,000 lbs. of VaOs per month is 

- being maintained, with an over-all 
mine water grade of 0.25 lb. per ton 
and a pH of 2.3. 

Introduction 

I T has been i-ecognized for the 
past several years that the ac

tion of micro-organisms on sul
phide minerals results in the re
lease of sulphuric acid, iron and 
other contained metals. The discov
ery of these bacteria resulted from 
investigations into the cause of 
acid mine drainage waters, parti
cularly in the coal mines of Penn
sylvania and West Virginia (1,2, 
3 ) . 

This same bacterial activity has 
been the basis for the leaching of 
copper from large waste heaps, 
containing sniall quantities of iron 
and copper sulphide minerals, at 
open-pit copper mines in the west
ern United States. Although leach
ing of copper from waste heaps 
had been carried out for many 
years, it was only recently that the 
true role played by bacteria was 
recognized. Previously, the copper 
was considered to have been 
leached by sulphuric acid produced 
by the atmospheric oxidation of 
.sulphide" minerals (4). 

Experimental work in Portugal 
has shown that uranium may also 
be leaclied from its ores by the 
same micro-organisms, provided 
that sufficient pyrite is present 
to provide iron and sulphur. The 

presence of oxidizing bacteria 
which convert ferrous iron to fer
ric iron assists in the extraction 
of uranium by sustaining reactions, 
which oxidize pyrite to ferrous sul
phate and sulphuric acid. These 
bacteria thrive in acid mediums at 
temperatures between 20° and 
30°C (5). 

At Stanrock, acid mine waters 
resulting from apparent bacterial 
activity on the sulphides contained 
in the uranium ores were found to 
contain 0.038 lb. UsOs per ton. • 

This paper deals with methods 
developed to increase the uranium 
content of the mine water by leach
ing ore and waste material in 
abandoned areas of the mine. 

History 

Mine. waters at Stanrocjc,. al
though approximately neutral for 
some time after the commencement 
of operations in 1958, became pro
gressively more acid until they 
constituted a threat to the mine 
drainage pumps and pipelines. Si
milar acid mine water conditions 
were met with at other uranium 
mines in the district. Investigation 
showed the Stanrock mine water to 
contain 0.038 lb. UaOs per ton. 
Plans were made to neutralize the 
mine water and pump the resulting 
slurry to the mill. 

Investigations into the causes of 
mine water acidity led to the con
clusion that acid mine waters were 
being produced by the bacterial 
leaching of sulphide minerals. 
Stanrock ores contain from 10 to 
15 per cent pyrite as well as minor 
quantities of pyrrhotite, sphalerite 
and chalcopyrite. Although the bac
teria have at no time been positiv
ely identified, they were assumed 
to exist for the following reasons: 

1.—Laboratory tests show that 
the reaction is completely in
hibited by sterilization but 
can.be restarted by inocula
tion with fresh mine water. 

2.—Literature on acid mine wa
ter and uranium leaching 
describes reactions caused 
by bacteria that are similar 
to the leaching action at 
Stanrock. 

Pumping of the neutralized 
mine water slurry to the mills No. 
4 neutral thickener began in Sep
tember of 1960. The uranium ox
ide content, at this time, had risen 
to 0.04 — 0.05 lb. per ton. 

Commencement of extensive pil
lar extraction in late 1961 result
ed in a further increase in the 
UaOs content of the mine water. 
Mine water recovery increased by 
1,000 to 1,500 lbs. UaOs per month. 
This further rise was believed to 
be the result of drill water from 
pillar mining operations becoming 
acid and leaching out UjOa values 
as it percolated through worked-
out areas of the mine. 

Test work to develop a pro
duction m e t h o d for water 
leaching began in December, 
1962. This test work proved 
quite successful, and a comprehen
sive leaching program was begun, 
with four men (later increased to 
six) engaged in underground wa-, 
ter leaching work. Production 
steadily increased to 10,000 lbs. 
UsOa per month and has been 
maintained at about this figure 
since. Figure 1 illustrates the rise 
of mine water values during this 
period. 

Quirke Lake water, the mine's 
fresh water source, has shown a 
gradual decline in pH from 6.8 in 
1958 to 5.0 in December, 1963. 
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Figure 1.—Graph showing the in
crease in UjOs content of Stanrock 

mine water. 
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Results of Test Work 

The test work quickly indicated 
that the rapid washing of a 
reasonably large area with high-
pressure water would give the most 
consistent results. Intensive wash
ing of a small area with high-
pressure water gave erratic results 
and appeared to kill the bacteria 
or wash them away. After inten
sive washing with high-pressure 
water, it requires six months or 

.more before leaching again pro
ceeds normally, as shown in Fig
ure 2. High-pressure washing of a 
large area with a mixture of 50 
per cent fresh water and 50 per 
cent recirculated acid water did 
not give any better results than 
achieved with fresh water alone, 
and, as the mixture had a pH of 
2.7, it proved troublesome to han
dle. 

Sprinkling of waste heaps with 
fresh water gave low but consist
ent results (0.05 to 0.15 lb. UaOs 
per ton). Assays from these leach
ing streams dropped below 0.05 lb. 
UcOs per ton in three months or 
less. When sprinkling was discon
tinued for a period of one month 
to six weeks, assays of 0.05 to 0.15 
lb. UaOa per ton could again be re-

_ covered. Attempts at sprinkling in 
stopes were not successful because 
of the rapid channelling of the wa
ter. Later test work indicated that 
sprinkling waste heaps with re
circulated acid water gave better 
results (0.15 to 0.25 lb. UJOS per 
ton). Because of the hmited life 
expectancy of the Stanrock opera
tion, the cost of the acid-resistant 

•pumps and pipelines necessary to 
implement such a program has li
mited the use of acid mine water 
to localities where it is available 
by gravity flow. 
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Figure 2.—Graph showing recoveries 
from stopes which were washed on 
a three-month cycle following pre
vious intensive washing, compared 
with a stope which had not been 

washed previously. 

I t was apparent from the higher 
results (0.30 to 1.00 lb. UaOa per 
ton) and larger volumes of water 
that high-pressure washing recov
ered uranium minerals spread ovei: 
a wide area much faster and more 
efficiently than sprinkling. High-
pressure washing is believed to 
give a maximum recovery because 
of a more thoi'ough coverage of 
the area, and because the force 
of the water causes a scouring of 
the rock surfaces. Aeration of the 
tightly packed fine material is al
so believed to be an important 
factor. As leaching could continue 
as long as the bacteria were not 
destroyed and material remained 
to be leached, the high-pressure 
washing was set up on a cyclical 
basis. 

Varying the length of the cycle 
showed that stopes re-washed with
in two months usually gave assays 
of less than 0.20 lb. UsOa per ton. 
Re-washing stopes five to six-
months later usually gave results 
that were no better than would 
have been expected in three 
months (0.20 to 1.00 lb. UsOa per 
ton). From these indications, • the 
optimum cycle time for Stanrock 
conditions was judged to be great
er than two months and less than 
five months. Eventually, a cycle 
time of three to four months was 
put into pi-actice. 

There "are no natural water seep
ages in stopes. Stope walls, backs 
and the loose muck oh the floors 
all appear quite dry. The humidity 
is, however, about 85 per cent. 
Average underground tempera
ture is 6 4 ^ . 

Development of a Leoching 
Program 

The difficulties to be overcome 
in the development of a leaching 
program were: 

1.—The area of the mine in 
which leaching was to take place 
had been abandoned for a year or 
more. Ventilation was poor and 
services practically non-existent. 

2.—The ore and waste material 
from which the acid mine waters 
were leaching the UaOa was scat
tered thinly over a very wide area. 
Small heaps resulting from small 
falls of ground or the storage of 
waste development rock, averaging 
less than 1.00 lb. UaOa per ton, al
so were scattei-ed throughout the 
area. 

3.—Stanrock's mining operation 
was expected to end within a year 
or two. For this reason, no large 
expenditure was warranted and 
time was not available to develop 

or train ciews in any complicated 
methods. For a successful operation 
it was imperative to develop, as 
quickly as possible, a fast, simple 
and inexpensive method of Ieach
ing. 

Stanrock did, however, have sev
eral natural advantages that aided 
greatly in the rapid development 
of leaching: 

1.—The Stanrock orebody is part 
of an extensive flat-lying bed or 
reef with an average dip of 15 de
grees to the southwest. Thus, the 
mine waters were able to flow 
slowly for considerable distances 
through worked-out areas, picking 
up additional UsOe, before being 
collected in sumps for pumping to 
surface. 

2.—The west or abandoned sec
tion of the mine in which leaching 
was to take place had been mined 
down dip to the southwest corner 
of the property, thereby providing 
practically unlimited natural sump 
capacity. 

3.—Stanrock's mine drainage 
system had been designed to han
dle two to three times the volume 
of water actually encountered in 
mining operations. 

.In view of these conditions, the 
best solution to the problem, .ap
peared to be: 

(a) to increase the UaOa con
tent of the water to the maxr 
imum attainable by simple 
and economic methods; and 

(b) to increase the quantity of 
mine water to the maximum 
capacity of the mine dewa
tering system. 

Before actual washing operations 
began, a complete survey was made 
of the area to be washed. All waste 
heaps, old pipelines and dangerous 
ground conditions were noted on 
a 1 in = 100 ft. plan. Pillars in 
the area showed no signs of fail
ure, and only minor falls of ground 
were found. Some 2-inch steel pipe
lines remained in the north half 
of the area. 

Plans were laid out for pipe
lines to be installed on every sec
ond haulageway, all stopes being 
accessible from main haulageways 
at either top or bottom entries. 
Figure 3 shows the washing area, 
with its pipelines and waste heaps. 

Using available pipe, 2-in. steel 
lines, with take-offs every 60 feet, 
were installed in the north section, 
with 3-in. plastic lines in the south 
section. Hundred-foot lengths of 3-
in. plastic pipe were joined toge
ther by means of plastic inserts 
squeezed into the ends of the pipe 

584 The Canadian I^ining and Metallurgical 



DENISON MINES 

2 PIPELINES ' • — 
3 * P I P £ L I N E S « * r — 
WASTE HEAPS :•??:> 

Figure 3.—Diagram showing the Stanrock leaching area. 

and clamped with standard 3-in. 
victaulic couplings. The plastic 
pipe proved to be exceptionally 
adaptable, being light and easily 
moved. The clamping arrangement 
proved satisfactory as long as ope
rating pressures did not exceed 75 
psi, thus allowing the use of rea
dily available standard victaulic 
and threaded pipe fittings for 
take-offs and valves. 

Each crew of two men was pro
vided with 500 feet of standard 2-

,in. rubber hose in 50-foot lengths, 
as well as the necessary valves, 
fittings and wrenches. Each wash
ing hose was fitted with a tapered 
fire nozzle, 10 inches long, with a 
%-in. nozzle opening giving a con
centrated high-pressure stream of 
water. Crews wash two adjacent 
stopes per shift, washing two up
dip stopes and two down-dip stopes 
on alternate days to balance the 
water pressures of the two opera
tions. Stopes at Stanrock are 150 
feet to 250 feet long, with an avei"-
age floor area of 5,000 to 7,000 
square feet. Washing proceeds up 
dip to facilitate sampling. The rate 
of washing is governed by the phy
sical characteristics of the particu
lar stope area. The objective is to 
wash a large area' rapidly and tho-
i-oughly with a large volume of wa
ter. 

Two washing shifts per 24 hours 
are worked—1:00 a.m. to 9:00 
a.m. and 1:00 p.m. to 9:00 p.m. 

This schedule allows most of the 
water for washing to be drawn in 
the period from- 4:00 o'clock to 
8:00 o'clock, when water is not 
required for regular mining ope
rations. (Regular mining shifts 
are 8:00 a.m. to 4:00 p.m. and 8:00 
p.m. to 4:00 a.m.). Actual wash
ing time is 5% to 6 hours per 8-
hr. shift, the remainder being 
lunch, travel and set-up time. 

Sprinkling of waste heaps is ac
complished by spraying from per
forated 1-in plastic hoses placed 
over the top of the waste heaps, 
and by spraying with various types 
of nozzles. These sprinkling sys
tems are set up by the washing 
crews working in the areas, but, 
because of the lower UaOa content 
of the water flowing from the 
waste heaps, the sprays are operat
ed only when increased volumes of 
water can be pumped. 

Sumps and pumping capacity 
were already adequate. However, 
an abandoned conveyorway, to be 
drained by a syphoning arrange
ment, was utilized as an interme
diate sump to "save on pumping 
costs. Water pumped from the west 
section, together with water sy
phoned from the conveyorway 
sump, flows into the main settling 
and clear-water sump system, 
where it is neutralized and pumped 
in three stages to a surface tank 
of 8,000 gallons capacity. 

To avoid loss of precipitate, the 

neutralizing reagent is injected in
to the suction line of the pumps. 
The precipitate is carried to the 
mill as a slurry, there being suffi
cient natural agitation in the in
termediate sumps to prevent set
tling. The neutralizing reagent is 
an ammonia solution, piped under
ground from the mill in controlled 
quantities. Conversion from caustic 
soda to ammonia neutralization in 
June, 1963, has resulted in a 50 
per cent saving in reagent cost, 
and better pH control. From the . 
surface tank, mine water slurry 
is pumped to the No. 4 neutral 
thickener in the mill, where it is 
treated along with the ore. Pump 
running time is recorded, making 
it possible to calculate the number 
of tons of water pumped to the 
mill daily. Indicated recovery is 
94 per cent, the 6 per cent loss be
ing mostly due to extremely fine 
particles being carried over in the 
thickener overflow. 

Safety 

As washing operations necessi
tated re-entering many areas of 
the mine previously considered 
abandoned, a complete assessment 
of ground conditions was necessa-
i-y. A survey made of the area had 
already shown the old workings 
to be in good condition, so working 
in the area presented only normal 
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Figure 4.—Graph showing the aver
age assays from stopes in areas L3, 
L2 and L21, which were washed on 
a three-month cycle. The UjOj con
tent is highest in areas farthest 

down the dip. 

hazards, provided t ha t the follow
ing rules were observed: 

1.—Establish travelways and 
check frequently for any 
sign of deter iora t ing ground 
conditions. 

.2.—Make every effort not to 
d is turb the existing- condi
tion of the workings . 

3.—Re-establish ' and mainta in 
ventilation. 

There have been no serious injur
ies to date. 

- S a m p l i n g 

Complete records of daily sam
pling results for individual stopes 
have been kept as a check on re
coveries. These records show a 
steady increase in UjOa content for 
the th ree washing cycles complet
ed to date. An increasing UaOa 
content is also noted for dip po
sitions. The average of UaOa as
says for a group of stopes down 
the dip (as a reas L-21 and L-2) 
is h igher than for a similar group 
of stopes up the dip (as area L-3) . 
(See F i g u r e Jt). 

Tab le I—Average Assays of 
Ore-Bed and W a t e r Obta ined 

from Stopes Washed on a 
Three-Month Cycle. 

(lbs. UsOs/ton) 

Stope 

L21-1 . . . 
L2-38 
L2-26B 
L20-14; 
L21E-1. . . . . . . . . 
L3-22 
L3-32 

Mining 

4.44 
4.26 
3.14 
2.74 
1.93 
1.83 
1.79 

Washing 

1.421 
0.963 
0.400 
0.475 
0.216 
0.162 
0.274 

Increasing tolerance by the bac
teria for uranium and other metal
liferous compounds dissolved from 
the ore is believed to be part ly re
sponsible for the steady increase 
in UaOa content; Leach waters con
tain, in addition to uranium, r a r e 
ear ths and thor ium in considerable 
quantity. The r a re ear th ' content 
is approximately equal to the ura
nium content; the thor ium content 
is approximately one-half the ura
nium content. Individual stopes 
from which higher grade ores wei'e 
mined tend to give the best r e 
sults and the highest assays from 
washing. Table I shows average 
mining and washing assays for a 
number of stopes. 

Samples are collected by each 
man in 8-ounce plastic flasks a t 
the beginning, mid-point and end 
of the washing shift . To determine 
the sampling location, samples were 
taken at 2-ft. intervals along the 
water channel from washing. An 
assay taken 2 feet from the spot 
where water was being hosed in the 
stope showed 50 per cent of the 
UJOS content of an assay taken 
100 ft. away. An assay taken 10 
feet from the spot where wate r 
was being hosed in the stope had 
a "UaOa content only slightly less 
than an assay taken 100 ft. away. 
Assays taken a t in termediate points 
showed smaller and smaller in
creases in UaOa content as the dis
tance from the water source in
creased. This showed tha t UaOa was 
picked up within 10 feet of the 
water source and indicated tha t 
t h e . UaOa content was pre-leached 
and in a readily soluble form. 

Samples are analysed daily by 
X-ray spectrograph in Stanrock's 
assay laboratory. I t should be noted 

tha t , although all assays a re quoted 
as UaOa, the exact chemical form 
of the uranium in the leach waters -
is unknown. Assay cards showing 
individual assays and averages for 
each stope are filed. Stopes show
ing aveiage assays below 0.2 lb. 
UaOa per ton for two consecutive 
cycles a re withdrawn from the pro
gram. 

A continuous sampling device at 
the No. 4 neutral thickener in the 
mill gives a daily composite sam
ple of mine water. From the anal
ysis of the composite sample and 
the tons of water pumped to t he . 
mill, a daily figure for pounds of 
UaOa contained in the mine water 
is calculated. 

Sampling during test work to 
determine optimum washing areas 
indicated anomalous depositions of 
UaOa content. I t was found tha t 
when two men were washing, one 
the up-dip half and the other the 
down-dip. half, assays from the up
dip half of the stope consistently 
indicated twice as much UsOa con
tent as assays from the down-dip 
half. This anomalous deposition of 
UaOa content was also found in 
stopes which were not open to t h e 
haulageway at the up-dip end. Cir
culation of water and a i r does not 
appear to affect the deposition of 
UaOa in this particular case and i s 
contradictoi"y to the general work
ing hypothesis tha t the best avail
able UaOa content is found fa r ther 
down the dip. An opinion is of
fered tha t these micro-organisms 
have some degree of mobility, and 
tha t those with the greates t tol
erance for uranium, being the more 
active, move up the dip. Table I I 
shows sample records i l lustrat ing 
this phenomenon. 

Table H 
Table of assays and average assay from samples tak'en at intervals during 
a washing shift. Stopes were washed on a 3-month cycle. A higher assay is 
shown to be obtained from the top half of the stope than from the bottom half. 

L18-20 Open a t Top End 

Samples — lbs. UsOg/ton of water • • 

1st. 2nd. 3rd. Average 

1st. Cycle. 
•2nd Cycle. 

3rd. Cycle 
Top. . . . 

Bottom. 

0.420 
0.282 
0.470 

0.718 
•• 0.436 

1.402 

0.416 
0.838 
2.110 

0.518 
0.519 
1.661 

0.852 0.638 0.614 0.701 

L18-21 Closed at Top End 

Samples — lbs. UaOs/ton of water 

1st. 2nd. 3rd. Average 

1st. Cycle, 
2nd Cycle. 

3rd. Cycle 
Top 

Bottom. 

0.512 
0.134 
2.332 

1.112 
0.434 
2.298 

0.996 
0.132 
1.408 

0.873 
0.233 
2.013 

1.960 1.282 0.734 1.325 
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.samples of fine material taken 
from stopes prior to washing gave 
assays of 3 to 4 lbs- UaOa per ton. 
Samples of mud accumulated at the. 
bottom of stopes following first-
cycle washing showed 1 lb. UaOa 
per ton or less. Sampling of the 
same mud at the bottom of stopes 
following subsequent w a s h i n g 
showed an only slightly lower UaOa 
content. The indicated recovery 
from fines is approximately 70 per 
cent from the first-cycle washing, 
and insignificant in subsequent cy
cles- Recovery, which has improved 
during second- and third-cycle 
washing, must be coming from mat' 
erial other than the fines. 

Since the beginning of UaOa re
covery from mine waters in Sep
tember, 1960, an estimated 148,-
073 lbs. of UaOa have been recov
ered. With a 6 per cent loss in re
covery, and- considering the esti
mated UaOa content of the mine 
water previously discarded, more 
than 160,000 lbs. of UaOs have been 
leached from Stanrock workings to 
December, 1963. Estimated ore 
"lefts" or muck remaining in stopes 
from mining operations is 100,-
000 tons, containing an average 2 
lbs, of UaOa per ton. At least one-
half the total muck remaining con
sists of slabs or blocks more than 
y.y in. thick. Recovery from mine 
water shows no signs of dimish-
ing. Based on pounds of UaOa pro
duced from material available, the 

i bacteria appear capable of leach
ing to depths of more than i/4 in. 
into both the muck i-emaining and 

! the walls and flooi-s.of the stopes. 

Costs. 

The recorded cost of the leach
ing program for 1963 was ?33,017. 

The estimated recovery of UaOa 
from mine water during 1963 was 
105,622 lbs., for an indicated cost 
of $0.31 per lb. This cost does not 
include pumping or neutralization, 
most of which cost would accrue to 
the mine regardless of leaching ope
rations. The recorded cost does, 
however, include $7,726 for mate
rials (many of which consist of 
non-recurring items such as pipe 
and fittings), installation cost and 
labour for test work and sump in
stallations. 

Pumping costs for 1963 were 
§112,653, or $1,065 per lb. of UaOa 
produced from water leaching. The 
pumping costs for 1962, when no 
leaching was being carried out 
were $120,657. 

Assuming that such an operation 
could be set up with a life expect
ancy of two or three years, a cost 
of $0.25 per lb. or less appears pos
sible if the leaching is carried out 
in conjunction with a regular min
ing operation. The cost of leaching 
in an abandoned mine would depend 
upon pumping, overhead and serv
ice costs. 

Conclusions 

1.—Fast high-pressure washing 
appears to be the most efficient 
method of removing pre-leached 
UaOa minerals from old work
ings. 

2.—The bacteria appear to develop 
a natural tolerance for UaOa and 
other metalliferous compounds 
of the ore. 

3.—The UaOa content tends to con
centrate down the dip. ... 

4.—Areas of highest grade ore 

usually give the highest and 
most consistent results. 

5.—The bacteria would appear to 
have some degree of mobility. 

6.—The bacteria appear to be ca
pable of leaching the rock to 
depths of 1^ in. or greater. 

7.—An operating cost of $0.31 per 
lb. of UaOa has been realized; 
$0.25 per lb. appears possible. 

8.—Thorium and rare earth met
als are also contained in the 
leach waters. 

9.—Abandoned workings have been 
safely leached. 
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ABSTRACT 

// is commonly accepted that the radial and 
tangential s t r e s se s around boreholes are independent 
of the rock e las t ic properties luhcti the assumplions 
of linearity,, homogerieily, and isotropy are made. 
Although rock is never perfectly linear, the 
s t r e s s / s t r a in relationship can often be linearized a s 
a first approximation, which vastly simplifies the 
analyt ical approach. However, the s lope of the linear 
relationship in compression (E^) is almost a lways 
higher than thai in tension (E^), and this bilinear 
behavior can and should he incorporated in the 
analyt ical approach-to any problems involving mixed 
s t r e s s e s a l a poinl — e.g., s t r e s s e s around boreholes 
and cavi t ies , s t r e s s e s along the vert ical diameter 
in a Brazilian test, s t r e s s e s in uniaxially loaded 
rings, s t r e s s e s in bent beams. The problem of a 
circular hole under internal pressure and hydrostatic 
loading at infinity has been worked oul. The resulting 
s t r e s s e s differ considerably from those obtained 
using fhe romm on assumption of linearity. In 
particular, when no external loading exis ts , the 
tangential s t r ess (rjQ) at a borehole wall is expected 
lo equal the internal pressure (p^) in the borehole 
(oQ - p;). Howeve.r, the bilinear character of reck 
yields the expression 

o0 = Pi\f- , lP-c-

The inlernal pressurlzation of hollow cylinders was 
suggested a s a poss ible technique for determining 
tensile strength. The findings reported here dispute 
the suitiibility of the method s ince ihe tensile and 
compressive Young's moduli must be known in order 
lo calculate an. Laboratory testing shows that 
generally the inlertial pressure required lo iniliale 
rupture around a borehole is higher than the uniaxial 
tensile sircngth of the rock, in accord with the 
results of this paper. 

INTRODUCTION 

Linear elascicity is gencr.illy assumed in both 
field and laboratory .sicu.ttioiis involving s t r e s s .nnd 
displacement in rock. That a.ssuinpiion allows the 
direct application of a considerable body of 

Paper (SPE 4341) wus pii-s.Mit.:,! ul ttie SPE-AIME Sixlh Con-
I'-tvtKr on Pril l int; iirul Roi-k M.'»!iiink-s. Iiehl in Aiuslin, T e x . . 
J»n . 3: ' -23, l ' '7.1. (^ICopyriuhl 1974 Americun Inst ilule nf Minliis, 
Meliillurgiciil, und peirolcum En,;inecra, Inc. 

Rclerences liateil nt enil of pHper. 

A !• n I I . . I •» 7 •! 

THF U. OF WISCONSIN 
MADISON, WIS. 

theoretical s t r e s s solut ions. Unfortunately, those 
solutions are only as good a s the underlying 
assumptions , which are sometimes of quest ionable 
validity in rock. 

The typical nonlinearity of the s t r e s s / s t r a i n curve 
in rock has long been recognized but i s usual ly 
ignored. The s t r e s s / s t r a in relat ionship can often be 
l inearized a s a first approximation, which vast ly 
simplifies the analyt ical solution. However, the 
slope of the line in compression (E^) is a lmost 
always higher than that in tension (E^). The ratio 
E^/E^ can in fact vary between 1:1 in very t ight 
rocks, to 1:2 in some l imestones, co 1:20 in weak 
sands tones , to 0 in no-tension soi ls ( see Table 1). 

Hence, with respect to its complete deformation 
spectrum, rock s t r e s s / s t r a in re la t ionship can at 
best be simplified into a bilinear curve with the 
point of intersection at zero s t r e s s (F ig . 1). The 
assumption of bilinearity can and should be 
incorporated in the analyt ical approach to any 
problems that involve mixed s t r e s s e s at a point. 

The bilinear assumption has been employed by a 
number of invest igators to represent this behavior. 
Burshtein^ and Fairhurst^ have derived bil inear 
s t ress formulas for rectangular beams in flexure, 
and Adler^ has done the same for beams of circular 
and more general c ross - sec t ions . 

These efforts cover only a few of the many c a s e s 
in which both tensi le and compressive s t r e s s e s 
exis t . The emphasis of the present paper is on 
bilinear s t r ess equations for thick-wailed cyl inders . 
Poss ible important appl icat ions include s t r e s s 
around wellbores, hydraulic fracturing (in which the 

TABLE 1 -

Rock Type 

Westerly gronitcS 

Austin limestone^ 

Corthoge l imestone" 

Indior^o limostono^ 

Georgia morble^ 

Tennessee marble** 

Russian marble^ 

Star Mine quart i i te^ 

Arizona sandstono** 

Bereo sandstone^--

Mil lsop sondstonufi 

Terinotsee sandstone 

Russian sandstone' 

- YOUNG'S MODULI 
AND COMPRESSION 

^ t 

(10^ psi) 

2.5 

t.7 

5.1 

1.6 

3.4 

7.7 

1.3 

l l .O 

1.7 

.6 

0.1 

-j 0.2 

1.7 

IN TENSION 

( ICSpsi ) 

10.5 

2.3 

9.2 

3.9 

6.1 

11.1 

3.0 

11.0 

6.6 

3.4 

1.9 

2.4 

8.3 

' • 

e,/£e 

0.24 

0.74 

0.55 

0.41 

0.56 

• 0.69 

0.43 

1.00 

0.26 

0.18 

0.05 

0.08 

0.21 

i.ts 



til ngcn t ia l .<; t ress at failure is ten.silc and the rati ial 
stre.'ss i.s compre.s.'sivc),'' pressure tunnels, iind the 
hodp-stre.ss t'cn.sile tes t .^ 

Biliticnricy may be important aI.so in the Urazili;ii] 
and ring indirect tension testa and in the case of 
underground c.vciivatioii.s such as tunnels or other 
reguiivr and irrcguLir openings in which tensi le 
strcs.s'es may occur , The.-ie latter probleiiis are 
probably not arricriablc to analytical solut ions. They 
could, however,, be ,*;olvcd by the finite-element 
technique,, and in view of the result.'; already obEaitied 
for simpler c a s e s , such a solution may be a 
worthwhile effort, 

THEORY 

GENERAL 

As s ta ted above, in almost al l .the problems 
involving rock, the assumption of linearity is made 
— i .e . , the rock is ass igned unique Young's 'modulus. 
(E) and Po i s son ' s ratio t̂ v) va lues . The same E, fi 
va lues are ordinarily used regardless of. the s t r e s s 
configuration. Since it has been es tabl ished that.for: 
most rocks the slope of the s t r e s s / s t r a i n curve in 
tension is markedly different from the one in 
compression, a behavior that can be simplified to 
no better than a bil inear curve, four parameters 
should be determined for each rock: E (. N (ot 
ten.=;ion, and E^, ft^ for compression. If al l the 
s t r e s s e ^ a t a point are compressive, only E^, |t-^ 
should be used; if aU the s tresses>are tens i le , only 
El, fll should be used; But if both tensi le and 
CO mpre s.sive s t r e s s e s sare generated, a l l four 
parameters are involved. 

For the, lat ter c a s e , the s t r a i n / s t r e s s relat ionship 
is (assuming for exarfiple that a^j On, are- com-' 
press ive,, (73 is t ens i le ) 

1 
p— a 

% " ^ 

3 K I 

p— a - •F— a 

(1) 

where f j , ( j , f̂ , and a , , PTJ 0 '3are principal strains, 
and s t r e s s e s , respect ive ly . 

From the theory of e las t ic i ty it i s remembered 
that by considering the potential of e las t ic forces^^ 
the niimber. of e l a s t i c constants can be reduced 
becau.se of the 'syinmetry of the s t ress coefficient 
matrix. Thus , the coefficient of cfj in the first of 
Eqs . 1, for example, i.-;.equal to the coefficient of q j 
in the third of Eqs , l ; that i s . 

(-2) 

Hence, only three of. the four ela.'stic parameters ate 
independent. 

[•-xample.s of situation."; in which both compressive 
and tensi le .stresses exist* ;U a point arc numerous. 
The more importiint; c a s e s are those of i.stresKc.s 
around wellbores, boreholes, tunnels and othct 
underground openings, in hent. beam.s, and in 
Brazilian and ring test specimens . In this paper, 
only the simple ca se of s t r e s se s around circular 
Openings will be considered. 

STRESS AKOUND A CIRCULAR 
OPENING IN DILINEAH ROCK 

The 'method of approach in determining s t resses 
or displacements in bilinear rock i s simple. The 
theory of s t r e s s and the theory of strain are entirely 
unaffected by the bilinear charac te r i s t ics . In those 
regions where all s t r e s se s are tensile or com-
pres.sive, the e.itisting solutions hold (remembering 
to use the appropriate E, p). It is only In the regions 
where mixed s t r e s s e s (both compressive and tensile) 
exist that new s t r e s s calculat ions are needed if 

E; /E , . 
In calculating the s t r e s se s around cylindrical 

openings In bilinear e las t ic rock, the method used 
by Jaeger^ 1 tq solve the cylindrical pressure vessel 
problem ha .•5 been closely followed, with the 
exception of replacing his unique E, /t by the 
appropriate F.^, E^, ft̂ , (i^. 

"The problem is that of"calculating the s t r esses in 
3 hollow cylinder r̂  < r < r^ (r i s th& radius measured 
from the axis of cylindet) subjected to hydrostatic 
pressures pn both the inside and the outside 
surfaces . 

The equation of equiiibtium for this case of axial 
symmetry is given by 

da 

dr 

o 0* 
.(5) 

t f l 
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FIG, 1 _ TYPICAL STRESS-STRAIN RELATrONSIIIP 
FOR ROCK IN TENSION-COMPRESSION. 
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in both the plane-strain and plane-stress c a s e s , o^, 
Of), a^ are the radial, tangential , and vertical 
s t r e s se s acting in the cylinder. 

The displacements are purely radial and vertical 
(s() = 0), and the components of strain are given by 

dSw 

^r = 3F-' S = (4) 

where t^, f̂ , (^ are the tadial , tangent ial , and 
vertical components of strain; s^, SQ, S ^ are the 
respect ive displacements. 

The s t r a in / s t r e s s relat ionships considering the 
ca se in which both tensi le and compressive s t r e s se s 
are developed, and keeping in mind that the 
tangential s t r ess is then definitely tens i le , are 

1 H ^z 

_ 1 H vz 

- 1 o . . (5) 

where p.^, E^ ate the e las t ic constants corresponding 
to the type of s t r e s s acting in the z direction, which 
at this point in unknown. 

Two c a s e s are now considered. If the configuration 
is one of plane s t ress — i .e . , a^ = 0 — and use is 
made of Eqs . 2 and 4, the first two E q s . 5 become 

sr 1 
ET. ^''r-
c 

Ve^ 

h %̂ - ^̂ ^ (6) 

If the case is one of plane strain — i .e . r^ = 0 — 
the third Eq. 5 becomes 

v^ia^ + Og) , (7) 

and by Incorporating this result in the first two Eqs . 
5 the s t r a in / s t r e s s relat ionships become 

ds 

a?-

F" " Ẑ Îî  " ^zK - 1 ^ ^ "-^zK 

(8) 

Solving for a^ and OQ in the plane s t r e s s c a s e , using 
Eqs. 6, one obtains 

* P K I I . , 1 9 7 4 

^r ° I-Mcwt ^^ 1-wcvt 7 

o e " ^ ^ . J ^ f i . ,..(9, 

In plane strain, use of Eq. 8 will yield 

0 . Ec r ^ ^ ^ ^ ^ Ec(,+u^) Sp 

r " T~1 I^—^T* S T • 

^c(l^-^z) '^^ ^ ^c(r^c'^z) V 
ê - S dT" * \ T ' 

where 

1 2 
S = — (1-ytt'z)(T-Hc>'z^ • WcO+Mz) 

. •• (10) 

Replacing <7, and off in Eq. 3 with Eqs . 9, we obtain 
the following plane-s t ress equilibrium condition: 

d^s , ds E, s 

•^ *7^y j ' ' "" 
For the plane-strain c a s e , the equation of equilibrium 
becomes 

dr^ »* "̂̂  " ^ -^^z ^c ^ 
(12) 

The differential Eqs . 11 and 12 are both of the 
following type: 

d^s , ds 2 s 

The general solution for Eq. 13 is 

s^ = Ar*̂  + Br"*^. (i4) 

where ^2 is the coefficient of s / r 2 in Eq. 13. whose 
value is given by 

. i "̂=' 
for plane s t r e s s , and 

1 2 l-iJc»'2 Et 

' =T4;IE7 "''^ 
for plane strain. .-1 and B are constants determined 
by the boundary condit ions. .Strains calculated from 
Eq. H satisfy the compatibility condit ions. 

i n 



The radial and tangential s t r e s s e s for the plane-
s t ress ca se can now be rewritten using l-'qs. 9 and 
14. 

O - -
Ec r/... N«..k-1 /.. x n „ - k - l 

r 1 •UcMt 
[(k+w^)Ar'^''-(k-y^)Br-'^-'] 

o„ = e - T ^ , ^ ^ ' ' ' \ ^ ' ' 

+{ l -kp^)Br- ' ' -^] 

k-1 

(15) 

For the plane-strain c a s e , using Eqs . 10 and 14, 

ap = ^ t [ k + W t + M t y , ( l - k ) ] A r k-1 

k-1 •[k-M^-p^w^{l+k)]Br'''"'} 

^^ . -TTs^^^ ' ^^ -^c^z^^ -^^^ ' ^ ' ^ ' ^ 

n •. k+1 ^ k+1 
o« = ^ 1 1 . . . " ^e^e • k-1 . 

^1 

e 1 

k+1 k+1 
(P . r . ' ' " ^ -P . r . ' ' -b '1'e V i 
2k ., 2k 

i 

kr •k-1 

(18) 

where the value of k depends on the s ta te of s t r e s s . 
Note that in linear e las t ic i ty k = 1 and Eqs . 8 
become the c l a s s i ca l solution to the thick cylinder 
problem.! ' 

Often, the region of interest is the vicinity of the 
cylindrical hole . The s t r e s se s at r = r,- are 

' r ' "Pi 

°9 = k 
^ , 2 k . ^ 2kx ;,„ ^ k-1 k+1 

(19) 

In the. c a se of p^ = 0, the condition on p- is /),• > 0 
(Eq. 17) and the s t r e s s e s at r = r^ become 

-[l-ky^.-y^y^^l+kjjBr"'^""'} • (i6) 

CASE 1 — (JQ TENSILE THROUGHOUT 

The general boundary conditions for the c a s e 
where oQ is tensi le throughout the th ickness of the 
cylinder are 

r 
where 

Oy, = -P̂ - a t r=r 

2 2 

(17) 

2r i 
A and B in Eq. 15 or 16, depending on the s ta te of 
s t r e s s , can now be evaluated. By replacing A and 
fl by theit va lues , Eqs . 15 and 16 become 

n . k+1 ^ k+1 
° . - P j ^ 'Pe^e , k - l 

^ 2 k _ ^ 2 k 

y. k+1 ^ k + 1 , ^ k-1 ^ k - K 

r 2k.r 2k 

o = - p. r ^1 

2k_ 2k 1 r +r. 'a = kp. 'e 1 
9 / ' 2k 2k 

^e -^ i 

(20) 

If moreover, r^ -. oo, Eqs . 20 reduce to 

° r = -P i • 

OQ = k p . (21) 

Eq. 19, 20, and 21 yield tangential s t r e s s e s that are 
significantly different from those calculated ftom 
linear e las t i c re la t ions . As s ta ted above, k can 
have either of the two values given by Eq. I4a or 
Eq. 14b, depending on the s ta te of s t r e s s . As the 
s t r e s s / s t r a in relat ionship departs from the linear 
(k. = 1) into the bilinear, the value of k decreases 
(0 < ^ < 1). Moreover, for the same rock, k for the 
plane-strain case is always .lower than k for plane 
s t r e s s , s ince 1 - /z^/i^ < 1 - ft,/^^- This relation is 
correct whether /x^ is compressive or tens i le because 
l̂ c ^ I ' T ^ ^ ^ ° I the ratio 1 - pL^p-^/l - ii,ii^ is in the 
range of 0.90 to 1.00 for all practical values of n^., 
llf. Hence, by using k = \ 'E^ /E^ (Eq. I4a) for both 
plane s t r e s s and plane strain, one obtains the exact 
solution for the first case and a slightly conservative 
one for the second c a s e . Although the sacrifice of 
accuracy is extremely limited, use of the plane s t r e s s 
k considerably simplifies matters ' in the plane-strain 
c a s e , s ince knowledge of the Po i s son ' s ratio values 
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i's no longer required. In addition, the necess i ty to 
check whether fi.̂  is compressive or tensile is thus 
eliminated. 

CASE 2 — a^ TENSILE AND COMPRESSIVE 

The general boundary conditions for the case 
where OQ is tens i le throughout a portion of the 
cylinder th ickness and compressive otherwise are 

\ "" -Pe 

a = -p . 

at r=r. 

at ^ = ^ 

where 

^^e ' 

^ 

2 2 

T Pe ^ Pi " - T i r - Pe 
i 2r. 

krhere 

o- = 0 at r=R 

r^ < R < r .(22) 

Two regions must be dist inguished. From Eq. 22, OQ 
is tens i le in region r̂  < r < R, and in region R < r < 
Tg it is compressive, ff, remains compressive 
throughout. 

In region r > R the distribution of the s t r e s s e s is 
found by using the c lass ica l linear solution for 
a thick cylinder and the condition of Eq. 22, s ince 
both Of and oQ ace compressive. 

'^r^ 
e ^e n-tKe.) -rl-p 

r ^+R e 

0« - SJ—T U ^ - j " / 
r 

'6 2 2 
r/+R e 

(23) 

In region r̂  < r < R the bilinear s ta te (Eq. 15 or 16) 
holds, with the boundary conditions a s given by 
Eq. 22. For reasons explained above, only the 
plane-s t ress solution will be treated: 

: - 1-k n 2k 

fR x " 

(24) 

The solulion of Eq. 23 or Eq. 24 is a function of 

the unknown R, This value can be determined by 
noting that at r - R the radial s t r e s s as determined 
by Eq. 23 should be equal to that determined by 
Eq. 24: 

_ 1-k . 
!re!!e = - ( ^ ) 

(5. ) 2 ^ i ' i (25) 

The value of R obtained from Eq. 25 can then be 
used to determine the s t r e s s e s around the 
cylindrical hole. 

DISCUSSION OF RESULTS 

The resul ts obtained are directly applicable to 
laboratory tensi le test ing by means of the hoop-
s t ress and to field problems related to pressure 
tunnels , wellbores under pressurized mud, hydraulic 
fracturing, or any situation in which a tensi le strain 
is developed around a cylindrical hole . The effect 
on the radial and the tangential s t r e s s e s due to the 
bilinear behavior of rock is significant and is 
i l lustrated for a number of specific c a s e s in F i g s . 
2 through 5. The most important departure from the 
linear c a se is that rock Young's moduli are required 
in calculating the s t r e s s e s . The linear solution 
does not necess i t a t e knowledge of material 
propert ies. 

Fig. 2 shows the distribution of s t r e s se s for both 
the linear and the bilinear cases in a finite-thick 
cylinder. At r = r. the bilinear tangential s t r e s s i s 
lower than the value predicted by linear theory and 
this could be, at leas t in part, the reason for the 
unusually high tensi le strength values in hoop-stress 
tes t ing. What makes the hoop-stress tensi le tes t ing 
unattractive, however, is that because of bilinear 

LINEAR 
BILINEAR 

FIG. 2 — RADIAL AND TANGENTIAL STRESS DISTRI
BUTION IN A THICK HOLLOW CYLINDER FOR 

CONDITIONS AS GIVEN. 
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LINEAR 
BILINEAR 

FIG. 3 — RADIAL AND TANGENTIAL STRESSES 
AROUND A WELLBORE FOR CONDITIONS AS GIVEN. 

FIG. 4 — T A N G E N T I A L STRESS AT WELLBORE WALL 
VS WELLBORE PRESSURE FOR DIFFERENT E , I E ^ 

VALUES AND /> yt 0. 

behavior the two Young's moduli for the rock must 
be dctfrmined before the tensi le strength can be 
calculated. 

r i g , 3 is similar to Fig. 2 except that r^ -• ~ . The 
drop in (iQ at r = r̂  as a result of rock bilinearity is 
most severe . In the particular c a se shown {k = 1/4), 
the tangential s t ress is only one-quarter of that 
expected from linear theory. In a l ess severe case , 
like k - \ l l l ' 2 , the di.scrcpancy is close to 30 
percent. A list of k values and respect ive tangential 
s t r e s se s i s given in Table 2. Note that the difference 
between plane s t r e s s and plane strain i s very sl ight. 

Fig. 4 depicts the changes in OQ at r = r,- as a 
function of pj for different values of ;!: when p^ / 0. 
Again the discrepancy between the linear case (k = 1) 
and the bilinear range is remarkable. 

Fig. 5 reveals the drop in tangential s t ress with 
respect to k for different r / r - ra t ios . The trend is 
toward higher-than-expected tensi le strength if linear 
behavior is assumed. 

A few specific results of tangential s t r e s se s forthe 
case of Tp -» CO, pp r- 0, are given in Table 3- The 
calculation of these s t r e s ses necess i ta ted a computer 
program to determine R (Eq. 25). The resulting 
discrepancies from the commonly used linear solution 
are clearly impressive. For example, the tangential 
s t r ess at the wellbore wall in a hard sandstone 
(C^//:^ =0.5) is approximately one-half the expected 
value from c las s i ca l linear solut ions . 

In general , the tangential s t r e s s e s around holes 
as developed according to linear elast ic i ty appear 
to be deceptively high. Numetous examples can be 
cited in the literature where the tensi le strength as 
determined in the laboratory by internal pressurlz
ation of a hollow cylinder was significantly higher 
than expected, owing to the assumption of linearity 
in calculating the tangential s t ress . ' ' •^•^^ 

p » 0 

TABLE 2 — STRESSES AROUND A BOREHOLE UNDER p ^ ^ O 
(FOR DIFFERENT RATIOS OF E,/E^) 

E,/E^ 

1.00 (linear) 
0.67 
0.50 
0.34 
0.25 
0.20 
0.10 
O.OS 

OQat r = r i 

Plane Stress 
(X Pi psi) 

1.00 
0.82 
0.71 
0.58 
0.50 
0.45 ,-
0.32 
0.22 

Plana Stroin 
,le = 0.25 
(X PI psi) 

1.00 
0.80 
0.69 
0.56 
0.49 
0.44 
0.31 
0.22 

TABLE 3 — STRESSES AROUND A BOREHOLE FOR WHICH 
r, = 12 IN. , p^ = 1,000 PSI, p, = 5,000 PSI 

Piano Strain 
,Xe=0 .25 

E,/E^ 

FIG. 5 — TANGENTIAL STRESS AT INNER HOLE WALL 
•VS k KOR DIFFERENT r^/r^ RATIOS. 

1 (linear) 
0.67 
0.50 
0.05 

Plane 

R 
(in;) 

24 
25.2 
26.0 
29.4 

Stress 

<'0 
(psi) 

3,000 
2,211 
1,762 

221 

R 
(in.) 

24 
25.3 
26.1 
29.4 

^0 
(P«i) 

3,000 
2,174 
1,715 
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CONCLUSIONS AND RECOMMENDATIONS 

1. Rock is nonlinear in its e las t ic behavior. When 
linearized for purposes of mathematical ana lys i s , 
the slope of the s t r e s s / s t r a in curve is most often 
higher in compression than it is in tension. A 
recalculation of the s t r e s se s around a circular hole 
based on the assumption of bilinearity reveals 
severe discrepancies between the s t r e s s e s developed 
and those expected from linear e las t ic so lut ions . 

2. In bilinear rock, unlike in linear rock, s t r e s s e s 
around circular holes are a function of the 
material 's e las t ic propert ies. 

3 . As a result of Conclusion 2, the use of the 
hoop-stress method to determine the tensile strength 
of rock appears rather impractical, s ince it requires 
knowledge of rock properties in tension and 
compression. 

4. The resul ts obtained can be applied to calcu
lations of allowable pressures in wellbores (during 
drilling or hydraulic fracturing), pressure tunnels , 
and boreholes . These pressures are always higher 
than expected from linear e las t ic i ty . 

5. In view of the reported resul t s , other indirect 
methods of measuring tensi le strength, like the 
Brazilian, the ring, and the beam t e s t s , should be 
reconsidered. These methods employ loading con
figurations that resul t in mixed s t r e s s e s and 
therefore requite the use of the bilinear assumption. 

6. The obtained resul ts for wellbores justify the 
recalculation of s t r e s s e s wherever both tensi le and 
compressive s t r e s s e s are generated, such as in 
storage cav i t i es , raining excavat ions, and tunnels . 

NOMENCLATURE 

E = Young's modulus 

£ = Young's modulus in compression 

E , = Young's modulus in tension 

E^ = Young's modulus in direction z 

k2 = the ratio E^/E^ 

Pi'Pe ~ ' '" '^ ' ' *"<^ outer pressures 
r,d,z = radial , tangential , and vertical cylinder 

coordinates 
r,-,rg = inner and outer radii of a thick cylinder 

R = radial dis tance from central axis of 
cylinder to the point where a^ = 0 

s,,SQ,s = radial, tangential , and vertical d isplace
ments 

*1''2'^3 ~ principal s t ra ins 
e,i(Q,(^ = normal s t ra ins in cylindrical coordinates 

fi = Po i s son ' s ratio 

^j - Po i s son ' s ratio in tension 

fj. = Po i s son ' s ratio in compression '. 

H^ - Po i s son ' s ratio in direction z 

'rii02tO^ = principal s t r e s s e s 

a^,OQ,a^ = normal s t r e s s in cylindrical coordinates 
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SORPTION OF ARSENIC FROM AQUEOUS SOLUTIONS BY FERROUS SULFIDE 

UDC 622.7:628.34 

Yu. 0. Grigor'ev, N. G. Tyurin, 0. G. Perederii, and N. N. Pustovalov 

ffij mi 1X0 m 
t , m g / l 

Fig. 1, Effect of 
sorbent mass upon 
res idual a r sen ic 
concentra t ion. I n i 
t i a l a r sen ic concen
t r a t i o n 15 m g / l i t e r ; 
pH 7, T = 20 min. 

J M 6 « 
r, niin 

Fig. 2. Kinetics of ar
senic extraction from 
solution by ferrous 
sulfide. Initial arse
nic concentration 15 
mg/liter; pH = 7. Sor
bent concentration, g/ 
liter: 1) 0.625; 2) 
1.25; 3) 2.5. 

At a number of copper smelters, the concentration plant effluents and discharges 
from chemical production processes containing arsenic enter the same slime storage 
pond. The arsenic appears in the recirculating water when the overflow from such a 

pond is used as a recirculating 
supply source. 
Sampling the flotation tailings 

liquid phase under industrial 
conditions at the Krasnoural'sk 
Concentration Plant, which uses 
as a water supply slime pond 
outflows containing up to 60 mg/ 
liter As (mainly in trivalent 
form), showed a reduction in the 
arsenic concentration under flo
tation conditions: in the bulk 
cycle the arsenic residual con
centration is 0.15 mg/liter and 
0.03-0.07 mg/liter in the selec
tive cycle, which is in accord
ance with the public health norms. 

It was assumed that the arsenic 
might be sorbed on sulfide min
erals under flotation conditions. 

Special investigations were un
dertaken to reveal the mechanism 
of the reaction between arsenic 
anions and sulfide minerals in an 
aqueous medium. 

All the investigations were conducted with artificially produced sulfides, and 
with ferrous sulfide in particular, to avoid the possibility of undesirable effects 
from the impurities which exist in natural minerals. It was assumed in addition that 
when the optimum process characteristics were ascertained the method would be impor
tant in its own right, as a method of removing arsenic from non-ferrous metallurgy 

enterprise effluents. 
Ferrous sulfide was synthesized on the basis of ferrous 

sulfate and sodium thiosulfate in an alkaline medium, subse
quently washing out the fine crystalline precipitate corre
sponding to FeS (Fe 64%, S 36%). The experimental method was 
as follows. The artificially prepared ferrous sulfide (FeS) 
was added to 400 ml of the'initial solution of trivalent ar
senic with a concentration of 15 mg/liter, with mixing at a 
high rate. The solution residual arsenic concentration was 
found by photometry, using silver diethyldithiocarbamate in 
pyridine solution [IJ. 

It follows from Fig. 1 that even very small amounts of sul
fide (30-15 mg per mg As) reduce the arsenic concentration to 
1-2 mg/liter, and 500-1000 mg of sulfide purify the solutions 
(where FeS:As = 170), to the maximum permitted concentration. 
The experimental curves (Fig. 2) indicate that there are 

two arsenic sorption stages: a rapid stage, in which most of 
the material is sorbed, and a slow stage which, when complete, 
brings the system into equilibrium. 

In our view, the arsenic sorption process is in accordance 
with the equation 

/ i 11 fH 

Pig. 3. Effect of pH 
upon r e s idua l a r s e 
nic concen t ra t ion . 
I n i t i a l arsenic , con 
cen t ra t ion 15 mg/ 
l i t e r ; sorbent con
cent ra t ion 0.625 g/ 
l i t e r , T = 10 min. 

FojSj03(OH)5-i-2A!.Or2Fe.S,03(As05)j-i-20H-

Thus arsenic must be a competing anion relative to the collector ions. It is known 
that substantial concentrations depress the flotation process (2). It was established 
by experiment that the presence of up to 50 mg/liter of arsenic in the recirculating 
V'ater at the Krasnoural'sk Concentration Plant did not have an adverse effect upon 
copper-zinc ore flotation figures. 
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A Study of the effect of pH (Fig. 3) upon the extent of purification shov/ed that 
the best results were achieved in the 6.5-7.5 pH range. This may be the result of 
changes in sulfide surface properties at various pH values. Elementary sulfur is 
formed on the mineral surface in an acid medium. This is confirmed by the fact that: 
at pH 5-5.5 synthesized lead, zinc, and cadmium sulfides contain up to 1% elementary 
Sulfur and do not sorb arsenic, even when air is bubbled through at high rates. 

The investigations showed that sulfide minerals are sorption-active in relation to 
trivalent arsenic. 

REFERENCES - {v;' 

1. A. K. Babko and A. T. Pilipenko, Photometric Analysis. Methods of Determining'.' 
Non-Metals, Moscow, Khimiya, 19 74, 257 pages, illustrated. 

2. A. M. Gaudin, Principles of Flotation, Moscow, Gosgortekhizdat, 1963, 614 page*, 
illustrated. . ..; 
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The removal of arsenic from cobaltiferous solutions is usually combined with iron 
removal. Up to the present there has been no single 
opinion as to the mechanism of arsenic precipitation. 
A range of investigations to study conditions for ar

senic separation have been carried out in the department 
of metallurgy of heavy non-ferrous metals at the S. M. 
Kirov Orals Polytechnical Institute by I. F. Khudyakov 
and E. Z. Kharitidi. They showed that thorough (98.5-
99.5%) purification of solutions was possible when tri
valent iron sulfate is added up to an Fe:As ratio in the 
solution of not less than 2:1. 

Introduction of bival
ent iron ions with sub
sequent oxidation by 
air or oxygen over a 
period of 1 hr ensures 
the removal of 92% As 
with air oxidation and 
96-97% when oxygen is 
used. 
The oxidation time, 

the ratio of iron to ar
senic in the initial 
solution, the hydrogen 
ion concentration, and 
coprecipitation of val
uable constituents into 
the ion-arsenic cakes 
are the most important 
indices in the opera
tion of arsenical purifi
cation. Identifying the 
optimum parameters is 
therefore an urgent 
problem in processing 
concentrates containing 

arsenic. 
These patterns were studied under Urals Nickel Combine 

conditions,, with actual solutions obtained from dissol
ving production concentrates. A proportional relation
ship between the Fe and As content and arsenic extrac
tion into cake was found when studying the effect of 
the Fe:As ratio in the solution (Fig. 1). 
Removal of arsenic at pH = 3.5 and t = 40" C was 85% 

at Fe:As = 1:1 and 94% at Fe:As = 2. Increasing the pH 
to 4.5 increased arsenic extraction into cake to 93% at Fe:As = 1:1, to 98% at Fe:As = 
2:1, and to 99% at Fe:As = 4:1. 
Reducing the acidity of the solution at the end of precipitation increases the ex

tent of arsenic removal from the solutions. In these circumstances, however, there 
are increased losses of valuable metals with the precipitated cake. 
Raising the temperature from 40-50 to 80° C causes some reduction in the extent of 

arsenic removal from the solutions, due to acceleration of the back reaction of ar
senic compound dissolution. 
The data obtained formed the basis of industrial technology for arsenic separation 

from cobaltiferous solutions (Fig. 2). 
Acid repulping of the cakes (see Table) substantially increases the extraction of 

non-ferrous metals into the finished product and so reduces irrecoverable losses of 

Fig. 1. Changes in As con
tent (1) and Fe + content 
(2) of solution and in As 
extraction into cake (3) 
according to duration of 
oxidation with atmospher
ic oxygen. 

Fig. 2. Flow chart for 
processing concent
rates containing arse
nic. 

Combined Results 
tion of Elements 
• rate, % 

of Extrac-
into Filt-

Element 

Cobalt. 
Nickel. 
Copper. 
Iron... 
Arsenic 

3 a. 
0 .H 
* 3 CK 
4J a c 

93.20 
92,30 
68.80 
2.09 
0,30 

W i t h r e p u l p 
i n g a t pH 

3.0 

96.40 
95,80 
83,40 
3,07 
1,00 

3.6 

96.36 
95.70 
83.00 
2.48 
0,74 
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Single Borehole Mining of Uranium Ore 

Objective 
To mine uraniferous sand
stone in an economically 
feasible and environmentally 
compatible manner without 
placing men underground. 

Approach 
Uraniferous sand is remotely 
extracted through a single 
borehole by cutting into the 
ore around the borehole with 

a high pressure water jet, 
and pumping the resulting 
slurry to the surface. 

How It Works 
A 16-inch-diameter borehole 
is drilled from the surface 
down into the buried mineral 
deposit, and the mining tool 
is installed. High pressure 
water is released as a jet 
from a nozzle in the mining 
tool to erode the ore, forming 

System and tool for single borehole slurry mining. 

a slurry that flows to the 
bottom of the cavity. The 
slurry is drawn into inlets 
located near the bottom of 
the drill string. See drawing. 

After being pumped to 
the surface, the slurry is 
weighed, metered, and checl<-
ed for radioactivity. It is 
then deposited into one of a 
pair of sumps. Water col
lecting in the sumps drains 
into an adjoining pond for 
reuse. Thicl̂ ened ore in the 
sumps is removed and 
placed in piles. 

The mining tool consists 
of a 12-inch-diameter drill 
string and accessories, that 
is tipped with a mining sec
tion. This section has an 
auger at the bottom. Four 
slurry inlet holes and the 
eductor are located above 
the auger, and the single cut
ting nozzle is located near 
the top of the mining section. 

A kelly section on the 
surface is connected to the 
mining section by lengths of 
standard pipe. The kelly sec
tion along with all the sec
tions below it, can be rotated 
by means of the rotary table. 
Rotation is used to auger 
down into the broken ore in 

This document was prepared by the Bureau of Mines. Neither the United States Government nor any person acting on behalf of the United States 
Government assumes any liability resulting from the use of the information contained in this document, or warrants that such use be free from privately 
owned rights. 



the borehole; it also allows 
the water jet to be turned. 

Above the rotatable kelly 
section, there is a non rota
ting swivel section which is 
suspended from a crane. 
The swivel section contains 
two water inlets and one 
water outlet. These are con
nected to three annular pass
ages, which in turn connect 
through the standard sec
tion to the mining section. 

The underground system 
is powered by two sources 
of high pressure water on 
the surface. Water from a 
2,000 psi pump is released 
from the cutting nozzle to 
erode the ore. Water from 
an 800 psi pump drives the 
eductor used to suck slurry 
from the mined cavity into 
the return flow. 

The eductor was adopted 
for drawing off the slurry 
after repeated failures of 
pumps installed at the bot
tom of the drill string. The 
eductor, a low-efficiency, 
venturi section device has 
the overriding advantage of 
no moving parts. No failures 
or problems have occurred 
while pumping the abrasive 
uraniferous sandstone slurry 
or other slurries. 

System benefits include: 
1. Precludes health and 

safety problems of 
underground mining. 

2. Ore fragmentation and 
transportation are a 
single continuous 
process. 

3. Small or erratic deposits 
can be mined. 

4. FYoduction begins with
out underground devel
opment. 

5. Crushing and grinding 
are unnecessary. 

6. Environmental impacts 

are minimal. No over
burden is removed. 
Groundwater quality is 
normally not impaired. 

Test Results 
This slurry borehole mining 
system is an outgrowth of 
Bureau of Mines research 
begun during 1973. Starting 
in July 1976 a coal mining 
design, built by Flow Indus
tries to Bureau specifica
tions, was tested for six 
weeks. Testing took place 
near Wilkenson, Washington 
on property of the Donald 
Hume Association, under a 
cooperative agreement with 
the Bureau. The first design 
was not economically feas
ible for coal mining, but anal
ysis suggested that a higher 
output (40 tons per hour) 
system would be. Coal appli
cations of this research are 
now responsibility of DOE. 

To adapt the system to 
mining uranium-ore-bearing 
sandstone, the cutting pres
sure was reduced from 4,000 
psi to 1,500 psi, and the flow 
was increased from 200 gpm 
to 1500 gpm. A second gen
eration system was built 
incorporating a new nozzle 
and turning vanes, both de
signed by TRW corporation 
under a Bureau of Mines 
contract. 

The improved system Was 
successfully tested for six 
weeks beginning in July 
1977. Testing took place at 
Nine-Mile 1-ake in Natrona 
County, Wyoming on pro
perty of the Rocky Mountain 
Energy Corporation under a 
cooperative agreement with 
the Bureau. During this test
ing ore was cut at horizontal 
distances of up to 25 feet 

and an average rate of 8 tons 
per hour. A total of 350 tons 
of uraniferous ore were min
ed from a 10-foot-thick seam 
at depths of 75 to 100 feet. 

Testing of methods to pre
vent environmental damage 
should be completed this 
month. Two problems, sub
sidence of the ground above 
the mined cavity and the 
radioactivity of the ore tail
ings, are being attacked by 
injecting the ore tailings back 
into the hole. Future work 
includes evaluation of the 
effectiveness of this method 
for other minerals. 

This mining system was 
developed by the Bureau 
of Mines through in-house 
research and contract re
search. The project officer 
is Dr. George Savanick of 
the Bureau's Twin Cities 
Mining Research Center. 

Patent Status 
The U.S. Department of the 
Interior is not applying for a 
patent on the borehole min
ing tool. The Department 
does hold a patent on a 
backwashing system that is 
often used with this tool. 
That system was invented 
by John B. Cheung and Earll 
M.Murman. 

For More 
Information 
Drawings and specifications 
are available. Requests 
should be addressed to: 
Technology Transfer Officer 
Bureau of Mines 
Twin Cities Mining Research 

Center 
P.O. Box 1660 
Twin Cities, MN 55111 
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SOME CONSIDERATIONS IN THE DESIGN OF 
BLASTS FOR IN SITU COPPER LEACHING 

by 

Dennis V. D'Andrea,' William C. Larson,^ 
Peter G. Chamberlain,' and James J. Olson^ 

ABSTRACT 

Blasts designed for In situ copper leaching must 
produce adequate fragmentation and permeability for 
successful leaching. Copper recovery depends to a 
large extent on the particle size distribution 
created by the blast, the permeability In the blast-
fractured zone, and the ability to maintain solution 
flov vith a minimum amount of channeling. This paper 
presents the results of Bureau of Mines experiments 
where core drilling was used before and after 
blasting to establish the degree of fragmentation. 
Data are presented from tests at the Sierrita mine of 
Duval Corp., and also from tests at the Emerald Isle 
mine of El Paso Mining and Milling Co. Copper re
covery is predicted from fragment size distribution 
data using a coxpucer model. Data from several 
blasts are used to show hov predicted copper recovery 
is related to powder factor. 

INTRODUCTION 

Obtaining maximum copper recovery within a 
reasonable time is the most important requirement for 
successful in situ leaching. Copper recovery depends 
on the ore body mineralization, the degree of frag
mentation produced by blasting, the permeability of 
the broken ore, the chemical characteristics of the 
leach solution! and the leach solution circulation 
system. Although all of these factors have signifi
cant effects on copper recovery, the blast design is 
the nost important variable under the control of the 
mine operator. Blasting must adequately fragment the 
ore and produce a particle size distribution that is 
suitable for good leaching. The blasting must also 
increase permeability such that the leach solution 
can continue to contact the broken ore, with a mini
mum amount of channeling, for the life of the 
operation. 

This paper describes a method of designing 
blasts for in situ leaching based on fragment size 
distribution measurements obtained from drill core 
taken before and after a series of test blasts. 

* Geophysicist. 
2 Geologist 
' Supervisory mining engineer. 
All authors are with the Twin Cities Mining 
Research Center, Bureau of Mines, U.S. Department 
of the Interior, Twin Cities, Minn. 

Bureau of Mines fragmentation experiments at the 
Sierrita mine of Duval Corp., near Tucson, Ariz. 
(2,1 £) and at the Emerald Isle mine of El Paso Mining 
and Milling Co. near Kingman, Ariz. (1) are summarized. 
Copper recovery is predicted using a computer program 
and the results of fragment size measurements and 
laboratory leaching tests. 

BLASTING TESTS 

The Sierrita mine test was a nine-hole blast 
detonated with blasthole spacings of 15, 20, and 25 
feet and powder factors of 1.13, 0.64, and 0.41 lb/ton, 
respectively. These blastholes were 9 inches in 
diameter and 110 feet deep. The Emerald Isle mine 
blasts were detonated in two test areas. The Phase 1 
test area Involved ore exposed in the pit bottom. 
Seven 8.375-inch-diameter blastholes 47 feet deep, 
spaced 25 feet apart, were used vith a powder factor 
of 0.78 lb/ton. The ore fragmented in the Phase II 
test at the Emerald Isle mine was under 205 feet of 
overburden and extended to 277 feet. Two blasts were 
detonated In the Phase II area, the first with seven 
9-inch-diameter blastholes spaced 20 feet apart with 
a powder factor of 0.95 lb/ton, and the second with 
three 9-inch-dlameter blastholes spaced 18 feet apart 
with a powder factor of 1.47 lb/ton. The second 
Phase II test blast was detonated in an effort to 
improve the fragmentation in the area broken by the 
first blast. 

• CORE DRILLING 

Core holes were drilled before and after 
blasting with an NQ double-barrel wireline system 
using drilling mud. The drill core produced was 
about 2 inches in diameter. Drilling into ore 
broken by blasting presented no major problems and 
was accomplished with return circulation of drill mud. 
The core drilling process did, however, create 
additional fracturing of the core, resulting in a 
finer fragment size distribution than was actually 
present in the blasted ore. 

RESULTS OF FRAGMENT SIZE MEASUREMENTS 

Table 1 lists the results of drill core 
measurements. The quartz monzonite porphyry ore at 
the Sierrita mine was more highly fractured initially 
than the Gila Conglomerate ore at the Emerald Isle 
mine. The Sierrita mine preshot core data are the 
average of three holes, and both the postshot 
25-foot and the 20-foot spacing data are the 
averages of two holes. The Emerald Isle mine 
preshot core data are the average of two holes, one 
in the Phase I area and the other in the Phase II 
area. Preshot core from the Phase I and Phase II 
areas did not differ significantly so these two core 
holes were combined. Unfortunately a postshot core 
hole was not drilled in the Phase I test area at the 
Emerald Isle mine. However, a postleach core hole 
was drilled in this area after completion of an 
In-place leaching test. 

Figure 1 shows the fragment size distribution 
curves for the Sierrita ore, and Figure 2 Is a simi
lar plot for the Emerald Isle ore. These curves were 
obtained by least squares fitting of the Weibull 
.distribution function to the actual size data. The 
average size data listed in Table 1, based on 50 
percent passing, were obtained using the curves 
shown on Figures 1 and 2. 
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owing to differences in pH and leaching characteris
tics of the ore. 

Figure 5 Is a plot showing predicted and actual 
copper recovery versus time for the Emerald Isle 
Phase I test area, which was leached in-place for 117 
days. The actual copper recovery was much less than 
the predicted recovery, because (1) the computer 
model has limitations that reSolt In overestimating 
the copper recovery, and (2) the drilling process 
created additional breaks and fracturing of the drill 
core resulting in a finer indicated size distribution 
than the true in situ size distribution. However, the 
procedure of coring and predicting copper recovery 
used in this paper does have value in establishing an 
upper limit on the predicted copper recovery. 

FIGURE 1. - Fragment size distribution 
curves for Sierrita ore. 
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FIGURE 2. Fragment size distribution 
curves for Emerald Isle ore. 

COMPUTER-PREDICTED COPPER RECOVERY 

Copper recovery was calculated from the size 
distribution data using a computer program..developed 
by Madsen, Wadsworth, and Groves O ) . Thl# computer 
program, based on a mixed kinetics model, assumes that 
bulk solution transport is not rate controlling. Cir
culation of leach solution around each particle is 
assumed to be sufficient to maintain the necessary 
chemical reactions. In actual practice, however, the 
leach solution does not contact all of the ore because 
of channeling and permeability variations within the 
ore body so that this computer model will overestimate 
copper recovery values. Laboratory leaching tests 
were run to determine the two constants required as 
input to the computer program. These constants depend 
on the type of ore being leached and on the character
istics of the leach solution (primarily the pH). 

Figure 3 shows the predicted copper recovery 
versus time for the Sierrita ore. These curves are 
based on leaching with sulphuric acid at a pH of 2. 
Figure 4 shows predicted copper recovery for the 
Emerald Isle ore based on leaching with sulphuric add 
at a p3 of 1.5. (These pH values were selected 
because laboratory leaching tests were run at these 
levels.) Although the measured fragmentation was 
better in the Sierrita ore, the predicted copper re
covery was DOE a s high as for the Emerald lale ore 
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FIGURE 3 . - Predicted copper recovery 
versus time for S i e r r i t a o re . 
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FIGURE 4. - Predicted copper recovery versus 
time for Emerald lale ore. 
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TABLE 1. - Drill core data 

Emerald Isle 
Preshot Postleach, 

Phase I 
Postshot 1, 
Phase II 

Postshot 2, 
Phase II 

Core run, ft 
Core length recovery, 

pet 
RQD, pet 
Average size, in..... 

(SOZ passing) 
Largest piece, in.... 

Core run, ft 
Core length recovery, 
pet 

RQD, pet 
Average size, in 

(50Z passing) 
Largest piece. In.... 

70.6 

90 
68 
6.4 

33 

54.0 

35 
11 
0.5 

43.7 

83-
40 
3.1 

20 

77.5 

67 -^ 
31 
1.5 

16 
Sierrita 

Preshot Postshot, 
2 5-ft 

spacing 

Postshot, 
20-ft 

spacing 

Postshot, 
15-ft 
spacing 

117.5 

98 
37 
2.6 

17 

113 

79 
24 
1.9 

11 

105.5 

52 
10 
.9 

110.5 

37 
10 
.6 

TABLE 2. - Powder factor and predicted copper recovery 

Location 

Sierrita 
Preshot 
Postshot, 25-ft spacing 
Postshot, 20-ft spacing 
Postshot, 15-ft spacing 

Emerald Isle 
Preshot 
Phase II, postshot 1 
Phase II, postshot 2 
Phase I, postleach 

Powder factor,' 
lb/ton 

0.00 
.41 
.64 

1.13 

0.00 
.95 

2.42^ 
.78 

Predicted copper'^ 
recovery, pet • 

.- 23 
30 
49 
56 

38 
54 
68 
83 

* Powder factor (lb/ton) - 1814 Pe ,0.2 
P ^S' 
r 

vhere 

Pe •= specific gravity, explosive 
F • specific gravity, rock 
D " blasthole diameter, ft 
S ^ blasthole spacing, ft 

for ore in powder column zone only 

' Predicted recovery after 700 days of leaching. 
' Powder factor of 2.42 is the sum of powder factors for two blasts with 
powder factors of 0.95 and 1.47. 
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FIGURE 5. - Comparison of actual and 
predicted copper recovery for 

Emerald Isle ore. 

FIGURE 6. - Predicted copper recovery 
versus powder factor. 

If this upper limit is below that required for 
economic success, the deposit being investigated 
should not be leached in-place. With the use of 
improved drilling techniques utilizing a triple-tube 
core barrel with a split inner tube and the develop
ment of improved computer models for predicting 
copper recovery, the accuracy and reliability of pre
dicting copper recovery by coring into blasted ore 
will be greatly improved. 

PREDICTED COPPER RECOVERY VERSUS' 
POWDER FACTOR 

Table 2 lists the powder factors for each blast 
and the associated predicted copper recovery. The 
powder factor listed for the Emerald Isle Phase II, 
postshot 2 blast of 2.42 lb/ton Is the sum of the 
individual powder factors for the two blasts that were 
detonated in the Phase II area with powder factors of 
0.95 and 1.47. lb/ton. Figure 6 is a plot showing how 
predicted copper recovery increases with increasing 
powder factor. The Sierrita data and the Emerald Isle 
Phase I data are for blasts that broke ore from some 
depth to the surface. The Emerald Isle Phase II 
blasts were detonated under 200 feet of overburden, 
and the plot of these data indicates a slower rate of 
increasing predicted copper recovery due to the 
effects of overburden confinement. In actual practice 
the economic advantages of improved recovery due to 
better fragmentation with higher powder factors would 
have to be weighed against the greater drilling and 
blasting costs necessary for higher powder factors. 

CONCLUSIONS 

Core drilling before and after blasting is very 
useful in measuring the change in fragment size 
distribution created by blasts for in situ leaehing. 
The upper limit of copper recovery can be predicted 
from the results of the fragmentation size distri
bution analysis and laboratory leaching tests using 
computer models. These methods can be applied to 
several small test blasts to estimate the relation
ship between predicted copper recovery and powder 
factor for a particular ore body. This combined In
formation is valuable in establishing the in situ 
leaching.potential of a copper ore body and in 
designing large blasts for in situ leaching. 
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SOME CONSIDERATIONS IN THE DESIGN OF 
BLASTS FOR IN SITU COPPER LEACHING 

by 

Dennis V. D'Andrea,^ William C. Larson,^ 
Peter G. Chamberlain,' and James J. Olson^ 

ABSTRACT 

Blasts designed for in situ copper leaehing must 
produce adequate fragmentation and permeability for 
successful leaching. Copper recovery depends to a 
large extent on the particle size distribution 
created by the blast, the permeability in the blast-
fractured zone, and the ability to maintain solution 
flow with a minimum amount of channeling. This paper 
presents the results of Bureau of Mines experiments 
where core drilling was used before and after 
blasting to establish the degree of fragmentation. 
Data are presented from tests at the Sierrita mine of 
Duval Corp., and also from teats at the Emerald Isle 
mine of El Paso Mining and Milling Co. Copper re
covery is predicted from fragment size distribution 
data using a computer model. Data from several 
blasts are used to show how predicted copper recovery 
is related Eo powder factor. 

INTRODUCTION 

Obtaining maximum copper recovery within a 
reasonable time is the most important requirement for 
successful in situ leaching. Copper recovery depends 
on the ore body mineralization, the degree of frag
mentation produced by blasting, the permeability of 
the broken ore, the chemical characteristics of the 
leach solution, and the leach solution circulation 
system. Although all of these factors have signifi
cant effects on copper recovery, the blast design Is 
the most important variable under the control of the 
mine operator. Blasting must adequately fragment the 
ore and produce a particle size distribution that is 
suitable for good leaching. The blasting must also 
Increase permeability sueh that the leach solution 
can continue to contact the broken ore, with a mini
mum amount of channeling, for the life of the 
operation. 

This paper describes a method of designing 
blasts for in situ leaching based on fragment size 
distribution measurements obtained from drill core 
taken before and after a series of test blasts. 

' Geophysicist. 
^ Geologist 
^ Supervisory mining engineer. 
All authors are with the Twin Cities Mining 
Research Center, Bureau of Mines, U . S . Department 
of the Interior, Twin Cities, Minn. 
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Bureau of Mines fragmentation experiments at the 
Sierrita mine of Duval Corp., near Tucson, Ariz. 
(̂ , 4̂) and at the Emerald Isle mine of El Paso Mining 
and Milling Co. near Kingman, Ariz, ( l ) are summarized. 
Copper recovery is predicted using a computer program 
and the results of fragment size measurements and 
laboratory leaehing tests. 

BLASTING TESTS 

The Sierrita mine test was a nine-hole blast 
detonated with blasthole spacings of 15, 20, and 25 
feet and powder factors of 1.13, 0.64, and 0.41 lb/ton, 
respectively. These blastholes were 9 inches in 
diameter and 110 feet deep. The Emerald Isle mine 
blasts were detonated in two test areas. The Phase I 
test area involved ore exposed in the pit bottom. 
Seven 8.375-lneh-diameter blastholes 47 feet deep, 
spaced 25 feet apart, were used with a powder factor 
of 0.78 lb/ton. The ore fragmented in the Phase II 
test at the Emerald Isle mine was under 205 feet of 
overburden and extended to 277 feet. Two blasts were 
detonated in the Phase II area, the first with seven 
9-inch-diameter blastholes spaced 20 feet apart with 
a powder factor of 0.95 lb/ton, and the second with 
three 9-inch-dlameter blastholes spaced 18 feet apart 
with a powder factor of 1.47 lb/ton. The second 
Phase II test blast vas detonated in an effort to 
improve the fragmentation in the area broken by the 
first blast. 

CORE DRILLING 

Core holes were drilled before and after 
blasting with an NQ double-barrel wireline system 
using drilling mud. The drill core produced was 
about 2 inches in diameter. Drilling into ore 
broken by blasting presented no major problems and 
was accomplished with return circulation of drill mud. 
The core drilling process did, however, create 
additional fracturing of the core, resulting in a 
finer fragment size distribution than was actually 
present in the blasted ore. 

RESULTS OF FRAGMENT SIZE MEASUREMENTS 

Table 1 lists the results of drill core 
measurements. The quartz monzonite porphyry ore at 
the Sierrita mine was more highly fractured initially 
than the Gila Conglomerate ore at the Emerald Isle 
mine. The Sierrita mine preshot core data are the 
average of three holes, and both the postshot 
25-foot and the 20-foot spacing data are the 
averages of two holes. The Emerald'Isle mine 
preshot core data are the average of two holes, one 
In the Phase I area and the other in the Phase II 
area. Preshot core from the Phase I and Phase II 
areas did not differ significantly so these two core 
holes were combined. Unfortunately a postshot core 
hole was not drilled in the Phase I test area at the 
Emerald Isle mine. However, a postleach core hole 
was drilled in this area after completion of an 
in-place leaching test. 

Figure 1 shows the fragment size distribution 
curves for the Sierrita ore, and Figure 2 is a simi
lar plot for the Emerald Isle ore. These curves were 
obtained by least squares fitting of the Weibull 
distribution function to the actual size data. The 
average size data listed in Table 1, based on 50 ^ 
percent passing, were obtained using the curves | 
shown on Figures 1 and 2. 
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owing to differences in pH and leaching characteris
tics of the ore. 

Figure 5 is a plot showing predicted and actual 
copper recovery versus time for the Emerald Isle 
Phase I test area, which was leached in-place for 117 
days. The actual copper recovery was much less than 
the predicted recovery, because (1) the computer 
model has limitations that result in overestimating 
the copper recovery, and (2) the drilling process 
created additional breaks and fracturing of the drill 
core resulting in a finer indicated size distribution 
than the true in situ size distribution. However, the 
procedure of coring and predicting copper recovery 
used in this paper does have value In establishing an 
upper limit on the predicted copper recovery. 

FIGURE 1. - Fragment size distribution 
curves for Sierrita ore. 
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FIGURE 2. - Fragment size distribution 
curves for Emerald Isle ore. 

COMPUTER-PREDICTED COPPER RECOVERY 

Copper recovery was calculated from the size 
distribution data using a computer program developed 
by Madsen, Wadsworth, and Groves (^). This computer 
program, based on a inixed kinetics model, assumes that 
bulk solution transport is not rate controlling. Cir
culation of leach solution around each particle is 
assumed to be sufficient to maintain the necessary 
chemical reactions. In actual practiee, however, the 
leach solution does not contact all of the ore because 
of channeling and permeability variations within the 
ore body so that this computer model will overestimate 
copper recovery values. • Laboratory leaching tests 
were run to determine the two constants required as 
input to the computer program. These constants depend 
on the type of ore being leached and on the character
istics of the leach solution (primarily the pH). 

Figure 3 shows the predicted copper recovery 
versus time for the Sierrita ore. These curves are 
based on leaching with sulphuric acid at a pH of 2. 
Figure 4 shows predicted copper recovery for the 
Emerald Isle ore based on leaching with sulphuric acid 
at a pH of 1.5. (These pH values were selected 
because laboratory leaching tests were run at these 
levels.) Although the measured fragmentation was 
better in the Sierrita ore, the predicted copper re
covery was not as high as for the Emerald Isle ore 
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TIME, doys 

FIGURE 3. - Predicted copper recovery 
versus time for S i e r r i t a ore . 
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FIGURE 4. - Predicted copper recovery versus 
time for Emerald I s l e ore . 
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TABLE 1. - Drill core data 

Emerald Isle 
Preshot Post leach, 

Phase I 
Postshot 1, 

Phase I I 
Postshot 2, 

Phase I I 
Core run, f t 
Core length recovery, 
pet 

RQD, pet 
Average size, in 

(50% passing) 
Largest piece, in.... 

Core run, ft 
Core length recovery, 
pet 

RQD, pet 
Average size, in 

(50% passing) 
Largest piece, in.... 

70.6 

90 
68 
6.4 

33 

54.0 

35 
11 
0.5 

43.7 

83 
40 
3.1 

20 

77.5 

67 
31 
1.5 

16 
Sierrita 

Preshot Postshot, 
25-ft 

spacing 

Postshot, 
20-ft 

spacing 

Postshot, 
15-ft 

spacing 
117.5 

98 
37 
2.6 

17 

113 

79 
24 
1.9 

11 

105.5 

52 
10 
.9 

110.5 

37 
10 

TABLE 2. - Powder factor and predicted copper recovery 

Location Predicted copper'^ 
recovery, pet 

Sierrita 
Preshot 
Postshot, 
Postshot, 
Postshot, 

25-ft spacing 
20-ft spacing 
15-ft spacing 

Emerald Isle 
Preshot 
Phase II, postshot 1 
Phase II, postshot 2 
Phase I, postleach 

23 
30 
49 
56 

38 
54 
68 
83 

1 Powder factor (lb/ton) = 1814 Pe . D . ' 
P ^ s ' 
r 

where 

Pe = specific gravity, explosive 
P = specific gravity, rock 
D = blasthole diameter, ft 
S = blasthole spacing, ft 

for ore in powder column zone only 

^ Predicted recovery after 700 days of leaching. 
^ Powder factor of 2.42 is the sum of powder factors for two blasts with 
powder factors of 0.95 and 1.47. 
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FIGURE 5. - Comparison of actual and 
predicted copper recovery for 

Emerald Isle ore. 

If this upper limit is below that required for 
economic success, the deposit being investigated 
should not be leached in-place. With the use of 
improved drilling techniques utilizing a triple-tube 
core barrel with a split inner tube and the develop
ment of Improved computer models for predicting 
copper recovery, the accuracy and reliability of pre
dicting copper recovery by coring into blasted ore 
will be greatly improved. 

. PREDICTED COPPER RECOVERY VERSUS 
POWDER FACTOR 

Table 2 lists the powder factors for each blast 
and the associated predicted copper recovery. The 
powder factor listed for the Emerald Isle Phase II, 
postshot 2 blast of 2.42 lb/ton is the sura of the 
individual powder factors for the two blasts that were 
detonated in the Phase II area with powder factors of 
0.95 and 1.47 lb/ton. Figure 6 is a plot showing how 
predicted copper recovery increases with Increasing 
powder factor. The Sierrita data and the Emerald Isle 
Phase I data are for blasts that broke ore from some 
depth to the surface. The Emerald Isle Phase II 
blasts were detonated under 200 feet of overburden, 
and the plot of these data indicates a slower rate of 
increasing predicted copper recovery due to the 
effects of overburden confinement. In actual practice 
the economic advantages of improved recovery due to 
better fragmentation with higher powder factors would 
have to be weighed against the greater drilling and 
blasting costs necessary for higher powder factors. 

FIGURE 6. Predicted copper recovery 
versus powder factor. 

CONCLUSIONS 

Core drilling before and after blasting is very 
useful in measuring the change in fragment size 
distribution created by blasts for in situ leaching. 
The upper limit of copper recovery can be predicted 
from the results of the fragmentation size distri
bution analysis and laboratory leaehing tests using 
computer models. These methods can be applied to 
several small test blasts to estimate the relation
ship between predicted copper recovery and powder 
factor for a particular ore body. This combined in
formation is valuable in establishing the in situ 
leaching potential of a copper ore body and in 
designing large blasts for in situ leaching. 
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SITE CHARACTERIZATION OF JOINT PERMEABILITY USING THE HEATED BLOCK TEST 

By M. Voegele, E. Hardin, D. 1~ ' ^"— 

Terra Tek, Inc., S 

EARTH SCIEf̂ CE i m . 
INTRODUCTION 

The isolation of nuclear waste in a mined rock 
repository poses unique problems in site characteriza
tion. The ultimate barrier to radionuclide migration 
to the biosphere is the joints and major discontinui
ties that are pervasive at least to several kilometers 
depth. Modelling the potential effects of these joints 
on near-field conditions requires that the thermal, 
mechanical and hydraulic properties of joints are 
coupled. Acquisition of joint data is therefore a 
more demanding problem than at any previous time. 

Tunneling and mining experience, physical models 
(Barton and Hansteen, 1979) and numerical models 
(Voegele 1978, Wahi et al. 1980) demonstrate the 
possibility of significant shear displacement along 
joints exposed by an excavation. This process is 
enhanced by anisotropic stress distributions, by tran
sient thermal loading and by dynamic loading from 
earthquakes. If the relevant joints are rough, with 
high wall strength, stability will not necessarily be 
reduced by the shearing process since roughness-
induced dilation will lock the joints in some finite 
displaced position. The only serious consequence of 
this process is the joint aperture strain. Perme
ability may be enhanced around the repository and 
shaft. According to the present studies a significant 
shear displacement may be as little as 0.2 ram. 

Model studies of flow in a rough joint replica 
sheared at very low stress reported by Maini (1971), 
indicated that joint permeability could increase as 
much as one order of magnitude in the first 2 mm of 
shear displacement, and a further one order of magni
tude in the next 4 mm of shear displacement. Although 
these effects would be reduced at realistic levels of 
normal stress, their influence could have important 
influence on repository sealing requirements. 

The effect of temperature on joint permeability has 
not been an area of extensive research, although this 
deficiency is rapidly being adjusted. Tests by Nelson 
(1975) on single fractures in sandstone subjected to a 
relatively low confining pressure (0.1 MPa) indicated 
initial increases in permeability to 60°C, followed by 
significant reductions when increasing the temperature 
further to lOCC. In-situ tests conducted in Stripa 
granite by Lundstrom and Stille (1978) using water 
temperatures of 10°C and 35°C indicated a 50% reduc
tion in joint permeability, despite the reduced vis
cosity of water at the higher temperature. Unfortun
ately there was no coupling of permeability measure
ments with the full-scale and time-scaled heater 
experiments, and no possibility of controlling the 
total normal stress acting across the joints during 
the flow tests. 

Ambient tests of joint perraeability as a function 
of normal stress or aperture have been widely reported 
There appears to be considerable discrepancy in the 
interpretation of results. Some authors (e.g. Wither-

Proceedings of the 22nd U.S. Symposfum on Rock ' 
Mechanics: Rock Mechanics from Research to Application 
held at Mass. Inst, of Tech., June 28-July 2, iVsi 
compiled by H.H.. Einstein 

spoon et al. 1979a) have suggested that the cubic law 
relating aperture and flow rate is valid even for 
rough fractures in intimate contact. Other authors 
(e.g. Kranz et al. (1979) and Walsh (1981)) have 
explained the measured flow reductions caused by 
tortuosity and roughness, by a modification to the law 
of effective stress. 

The possibility of a scale effect on joint perme
ability has been suggested by Witherspoon et al. 
(1979b). At present, the data base is too limited and 
diverse to make definite conclusions. It is often 
unreasonable to try to compare the permeabilities of 
rough, fresh artificial fractures (a typical test 
configuration) with weathered natural joints of dif
ferent roughness, since the degree of aperture closure 
under a given stress level will vary in each case. 
Recent work (Barton, 1981a) suggests that scale depen
dent joint permeability will probably not be a signi
ficant factor under conditions of pure normal closure, 
but will be observed when shearing occurs. This is 
due to the scale-dependent dilation that occurs when 
joints of different length are sheared, as shown in a 
major test program reported by Bandis (1980). 

HEATED BLOCK TEST 

The' pressing need for large scale coupled therrao-
mechanical-hydraulic test data prompted Terra Tek's 
current 8 m^ block test, performed under contract with 
the Office of Nuclear Waste Isolation. The site is 
located in gneiss, about 150 metres underground in a 
test adit in the Colorado School of Mines experimental 
mine in Idaho Springs. 

The 2x2x2 metres block is located in the floor of 
the test adit. Loading is applied on four vertical 
sides with flatjacks. The base is attached to the 
surrounding rock mass. The vertical sides of the 
specimen were formed by line drilling. The extreme 
hardness of the quartz lenses in the gneiss caused 
unexpected difficulties with hole alignment, and 
diamond coring of the slots was required. 

The surface of the block is instrumented with some 
30 pairs of Whittemore bolts for recording strain 
and/or displacement across joints, four Irad strain 
metres, and five surface strain gauge rosettes. 
Deformation occurring across the block as a whole is 
registered with horizontal DCDT rod extensometers. 
Deformations within the block are monitored with MPBX 
borehole extensometers. Stress levels are monitored 
using a variety of instruments. Four vertical holes 
are used for cross-hole dynamic modulus determination. 
Data acquisition is accomplished by means of a compu
ter controlled system which stores the readings on 
magnetic tape and is supplemented by manual readings 
of certain instruments. 

A unique feature of the test facility is the line 
of heaters crossing the center of the block, shown 
schematically in Figure 1. The nine boreholes contain 
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linear heaters, equally spaced 40 cm apart. The 
combination of heaters and flatjacks has permitted 
joint permeability to be measured under normal stress 
or combined shear and normal stress, at any rock 
temperature in the range 12°-74°C. At the highest 
temperature the rock reaches 140°C in the heater plane. 
The block was subjected to a variety of load and tem
perature paths as detailed in the test matrix shown in 
Figure 2. 

STRESS 

riAT.iACKS - -

FIGIIRE 1. Schematic view of test block showing the 
line of heaters, the permeability test location, and 
the mean joint frequency and orientation. 

The major mineralized diagonal joint (Figure 1) 
chosen for permeability testing was subjected to pure 
normal stress under the equal biaxial load cycles. 
Under the two uniaxial tests the joint was subjected 
to proportional shear and normal stress, with a shear 
reversal between the N-S and E-W tests. 

SUMMARY OF BLOCK STRUCTURE AND JOINT PROPERTIES 

Joint mapping in the roof and walls of the test 
adit surrounding the block reveals three sets of 
significant joints (i.e. continuity >2 metres). Each 
is steeply dipping or vertical. The mean spacing of 
the three sets is shown schematically in Figure 1. 
The block size index (ISRM 1978) is approximately 
75 cm, the volumetric joint count approximately 4.8 
joints/m^ (medium size blocks), and the RQD approaches 
100%. Significant horizontal or sub-horizontal joint
ing is not in evidence. There are probably at least 
30 discrete, interlocked blocks of rock within the 
8 m^ test block. 
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FIGURE 2. Test matrix for the present series of block 
tests. 

1. Equal biaxial, cycle to 6.9 MPa 
2. N-S uniaxial, cycle to 6.9 MPa 
3. E-W uniaxial, cycle to 6.9 MPa 
4. Equal biaxial, load to 6.9 MPa 

5. Equal biaxial, 4l''C 
6. Equal biaxial, cycle, 56°C 
7. Equal biaxial, cycle, 74°C 

8. Equal biaxial, unload, 17''C 
9. Unconfined, 50°C, and 55°C cycle 
10. Unconfined, ambient 

(AMBIENT) 

(HEATING 
AND 

COOLING 
CYCLES) 

When interpreting the test results and attempting 
to extrapolate our results to other environments, it 
is helpful to have a quantitative characterization of 
the jointing that can be used in numerical modelling. 
For this reason, extra care was taken with character
ization of the set of diagonal joints, which were the 
subject of this study. 

The diagonal joints are hydrothermally altered, 
with gypsum mineralization and iron staining of the 
joint walls. By contrast the foliation joints show 
little evidence of alteration or weathering. The 
roughness of all the joints was recorded in numerous 
locations using a 15 cm long contour gauge, and was 
also measured over longer base lengths. Visual esti
mation of the joint roughness coefficient (JRC) using 
Barton and Choubey's (1977) set of profiles, was 
supplemented with self-weight tilt tests of jointed 
pieces of drill core (Figure 3). These cores were 
obtained from the permeability test holes, which were 
drilled down the plane of the major diagonal joint. 
The various estimates of JRC were converted to natural 
block size values using the methods derived by Bandis 
et al. (1981). 

The compressive strength of the joint walls (JCS) 
was measured with a Schmidt hammer. The diagonal 
joints proved to be markedly weaker than the other two-
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TILT TESTS ON A X I A L L Y JOINTED CORE 

l ^ t 
LENGTHS 20cm 

fo'tl.l- /u.69.8' 

LENGTH = 26 cm LENGTH = 29cm 

FIGURE 3. Characterizing the diagonal joints drilled 
from the three permeability test holes, PI, P2 and P3. 

joint sets, due to alteration. These values were again 
converted to natural block size values. 

Significant properties for interpretation of joint 
strength and deformability are listed below: 

Estimated full-scale values 

Diagonal joints 
JCS 

50-65 MPa 
JRC 

6.7-10.0 25° 

Peak friction angles (i))') for the diagonal joints 
which are loaded in shear during the uniaxial tests, 
are given by the following equation (Barton and Chou-
bey, 1977): 

r JFC log (JCS/a ') + (!) (1) 

where O ' = effective normal stress 
If = residual friction angle 

These parameters are used to model the complete shear 
stress-displacement and dilation behavior of joints 
(Barton, 198lb). Other recent work by Bandis (1980) 
has shown that JCS and JRC also control the normal 
stiffness and closure of joints. Consequently, the 
joint permeability measured during the various load 
paths will also depend on these parameters. 

MECHANICAL CONSTRAINTS OF A CONTINUOUS BASE 

The two metre cube of rock was isolated from the 
surrounding rockmass on four sides, but the base was 
continuous. Analysis showed that for deformation in 
the elastic range, the upper 80% of the block would be 
essentially unaffected by a continuous base, i.e. down 
to a depth ol' some 160 cm, strains would be uniform. 

During uniaxial loading the high shear stresses 
developed on the diagonal joints tend to deform the 
block beyond the elastic range. However, this initial 
tendency is strongly resisted by the stiffening behav
ior of the underlying rock mass. In effect, only a 
portion of each diagonal joint is subject to shear, 
making shear resistance high. Figure 4 indicates the 
estimated range of peak shear strength, assuming that 
the base of the block was a frictionless boundary. 
The N-S and E-W uniaxial load paths shown in the same 
figure did not cause gross shearing along the diagonal 
joints due to the restraint of the continuous base. In 
reality the strength envelopes should be displaced 
several MPa to represent the cohesive, stiffening 
effect of the underlying rock mass. 

N - S U N I A X I A L n 

ESTIMATE OF PEAK SHEAR STRENGTH 

ASSUMING A CONTINUOUS DIAGONAL 

JOINT. UNATTACHED AT BASE OF 

BLOCK. 

BIAXIAL 
AXIS 

NORMAL STRESS APPLIED TO DIAGONAL JOINT 

JRC= 6 . ; . J C S - 6 5 MPB ^ o 25-

JHCe lO .O . JCS-SO MPa i^^ - 2 * ' 

E - W U N I A X I A L m 

FIGURE 4. Comparison of biaxial and uniaxial load 
paths with the shear strength of the diagonal joints, 
assuming the block was bounded by a frictionless base. 

The measured shear displacements experienced by the 
major diagonal joint during the N-S and E-W uniaxial 
load paths ate shown in Figure 5. The N-S test is the 
first shearing event, and it is resisted by an initial 
shear stiffness of 4.8 MPa/mm. This increases rapidly 
as shear displacements approach 0.2 mm. Despite these 
mechanical constraints, joint permeability was clearly 
affected by these aperture strains, small as they 
appear. 

JOINT PERMEABILITY AS A FUNCTION OF STRESS 

Joint conductivity was monitored by injecting water 
along the major diagonal joint. This was done utili
zing double packers located in a central hole drilled 
coaxially down the joint (Figure 1). The flow section 
was at a depth interval of 66-109 cm. Flow rates were 
monitored at the bottom of parallel boreholes drilled 
each side of the vertical injection hole. Hole No. 1 
was 18.5 cm from the injection hole, hole No. 2 was 
24 cm in the opposite direction. 

Analysis of the drill core recovered from these 
holes indicates that due to its roughness and local 
undulations, the diagonal joint is not intersected by 
hole No. 2 in the depth interval 70-130 cm. Flow rates 
were correspondingly low towards this hole, and at 
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FIGURE 5. Shear displacement of the diagonal test 
joint is limited by the continuous base. Reversal is 
only partial during E-W loading. 

some stress levels the flow rate fell below measurable 
levels (i.e., <0.001 cm^/sec). Consequently only the 
flow rates towards hole No. 1 are analyzed here. It 
is estimated from the core analysis that a section of 
the injection interval (95-105 cm) is non-conducting, 
and a section of observation hole No. 1 (103-109 cm) 
also non-conducting, due to the undulating joint pas
sing outside the boreholes locally. This means that 
the measured flow rates may be some 10-15% less than 
representative for the joint as a whole. 

The flow rate was measured by a depth indicator 
installed in the observation holes. The pressure 
gradient was assumed to be approximately linear, and 
equal to the injection pressure divided by the dis
tance between the two boles. Injection pressures used 
in the ambient tests were 0.14, 0.24 and 0.34 MPa (20, 
35 and 50 psi). 

Figure 6 summarizes the results of the first three 
ambient permeability tests. The numbers 1 through 8 
indicate the order of testing. Theoretical smooth wall 
apertures (e) and permeabilities (e^/12) can be cal
culated from the following well known equation for 
linear flow between parallel plates: 

q = 
def 
12(J 

dP 
dy (2) 

where dP/dy = pressure gradient 
(J = absolute viscosity (1.24x10-^ gm.sec/ 

cm^ at 12°C) 
d = width of flow path 
q = flow rate 

Table 1 summarizes the most significant data from 
the three first ambient tests. 

The permeability of the joint when it was virtually 
unloaded by drilling four slots round the sides of the 
block, was equivalent to that of a smooth wall aper
ture (e) of 60.7 microns. Each of the three ambient 
load paths reduced this to between 27.1 and 30.3 mic
rons at the highest stress level. Subsequent biaxial 

loading to 6.9 MPa prior to heating the block also 
produced an equivalent aperture of the same magnitude; 
30.0 microns. The relationship between these theor
etical smooth wall aperture changes, and the change of 
real joint aperture measured during the various load 
cycles is discussed later. 

2 3 4 s e 

NORMAL STRESS ON JOINT (MPa) 

FIGURE 6. Effect of normal stress on flow rate and on 
the theoretical smooth wall aperture (e) (1 micron = 
0.001 mm). Ambient tests. 

Table 1 

Stress Dependency of Joint Permeability 
Rock Temperature = 12°C 

Stresses on Jo in t 
0 (MPa) T (MPa) n 

P re - s lo t d r i l l i n g 
( i n - s i t u s t r e s s ) 

Pos t - s lo t d r i l l i n g 
0 0 

e 
(micron) 

38.6 

60.7 

K 
(darcys) 
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307 

1. Biaxial 
0 0 

6.9 0 
0 0 

55.7 
29.7 
46.9 

259 
73.5 
183 

2. N-S uniaxial 
0 
3.1 
0 

0 
3.4 
0 

46.9 
30.3 
47.6 

183 
76.5 
189 

3. E-W uniaxial 
0 
3.8 
0 

0 
3.4 
0 

47.6 
27.1 
52.7 

189 
61.2 
231 

1 micron = 0.001 mm; 1 darcy = 10-^ cm^ 
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JOINT PERMEABILITY AS A FUNCTION 
OF STRESS AND TEMPERATURE 

The rock temperature gradients established during 
the various heating cycles were monitored with 80 
thermocouples located in boreholes throughout the 
block. The rock temperature at the permeability test 
interval was interpolated from two thermocouples 
located 50 and 75 cm from the heater plane. Twenty-
one days heating at an output of 500 watts per bore
hole heater, established a quasi-steady state gra
dient, giving a rock temperature of 55° at the test 
interval. A further twelve days at 700 watts per 
heater increased this to 74°C. Cooling to near-
ambient temperature (17°C) took 33 days. 

Various flow tests were performed to investigate 
the effect of mismatching the rock temperature and the 
water temperature at the injection side of the test. 
It was found that the calculated smooth-wall flow 
apertures (e) were more consistent when the rock 
temperature was used to estimate the viscosity of the 
water, in place of the injection water temperature. 
There was evidence for suspecting that cold water 
injected into a hot rock joint caused aperture in
crease. Efforts were therefore made to preheat the 
water to the rock temperature. A mismatch of 5° or 
10° did not appear critical since the heat capacity of 
the rock, combined with the slow flow rates, were 
sufficient to guarantee flow temperatures equal to 
rock temperatures. 

^ ' j ) . , W « T 

TOIAl NOIMAt STIIfS MP« 

FIGURE 7. Biaxial loading at elevated temperature, 
showing the effect of coupled "hydrothermomechanical" 
behavior. 

The test matrix shown in Figure 2 indicates the 
sequence of "hydrothermomechanical" tests (Nos. 4 
through 8) performed following the three ambient tests 
The three variables: flow (or aperture), rock tempera
ture, and total normal stress show remarkable interde
pendence, as shown in Figure 7. The tightest smooth-
wall aperture of 30.0 microns achieved at ambient 
temperature (12°C) and under a total normal stress of 
6.9 MPa was reduced to 18.3 pm at 4l.4°C and to 9.1 \m 
a t 73.6°C. Thus increased temperature alone reduced 
joint permeability by an order of magnitude from 75 
darcys to 6.8 darcys. 

This remarkable reduction of flow aperture (which 
could not possibly be achieved at ambient temperature 

without excepcionally high stress levels) is interp
reted as improved mating of the opposed joint walls. 
The diagonal joints are quite rough, and they were 
undoubtedly formed at elevated temperature, though how 
high is uncertain. A roughness profile of a joint 
measured at ambient temperature will not exactly match 
a profile measured while the joint is at elevated 
temperature, due to thermal expansion. Our elevated 
temperature and pressure partially recreate formation 
conditions. The improved mating of tbe asperities is 
almost maintained by pressure alone during cooling, 
probably due to the high shear strength of the tightly 
mated walls. Significant lack of fit was not re
established until the aperture rebounded from 16.1 to 
42.2 |Jm, which occurred somewhere between 3.45 MPa and 
0 MPa (points 20 and 21 in Figure 7). 

The inversion of the load cycle at 74°C (points 16, 
17 and 18) is further evidence that temperature may 
have a more powerful influence on aperture (e) than 
pressure. After unloading to 3.45 MPa, a reloading to 
6.9 MPa was insufficient to "reclose" the joint to the 
same extent. The table below suggests that the scat
ter of flow data is insufficient to invalidate this 
conclusion, despite the diminuitive apertures involved. 

Table 2 

Sample of Experimental Scatter From 
Three Sets of Flow Data 

Test No. 
(Figure 7) 

Mean 
e i\im) 

Range 

(pm) 
o 

(MPg) 

16 
17 
18 

9.06 
13.5 
11.6 

8.6-9.8 
13.1-14.1 
11.5-11.7 

6.90 
3.45 
6.90 

The final sequence of heated flow tests shown in Fig
ure 2 (Nos. 9 to 10) were conducted on the unconfined 
side of our loading matrix. The starting point was 
No. 21 on Figure 7, with T = 16.5°C, a = 0 MPa and 
e = 42.2 pm. This aperture increased to 48.2 pm at 
50.5°, presumably due to the thermal expansion of the 
roughness profile, which was not in this case in 
intimate contact with its mating half due to the 
absence of confinement. The aperture (e) returned to 
41.9 pm at 55°C. A load cycle to 3.45 MPa (equal 
biaxial) at 56°C induced significantly better fit, 
with (e) closing to 17.5 pm. The subsequent unconfined 
test allowed the aperture to rebound to 36.5 pm. It 
appears that the "hydrothermomechanical" closure 
effect is only achieved when there is coupling of both 
temperature and pressure. This is quite logical when 
conditions under which joints were-formed are visual
ized. 

COMPARISON WITH REPORTED DATA 

Witherspoon et al. (1979b) considered that the four 
thick curves shown in Figure 8 were potential evidence 
of a scale effect on fracture permeability. Our in-
situ ambient data for the natural mineralized joint 
shows close agreement with the Pratt et al. (1977) in-
situ data for a joint in granite, and apparently lends 
support to this scale effect hypothesis. 

However, several aspects of the hypothesis are sus
pect. Chief of these is the attempt to compare arti
ficial, unweathered tension fractures (Iwai, 1976 and 
Witherspoon et al. , 1977) with natural weathered 
joints. Bandis (1980) has shown that joint apertures 
tend to be larger when joints are weathered, with low 
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TOTAL NORMAL STRESS, a„(MPo) 

FIGURE 8. Comparison of ambient and heated flow tests 
performed in the present block test, with data pre
sented by Witherspoon et al. (1979b). 

JCS values. In addition, the closure measured under a 
given level of normal stress is found to depend on the 
values of JCS, JRC and the initial aperture. Weathered 
joints and artificial fractures are therefore likely 
to exhibit different permeability-stress relationships 
even at the same scale, unless theit properties (JRC, 
JCS) are matched. Temperature "matching" is also im
portant. 

Intuitively, samples of different size taken from 
the same joint would not seem likely to exhibit dif
ferent permeabilities if subjected to the same normal 
load paths, since pure normal closure is likely to 
depend on the properties of the small steeply inclined 
asperities at all scales. 

However, when shearing of the joint is an added 
variable, the scale dependent properties of JRC and 
JCS must be considered (Bandis et al., 1981). The 
reduction of these two parameters with increasing 
sample size immediately introduces a potential perme
ability scale effect. The reason for this is seen in 
Figure 9, which illustrates the recent development of 
dilation modelling for different joint sample sizes 
taken from the same joint (Barton, 1981b). Increasing 
the size of sample causes delayed dilation, and seems 
sure to guarantee a major scale effect on permeability 
if significant shearing occurs. 

An extremely interesting point emerges from the 
comparison of joints and artificial fractures shown in 
Figure 8. The artificial fractures were generated and 
presumably flow-tested at nearly the same ambient con
ditions in the laboratory. In contrast, the natural 
joints in gneiss and granite were undoubtedly formed 
at elevated temperature and pressure. Our results 
show that when joints are flow-tested at elevated 
temperature and pressure, mating of the joint walls 
apparently approaches the degree of mating achieved 

SHEA8 DISPLACEMENT (.»•>) SHEAR DISPLACEMENT (mm) 
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o 
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FIGURE 9. The delayed dilation exhibited by larger 
samples of the same joint (Bandis et al., 1981) sug
gests scale dependent joint permeability when shearing 
occurs. 

when flow-testing an artificial fracture at its forma
tion temperature. 

ROUGHNESS AND TORTUOSITY EFFECTS 

In many of the joint or fracture permeability tests 
reported in the literature, the true joint aperture is 
unknown. Results are therefore expressed as in this 
study, by an equivalent smooth wall aperture (e) de
rived from equation 2, ot from an equivalent formula
tion for radial flow. This "cubic law" formulation was 
derived for open, non-contacting, smooth parallel sur
faces. 

In a recent article, Walsh (1981) utilizes the 
analogy of heat flow in a sheet with non-conducting 
cylindrical inclusions, to deduce that the permeabil
ity K-i of a joint with points of contact is related,-
to K of an equivalent joint with an unhindered flow 
path as follows: 

(3) Ko 1 + A,/Ao 

where Aj = area of contact points 
Ao = total area of joint 

An analysis of contact area measurements by Iwai 
(1976), Barton and Choubey (1977) and Bandis (1980) 
indicates that a simple estimate of Aj/Ao both for 
normal closure and limited states of shear is as 
follows: 

Ai/Ao S O^'/JCS (4) 

where O ' is the effective normal stress applied 
across the joint. 

This simple model predicts linear increases in contact 
area with load, which agrees with a more complicated 
formulation by Walsh and Grosenbaugh (1979). 

According to equations 3 and 4, tortuosity effects 
alone would result in about 20% reduction of perme
ability for our altered mineralized joint, when tested 
under an equal biaxial stress of 6.9 MPa. The combin
ation of tortuosity and roughness results in the 
smooth wall aperture (e) being smaller than the real 
aperture (E). By similar reasoning, changes in either 
parameter (Ae, AE) will not be of equal magnitude. 
Results for AE/Ae measured in the present block tests 
are compared with E/e reported in the literature in 
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FIGURE 10. Losses due to tortuosity and roughness 
expressed as; '1;he ratio E/e. In-situ block test re
sults are compared with data reported in the litera-
'ture. E = biaxial,, NS = uniaxial, EW = uniaxial. 

Figure. 10. The mean value of 4E/Ae for our biaxial 
tests was 3.0, for'a mean valiie'6'f e - 40 pm. 

The flow losses due to tortdosity and roughness, and 
the observation of load path dependence has been in
terpreted by Kranz et al. (1979) and Walsh (1981) as" 
evidence that the law of effective stress may not 
apply to flow through fracture'd i-o'cks. The fore'goirig 
evidence that E/e i 1 for rough "closed" joints would 
appear to be a more reasqcable and correct explanation: 
A recent article by Witherspoon et al. (19793) has 
suggested that the cubic law (e = E) does hold even 
for "close'd", rough fractiires down to e ^ 4 pm. Their 
conclusions arc contrary to the above findings, and 
raay h'aye been influenced byth^ mathematical technique 
used to estimate the true apertures, which were•not 
measured directly. 

CONCLUSIONS 

1. A mineralized joint in gneiss, loaded normally in 
an 8 biaxially loaded block, exhibited a four
fold reduction in perineability when l.oaded froni 0 
to 5,9 MPa, under ambierit conditions (]2"C). A 
subsequent loading test at 74°C to the same stress, 
produced a thirty-f^old retJuction in permeability. 
Increased temperature alone, with no change in tiie 
6.9 MPa normal stress, reducjEd permeability ten
fold. Tempexatur'e does not appear to have a posi
tive effect on joint permeability when the joint is 
unconfined. 

2. It appears important to test joints at elevated 
tempefature during repository characterization, 
since the mating .of joint walls' may be artificially 
limited by m̂b'i'ent testing. 

3. Uniaxial loading of the block caused 0.25 rom shear 
displacement of the test joint. This .caused suffi-
cifiTit aperture strain (dilation) to increase the 
peirmeability a few percent. The continuous base of 
the block- prevented further shear, dilation and 
permeability increases under the stress applied. 

4. Comparison of measured changes in joint 'apertufe 

(AE) with calculated changes in the smooth wall 
aperture (Ae), indicates that E/e > 1 for rough, 
"closed" joints. This is presumably due to the 
combined effects of tortuosity and r.oughness, 
which may be pafticularly marked for the case of 
mineralized joints. 

-5.. Excavation and thermally-induced shear strain and 
the resulting joint; diJati*^" seem likely to enhance _ 
permeabiiity in the immediate vicinity of a reposi
tory. Outside- this zone the thermal pulse might 
have a positive effect in reducing joint perijie-
ability. Further studies are recommended for re
solving this important question. 
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SEPARATION OF COPPER-NICKEL SOLUTIONS BY SORPTION AND SOLVENT EXTRACTION 

UDC 6 6 . 9 3 3 + 6 6 9 . 2 4 3 

M. D. I v a n o v s k i i , G. S e d e l ' n i k o v a , a n d V. S . S t r i z h k o 
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Solutions of complex composition containing (in g/liter) -x. 40. Cu, -v 30 Ni, and 
120-150 H2S0^ are formed when processing secondary copper. Constant removal of 
nickel by removing part of the copper electrolyte for nickel sulfate crystallization 
is essential for succesful copper electrolysis. The method used at present for pro
cessing copper-nicJcel solutions is not effective enough, because it involves heavy 
losses of copper, nickel, and sulfuric acid. 
Two methods of processing copper-nickel solutions are suggested in the present 

work: copper extraction with oxime OMG from copper-nickel solutions which have been 
previous stripped of sulfuric acid and sorption of copper with ANKB-2 ampholyte directly 
from the copper electrolyte. 

In view of the impossibility of extracting copper from strongly acid solutions 
(120-150 g/liter H2SO;,) with known extractants, sulfuric acid was extracted from 
the copper electrolyte as a preliminary step with trialky-
Iphosphine oxide (TAFO) to pH 1.5; copper was then extrac
ted with alkanophenoxime OMG. The trialkylphosphine oxide 
showed high extractive capacity (Fig. 1); reextraction of 
sulfuric acid from TAFO with water is comparatively easy, 
whereas reextraction from amines is difficult. Complete 
regeneration of TAFO was achieved in five reextraction 
stages with a ratio of organic to aqueous phase o:a = 1:1 
and in seven stages with o:a = 2:1. The reextract H2SO1, 
content was 70-140 g/liter. 
Copper was extracted from the acid copper-nickel solutions 

with alkanophenoxime OMG. The extractant has good kinetic 
indices: equilibrium is established in the system in 2-4 ... 
min. The optimum OMG concentration in kerosene is 30% for 
extraction from solutions containing 30-40 g/liter Cu. 
The extractive capacity of OMG depends upon the pH of the 

suluti6n. For concentrated sulutions (30-40 g/liter Cu) 
the pH at which extraction commences is 1.5, which corres
ponds to a copper electrolyte H2S0^content of 5 g/liter. 
Copper was reextracted from the saturated organic phase with 
sulfuric acid solutions. The copper is completely extracted 
in two stages by a solution of 200 g/liter H2S0^. 
The results obtained made it possible to separate the 

copper-nickel solution into three components, which can be 
processed by the generally known methods. Stripping an 
actual copper electrolyte containing 32 g/liter Cu, 28.6 
g/liter Ni, 120 g/liter Ĥ SOi, and traces of impurities re
sulted in a reduction in the sulfuric acid concentration 
to 5 g/liter or pH 1.5. i.e., to the pH at which copper 
extraction commences. The sulfuric acid concentration in 
the reextract was -x, 140 g/liter. 
After five stages of counterflow copper extraction the 

residual copper content of the raffinate was < 0.01 g/liter; 
the raffinates has pH values of 1,5-2.0. The nickel 
concentration in the sulution remained unchanged. A counter-
flow reextraction routine with o:a = 3:1 and a number of 
stages n = 2 yielded reextracts containing 28-30 g/liter 
Cu and 154-157 g/liter H2SO,.. 
The sorption variant of copper-nickel solution separation 

does not call for a reduction in the sulfuric acid content 
of the initial sulution, because ANKB-2 ampholyte is cap
able or sorbing copper from strongly acid solutions, up to 
450 g/liter H.SO,, (Fig. 2) . This ampholyte, which contains 
picolinic acid groups, is produced by chemical conversion 
of copolymer 2,5-methylvinylpyridine with divinylbenezene. 
The presence of functional groups with opposite charges in 
the resin structure ensures a high level of copper sorption 
due to complexing. ' 

Fig. 1. Isothermal 
lines for extractio.T 
of sulfuric acid by 
various compounds: 
1 - TOA; 2 - TAFO; 
3 - mixture of secon
dary and tertiary 
amines; 4 - tributyl 
phosphate (TBF) (Eg p 
- is the capacity of 
the organic phase). 

700 SOO 

HaSO., g/1 

Fig. 2. Relationship 0. 
capacity of ANKB-2 fo? 
copper to solution 
H2S0^ content at a 
copper concentration 
(in g/liter) of: 

1 - 1 0 ; 2 - 5 

l8BiilW^ilM»ILiMftlMILillUl)lliii.iiiiiJBJ 
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The static exchange capacity of ANKB-2 in sorption of copper from a solution 
irith a concentration of 40 g/liter Cu and 120 g/liter H2S0^ is 170 mg/g. The 
aspholyte is not selective enough relative to copper: nickel is absorbed in addition 
to copper. Where copper and nickel are present together the-factor DQ^^J^J^ = 16.2. 
the high sorportion capacity of the ampholyte in strongly acid media leads to diffi-
r4lties in copper desorption^. The saturated resin was regenerated with highly con-
c«.otrated eluent solutions (up to 740 g/liter H2S0i,) . Under these conditions only 
901 Cu was desorbed in one desorption stage. The low level of copper desorption 
Iron the ampholyte is apparently due to the strength of the complex formed between 
lopper and the resin functional groups. Electrodesorption of copper from ANKB-2, 
i.e.» desorption with a simultaneous deposition of copper on a cathode*, was used 
CO increase the extent of copper desorption from the resin. In these circumstances 
copper extraction increased by 20% compared with ordinary desorption. 
The possibility of using ANKB-2 for soption of copper from actual copper-nickel 

iolutions was investigated. Counterflow sorption with a phase volume ratio V g: 

V . = 1:2 and a number of stages n = 4 yielded raffinates containing (in g/liter) 
C??=0.3 Cu, 21-23 Ni, and 110-117 H2SO1,, which can be sent for nickel sulfate pro-
d-jction; the saturated resin can be sent for copper separation by desorption or electro
desorption. 
Solvent-extraction and sorption methods of separating copper-nickel solutions with 

ti5h extraction indices have a number of advantages over the existing scheme. 
1. Removal of nickel from the copper electrolyte improves electrolysis indices 

4.-WI the quality of the electrolytic copper. 
2. Returning the CuSO^ eluates to the main electrolysis cells will increase the 

yield of electrolytic copper. 
3. Thorough removal of copper will increase nickel extraction into nickel sulfate. 

l. E. Slobtsov, B. N. Laskorin, V. N. Goldobina, et al, Tsvetnye Metally, 1973, No. 
•, 15-16. 

C. V. Sedel'nikova, M. D. Ivanovskii, and V. S. Strizhko, Tsvetnye Metally, 1975, 
fo. 1, 13-14. 
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.SORPTION DEACIDIFICATION OF SOLUTIONS TO ELIMINATE ARSENIC 

ODC 661.183.12:669.337.131 

S. V. Bereza, N. Ya. Lyubman, L. A. Lukonina, and L. I. Mekler 

To remove arsenic from copper electrorefining solutions, these are treated j 
with titanium salts [1] and also neutralized with lime [2] or copper [3]. When 
the solutions are neutralized with lime a bulky precipitate forms which is 
difficult to filter or settle out. This method of removing arsenic involves a 
high consumption of lime and irreversible metal losses due to coprecipitation, 
mechanical entrainment, and sorption by the surface of the gypsum. 
The solution should be treated with copper granules when it is sent for vitriol 

production. However, if arsenic removal from the electrolyte as such is required, 
this method is relatively ineffective. 
The most acceptable methods of achieving the desired reduction in acid concentra

tion are the reagentless methods, by which solution acidity can be reduced without 
bringing in additional impurities (metal cations). 
One of the most effective methods, which is suitable for deacidification of 

highly concentrated sulfuric acid solutions, is the selective sorption of acid 
[4] in the process of sulfate-bisulfate exchange on anion-exchange resins .[5J. 

« 

m 
as is 
r--H 

RtS>0\'--\- HSO--f H,0+r2/?*HS07-f-H,0, 

where R is the anion-exchange resin polymer base. In concentrated sulfuric acid 
solutions this equilibrium shifts to the right, and to the left in dilute solutions. 
If a concentrated solution of sulfuric acid which also contains metal ions (spent 
electrolytes, vitriol production solutions, washing acids) is passed through an 
anion-exchange resin layer in SOj" form, fairly thorough separation of the sulfuric 
acid and the metal salts can be achieved. 
The separation is based on the difference in sorption interaction between the 

constitutents of the mixture and the sorbent. In this case the anion-exchange 
resin has a much greater affinity for bisulfate ions than for metal cations (Cû "*", 
Nî "*", Zn̂ "*", etc.), so that a solution of salts containing practically no acid can 
be obtained at the exit from, the column. The acid can be eluted from the resin 
with water. 
The dispersion of arsenic on passing strongly acid electrolyte through an 

anion-exchange resin (e.g., AV-17-8) layer should be examined separately. It 
was demonstrated in [6] that arsenic acid at various pH values is sorbed by an 
anion-exchange resin in the form of various anions (according to the stages of 
dissociation): 

H,AsO,;iH,AsOj-;r HAsOj-n AsO^-. 

pH<4,2 pH=4^-r9 pH=9-M4 

On passage of the solution, practically complete deacidification is achieved in 
the exchange zone, the solution pH rises to 4-5, and thus conditions favorable for 
arsenic sorption are created. 
In addition, when the solution pH in the resin zone rises favorable conditions 

are created for formation of copper and nickel arsenates, which are precipitated 
on the resin as a molecular-dispersed deposit. 
In the process of acid elution, fairly concentrated solutions sufficient for 

the practically complete desorption of arseniferous anions and for the solution 
of metal arsenates are forpod over the height of the sorbent layer. 
Thus the process of sorption deacidification of solutions is accompanied by 

partial elimination of arsenic from them, the latter being present mainly in 
•h ̂ ^^^ ̂ n<5 precipitate. The proportion of arsenic in the precipitate rises as 
the degree of neutralization increases and the acid concentration in the initial 
solution is reduced. 
We tested this simple and effective method of solution deacidification by 

sorption with simultaneous separation of arsenic in the purification of copper-
ickel solutions from electrolytic and vitriol production at the Balkhash Mining 
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Resul ts of Deac id i f ica t ion of Spent E l e c t r o l y t e (pi-
l o t - p l a n t r e s u l t s ' , g / l i t e r ) 

I n i t i a l 

H.SO. 

95.5 
79,5 

110.0 
103.0 
81.0 

Cu 

59.8 
77.0 
58,0 
74.0 
51,5 

so lu t ion : 

Nl 

15.6 
13.8 
16,2 
16.1 
16.7 

A l 

12.3 
7,7 

23,2 
8.3 
9.9 

Deacid 

H . S 0 . 

18.5 
14.1 
18.0 
23,8 
13,7 

i f i e d 

Cu 

48J 
62.0 
49.0 
65.8 
42^ 

s o l u t i o n ' 

Nl 

13.6 
12J 
15.3 
14.6 
14.7 

As 

2.52 
2.10 
4,75 
1.12 
2,00 

H.SO. 

25.0 
30.0 
30.0 
34.2 
27.4 

E lua te 

Cu 

0.95 
1,90 
iUI 
\il'l 
1.27 

Nl . 

0.37 
— 

0,59 
0.58 

A. 

2.57 
2,30 
8.40 
2,92 
1.65 

Electrolysis 

Spent 
electrolyte 
. T f 

Acid sorption by 
.AV-17-8 resin .r Deacidified 

solution 

Settlin 

ified^ I Pur 
solution- C.^e 

Saturated 
resin . 

Water 

Kesin 
regeneration 

^ 1 ' TEluate Regen-
~T erated 

Burial I .rosin 

To arsenic 
purification 

Flowsheet for arsenic remo
val from spent electrolyte. 

and Metallurgical Combine. The experiments were car
ried out under laboratory, pilot-plant, and full-
scale industrial conditions. In all cases, the elec
trolyte solution was passed through a layer of anion-
exchange resin at a speed of 5 specific volumes per 
hour with- elution by water- at the same speed. The 
commercial anion-exchange resin AV-17-8, previously 
converted to the sulfate form, was used as the sorb
ent. It is apparent from the Table that there is 
fairly complete separation of acid and metals in the 
process of sorption deacidification. The copper and nickel in the deacidified solution 
alter slightly in content, the arsenic concentrating predominantly in the eluates. Eli
mination of arsenic from the process in the form of acid eluates containing relatively 
small amounts of non-ferrous metals is incomparably easier and economically more ad
vantageous than its elimination from initial solutions, because in this case, the metal 
losses are not great. 
It is possible to remove all of the arsenic from the solutions in one cycle, but the 

reduction of the arsenic concentration in the deacidified solutions in this case is 
quite acceptable for practical purposes. 

The investigation formed the basis for the proposal of a flowsheet (see Figure above) 
for arsenic removal from spent electrolyte by deacidification with a view to the re
turn of the purified electrolyte to the process. 

.•DC 
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Selectivity of dlalJtyl thlocarbamates in the tlotatton of minerals and extraction of metals 

A V Glemtjotskil and Yu.P "Savintseva (State Institute of Rare Metals) 

Since there are no systematic data on the flotation and 
extraction characteristics of reagents with one and the same 
functional group in the literature, we undertook a detailed 
investigation of the behaviour of dialkyl thiocarbamates in 
the flotation of minerals and the extraction of metals, as 
illustrated by the Z-200 reagent: 

S = 

C-iCaH, 

NH-CaHj 

!HS-C 
/ 

O - i C j H , 

*N-C,Hs 

The Z-200 reagent is poorly soluble in water; in an acidic 
medium (up to pH = 7) it exists in the neutral thione lorm, 
and in an alkaUne medium it changes partly into the thiol 
/orm^). This characteristic of thlocarbamates makes it 
possible to follow the behaviour of Z-200 in the extraction 
of metals and flotation of minerals as a function of the form 
in which the reagent is present in the solution. 

For this purpose we studied the extraction of Cu(I) and 
Fe(ni) and the flotation of sulphide minerals containing 
them. The effect of the pH of the solution (with sulphuric 
acid for the acid medium and sodium hydroxide for the 
alkaline) on the extraction of copper and iron by the Z-200 
reagent is shown in fig. (a). Copper only begins to be extrac
ted appreciably at pH>7 under conditions of conversion of 
the reagent into the chelating thiol form. Iron is not extrac
ted over the whole pH range of the solution. Earlier we 
established ' ) that Z -200 extracts Cu(l) only from solutions 
of hydrohalic acids; copper is not extracted from sulphuric, 
nitric and hypochlorous acid solutions. Thus, the extraction 
of copper in a weakly alkaline medium indirectly indicates 
reaction of Z-200 with copper by a chelate mechanism under 
these conditions. 

It must be emphasised that Fe(III) is hardly extracted into 
solution at all, irrespective of the type of acid and the form 
of the Z-200 reagent." By analogy with the extraction of iron, 
Z-200 does not react chemically with FeSj and floats it 
extremely weakly (fig. b). In contrast to xanthate, for 
example, the chemisorption of which on pyrite gives rise to 
a jump of the electrode potential of the raineral to 20QmV, in 
the presence of Z-200 there is no change in the electrode 
potential of FeSa, and the reagent is easily desorbed from 
the surface by washing with water (fig.b, c). For CuFeSa 
in the weakly alkaline region (pH = 7.5) an increase is 
observed in the amount of attached reagent (fig.b), and 
there is a maximum jump in the potential of the mineral 
(fig. c). Here the attachment of the reagent is extremely 
strong; less than 50% of the Z-200 is desorbed by washing 
the mineral with alcohol. This demonstrates the chemical 

• character of the adsorption of Z-200 on CuFeSa and, 
evidently, the chelate form of attachment of the thio-
carbamate. 

For the extraction of metals by neutral reagents in the-
form of co-ordination solvated compounds it is necessary 
that the donor atom of the extractant should give a strong 
bond with the metal and be able to compete with the in
organic ligand (e.g. sulphate ion) for a site in the co
ordination sphere of the raetal. 

For the flotation of minerals the interaction ol the r e 
agents with the surface through van der Waals forces 
promotes an increase in the adsorption of the reagent and 

hydrophobisaOon of the mineral. This feature e ro la ia .^ 
strong attachment of Z-200 to CuFeS, in an acidic medC 
and the flotation of the mineral, in ^ I t e of the weaker-
chemical interaction between them compared with the-
alkaline medium. The predominantly physical charactgrrf 
the attachment of Z-200 to CuFeSj in an acidic medita Z 
confirmed by the ready desorbability of the reagent boa 
the surface when the sulphide is washed with alcohol{QK(I 

• IP II BU 

Tig . The e f f e c t o f t h e pH o f t h e s o l u t i o n on the e x t r s e t l m 
of F e ( I I I ) and Cufr ; i o n s by ch loTotoza i n the prwaata 
of Z-200 l a ) . Extractio.-i o t t h e m i n e r a l s dur ing t l o t f 
t i o n and a d s o r p t i o n o f Z^OO on thesn f o r ao la t to i t s "<«» 
v a r i o u s pH v a l u e s ( h ) . V a r i a t i o n o t t h e eJec t rod* p a t ^ 
t i a l of t h e s u l p h i d e s In t h e p r e s e n c e o f Z-'lOO and t f 
amount o f Z-200 not desorbed t ras i t h e s u r f a c e o t tim 
l a ine ra l s by alcxihol t o r s o l u t i o n s wi t h va r ious pR » » 1 ^ 
t c ) . The dashed l i n e i n d i c a t e s t h e r e g i o n i n nhicti tS» 
Z-20O e x i s t s in t h e t h i o n e form (pH <7 .S ; and in botM 
t h e t h i o n e and t h i o i tortus (pa > 7 , 5 ) . „ .Jr... 

Since the Z-200 reagent has foimd wide use in the flot^B* 
of various sulphide ores, it is expedient to compare ita 
selectivity in the extraction of metals and the flotation of 
minerals. Data from investigation of the extractabillty c* 
a large number of metals by the Z-200 reagent from sot*" 
tions in hydrohalic and other mineral acids are summarlM' 
in the table. i; 

.I'V 

A relationship was found between the distribution co
efficient (D) of the metals and the concentration of the a d * 
over a wide range. Here solutions of salts of the metala 
labelled with radio-active isotopes at concentrations of 
10-» -10"® g-iorVlitre were used. The resuls shows that tb«-
nature and concentration of Qie acid have a large effect ca 
the effectiveness and selectivity of the extraction of the ^ 
metals. 'v; 

In the presence of Z-200 metals which form stable hajm» 
complexes (Ag, Hg, Au, Tl, Cu) are extracted well from s<»l»-
tions of hydrohalic acids with chloroform. Very high sel***: • 
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Results from extraction of metals with 0.05 M solution of Z-200 
in chloroform 

lnor;.;:!nic liRaiid 

Chloi'iJ:.-
(KCl • ;..> --: i i . sOj) 
o r IICI 

Bron/iJi-
(KBr - : . 3 •: H.SO.) 
o r HEr 

Iod ide 
(KI • 2 . 5 ••: lljSO, 
o r lil 

P e r c h l o r a t e UCIO^ 

. M t r a t e 1L\0, 

S u l p h a t e 11,SO^ 

Concn.oi IIL 
111. g - i o n / l 

0 .05-9 
0 .05 -6 

5-9 

0 . 3 - 1 . 0 
0 . 3 -.3.3 
0 . 3 - 3 . 3 
0 . 0 1 - : 
0 . 0 1 - 0 . 3 

3-1; 

0 .01-1 
0 . 3 -3 
0 . 3 - 3 . 3 
0 .1 -5 

<0.1 
<0.1 

O.U5-() 
O.ns-h 

0.1 - 3 
0 .1 -5 

1 -10 
1 -10 

Readi ly (1) and p o o r l y (2) 
c x t r a c 

D>5 

1 

Ag 
llfi 
Cu 

Tl 
Au 
Se 
Ag 
"E 
Cu 

Ti 
Au 
Sc 
Cu 
Ag 
I'g 

Ag 
HE 

'AE 
"S 

Ag 
lis 

Ced Clements 

IKO.l 
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Au, Zn, r.d, Ga, 
I n , T I , Pb, SI.. B i , 
So, Tc , W, Fc , Co 

Zn, Cd, Ca, 
I n , Tb, Sb, 
B i , Tc , IV, r e . 
Co 

Zn, Cd, Ca, 
Hi , IV, Fe, Co 

Cu, Zn, Cd, Ca, 
I n , T l , r b , B i , 
S c , Tc , Mo, IV, 
Sh, I ' c , Co 

Cu, Zn, Cd, Ca, 
I n , T l , Pb, B i , Se 
Te , Mo, IV, Sb, Pc , 
Co 

Cu, Zn, Cd, Ga, 
I n , T l , Pb, B i , S e , 
Tc , Mo, IV, Sb, 
Fc , Co 

the
on 

ttvlty is obtained durL-ig extraction from nitric and sulphuric 
•eld solutions. Only silver and mercury are extracted 
quantitatively over a wide range of concentrations of acids 

• particularly sulphuric (1-lOM). It should be emphasised ' 
• that cobalt, nickel, lead and zinc, in addition to iron, are 
. Dot extracted at all under all the investigated conditions 

and they can therefore be easily separated from sUver 
sold and a series of other metals. 

A characterisUc feature of Z-200 "in the flotation of ores 
is its extremely weak collecting acUon on pyrite during 
•Ifective flotation of copper sulphates and zinc-blende 
activated wiUi copper. The high selectivity of Z-200 in the 

,•!• aeparation of copper sulphides from lead sulphide in an 
' • ' ' t f^"^,"^^™" ^"^ ^ * effectiveness of its collecting action 
-, >in the flotation of silver-containing ores are also noted ' ) . 

-î sswî ' 
-'^gCooclusioos • 

^ ^ MlJ t̂ivlĵ f̂f̂ *^*^ ^^ thiocarbamates, it was shown that the 
^ £ . reagents with an idenUcal functional group 

is retained without substantial changes in the extraction of 
metals and in the flotation of minerals containing like 
metals. 
2. Investigation of the flotation characteristics of Z-200 
made it possible to propose this reagent as an effective 
and selective extractant for chalcophilic metals (metals of 
class b in the -Arland-Chatt classification). 
3. InvesUgation of the extraction characteristics of Z-200 
made it possible to discover cerUln features of the action 
of thiocarbamates in the flotation of minerals. A satis
factory ejqjlanation was found for the specific nature of the 
reaction of Z-200 with copper sulphide in an alkaline medium. 
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character leading to an increase in V. This involves or i-
marjly the wear of the Uning, the wear of the grinding 
medium, variation in the volume of the grinding medium 
and other factors. The article is devoted to the production 
of an analytic relationship between the factors affecting V 
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SORPTION EXTRACTION OF ANTIMONY FROM COPPER ELECTROREFINING SOLUTIONS 

UDC 669.75.053:661.886 

N. Ya. Lyubman, G. K. Imangazieva, A. U. Ma'khmudova, and E. A. Simkin 

SUBJ 

Antimony is one of the most harmful impurities in the electrolytic refining of cop
per, substantially reducing the quality of the cathode copper and adversely affecting 
the course of electrolysis. However, copper electrorefining solutions, which normally 
contain up to 0.6-0.7 g/liter Sb,'can become an additional source for the production 
of this scarce and valuable metal. Until recently, however, no effective solution 
could be found to this problem because of the extraordinarily complex composition of 
the electrolyte and because appreciable losses of its principal constituents in the 
purification process could not be permitted. f 
The sorption method, using a highly-selective ion-exchanger which extracts only an

timony from the solution has great potential in this case. Research on choosing such 
a sorbent had led to the development of a method of synthesizing a complexing ion ex
changer of macroporous structure containing pyrocatechol radicals as active groups 
(PK-S ion exchanger). The synthesized ion exchanger is highly specific in relation 
to antimony and extracts it quantitatively from sulfuric acid solutions. For example, 
the PK-S ion exchanger sorbs up to 400 mg/g Sb (calculated as absolutely dry weight), 

from a solution with the composition (in g/liter) 0.8 
Sb, 17.1 As, 52.0 Cu, 22.3 Ni, 1.8 Fe, and 140 H2SO.,. 
Large scale tests were conducted using the PK-S ion 

exchanger under the conditions prevailing at the Bal
khash M±..ning and Metallurgical Combine. The install
ation consisted of two ion exchange columns 90 mm in 
diameter and 220 mm high, each of which was loaded with 
1 liter of ion exchanger (ratio of depth of sorbent lay
er to diameter 1.8:1) haying a grain size of 0.4-0.8 
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Fig . 1. Elut ion curves 

for antimony sorp t ion 
a t var ious f i l t r a t i o n 
speeds, spec, v o l / h r : 
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Fig. 2. Kinetic curves 
for antimony sorption 
at various filtration 
speeds, spec, vol/hr: 

1 - 60; 2 - 30; 3 - 10. 
. (E - is the extent of 
utilization of ion-ex
changer capacity for 
antimony, % of the 
maximum achieved under 
the given conditions. 

mm. The columns 
were connected to 
one of the lines in 
the electrolysis 
shop, in which elec
trolyte of the foll
owing composition 
(in g/liter) was 
circulating: 0.68 
Sb, 9.1 As, 43.0 Cu, 
15.5 Ni, 1.8 Fe, and 
170 H2S0^. The elec
trolyte temperature 
was 60'°C. 
The elution curves 

for antimony sorption 
on the PK-S ion ex
changer are given in 
Fig. 1. The total 
dynamic exchange ca
pacity up to break
through depends upon 
the filtration rate. 
Transition from a fil
tration speed of 10 
spec, vol/hr to 30 
spec, vol/hr leads to 
a 1.2-fold reduction 
in capacity up to the 
breakthrough and pas
sing the solution 
through at a rate of 
60 spec, vol/hr halves 
the capacity up to 
breakthrough. 
The certain amount 
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of washing away of sorption capacity characteristic of a speed of 3 0 spec, vol/hr can 
be disr~egarded', because i-t is accompanied by acceleration of the antimony -extraction 
by over 1.5-fbld (Fig. 2). • " - ,. 
Thus, feeding the initial solution through at a speed of 30 spec... vol/hr combines a 

high process speed with maximum utilization .of the sorption capacity of the ion ex
changer. • ' 
After satur-atipn,, the; ion exchanger contained (in mg/g) 315 Sb, 239 Ss,, 167 Cu, and 

35 Ni; no Fe.was found. 
unlike antimony., the impurity elements (As, Cu, Ni) enter the ion exchanger phase 

fcainly as a result of physical sorption and ban be reiribved from the sorbent iairly 
completely by washing with sulfuric acid arid water.. 
• After treatment with sulfuric acid and. water,, the ion exchanger contained (ih mg/g 
of dry sorbent) 301 Sb, 31 As-, 17 Cu. No Ni nor Fe were found. 
The wash acid,, which contains (in g/liter) 0.1 Sb, 0..9 As., 1.6 Gu, and 0,4 Ni, can 

be used to make up the electrolysis baths ̂  and the wash water-, containing (in g/liter) 
0.07 Sb, 1.6 As Cnp Gu, Ni,: nor Fe were foun'd) can be used as recirculating solution 
.after purification with lime and clarification. 
The antimomy was ©lut.ed with reagents cohtainihg chlorides. Hydrochloric acid so-

•iutionS of various concentrations, as well as solutions of various chlorides acidi
fied with hydrochloric acid., were tested as eluents. 
It was established that the degree of elution was governed tiy the- acidity of the 

eluent and, the chloride^ ion concentration in it; excess of chlorides is essential to 
suppress the-great affinity of antimony for the ion exchanger active groups-,' and 
ocidiiy is necessary to increase the stability of the antimony chloride complexes. 
The .greatest elution effect (98.6,%: antimony extraction from the ion exchanger) is 

oaintained oy using 15-17% HCl, producing eluates containing > 20 g/liter Sb, 
Antimony oxide cQntaining (in %) 0.4 As, 0,003' Bit 0.0005 eu.(no Ni nor Fe were 
found) was separated out; from these solutions by dilution with water at 60°C. 
A disadvantage of using hydrochloric acid is the difficulty of processing the eluates. 

The evolution of antimony from, its chloride solution in the form of oxychlorrde by 
dilutioii with water with subsequent hydrolysis to oxide- is very -attractive in its 
Bunplicity. However, this involves he^vy ^nd practically irrecoverable losses of hyd
rochloric acid, because, subsequent concentration of the dilute HCl to its initial 
eonce^tra.tion is techjnicaily difficult. The eledtrdlyte processing of chlorides elu
ates IS also difficult, because of the instability of available anodes in chloride ' 
"Kdia. 
A sblution containing 20%. Feci2 and 5% HGl proved to be a convenient eluent, be-., 

cause it can be used repeatedly in processing eluates by cementation. Passing 15 
specific volumes of this splu.tion through gives a 91^3% degree -of elution. 
It was established that reduction with metallic iron led to the thorough separation 

Of antimony, from these eluates in the form of a cement residue containing 91-93% me-
• ̂ llic antimony. The-regenerated solutions- produced in these circumstances -are 
practically identical to the initial eiuent in composition'. The de sorbents are read-

• t : l Ŝ ?'̂ !̂?®'̂  in. this way, and the composition of the recirculating eluent is corr- . 
ected by the periodic addition of HCl. solution in amounts corresponding to the pro
cess losses of solution. •rr ^ f 
\^^^^°P^^°""®•'•"^?^°" cycles were conducted -using; a hydrochloric acid solution of 
jBivalent Iron chloride as the el^uent, obtaining stable and reproducible results in 
•antimony extraction from copper electrolytbr from the Balkhash Mining and Metallurgi-
•;Mi combine. .Following extraction of the: antimony, the filtrate: yielded Isatisfactbry 
cathode deposits when used as the. electrolyte in copper electrorefining. 
• till » f^r K^^* ̂ ?°^"°^°^^' f̂ '̂ -̂ ̂ '̂  hss bebn adopted fbr pilbt-plant checking at 
•lî *-̂ ?i = ??^ S^?^;"^- 'The Kazmekhanobr Institute; has designed and ia building an 
' ̂"f*̂ ,̂llotion which will process % 6.00 m' of electrblyte daily with a reduction in 
^ tests" "^ ^°"^®"^^^^^°"'°^ ̂ ^o"* 0..6-0-,7 to- 0.10-0.15 g/liter for the pilot-plant 

,fer:-t'.; 
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A D Pogorelyi, I V AleksanyaiU.s, A N KoKoev, N V La-^ui-ov ;iiul A E Suanov (Niirlh-Cam:.isiaii Mininn-MelaUui-Blcat .1M QFf^p 
Institute - OepartmenI of General Metallur(;y) ' ^ 

Summary 

Algorithms a r e formulated for calculalion of the ro.sult.s 
trom electrolyt ic separation of ivvo-i.-nnipuJieiii .systems 
in mel t s . With data on the comijosition of the raw mater ial 

( • ; . , . I 

l - . ' X ( j . ' i i m - i i L , i i . - ! , -> ; ( i ' . ) ( i j i ; f s i - . - / l l - . i 

wiick i.'i.'./i (in'/l;:. / ; (Ju-;i.-.'i>-:t-il ; .'I 
c;iiai-('.: ^ruL'ilj U-; I) .jnrxd- .'t̂ .irf; 
4} a.!l.hotic; f»j ...-pntuliwr l^ar acli.ith 
pfodtict; ii) ..tuo,i<' mu-it; 7) <.-iu.rt.'-ci-
•Jijto. 

l u j im / rM 

l'iij.^2 Tho dt;pt;niit.-nco ot' K,_. on t/ic aiimpos i -
t:ion ot t-lic tlr.adty. Hiatal for K = O.Ol 
ancl for v:ir.Lous; niLit.il v/iJe:)c'ie.s-; ro 
for A, n fnr B. 1 - m = J, .•' - .! : 
2 - m - 3, n f= 3; 3 - m = -i, n ^ 1; 
4 - . - 2 , n = 1 ; 5 - ni = : i , III - -J; 
6 - m '̂  2 , n = 3 ; 7 - HI = I , n ' 3 ; 

- m - I , n = ' 1 , 9 - m = 1 , li '^ 2 . 

and eleeirolyte and <.in the physicochemical character! 
llf the syslcm hcinL; separated il is possible to predict 
course of and the resul ts from the electrolysis proctw ,̂'' 

\ . . ^ < : , - ' 
/ '̂̂  
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r i i i . j Tho varicicion o;' tsho com/vnyj'tion of 
cho Ciithoda itK^UiI: I - fn.stjintjn-
oo(/.s* values oi i:ho conCenc of !t 
{%) i n tlic cutboda pvodacc; 3 - : 
o r if in vho cathnflc product oi' c'lo 
nofiiinl ojui'i'i'tt.-u^u: J - '̂  Of B in 
tha cithodQ prothict of the nocmiil 
ope ra t ion . Tht.- ilottiid .Line ffiiowr. 
t h i; res ul CS Cor clie i n i t i a l ope ra -
Cion, iiio iiOlid l inos shoi^' ihu 
r e s u l t s for tfiij nfir.mal op'::viiLion. 
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Selective extraction of copper frora iron-containint; solutions 
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G B Illyuvieva and Le-Nai-Fyoni; (Leningrad Mining Inslitule - Department of Ceneral and Physical Chemistry) 

I -

To increase the degree of utliisation of ore mater ia l is one 
of the press ing problems of niining.and metallurgical indus
try in the tenth five-year plan. At the same time between 5 
and 20% of die total balance r e s e r v e s of non-ferrous mclal 
o res is lost during process ing, and a considerable amount 
of the melals is car r ied away by the mine wa te r s ' ) " ) . 

The capital costs for the extraction of copper from such 
ma te r i a l s , for example, a r e appro.ximately ihree t imes 
lower than the cost of its production from ores of new do-
posi t s . The most rational niethod for the exlraclion of cop
per from balance o res and wastes is unriergi-ound and heap 
leaching, which have been widely developed abroad-) . One 
of the complex problems of Uie industrial application of 
tliese p roces ses is isolation of the copper from the obtained 
low-concentration solutions containing considerable amounts 
of iron. The presence of iron reduces the effectiveness of 
the use of such widely known p roces ses as cementation, 
extraclion, and sorption, increasing the consumption rate 
of the cenienlate and extractants and reducing the useful 
capac ity. of the sorbents . 

Irivesligations showed that.il is possible to use Ute flota
tion method fdr selective extraction of copper from such 
solutions. The advantages of this method include i ts high 
ra le , the possibili ty of using apparatus widely used by in-
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duKlry (mechanical or pneumatic flotation machines), the 
almost complete regeneration of tlie collector, and the 
recycling of the solutions even in bacterial leaching^)''). 

The inves l igat ionswere ca r r ied out on model sul;ihate 
.SoTutlons.containing 0.5g/l Cu and l.Og/1 Fe(IU). TJieTIola-
tion machine (volume 150 and 1800ml). The necessary pH 
value in the solulion was created by the addition of sodium 
hydroxide or sulphuric acid and was measured by potentio-
metry with a glass electrode and an LPU-! potentiometer. 
The following mater ia l s were used as precipitant-collec
to r s : xantliates, petroleum sulphides and sulphoxides, 
caroxylic :uid hydro.xamic acids. 

All Ihe tested reagents successfully float copper from its 
solutions in a specific range of pH values and with some ol 
them (petroleum sulphides, carbo.xy lie and hydroxamic 
acids) at concentrations below the equivalents. The flota
tion of iron(in) takes place under approximately the same 
conditions, whereas tho flolation of iron(Ifl) is consider
ably less effective and takes place at different pH values. 
This de termines the possibility of selective separation of 
copper and iron (III). In the simultaneous presence of both 
metals in solution, however, Iheir behaviour changes signi
ficantly, and with the majority of reagents (xanlh.ates, 
naphthenic and hydroxamic acids) selection is almost .absenu 
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r Investigations'^) the possibility of selective 
(Itaol irun(in) from solutions containing non-ferrous 

by means of high-molecular-weighl acids of the 
lerlcs was demonstrated. However, such a p rocess 
Ihe need for additional consumption of the collector, 
makes tlie use'of flotation for tlie extraction of cop-
ofltable. The widely employed hydrolytic isolation 

|«jds to considerable losses of copper as a resul t of 
nation .and sorption"). 

IlkU makes it necessary to seek a method for the se l -
iDolntlon of copper. The process was Uierefore r ea -

lillhe following way. Carboxylic acids were first 
trted Into sodium sal ts by mixing with equivalent 

I of a l.ON solution of sodium hydroxide al 80-90°C. 
Jlohllons were diluted to the required concentration 

ILUN) with hoi water and divided inlo por t ions . Before 
bttlon into the flotation equipment the solution was 
I where necessary (s teara te , palmitale) . The con-

I of tlie reagent is delermined by the copper con-
I'Vis lirst portion al the rate of G.5 of the cquivalejil 
•I of copper is delivered to a solulion having a pll 
r of 1.8-2.0 directly in Uie flotation equipment, where 
ilkin Is realised for 10-15 min. 

«, as a result of hydrolysis, -the sodium salt of the 
«lor Is converted fully into the acid, which forms an 
»ndcnt highly dispersed solid (palniiiate, s teara te) 

I (oleate,naphUienaie) phase. A l.ON solution of 
I hydroxide is then added to the solution in portions, 

llbepH value is increased to 5.6-6.1, after which Uie 
lion Is continued for a further 10-15 min. Here the 

Ihydroxide is precipitated and gradually converted into 
f,iJlttture of complex hydroxides, possess ing a considor-

t lower Specific surface and sorption and reaction cap-
|.ip.-|. This process can be represented by Uie following 
- Mttme: 

'.•(WH,0),.,(OH )](=-=<)- .. [ F C „ ( H , O ) „ ^ , . , , ( O H ) , J " ' - « ) • . 

TW reaction of the solid phase which forms wiUi the col-
jtutor depends on its slate of aggregation. Where it is r e -
f'Jrtienled by a finely dispersed liquid phase (oleic, naph-
.j i«alc acid), hydrophobisation of the surface occurs if the 
(.iilUKlor is a solid phase (s tear ic , palmitic acid), and its 
?'«Mllon with iron hydroxides hardly occurs al all. Here 
, Itrtlul saponification of Uie collector occurs , and liie 
' -Wons which form interact with the copper cations, forming 
i!»Cirl)oxylate, which passes inlo the froUi product during 

jitocquent flolation. For complete extraclion of the copper 
dUhe flotation process a funher aniount of Uie collector. 
llUculalcd so that the total aniount is equivalent to the 

amount of copper, is aiiaed. The resul ts ii ou. im; e.\peri-
ments (table 1) show that with liquid acids (naphthenic, 
oleic) selection is aljsenl, and when solid acids of close 
molecular weight (palmitic, s tear ic) a re used the s e l e c 
tivity is fairly high and the copper is extracted almost 
completely into the froth product. 

The presence of even small amounts of liquid acids 
(u.g. synthetic fatty acids of the C-.-Cj fraction) completely 
destroys the selection. This explains the .absence of se lec 
tion when technical fatty acids of Uie Ci-z-C-^o fraction 
(solid), conuiining low-molecular fractions as impurity, 
a re used liable 1). 

T:itile 1; T h e r t -aul ta Irotii Ihe n o t a t i o n til c o p p e r and i r o n by v a r i o u s c a r b o x y 
a i r ids . D e l i v e r y of tliu c o l l e c t o r in two etlual p o r l i o n u •) 

CMl(eclar--.ii-i(l 

Naplittu'iiu-
O l e i c 
Pai t j i l l ie 
S t e a r i c 
S t e a r i c 
S t ea l i c . DO-t . 
Svnil iel i i- li-aciioii C , - C ^ lO^r 
Al ip l ia t ic ^yntJici lc f r ac t i on 
i::-.7-c..„ 

S t e a r i c ( i-ei ;ei ieratetl) 

.Slall- 111 
Hf^Ki-cualuiii 

a l 25"C 

liq. 
Iiq. 
yolifl 
!.olld 
boliti 
aolltt 
liM-

ilolKl 
_ Srjlill 

p l l v a l u e ilurini-. 
add i i iun uf 
- c o l l e c t o r 

P o r t i o n 

1.7 
1.9 
I .S 
2 .0 
2 . 0 

1.9 

1.8 
2 .0 

P.lltU.Ii II 

5.6 
5.9 
G.2 
5.-1 
5.9 

7.1 

li.l 
5.9 

lc 

Kxirac t i i i i i 
in to froth 
j i roduc l T 

Coppe i 

93.-1 
- 1 0 0 . 0 
• 9 0 . 0 

98 .0 
9 6 . 5 

98 .0 

- 1 0 0 . 0 
9-1.1 

I ron 

- 1 0 0 . 0 
- 1 0 0 . 0 

13.3 
14.0 
lO.O 

92 .5 

- 1 0 0 . 0 
16.5 

*} Consumption of tlie collector in an -amounl sloichiuinetric with the copper. 

Flotation with s t ea r i c acid and its sa l t s was investigated 
ill greater detail. With Uie addition of-an amount of sodium 
s tea ra te equivalent to the copper in one.portion at a pH 
value of 6.4 both metals a re extracted completely into Uie 
froth product, as expected. With the addition of Uie same 
amounl of collector to a solulion with a pH value of 2 
selection is observed, and the best resul ts a re secured 
by tho addition of collector.s in Iwo equal port ions (table 2). 
Analogous resul ts can be oblained wiUi an alcohol solution 
of s tear ic acid, where the character of the p rocesses does 
not change; when added to an acidic aqueous solution, 
s t ea r i c acid forms a finely dispersed solid phase (table 2). 

The accuracy of the ideas a'lout the nature of Uie p ro 
cesses wliich occur is confirmed by the resul t s from po-
leniometric litralion, piiase analysis of the flotation p ro 
ducts, and investigation of their IR spect ra . Whereas com
plete saponification of the s tear ic acid in the aqueous phase 
occurs al pH 8.2-8.5, in the presence of copper ions the 
formalion of s l ea ra tes occurs at pH •• 4 and is complete al 
pH 5.8-6.0, and this is due to displacement of the equilib
r ium: 

tm s o l i J - HR .so 111 " H+ + R . C u ' 
CuR 3s>i 1 i d 

Table 2: The resu l t s from flotation with s tear ic acid and its sa l ts 

l ; i -

nie-

of 
oth 
gni-

Composition 
of collector 

Sodium s teara te 
Sodium s tea ra te 
Sodium s teara te 
Sodium s teara te 
Sodium s teara te 
Sodium s teara te 
Sodium s teara te 
Sodium s teara te 
Stearic acid 
Stearic acid 
Stearic acid 
Stearic acid 

Solvent 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Alcohol 
Alcohol 
Alcohol 
Alcohol 

Flotation conditions 

F i r s t s tage 

pH 

6.4 
2.0 
2.0 
2.1 
2.0 
1.9 
1.8 
1.9 
5.9 
2:3 
2.0 
2.0 

Consumption 
of collector 

1.0 
1.0 
0.5 
0.5 
0.25 
0.75 
0.25 
0.37 
1.0 
1.0 
0.5 
0.5 

.Second .slage 

pH 

-
6.3 
5.5. 
5.4 
6.0 
5.9 
5.9 
6.1 

-
-

5.9 
5.5 

Consumption 
of collector 

-
0 
0.5 
0.5 
0.75 
0.25 
0.25 
0.37 

-
-

0.5 
0.5 

Total 
consumption 
of collector 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.5 
0.75 
1.0 
1.0 
1.0 
1.0 

pH 
of . 

tailings 

C.9 
6.7 
5.9 
5.7 
6.0 
,5.9 
5.9 
6.1 
6.1 
6.0 
6.1 
5.9 

Extraction 
into froth 

product % 

Copper 

100.0 
89.2 
96.5 
98.0 
91.8 
90.8 
78.2 
82.3 
88.0 
85.5 
95.0 
96.5 

Iron 

100.0 
36.4 
10.0 
14.0 
13.5 
15.3 
13.0 
13.5 
13.0 
10.0 

0.0 
lO.O 

tsont, 
•) The consumption of the collector is given in fraciions iit Uic stoichiometric aniouni lor copper. 
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as a resul t of the formation of the poorly soluble copper 
carboxylale and its withdrawal inlo tlie froth. The p r e 
sence of.solid s tear ic acid in the acidic solution (pH = 2) 
does not affect the formation of the oxides and basic sal ts 
of iron. 

The flotation products obtained under optimum conditions 
do not contain free s t ea r i c acid. The froUi product, into 
which more than OB-̂c of the collector is extracted, r e p r e 
sents neutral copper s lcara te with hydroxides and basic 
sa l t s as impurity. The cell product consists of hydroxides 
and basic sal ts of iron wiUi iron s l ea ra te s as impurity 
•(R-.-Fe-'-*' rat io 0.004). The .aqueous pliase of both products 
in the form of a t ransparent solution containing sodium su l 
phate in anamount equivalent to the copper and iron and not 
more tlian 20mg/l of s tea ra te is separated by settling (aboul 
90% of the volume of the cell product and SÔ ";. of Uie froth) 
and can be returned to leaching. (By special tests it was 
established.that the activity of the tliioliacillus ferro-oxidans 
bacteria is not destroyed in this solution). 

• The solid phase of the cell products is easily filtered. The 
a i r - d r y precipi ta te is a mixture of hydroxides and basic 
sa l t s of iron and corresponds to the overall formula 
Fe,(SO, )(OH)a.io- The solid phase of the froth product is 
a lso easily separated by filtration. After dissolution in a 
307c hot solution of sulphuric acid and cooling the s tear ic 
acid is separated by filtration and returned to flotation. The 
filtrate is a solulion of copper sulphate, the concentration 
of which is 20-25 times gi-eater than the initial. This solu
tion also contains a certain amounl of iron, which is higher 
the higlier its conteni ui the initial solution. Final s epa ra 
tion of Uie iron from the concentrated solution can be r ea 
lised successfully, for example, by cation-exchange ex t rac 
tion with naphthenic or fatty a c i d s ' ) . 

By exper iments il was established that milk of lime can 
be used in addition to sodium hydroxide for neutralisatibn 
of the solution. The basic scheme for the treatment of low-
concentration iron-conlaining solutions is shown in the 
figure. 

Conclusions 

1. A method is proposed for selective exlraclion of cop
per from an iron-containing solution with low concentration 

J jy flotation with the use of aqueous solutions of the sal ts of 
soTtaTiTirCoxylic acids as prec ip i tant -col lec tors . 

Phase aad s t ruc tu ra l changes in the charge and the dynamics of 
pyrrhot i te calcines v\0 
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Fig . Cas/c technolocjical scheme for the. c/'eatironC of lar-
c o n c e n t r a t i o n s o l u t i o n s c o n t a i n i n g Conner and iron. 

2. Froni the conibined resul t s from flotation trials, poCII»] 
t iometric titration, and investigation of the phase compost . 
lion of the flotation products ah explanation is given forl>tl 
mechanism of Uie p rocesses . 

3. The process c:m be real ised with standard equipnienlji 
with regeneration of the.collector and recycling of Ihe 
aqueous phases . 
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the r e l ea se of gases during segregation roast ing of 

A K Orlov, I N Piskunov and N M Telyakov (Leningrad Mining Institute - Department of the Metallurgy of Heavy and 
Noble Metals) 

The subject of the investigations was pyrrhoti te calcine 
obt.ained by oxidative roast ing of pyrrhoti te concentrate 
which had been previously pelleUsed lo a part icle size of 
-400-fl60(i in a fluidized-bed furnace al 750-800°C. According 
to chemical analysis , the calcine contained the following %: 
2.8Ni, 0.218CU, 0.073Cb, 58.68Fe, 0.185S, 2.24SiOj,, O.OlMgO. 
The exper iments ori segregation roast ing were carr ied out 
wiUi lOOg of calcine, to which the necessary amounts of 
calcium chloride of part icle size -lOOfi were added in a 
rotary tubular r e a c t o r ' ) made ei ther of porcelain or of 
s ta in less s tee l . In order to observe Uie variation in Uie 
mater ia l composition of the charge, the part icle size of 
the metall ic phase, and the behaviour of the calcium chlor
ide during heating of Uie charge and holding at Uie segrega
tion roast ing temperat\ ire 2-G-g samples of Uie material 
were taken from Uie reactor at 10-15 min i n l e r w l s . The 
"chlor ine" content of Uie charge and the amount of water 
soluble nickel and ii'on chlorides were calculated from 
the resu l t s of analysis of an aqueous extract oblaijied 
during leaching of the sample with water . Where neceHs:iiy 

the residue after leaching was also analysed. 

The mater ia l composition of the samples was studied on» 
Dron-05 Xray.dif traclometer and under a Neofot-2 micro
scope. In the second case polished sections inserted into 
taakelite were prepared. In some of Ihem the number of 
grains of ineLillic phase with various s izes was counted 
(on an area of the section 15mm in diameter) . Some samplei ' 
were investigated on a Cameca iVlS-46 Xray microanalyser. 
The apparatus for segregation roast"^j in the experiments 
on the dynamic re lease of gases was supplemented by a 
bubbler containing water , in which hydrogen chloride con
tained in the gas flow was absorbed. A check showed that 
carbon dioxide was absorbed little in Uie bubbler. The amounl 
of residual gases emerging from the reac tor was determined 
by a gas meter , and the contents of oxygen, carbon monoxidt, 
and carbon dioxide were determined by a gas analyser of the 
GKliP-3M type. 

I'/iaterial analysis of the initial calcine showed that Uie pre-
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Solyent Extraction for Gopper Recovery^ 
Some General Considerations 

I By M. J. Cahalan 

.Paper read at the inaugural meeting of the Sohent Extractioti Group oh October 28, 1966) 

PERHAPS the .most importaDt poteatial. application 
for solverit extraction in the mining- a.nd nielal ex
traction-industries is in the recovery of copper from 
dilute solutions. 

Most of the, world's copper is obtained froth 
sulphidetores wliich are treated,by flotiatibn to yield a 
cbncentrate from which 'copper is obtaJDed by pyro-
metallurgy; Mineral deposits generally cotitaih 
considerable toniiages which areltoo low in copper to 
be economicaUy mined. In an underground, mihiiig 
operation such material is. mostly left in place but in 
open cast operationSi large tonnages may be excavated 
'and dumped nearby iri order 'to gain access to 'ore 
which can be mined and processed.'profitably, 

Natural oxidation of sulphide ores, aided by 
bacteriological action, readily leads to dissolution of 
copper in a siilphate solution. The resiilt of this 
natural process has beeri known for centuries and 
copper has' been recovered from the solutipns on a 
commercial scale for about 100 years; but -only in 
the last 10 years or so* has our uriderstanding of the 
mechanisms and rate controllirig'factors been devel
oped. 

Imperfect though our Rnowjedge is at the present 
time, heap leaching of. dumps .of what was hitherto 
regarded as waste from cppper mining operations is 
;nbw established commercial practice. Such leaching 
is not confined to waste dumps arid indeed-a somewhat 
simitar process has been, operated siniie early- this 
century in Spain, Portugal and the 3oulh West 
United States,;but )lie process has hdw be(:ome mufch 
more significant in the overall world picture of copper, 
availability andproductibn. Currently it is estitriateS 
that approaching. 150,000 tpjis per annum of cppper is 
recovered in this-way (from a free;world production of 
around 5m tons) and it,is.not unrealistic^to say that, the 
figure could be iJncreased five' fold within the next 
10 years. 

Recovery from solution is universally effected by 
the classical •method of cementation with iron. Im-
prpvemenls have been:made in the art, science and 
engineering—mu'ch "scrap iron has been replaced by 
shredded detinned canSj or iron powder prepared by 
hydrogen reduction of iron- oxide. One elegant 
approach even uses reduction of copper smeiting slags 
high in iron to obtain' a precipi tant whichproyides sbine 
addititjnal copper recovery. The' general process ,is 
shown in Fig. 1'. 

The cost of precipitation by these methods is still 
high, despite increased mechanisation and better 
control tehniques. There is the minimum stoicHio-
metric-requirement of iron (0-89 lb Fe perlb Cu) and 
the presence of ferric sulphate, necessairy for successful 

/WWWM 
Leach 
liquor 

I 
Cfrritntaiion with iron 

to wastt 

r«omy? 

C«m<nt copp«r 

, i • 

. 1. 
Bits f t r coppffr 

i -
Electroljrlic-- rtlrhirljj 

FiG. I.—Convetttioiial Heap teaching 

Ieaching, is an added consumer of iron so that in 
practice the consumption is usually nearer 1̂ 5 lbs. 
This has .added disadvantages in many cases where 
recirculation of the solution after precipitatioii to 
leachirig dumps is desirable, since increasing iron 
content raises rnany problems iri leaching, 

Precipitated copper obtained by cementation still 
has to be-redissolved arid electrodeppsited o.r smelted 
and refined to yield a marketable product. It is not a 
partieuiarly attractive material for -handling because-, 
of its'fineness and the difficulty of washirig.it free from 
^cid, so that direct recovery of copper from solution 
in aform suitable for handling has obvious attractions, 

Solveiit extraction with its very low labour require
ment offers the prospect of a converitent method of 
recovery well suited tb the large volumes of solution 
to be han'died. 

General Process Concept 
Electrbdepbsition of copper from sulphate solution 

containing 10-^100 g.p.l. of free H2SO4 is well estab
lished/practice. However, it is not'a practical pfopor 
sition for solutions containing much less than 10 g.p.l. 
Cu and particulariy at low copper coneentratidns tbe 
presence of significant amounts of iron has a markeidly 
adverse, effect on current efficiency, due tb oxidatipn-
Teduction reactions. 

Solvent extraction ofifers a means of selective 
extraction frorn the dilute leach liquor with back 
extraction (stripping) ifito a concentrated sulphate/ 
sulphuric acid solution which becomes-the electrblyte 
for elet:trocfepbsition to the metal. Theife is the added 
attraction' that electrodeposition of cppper liberates 
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H2SO4 which can be recycled to back extraction thus 
reducing chemical reagent costs, (see Fig. 2). For 
such a process, chemicals used are limited to making 
up for losses in circulation. 

Makt'up 
water 
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Losdcd organic 

R'icn Cu solution 

I 
Eleclrode?osi*icn 

Recycle lo SE.-

-Ocpleted electrolyte Electrolytic copper 

FIG. 2.—Heap leaching with solvent extraction 

Two purely technical questions arise in comparing 
this process concept with the conventional flow sheet 
shown in Fig. 1. First, is the recycle of raffinate 
containing traces of organics likely to have an adverse 
cfiect on the leaching process, and second, is the 
organic entrainment in the back extract going to 
electrolysis likely to affect electrodeposition? Investi
gations into the first have shown that some extractants 
have a toxic effect on the bacteria important in ac
celerating the leaching process, notably on thiobacillus 
thiooxidans, so that care must be exercised in this 
regard. On copper electrodeposition, there is little 
likelihood of insurmountable problems arising from 
organics in the electrolyte. 

If the concept is viable, what are the prospects of 
developing a commercially attractive process? The 
key is availability of a suitable extractant and it now 
appears that at least one acceptable extractant will be 
available. 

Solutions to be Treated 
The types of solutions to be considered for copper 

recovery range widely in analysis. Present leaching 
practice should give copper concentrations in the range 
1 to 5 g.p.l. Iron contents could conceivably be as 
high as 10 g.p.l. in a cyclic process but might in 
practice be limited to 3 g.p.l. Ideally, all the ferric' 
iron should be reduced in leaching while passing 
through the heap in accordance with one assumed 
reaction: 

2Fe2(S04)3+CuFeS2 •5FeS04-|-CuS04+2S 
Note, however, that this is not necessarily the dominant 
reaction and our present understanding is that direct 
oxidation of chalcopyrite leading to approximately 
equal concentration of copper and iron in solution, is 
dominant in natural leaching processes. With copper 
minerals low in iron, for example, chalcocite, CU2S, 

the iron problem is much reduced. As far as solvent 
extraction is concerned, however, it must be assumed 
that ferric iron may be present. 

The pH must be in the region of 2 -5—3 0 during 
leaching for best extraction rates and selectivity for 
copper. In some cases a significant amount of free 
H2SO4 may be present. 

Solvent Requirements 
The ideal extractant should operate at the natural 

pH of the copper solution, be selective for copper 
(and particularly it should not extract iron), strip 
without undue difficulty with sulphuric acid, have a 
low water solubility and be non-toxic to thiobacillus 
thiooxidans (the most important bacterium in the 
natural leaching process). Preferably it should 
operate with a cheap diluent like kerosene and should 
itself be stable over a temperature range of 0—SO ĉ. 

Price is not a primary consideration because if an 
extractant meets the requirements stated above 
satisfactorily, particularly with respect to water 
solubility, its loss in processing will be sufficiently 
small to be an acceptable cost. Similarly, ability to 
operate effectively at the low natural pH of the leach 
liquors would normally be expected to lead a fairly 
low organic loss (compared with the marked tendency 
to emulsion formation at near neutral and alkaline 
pH's). 

Solvents Examined 
Carboxylic acids have been e.xamined fairly 

thoroughly at Warren Spring Laboratory and else
where as possible extractants for copper. They are 
cheap- and readily available, but suffer the serious 
disadvantage in this context that significant copper 
extraction takes place only above pH 4 and iron in 
concentrations exceeding a few milligrams per litre 
interferes with extraction. 

Versatic acids (synthetic carboxylic acids marketed 
by Shell) suffer much the same disadvantages although 
one modification—Versatic 9—can operate with 
solutions containing iron by extracting it before 
copper extraction. 

A modified carboxylic acid, a-bromo lauric acid— 
has been developed by Israel Mining Industries. With 
its more acidic character, it can extract copper at a 
somewhat lower pH—around 3-3—an improvement 
over other carboxylic acids. 

All carboxylic acids suffer the disadvantage that 
hydroxyl ions stoichiometrically equivalent to the 
metal recovered must be consumed in extraction. 
Even using limestone, as it seems possible to do with 
a-bromo lauric acid, this alkali cost would normally 
be unacceptable in recovering copper from leach 
liquors, especially those containing free acid. 

A few years ago. General Mills introduced an 
a-hydroxyoxime under the trade name of LIX-63 for 
recovery of copper from solution. It is particularly 
suited to recovery from ammoniacal solutions of the 
type obtained from oxide copper ores by conventional 
ammonia leaching (in closed vessels) as distinct from 
the field of major commercial interest—natural 
leaching of open heaps of sulphide ores. The reagent 
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has useful properties—particularly low water solubility 
and high specificity for copper, but suffers from 
inability to extract copper at pH below 3-0. 

More recently, the same company has developed 
another reagent—LlX-64-^which is described as a 
mixture of 2-hydroxybenzophenoximes—which like 
all the foregoing reagents is also used diluted with 
kerosene. It is outstandingly specific in action and 
extracts copper from solution in the presence of 
substantial amounts of iron (ferrous or ferric) and in 
general appears to satisfy all the basic requirements 
for the treatment of leach liquor. 

Possible disadvantages at first sight are its relatively 
low loading capacity (2-5 g.p.l. Cu for a 10%solution 
in kerosene compared with about 20 g.p.l. for carboxy
lic acids of the same percentage concentration in 
kerosene) and rather sluggish stripping characteristics 
with sulphuric acid. However, such disadvantages 
are more apparent than real, as consideration of the 
suggested flow sheet (Fig. 2.) shows. The low loading 
requires a larger inventory of solvent, but this is in 
any case a small cost in relation to that of overall 
processing. The slow stripping requires more contact 
time and hence larger equipment, but this cost too is 
likely to be relatively unimportant in the overall 
picture. 
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Process Economics 
An estimate put forward by those associated with the 

development of LIX-64 suggests that for a leach 
liquor containing 1-2 g.p.l. Cu, the total cost of solvent 
loss, electricity and incidental chemicals usage— 
approximately £25 per ton of metal produced— 
should be less than the cost of recovering copper by 
cementation. From the estimated plant cost data 
given from the same source, it seems that solvent 
extraction plant for 10 tpd of metal recovered would 
cost about £150,000 leading to a depreciation charge 
of £4-5 per ton of copper. If the above claims are 
substantiated, a rapid adoption of the process is to be 
expected. 

Solvent loss was estimated in the range of 0-05-0-12 
gallons of mixed solvent per 1000 US gallons treated 
(that is about 0-7 lbs/1000 Imp gallons). If this very 
low loss is confirmed in practice, the relatively high 
price of the LIX-64 reagent ($2-25 lb) is of little 
significance. 

Comparison with naphthenic acid and its corres
ponding requirement of alkali (as caustic soda) for 
extraction is instructive— t̂he naphthenic acid route 
would involve an alkali cost of approximately £40 
per ton of copper recovered and about £1 per ton for 
organic reagent. Depreciation would not be markedly 
different. 

A further operating consideration is that in treating 
a dilute solution with an extractant capable ofa high 
loading, an internal recycle of organic would normally 
be desirable to maintain a low phase ratio (organic/ 
aqueous) which is generally considered necessary to 
minimise organic entrainment in the raffinate. Thus, 
with the low loading of LIX-64, phase ratios close to 
1:1 are obtainable without recycling, resulting in 
desirable simplicity in plant which will be handling 
very high throughputs. 

In electrodeposition, circulation of electrolyte is a 
necessity and cycling of electrolyte, partially depleted 
in copper, to back extraction (stripping) achieves this 
requirement. .However, it may be desirable to use 
some internal recycle as well. 

Summary and Conclusions 
The economic incentive to develop an effective 

solvent extraction process is a major one, primarily 
for the copper producers. 

A very promising reagent has been developed and 
process engineering studies can be expected to proceed 
rapidly. 

With the very large volumes of solution to be 
processed, control of organic phase loss will be im
portant and research and development on this aspect 
will probably be intensified. Of particular interest 
will be the ability of the solvent to treat solutions con
taining a variety of metal ions, silica and suspended -
matter. These problems are likely to provide a search
ing test of chemical engineering skill. 

LONG SERVICE AWARDS TALK 

Speaking at a Long Service Awards Ceremony on 
March 30, Dr P. W. Reynolds, a deputy chairman of 
ICI Agricultural Division had some hard things to say 
about sub-contractual engineering work on some of 
ICI's new plants. 

"Most of you will know," he said "that we have 
built a new ammonia plant at Immingham to supply 
Fisons, who have waited for long enough for the 
product. The plant was ready for use last Christmas, 
but steam mains blew at the joints; a packaged boiler 
refused to steam; boiler feed pumps collapsed one after 
the other; safety valves stuck in the open position or 
broke their springs, until at last we got to the turbine 
only to discover that the expansion of the pipework 
moved the turbine out of line. All this has now been 
corrected and the turbine is running today, but it has 

involved three months delay because of inefficient 
engineering which had nothing whatever to do with 
the processes of ammonia synthesis technology." 

Comparing Japanese engineering with that en
countered by ICI Dr Reynolds said "A plant almost 
identical to that at Immingham, built by the same 
contractors on the basis of the same 'know-how,' but 
involving 99 % of equipment made ih Japan, came up 
to flowsheet output in 17 months from signing the. 
contract. At Immingham we have reached 33 months 
and we have not made ammonia yet." 

He concluded, however, that he had absolute 
confidence in the plants that the Division had built and 
he looked forward to the time when ammonia was 
exported from the Tees rather than imported. 
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SOLVENT EXTRACTION OF GALLIUM FROM HYDROCHLORIC ACID SOLUTIONS 
USING A MIXTURE OF HIGHER ALCOHOLS 

POC 669.871 

. I . N. Sakharova , Yu. I . Os t roushko , and I . V. Muzalevskaya 

rep ^ 3 

! ! • • - ' } " - ! < 

^aq, g/r 

Gailium extraction iso
therm. 

Solvent extraction from hydrochloric acid solutions by ethers, ketones, tertiary^^^ ^ 
4sines, aliphatic monocarboxylic acids, and H-tributylphosphate is an effective ggTHJ 
cethod of gallium separation; however, most of these extractants are expensive and* FH 

not rfeadily available. 
An analysis is made in the present work of the possi

bility of using a mixture of higher alcohols as an ex
tractant for gallium; the mixture is a waste product of 
isooctyl alcohol production and costs 400 rubles/ton. 
Experiments were carried out with a mixture of higher 

alcohols of the following composition, %: light alcohols 
1, C12H2SOH 75, C16H33OH 21, and H2O 1; boiling range of 
mixture 215-250° C, flash point 118° C, self ignition 
point 260° C, explosion hazard limits 0.8-3.3%, and den
sity at 20° C 0.856 g/cm'. 
Extraction from gallium chloride solution was carried 

out in glass extractors with mechanical mixing at ~ 200 rpm. The phases were sepa
rated by centrifuging. The phase ratio in all the experiments was kept at 1 : 1. 
the initial solution gallium content was -~ 0.44 g/iiter. 
A study of the effect of the hydrochloric acid concentration (from 1 to ION) on 

jallium extraction witJi the mixture of higher alcohols showed thdt -the highest per
centage extraction of gallium into the organic phase (99.9%) was achieved in the 
range of hydrochloric acid concentrations from 6 to 9N. The maximum distribution 
coefficient value exceeds 500. 
It was also established that equilibrium was quickly reached in the water-organic 

tystein, after 2-5 min of mixing. 
The isotherm for gallium extraction from 8.5N hydrochloric acid solutions (see 

rig.) was plotted witJi a phase contact time of 5 min. The distribution coefficients 
for gallium in the region remote from saturation are fairly large. Maximum capacity 

of the extractant for gallium is- 33 g/liter, which is 
0.11 grmole per mole of higher alcohol mixture. 
The effect of aluminum and iron on gallium extraction 

was studied. The results indicate the possibility of 
extremely effective gallium and aluminum separation by 
solvent extraction from hydrochloric acid solutions 
using .a mixture of higher alcohols over a wide range 
of relationships between these elements (see Table). 
According to the published data, trivalent iron is 

readily extracted by organic solvents containing oxygen; 
no experiments on Fe'+ extraction were therefore carried 
out. Study of bivalent iron extraction from 8.5N HCl so
lution showed that Fe^+ was not extracted by this mix
ture of higher alcohols. 
The gallium was reextracted with water frora solutions 

with a gallium concentration in the organic phase of 
4.24 g/liter, phase contact time being 5 min. It was 

•«tablished that Ga was extracted into the reextract practically completely in one 
^ntact (99.7%) at low phase ratios (up to W : O = 1 : 5). An increase in the hydro-
^loric acid concentration in the reextract prevents a possible increase in the phase 
ratio. This can be avoided by adding the appropriate amount of alkali. Thus gallium 
"traction was 81.7% in reextraction with water (W : O = 1 : 8), the acidity of the 
êextract being 3.5N, but in reextraction with a 2N solution of NaOH (phase ratio 
^ 0 = 1 : 10) gallium extraction from the organic phase is 99.9%. 

^ n e results of organic phase' analyses for alkali metals showed that there is no 
fraction of these elements under the given, conditions. Metallic gallium is obtained 

i ^ i 
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Concentration in 
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Extractabill ty pf Gallium 
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SORPTION EXTRACTION OF NICKEL AND COBALT FROM AMMONIA-CARBONATE PULP 

UDC 6 6 9 . 2 4 3 : ( 7 2 9 . 1 ) 

L . E . S l o b t s o v , V e n t u r a E r r e r a , E s t e b a n A l f o n s o , O s w a l d o G r a n d a I b a r r a , 
a n d P a b l o E s c o b a r 
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The existing technology at the Nicaro Plant [1] has a series of shortccmngs: 
- low extraction to solution of nickel (75-80%) and especially of cobalt (10-20%). 

due to incomplete reduction during roasting, coprecipitation with iron hydroxide du
ring leaching, and incomplete washing the metals free of tailings; 

- the extended period of pulp treatment (about 72 hours) and the associated large 
amount of apparatus required, due to the use of extensive thickening processes dur
ing Leaching and washing operations. 

It was established in research by Laskorin and others [2, 3] that sorption from am
monia-carbonate pulps makes possible a 5% increase in nickel extraction, a 20% inc
rease in cobalt extraction, and a sharp drop in ore-treatment time. 

To meet the specific 
problems arising under 
Cuban conditions, it was 
necessary to use a sorb
ent which possessed sat
isfactory sorption prop
erties and regenerated 
well with a concentrated 
ammonia-carbonate solu
tion. In this case, one 
can process a commercial 
eluate by distillation 
to produce a nickel car
bonate and by regenera
tion of the reagents (see 
Figure). These require
ments are m.et by a new 
sorbent, synthesized in 

the USSR, having a high 
•mechanical strength and 
a low swelling coeffic
ient (2.4 mg/g). Its ca
pacity depends strongly 
on the NH3 and CO2 con
tent in the solution. 
When the NH3 concentra
tion is increased from 10 
to 80 g/1 and the CO2 
concentration from 5 to 
40 g/1, the nickel cont
ent in the swollen resin 
is lowered from 24 to 7 
g/1 (when there is 2.5-3 
g/1 in the original solu
tion) . At the anticipated 
reagent concentrations in the liquid phase of the pulp (40-50 g/1 NH3 and 20-25 g/1 
CO ), 11-13 g/1 Ni would be in the resin. If the NH2 content were higher than 140 
g/l and the COz content higher than 70 g/1, no nickel would be sorbed at all. Con
sequently, solutions with that composition would be used for nickel desorption. 
First of all, a study was made of the effect that ore-leaching conditions (reagent 

concentration and the l:s ratio) have on sorption-process indices. 

,„^^f S°'^P°^^^'-°" °^ reduced ore samples used in the tests was 1.38% Ni, 0.106% Co. 
40.6% retot' 2.4% Femet, and 12.9% MgO. The relative content of soluble metals, de-
termined by controlled leaching (the so-called QT* sample) is 74.9% Ni and 61.8% Co. 

.iClara Alonso, Marta Velasquez, Gilberto Rodriguez, and Amansiya Garcia Darticipated 
in the experimental part of the work. " 

Test conditions with the QT sample: 100 g of the ore batch; l-s ratio 14; 130 a/1 

J L l T \ , . \ J^^^ ^ ° " ' ^^"^ ^^°'' " ^ ^ " ° -̂"̂ 9 °^^' '"i'̂ i"? time 3 hours; mixer rotation race JUU rpm. 

To distillati~ri 

Desorption of Ni and Co 
P_=£ -I 

Resin (.jĝ gj. Conmercial eluate 

T wacei 
nr X l-'ashir.g off am.-nonia a.nd COj 

Wash water Kegencrated resin' 

J 
i?.e=cvir.3 C3iialt> 

.i } 
Soiut ipr . Cobalt con-

• { c e n t r a t e 
D i s t i l l a t i o r . NiciceX ca rbona te 

F l o w s h e e t f o r t h e e x t r a c t i o n o f n i c k e l a n d c o b a l t 
f rom r e d u c e d o r e w i t h t h e u s e o f s o r p t i o n . 
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Test conditions and results 

Leaching of reduced ore 
Solid:liquid ratio 
Content in starting solution, g/1: 

of aiTtmonia 
of 00} 

Extraction fV'ora ore to sol.i., % of 
Ni 
Co . 

Countercurrent sorption from pulp: 
Volumef ratio of pulp:resin flows. 
Extraction from ore to resin, % of 

Ni 
Co 

Increase of Ni extraction to resin 
compared with QT san-.sie, % 
Reduction of Co extraction to resir 
compared with QT sa.T;=le. %.., 

Rated content in resin, g/1 or: 
Ni • • 
Co 

1 

• 4 

20,0 
10,0 

55.1 . 
2,f) 

8,0 

"5,2 
34,9 

0,3 

' 26,9 

18,3 
0.65 

Test 

' 1 
4 

30,0 
15,0 

. 61,3 
8,9 

6,7 

76,3 
43.7 

1,4 

18,1 

15.6 
0,69 

number 

3 

4 

40,0 
20.0 

71,3 
.4.7 

5.7 

78,3 
54.5 

3,4 

7,3 

13,6 
0.73 

4 

4 

40.0 
20,0 

64.4 
7,6 

4,4 

78 6 
49.9 

3,7 

11,9 

13.7 
0,67 

We note that metal extrac- Effect of Leaching Conditions on Sorption-Treatment In-
tion to solution is lower dices for Reduced Ore _ _ ^ 
under industrial condi
tions than in sample QT: 
it comes to 2-3% Ni and 
45-50% Co.. 
Leaching was performed 

in one stage, using a 
laboratory turboaerator 
wit:h air supplied in an 
amount 150 liters per kg 
of reduced ore. Leaching 
time is 1 hour. Reagent 
concentration is within 
20-40 g/1 NH3 and 10-20 
g/1 CO2. The liquid:solid 
ratio is 3:1 and 4:1. 
The leached ore cont-

ained 6-7% of +0.15 mm 
and 81-83% of size -0.074 
mm. Considering the re
quirements for apparatus 
arrangements to conduct 
the sorption process, it 
is necessary to grind the coarse sizes in such a way that its content in the pulp 
did not exceed 2%. 
Sorption was conducted with mechanical mixing. Fresh resin was used in the tests 

in which the ammonia-form granules were 0.2-1.6 mm in size. The resin and pulp were 
separated on a screen in which the hole size was 0-4 mm. Each test was stopped at 
the point where it reached the predetermined countercurrent cycle. 
The following sorption conditions were determined after preliminary tests: the num

ber of stages (8) and the"pulp-resin contact period in each test (30 min). In order 
to conduct sorption under identical conditions, calculations were made of the rela
tionship between the resin and pulp flows, on a basis which calculated the complete 
resin capacity for nickel at 80% with the given reagent concentration. This was the 
cause of the different flow relationships in the tests. 
It follows from the data given in the Table that the reagents content in the leached 

solution and the l:s ratio have a strong influence on metals passage to solution dur
ing leaching; at the given conditions, the extraction of nickel — and especially of 
cobalt — to solution was low. Subsequent sorption from the pulp substantially inc
reases extraction due to the effect of sorption leaching. In particular, nickel ex
traction to resin will even exceed its extraction, obtained in sample QT. Conditions 
for preliminary leaching have only a small effect on the sorption extraction of nickel, 
but their influence is much stronger with respect to cobalt extraction. Therefore, 
proceeding from the goal of effecting a maximum extraction of both nickel and cobalt, 
ore should be leached at a l:s ratio of 4:1, using a solution containing 40-50 g/1 
NHj and 20-25 g/1 CO2. It is possible to have a still further increase in reagent 
concentration and to increase extraction; however, due to the sharp drop in resin ca
pacity it is important to increase the resin flow and its simultaneous charging. 
In order to check the stability of the resin properties and to study the behavior 

of the impurities, an extended test was made including 10 cycles of resin circulation. 
The composition of the reduced ore sample was 1.53% Ni, 0.09% Co, 38.1% Fetot/ 2.0% 

Fernet' 21.0% F e ^ , and 11.8% MgO. The relative content of the soluble metals (sample 
QT) was 81.2% Ni and 60.3% Co. 
Every day, the ores were leached, countercurrent sorption conducted, and the resin 

regenerated with a strong ammonia-carbonate solution. Daily indices for all of the 
operations were stable. 
The ores were leached for an hour in a turboaerator at a l:s ratio of 4:1 with an 

air-flow rate of 150 1/kg ore. The leached solution was prepared with use of circula
tion solutions (clarified solution following thickening of exhausted pulp and the wash 
waters of the regeneration cycle). The leached solution contained 40.4 g/1 NHa, 24% 
CO J, 0.08% Ni, and 0.005% Co. Extraction to solution during leaching was 60.9% Ni and 
10.3% Co. 
Sorption conditions were as follows: number of stages - 8; contact time at each stage 

"-30 m m ; ratio of pulp:resin flows - 4. 
In the liquid phase of the spent pulp, the content was 0.036 g/1 Ni, 0.014 g/1 Co, 

20.3 g/1 NHj-, and 18.5 g/1 CO2. The solid phase contained 0.30% Ni, 0.045% Co, and 
40.8% Fe. 
Extraction from ore to resin was 81.3% Ni and 52.3% Co, i.e. 

for nickel and 8.0% lower for cobalt than in sample QT. 
it was 0.1% higher 
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In test 3 (see the Table), conducted under the very same conditions, the increase 
in nickel extraction was much greater than in sample QT. This can probably be ex
plained by the use of fresh resin in the test, rather than the recirculated resin 
containing undesorbed metals. 

The average metals content in the saturated resin was as follows: 11.0 g/1 Ni, 
0.55 g/1 Co, 0.65 g/1 Mg, 0.002 g/1 Zn, 0,07 g/1 Cu, and 0.09 g/1 Fe. 
The resin has stable sorption properties and no impurities accumulate in it. 
The resin was regenerated under dynamic conditions with a solution containing 135 

g/1 NH3 and 73 g/1 C02. The filtration rate was 2 vol. per vol, resin per hour. IQ 
volumes of eluted solution passed through each volume of resin. Moreover, 10 frac
tions of eluate (per volume) were selected; the two first of these were used as 
commercial fractions and the remainder used in the subsequent desorption cycle. 
The average degree of desorption was 94.75 Ni, 88% Co, 94,2% Mg. 100% Cu, and 100% 
Zn. 

CONCLUSIONS 

1.Sorption from pulps makes it possible to attain a 2-3% increase in nickel recov
ery and a 38-42% increase in cobalt recovery. 

2. The selected resin grade possesses stable sorption properties and is satisfac
torily regenerated with a concentrated ammonia-carbonate solution. 

3. The total period during which the pulp remains with the sorption operation is 
4 hours, as acompared with 72 hours in existing technology. 
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Table 1 
Data on Plants Producing Copper by Solvent Extraction 

No. 

.6 

10 

12 

Plant, firm, 
country 

Bluebird, Ran-
. chers Dev. 
Corp. USA 
(Arizona) 

Bagdad Copper 
Corp, Bagdad 
USA (Arizon-
na) 

Casa Grande*, 
Capital Wire 
and Cable Co 
USA (Arizona) 

El Paso Sec. 
Corp. USA 
(Texas) 

Johnson-Matt-
hey Co..Lon
don (Gt Brit) 

Metal Chem.*, 
USA (Arizona) 

Nchan'ga Cons
olidated Cop 
per, Ching-
ola, Zambia 

Anaconda Co. 
Anaconda, USA 
(Montana) 

Anaconda Co. 
Twin Buttes 
USA (Arizona) 

A new plant al 
Sahuarita, 
USA (Arizona) 

Cie de Cobre, 
Chuquicamata 
Chi le 

New p l a n t a t 
Nchanga Con. 
Cop . , Zambia 

Raw m a t e r i a l 
Output , I 
tons I 

per day I 
Obse rva t ions 

METALLURGY 

'SUBJ' 
HEAVY NON-FERROUS METALS . 7 , , , -

SEP > 

SOLVENT EXTRACTION PROCESSES IN NON-FERROUS METALLURGY 

UDC 669.2.053.4.068 

G. P. Giganov and T. I. Yarinova 

Solvent extraction is becoming particularly important as a process for the separa
tion, concentration, and purification of metals in the course of development of 
hydrometallurgical methods. 
At present the view is widely held abroad that the use df solvent extraction 

methods in hydrometallurgy is profitable when the metal to be produced has a price 
equal to or higher than the price of copper. 

Solvent extraction processes are developed mainly in application to clarified 
solutions. Apart from these, new solvent extraction processes are being developed 
which include the following: extraction from extremely dense pulps or pastes; metal 
extraction by an extractant enclosed in granules of porous hydrophobic material, 
so called granule extraction; combined solvent extraction-decantation extraction of 

metals; direct separation of 
metals frora extractants by 
treating the extract with 
hydrogen under pressure at 
an elevated temperature. 

During the last three 
years 115 patents have been 
issued relating to the sol
vent extraction of metals 
from aqueous solution.^, 
practically all of them for 
metals which are raore expen-
'siVe'than copper. 

Production of Heavy and 
Noble Metals. The replace
ment of the copper cementa
tion method by solvent ex
traction has been widely 
discussed abroad in recent 
years. It is known that 
there are six plants in 
operation and six plants 
under construction or being 
designed at which a solvent-
extraction technology is 
being or will be used in the 
process of copper production 
(Table 1). They all use the 
reagent Lix 64 N as an ex
tractant. A plant in the 
Republic of South Africa 
(Rustenberg) uses a tertiary 
carboxylic acid of Versatic 
911 type as art extractant to 
separate copper and nickel 
[1], 
The plant at El Paso (USA) 

is particularly interesting, 
because it processes mother 
liquors from the copper sul
fate crystallization opera
tion during evaporation con
centration of refining plant 
electrolyte [1,2], The 

Wj S 3 n » 

SB §5 =*• 

r W Kia Kig 

j j ^H MOJ ^ ^ 

Dilute sulfuric ac
id solutions from 
oxidized ore lea
ching 

Same 

Solutions from am
monia leaching of 
cement copper and 
Cu-scrap 

Acid Cu-Ni solu
tions from elect
rolysis waste 

Cu- and Ni-sulfate, 
solutions 

Solutions from 
Ipaching of Cu-
scrap 

Solns. from sulfur
ic-acid leach, of 
tailings ( other 
low-grade materia] 

Solns. from ammonle 
.leaching of 25» 
sulfide concentrat 

Dilute solns. frora 
sulfuric-acid lea 
ching of oxidized 
ore 

Unknown 

Solns. from sulfurl 
iicid leaching of 
oxidized ores 
olutions fro.'n pro 
cessing ore in Kan 
s.inshi underground 
.•nine ' 

18,2 

18,2 

18.2 Cu 
0,454 Ni 

Unknown 

Unknown 

182 

100 

100 

Unknown 

200 

70 

;First plant: in 
world fcr solvent 
extraction of Cu 

Cost of solvent 
extraction unit 
equal to cost of 
electrolysis shop 
Stainless steel . 
mixer-settlers 
Regenerated ammon
ia returned to 
leaching process 

Intermed. adjust
ment of pK for 
copper; Ni ext
raction from raf
finate after ad
dition of NHi 

Diluent perchlor-
ethylone. Settle
ment rate 6.45 
lit/(ra^.sec) 

Plant in pre-
start period 

Arbiter-process 
Plant in pre-
start period 

Plant under cons
truction; opening 
in 1975 

Plant under cons
truction; opening 
in 1976 

Plant construction 
agreement signed 

Plant under cons
truction; opening' 
in 1977 

Plant temporarily closed 
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initial solution contains copper (70-90 g/liter), nickel, iron, aluminum, etc. Tho 
solution is neutralized with ammonia to pi! = 2.0 and tlie copper is extracted, after 
which the raffinate is neutralized to pH = 9.0, the precipitated hydroxides of iron 
and aluminum are filtered off, and nickel is extracted. 
The wide-ranging discussion on the economics of the Lix extraction-copper elec

trolysis process has made it desirable to make an economic comparison of this process 
with the cementation-smelting technology [3]. The labor and capital inputs in 
solvent extraction-electrolysis are made good by the exclusion of expenditure on the 
smelting of cement copper and the purcliase of iron scrap, and by the reduced out
goings on sulfuric acid and on manning the installation. Expenditure on making up 
the losses of extractant makes up 10-14% of total expenditure. However, certain 
plants already have experience in the use of extractant flotation to cut down these 
losses [1]. 

It is assumed that the solvent extraction process will be even more economical in 
future because the price of scrap is constantly rising and-the price of extractant 
is falling. 
Apart from the synthesis of new and more selective extractants for copper, research 

is in progress on improving the process technology. 
The following processes proved to be promising: 
Lix ectraction of copper from dilute acid solutions without electrolysis, including 

acid reextraction, evaporation concentration of the reextract and copper sulfate 
crystallization, production of metallic copper by reduction with hydrogen at 300° C 
(the process has been put forward for industrial implementation); 
deposition of copper in powder form from the organic phase by reduction with hydro

gen, eliminating, the reextraction operation and a number of others. The process is 
at the development stage [3]. 
Apart from the problem of processing solutions frora the leaching of low-grade 

copper material, the processing of solutions from sulfide concentrate leaching (which 
depends to a large extent on the method of leaching) is an important problem. In the 
processing of am.monia solutions the problems of selecting a more efficient extractant 
to ensure ease of reextraction and the production of a reextract suitable for the 
electrolysis of copper do not arise. Therefore the use of Lix extraction of copper • 
shows the greatest promise at present in combination with the Arbiter process [3,5).' 
Considerable interest is aroused by the nitrate leaching process for sulfide con

centrates, as a result of which a copper sulfate solution suitable for direct elec
trolysis [6] or for the extraction of copper or nitric acid can be produced. 
A technology has been suggested in the USSR for processing solutions obtained as a 

result of heap, underground, and bacterial leaching using extractants of the hydroxy-
oxime class [7.] ... The .synthesized extractant OMG (from the alkanophenonoximes) has a 
number of advantages over Lix 64 N: .it extracts copper in the more acid region, 
blends better with hydrophobic organic diluents, and has twice as much capacity for 
copper. The extractant has been tested at the Almalyk Mining and Metallurgical 
Combine. By comparison with the cementation method, copper extraction can be 
increased by 10% and operating costs are reduced by 15-20%. 
Further expansion of the use of solvent extraction technology in copper production 

in the USSR is envisaged, along the lines of developing integrated flowcharts for 
processing sulfide copper-zinc and copper-nickel concentrates and middlings including 
the following: autoclave leaching or roasting of initial raw material, metal separa
tion by solvent extraction, electrolysis, autoclave production of powders. 
An industrial installation is in operation at the nickel plant in Kristiansand 

(Norway) for the removal of iron by solvent extraction v/ith tributylphosphate and of 
cobalt with triisooctylamine from nickel sulfate-chloride solutions produced in the 
so-called Hybinett process [8]. The same plant has an industrial solvent-extraction 
installation for the removal of nickel from cobalt; it v/as designed on the basis of 
laboratory tests, bypassing the stage of pilot plant testing. 
The construction of a high-output plant using the Norwegian plant system is planned 

in Canada [9]. A plant is also being built in Canada for the solvent-extraction 
separation of nickel and cobalt from sulfate solutions obtained by leaching waste 
from the new IPC Plant at Copper Cliff [1]; the extractant is di-2-ethylhexylphos-
phoric acid. There are pilot plants in operation in the United States processing 
deep-sea manganese concretions, with solvent extraction of nickel, cobalt, and copper. 
The extractants used are Kelex 100 for nickel and copper and triisooctylamine for 
cobalt. 

The following have been recommended for industrial implementation: 
the Canadian method of processing previously reduced nickel-cobalt ore by chlorina

tion in sea water with subsequent solvent extraction of the metals from solution; 
the American process of obtaining nickel from lov;-grade laterite ores, with solvent 

extraction of the nickel from ammonia-carbonate solutions using Lix 64 N extractant 

.ind SV 
rcGXti 
the 

leach 
quent 
in 

Noril 
in 

p ick l 
rr£nta 
nesbu 

In 
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Table 2 
Industrially Adopted Solvent Extraction Processes for 
. ^ Rare Metals 

and subsequent nickel electrolysis [3]. Cobalt is separated out in the process of 
reextraction with sulfuric acid; 
the American process of producing high-purity nickel from solutions obtained from 

leaching nickeliferous raw material, using extraction by a-hydroxyoxime and subse
quent electrolysis without cathode diaphragms [10]. 

In the USSR, an industrial solvent-extraction installation is in operation at the 
Noril'sk Combine producing high-purity cobalt, using carboxylic acids [11]. 

In the Republic of South Africa, a process for solvent extraction of zinc from 
pickling solutions from hot galvanizing has been developed and tested in an experi
mental installation [12]. The appropriate plant is nearing completion near Johan
nesburg. 

In the USSR, a process has been introduced for the solvent extraction of cadmium 
from sulfate solutions ob
tained from lead dust pro
cessing [13]. The cadmium 
is extracted by tributyl
phosphate in the form of an 
iodide complex. 
In the development of hy

drometallurgical methods 
for processing oxidized 
manganese ores in Canada a 
study is being made of the 
possibility of solvent ex
traction of zinc from the 
solutions with a mixture of 
di-2-ethylhexylphosphoric 
acid and tributylphosphate. 
The application of sol

vent extraction technology 
to the production of other 
heavy metals is still at 
the development stage. 
Much attention has re

cently been devoted to the 
solvent extraction and sep
aration of noble metals. 
The solvent extraction 

method developed in the 
United States for the ex
traction and purification 
of gold from noble metal 
concentrates produced in 
the form of anode mud in 
the electrorefining of 
copper and nickel is used 
abroad on an industrial 
scale [14]. The extractant 
is dibutylcarbitol, which 
extracts gold selectively 
and in quantity from chlo
ride solutions in the pres
ence of platinum metals. 
Production of Light Metals, 

A solvent extraction process 
for the production of high-
purity beryllium oxide from 
acid sulfate solutions ob
tained from leaching low-
grade ores is in use on an 
industrial scale at the 
Delta Plant in the United 
States [13]. A process of 
electrochemical leaching 
(after treating the ore with 
oxalic acid) and solvent ex
traction has also been devel-

Metal 

Tantalum, 
niobium 

Zirconium 
hafnium 

Initial material 

Various materials, 
hydrofluoric-nitric 
solutions 

Slag from tin smel
ting 

Columbite-tantalite 
ore 
Various materials, 
hydrofluoric-sul-
furic solutions 

Thiocyanate solutions 

Nitrate solutions 
Sulfuric acid solns." 
Hydrochloric acid sol 
solutions 

J. Waste solutions from 
Scandium | cranium production 

Hydrochloric acid so
lutions from leach
ing tin-production 
slaas 

Thallium 

Tellurium 

Indium 

All rare-
earth 
metals 

Tungsten 

Rhenium 

Sulfate solutions 
from leaching lead 
dusts 
Zn-Cd production 
middlings*-

Te concentrates from 
Pb production 

Sulfate solns. from 
Zn production 

No data 

Bastnasite concentrr 
No data 

Hydrochloric and nit
ric solutions 

Tungstito and schee 
lite concentrates 

Molybdenum concent
rates* 

Copper-molybdenum . 
concentr.Ttes 

Subliiniiti'S from Cu 
concentiate sniolt. 

Washing ticid from 
sulfuric acid shop 

Solutionit from wet 
dust Li'.ipping 
Solution;! from dust' 
leacliing 

Extractant 

MIBK 

MIBK . 

TBF 

TBF 

MIBK 
(MEK or al-
chol addit.) 
TBF 
TOA 
Ethyl acetate 
D2EGFK {di-2-
ethylhexylphos 
phoric acid) 
D2EGFK 

TBF (iodine 
solution) 

U2EGFK 

TBF 
TAA 

D2F.GFK 

No data 

D2EGFK 
No data 

TFB 
(allsylphospho-
ric acid) 

No data 

Commercial TAA 
(C,-C, fract.) 
Isoamyl 
alcohol 

Same 

Tertiary imines 

Same 

» > 

Country, plant 

USA, most plants. • 

Japan, Isihara 
Sange Plant 
India 

USSR 

USA 

USA 
USA 
USSR 

USA 

USA . 

USSR, UKSTsk 

USSR, UKSTsK 

USSR 
USSR 

USSR 

USA, Molybdenum 
Corp. plants 
Same 
USA, plants of 
American Potash 
and Chem. Corp. 

USSR 

USA 

USSR 

France, plant 
in Dertolus 

Polish Peop. Rep. 
plant in Legnica 
USSR 

USSR 
• 

USSR 

'Solvent CKtraction tested under production conditions. 
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oped to extract beryllium from the ores.' 
Strontium is obtained from liquid waste from nuclear fuel processing by solvent 

extraction with a mixture of di-2-et.hylhcxylphosphoric acid and tributylphosphate 
[15]. Solvent extraction is used in the production of electrolytic magnesium to 
remove calcium from concentrated magnesium chloride solutions [16]. 
Aluminum is obtained by solvent extraction from waste solutions following copper 

cementation, using monododecylphosphoric acid; the crystalline salt is salted out 
from the reextract by passing hydrogen chloride through it [17]. The technique is 
recommended for the extraction of aluminum frora copper mine waters in the United 
States. 
Methods have been developed for the removal of iron, zirconium, and titanium from 

aluminum solutions using an amine^ or a quaternary amraoniura compound.^ 
Production of Rare Metals. Solvent extraction processes have found their widest 

application in the production of rare metals, where they have become vital techno
logical operations. The main developments in this field have been in the USSR and 
in the United States. Solvent extraction under industrial conditions is used in the 
production of tantalum and columbium, zirconium and hafnium, scandium, yttrium, and 
the rare earth elements, thallium, tellurium and indium, tungsten, molybdenum, and 
rhenium. 
The solvent extraction processes for the production and separation of rare metals 

which have been impleraented under production conditions have been described quite 
extensively in the literature (Table 2). 
Apparatus. Installations of mixer-settler type and rotating and pulsating columns 

have given good accounts of themselves in the field of apparatus design. Preference 
is given to mixer-settlers in solvent extraction installations with high throughput 
capacity and a small number of separation stages. Economic considerations obviously 
impose limitations on the use of existing high-output centrifuges. There have been 
tendencies toward using wet cyclones, which maintain a high output for a small 
volume of apparatus. 

The principal manufacturers of equipment for solvent extraction processes are the 
United States (General Mills and Denver Equipment), the USSR, and the German Demo
cratic Republic. 

In correlating Soviet and foreign methods of using solvent extraction technology 
in non-ferrous metallurgy it must be stated that there have been considerable 
achievements in this field. A series of solvent extraction methods have been devel
oped for the separation, concentration, and production purification of raetals from 
various solutions (including complex solutions) or low-grade raw material which are 
acceptable to industry. Certain methods have already been put into practice on an 
industrial scale, yielding appreciable savings; others are being prepared for 
adoption. 
A large number of selective extractants have been tested and synthesized within 

the framework of fundamental research. However, only a few of them have found 
industrial applications, for technological and (above all) economic reasons. 
The development of new, highly selective extractants will permit fundamental 

changes in the hydroraetallurgical processing practice for ores and concentrates. 
In addition, it will become possible to use hydrometallurgical methods for those ore 
materials which are at present unprofitable. 

1. 

2. 

3, 

4. 
5. 
6. 
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Sorption schemes for rhenium extraction from industrial solutions of various com
positions have been developed and adopted at the Combine, in collaboration with the 
Institute of Metallurgy and Concentration, Academy of Sciences of the Kazakh SSR and 
Kazmekhanobr. 
The sulfuric wash acid formed during the wet cleaning of converter gases on the 

way to sulfuric acid production is the principal source of rhenium in the copper 
fnelting production cycle. 
The wash acid (20-30% H2S0^), in which rhenium is present as HReO„, is diluted 

with water, left to stand, and decanted to separate the slimes; these become commer
cial lead cake after being washed free of acid and neutralized with soda. The wash 
water is combined with the wash acid, bringing the sulfuric acid content to 5-10%. 
Rhenium is selectively extracted from these solutions by an adsorption-ion exchange 

technique (Fig. la). The solutions, which contain (g/liter) from 0.02 to 0.1 Re, 
5-7 Zn, 0.1-0.2 Cd, 0.1-0.2 Bi, 0.3-0.5 Cu, 0.4-0.6 F, 0.5-0.7 As, 0.1-0.2 Fe, 0.1-
0.2 Ca ahd Mg, and 0.4-0.6 Cl, are fed first to carbon columns, and the rhenium is 
adsorbed on KAD activated carbon. The acid solutions after adsorption contain < 2 mg/ 
liter Re and go to waste. 
After the carbon has become saturated with rhenium (its capacity is 1-2%) it is 

washed with 8-10 volumes of water and the rhenium is desorbed as NaReO,. with hot (85-
90° C) 1% soda solution. The batch of car.bon can be used in 40-50 cycles, after which 
it is replaced. Since the soda desorbates\contain a very small amount of molybdenum 
and the rhenium and sulfates ratio < 1 : 5 these solutions do not require special 
purification. The desorbates, which contain 1-2 g/liter Re, 3-6 g/liter sulfates, and 
a certain amount of iron and molybdenum, are acidified with hydrochloric acid to 
pa = 4-5 and fed to ion-exchange columns containing AN-21 low-basicity anion-exchange 

. 2nd mother 
_J NH^ReO., _ llguqr . . j wn^Keu., _ llguor 

TV^J^ ' ^*5so rp t ion / ion -exchange scheme (a) and proposed scheme (b) fo r e x t r a c t i o n of 
"enium from s u l f u r i c wash a c i d . 
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resin with secondary and tertiary amines as its ionogenic groups. The anion-exchanger 
is regenerated first with hydrochloric acid and simultaneously converted to chloride 
form. Rhenium is sorbed on the anion-exchanger as ReOi,- when the rhenium-bearing 
solutions are passed through the column of AN-21 at a specific load of ^ 3Vhr (not 
more than three volumes of solution per volume of anion-exchanger per hour). 

The low-basicity anion-exchangers absord predominantly rhenium, molybdenum, sul
fates, and chlorides "from the industrial solutions. The chlorides and sulfates do not 
interfere with ammonium perrhenate production by subsequent crystallization because 
the ammonium sulfate and chloride remain in the mother liquor, by virtue of their 
high solubility. 

The dynamic exchange capacity of the anion-exchanger for rhenium is 20-30%. After 
saturation with rhenium, the anion exchanger is washed with 10-12 volumes of cation-. 
ized water to eliminate possible cations and the rhenium is eluted with 2-2.5N NHs. 
The first batches of eluate, which contain up to 0.2 g/liter Re, are returned to the • 
adsorption system because of possible contamination by impurities. Subsequent eluate 
solutions (containing on average 5-7 g/liter Re) are concentrated by evaporation to '• 
80-90 g/liter Re and the hot solution is filtered. During evaporation concentration * 
in metal apparatus the molybdenum is reduced and comes down as a precipitate which is 
easily filtered out. The leaner eluates and the first wash solutions containing ammo
nia are collected in a separate vessel for subsequent elution. -.̂  

The first crystals of ammonium perrhenate separate out from the concentrated eluata 
after cooling to 10° C; they are contaminated by ammonium sulfate, because the anion-
exchanger absorbs perrhenate and sulfate ions to approximately the same extent. 

The first mother liquors contain > 100 g/liter sulfates and ~ 5 g/liter Re; these 
solutions are returned to the carbon absorption cycle. The first crystals of crude 
ammonium perrhenate are recrystallized twice, the third mother liquor being used in 
the first recrystallization and water in the second, --

The second mother liquor from the first recrystallization, contaminated with sul
fates and containing 25-30 g/liter rhenium, is returned to the evaporation cooling 
stage with the eluate. During evaporation concentration in the next operation, the . 
excess of sulfates is taken out for adsorption with the first mother liquor from the 
crude perrhenate. When this dissolves in the third mother liquor there are no addi
tional losses of rhenium because the liquor is. already saturated with perrhenate. The 
third ammonium perrhenate crystals are washed with alcohol to remove traces of ammo
nium sulfate and possible admixtures of phosphorus. After drying, the salt contains 
:̂ 69.4% rhenium and is up to standard in terms of 13 limiting impurities. Rhenium 
extraction from the wash acid into the commercial product is ~ 95%. 

In collaboration with the Institute of Metallurgy and Concentration, Academy of 
Sciences of the Kazakh SSR, and Kazmekhanobr, the Combine has developed a method for 
the extraction of rhenium from wash acid solutions by direct ion exchange using AN-21 
low-basicity anion-exchanger, bypassing the stage of rhenium concentration on carbon 
(Fig. lb). The essentials of the method are as follows. After control filtration, 
sulfuric acid solution containing rhenium is fed to columns containing AN-21 exchange 
resin in chloride form at a specific loading of up to 5 volumes of solution through 
1 volume of resin per hour. 

The resin is saturated when the rhenium breakthrough after the first column (using 
three columns in series) is equal to the rhenium concentration in -the acid solution 
coming to the sorption process and the rhenium breakthrough after the third column 
^ 2 mg/liter. 

After saturation with rhenium, the resin is washed with water to remove excess &c:ii 
to pH = 5-6 and the rhenium is eluted with ammonia solution at a concentration of 
1 : 2 or 1 : 3. 

The lean rhenium eluates are used in secondary elution and the rich eluates are cca-
centrated by evaporation to 65-70 g/liter Re. The first crystals of crude ammonium 
perrhenate are precipitated from the cooled evaporated solution and subsequently r^ 
crystallized. 

After rhenium elution and washing with water, the resin is regenerated with hydro
chloric acid (1 : 1) to convert it to its initial chloride form. The resin is ready 
for re-use after washing out the excess hydrochloric acid with water (to pH - 4-5)-

Pilot-plant and experimental industrial tests have been carried out on the method 
of direct ion exchange for rhenium extraction from wash acid. 

Structural improvements had to be made to the ion-exchange columns in order to bri^ 
this method into use. Apparently the most acceptable version involves pulsation app** 
ratus or continuous sorption columns with pneumatic discharge. 

Mother liquors after precipitation of calcium molydbate and sulfuric acid solutioc* 
from wet cleaning of exhaust gases from the fluidized-bed furnace roasting substan 
molybdenum concentrates for processing in the molybdenum plant hydrometallurgy shop 
are sources of additional rhenium and molybdenum production. 
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The sulfuric .acid- solutions 
from wet- cleaning of gases from 
the flu-ldized-bed furnace 
roasting-substandard^ mblybdehum 
concentrates are the main 
source, of rhenium production in 
the molybdenum produetion cycle 
at the Balkhash Gdmbine. Their-
composition (g/liter) is 0.3-
0.6 Re, 4-17 MO, 40--80 Hi-SOi,, 
0.6 Cu> 1..0 Fe,, 0.05 As, and 
0.7 Cl. The flowsheet for rhe
nium extraction .from these so-
lutioris. which was in use until 
1970 .was ver,y complex. 

Previous investigations had 
established the possibility- of 
rhenium extraction from molyb
denum shop gas-cieaning solu
tions by ion exchange using AN-
21 ariioh-exchange resin. Capa.-
city of -the resin for rhenium 
was'8.5% (by mass). The rhenium 
was eluted with a 1 ; 3 ammonia 
solution at room temperature. 

I-t was decided on the basis 
of -good laboratory results to 
carry out pilot-plant tests o'f 
the new techndlogy in the mo
ly bdehum plant hydrometallurgy 
shop.. ..Moder.a'te'ly cross-linked 
AN—21-X6 an ion- exchange man li f ac -
tured by the Kemerovo Chemical 
Industry Res,.ea-rph Insti-t-ute was 
used in the tests. 

The Al̂ !-21'<6 resin was loaded 
into ah industrial, .ion-exchange, 
column and mother liquors 
Stripped of •mqlybdenum with AN--
1 resin and containing 15-30 

»5/liter Re and 50-100 mg/liter Ho were fed in. Solutions froin wet gas cleaning and 
issEt trapping'containing 3SO-450 mg/liter Re and 50-100 mg/liter Mo after appropriate 
treatmeht (removal of molybderiiim with inorganic idn-exehanger and acidification to 
?9 = 3) were fied to tbe. resin after the column filtrate rheniura content went beyond 
Kite process norms. Satur.atxon proceeded at a specific loading of. l-2.5Vhr. 'Under 
tbe'se conditipns the filtrate rhenium content (breakthrough) fell to zero- and the 
opacity of the resin for' rhenium reached 8-10% (by mass). The rhenium was eluted 
*ith 2N KH3 at a specific loading of 0.S,-:l'/hr. Gommercial-gr.ade ammonium perrKehate 
to COST requirements was obtained from the aimmonium eluates Rafter cpncentration by 
traporation, crys.tariization, and recrystallization. 
Rie new rhenium extractioh, technology,, brought irito use in October 1970 (Fig. 2a),, 

T'fclds anmpnium perrhenate- while bypassing^ the pota,ssium perrhenate pr.ecipita'tion 
^ge and excluding the operations of /rheniiifri" adsorption on carbon modi-fied with 
**"jylene blue, rhenium desorption with M- soda s;olutioh at 90= C, concentra tion-
aporation of the soda desorbates and pr:ec£pitation :of potassium perrhenate with 

^MSsium chloride, dissolving,, acidification, a-nd sorption by AN-;2F anidn-exchanger. 
>-e. degree of rhenium extraction rose by more than, 2% as a result of using the new 
•*«iaology. ' 
'V^ spite of the considerable simplification obtained by using AN-21x6 ani.ori'-ex-

' itv̂ ^̂ ^ ^° extract rhenium from solutions containing molybdenum, the technology has 
I 5.^*^"tial disadvantages: th.e necessity for neutralization of electrostatic pire-

î-.û *̂ °̂ -̂ °-'-"̂ -̂ °'̂ ^ ̂"'̂ ' reinoval of molybdehura from them by an-inorganic ion-exchahger 
k«s P̂ t̂ly absorbs rhenium.. The separatiq.n pf mGlybdenura and rhenium when they are 

. ^ ^ ^ together in acid' solutions is therefore a inatter of great urgency.., 
^̂ -ii ^^" stated above, two methods are used at. the Balkhash Cdnibine to Separate 
'̂ iei'̂ ™ ̂ ^d inolybdehum, based upon, preliminary extraction of Molybdenum from the so-
iadva !!^.^^^ AN-l anion-exchanger and an inorganic ,ion-exchanger, The principal dis-
•*sciî  ̂ ^^^ °* the-methods are the substan tial.'los ses of rhenium sorbed by the ion-
t̂ Ĵ̂ ^̂ ^̂ ŝ and the complexity of the technology. 

NH.ReOu .2.-Ld.-, no ther .liquor: 

Ti?. 2i Irnproved scheme (a) and proposed scheme (b) 
for rhenium e x t r a c t i o n ;frbm molybdenum p r o d u c t i o n 
•o lu t i ons . 
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Further research was carried out to develop a simple and effective technology for 
separating rhenium and molybdenura. Laboratory studies with synthetic and with indus
trial solutions established that the strongly cross-linked low-basicity AN-2lxi6 
anion-exchanger gave practically complete separation of rheniura and raolybdenum at 
pH = 3-0.5. This is because AN-21xl6 behaves like a molecular screen relative to rhe
nium and molybdenum, absorbing rhenium completely and not absorbing molybdenum. 

Pilot-plant tests were carried out with standard industrial equipment in the hydro-
metallurgy shop at the Balkhash Combine, using solutions of the following composition, 
g/liter: 0.62 Re, 10.5 Mo, and 62..5 H2SO1,. 
The tests were carried out with electrostatic precipitator solutions only, because 

at the time of the tests there was no pipework which could be used to feed the mother 
liquors to the ion-exchange column after treatment with AN-1. 
Fifty kg (air-dry weight) of AN-21xl6 anion-exchanger manufactured by the Kamerovo 

Chemical Industry Research Institute were loaded into the ion-exchange column. The 
specific loading during sorption was kept at the 2Vhr level. The filtrate was ana
lyzed for rhenium and molybdenum every hour. After the ion-exchange column, filtrates 
containing < 5 mg/liter were sent to the existing hydrometallurgical circuit for 
leaching molybdenura calcine frora fluidized-bed roasting of molybdenite concentrates, 
and those containing > 5 mg/liter were recirculated. It was established during opera
tion that molybdenum was hardly sorbed at all by the ion-exchanger and practically 
all of it passed into the filtrate. Two saturation and elution cycles were carried 
out. In all, 18.8 m^ of electrostatic precipitator solutions were passed through the 
ion-exchanger. 
V-Jhen the sorption process was completed, the anion-exchanger was washed with con

densate to pH = 4, then with cationized water to pH = 5. Elution was carried out with 
a 1 : 4 anunonia solution at a specific loading of 0.7'/hr. The rhenium eluates were 
evaporated to a density of 1.1 g/cm^ and crystals of crude ammonium perrhenate were 
obtained on cooling to 4° C. The mother liquors were sent for processing by the 
existing technology and the crude perrhenate was recrystallized. The ammonium per
rhenate produced was in accordance with the COST (All-Union State Standard) for AR-1 
grade. 
The pilot-plant tests demonstrated the substantial advantages of the new method 

.. (Fig. 2b) fpr extraction of rhenium from molybdenum-bearing solutions over the exist
ing method. 
The use of AN-21xi6 makes it possible to extract rheniura from electrostatic precip

itator solutions in tha molybdenum plant hydrometallurgy shop in one stage, excluding 
treatment of the solutions with soda, live steam, calcium chloride, inorganic ion-
exchanger, and sulfuric acid; consequently the process becomes much simpler and 
cheaper and rhenium extraction is increased. According to the test results, using 
AN-21xl6 anion-exchanger in the molybdenura plant hydroraetallurgy shop increases rhe
nium extraction by a miniraura of 3% by comparison wi'th the existing technology. 

Extraction of molybdenum from waste water from the molybdenum plant using ionic 
flotation was introduced at the Balkhash Combine in the first half of 1972; filtrates 
from AN-21X16 anion-exchanger containing < 5 mg/liter Re will be sent to the above 
installation for recovery of molybdenum and acidification of the alkaline waste water. 
Staff from Kazmekhanobr and the Combine have developed a technology for extraction 

of rhenium from ammonium eluates by electrodialysis which was tested under pilot-
plant conditions in 197 3, to reduce mechanical losses of rhenium at the stage of am
monium perrhenate production and ammonia regeneration. The investigations showed that 
crystalline amm.onium perrhenate could be produced by electrodialytic concentration of 
eluates with practically complete-recovery of ammonia. The installation (Fig. 3) is 
based on labyrinth-type electrodialyzers with MK-40 and MA-40 ion-exchange membranes. 
The installation also includes a mechanical filter, a tank for the initial solution, 
tanks for the first- and second-stage diluates, tanks for the first- and second-stage 
concentrates, a cation-exchange column, a device for cooling and filtering the second-
stage concentrate, circulation pumps, a controllable direct current source, and moni
toring instruments. Ammonium eluates (1.2-1.5N) containing 2-3 g/liter Re were proc
essed in the installation, which operated on the circulation principle. While the elu
ates were being processed the solution temperature increased to 30-50° C, preventing 
formation of ammonium perrhenate crystals in the process of concentration. In the 
first stage the rhenium concentration in the diluate was brought to 0.05-0.()8 and in 
the concentrate to 17-22 g/liter; the respective figures for the second stage were 2-3 
and 40-50 g/liter. The first-stage diluate, the amraonia concentration of which was 
reduced by 3-5% in all, was used for elution of rhenium from ion-exchange columns con' 
taining AN-21. The second-stage diluate was combined with the initial eluate on the 
way to the electrodialysis installation. The second-stage concentrate was cooled to 
15-20° C and the precipitated ammonium perrhenate crystals were separated out. The 
mother liquor (containing 20-22-g/liter Re) was continuously circulated in the instal' 
lation concentrate circuit and the ammonium perrhenate separation operation was re-

• - - I-V, 

peated when the solution rhenium content reached 45-50 g/liter, 
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The first-stage concentrate was passed through an ion-
exchange column containing cation-exchanger KU-2x8 in NHn-
forra at a speed of 5 specific volumes per hour to remove 
impurity cations from the process solutions (the resin was 
regenerated by consecutive treatment with 5% H2SO1, and 10% 
NH 3) . 

The pilot-plant tests on electrodialytic processing of 
rhenium-bearing eluates showed that crystalline ammonium per
rhenate could be produced from sulfuric wash acid in a con
tinuous closed circuit: sorption - elution - electrodialysis 
wit.h recirculation of ammonia in the process. The method was 
brought .into use in 1974, and makes it possible to recover 
ammonia and to reduce mechanical losses of rhenium. 
Work is constantly in progress at the Combine to improve 

the sorption processes and apparatus. 
It has been established in collaboration with the staff of 

Kazmekhanobr in laboratory and pilot-plant tests that porous 
anion-exchangers of AN-21 type substantially reduce ammonia 
consumption in elution and increase dynamic exchange capa
city. Industrial tests on this anion-exchanger were there
fore carried out in 1974 and it was adopted for extraction 
of rhenium from sulfuric wash acid and from molybdenum plant 
solutions. 
Combine specialists have been working to increase the 

dynamic exchange capacity of porous ion-exchange resins. It 
has been established that exposure to magnetic fields during 
sorption increases the dynamic exchange capacity by 2.5-3 
times. This me-thod is new under test in the shop. 
We have tested a low-basicity anion-exchanger synthesized 

by specialists at the Central Asian Non-Ferrous Metallurgy 
Enterprise Desigri Research Institute for extraction of rhe-. 
nium from sulfuric wash acid and molybdenum production solu
tions. The new resin showed good sorption and kinetic proper
ties: its total dynamic exchange capacity is approximately 
twice that of the AN-21 anion-exchanger now in use. Pilot-
plant tests will be carried out when a batch of the resin is 
received. 
Combine specialists have developed a technology for the 

production of AR-0 grade perrhenate which includes cation 
renoval from the solutions with standard cation-exchangers and have tested it under 
pilot-plant conditions. 
A series of projects has been completed to improve methods of extracting rhenium 

Jroa ion-exchanger resins using organic and inorganic reagents and mixtures, substan
tially intensifying the elution of rhenium and increasing the degree of rhenium ex
traction into the finished product. 
All the sorption columns for rhenium extraction have been redesigned at the in-

•ta.nce of Combine staff. The new column design makes it possible to remove mechanical 
•nspensions clogging the sorbent during the sorption process and to increase the out
put of the apparatus. 

3. Line diagram 
of industrial elec
trodialysis installa
tion: 1) mechanical 
filter; 2) initial 
solution tank; 3) 
first-stage electro-
dialyzer; 4) tank for 
first-stage diluate; 
5) tank for first-
stage concentrate; 6) 
ion-exchange column 
containing cation-ex
changer; 7) second-
stage electrodialyz-
cr; 8) tank for sec
ond-stage diluate; 9) 
tank for second-stage 
concentrate; 10) cool
ing and filtration 
unit for second-stage 
concentrate; 11) cir
culation pumps; I) 
initial solution; II) 
rhenium elution; III) 
ftsiraonium perrhenate; 
IV) mother liquor. 
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SOLVENT EXTRACTION REAGENTS FOR HYDROMETALLURGY 
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Finding highly effective and available solvent extraction reagents is a matter of* 
great importance in view of the extended utilization of solvent extraction in hydro-
metallurgy. 

The requirements iraposed on solvent extraction reagents for laboratory (e.g., 
analytical) use and for industrial applications coincide at certain points, but in 
general they differ substantially. These are the principal requirements imposed on 
reagents: 

1) selectivity;.. 
2) high extractive power relative to the required constituent; 
3) chemical and radiational stability; 
4) ready availability and low cost; 
5) a high level of solubility in the organic phase and low solubility in the 

aqueous phase, and low losses with the aqueous phase; 
6) a high capacity relative to the constituent to be extracted; 
7) high extraction period; 
8) ease of reextraction of the valuable constituent and the possibility of reagent 

regeneration; 
9) low toxicity and low fire and explosion risks. 
In the case of analytical solvent extraction reagents the most important items on 

this list are selectivity and extractive power, and to a lesser extent stability, 
availability, and solubility. The remaining points are less important. In hydro-
metallurgy all the points are of vital importance. Up to the present there is appa
rently not one solvent extraction reagent which would meet all the requirements 
listed. For example, tributylphosphate is an excellent reagent but it is not selec
tive. Some of the new reagents containing sulfur for the chalcophilic metals are 
good on almost all points except for ease cf reextraction, and so on. This circum
stance (and not this alone) leads to the view that one should not speak of good 
solvent extraction reagents in general. There may be excellent reagents for a spe
cific task, for example, for the extraction of a given metal, or better reagents 
from a particular class of compounds. The significance of the individual points in 
the lis,t of requirements alters greatly according to the problem to be solved. Thus 
high extractive power, selectivity in relation to particular metals, and radiational 
stability are important in the extraction of plutonium in radiochemical production; 
less attention is paid to the cost of the reagents. However, in the solvent extrac
tion of copper in -hydrometallurgy the requirements of selectivity, low reagent losses 
in the extraction process, and ease of reagent regeneration come first. 

Let us dwell in greater detail on some of the reagent requirements which have been 
enumerated. 

Selectivity. Highly selective solvent extraction reagents are very rare. We have 
become accustomed to regarding as good solvent extraction reagents not so much the 
selective reagent as the reagent which selectively extracts the required raetal under 
given conditions, for example, at a prescribed acidity or in the presence of a 
masking substance. It is vital from the practical standpoint to find these condi
tions. Almost all past successes in solvent extraction were achieved in precisely 
this way. No one would call tributylphosphate or trioctylamine highly selective 
solvent extraction reagents, but no one would deny their importance. 

Nonetheless selective reagents are very necessary. Their use cuts down the number 
of operations and simplifies metal recovery. The use of selective reagents would 
have greatly facilitated the adoption of solvent extraction in non-ferrous metal
lurgy. On this basis, selectivity is put at the head of the list of requirements 
imposed on reagents. 

The general principal which can be used as the basis in constructing selective 
solvent extraction reagents is that of ensuring maximum compatibility between the 
properties of the central atom and those of the reagent methods. The problem of 
selectivity can be solved by approaching it from two viewpoints: from the direction 
of the central atom and (here coordination chemistry is the decisive factor) from 
the direction of the reagent (taking account of achievements in organic chemistry). 
This, of course, is an arbitrary distinction. How one might attempt to ensure this 
compatibility was considered previously in [1]. There are two new works which may 
be mentioned which have a bearing on this publication. 

^^ms^^^^^^^'^m$m^*'^-^->i''i'^"'-
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Table 1 
Classification of Metal Ions According to Changes in 

the Stability of their Halide Complexes 
in the Series F~ - I" 

The first work is about increasing selectivity by extraction of coordinately sol
vated neutral complexes containing inorganic ligands (for example, halides) and mole
cules of neutral sulfur-bearing extractant in their inner sphere [2]. 

Metals can be extracted in the form, of three classes of compound by neutral solvent 
extraction reagents: as covalent coordinately unsolvated compounds of GeClM type, as 
complex acids or their salts, and as coordinately solvated neutral (mixed) complexes; 
SCCI3.3 tributylphosphate will serve as ah example of the latter. Extraction of the 
molecular halides AsBrs and GeCln is the most selective, but such compounds are few. 
Of the two remaining groups, the neutral mixed complexes deserve greater attention 
from the point of view of selectivity. Both complex acids and neutral mixed com
pounds can be extracted only in the presence of solvent extraction reagents having 
donor atoms, but the functions of these atoms differ. In the extraction of complex 
acids protonization, the formation of a cationic hydrate-solvate, is required of the 
reagents, whereas in the extraction of mixed complexes the reagent raust give a strong 
link with the metal directly. In most cases solvent extraction reagents containing 
oxygen willingly carry out both tasks; they can be protonized and they can enter the 
inner sphere of many metals. If, therefore, both complex acids and mixed neutral 
complexes can be formed simultaneously in a system they will all be extracted by 
reagents containing oxygen; selectivity will be low. For example, tributylphosphate 
extracts iron, gallium, and many other elements from chloride solutions together with 
scandium. However, the situation 

will change if solvent ex
traction reagents containing 
sulfur are used. Sulfur 
readily enters the inner 
sphere of chalcophilic 
metals (silver, mercury, 
bismuth, the platinum metals, 
gold), but shows little in
clination toward protonizing. 
This makes it possible to 
intercept the extraction of 
complex acids at once, and 
selectivity rises sharply. 
Thus in a chloride solution 

containing gold, iron, and 
gallium only the gold forms 
an extractable neutral com
plex (AUCI3.S) in the pres
ence of extraction reagents 
containing sulfur; the iron 
and the gallium give anionic 
chloride complexes. Neither 

the iron nor the gallium will be extracted when a solution of a compound containing-
sulfur in an inert diluent, for example, benzene, is used as the extractant. 
In general form we have the following: 

M X ^ - " - \ - p S : ^ M X „ S p - h ( n - m ) X - , 

where M is the raetal, 'X is the inorganic ligand, and S is the neutral extractant. 
The state of the reaction is determined by the stability of the links between the 
metal and X and S and by stereochemical requirements, by the compatibility of X and 
S in the inner sphere. . 
The entry reaction of extractant S may proceed even further, as far as the forma

tion of various ionic associations, including associations with a metal containing 
no inorganic ligands at all. 

Diphenylthiourea (DFTM, I), isopropylethylthionocarbamate (Z-200, II), etc., were 
studied as reagents containing sulfur; they are extremely selective reagents for 
particular metals: 

Class of metal Ions 

c l a s s A ( s t rong ac ids ) 

Class B (weak ac ids ) 

Eleinents with i n t e r m e d i a t e 
p r o p e r t i e s 

Metal ions 

ADta l i , a l l t a l i e a r t h , and r a r e - e a r t h 
raetals, Be, Mg, Mn(ll), Al, Sc. F'cilU), A^(III), 
Ga, Cr(IIl). Co(lll) In, Ti (IV). Zr. Th, Gc, 
Sn(lV), Nb. Ta, U(V). V(IV) 

Cu(I), AE(I) . Au(I), Tl(l). HB(I). Pd. Pt(II), Cd. 
Hg(II), TI(III), Au(III), Pt(IV), Te(l\0 

Sn(Il) Cu(ll), Ni. Pb. Rh(in), Ir(lII). Sb(III). 
Bt 

H.Cj-NH^ 
H,C-N1I/' 

I 

C = S H.C-NHv 
-H.C.-oA"'' 

II 

Diphenylthiourea has been used for a number of purposes, for example, for group 
concentration of the platinum metals [3]. Extraction is from 6M HCl after heating 
the aqueous solution with tin chloride (II) ;. the DTFM is added to the aqueous phase. 
Zinc, iron (III), cobalt, nickel, and manganese do not affect extraction; copper 
reduces the extraction of the platinum raetals somewhat, but is removed from the 

'*'W«S!S».y itJUfV.VJti.kV9'99^. n'.wtaeAaa^n.ttfjmKmM.umm 



|iaa^S^a^aaaHkti'-Wiiiifr.ii<ii4iA^^ 

24 TSVETNYE METALLY / NON-FERROUS METAIS 

Table 2 
F l o t a t i o n Reagents of I n t e r e s t for Solvent Extract ion 

r 
extract by EDTA and ammonia solution. This method utilizes both the specific reac- ' 
tion between the platinum metals and DFTM and kinetic factors: the increased lability 
of complexes containing SnC17 ion, and the slow decomposition reaction of the pliti-; 
num metals-DFTM complexes with ammonia and EDTA at the reextraction stage. [; 
The second work makes it possible to assess the nature of the metal lin)<s with X I 

and S to indicate to some extent the most suitable solvent extraction reagent on thi:' 
basis. The subject is the : 
utilization of the principle 
of strong and weak acids an* 
bases, Pearson's principle., 
In accordance with this 
principle, strong acid met-, 
als give stable complexes j 
with strong bases and weak ' 
acid metals give stable com, 
plexes with weak bases j 
(Table 1). Separation of j 
metal ions into strong and 
weak acids almost coincides 
with the well-known Sidgwici 
Arland-Chatt classification, 
in coordination chemistry. 
Alkali and alkali earth ! 

metals, elements from group' 
III in the periodic system, 
Ti, Zr, Hf, Cb, and Ta, ac-
tinides and lanthanides, | 
etc., are classified as 
group A metals according to. 
Arland-Chatt or as strong 
acids according to Pearson; 
Ag, C u d ) , Au(I) and Au(IHi 
Tl, Hg, Te, Cd, and the 
lower states of oxidation I 
of the platinum metals belo^ 
to group B, or to the weak 
acids. i 
The strong bases include ; 

extractants with active oxy* 
gen and nitrogen atoms; the' 
weak bases include those 
with active atoms of sulfur' 
and phosphorus (III) . The ; 
strength of inorganic lig- | 
ands may also be assessed I 
qualitatively; thus in the < 
case of halides it decreases 
from F~ to I~. ; 
If the series of changes 

in strength for metals, soli 
vent extraction reagents, j 
and inorganic anions is ; 
known, the preferential na
ture of the reaction in the 
solvent extraction system 
can be evaluated. Such an | 
analysis has been made in ; 
relation to metal halide j 
complexes. i 
The most important factor 

now in the problem of selec-' 
tivity is extensive funda- ; 
mental research into the | 
factors which deterraine se-i 
lectivity: the electron | 
structure of the reacting 
constituents, stereocheraicai 

Technical namo\ 

Xanthates 

Aerofloats 

Dialkyldithio 
carbamates 

DTK 

ITK, Z-2000 

DialJcyldixanthog-
enides (AB-1) 

Allyl xanthates 

Thlurams 

Thiourea de
rivatives 

Captax 

Type of com
pound 

Xanthates 

Diallcyldithio-
phosphates 

Diallcyldithio-
carbamates 

Tertiary do-
decyltrithio-
carbamate 

0-isopropyl -
N-al)cylthio-
carbamate 

DiaDcyldi-
xanthogenldes 

Allyl xanthates 

Tetraalltyl thi-
uram disulfides 

Thiourea de
rivatives 

2-mercaptobenzo-
thiazole 

Formula 

S 
II 

/f-O-C 
\ 
S-K» 

S 
II 

(RO),P 

SH 

\ II 
> N - C 

«• s-

S 
II 

/nCi jH JJ — S — C 

S 
II 

>-C,H,-0-C 
\ 
N H - R 

(;f = CH,. HTK, ./? = C,H,. Z = 2(X)) 

;?-o-c —s —s —c—o —R» 
II II 
s s 

/J_0-C-S-CH,-CH = CH, 
II 
S 

\N-C-S-S-C-N^ 

R.N 
>C = S 

R,N 

/ \ N 

u 
C - SH 

\As/ 

IM-50 

ANP cationic 
collector 

Alkylhydroxamic 
acids 

Prlm'ary amine 
hydrochlorides 

O 

R - C 

NHOH 

— 
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factors, etc. This does not, of course, exclude an empirical search based on the 
study of the great mass of potentially interesting compounds with a view to finding 
selective solvent extraction reagents for a particular metal among them. This is 
the path at present being followed in the intensified search for selectiv.e solvent 
extraction reagents for copper. After the now widely known Lix reagents, which are 
a- and 6-oxyoximes, had been patented in the United States a competition began in 
the hope of finding equivalent compounds which were more freely available. The Lix 
reagents belong to a group of copper-selective reagents which have long been known 
to analytical chemists. The most commonly used reagents in this group are a-benz-
oxime and salicylaldoxime. 
Analytical cheraists' experience is extremely valuable in the search for selective 

extractants of industrial significance. In 1972, at a symposium in Belgium on the 
use of solvent extraction in metallurgy, one of the major contributors, Spitzer from 
Holland [4], observed: "It is safe to say that solvent extraction involves no magic. 
Many if not all of the reactions at present in use have been described, at least in 
principle, in various handbooks of inorganic analytical chemistry, which are still 
full of valuable suggestions for those who are attempting to create 'new' selective 
extractants for metals." There is every reason to agree with this conclusion. 
However, let us return to the list of basic requirements for solvent extraction 

reagents. Various correlations are of importance in assessing the extractive capa
city of reagents in a homologous series. Much has been published on this topic, 
especially by A. M. Rozen. 

Let us consider the availability [5,6] of reagents from two points on the list. 
It is very tempting to use as solvent extraction reagents compounds produced in 

large quantities'for other purposes. Such compounds include flotation reagents, 
rubber vulcanization accelerators, oil additives, and pesticides. 
The collector reagents which are worthy of attention for solvent extraction are 

indicated in Table 2. Among these we studied reagent Z-200 and DFTM (on approxi
mately 20 metals from various media), dibutyldithiophosphate and thiurams (for 
copper). Captax and its disulfide Altax were also studied. Reagent Z-200 is of 
undoubted interest for various purposes. Dibutyldithiophosphate ensures selective 
separation of copper from iron, cobalt, nickel, and other metals from weakly acid 

solutions. 
The other group of potential solvent extraction re

agents is the pesticides, for example, herbicides or 
insecticides. The alkylthiocarbamates and dialkyldi-
xanthogenides already mentioned, certain metal-dithio-
carbamate compounds, and the compounds given in Table 3 
can be used in this capacity. 
The salts of dialkyldithiophosphoric acid formed with 

certain metals, etc., are used as oil additives. 
A detailed study of thiophosphoric acid amides was 

made in our laboratory. One of them (III) is of in
terest for the selective extraction of copper: 

Table 3 
Pesticides of Interest 
for Solvent Extraction 

Compound 

Alkyl-
thio-
carba-
mates 

Thiazol-
thion 

N-alkyl-
amido-
thio-
phos-
phates 
(or 
phos
phates) 

Thiophos
phoric 
acid 
esters 

Formula 

'̂ ^ II 
^N-C 

lj-s» 

(/?0), P — NH — « 
li 
S 

yR, 
( R O U P - N< 

II ^-«, 
S 
/NH - R, 

n \NII - R, 
s 

(/?,0),P-0/?, 
II 
S 

(R,0),P-SR, 
II 
S 

H,C — O -
V ^ 

-P-
II 
s 

-(NH-Q-O-CH.)^. 

Ill 
It extracts copper from a solution with pH = 2 against 
a background of iron, cobalt, and cadmium; 2-mercapto-
benzothiazole and the mononaphthenic acids are of inter
est for the same reason. The latter are not being pro
duced as yet, but they may become freely available be
cause they can be produced without difficulty from 
naphthenic acids, which are in fact waste products in 
the refining of petroleum. Thionaphthenic acids are 
suitable for the separation of selenium and tellurium 
[71, and of nickel and cobalt (only cobalt is extracted 
from the ammonia solution) [8]. 
The monothionaphthenic acids belong to the group of 

reagents of petroleum origin. Apart from them the group 
includes mercaptans, sulfides, and sulfoxides produced 
by oxidation of sulfides. 
The sulfoxides and sulfides are now the subject of 

much attention. A symposium was held at Novosibirsk in 
1972 on the utilization of these compounds as solvent 
extraction reagents [9]. The possibilities of sulfides 

^J*H:?,''gif*»gW'-'^y*^>-'^'^f'.'-Wy»jg^^1fl^-ali?^^ 



t '. 

2£. TSVETNYE METALLY / NON-FERROUS METALS 

in relation to the number of-extractable raetals are limited, but on the credit side 
they are extremely selective ns regards mercury, silver, gold, and palladium. The 
selectivity of sulfoxides is extremely low, but their potential availability and 
ability to compete with tributylphosphate are attractive. ' 
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HEAP LEACHING OPERATIONS 

George M. Potter 

ABSTRACT 

This report reviews and discusses some factors in the design of 
heap leaching operations using dilute alkaline cyanide solutions to 
dissolve' gold and silver from relatively coarse ores. Some of the 
requirements' for laboratory and pilot work to permit reliable scale-up 
for plant design are presented. The influences upon design of such 
factors as ore reserves, available terrain, crushing requirements, ore 
preparation, pad materials, leaching solution strengths, solution 
application rates, and precious metals recovery methods are briefly 
outlined. Alternative methods of recovering the precious • raetals frora 
solution and their subsequent smelting to a dore bullion and some fac
tors affecting choice of method are reviewed. The role of activated 
•carbon in gold-silver recovery and various means of recovering the 
metals from subsequent stripping operations are discussed. Other 
viable precious metal recovery methods, including Merrill-Crowe zinc 
dust precipitation and soluble sulfide precipitation of .silver, are 
described. A few notes on some recent published plant capital costs 
are mentioned. 
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SOME FACTORS IN THE DESIGN OF 

HEAP LEACHING OPERATIONS 

George M. Potter 

INTRODUCTION 

During the late 1960's the mining industry became interested in 
the U.S. Bureau of Mines' efforts to develop the gold-silver heap 
leaching process. In the decade 1970-1980, successful commercial heap 
leaching applications increased. The process provides a relatively 
low-capital means of processing treatable ores with reasonable operat
ing costs. Present gold and silver prices compared to capital and 
operating costs favor the continued growth of the heap leaching method. 

The heap leaching process (Figure 1) is defined as the percolation 
leaching of relatively coarse gold-silver ore piled on an impervious 
surface. To date, dilute alkaline cyanide solution is the lixiviant of 
choice. However, other leaching reagents such as thiourea and hypo 
have been suggested, although not currently used in heap leaching prac
tice to my knowledge. Ores may be mine run in size or crushed as fine 
as about 3/8-inch (1 cm.). Gold and silver-bearing solutions draining 
from the heaps may be processed in activated carbon columns to recover 
(adsorb) the metals followed by stripping and metal recovery, or 
treated by the Merrill-Crowe zinc dust precipitation method. All solu
tions are generally recycled to the leaching step, and-the heap leach
ing system is relatively easy to control from the environmental view-
- point. 

A number of helpful references from the Bureau of Mines, consul
tants, and industrial sources describing heap leaching are available in 
the literature. A selected list of references is attached, and these 
valuable references and supplementary personal communications have been 
instrumental in preparing this report. 

The flexibility of the heap leaching process should be emphasized. 
Plants may be very simple, comprising leaching of uncrushed ore on a 
locally-obtained clay lined pad and shipment of gold and silver recov
ered in the form of loaded carbon or zinc precipitates; such a plant 
would have a relatively low capital investment. More elaborate plants 
for" larger ore bodies and available financing may be planned to include 
crushing, cyclic pad use, and dore gold-silver recovery. The general 
planning is similar in each case. 
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The purpose of this paper is to outline some key factors in the 
design of heap leaching operations and how they are applied to develop 
a design for a working operation. Individual design requirements and 
local construction costs vary so much that no attempt has been made to 
list detailed costs. A few general comments on costs are included. 

OREBODY, RESERVES, PROCESS EVALUATION, AND 
PRELIMINARY FEASIBILITY STUDY 

The evaluation of a given mine ore reserve in terms of tonnage, 
grade, and process amenability is a basic prerequisite for any process 
design including heap leaching. As mine sampling of a new or unknown 
orebody proceeds, preliminary metallurgical tests should be made con
currently so that continuously updated information on ore process re
sponse is available. By the time the ore body is reasonably well de
fined, preliminary cost feasibility studies should be made to determine 
profitability obtainable by various process alternatives using several 
assumed metals prices and process conditions. Thus, the first step in 
design is a feasibility study to enable: 

1. Decision to continue with the project 

2. Selection of an appropriate process (assumed to be heap leach
ing in this case) 

3. Estimation of a tentative allowable budget for mine and pro
cess plants under assumed conditions 

4. Determination of the estimated life of the operation, tonnage 
rate per day, yearly tonnage, ore grade, and metals recovery. 

PERMITS, SERVICES, AND ENVIRONMENTAL FACTORS 

The availability and cost of power, water, and other services have 
a large influence on design and should be studied early. Similarly, 
operating permits and the effect of environmental regulations upon 
design should be outlined promptly because of their key role in design 
or proceeding with design. For example, environmental requirements in 
tailings storage might influence the choice of pad design as to cyclic 
or one-time use, as well as the design of the storage area. The 
climate notably affects design through effect on the annual operating 
time under part-time freezing conditions, and the need for insulating 
and heating buildings and process units. 
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TOPOGRAPHICAL MAPS AND PLOT PLAN 

The best available topographical maps will already have been used 
to some extent in the preliminary feasibility study and are essential 
in preparing a plot plan. The final design of a heap leaching opera
tion is greatly influenced by the topography and location of the leach
ing pads. Pad size, type, and pumping costs are linked to available 
areas and elevations. The location of solution reservoirs and the pro
cess plant is likewise a critical design decision. 

• DETAILED METALLURGICAL TESTING 
FOR SCALE-UP 

The ore mineralogy and rock permeability affect the amenability of 
ores to the heap leaching process. Treatable ores should be porous, 
competent, and satisfactorily low in cyanide and oxygen consuming sub
stances. The gold and silver particles should be clean and fine in 
size. The clay content must be low enough so that permeability in a 
leaching heap can be maintained, or else the ore raay be agglomerated as 
outlined in recent USBM work [10]. Each ore deposit presents different 
characteristics, so that detailed laboratory and pilot tests are 
required to determine the optimum flowsheet in each case. Tests may be 
made in bottle rolls, small columns, large columns, and actual heaps of 
various sizes. The use of all these methods as keys to scale-up and 
design is recommended, as outlined in the following discussion. 

1. Preliminary tests in bottles and small columns are'helpful in 
showing response to cyanidation at sizes up to 3/8-inch (1 cm) 
or so. 

2. Larger column tests are a reliable guide to scaled up opera
tions. Columns may be thought of as a core in the center of a 
large leaching heap, with the same access to solution and 
oxygen. The column diameter should be four times the largest 
rock size to avoid undue wall effects. Sorae essential design 
factors obtainable from columns include the following: 

amount of solution needed to saturate .the ore 

amount of solution that drains from saturated ore 

amount of moisture retained by drained ore 

size of crushing versus leaching time 

optimum cyanide strength and consumption 



choice of alkali (frequently lime), strength, alkali 
consumption, pH 

, solution and wash application rate 

. height of the leaching ore column 

amount of time of draining and washing 

, oxygen content of effluent 

. feasibility of countercurrent leaching and/or 
washing 

3. Pilot heap tests are used to verify most of the factors listed 
under column tests and also to provide information on sorae 
physical factors of heap construction and leaching. However, 
heaps smaller than 500 tons or so, unless very shallow, have 
an excessive slope area compared to the level part of the heap 
and raay mislead on oxygen availability. Heaps supplement 
columns by indicating: 

mode of applying solution (sprinklers, wigglers, 
drip, etc.) 

. confirmation of solution application rate 

physical factors of heap construction 

. general confirmation of column test factors 

. compaction under leaching conditions 

4. Laboratory and pilot gold and silver recovery tests by the 
activated carbon, Merrill-Crowe zinc dust precipitation, sol
uble sulfide, and other methods are helpful supplements to 
column and heap leaching tests. However, the selection of the 
recovery method from leaching solutions is finally based upon 
economic analysis of the probable solution flow and analysis, 
together with experience. 

DEVELOPMENT OF THE METALLURGICAL FLOWSHEET AND DESIGN 

Each ore body differs in important respects from others. There
fore, the flowsheet and plant design must be based upon individual 
tests as previously outlined. Nevertheless, there are a number of com
mon factors derived from operational experience that are summarized in 
the following sections. 



1. THE MINE PLANT 

The mining method for heap leaching has usually been open pit. 
Mines vary so much that the type and size of equipment' cannot be 
specified here but adequate maintenance (usually at the property) 
is absolutely essential whether contract mining or company-
operated. Ore sampling and assaying facilities near the mine are a 
requisite for grade control. The degree of mechanization such as 
conveyor belt ore and waste handling is tied to ore reserves and 
the available investment budget. 

2. THE ORE PREPARATION 

The optimum degree of ore crushing (if any) will have been deter
mined by laboratory and pilot tests. High prices of gold relative 
to general cost indices usually favor relatively fine crushing to 
improve ultimate recovery and shorten the leaching cycle. Most 
ores not containing excessive clay will percolate fairly well when 
crushed as fine as 3/8-inch (1 cm) or so. Ores presenting percola
tion problems may be agglomerated by USBM-suggested techniques 
[10], and cyanide and alkali may be added during agglomeration. A 
properly sized agglomerating drum might be chosen, or sufficient 
agglomeration might be accomplished by sprays and mixing at belt 
transfer points. The complexity of the crushing plant is dictated 
by leaching size requirements and available budget. Jaw or gyra
tory primary and cone crusher secondary and tertiary stages are 
typical if finer crushing is needed. Screening practice is stan
dard. The selection of equipment sizes is in accordance with ton
nage requirements, with suitable maintenance time available. Dust 
control is essential. Dust slurries from control may be pumped 
onto the leaching heaps. 

3. ORE SAMPLE AND WEIGHT 

Many heap leaching feeds are "spotty" in gold and silver content 
(contain relatively coarse values). Automated sampling to provide 
a large bulk sample of ore to each pad is recommended. Probably 
the bulk sample will typically be crushed and reduced in weight by 
a secondary automatic sampler at least once before going to prepa
ration and assay. Spotty head samples should be analyzed on the 
basis of a 5- to 10-kilogram weighed lot, processed by gravity, 
cyanidation, fire and atomic absorption assay for a calculated com
bined head value. A weighing device should record total weight to 
each pad. Hand moisture samples are common. The design should not 
skimp on sample plant or weighing control, usually placed just 

~ before the delivery point to the pads whether a truck bin or a 
belt. Small properties may sample by hand. 



4. DELIVERY OF ORE TO PAD AND HEAP CONSTRUCTION 

Ore is delivered to the pad by truck or belt, depending upon indi
vidual cost analysis of capital and operating factors. Heaps up to 
14 to 16 feet (4 to 5 meters) deep may be built without driving a 
truck over the heap; trimming is provided by a front-end loader. 
Trucks may be 50 ton (45 metric tons) units or larger and loaders 
about 8 yards (6 cubic meters). Deeper heaps may be built without 
running trucks over the main bulk of the ore by pushing dumped ore 
with a dozer or loader. Ripping of machine-compacted surfaces (if 
any) is recommended. Heaps may also be built by conveyor belt 
delivery and tripper distribution from a bridge unit. In all 
cases, the optimum depth of the heap should have been verified by 
full-height column tests. 

5. PAD DESIGN 

The choice of pad material, pad size, and design must be determined 
by local factors in each case. Some key elements in the selection 
are available area, length of the leach cycle, maximum practical 
height of the leaching heap, availability of local clays, local 
construction costs, and availability of tailing storage areas. 
Pads may be built for one-time or cyclic use. Environmental regu
lations, likewise, have a critical influence on design, as does 
available capital and estimated materials (ore and residue) handl
ing costs. 

Hot rolled asphalt is probably the material of choice for cyclic 
use. The design is based upon the heaviest load to be carried per 
vehicle tire, usually the front-end loader. A 2-inch (5 cm) layer 
of asphalt, followed by a rubberized seal coat, then 5 or 6 inches 
(10 to 15 cm) of hot rolled asphalt has been successful for loaders 
to 8 yards or so (6 cubic meters). Earthen foundations should fol
low best preparation practice in grading and compaction; slopes are 
generally at least 3 degrees in two directions to provide for solu
tion recovery in a parallel ditch. An inter-pad curb to provide 
solution isolation and sampling capability frora each leaching unit 
is a great operational help. Maximum heap depth to avoid running 
trucks over the heap is probably 15 to 16 feet (about 5 meters) in 
the case of truck/loader preparation. If trucks run over the heap, 
the heap should be ripped. In the case of bridge-loaded pads the 
height may be maximum efficient leaching depth. 

Clay linings of 18 inches (46 cm) thickness or so placed on a pre
pared earthen foundation may be suitable for single-use pads. The 

" particular clay proposed for use should be tested for leakage in 
the laboratory using the same alkalinity and water as planned for 
production. Even a small leakage at the present price of gold is 
very painful. Plastic membrane-lined drainage may be used. 
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Reinforced plastic membranes can be used for single-use pads. 
• Graded, compacted bases should be covered with about 6 inches (15 
cm) of rock-free cushioning sand to help avoid puncture. The mem
brane strips are joined in the field, then covered with an addi
tional layer of cushioning fine gravel or sand. Butyl plastic of 
30 mil (0.8mm) thickness, reinforced with glass fiber, has been 
used successfully. Drainage canals may also be plastic-lined. 

In all cases, bore holes should be angled under each pad to detect 
any possible leakage. 

6. APPLYING SOLUTION AND WASH 

Solutions are delivered to the pads by centrifugal pumps via steel 
or plastic pipe headers that may be buried, insulated, and/or heat-
traced for freezing climates. Conservative design indicates rela
tively large pipes to reduce friction losses and pumping costs. 
Distribution to the ore heap by sub-headers is usually in plastic 
pipe with a gradient toward the main headers and thus drainable in 
case of freezing weather. 

Solution application is usually sufficient at 0.002 to 0.005 
gpm/sq. ft. (.0014 to .0034 liters/sec./sq. meter). Higher rates 
of application simply dilute the grade of the pregnant solution. 
Steady flow appears satisfactory in most cases. Although pregnant 
solutions may show increased value after a period of "rest", cumu
lative production usually falls on a steady flow curve, provided 
that solutions have enough oxygen and cyanide at all times. 

Both "wigglers" (short lengths of surgical gum tubing) and various 
mechanical sprays have proved satisfactory for applying leach solu
tions. Depending on pressure, wigglers may cover a 30-foot (9 
meter) radius and mechanical sprays a larger radius. Spray types 
providing larger drops favor conservation of cyanide, water, and 
heat. More work is needed to define spray drop sizes and also to 
apply water- and heat-conserving solution applying devices such as 
drip tubes. 

For best washing efficiency, several fresh water washes should be 
applied with draining periods between if time permits. Allowable 
water washing is governed by evaporative and tailing-retained 
losses, and all makeup should be applied to the washing heaps to 
promote washing efficiency. 

Solutions may be recycled to dumps to build up the grade, provided 
, that soluble losses in the residues do not increase because of 
washing problems. 



7. SOLUTION RECOVERY AND STORAGE 

Pregnant solutions and wash draining from .heaps flow by gravity in 
plastic, asphalt, or otherwise-lined ditches and steel" or plastic 
pipes to storage. The storage tank or pond should be large enough 
to retain 24 hours of gravity drainage from saturated dumps plus a 
maximum estimated rainfall in the event of extended power failure. 
Asphalt, concrete, plastic-lined, and clay-lined storage reservoirs 
have been used satisfactorily. 

8. GOLD AND SILVER RECOVERY PLANT 

Alternative methods of recovering gold and silver from cyanide 
leach solutions include carbon adsorption, zinc dust (Merrill-
Crowe) precipitation, ion exchange, direct electrowinning, soluble 

• sulfide precipitation, and aluminum dust precipitation. Most heap 
leaching operations use carbon or zinc dust methods for treating 
the leach solutions, although the application of sodium sulfide to 
precipitate silver from carbon stripping liquors has received 
favorable attention. 

The choice of carbon columns versus zinc dust precipitation should 
be based upon a capital and operating cost analysis plus considera
tion of metallurgical efficiency. Probably very large volumes of 
low grade solutions containing mainly gold may be treated most 
economically in carbon columns. Rich solutions in comparatively 
small volume or solutions involving a large daily production of 
silver should be considered for zinc dust precipitation and com
pared with the carbon and other systems on a cost/efficiency basis. 
As to other methods, any applications of direct electrolysis to 
recovery of gold and silver would be favored by small volumes of 
rich solution. Ion exchange resins, combining high precious metal 
loadings and ease of stripping, raay be developed. The carbon and 
zinc dust systems are considered more fully in the following sec
tions. 

(a) Carbon System 

Experience indicates that the expanded-bed, multiple stage 
carbon column is an efficient, low cost device for recovering 
gold and silver from large and small volumes of solutions. 
The'general theory of preparing adsorption isotherms and cas
cade design has been treated by the U.S. Bureau of Mines 
[11]. In practice, countercurrent flow in five or more col
umns is advisable for obtaining high loadings and low barrens. 
Minus lO-plus 28-mesh carbon (12 x 30 in the carbon industry) 
provides the best compromise of flow rate and rapid adsorp
tion. Coconut carbon is a good standard; other carbons may be 
judged on comparative adsorption, durability, and price. The 
solutions fed do not have to be clarified. 
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Column design is featured by orifice ̂ pl̂ te bottoms, bottom-fed 
upward flow of around (fS^^gpm/s^uaxe^foot (600 liters/sq. 
meter) and a working height o^^^5_^eet_> (1.5 meter) ox—jnore 
above the orifice plate. Carbon wtienat rest occupi(^ 24" t^ 
30" (0.6 to 0.67 meter) of depth in the column, and weTghs 
about 60 to 75 pounds per square foot (290 to 365 kg/sq. 
meter). Bed expansion is influenced considerably by solution 
temperature and resulting viscosity, but fortunately the car
bon system is not very sensitive to the amount of expansion. 
Much helpful material on multiple compartment adsorption was 
developed by the U. S. Bureau of Mines for ion exchange 
adsorption of uranium [18]. 

Individual carbon columns may be superimposed in the form of 
one multi-stage vertical column. Such a design has consider
able advantage if floor space is at a premium. Otherwise an 
open cascade design of individual columns may be considered. 
The open design features overflow launders on each tank lead
ing to a feed pipe entering below the orifice plate on the 
following stage. 

A trash screen, 20- to 35-mesh should be placed ahead of the 
first adsorption column. A "safety" screen with 35-mesh open
ings should be in circuit after the last column to catch any 
floating carbon. 

Carbon is conveniently moved from stage to stage by hydraulic 
eductor. Fresh carbon is fed to the last stage, from which 
barren solution returns to the heap. 

(b) Merrill-Crowe Zinc Dust System 

Merrill-Crowe plants were once a standard item, but as a pack
age are now availab.le (to my knowledge) from only one U.S. 
firm (the State of Maine Mining Company, Tombstone, Arizona). 
They may be custom-designed and manufactured on the basis of a 
flowsheet comprising precoated clarification filter(s), deaer-
ation unit, zinc dust feeder, precipitate filter, and acces
sory pumps. The solution fed to a Merrill-Crowe clarifier 
should not exceed 50 to 100 ppm total solids to avoid undue 
cleaning requirements. Manufacturer's filter design recom
mendations should-be followed throughout. 

THE PROCESSING OF RECOVERY-PLANT PRODUCTS 

(a) Loaded Carbon 
Several alternatives are available for recovering gold and 
silver dore from loaded carbon: 
(1) Direct sale to a smelter. This has the advantage of 

requiring no capital investment for carbon treatment and 
is a viable possibility, particularly for smaller opera
tions. Of course, the carbpn itself is sacrificed. 
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(2) Stripping with 1 percent NaOH, 0.1 to 0.2 percent NaCN at 
a temperature near boiling (90°C). Conical bottomed 
cylindrical tanks are used, and solutions are percolated 
at the rate of 10 to 12 gpm per short ton- of carbon 
(0.7 to 0.8 liters/sec. per metric ton). Effluent solu
tions are usually electrowon, and the solutions returned 
to the stripping cycle. Some 48 to 72 hours should be 
allowed to strip carbon loaded typically with from 150 to 
400 troy oz. (5100 to 13700 ppm) of gold plus silver down 
to less than 3 ounces (100 ppm). 

(3) The addition of alcohol (say 10 percent of ethanol or 
propanol) to a 1 percent NaOH, 0.1 to 0.2 percent NaCN 
solution enables stripping to be accomplished in less 
than 8 hours at temperatures of bCC or so and may reduce 
the need for subsequent carbon regeneration. Seven to 10 
bed volumes of strip solution plus wash should suffice. 
However, alcohol is flammable, explosive, and toxic and 
the system must be safely designed. At least one experi
enced company ("NUCON") has a packaged design for handl
ing an alcohol system that recovers most of the alcohol 
for reuse. 

(4) Gold and silver may be stripped from loaded carbon in 
less than 8 hours with 1 percent NaOH, 0.1 to 0.2 percent 
NaCN at temperature of 120 to 130°C under a pressure of 
70 psig (5 kg/sq. cm.) using 7 to 10 bed volumes of 
stripping plus wash solutions. 

(5) Either the pressure or the alcohol system produces very 
rich solutions. They may be electrowon to recover dore. 
Electrolytic cells feature fiber reinforced plastic con
struction with stainless steel anodes and cathode frames 
loaded with mild steel wool. 

Voltages are on the order of 2.5 to 3.5 volts per cell 
and amperages consistent with 30 percent current effi
ciency for gold, rising to 40 percent or more for high 
silver solutions. 

Alternatively, stripping solutions may be treated with 
•'.•. zinc dust or by chemical precipitation to provide a fil

terable precious metal product, 

A scheduled "bleed" of stripping solution, adjusted to 
each operation to control impurities, is fed very slowly 
(to avoid inhibiting adsorption) back to the recovery 
plant adsorption columns. 

Smelting of either gold zinc precipitates or steel wool 
cathodes is readily accomplished in crucible furnaces to 
avoid higher dust losses in direct fired units. A No. 
125 silicon carbide crucible unit should readily handle 
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200 ounces of dore per day. The generally larger bulk of 
silver operations would probably favor consideration of a 
small reverberatory-type furnace. Fluxes are standard; 
for example, a borax, niter (NaN03), silica mixture. 
Scrubbers on furnace gases are essential. Slag crushing, 
removal of metallics by screening, and shipment of accu
mulated slags to a smelter are common steps. 

(b) Zinc Precipitates 

As outlined under zinc-precipitated values in stripping 
liquors, zinc precipitates may be smelted in a crucible or 
small reverberatory unit with standard fluxes. Dore is 
recovered and a, shipping slag produced. 

In many cases, refining of dore to pure gold and silver is 
referred to established refining concerns, and the dore is 
shipped to such companies. 

10. BARREN SOLUTION STORAGE AND REAGENT FEEDING ' ' 

Barren solution effluent from the precious metal recovery plant 
should be stored in a reservoir of about the same size as the 
pregnant solution storage. Reagent makeup is conveniently done in 
the barren storage. Suitable storage for alkali and cyanide, and 
mixing and feeding facilities, should be provided nearby. For 
larger properties, if lime is used, a ball-mill slaker is conve
nient, followed by a closed loop pulsed feeder. Loop feeders are 
also satisfactory for caustic (if used) and cyanide. Reagent con
trol and feeding is standard practice. 

11. INSTRUMENTATION 

For larger properties an.automatic head sample and recorded weight 
of ore to the pads are highly desirable. If the leached residue 
is removed from the pads, some form of hand sampling is indicated, 
because automated sampling would be very costly. Residues left on 
pads would have to be sampled by boring. 

The best and most reliable available solution flow instrumentation 
should be installed on leaching solutions to and from the recovery 
plant coupled with automatic or hand samples for grade analysis. 
Usual pH control is needed wliether manual or automatic. Dissolved 
oxygen meters and/or chemical tests are required at least periodi
cally. Titrations are made for alkali and free cyanide by stan
dard methods. 

For gold and silver solution assays, the AA (atomic absorption) 
method is convenient. Solution samples should be extracted into 
ketone for reading or else a deuterium arc light source correction 
should be provided for direct reading. 
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12. MAINTENANCE OF CARBON ACTIVITY 

Sooner or later carbon looses activity because of contamination 
with organic materials (such as oils), calcium carbonate, and 
other impurities. Provisions should be made to wash stripped car
bon with dilute nitric acid followed by several water washes. (If 
hydrochloric acid were used, it would be corrosive to the kiln in 
subsequent reactivation). The carbon should then be washed with 
dilute (1 percent) NaOH, drained damp, and reactivated by heating 
to 630°C for 1/2 hour. A rotary kiln, indirectly fired, is con
venient for the purpose. Carbon should be screened to remove 
fines and presoaked at least 12 hours before reuse. 

13. MATERIALS OF CONSTRUCTION 

. A s noted before, asphalt is a good pad material and 
does not interfere with carbon adsorption. Local 
clays, if tested, may be suitable for pads. Rein
forced plastics are also satisfactory if protected 
from punctures and tearing. Other materials such as 
concrete, etc., are possible alternatives. 

Non-galvanized steel, plastic, and asbestos cement 
may be used for piping. 

Reinforced concrete is satisfactory, for pump boxes 
and rectangular tanks. 

Steel tanks serve for alkaline cyanide. 

Rubber lined, stainless steel, or some plastics 
could be used for acid washing carbon. 

Brass, bronze, zinc, copper cannot be used. 

Stainless steel stripping vessels, piping, and 
valves are recomraendable (316 preferred). 

Fiber-reinforced plastics may be used for electro
lytic cells. 
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Table 1 
Effect of Cyanide Concent
ration Upon Gold Adsorp
tion from Solutions' -in 
Gon'tact with Gopper-Bear-

.ing Materials 
(T = 3 hr) 

The copper minerals present in certain gold ores have ah adverse effect upon the cy
anidation. process. 
The essential features of this phehoraenon are now being examined from two viewpoints 

[lV2]. , . _ . ,_ 
1- The.copper combines with CN ions to form the.complex anions Gu(GN)3 and Cu(GN)z 

'-, reducing • the free cyanide concentration and so retarding the gold dissolutipn pro
cess. However, in copper-bearing gold ore cyanidation practice increasihg the cyanide 
concentration above that necessary for fortnatiqn of Gu(CN)^* .does' not, give sufficient 
gold dissolution speed. In addition, this approach does not entirely agree with thermo
dynamic calculation results [3]. 

2. The adverse effect of copper upon the speed of gold dissolution is due to J:he 
formation df films on the gold grain surfaces r.esuiting from adsorption of CulGNa" by 
the metal surface or" forma tipn of compounds oiE AuCu(CN) ̂_ type. However, studying the 
surface Of gold disks after contact with copper-bearing cya-nide solutions by local 
x-ray spectral analysis (using a. Kameka MS-4,6 mieroanalyzer) did -not reveal cqpper on 
the surface- of the disks [4]; 
Thus the available data on the effect of copper compounds upon the gold dissolution 

process are extremely contradictory. 
Having regard to the fact that heavy metal sulfides 

may participate in heterogeneous ion-exchange reactions 
[5] and that gold may be precipitated from cyanide sol
utions by sulfides of iron [6] and cadmium [7], the au
thors of the present paper' assume'd that dissblution df 
gold during its fextraction from ores containing' copper 
sulfides is accompanied by a secoridary process, sorption 
of the dissolved gold by those, sulfides. 

Results obta.ined during the reaction of auriferous cy
anide solutions >?ith analytical-grade, copper sulfide 
a:nd a mixture of minerals^ (chalcocite and bornite) are 
given below. 
The experiraent was carried out unde_r .static conditions 

at room temperature, the ratio of copper sulfide, (g) to 
-soiution (ml) being 1:50. Gyanide was not, added' in the 
process? of solution-sulfide cdntact (this leads to dis
so lution .of the sulfides). "Blank"'e.xperiments, i.e., 
using cyanide solution not containing gold, were includ

ed in each seriesi A syn
thetic solution- of single-: 
constituent composition in 
terms of metal was used 
for study. As a rule; the 
gold concentration in the 
solution varied from .4..24-
6.13 ,mg/l'itei. The ex- • 
tent of: gold precipitation 
was defined by reference 
to the difference in con
cen tration ,in the solution 
before arid after contact 
with the sulfide. The 
solution was analyzed by 
the atomic absorption me
thod. The presence of 
gold in the solid phase 
was monitored by qualita-' 
tive and semiquantitative; 
spectral analysis., The 
free cyanide and protec
tive alkali- content of the 
ini,tial solutions was- de-
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Table 2 
Relationship pf Gold Ext
raction to Solution-Copper 
Sulfide Contact Time (ini
tial solution. - 6.13 mg/l 
Au, 0,38% NaCN,, 0.05% pro
tective alkali in terms of 

CaO) 

Relationship of degree 
of' gold absorption (E) 
by copper sul'fide to 
cyanide concentratipn 
in starting sdlution. 

D u r a t i o n of s p l u t i d r i 
GOritact w i t h s u l f i d e : 

1 - 3 hr ; . 2 - 24' h r ; 
3 - 48 hr,^ 

.-*j 

•S:S.5 

] 

3 
s 
e 

Id 
15 
3S 
as 

s o l u t i o n 
•a tz* r 

AU. 
ttg/1: 

t .1« 
[.09 
I . M 
I . IS -
I.OT 
1.20 
l . l a 
I.OB 

N i C N , 
. % • 

0;0T 
<I.I>5 
0.04 
0.03 
0.018 
o .o ia 
0^014 
0,008 

contents 
florptibn 

t i k i l i , 
V 

0,0« 
o .or 
0.07 
0.09 
o.oa 
0,99 
0i99 
0,99 

,CB, 
«m/i 

1390 
1490 
1160 
l e i o 
le iD 
lesQ 
I6SII 
1149 

m 
1̂1 4 Z i 

90,ra 
91.23 
79.91 
91,3-1 
93,03 
sa,43 
77.48 
S3 ,39 

' Spectral aJhalysis did -not show any gold in the minerals. 
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termined by the generally accepted methods [8]. The free, cyanide content of the cop
per-bearing solutions: was established having regard -to t h e recommendations ih [9], 

Study df the relationship between the extent df golSt 'adsorptipn by copper sulfides 
and the cyanid.e concentration in the initial splution (see Pigure and Table 1) showed 
that increasing the cyanide concentration leads to an increased' extent of gold adsorp
tion.. In these circumstances o.yer 80%- of gold is extracted as a result of spliition-
sulfide contact fdr a period of 3 hr at an initial cyanide concentration, of ,0.37%. 
Some reductioiii in the exterit of gold adsorption when the cyanide content is increased 
(see Figure, curves 1 and 2) is caused by the secondary dissolution of adsorbed gold, 
by the fairly strong cyanide solutions, increasing the auriferous sclution-copper sul
fide contact, time to 4 8 hr'leads to an. increase in gold adsorption from 60 to 37% at, 
the same cyariide concentrations (see Figure, curve 3).. 
The difficulties which arise iri determinirig free cyanide in- copper-rich solutions 

made it impossible to trace the changes in the- solution free cyanide contents with 
sufficient accuracy. However, it was observed that the alkali cdncentratiori in the 
solutions increases after sorption, which is> in accordance with data on the chemical 
mechariism of the process df suliide dissolution in cyanide .solutions [1]. 

It was established when studying the effect of auriferous solution-copper sulfide 
contact tim̂ - updn gold adsdrptiOn from cyanide solutions (Table 2.) that over 80% of 
ctdld is .sorbed in a period of 1 min in spite of the presence of free cyanide in the 
solution; however, there is a reduction iri the free-cyariide- concentration in these 
circumstance's,. 
Prolonged copper sulfide contact, with rich gold solutions ensures the production of 

a fairly high solid phase gold cbritent. Thus the gold concentration, in the aurifer
ous-solution fell from.148 to 69 mg/liter as a result of contact with copper sulfide 
(^olid-to-liquid ratio IslOO,- 0.78% NaCN, 0.12% CaO) fpr a period of 10 days'.- The 
copper sulfide capacity for gold calculated frpm these data was 7,64- mg/g. Semiquant-
ita.tive spectral analysis established that the solid phase gold content was '̂  0.6%. 
-x-ray phase anaiysis proved tp be unsuitable' fpr studying; the prpcess cfgdld sorption 
by copper .sulfide because the extent .pf gold sorption is below the level qf sensitivi
ty of the method. 

COHCLUSIOHS 

In leaching gold from ores Which include soluble copper, sulfides, low .gold extrac
tion is largely due to a secondary process-: sorption of dissolved gold by the cppper 
sulfides. The mechanism- df gold absorptidn from cyanide solutions by copper^ sulfides 
is worthy of special, study.: 
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SORPTION OF GOLD FROM CYANIDE SOLUTIONS WITH ELECTRON-ECHANGE RESIN 

UDC 669,213.3.068 

V. A. Khomutnikov, G, Ya. Druzhina, and V. T. Gorbunova 

Electron exchange is one of the elements involved in solving the problems of reduc
ing gold losses when metal is extracted from cyanide solutions. 
Compared with the iron-exchange sorption now being used in industry, redox sorption 

gives more thorough demetallizing of cyanide solutions and pulps and so reduces gold 
losses with effluents [1]. 
There is no direct published evidence of reduction of complex ions to metal on el

ectron-exchange resin. Not particularly convincing evidence of sorption by the 
electron-exchange mechanism is available for silver only [2] . 

Synthetic cyanide solutions were used to study the process of redox sorption of 
gold and secondary metals by resin. The latter was a styrene and divinylbenzene 
copolymer with active S-bearing groups; its redox potential is -0.67 V [3). 

The experiments 
were conducted under 
static conditions; 
the resin charge was 
25 mg per 500 ml of 
cyanide solution. The 
metal concentration 
was determined by 
spectrophotometry by 
reference to calibra
tion curves. An SF-
16 spectrophotometer 
and one-centimeter 
quartz cells were 
used. 

Zinc and silver cy
anide complexes do 
not absorb light in 
the accessible ultra
violet and visible 
regions of the spect
rum; the silver and 
zinc concentration in 
the 'corresponding so
lutions was there
fore measured by the 

atomic absorption method. The nature of the curves 
for changes in metal concentration indicates that 
the process of element extraction by the resin in 
time is similar to sorption on ion-exchange resins: 
to establish equilibrium in the system, the resin 
must be kept in contact with the solution by mixing 
for a period of over 48 hr (Fig. 1), A period of 
about 20 hr should be adopted as the optimum dura
tion of redox sorption; metal extraction during this 
period is fairly complete. The relative rate of element extraction by the resin can 
be assessed from the slope of the sorption curves. Gold is sorbed most quickly, fol
lowed by copper, nickel, silver, zinc, cobalt, and iron. 
The resins Cinitial and gold-saturated) were analyzed by infrared spectroscopy and 

electron diffraction to reveal the sorption mechanism (the infrared spectra were re
corded on a UR-20 spectrometer relative to wave numbers). ^ 

The resin infrared spectra (Fig. 2) poj.nted to the following conclusion: the 8203" 
group in the initial resin becomes an S0^- group in the saturated resin, i.e., S*- -
- 8e * S + oxidation occurs in the process of metal extraction. This is confirmed 
by the following changes in the saturated resin spectrum compared with that of the 
initial resin. 

Fig. 1. 
1 - Au; 
4 - Ni 
7 - 7.n 

16 11 

Sorption curves: 
2 - F e ; 3 - Cu; 

I 5 - c o ; 6 - Ag; 

tm aao zona mo tm mo mi m saa 
Have nuabers .cft' ' 

Fig. 2. Infrared spectra 
of initial resin Ca) and 
of resin exposed to gold-
bearing cyanide solution 
(b). 

Electron Diffraction Para
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shifts to 645 cm 
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this is the characteristic band for the 
in the initial resin. 
SO 2 _ group in the satu-
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2 The band near 1000 cm-' in the spectrum of the initial resin, characteristic of 
S20I-, is very weak in the saturated resin, 

3. The 541 cm-' band characteristic of SzOf- disappears frora the saturated resin 
spectrum [4', 5] , 
There should be a reduction of Au+ from the cyanide complex to metal at the same 

time as the oxidation of sulfur. It was possible to reveal the crystalline structure 
of the gold in the resin by electron diffraction. The interplanar spacings calculated 
from the microelectron diffraction pattern from the saturated resin coincide with the 
American (ASTM) card-index data for metallic gold (see Table). 

The appearance in the saturated resin infrared spectrum of the 2148 cm-' band char
acteristic of the gold cyanide complex indicates simultaneous sorption by the ion-ex
change method. 

The infrared spectroscopy method was also used to analyze resins exposed to eyanide 
solutions of secondary metals (Ag, Cu, Zn, Fe, Ni, and Co) and to "blank" sodium cy
anide solutions. 

The following bands were observed in'the infrared spectra [4, 5]: 2097 cm-', char
acteristic of [AgCCN)3]^~ and [Ag (CN) <» 1 ̂ ~; 2060 cm-' and 2100 cm-' for the CN group; 
2095 cm--" for lCu(CN)3]^-; 2075 Cm"' for [Cu(CN)U'"; 2050 cm-» for [Fe(CN)6]^- ; 
2117 cm-» for [Fe(CN)6]'-; 2055 cm-i and 2150 cm-» for [Zn (CN),, ]*-; 2124 cm-» for 
[NiCCN),,]2- , and 2130 cm-i for [Co(CN)6]'-, indicating sorption by the ion-exchange 
mechanism. 

No electron-diffraction analysis of the resins saturated with secondary metals was 
made. The presence of an electron-exchange mechanism of secondary element extraction 
by the redox resin is proyed indirectly by changes in the infrared spectrum bands 
characteristic of the S2O3- group analagous to the changes in gold extraction. 

Infrared spectroscopy and electron diffraction methods have revealed lelectron ex
change and ion-exchange mechanisms in sorption of gold from cyanide solutions by 
redox resin. The microelectron diffraction pattern for resin saturated in gold-bear
ing cyanide solution indicates that metallic gold is present in it, and the infrared 
spectrum indicates the presence of the complex anion [Au(CN)2]- and a sulfur oxida
tion reaction. 
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^ SORPTION OF. GOLD, FROM ORE HEAP LEAGHING SOLOTIONS USING ACTIVATED CARBON 
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0DC 669.213:661.183.2, 

I- G. G. Mineev, G. Yâ . Druzhina, and Q. A. Strqg-ariov 
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Comparative Data, ok the Capacity, and Selectivity df 
Gold Sorption for BAU Carbon and Ali-2B,-Anionic' Ex

change Resin 

Soiberit 

Cancenpration.in . 
liveraqe), g/m> 

.Cu 

Content in saturateii jorbent. 9/I19 

All Zn Cu Ft ce 
I in-
purl-

Hu/t In-
pur i t l e i 
catio in 
Bor^nt 

BAU 

AM-2B 

BAU • 

aM-2B 

Splution troa leachinq ott-grnik ore 
0.2 10,6 
0,1 l,S 

SQliicion from ls«ctiing ciuehed gold are.-

10 1 5,4 
S,< 1 5.0 
6,1 1 *.8 

-3.0 
1,6 
2.4 

1,8 
o;9 
i.'i 

8,0 
9.2 

13,9 

1,0 
O.I 

19,0 

0,04 
0,M 
o,r 

.Tr. 
0.1 
0,08 

I,a 
1.8 
34 

2;T 
2.4 
2,5 

0.05 
0,05 
0,05 

10! 
109 
iOS 

0,8 
0,S 
0.8 

1.3 
1.4 
1,6 

0.06 
0.05 
0,10 

29.2 
56.2 
104 

1,5)0,03 
1.6 0,02 
6,3 0,12 

Tt. I 30,8 
. I 57.9 

0,08 i to;6 

4,4 
5,1 
o.sa 

0.04 
0.024: 
0,014 

r BAU grade activated charcoal was used for processing the solutionsj as-having one 
of the- highest capacities for gold [l] . The carbon was. testeiS' in comparison with AM^ 
:2B ion-exchange resin, which is used industrially.for gold extraction from cyanide 
pulps'. - '"• 
' The auriferous cyanide solutions were passed through systems of consecutive-columns 
epntaih'ing fixed layers of- sorbents at a sspeed of 5m/hr; the flow of solution into the 
sorbent was SO liters/sec. 
the effective capacity of 
.tiie cplumh was 0.25 liters;. 
its diameter was 23 mm, and 
the depth of the' sorbent 
layer was 600 mm, 
i' The composition of the 
solutions entering the sorp-
,tioh process' from, ore leach
ing varied somewhat in time; 
oh the whole the variation., 
vas-toward a , reduction in 
the gold content. During the 
test' period the cbncentra-: 
tions of constituents in 
these solutions varied as 
fdiiows, g/m^i Au from 12 to 
3, Zn from 5.-4 to 4, Cu from 
J.O to 2.2, Fe from 1^8 to 
1.6; the solutions contained 
V 0,02%. NaCN and had a pH value of 8-9. 
'- The crushed gold ore solutions were stable iri' composition; 
»ith the foilowihg averagi^ content fin g/m-) ; 2.5 Au, 105 Cu,. 
0.8 Pe, and 0.004% Na;GN. The pH Value was 7.. 
,*- Samples were taken periodically from the solutions- leayihg 
each column in the system. The solutions were analyzed by the 
itomic absorption method. The low gold contents were measured 
if ter preliminary extraction with isoamyi alcohol? this increased. 
the sensitivity of the atomic absorption method of analysis for 
gold to 0.005 mg/literi 
,f Solution from heap cyanidatiori of off-grade ore was used to 
saturate two columns each.containing 67 g of activated carbon 
tad one column containing 100 g df AM-2B resin. Solutions from 
leaching crushed gold, ores were used tb saturate, 67 g of aeti-
fatsd carbon and 1.00 g of AM--2B. resin. 
% The results of experiment's obtained with the two types of 
Bolution (fairly pure soiution from leaching off-grade ore and 
solution contaminated with copper from leaching- crushed gold 
<ires) are shown in the Table-, The BAU carbon has 1:2-1.7 times 
less capacity for gold than AM-2B, but its gc>ld contents are 
fairly high. Thus thie capacity rteaches 9 g/kg for a solution containing .N 5 g/m^Au.. 
Ihe carbon is considerably superior to the iresin in selecti'vity toward gold.- the ra
tio of the valuable element "(Au) to; total Impurities (Cu,- ,2n, Fe, Ni, Co) -in the sa-
^rated carbon is 2.8 times highfer.than the' ratio in the resin, 
'̂•' Reduced capacity gives rise to increased Au contents in the outgoing solutions* 
from carbon sorption in .the region of carbon^ shortage: less than 0.2 kg per 100 li
ters of soiution (see Fig.). However, activat-ed carbon,-like ion exchange reeih, 
teaoves gold from the sol-utions to trace levels (less than O.,005 mg/liter) ̂ hen the/ra
tio of sorbeht to soiutibh is suff icient,•> 0,2 kg or more per 100 "liters of solution. 
?his was reflected in the results of solution demetallization during- the- first- two 
fiays of sorption. 
'̂ The process of sorption by activated carbons- proceeds at a higher rate than sorption 

S's,s 

u a.i 

1 . i fV^ 

J I 
/ i , 
- ^ 1 

a :sD » m ae 
Solutioh thXDugh-

piit. lit 'ers 

Course of gold 
sorpt ion from 
off-gre(de ore 
heap Ifiachrhg 
so l i i t ions . 

J . _ 

'.At eqiial sorbent loads of 200 g> each; for carbon these are the solutions from the 
third cQ:luinn,, for resin the, ̂ solutions from -the second coiuWn. 
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by t h e i o n - e x c h a n g e r e s i n s , b e c a u s e t h e c a r b o n s have a h i g h l y deve loped s u r f a c e . Thus 
t h e s o r p t i o n t i m e when t h e p u l p s a r e t r e a t e d w i t h ca rbon i s 3-4 h r ( 2 1 , whereas t r e a t 
ment w i t h i o n - e x c h a n g e r e s i n s r e q u i r e s s e v e r a l t i m e s l o n g e r . 

I t i s p r e f e r a b l e t o d e s o r b p r e c i o u s m e t a l s frora a c t i v a t e d c a r b o n s by u s i n g ho t wa
t e r w i t h a low c a l c i u m ion c o n t e n t , a f t e r p r e l i m i n a r y t r e a t m e n t w i t h s o l u t i o n s of po-
tass i \ jm o r sodium c a r b o n a t e s (as y e t t h i s method h a s been t e s t e d o n l y unde r l a b o r a 
t o r y c o n d i t i o n s [ 3 ] ) , o r w i t h h o t a l k a l i n e c y a n i d e s o l u t i o n s ( t h i s method i s used in 
i n d u s t r y [ 2 - 7 ] ) . 

The t e s t r e s u l t s make i t p o s s i b l e t o recommend t h e method of g o l d s o r p t i o n from 
s o l u t i o n s u s i n g a c t i v a t e d c a r b o n s f o r i n d u s t r i a l t e s t i n g . 
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where M is the factor for conversion from decimal to nature 
logarithms. 

The rate of variation of the \iscosity of the slime charges 
with variation in temperature must clearly be related to 
the ratio of the amounts of solid and liquid phases in the 
sinter. The phase composition of the sinter predetermines 
the absolute value of the viscosity at a given temperature. 

In our experiments the sum of the amounts of Al^O, -i SiOj 
in the cliarge varies Uttle. Consequently, the ratio of Uie 
solid and liquid phases must depend largely on the ratio 
(NajOircL- + CaO free''J^^aOj . and also on the rate of the 
dissolution of the high-melting components of the sinter in 
the liquid phase. 

It is possible that the rate of variation of the viscosity 
on the linear section is determining during evaluation of 
the temperature range of the plastic state. Thus, the 
viscosity curves can l>e used to determine the sintering 
temperature and range. The temperature corresponding 
to the tMginning of deformation must be considered to be 
the temperature of the beginning of sintering, while the 
temperature at which the wscosity begins to vaiy accor
ding to a linear law is the teniperature of the end of sin
tering. 

• We studied tlie effect of the addition of 50fc of a clay ^^i^P 
fraction and 15'^ of the high-alumina slag from the Aktyilt^^ 
binsk ferroalloy works on the wscosity of the slime charje^^ 
of the Pavlodar aluminium works' (charge 5, table 2). The- -^''' 
viscosity curves are given in fig.3...... , *• 

The form of the viscosity curves is similar to thatob- ^ ^ 
tiined earlier (fig.2). and this shows that the phjse trans. , 
formations are. equivalent. The addition of the clay fraciioo-
(fig.3, curve 1) e.\tends tlie range of Uie plastic state into i 
the region of high temperatures .nnd leads to an increase fi 
in the melting point (1260°C) and an extension ot the sin- -4? 
tering temperature range. The addition of the high-alumiiq « 
slag (fig.3, curve 3) reduces the range of Uie plastic sLite-.i '* 
in rebtion to the designed slime charge (curve 2) and shiH» 
it into the region of reduced temperatures, leading to ',•;':-' 
fusibility of the charge. The begifiriing of plastic detorma-isv " 
tions for all the investigated charges (with and without "-Iĵ ,. 
additions) lies in the region of 900-950°C. . J * ? ^ 

It is clear that the temperature range of the plastic slat*-*^' 
in slime cliarges can be altered and shifted into the region- ^ 
of high temperatures by means of the appropriate addi-
This must extend the sintering temperature range and 
a positive effect on the operation of revolving sintering 
furnaces. 
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Sorption of gallium, indium, and aluminium from mixed sulphuric acid solutions by anion-exchange resin AV-17 

A V Plyusin (Deceased), E I Kazantsev and N P Pyatin (Urals Polytechnical Institute. Deixirtment of the Metallurgy 
of Rare Metals) 

s'-3? 

There is hardly any information on the sorption behaviour 
of gallium, indium, and aluminium in sulphuric acid solu
tions, containing nonaqueous solvents. However, investi
gation of such processes in sulphuric acid solutions is of 
considerable interest, since sulphuric acid is widely used 
in the production, purification, and analysis of these 
elements'). The sorption of gallium, indium, and aluminium 
on anion-exchange resin AV-17 from aqueous-nonaqueous 
sulphuric acid solutions was therefore investigated in the 
present work. 

The sorbability of the metal ions was investigated as a 
function of the concentrations of sulphuric acid and the 
organic solvent in the system. The concentration of the 
acid was varied from 0.1 -2N, and the proportion of the 
nonaqueous component was varied between 0 and 80 vol. Vo 
In order to trace the effect of a series of saturated alcohols 
and also ketone on the sorption of the elements methyl, 
ethyl, and isopropyl alcohols and acetone of chemical 
purity or of analytical grade were used in the work. The 
AV-17 ion-exchange resin was used in the SO, form with 
a particle size of 0.25-0.5 mm, and it was washed from 
iron and soluble imjjurities. The experimental procedure 
•was similar to that described ear l ier ' ) . The desorption of 
the sort>ed ions was realised in 2N sulphuric acid. 

The results from the experiments (expressed in terms 

of the logarithms of the distribution coefficient D as a 
function of tho HjSQ, concentration) are ^ven in fig.l. The 
distribution coefficient was determined by nieans of the 
equation 

D = X V 
100-X • P 

where: X = percentage of the metal sorbed by the resin 
V = -volume of the solution ml 
P = weight of the resin g " " ^ 

Aluminium, gallium, and indium ions are not sorbed from 
aqueous sulphuric acid solubons because the stability of the 
negatively charged complexes of Uie investigated metals 
is low. The addition of an organic solvent leads to dehydra
tion of Uie ions, which assists the formation of more stable 
complexes, and the ions of the investigated elements begin 
to 1)6 sorbed on the resin. At the same time, the sorption 
of the metals occurs as a rule at lainje concentrations of 
the nonaqueous solvents, where their dehydrating effect 
appears most strongly. For this reason the sorbability of 
the elements increases with increase in the content of the 
organic coniponent of the system. On the other hand, Oie 
sorbability of the elements decreases with increase in the 
sulphuric acid concentration, and this is due to increase in 
the sulphuric acid concentration, and Uiis is due to increase 
in the competing effect of the sulphate ions. 
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Dependence of log D during tho sorption of aluminium, 
gallium and indium by the AV-17 ion-exchange resin in 
the so,, form on the sulp^nuric acid concentration in 

'̂ ^̂ ^̂  the presence of organic solvents : ai methanol; h) 
ethanol; c) isopropyl alcohol; d) acetone. Content of 

: organic solvent ve l . ' . : 1 - 0, 2 - 20, 3 - ^'0, -J - 60, 
S - 80. 

With increase in tlie molecular weight of the alcohol and 
with increase in the content of the organic solvent (fig. a-d) 
the sorption of the elements on the resin is observed over 
a wider range of acid concentrations. Thus, aluminium is 

• Eobred from solutions containing 80^ of methanol only in 
the acidity range of 0.1 to 0.25N. In the presence of 60 and 
ttfH ethanol all the aluminium remains in solution at H^SQ, 
concentrations of 0.25 and IN respectively. Variation in 
the concentration of the acid and organic solvents has a 

-similar effect on the sorption of gallium and indium. 

The elements investigated begin to be sorbed with \'arious 
contents of the solvents. The sorption of gallium and indium 
begins with lower concentrations of the non-aqueous com
ponent than sorption of aluminium. For example, in the 
presence of methanol the sorption of aluminium begins only 
with an alcohol concentration of 80, while the sorption of 
gallium and indium begins with an alcohol concentration of 
60%. This is explained by the different susceptibilities of 
the elements to complex formation. Since the latter increases 
(rom aluminium to indium^), indium forms the most stable 
complexes with a large negati-ve charge.- Its sorbability is 
therefore highest on an anion-exchange resin, whereas 
the opposite beha-viour is observed on a cation-exchange 
resin^). In the general case the in-vestigated elements can 
be arranged in the following order of decreasing sorbability 
on the anion-exchange 'resin AV-17: In(ra)> Ga(ni)> Al(in). 

The stability and composition of the complexes in one or 
the other solvent are different and depend on the stability 
of the solvates formed with the given solvent. The less 
stable the solvates the solvent forms with the element, 
the more stable the complexes. Solvents with similar 
*alues for the dielectric constants (acetone and isopropyl 
alcohol) have different effects on the complexing reactions 
In the solution. Complexes are formed most readily in 
•cetone. This effect is explained by the low energy of 
solvation of the metal ions in this solvent*). The alcohol 
CsH.pH can form a coordination bond with the cation through 
*« unshared electrons of the oxygen and forms an analo
gous bond with the anion through the hydrogen atom. There 

is strong interaction between the alcohol and the ions 
entering into the composition of the complex. Acetone, 
however, can only form a coordination bond with the cation 
through the unshared electrons of the oxygen. (The presence 
of a double bond facilitates the reaction). 

C = 0 

In Uiis case the bond between the central atom and the 
ligand is stronger than in alcohol. In aqueous-organic 
sulphuric acid solutions, where the complexing process 
are substantially developed, the solvents can be arranged 
in the following order of decreasing effect on the sorption 
of the elements: Acetone> isopropyl alcohol>ethanoI> 
methanol. 

The effect of th'e nahire of the solvent on the sorption of 
indium ions should be noted in particular. As shown by 
our investigations on tlie sorption of aluminium, gallium, 
and indium by the KU-2 cation-exchange resin in organic 
solutions of sulphuric acid'), indium is solvated by acetone 
to a much greater degree than the other investigated ele
ments. Here Oie formation of complex associates is observed 
as a result of i-esolvation processes. This leads to .the 
result that the sorbability of indium on Uie anion-exchange 
resin in the presence of acetone is less than from solutions 
containing isopropyl alcohol. Thus, for indium, acetone 
and isopropyl alcohol change places in Uie order of in
creasing effect of the nature of the solvent on the sorption 
of the metnl ions. 

Optimum conditions for the separation of aluminium and 
gallium are observed in a O.IN solution of sulphuric acid 
containing 40^ of acetone and 60fi of water. Under these 
conditions the separation factor for this pair of ions is 50. 

Conclusions 

l.The sorption of aluminium, gallium, and indium ions on 
AV-17 anion-exchange resin was investigated from sulphuric 
acid solutions containing methyl, ethyl, and isopropyl alco
hols and acetone. 
2. It was found that the elements investigated are not sorbed 
on the resin from aqueous solutions of sulphuric acid. The 
addition of the nonaqueous solvent assists the sorption of 
gallium, indium, and aluminium. 
3. It was shown that the sorbability of aluminium, gallium, 
and indium increases with increase in the content of the 
organic solvent and decreases with increase in the sulphuric 
acid concentration. The separation factor for aluminium 
and gallium is highest (50) in O.IN sulphuric acid containing 
60fb of water and 40rt of acetone. 
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J Investiation of the deposition of tungsten from its hexachloride 

'v̂ -̂  B S Lysov, A N Tumanov and V N Anikin 

It is well known that great difficulties arise in the reduc-
. tion of tungsten from its hexachloride with hydrogen owing 

to the development of homogeneous reactions at temperatures 
above 600°C^). In order fo lessen the homogeneous reactions 

Uie process was carried out at reduced temperatures (600-
700OC)M or with a reduction of the toUl pressure*). In^) 
an improvement in the characteristics of the process at 
atmospheric pressure and at temperatures of 800 - 900°C 
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The Production of Super-Grade Iron Ore 
Concencrates at LKAB 

Abstract. LKAB's ores have specific minera
logical properties that oake them especially 
suitable for the production of super-grade con
centrates. Conditions are particularly good for 
this purpose at Malmberget, where a concentrate 
for high-purity sponge iron production has been 
produced for many years. Until 1978 the approxi
mate assay was 71.2 % Fe and 0.4S 7. SiO?-

Since then the assays have been improved by 
process modifications to approximateiy 71.5 S Fe 
and 0.20 7. Si02. Scope exists for still further 
improvement. 

In recent years the production of fractioned 
concentrates has been started. The material lies 
within the size range 74-125 um and the approxi
mate chemical analysis is 71.4 7. Fe and 0.30 X 
Si02. Other special products are under discus
sion. 

The Malmberget ores are also suitable for the 
production of high-purity direct reduction pel
lets with a Si02 content below 1 1 . 

The LKAB Group 

LKA2, standing for Luossavaara Kiininavaara 
Aktiebolag, is a 100 percent state owned cor
poration with iron ore mining and processing as 
its primary field of activity. Wholly-owned sub
sidiaries are involved, in energy sources, sul
fide ores, tungsten ores, industrial minerals 
etc. Founded in 1890, the corporation now has 
some 7 800 employees, of whom 7 300 work in the 
iron ore operation. 

The Iron Ore Operation 

The iron mines are situated in Lapland, north 
of the Arctic Circle as shown in Figure 1. Here, 
in the extreme north of Sweden, iron ore has 
been mined since the late eighteenth century. 

Three mines are in produccion at present. 
They are Kiruna, Svappavaara and Malmberget, 
with output capacities of around 19, 4 and 8 
million metric tons per year (mmcpyl respective
ly (Figure 2). The products include lump ore, 
sinter fines, concentrates and pellets and are 
railed to LKAB's harbours at Narvik, Norway, and 
Lulea, Sweden, for onward shipping, and to the 
Lulea steelmill. The ore reserve is estimated at 
4 trillion (4 x 10^^) metric tons, over 90 Z of 
which is magnetite and the remainder hematite. 
The ores are described as apatitic ores, though 
the phosphorus content varies widely. The normal 
range is 0.5-1 J P, and therefore all the ore is 
concentrated in one way or another. 

The Malmberget Operation 

The Malmberget ore field consists of some 
twenty more or less separate orebodies (Figure 
3). About 85 7, of the ore is magnetite and the 
rest hematite. The ores have a pronouncedly 
coarse crystalline structure and run about 50 Z 
-iron and 0.6 7, phosphorus (with side rock dilu
tion included). 

Until 1927 the ores were worked by surface 
mining. Today they are mined underground, mainly 
by sub-level caving. 

The Ores: The ores consist of coarse crystalline 
magnetites and hematites liberated at a grind of 
0.2-1 mm. The gangue and country rock minerals 
include felspar, quartz, mica and apatite. Since 
apatite contains phosphorus and felspar and mica 
contain alkali, the ore has to be concentrated 
as far as possible. Since the ore is of coarse 
crystalline structure, with loose grain bounda
ries and wich very few objectionable inclusions 
in the magnetite grains, concentrates of a very 
high degree of purity can be produced. Thus it 
is possible to make super-grade and special con
centrates with a purity approaching the theore
tical Fe content of the magnetite. For very high-
grade products it is necessary to separate the 
purest particle fractions in the concentrating 
process by special screening and classifying 
operations as illustrated by Figure 4. 

Plant and Produetion: There are five ore pro
cessing works at the Malmberget Mine, namely: a 
cobbing plant for magnetite, a concentrating 
plant for magnetite, a concentrating plant for 
hematite, and a shaft furnace plant and a 
straight grate plant for pelletizing. 

The total input capacity is about 13 mmtpy 
crude ore, corresponding to an output of about 
8.5 mmtpy ore products. The input in 1980 was 
about 9.5 mmt crude ore, which yielded some 3.4 
mmt sinterfeed, 3.1 mmt pellets and 0.26 mmt con
centrate for the direct reduccion of iron powder, 
plus a certain quantity of other special concen
trates. 

The production schedule for magnetite can be 
briefly described as follows (see also Figure 5). 

The ore is crushed to <350 mm underground, to 
<100 mm in a secondary crushing stage after hoi
sting, and to <25 mm in the cobbing plant. In 
the cobbing plant the ore is preconcentrated 
from approximately 48 S to 54 Z Fe on a dry belt 
low-intensity magnetic separator. 

The preconcencrate proceeds to the magnetite 
concentrating plant, where it undergoes wet 
grinding and wet low-intensity magnetic separa
tion. 

After rod mill grinding the primary concen
trate is classified into a coarse and a fine 
product. Part of the coarse material is re-sepa
rated to give a <1.5 mm sinterfeed assaying 
68.6 I Fe, 0.03-0.05 1 P and 2.4 % SiO,. The re
mainder of the coarse product is reground in a 
ball mill and re-separated to give a <0.25 mm 
sponge iron concentrate grading 71.5 7, Fe, 
0.004 % P and <0.2 7. SiOj. The fines fraction of 
the primary colicentrate is also used to prepare 
pellets feed by ball mill grinding and magnetic 
separation, giving a grind of 70 wt-Z <44 um and 
an approximate assay of 71.2 X Fe, 0.003 % P and 
0.45 Z SiOj. 

Production of Super-grade Concentrates 

Super-grade concentrate is to be understood 
to mean concentrates wich a Si02 concent less 
than 0.5 Z as the major impurity. The products 
manufactured on an industrial scale in 1980 were: 

pellets feed, with 71.3 X Fe and 0.45 X Si02, 
for the production of direct reduction pellets 
for the Hyl and Midrex processes; 

sponge iron concentrate, with 71.5 " Fe and 
0.20 X Si02, for the HBganSs sponge iron process; 
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dried special concentrates for use as cata
lysts in the chemical industry etc.; 

dried, classified special concentrates for 
the copying industry; 

screened special fines for treating oil-con-
taminaced water. 

Other products have been prepared experimen
tally on laboratory scale, e.g. for battery 
electrodes, for direct reduction to steel sheets, 
etc. 

In any mineral dressing process the quality 
of the final concentrate will depend on the 
quality of the heads, assuming the plant does 
not have a great deal of excess capacity. We are 
now working on improvements to the cobbing pro
cess (Figure 6). For che large-scale production 
of pellets feed and sinter feed only the 10-25 
mm fraction is cobbed, while the <10 mm material 
is added directly to the heads entering the con
centrating process. For the sponge iron concen
trate, on the other hand, the entire 0-25 mm 
fraction is cobbed. 

In a future process all the heads to the con
centrating process will be cobbed, raising the 
grade of the concentrate from the present 54 Z Fe 
to 59 Z Fe at the same iron recovery. 

In che concentrating plant we process the 
preconcentrates into finished concentrates and 
pellets feed. In producing feed for blast fur
nace pellets we use a flowsheet which achieves 
a Si02 content of about 0.75 Z, while for direct 
reduction pellets we are at present reducing the 
Si02 content to 0.45 Z by a slight modification 
of the flowsheet. 

In che future we plan to reduce tbe slag con
cent of the direct reduction pellets still 
further, but development in this direction has 
CO take place in stages in collaboration with 
the direct reduction mills. Ue have also studied 
the feasibility of cleaning concentrates of pel
lets feed grind by flotation, whereby the Si02 
content could be reduced to <0.1 Z. 

The cable in Figure 7 shows analyses of con
centrates and pellets of various degrees of pu
rity. 

Since 1979 we have been using the improved 
cobbing method in the manufacture of sponge iron 
concentrate and other medium-grind special con
centrates. In the concentrating plant we use a 
flowsheet (see Figure 8) in which the precon
cencrate is classified and the coarse fraction 
reground and concentrated to £0.2 Z Si02. The 
improved cobbing stage thus results in an im
provement in the final product. For example, the 
iron content has been raised from 71.2 Z to 
71.5 Z and the Si02 content reduced from 0.45 Z 
to 0.20 X. There is scope for still further re
duction of the impurities in the product by con
tinued process development if the market demands 
it and if the relation between tbe market price 
and the production cost permits. 

Concentrates grading 0.10-0.15 Z Si02 could 
be made by flotation cleaning. 

The production plant for sponge iron concen
trate for the Hoganas process is also used for 
che basic stages in making other special pro
ducts. The catalyst concentrate requires conti
nued dry treatment and sometimes special control 
of the ore flow from the mine. The product for 
the copying industry requires classifying, 
screening and drying. 

Ocher products have been prepared on labora
tory and pilot plant scale for special applica
tions requiring very high-grade concentrates. See 
further Figure 9. The purest product chat has 
been developed is intended for the fabrication 
of electrodes for Ni-Fe batteries, a typical 
assay being 71.9 Z Fe, 0.02 Z Si02 and 0.002 Z P. 
The theoretical iron content of magnetite is 
72.4 Z, implying that this product is over 99 Z 
pure with respect to Fe. 

Market Aspects 

The market for direct reduction pellets is 
growing fast. Since LKAB's ores are especially 
well suited for the production of DR feed with 
a high Fe content we are looking forward to a 
continuation of this development. The trend seems 
CO be particularly promising for che direct re
duction pellets with basic additions that LKAB is 
now producing. 

The Hoganas sponge iron method for the produc
tion of iron powder is officially used at only 
two mills, Hoganas AB in southern Sweden and 
Hoganes,. Riverton, USA. The total market for the 
special concentrate for this process is now 300 
tmcpy. This method of making iron powder is pre
sumably cheaper than the production of atomized 
powder, so a positive trend may be ex^iected if 
sufficiently clean concentrates can be made co 
produce a high-quality iron powder. 

In Sweden new crude iron processes are being 
developed whereby iron ore concentrates are re
duced to iron by a melt reduction method without 
agglomeration. Relatively fine concentrates can 
be used, which implies that the melt reduction 
feed may consist of che same type of super-grade 
concentrates as the sponge iron concentrate for 
the Hoganas process. A development along these 
lines would bring considerable growth in the mar
ket for super-grade concentrates. 

The synthesis of liquid fuels from coal, 
shale, peat etc. in the future would probably 
mean a big upswing in the market for catalyst 
concentrates. 

The market for classified super-grade magne
tite concentrates for copying purposes has de
veloped within che past two years. In 1980 it 
amounted to around 700 metric cons and ic is 
expected to double every three years in che im-
mediace fucure. 

The market for other special products and 
their development potential are unknown as yet. 
Super-grade iron ore concentrates have been tried 
for purposes such as direct reduction to steel 
sheet, pigments, electronic components, battery 
electrodes etc. , but these applications are still 
in the research stage. 

Developmenc Potential 

The development potential of magnetite concen
trates of variou.<! grinds have been pretty 
thoroughly studied at LKAB. Relatively coarse 
concentrates with 80 wt-Z finer than 0.5 mm 
(kgo =0.5 mm) can be concentrated to between 70 
and 71 Z Fe. while a grind of kgo ' 0.13 mm gives 
concentrates with around 71.5 X Fe and 0.10-
0.15 Z Si02 and kgg " 0.05 mm yields concentrates 
with 71.7 % Fe and £0.1 Z SiO,. These results can 
be achieved on induscrial scale. 
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The concentrating characteristics and poten
tial of hematite products are less well known, 
but we are working to advance our knowledge here 
too. It is probable that the Malmberget ores can 
be used to make hematite concentrates grading 
68-69 Z Fe and approx. 0.5 Z Si02 by high-inten
sity magnetic separation, while flotation con
centrating can give concentrates with about 
0.25 Z Si02. 

It will be apparant from these remarks that 
LKAB's Malmberget operation is blest with ores 
that are rather unique in the possibilities they 
offer for making super-grade concentrates. This 
is why we are puccing a greac deal of efforc in
to the development of treatment methods chat will 
turn these special propp.rties to the best advan
tage and are looking forward ro a growth in the 
demand for high-grade concentrates and pellets. 

F.q.1.. 
LKAS--S MINES AND HARBOUgS 
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Simulation of Heap and PjMliH?^ OF UTAH 
I ^ ^ ^ U : » « ^ RESEARCH INSTITUTE 
Leacning EARTH SCIENCE LAB. 

by Dr. Alan P. Prosser* 

The metallurgical results to be obtained f rom a heap leaching process, or 
the environmental consequences of the natural weathering of mine dumps, 
are difficult to forecast reliably. The method of the future wil l surely be 
computer simulation, but there are difficulties to be overcome before 
meaningful results can be achieved. The author invites those who could 
potentially benefit as users of such programs to become involved w i th their 
development. 

SUPPOSE a process engineer has 
before him a proposal that many 
millions of tonnes of very low-grade 
copper-bearing rock are to be dumped 
near a mine site and leached to recover 
the copper. He knows that the recovery 
plant can be profitable only if the con
centration of copper in the solution 
from the dump exceeds a certain 
minimum, say 0.5 g/1 Cu. Clearly, a 
vital question he must answer is how 
much of the copper in the dump can be 
recovered before the concentration falls 
below that critical value. Providing the 
answer is not loo discouraging he will 
want to know how the recovery can be 
increased by selection of appropriate 
operating conditions for Ihe leaching 
process. As the copper recovery extends 
over many years he must know the 
answer with some certainty before the 
dumps and recovery plant are built. 

The process engineer has a mining 
engineer colleague who is concerned 
with Ihe development of the new mine. 
The waste rock from the mine contains 
minerals, such as sulphides, which arc 
expected to weather and release heavy 
metal ions into the loca! water system. 
The governmenl pollution control agen
cy is demanding an assurance that rain
water emerging from the waste rock 
dumps will conlain less than, say, 5 
mg/l of copper, manganese, etc. for the 
next 100 years at least. That is a long 
time; should Ihe assurance be given and 
then proved wrong the company would 
be at risk of some costly actions. 

These arc iwo problems typical of a 
sort met by an increasing number of 
people in the metalliferous mining in
dustry. The usual way of starting lo deal 
with problems of this nature is to rely on 
past experience, plus some elementary 
physics and chemistry, to obtain ap
proximate answers. (Not that it would 
be described in those terms.) Later a 

•Dr. Prosser is Senior Lecturer in Chemical 
and Extractive Metallurgy at The University 
of New South Wales, Australia. 

Dumps of very low-grade ore and barren rocK at Bougainville, expected to grow to 
many hundreds of millions of tonnes before the mine closes. 

programme of tests would be carried 
out 10 reduce the uncertainty in Ihe 
answers. Of course, to lessen the risk of 
an inaccurate answer the tests would be 
made realistic by reproducing the real 
process, as far as possible, on a reduced 
scale. 

A major problem soon appears if one 
attempts to deal with the above situa
tions in Ihis way. The dump leaching 
and weathering processes involve much 
larger amounts of material and continue 
for much longer periods of time Ihan 
the normal test programme. It is 
unrealistic to recommend that a test 
dump of a few hundreds of thousand 
tonnes be built and Ihe concentration of 

.metals in the solution be followed for 
several years before any further action 
is taken in developing the project. Even 
if it is argued Ihat a vertical core of the 
dump is nearly identical to any other 
core and, therefore, it is feasible to con
duct column leach tests, this strategy 
does not reduce the lime scale. What is 
done all too often is to reduce the size of 

Ihe lumps of rock put into the column 
leach test and thereby speed up the pro
cess — but by what factor? And what 
assurance is there that some other 
characteristic or phenomenon has not 
been changed as well as the time scale? 

!n more formal terms the difficulty is 
that these leaching processes are com
plex in terms of their mineralogy, 
chemistry, fluid flow and, perhaps, 
energy flow, and take 1,000 to 10,000 
times longer than the olher sorts of pro
cess that are normally encountered, 
such as leaching in an agitated tank, 
flotation, comminuiion and roasting. 
(Some of the peculiar characteristics of 
heap leaching and dump leaching pro
cesses are.illustrated in the figures.) A 
way must be found to reduce Ihe lime 
scale by a controlled factor and with the 
assurance that no other aspect of the 
process has been changed. 

Simulation 
Nowadays, there is a choice of two 

ways. The first is to formally analyse 
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the process, reduce the scale by 
calculated changes in each parameter 
and run a programme of empirical tests. 
The alternative is to simulate and ac
celerate the process in a computer pro
gram. Both methods are dependent on 
having a model of the process — a short
hand way of describing the ac
cumulated knowledge obtained from 
practical experience, experimental in
vestigation and theoretical analysis pul 
together in a valid form. The computer 
simulation has some advantages over 
the scaled-down experimental simula
tion and is steadily replacing il for pro
blems of this sort. 

Once Ihe program has been written 
and tested thoroughly — and it is con
ceded that this is a lengthy and deman
ding task — it can be used to produce 
results far faster than any experimental 
method. The consequence is that a much 
wider range of variations can be in
vestigated in a short period of time. The 
effects of variables can be studied sing
ly or in any desired combination with 
virtually no constraints. Imagine trying 
to obtain samples with identical 
mineralisation and proportions of cop
per spread through the range of 0.02% 
to 0.2%. Or trying to obtain samples 
covering all combinations of three pro
portions each of chalcopyrite, galena, 
sphalerite, pyrite and calcite. Further
more, if the computer program has been 
prepared in the appropriate form it can 
be used for many problems of the type 
described in the opening paragraphs. 

Of course, there are disadvantages to 
Ihe computer simulation, ll can only 
reveal the consequences of those 
characteristics and phenomena of the 
ore-process system that have been in
cluded in the model. The consequences 
of unsuspected or deliberately omitted 
phenomena will never be revealed by the 
simulation. This is no worse than the 
appearance of artefacts or the suppres
sion of genuine effects as a consequence 
of invalid scale-down in testwork pro
grammes. We have learnt how to sur
vive the latter risk; we should be able to 
survive the former as well. At least it 
should be easier to determine whether 
some observed phenomenon has been 
validly included in a computer program 
or not. 

The technical literature contains 
descriptions of several models from 
which computer programs have been 
developed by the authors.'-* These 
reports do not contain the programs in 
detail. Therein lies the first hurdle to be 
surmounted by anyone intending lo use 
one of the computer simulations to help 
solve the sort of problem described in 
the opening paragraphs. It is necessary 
to locate the authors and persuade them 
to run their simulation for the problem 
in hand. In principle it is possible to ob

tain the program and set it up on 
another computer. Unfortunately, this 
rarely works well in practice because the 
program has not been prepared for use 
by other people and substantial adapta
tion is required. So far no group has 
developed its program to the point that 
it is a marketable software package. 
There seems lo be no reason why this 
should not come about in ihe future 
when the demand warrants the effort. 

Information required 
Whether the process is coiiirollcd 

leaching of a dump with recovery of 
valuable components or natural 
weathering with release of dissolved 
salts the process phenomena are similar. 
The principal ones arc chemical reac
tions between several minerals and the 
reactants carried in by water and air; the 
bulk flow patterns of the water and air; 
Ihe transport of Ihe reacianis lo and ihe 
products from the reactive minerals; 
and the generation and transfer of heat 
wiihin the ore mass. Murr has provided 
an excellent summary of the experimen
tal observations made on the many 
specific phenomena that occur in the 
leaching of sulphide-bearing ore 
masses'. That is the base of ac
cumulated knowledge from which the 
computer simulations have been 
developed. 

No simulation encompasses all of the 
phenomena that have been observed. 
One should be aware of Ihe phenomena 
included not only because a simulation 
yields results related only lo those 
phenomena but also because the infor
mation required as input to Ihe simula
tion is prescribed by them. 

Substantially different materials are often 
put into a dump. 

The information that could be re
quired (depending on the phenomena in
cluded) is: 
1) the chemical conditions in the water 

and air, including the concentrations 
of potential acids, bases, redox 
reagents, precipitating agents (e.g. 
phosphates and silicates) and 
microbial species; the diffusion coef
ficients of the dissolved species; 

2) ihe identity of all minerals that are 
likely to react, including those that 
are expected to react only slowly; the 
proportion of each mineral; the 
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Fig. 1: One part of the dumps at Bougainville illustrating tha range of 'processing times'. 
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dislribution of each mineral if it is 
far from random; variations laicrally 
and vertically; the approximate rates 
of ihe reaction between the fully 
liberated minerals and the other reac
ianis; 

3) Ihe expected lump size disiribiiiion 
(from direct mcasurcmcnl, fracture 
spacings or blasting dala); ihc e.v-
islcnce or possible formalion of 
layers of fine or compacted material; 
segregation of sizes; the open porosi
ty of the lumps; the history or 
planned sequence of dumping; ihc 
dump geometry; 

4) the flowrate of ihe leach liquor; 
poinis of input and ouipul; ihc 
underlying topography: ihe 
permeabiliiy of ihc dump lo air; 
rales of evaporation; seasonal varia-
lions; 

5) Ihe hcais of the chemical rcaciions; 
Ihe rales of licai iransfer by convec
tion and conduciion. 

The principal equalions uscd in one 
of Ihc simpler models'•''arc 

3 / 2 - ' ^ - 3 / 2 ( l - < ^ ) " ' = k?i/6 (I) 

k?: 
11 C M D , ^ eo, 

neoR'T Ql 

(K<t'<l 

(2) 

(3) 

where iji is the recovery of the compo
nenl in ihc solulion as a funeiion of 
lime, I, and C is the reagent concenlra
lion, M the molecular weighi of ihc 
reacting mineral, D the diffusion coeffi
cient of the rcageni, n the nuniber of 
moles of reagent consumed per mole of 
reactive phase, Q the density of ihc 
lumps, o ihe proportion of reactive 
mineral, R the lump size (radius), x ihe 
lorluosily of ihe pores, to ihc open 
porosiiy of ihc lumps and e, ihc dciisiiy 
of ihc reading mineral. Although ihc 
parameters in these equations lake on a 
more complex form when more than 
one reacting mineral, more than one 
reageni, a disiribuiion of lump sizes and 
some olher characteristics are included, 
there is no substantial change in the 
form of ihe equations nor the type of in
rormation required. 

Information produced 
Alt simulalions arc capable of giving 

ihc proporiioii of ihc mineral(s) reacied 
as a function of lime. From ihese daia 
ihe mass of product per unit lime and 
Ihc concenlralion of the dissolved 
species in solulion as a fiinclion of lime 
can be readily caleulaied from the lolal 
mass, Ihe assay and ihc solulion 
flowrate. Wiih appropriate inpul daia 
and some modification of ihe programs 
il is possible lo simulaie the effects 

of fluctuations in the rale of irrigation, 
for insianec. 

Each result has an error associated 
with il, i,e. there is unccriainty as lo 
how clo.se the result will be to the per
formance of ihc real, fiill-seale process. 
The unccriainiy arises from ihrce 
sources, viz: 
1) ihe phenomena thai have been oinil-

Icd from ihcsinuilalion; 
2) ihe accuracy wiih which ihe equa

lions rcprcseiu included pheno
mena over the range simulaicd; 

3) ihe accuracy of the values used for 
Ihe various paramcicrs. 

The significance of ihc unccriainiy 
depends on ihc pariiciilar applicalion of 
ihcsimiilaiion. 

There arc four lasks lo which ihe 
simulalions ean be applied elTcciively al 
ihe prcseni lime, viz: 
a) planning leslwork 
b) designing operaiiiigeoiuliiioiis 
c) prcdiciing ruiiire process perl'or-

inaiiec, and 
d) using past experience with otlier ore-

process systems. 

Planning testwork 
In ihcsc early days of ihe simulalions 

il is siill necessary lo carry oul a pro
gramme of leslwork. Typically, a 
leslwork programme should delermine 
how llie eoiiceniriilion of ihe dissolved 
species changes with lime and how iliai 
concenlralion is affeclcil by lump size 
disiribuiion, the proporiion of ihc 
valuable mineral, llie proporiions of 
Olher reading minerals (and oihcr varia-
lions in ihc rock mass), llic coiiceiiira-
lion of the rcageni. cic, Viial infomia
lion required before the conimeiicemeni 
of a leslwork programme includes ihe 
minimum number of necessary icsis, ihe 
number of samples lo be icsied and how 
ihc samples are lo be selccied. Also, 
wiih ihc lirne-scale problem in mind, il 
would be valuable to know when lo slop 
a Icsl so ihal ihe pcrfoniianec is aile-
qualcly delermined wilhoul eoiiiinuiiig 
longer ihan necessary. 

Simulation runs for a variety of 
values of ihe variables can give iiiosi 
helpful guidance on all of ilicse points. 
For e.xample. the effects of olher oxygen 
and cyanide consuming minerals on the 
rale of gold exlraclion and an uneven 
disiribLiiion of gold belween ihc lumps 
are illusiraicd in Fig. 2*. As ihc combin
ed effcd of these iwo characierisiics of 
gold ores corresponds lo a hundred-fold 
range of rales — from one exiremc of 
fasi recovery lo ihc olher e.sircine of 
unacecpiably slow recovery — il is 
clearly necessary lo oblaiii icsi dala lo 
delermine where a pariiculnr.ore falls in 
ihal range. Furthermore, the siiiiulaiion 
dcnionsiraied ihai changing ihe 
flowrate of Ihe cyanide solulion, or ils 
concenlralion would be of liiilc help. 

Large lumps segregate to the bottom of a 
dump as a result of dumping procedures. 
The effect of this segregation is uncer
tain. 

In llie wriler's e.vperieiice a nuiiibcr of 
iiiie.vpedcd resiilis have heeii oblained 
from simulation. Some iiidicaic Ihc im
porianee of sonic variable, e.g. llie 
disiribuiion of ihe gold between lumps; 
01 hers iiiilicaic ihe relaiivc lack of 
significance of oihcr variables, e.g. ihc 
lump size disiribuiion''. In liindsighl ihc 
abandonmeni of some tests loo early 
has been dcnionsiraied'', A common 
dericicncy of empirical leslwork is oficn 
ihc limiicd niinihcr of samples examined 
.scpiiraiely; il is noi unusual lo combine 
samples before a lesi. Uy using ihc 
simiilalioii lo resirici ihc lime for any 
one icsi more samples can be leslcd in a 
prescribed Icngih of programme. The 
opiiniuni progranune is delermined 
mainly by ihc variaiions in ihc rock 
mass. The greater ihc variation the more 
extensive ihe programme should be and 
ihe more valuable ihc simulation will be 
in planning llic progranune. 
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Fig. 2: Simulated effects of a competing mineral (pyrrhotite) and 
an uneven gold distribution on rate of gold extraction in cyanide 
heap leaching. Figures against curves are % of lumps containing 
gold, for a constant mean assay. 

Fig. 3: Some typical data for pollution in water emerging from 
mine waste dumps, illustrating the difficulty of long-term predic
tion. 

Having a good idea of the results of a 
programme of tests before starting them 
is most helpful. If the results come out 
as expected, one proceeds with con
fidence; if ihey come out different from 
expectation, one's attention is im
mediately focussed and Ihe progress of 
the next test is closely examined for 
evidence of unsuspected phenomena. 

Designing operating 
conditions 

Simulations can be used for determin
ing the effects of options in the 
operating procedures in the same way as 
for planning testwork. They indicate the 
likely consequences of various operating 
methods at full scale, e.g. changing 
lump size, dump geometry, rate of ir
rigation, breaks in irrigation, concentra
tion of reagent, compaction and mixing 
or segregation of different ore-types. 
The number of variables considered 
tends to be greater for full-scale opera-
lions than for column leach tests, hence 
a comprehensive model is potentially 
the more useful. However, the com
prehensive simulations rely on data ob
tained from the full-scale operation or 
al least a large-scale experimental 
simulation. They cannot be used with 
certainty to determine beforehand the 
effects of variables associated with the 
consiruciion stage e.g. lump .size and 
compaction. 

Predicting performance 
Fig. 3 illustrates the results that may 

be obtained when the leaching process 
occurs naturally with no control over 
the chemical and fiuid Row phenomena. 
The concentration of salts in the ef
fluent fluctuates dramatically. This 
could be the situation when a mine 
closes and the dumps are left unattend

ed. The question is what will be the con
centration in 100 years time. Extrapola
tion of the best straight line through 
those points, from 5 years lo 100 years, 
is obviously going to give an answer of 
little value. If one argues Ihal the con
centration must decrease with lime and^ 
draws (literally or figuratively) a 
downward sloping line the result is not 
much belter. Clearly, it is neces.sary to 
have some understanding of why certain 
concentrations are much higher than 
others. Extrapolation is then a matter of 
deciding by how much the extraordinary 
values will change with time and, 
perhaps, by how much the 'normal' low 
values will change. Simulation of the 
natural leaching process is the formal, 
quantitative way of extrapolating ex
isting data on the basis of some 
understanding of the complex 
phenomena involved. 

Heap or dump processes can take 
anything from 50 days (gold heap 
leaching) to over 100 years (generation 
of pollutants) to reach 'completion'. 
Consider an example in the middle of 
this range, which lakes 10 years to com
plete, and in which the chemistry and 
fluid flow phenomena are under control 
as a result of maintaining constant solu
tion inputs. Because the process is ex
ceptionally slow there is a need to 
forecast results well ahead of current 
operations. This calls for extrapolation 
over a distance on the time scale up to 
20 times the length of existing 
knowledge. Not only is it worthwhile 
knowing the predicted performance but 
il is also worthwhile knowing the possi
ble error in that result. The computer 
simulation can be of considerable 
assistance in' producing the latter infor
mation. 

Each simulation uses values for several 
ore-process variables, such as mineral 

assays and reagent flow-rate. Each of 
these values has a range of uncertainty 
associated with it. Numerous combina
tions of values, falling within the 
nominated ranges, will give an accep
table fit to the existing data. If the ex
trapolation is made for each of those 
combinations a set of values is obtained 
for the output concentration, or some 
olher output. The range encompassing 
that set indicates the uncertainty in the 
predicted concentration. 

In this way, the sensitivity of the con
centration (or other output variable) to 
particular ore-process variables is 
revealed and can be used to focus atten
tion on those va'riables which give rise to 
the most uncertainty. Suggestions and 
opinions aboul the uncertainty can be 
tested objectively and quantitatively. 
Once again, the simulations can reveal 
the unsuspected importance of some 
variables. 

The nature of the simulation itself has 
an important bearing on the value of the 
results for predicted performance. The 
simulation that gives the best fit to the 
existing data by curve-fitting does not 
necessarily give the most valuable 
prediction. It can underestimate the 
uncertainty in the predicted results, to 
Ihe extent that the actual result is ex
cluded from the feasible range. This 
point is explained later when selection 
of the simulation is discussed. 

Using past experience 
Past experience has always been an 

important input to the business of 
deciding what to do and how to do it in 
mineral processing. Unfortunately, it is 
almost always a qualitative, semi-
empirical and subjective input. The 
comprehensive models that are being 
developed for the leaching processes 
provide an excellent framework with 

Mining Magazine — April 1382 301 



which to make better use of the past ex
perience of different people. An exam
ple will illustrate how. 

A great deal of uncertainty still exists 
about the flow of solution through a 
dump. However, many people who have 
observed one or more of these opera
tions over a period of time have some 
comments to make about solution flow. 
Their conibined observations could 
form a useful input to the development 
of these models. 

For instance, Ihree (hypothetical) 
reports on quite different processes 
could supply the following information: 
Case A. The dumps contained little san
dy material and no clay. There were no 
problems in maintaining normal flow 
through the dump; all solution entered 
the dump quickly; no pools on the sur
face lasted more than an hour once 
irrigation ceased. Good recovery of the 
metal ('^TO'i'o) was achieved after 5 
years. 
Case B. A small proportion of the 
material was very fine after blasting. 
The flow through the dump gradually 
decreased over the first year or so; Ihe 
concentration fell to an unacceptable 
level after Iwo years when only about 
30% of the metal had been oblained. 
Some fine material collected in low 
areas on the top surface and led lo 
shallow pools Ihal took a day lo clear. 
Case C. The ore was known to contain a 
few percent of clayey material. Flow 
through the dump was never good and 
almost stopped after a few months; the 
solution that came out was fairly con
centrated but Ihe recovery was less than 
1 % per year after the first few months. 

These three reports when put together 
give a consistent and useful guide to the 
effect of fines. (Perhaps it is too much 
to expect such consistency!) They could 
be used lo assign approximately only 
20% of the dump accessible to solution 
when it contains a few percent of clay, 
through. 50% accessible when there is 
the same proportion of sandy material, 
to 100% accessible when the dump is 
substantially free of any fine material. 
Although those figures are crude ap
proximations and neglect the effect of 
the distribution of the fine material they 
are useful inputs to the simulation. 
Without information of this sort or bel
ter the effect of fine materials would 
have to be omitted altogether from Ihe 
simulation. Clearly, thai is a worse ap
proximation. 

Further development 
Further developments are assured; 

ihe technique is loo useful to be 
neglected. The only doubts concern how 
quickly, by whom and in what direc
tions. 

The types of developments that are 
required are as follows: 

1. Incorporation of further phenomena 
and characteristics — either through a 
new development or by combining 
useful features of two or more simula
tions. Two phenomena thai are not yet 
adequately incorporated are Ihe 
catalytic action of microbial com
ponents and Ihe effects of fine materials 
on flow; but there are others. 
2. Generalisation of Ihe simulalions. 
Most of the simulations have been 
prepared for specific ore-process 
systems. If the effort committed to ihe 
development of simulations is noi lo ap
proach that devoted to testwork pro
grammes it is essential to have simula
tions that can be applied to a variety of 
metals, ores and reagents. 
3. Development of methods for in
dependently measuring the inpul 
variables. The methods ought to be 
capable of measuring not only mean 
values but also the distribution of 
values. Similarly, the simulations ought 
to be in a form which can use ihe dala 
produced. 
4. Preparation of a simulation package 
that can be used by people other ihan 
the original developers. The package re
quires not only the program bul also 
supporting material about Ihe ore-
process systems which can be dealt with, 
the required data and how to obtain 
Ihem, the various purposes for which 
the simulation can be uscd and the inier-
pretaiion of the output dala. 

The stage has been reached where 
some responsibility for further develop
ment should pass from research workers 
(where it is at present) to others more 
concerned with the applications. One 
purpose of this article is to encourage 
potential users to start becoming involv
ed in the developments. 

Simulation selection 
For those who arc contemplating us

ing one of the simulations for any of the 
above purposes the selection of the best 
simulation is an important matter. 
There are a few disgui.sed traps for the 
unwary. This is not the place to review 
critically each of the simulalions 
described in Ihe liieralure, bul some 
selection guidelines can be laid down. 

There arc two extreme types of sim
ulation. There is Ihe one that uses 
values of defined properties of ihc ore 
or the reagents, Ihat can be measured in 
a few days in Ihe laboratory or obtained 
from tables. The measuremenis are 
completely inde/iendeni of the process. 
At Ihc olher cxiremc there is the simiila-
lion ihcl uses values that are oblained 
empirically by curve-filling from ihc 
full-scale process itself or a pilot test in
volving the actual material in large 
quantities and extending over a period 
of lime comparable to that of the full-
scale process. In this latter simulaiion-

the values are not necessarily related to 
any defined properly. Most simulalions 
fall between these two extremes with 
some inpul dala oblained from indepen
dent measurements and some from the 
results of process testwork. The reports 
describing Ihe simulations should be 
read carefully lo ascertain how the dala 
are actually obtained. Often a particular 
parameter is defined as a basic indepen
dent property bul Ihe value used is ob
lained by curve-filling. 

It was staled above that the difference 
between the simulated results and the 
actual results of the full-scale process is 
attributable to Ihrce errors, viz,, the 
phenomena omitted from the simula
tion, the accuracy of the equalions used 
to represent the phenomena and the ac
curacy of the values used for the 
parameters. Clearly, this difference is 
expected lo be a minimum with the 
simulation that includes the most 
phenomena and uses the curve-fining 
meihod for obtaining .several input 
data. However, this benefit is oblained 
ai the price of having lo make long-ierm 
lesis using large quaniiiies of material. 

If the simulation is to be used lo help 
plan process leslwork the lypc Ihal re
quires only values delermined from in
dependent measuremenis or lables has 
an advaniagc. Noi only does il provide a 
quick and easy guide to Ihc effects of 
several variables bul il also gives unam
biguous guidance as lo which variables 
ought lo be measured accurately, i.e. 
those to which the result is mosi sen
sitive. For example, ihc siimilaiion 
developed by ihc wriier and his col
leagues can be used wiih dala obiaiiiable 
from small portions of drill cores.'-'' 

Again, if the purpose is extensive ex
trapolation from existing data, the 
simulation using only independent data 
is probably better than another in
cluding the same phenomena that relics 
on curve-fitting. The advaniagc is far 
from obvious and is illusiraicd by the 
following hypothetical example. 

Consider a rock which contains two 
different components that yield Ihe 
valuable melal; the proportions of the 
valuable metal in each arc a and b 
respectively; the recovery from each as a 
function of lime is given by a relaiion of 
Ihe form 

R = l - -
1 -fkt 

(4) 

The actual recovery of meial from Ihc 
rock mass is given by 

R=c( l 
l-i-k|i l - fki t 

) (5) 

Suppose Ihat in Ihis case c = 0.80, 
a = 0.25, b = 0.75, k,=0,6y-i and 
k2 = 0 , ly - ' . 
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The process is operated for six months 
and the cumulative recovery is deter
mined periodically by measuring the 
concentration and flowrate of the preg
nant solution. The results, with a small, 
random measurement error (approx
imately 5% and decreasing with increas
ing recovery) are given in the first row 
of Table I. 

Two simulations are available; 
Simulation A includes two groups of 
phenomena, related to the ultimate 
recovery and the rate of recovery, and 
depends on the equation 

R = o(l - - -) 
I-hPt 

(6) 

The values of a and /J are obtained from 
the best fit of Ihis equation to the dala 
collected over six months. Simulation B 
includes only one group of phenomena 
represented by the equation 

R = l — 
l-l-/3t 

(7) 

(The group of characteristics leading to 
the ultimate recovery are omitted from 
B). In this latter simulation ft is obtained 
from independent measurements. The 
results of applying the two simulations 
are contained in Table I. 

Using Simulation A the best fit 
between the measured recoveries and 
equation 6 corresponds to o = 0.37 and 
/? = 0.492y-'. The calculated recoveries 
in the second row were obtained from 
these values and equation 6. Combina
tions of 0=0.50, /} = 0.348y' and 
0 = 0.30, P = 0.635y-' fit the measured 
data almost as well and the correspon
ding calculated recoveries are given in 
rows 3 and 4 respectively. Thus, ihe 
predicted recovery after 10 years by 
Simulation A is between 25 and 40% 
with the most likely result about 30%. 

If Simulation B is selected, the in
dependent measurement of/3 on ten drill 
core samples gives a mean value of 
0.25y~' with a minimum value of 
0,12y~' and a maximum value of 
0.50y~'. The calculated results in rows 
5, 6 and 7 were obtained from these 
values respectively and equation 7. In 
Ihis case the predicted recovery after 10 

years is between 54 and 84% with the 
most likely result of about 70%. 

The recovery that will be achieved 
after 10 years, calculated from equation 
(5), is in the last row of Table I. 
(Remember this value is not known at 
the time of the calculations). Both 
simulations give most likely results 
some way from the reality; both indicate 
a range that excludes the real value; 
Simulation A is no better than Simula
tion B in spite of allowing for an ultimate 
recovery less than 100% and the curve-
fitting procedure. 

In terms of these results alone there is 
little to commend one simulation over 
the other for the purpose of extensive 
extrapolation. However, the 
measurements and the calculations will 
not cease after six months. (Unless the 
operation has been closed as a result of 
the poor recovery predicted by Simula
tion A!) The application of Simulation 
A after six months appears to have been 
most successful and there is no evidence 
to suggest that any modification is 
necessary. After one year the calculated 
range for the recovery at 10 years would 
change to about 30-43%. Perhaps then 
the question might be asked why the 
range was shifting upwards rather than 
just converging. 

However, after six monihs, the in
dependent measuremenis of p for 
Simulation B clearly indicate an unac-
ceptably wide range of values for that 
parameter. Furthermore, the mean 
value of/3 is giving a consistently higher 
recovery than that measured over six 
months. Further measurements of fi are 
clearly necessary and would, 
presumably, be made in the next few 
weeks. The least that would happen is 
that the mean value of ft would ap
proach the true weighted mean of 
0.225y~' and it would continue lo be 
clear that Simulation B was predicting 
recoveries aboul 40% too high. Another 
feasible consequence of further 
measurements of/3 would be recognition 
that the values occurred in two 
groups — most near 0. ly~'and a few 
about 0.5y~'. This would be one vital 
step forward in understanding, hence 
simulating, this particular operation. It 
is a simple matter to modify equation 7 
to the form of equation 5 with C = 1 and 

Table 1: Cumulative percent recoveries of valuable metal measured 
extrapolated lo ten years. 
Row Origin 

1 Measured 
2 Simulation A; best fit 
3 ,, acceptable high 
4 „ acceptable low 
5 Simulation B; mean/) 
6 ,, lowest/} 
7 ,, highest/3 
8 True (equation 5) 

O.I 

1.9 
1.74 
1.68 
1.71 
2.44 
1,19 
4,76 
— 

0,2 

3,1 
3,32 
3,26 
3.38 
4.76 
2,34 
9,09 
— 

over six monihs and 

Time (years) | 
0,3 

5.1 
4.76 
4,73 
4,80 
6,98 
3.47 

13.04 
— 

0,4 0.5 10 

5.8 7.3 -
6.08 7.30 30,8 
6.11 7.41 38,8 
6,08 7.23 25,9 
9.09 t l . l l 71.4 
4,58 5.66 54,5 

16.67 20.00 83.3 
- - 47,1 

values for a and b estimated from the 
distribution of/3 values. In the end, in 
this example. Simulation B is superior 
to A. 

This hypotehtical example has been 
dealt with in some detail because it il
lustrates the need for thoughtful selec
tion of the method of simulation. The 
data were chosen to illustrate the 
various points, but there is nothing 
unrealistic about the example. The small 
random error in the recovery 
measurements and the existence of two 
different types of metalliferous material 
in the rock were the basic causes of the 
erroneous predictions illustrated in 
Table I. Those are normal, not excep
tional, characteristics of mineral pro
cessing. 
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t h = k - ( t - t i ) ' ' 

where: k = proportionality factor 
n = the temperature 

t i = the initial temperature (17°C) 

Taking logarithms, we obtain 

IgAh 
where: 

= A t n l g A t 
A = log k. 

F ig . l shows the resul ts from measurements of the height of the deposit in 
susi»ns,ions of natural molybdenite (a) and galena (b) modified by treatment 
in a 10-" Nl solution of pota-sslum butj-l xanthate and of barytes (c) modified 
by treatment in a solution of sodium oleate nt the same concentration. These 
results confirm the temperature dependence of the hydrophobic interactions. 

The stability of tlie volume-hydrophilic colloidal systems is determined 
according to Ostwald's law, a mathematical inteirprotation of which has been 
given in the form: 

dx /dm = k ( a - x ) 0 

where: x = the amount of peptised (coagulated) substance 
a = the maximum amount of the substance which can be present in v.< 

form of a sol with a given volume of electrolyte 
m = the total amount of the substance introduced into the system 
k = a constant (positive on the peptisation branch and negative on lid 

coagulation branch) 

Under certain influences the characterist ics of the susi^ension can be trar^ 
formed from one class to another, and the characteris t ics of volume-hydrt-
phobic suspensions of the electrolytic class can be easily transformed totf.i 
characteris t ics of the nonelectrolytic c lass . In fig. 1 the straight line d rejr 
sents the results from measurement of the height of the column of deposit 
suspension of natural galena with a partially oxidized surface, while thesu4 
ght line f corresponds to the same galena but pretreated in a solution of s«ij 
sulphide and then washed with distilled water.. The sign of the temperature 
dependence ot the column height is reversed, and Ute suspension changes l:i 
"electrolytic" to "nonelectrolytic". Treatment with flotation collector rea- ' 
gents leads to analogous resul ts . The proix;riles of susjxjnsions of electro
lytic character a re also transformed to the properties of nonelectrolytic 
.character in the transition from weak solutions of inorganic electrolytes to 
concentrated solutions, inwhich the temperature coefficient of the stabllin 

Iir 
SHR m immu 

Fig. I 

The results from measurement of the column height 
of the deposit in a suspension of mineraic <"—' 
0.10-0.25mm. " " e r a l s . Grain size 

Fig.2 

Th 
m e result.s' from measurement of the column height 
of the deposit in a b.irytes suspension wiOi various 
concentrations of sodium chJorid'J Jn the stthin^- "•• .o UI su . v.moria'j fn ihe .solution. The 
figures by the straight lines corresjxind to the normal
ities of the salt. Grain size 0.10- 0.25mni. . A 

!$XQ V-f̂  ^ ^ UDC669.053.4 
Simulation of hydrometallttrgtcal reactions and reactors 

G N Dobrokhotov (Leningrad Mining Institute - Department of the Metalli •I Heavy and Noble Metals) 

-VT,^;iXiM-...u„„, 
iurgy 

, .laiiurgy, as a technical science, is character-
- . - uy a gradual replacement of the descriptive interpretation of the proces-
ws and equipment by raore objective categories of physicochemical and math-
tmaficaJ content. This replacement leads to better unification of the technics'' 
Worination, secures a high degree of reliability in the technological charac 
eristics, and corresponds in the best possible way to the t.o«i'= "* ' -
wiallurgical production. 

One of tJie directions where 

technical 

of the suspension becomes positive. Conesixindlng results for a suspenslaa' '"p and equipment are. cf,»_™^''3'^^ °^ ^lescriDlivo i^^^ 
^ . . r . . . . . . . -_ ._ ,=_ r 1»«operations is t h r d e t e r ^ " ^ ^ " " ^ replaced hy!J.'','^.^.P''etation of of barytes are given in fig. 2. 
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. ..not jiret 
.J replaced by analysis of 

""<» is tne determination of the operating efficiem 
f Jifgical reactors . At the present time thei- -*- ' 
w! the choice of .'schom«.<' ••—'• 

the tech-
the kinetics of 

„ w.icy of hydrometal-
- r . - cc ia time their designs a re extremely varied, 

me cnoice of schemes is often based on subjective considerations. Many 
v/ilrometallurgical processes occur under diffusion control, and their tech-
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nological characteristics therefore depend substantially on the intensity of agitatioi 
and aeration of the suspensions. In the descriptive interpretation of the technology 
allowance for the effect of these and other factors and their generalisation encoun
ter certain difficulties. Extremely complexalsoistheproblemofsimulationof thij ^„ 
processes and equipment, since, ior example, a simple geometric proportionatiou' dissolving material, 
ot the dimensions of the reactors is notaccompaiiied by the attainment of unambig-j 
uous technological results. These problems canonly be solved correctly by means! 
of the modern theory of physicochenoical similarity. j 

^SSSiSHS-v... 0»e particles, 
istant K gre; 

geometry of the 

The main considerations in tiie simulation of diffusion processes and the analyt
ical methods of calculation and constructionof the respective equipment emerginj 
from diem are set out below. The deve lopmentof these methods became iwssible 
on the basis of theoretical and fundamental investigations which we re only carried j 
out recently'"''). In particular, the, ".lake it possible to give some additional infor 
mation about the kinetic features oi ine known production reaction ZnO -t̂  H^O, = 
ZnSQ,-tHaOproposed indiscussion""). 

In this analysis we dwell first on the points which determine the kinetics o( 
mass transfer. As known, the rate of steady-state diffusion processes is chafj 
acterised by the following equations for the intensity of mass exchange: 

Integration of equations 
Cs-C, ^ KS, 

fl) and (S) gives 

z i r r a v " Kobe T 

Jg p; , KST 
= K, obs T 

(3) 

(4) 

In the dissolution regime, 
dC, DS ,„ „ . KS ,„ „ , V = = S 6 - ( C s - C , ) = - (Cs-C,) d£ ^ V 

dr a 

During the dissolution of a dl,„„ laboratory Investigation. 
ror 

(obtain 

and in the reaction regime 

--3? 
where: 

KSG_ 

dq/dT and dC./dr 
V 

(2; 

= the mass exchange rates 
= the volume of the reactor m'' 

X = 

Irom which: 

S = irx= 
\itpnf = aiq Va 

D 
S 
6 

CsandCx 

a = the fractional content of the active substance in j 
the dissolving material 

= the diffusion coefficient m^/sec 
= the reaction surface ra' 
= the thickness of the boundary diffusion layer in 
= the saturation and current concentrations 

rberex is the equivalent diamete: 
,,, cHuivaxent diameter of the spheres m; 01, is a coefficient which 

ykes account of the georaetry and density of the particles; q is the mass 0/ 
te material kg. The subsequent description of the maR"-""*'' 
M the experimental conrJif*"— • ' Es:.?e;''™»<»!:==K 

w 

kmole/m HaO I r afa n 
The constant K has the dimensions of linear velocity (m/sec) and is only | M '̂  Co -f —^^r"j 

used In such a context for simulation. It is usually determined with an arbi
trary motivating force for the process (Cs-C^) or Cx, equal to 1 M/lOOg 
HaO (with the corresponding exptesslons for C^andCf in molal concentratloJ 
and this makes it possible to unify the characteristics of the various substa:j S * CB -
ces with respect to their individual solubility. Another noteworthy characte.-] 
istic of the rate constant K is its invariance 

--r—" "1 uie mass-exchange rate depends 
^i»ii«ncai conditions. Most frequently laboratory experiments are 

[rtalised by a simplified procedure with the reagents loaded in a single batch 
iti with a variable concentration C^ . As applied to Eqs. (1) and 0» •»- •-* 
!ir Is determined by the expres.<!iono expressions B i l« . a ) andp r rhe" t ^ -

ice with the dimensions of the reac ''•"e the subscripts 0 and T rf« 
ting surface. This means that the values of K observed, for example, in ihif'«'esents the stoichiometric coefn t ^"*** ^ ^ current state 

eiiicient of the rf̂ a/̂ fi/n- ^' dissolution of whirling particles keep constant in value throughout the wholi , 
contact time. This point, while taking account of tlie usual anisotropy rf Uii''"ostitutlon of the S airi c 
characteristics of crystalline materials and the electrochemical nonunifom* '̂ 8'ves 
ity of the surface, appears somewhat strange and as yet only finds explana 
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the reaction 

X values, for example. ,„ the dissolutl. 

KdT 

and 

on equation 
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T 
and this then makes it possible to obtain the integral form of the corresponding 
kinetic relationship. Unfortunately, this form is very comple.^ and is unsuit
able for practical use. However, the particular unsoundness of the laborator>' 
experiments with variable C,, values lies in the lechnologicul nonconformity 
of this regime to industrial conditions. Modern hydrometallurgical undertak
ings mainly operate on continuous technological schemes, in which the con
centrations ot the reagents in the equipment a re kept constantif (Cs - Cx) and 
Cx a re constant, in view of the fact that S = et̂ q'̂ ^ integration of Eqs. (1) and 
(2) gives: 

R„ = /<-(T)E(r)dT 

S^^SSSS-!^*-.-.---... 3stdues 

= ; 5-^^^^:p»SM°-=-^—~;--; '^^^ or their age 
Ihe const.Tiit r.itio 

For dissolution processes 

,V^ Qo 
^iK(Cs-

W 
CX)T 

KobsT 

and for reaction processf.^ 

1/3 a i a jKCxT _ i/^ 

^ Kobs''" 

(5) 

(6) 

/ e by the 
— ,-,.nii.»e.s in tne reactor 

, „ — ...^ lime for complete dis.solution of the particles, and 
9 is the nominal (average or calculated) time .sjicnt by the pulp in Ihe reactor. 
The final calculated equations have the following form^'^): For a number of 
reactors in a cascade 

1 
1. Hi = ] - b J ( l - T f exp(-bT)dT 

As known, Eqs. (5) and (6) agree well with experiment and are currently 
known as "the cube root law". Experimentation with a constant concentration 
simplifies the diagnosis of the regimes and the determination ot the rate con
stants K. Equations of tyi)e (5) and (6) a re also more suitable for appraxima-
tion of the dissolution kinetics In the case of the treatment ot materials with 
complex granulometrlc and mineralogical composition. 

Dividing Eq. (5) or (6) by qo'''' and bearing in mind the fact that Xx 
and XQ= 2Kubs ^o, we obtain 

Xo-2K„i„ 

2 

3. 

4. 

n. 

. H, 

Ha 

H* 

Hn = 

= 1 

= 1 

= 1-

I 

- b ' / ( I , 
0 

4/<. 
0 

'(n-ir. { 

TfTexp(-bT)dT 

-T)= 

T)= 

( 1 -

'T^exp(-bT)dT 

T°exp(-bT)dT 

T f T n - ^ e x p ( -

(8) 

,ys 
: J / . ( T . T ) = ^ = 1 — =1 

or ""•"•^rl^-;)'-!'-^)"-"-^^ 

bTldT 

where H„ is the fraction of the valuable component passing into solution, obtal-
I ned in the n-th reactor of the system. If the analytical form of the function 
I k(T) is complex, the integrals in Eqs. (8) are solved graphically from its initial 

f'lj (numerical) determinations. 

A further practical problem is the choice of the type and the hydrodynamic 
regime of the reactor . Here , In most cases the requirement to reproduce 
Ihe rate constants obtained under laboratory conditinno J- - • ' ' 

where <*.(T, T) or the "dissolution function" gives the fraction of undissolved 
material i n the charge. The specific form of this function, determined for 
example an<ilytically by the method set out above or in more simple cases 
experimentally, has great practical significance, since it is the main work- | main conditinn""o " " ' ' ' " " ' " " l a e r laboratory conditin,^'.'' ' " '"eproa 
ing relationship required for calculation of continuous .technological processti ij,eo^ The co r r l o " ! . ^ : ' ' ^ "'.'^ Problem is solved on M . O ^ K ^ ' ? ^ ' ' ^ , ' " ^ ^* "^e 

1̂ ). These calculations are based on the use of differential function E(T) oft* tlons whirh °"f^P°'^<^^"S calculations involve r « °^ similarity 
islribution of tlie particles of the charge with respect to the time they spcni) ' " ' " "^ ' °e taken into account during exj*^?]^" °^ methodical limita-disi 

in the sysiem. In practice the E(T) function represents the fraction of ixirlici^ 
leaving the n-th reactor of the system and having "ages" between T -t-dr. Tot 
ideal mixing equipment, the operation of which is characterised by insignili-
cant longitudinal agitation, it can be obtained analytically, but in more com
plex constructions it is determined by a comparatively simple axperimenlal 
method. The product of the functions 0.(7) and E(T) represents the diffijrentUi 
output of undissolved material, and the integral of this product over the vh 
range of possible values ot T, i . e . , from 0 to T<, : 
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Sh =A +DRe"' Sc' r^r^., 
" ' In expanded form 

• p - A -fB 
( ^ ) • ( & ) • rg-rj. 

(9) 

(10) 
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where A, B, m, n, p, and q are constant coefficients determined experimentally; 
Tg Is the simplex of geometrical similarity; Tp is an additional simplex of 
physical similarity of the suspension; 1 is the determining dimension of the 
system m; u is tlie flow rate m/sec; p is the densitj' of the solution kg/m^; 
M is the dynamic viscosity of the solution Pa • sec. In equipment with linear 
motion ot the flows and freely whirling or attached particles the equivalent 
diameter of the particles x or the diameter of the channel (apparatus) d̂ . Is 
taken as the determining dimension. The determining dimension of the rota
ting disc is its diameters d^. The schemes of circulation of the flows in reac
tors with mbcers axe more complex. For example, direct observations on the 
rate of motion of fine sjSieres of naphthalene ^ = llOfx, p = 1010kg/m"), alu
minium di = SO-gOji, P -̂ 2690kg/m-), and iron ^ = 80-90^1, p = 7280 kg/m*) 
In a reactor with a turbine-type mbcer^*) showed that the fine particles of sus
pensions and the elements of the liquid move almost synchronously. Since the 
rate of slip is low (about 3-4%) and is incommensurable with the free settling 
rate, this rules out the possibility of normal description of the kinetics of 
mass exchange on the basis of the dimensions and i^ysical characteristics 
of the particles themselves. Therefore, the diameter of the mixer dm (or mort 
accurately the diameter of tlie surroundings swept by the rabcer). Since w - nd^ n, 
corresponding substitution in Eq. (10) gives: 

Equations (10) and (11) select one or the other constructional prototype res
pectively. Essentially they fully exhaust the known tyl»s o{ production equip
ment. The only exceptions are a few original designs of oscillating, pulsating, 
and ultrasonic type or models with unorganised agitation of suspensions, In 
which crlterial estimates of the intensity of agitation have not yet been worket 
out. The characteristics established on such models are not therefore susce^ 
tlble to objective comparison and are incompatible with Industrial planning 

Table 1: 

sxsr^-rS,:5f4Sr"- -—... 

Formula 
.Molecular weight 
Density kg/m 
.Melting ixjint ''C 

Solubility in water at 200C,g/1000gH,O 
Diffusion coefficient coefficient in water at 
at 20OC, niVsec-10* 

CeHg COOH 
122.12 

12C6 
122 

4.20 
2.9 

0.951 

CeH^OHCOOH 
138.12 

1443 
159 

2.97 
2.2 

0.954 

of mass exchange increases tlie length of the experiments and thereby reduces 
Ihe fjossible errors in sampling. The above-mentioned advantages at present 
make it possible to reject tests with model designs on the original (technologi
cal) materials and to regard benzoic acid as the most co/ivenio"* ..*.-• 

rial. Its diffusion'•'lo''"-' 

D -L i I l lO : i l f e , .M/ / 'T _3.26.10-«T 

!",°!i..^"_'"'.^"'®"'standard 
nieans 

m7sec 

ahere a Is a parameter of the association of the molecules of the solution and 
ts equal to 2.6 for water; M is the molecular weight of the solvent (18.016); 
li is the dynamic viscosi^ of the solvent at temperature t, Pa -sec; V is the 
molecular volume of the dissolving substance and in Uiis case is equal to 
122.12/1266 = 0.09646 mVkniole. 

The 
criterlal relationships (10) and (11) have been Investigated under vari

ous exj»rimental conditions. Here the effect of the hydromechanical charac
ierisiics 0/ the various designs have been mosflv shiHio'< ^̂  
rates of diffusion rfi»'—'-''-. «w...t;ijs nave Deen mostly studied. For example, the 

diffusion dissolution of rotating discs*)'*), packings^^), freely whirl-
i.ig and fixed splieres in uniform flows''')*^)'*), freely wh'"" 

mples in reactors with varinnc t--(ued samples 
with various types of 

The possible structures of Eqs. (10) and (11) and the values of the experimed 
tal coefficients A, B, m, n, p, and q have been investigated and determined ma.'̂  
times. Initially the experiments were carried out on samples of readily solu
ble Inorganic salts and, mainly, chlorides, sulphates, and nitrates^'). More 
recently It was shown tliat certain organic substances and. In particular, bea] 
zoic and salicylic acid dissolve with approximately equal values for the rate 
constants K under similar hydrodynamic conditions with an equal motivating — •watiurs with 
force for the diffusion processes (l mole/lOOgHjO). This remarkable obseri^'rs"), fbced cylinders in rotJf^' 
vatlon evidently reflects the related mechanism of dissolution with similar ="'»'l. Certain systems e..-.i: . :"? 
values for the diffusion coefficient D. The tested 
larly benzoic acid, table) proved more suitable materials. ... r - —,-.-,. *»»ij. umusion pro •""' 
permit the preparation of quite uniform samples of various forms and dimen-jWmxlmately equal to H'- -1^-''̂ ^^^® ^" ' ' ""^ss 
sions by simple and convenient methods such as pressing and casting. The •'"'-'- • 
working surface of the samples is easily polished. The solutions, from the 
variation in the composition of which according to Eq. (1) the observed rate 
constant K is assessed, are easily analysed by titration ot samples against 
phenolphthaleln. Since the solubility of the organic substances Cj is low (e.g. ' 
the solubility of benzoic acid at 20"C amounts to only 2,9kg/m°), the low raa 
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^whirling spheres and 

deter-
the 

') also 

jO). This remarkable oDser-,"'" -i, tixed cylinders in -ntoir ^'^^ °' mucers'^'^M no»,»7 
f dissolution with similar ^^-^d. Certain s y s S s t foh^"!^^"" '« ' '>' '"bes " ) etc ' havf H"^ '^."" 
organic substances (partlcJ*«xlic oxidation rf Fe^N) ""1 „ ' ' ^ \ ? " > ^ ^ = '•^'^"ction orFe(CN) - T . l f ' ^ 
taterials. In particular, the; P«ved to be fully d S o n D J . ^ . ^ ^ ^ " ^ °^ Platinised brass s S X ""^ 
.,, —.^..c f . „ ^ w,,^.,. «PPmxlmately eauai In fl P'^^'^sses wlOi mass exc^nl l t '^^''^^ ^ a^s' 

331 



! ' , ' 

. ! l , t 

I ?.' 

I 1. 

-.!' 

x,: 

. „ ! ! 

- r -

cerlne syrups), and this corresponded to various Industrial solutions and to majority of investigators 
suspensions with various pliysical characteristics. The 1 
these investigations, which correspond to Sc = 1000, are 
top group of curves). The following comments can be made. 

Inthe final conclusions Iron: rehtions were analysed an!5 T P^P**"'') Possible variants „r 
e shown In fig. 1 (the ' kinetics of diffusion ma ' tClu" '"^^ ^^'^'^ that the l ^ l l f . ^ ° { analogous cor-

on the 
more decrease in the Sh a ^ ^ , ' ' " ' ' *''« appropriate sut^lmTf *=°'-'-espond 

In an absolutely quiescent liquid (Re = 0) A = 2 " ) . However, the unavoidable ''^•a") become quite c o m ^ t t ' ^ " ^ ^"owance for thie ^^^^^ ' ° ^"""e 
appearance of concentration-type convection always leads to an increase of R« ^^ coefficient m can be Tat *^*'' ^̂ ^ results f rom K̂ *^°rrections the 
and tothe appearance of the second term in Eq. (9)^^), Objective treatment o! *" *^ equal to 0.65. ^ otherworks.He 
this jSienomenon is complex, and the feports by various authors are noticeabit 
contradictory in the region of low Re values (Re<20). These features compll-. 
cate the simulation of industrial installations. Observed small values of the & 
criterion do not always correspond to low values of K. For instance, in "flu-
Idlzed-bed" equipment !o-,v values for the determining parameter 1 =x secure 
fairly high specific nias.s transfer rale.s. 

Kl gives: = ' '(^)"(.^r-S.r;. ' ^ 

Here 

^ the first term in 

In this region the coefficient m entering into the similarity equation is smaii ^ •* / \pD , 
With decrease in the velocity Oie Sherwood number approaches 2 asymptoti- | ' " ' '^^ ' ' " of simulation Is to 
cally, and the coefficient m approaches zero. In the range of average Re ' """•'""*'"— - • 
ues of ••'SOO- 50 000, which corx-esponds to the transitional 
ion and to normal laboratory designs with mechanical agitation 
various authors agree well with each other. This applies in particular to inv̂  I 
estigatlons by the rotating disc method*^). With respect to the apparatus the 
rotating disc method is the simplest, and it is evidently most reliable in ils 

•rj. 

(14) 

(15) 

results. Here, in full agreement with theory ^ ) , the coefficient m^O.S.Thei 
fore, with K = idem the transformation of Eqs. (10) and (11) gives: 

f . ' ^ ^ e n I'l'cordingly, when m 

( 1 \ O . B t 
0.65 

where the subscripts n and m denote the natural and model parameters. Cc-: ^ '̂o'larly, from Eq. (15) 
sequently, with a moderate intensity ot agitation the rates ot the flows/or u /^ . j , j ^ 
frequencies of rotation of the stirrers In the natural devices must be appro "a = n„ j-SLa j -^— 
mately equal to those of the model devices. In constructional respects sucl \ '''">/ 
a solution is usually unsatisfactory. 

we obtain: (16) 

High Reynold's numbers (Re>10^) correspond to regimes with a stably dt 
oped turbulence and to apparatus of fairly large dimensions. These condlui 
are the closest to production conditions, and the expected characteristics 
therefore more interesting. In the only work on such a scale, realised wli-' 
whirling grains of galena and boric and benzoic acids in a reactor with a 
turbine-type mixer (V = 0.25 m°)^'), the power index n of the Schmidt nuEjJi 
was taken as 0.5, which gave m = 0.833. As seen from fig. 1, the results 
the power index n ot the Schmidt number was taken as 0.5, which gave m* 
As seen from fig. 1, the results"), were somewhat higher than the data tf 
other investigators. 

According to modern ideas about the nature of the bouiviary diffusion lav̂  
the index n should be equal to 0.33 ^') , and such a value is indeed used b>-!' 

--fe)-' 
further 
urmer analysis ol Eqs. (16) and (17) 6vlth the experimental limltatioi 
nlloned above) makes It possible to reach the following conclusions 

Tot the simulation of the operation of Industrial equipment an essential 
«ficient condition is the determination of two main parameters:^/or re 
'fs with a linear flow ol pulp, e. g., the reactors of Vishnevskii"" 
,; for reactors with mixers, HQ and d^. Determination of onlv 
oot satisfactory. 

Production equipment with a linear pulp flow must have 
liccitles for the suspensions than the r"~'-'-
»ers roust br ' 
iln; devices 

(17) 

ns 

and 
For reac-

^ . ). '̂ m and 
only one of these 

^^==^-rs : iS=- i^ t / r e q u e n c i e s V S i r i ; 
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Since the characteristics of the suspensions do not enter into the final simi.| 
larity equations, the simulation of equipment can be realised with any liquid, '^ known the relation between D 
e. g., with water at 20°C. This eliminates the need to determine the physica!,'-'̂ "-
characteristics of suspensions under workihg conditions, since the analogou; 
hydrodynamic regime of the natural device can in this case be reproduced tr, 
the water regime of the model. 

and Mis given by the Stokes-Elnstein 
equa-

•':J = A T 

Most a the systems shown in fig.l were Investigated in comparatively nar 
ne activation enei 
other hand, since 

(18) 

row ranges of Reynold's numbers with various forms of the Re, Re„. and &|:' diffusion for various compou^s !lnf".''® expected that the activation P ? 1 
functions. These facts gave the results a hint of noncomparabiUty. It was w '̂- .''''"enslons of the water mow. )^*" "'^o differ. On the other hand cin ^ 

than the dim-
a process 

more active 
moder-

constant. Here 

clear how the similarity criteria of mass exchange at a rotating 
while the rate constants for the dissolution of attached spheres 
used to determine the rate of dissolution ot whirling spheres 
mbcers, and so forth. The investigations were chairacterised 
dilferent geometry and by experiments with different levels o» .^waui»ty ^i^ - 7 - - • ̂ opunq 10 me enersv of ^rn,. .< , - "- w^nstant H,.r» 
scale. The dimensions of the models did not usuaUy exceed the scales of tht' •'̂ « the numerical values nf fh» Ji . . . ° ' * °̂  viscous flow of m.-o , ' ^ . 3 2 , 

A comparison of the results of previous investigations, which is given la [--^ons ot NaOH, HaSO NaCl 7 « j ' ^s""ln& that D , , . = j m_ I T ^ '"^ 
tig. 1, makes it possible to generalise the existing observations. Accordln|-- 'oeffident have been investilraTlS ^ ' ^°'" ^^^'^^ "'e viscosity and rt iff!, 
the point that the different forms of the Reynold's and Sherwood's numben t-'^raent with Stokes law l i o r ^ - J^J+i ^ ^^^^ '"^Ke of temaera^rPQ li 
are quite identical forms which permit objective conversion of one sysiem i '•̂ '•̂  'he diffusion coefficients wi^#. i • ** ' ® ^ ' Ukely, For diluteVoi. 
another can be considered proved. The idea of the existence ol a single lua- >< 'Onductivitles of the ions"^ TK*̂  ®̂  *'^° 'rom the llmltlne Gni.i 
tion, indicating the reliability of the presented partial determinations and u "= "f normal Arrhenius curves » results from the comparison inthl 
possibility of some extrapolation ot them, also seems correct. For liquid. ^ ° f D , , i , obtained from the vaHa!in*^"i"^^-3- The temperature vn-i 
with Sc = 1000 the correlation curve, which gives the results from preview '™n by the continuous line. The st i h i viscosity of pure water i 
investigations, can be expressed by the approximate relationship: '' -•*">' 'norganic compounds tha, i«« • ^°^ the determination nf'n^ 

v^^BiBr -^^^^^^^ r^^ 
which corresponds to the conditions Re = 1-10^ . In a general assessment J ' '«errainlng effect of sliSeTvn^j.^.f^t^'"®"' ^^^ second hypothesis*a^n'f" 
can be considered that with the experimental limitations mentioned above s ^ '•''« fnal determinations of j , ^^'^"^''^'^teristlcs of water agrees well 
investigations on simulation can be reduced to only a small number of a,;t ^ '̂ *l a™ "^^ ^ used for practical concluslo 
ments on the dissolution of the standard material in the adopted design mx " ^ range of 0-200Oc the observed "^' 
In vessels with mixers the most convenient form of standard sample nu; b "<»nJed as a stable constant In f ^ '.y*** '̂' energy of diffusion cannot 
a casting in a recess in the bottom of the reactor. Here the conditions <i i '̂  ' 'W/mole (4.3kcal/mole)"in n varies smoothly from aoorovtm 
etlc similarity of raass exchange are calculated by means of Eqs. (14) wJ * *'rticnlus curves with activation *̂®.®® occurring at 0-50Oc (coim« 
Since the designs of Industrial chemical reactors are standardised, lor te •>'" the top right corner of fia ?i!"®'"^ ®̂  °̂  ^^' 16, and 14kJ/molf. a,1 
atory investigations it is necessary to select models with a similar geos* *''';»racteristic of temperaturpn ,if^*''^''"o"^*®^ 14 kJ/mole (3 3 kpff/ 
profile.This cor«iiiion Is well satisfied by the pre%'iously presented 'M .'.« ^ ^ '0 all aqueous s o T S T ^ l n V ° ^ ' This c o n c l S n caJ hp '̂  
dird =JDdel iig.2). morganlc compotuids. 

Simula--- -^.--^ i>-o = ^ s u ;cs3-.l . . . i ^ e s ^ ^ e the .2ect c< » - ^ : * - ' ' - « " D affect'S,rvtl?tio^^ of the diffusion 

«^J and (15) With r e Z l u l f f ' o T n M ' / ? S ° " °"^^ - ' = ^ " ' ^ -rur^. -:t» "•^a-^^ffT*- m^ i i l 'Z^ 

'/»^v,-
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T 
tions a re constant. Therefore, in the general form 

I 

K Bgen H 
, V 3 - m r , E / i 

and after combination w 
Hh the Stokes-Ein.stein equation (iB): 

Bgen T' 
•Va ^Va + "> 

Let us 

K = B „ e n 1 " " ^ „ . , n •> 
Re<10 (l̂ ed and iluid-

"(mVqs exchange ol a d i s i»rse niaier-
. , , J " i ^ ' ' ' ' R e = • l O O - 1 0 000(dls.SOlutiona| 

lal in the free whirling of Particles, m - 3^^^^ (dissolution in reactors wiili 

^ ^ ^ f t r i ^ S ^ ^ ^e 'aJopted values of-m in E . . U 9) giv 

take the lollowing practical equations (l ig.l) ; 
ized-bed leaching, m^O); Re = 10-100 '-'"««; 

ves: 

D g e n T Kc 

K u , - Bgen D'̂ =* 

M: r,V» Ki/a = B, 
r - i / » 

•gen 
D 

enl results from the Initial determinations were a simple consequence of the 
i.isufficlent consideration of the observed hydrodynamic circumstances. 

As follows from the experimental data, the dissolution ot zinc oxide occurs 
w rates approximately two orders of magnitude lower than the dissolution of 
Oiher substances which react fully by diffusion. This indicates the existence 
of additional chemical retardation. Another argument for the existence of 
1 inbced diffusion-kinetic regime is provided by the increased values of tlie 
jctivation energy and by the character of their variation from .3.0°^) to kcal/ 
mole '") with increase in the intensity of agitation. Here the obvious decrease 
in tlie diffusion retardation helped to shift the reaction Into the kinetic region. 
The character of these changes is similar In type to die changes in fully diffu
sion processes (fig.4) but differs in its more progressive character. This 
observation also agrees witli the conclusion about the existence of a mixed 
rtginie. Complex processes with an even larger shift into tlie kinetic region 
") have even lower values of the Sherwood number fflg, 1). 

Ka/s = Dg„n T •-/^D ( It has been shown that the leaching of zinc calcine In fluldlzed-bed equipment 
occurs at much higher rates than In Pachucas or mechanical reac tors* ' ) . The 
neory of physicochemical similarity makes it possible to compare these des -
•,jns and to propose a simple method for the testing of models. 

wHere the subscripts at K denote the adopted values ot m. ^^^^ ^^^^^^^ ^̂  

The f° '"" | "^ " '^^1^ Jhe curves for K are variable =''f ^^';';fj.^" t ' i o n ' \ v i K - V ' According to the l i tera ture '" ) , fluldlzed-bed equipment operates with a vel-
shmvn in tig. i . AI u ^ j j.„jaU temperature acceleraaon . ^^ g jgg ^ ^ ^ ^ ^^ ^ ^ ascending flow of solution. For a zinclle density 
" r r S k c a l V m o f e ) ^ Characteristic of ^ f - ^ ^ l ^ f Z S S ^ s l x ^ r ^ '^ 5̂ 650 k g y m ^ a solution density of 1280kg/m^ and a dynamic vlscoslty^of 
mole O.aKca i / " ' It is highest with »" approximait: Accor<.'2.77 • 1 0 - , and a dynamic viscosity of 2.77 • 10"^ P a - s e c this parameter deter-
; " 4 S / m ^ e 3 4 K ' m o l e ) during leaching - J^^^^f ̂ ^ ^ ^ ^ ' J ^ X e f r o - "o, .ines the n e c e s s a ^ size of the calcine particles (0.44 • 1 0 - M ? . Acco«.lngty. 

^ o S e s l icUied equipment conditions increase I" t^mper ^^ ^^ j . „^^ p^^^j^l^^ ^^^ ^ ^ ^ ^ j ^ ^ i„^^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^^^^^^^ p^^^.^,^^ ^^^^j„ 
to the siKc-u _^_ 1, ^^ ̂  ^^^ ^^^^g^ lj„g) ^viU "^*^,J= g" j^gg Consequi n the end of the reactor and are slowty eroded. 

^'h'igh' degree of turbulence In tht 
exlmple^ o'to lOO^C (show ^ 

?ty I r c h S l o g l c ' a r o i r . - " S l i s e d wî tii a f ^ S ^ S V a c ' c X I t r n . " ' "" With a pulp density of 1380 kg/m^ and a viscosity of 6.25 • l O ^ P a • s e c " ) 
tly, technoiogii-ci _ i^ .^^^ ^^ ^^^ highest temperature acce tbtained particle size determines a Reynold's number of 16. According to 

the 

medium w ' „arlous values of liilig. 1 (the lower graph), this Re value corresponds to a Sh number ot 0.83 and 
ThP oresented expUtnatlons esplain the "^s^^f .^^f , " , , "auditions. Baiateconstant Inthe technological process of Kft =0.83 •0.44"* -10 ' -D- igoOD, 

aJttyaflon energy observed under various exiwntii.MU.il ^^^^^ ^ .^ ^ ^ diffusion coefficient ot sulphuric a d d . 

TV,., nrincioles ol the pliyslcochemical simulation of d "^J^^^^"^ scientifit A reactor with mechanical agitation has a propellor diameter ot 1.3m and a 
reaction Suipment set out above « = o « 7 f l » " i " ' ° " solutions of production p«e r rotation rate of 0.833 sec"^ (50 rpm). These parameters correspond to 
Ideas and »>etter guaran^eMh^^ ^ ^ ^ , ^ , , ^ - , , ^ examples. . niodif i 

operations We will now explain 
modified Reynold's number of 310000. Accordingly, from fig. 1 we obtain 

Jl = 78 and the expected rate constant of the technological process K^p = (78/ 
Ik rfi«<solutlon of zinc am .3)D = 60D m/sec. Consequently, In Its productivity the first variant exceeds 

I„ a discussion review f ^ ^ ^ ^ l ' ^ ^ ^ t ^ ^ ^ r ^ ^ s a considerable d,.^. second by 1900/60-30 times, 
in rfiiute sulphuric acid lJt).4i; " w^a = constants K and mi 
in a""" ' in the experimental determinations oi uic ' . ^ j yons were unt' The simulaUon and comparison ot the efficiency ot these equipments can be 
crepai^cy in F ^ The reasons for the o°\ '°"^,^°":„Hon of fwed samplffnslderably simplified with the choice of benzoic acid as standard material . 
a c t i v a t i o n C11CI& o v n p r l m e n t a l d a t a IPIS&UIU"" _ „ » „ | r hoth / . ^ o o o U i c no/>oooo. .„ tr. „ ^ \ ^ r t » o n m o f , . i , . o I l „ o i m i l . , . . r,^r.A^\^ fho ff! '7 systematic treatment of experimental data »"^' '° Y^-ah'ow of reap|nboth cases i t i s necessary to select geometricaUy similar models, the 
nf Ĵ n̂c (KUIe in a reactor with a mfacer' ), ™ , ™ _ _ a r a t u 8 with agitaUframeters ot which are calculated as follows: In the f i rs t variant, fro 
ol zinc oxiuc jl aa , i i \ -nji dispersed material »n apparaiuo ..» „u«...<, AB on„oi n^oo^ ...ifo nf »ho n„fnr,i„,T fir„„o- i„ »i,o c,»/.nr,^ ^..oo ,^/.r, ,^i. and dispersed material •"^^^^"rc^rve 's) shows *e equal linear rate of the outgoing flows; in 

s 01 s .n .»aw. , Uieory (fig. 1. " '^^i^^^ei^ Consequentty. the dUI ij. (17) also from the equal rate of dissolution 
Ihey all In lact agree saasfactorlly wuu e 

"*), rotating discs 
*°) in terms of similarity tlieory 

336 

111 

the second case, according to 
of Uie benzole acid sample. 
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I For example, the isokinetic and geometrically similar model of a reactor 
with mechanical aeltaHrin having a volume of 0.014 m° (scale 20:1,dm = O.OeSn̂  
RCn, = 3100) must have a frequency of rotation ot 3.32 sec"' COO rpm) in the 
mbcing device. The technological productivity of the designs is assessed froa 
the observed dissolution rate constants K. 

i! 
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Fig.l 

Re. Re. 

The effect of the intensity of agitation on the intensity of diffusion â  
exchange. Dissolution conditions: The dotted Une represents gral.i* 
beds and whirling spheres with forced convection, the dash-dot Uir̂  
represent whirling spheres in reactors with mixers, and the dashrf. 
lines represent samples with a constant surface (discs, spheres,!!^ 
surfaces, tubes). The figures on the curves are the references 
data are denoted liy asterisk. 
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Fig.2 

The profile of the laboratoiy 
model (reactor) recommended 
for hydrometallurgical investi
gations. 

Fig.3 

The relative variaUon of the dif-

3 - N"O» H ^ - ^ K o r s 
0 f s S " ' n 1 ; f e l ° V 6 £ r " ^ ^ b)(^)-10%„,yo!;^fe^^?^' 
mt^; - f 5'^Perimental deter-
niinations^,orO,withP,^/o.2, 

Fig.4 
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/958. (1). 76.' ^ "̂  ^ S-rgievskaya: l l v . V ^ ^ l l s . e Z ^ - J f ' y - ^'^' " • 

A Vishnyakov et alia- Izv v ^ Metallurgiya 

^ T H ^ i i i ^ - i ^ ^ ^ ^ : " " - ' " ' - -"r^ . . .» . , , 

roc 669.334.22 

< S .Naboichenko. V I Np>icf,„ " 

...-laxy treatment of chalcopyrite concentrates with acidified solu^ 
•is.̂ i of copfier sulphate at 170-180°C makes it possible to transfer a consid* 
it'it pan ol tlie iron selectively into solution and to obtain an enriched sul
fide residue, from which the copper is leached at a much higher rate than 
J.'̂ .'.n tlie initial concentrate'"^). In tlie pilot-plant trials we used copper con-

iHiir.iies obt.iined during tlie concentration of ores from the Madneul'sk 
fuiijsit containing in die f irs t test, wt.%: 28.8(22.7)Cu, including 1.34(1.07). 
;it.':e form of secondary sulphides; 0.54(1.66)Zn, 29,5(29.6)Fe, 33.5(34.7)S, 
•' (4(11,34) others, including 2.02(8.6JSiOj. The main minerals of the con-

•.iuirates were chalcopyrite and pyrite, and in concretions with them there 
Astartii,.^!^"** s'nall amounts of bornite, covellite, sphalerite, and silica. 

'~t investigations were carried out on the previously described apparatus*); 
• "livalion of the concentrate and hydrogen deposition of the copper we 

Sdm" vertical titanium autoclaves, and leaching was carried out in a 
•J.ii"' horizontal autoclave. The development of the process was judged 
; - t'lo composition of periodically taken samples and from the chemical 

ia.se composition of the solid products. 

'-•ellminary experiments on the activation of the concentrates confirmed 
iJiia from laboratory investigations*) to tlie effect that at temperatures 
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below 160°C and with a molar ratio of copper in the solution and K<1.1 in 
the concentrate the characterlsUcs of the process deteriorate and the 
adequate length of the operation is greater than ih. With Increase in the j 
acid consumption rate or with Increase In K>1.3 the degree of opening 
of the chalcopyrite increases, but here the deposition of copper from the •;'.,•. 
ution deteriorates (table 1). We recommended the following activation para
meters: 170-180°C, K = 1.2-1.3, [HaSOj"-10-20 g/dm% liqukl-solid rau-. 
(4-5):l, T = 0.8-l.Oh. Under tlie.se conditions tlio chalcoiJyrite is opened up 
to the extent of 73-80%, and the degree of deposition of copper from die sol-., 
tions amounts to more Uian 98%. Thefil tration rate on a pressure filter 
fp = 0 1)8-0.137 MPa (1.2-1.4 atm), belting or clotli, thickness of cake layn 
8-12mm] amounted to 17-25dmVm'- min and the moisture content of Ihe c ^ 
was 11-14%. Since tlie cake was directed for leaching, it was industrially 
unsuitable. During the w.i.shing operation back dissolution ot copper was 
observed, and Uiis indicated Uiat Uio obtained residue had high activity.The 
main phases in the activated product were chalcosite (more accurate,dig
enite) and undisclosed chalcopyrite, and interlayers of bornite and also indi. 
vldual grains of covellite were encountered. The pyrite grains remained 
practically unchanged. 

During autoclave oxidative leaching (160-170OC, Po, = 0.382-0.784 MPa 
4-8atm) In the first 10-15 min intense heat removal was secured by Oie del
ivery of water to the tubular condensers of the apparatus. Subsequently the 
process occurred in a stabilized temperature regime. Effective mass exch-
ange in Uie autoclave (Kc = 2.1MNa3S03/dm= • atm^h and Ikjuldatlon of stag-
nant zones) was achieved by the Installation of Uiree-blade stirrers wiUi a 
diameter ot 90nim, o = 450. The pulp density and Uie acid consumption rale 
were selected with due regard to the composition of the activated product, 
the degree ot oxidation of sulphur during its leaching, and possible complete 
conversion of Iron into a precipitate. 

The characteristics ot the leaching, realized in a closed cycle, with respe: 
to the copper-containing solution with acUvatlon of the concentrate are givet 
In table 2 The obtained results confirmed the laboratory data to the elfect 
that at 170°C and Po- = 0.392-0.784 MPa (4-7 atm) in 2-3h more than 95-97'i 
of the copper and not more than 2-3% of Uie iron are extracted into solution 
and 93-96% of Oie sulphur is oxidized. 

The sulphuric acid leaching regime was preferred from the standpoint of 
the closed nature of the leachlng-copper deposiUon operations wiUi respect 
to the soluUon; however, preliminary experiments did not give positive 
results; after 3h at 102°̂ C and Po, = 1.86MPa (19 atm) about 90% of die cop. 
per had been extracted into solution and almost 50% of the iron passed into 
solution. Deposits of a sulphur-containing sulphide product were observed 
on the internal coraponents of the autoclave. The search for the optimum co." 
ditions tor sulphuric acid leaching will be the subject of separate investiga
tions. 

The settling rate ot Uie pulp (y ? 1.16g/cm') from the oxidative leaching 
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Table 2: Characteristics of the leaching of the activated product 
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amounted to 4.76 m/h, which corresponds to a specific thickening surface of'conclusions 
7 .6m' 'h / t ; the settling was considerably accelerated by the addition of poW 
acrylamide. The filtration rate of the thickened pulp (vacuum 700mm Hg, j A scheme is nmnn 
belting, cake layer thickness 5iO,5mm) was determined as 4-4.2dmVniln- rlie concentrates ft^rfin^lf'f hydrometallurgical treatment of chalconv 
Thus, the thickening and filterability ot the obtained pulps are satisfactory. ^^ Uie I»wder ?~91 5%) and ̂ 2 ™°'"^ ^"^ ^^^ °̂  ^"^ '=°PI»'' is e x t r a c t " 

nHaO type, pyrite, undisclosed copper sulphides (chalcopyrite, covellite), 
and single grains of sphalerite. The yield of the purified solution amounted 
to 90-94% of the initial volume, and ttie average composition of Uie solution 
was as follows, g/dm^ : 56-72Cu, 0.3-0.5Fe (including not more than 16-2^ 
Fe^), 5-23 HjSQ,. Part of the solution was used in the activaUon of Oie chj 
copyrite concentrate, and the remaining solution was passed to copper dep>j 
sition. 

According to the data from mlneral-petrographic and Xray crystallographi£roMS1ronl,i ' '*S,ST."'^ ' ,"i! '^ soluUons wMch f'Sm aid'^inir^tch 
anatyses, the main phases in the cake are hydrated iron oxides of Uie Fe.Ciiuons, wiOi Iim™orrich n̂ a '^^' ' ' '^^^"^^'^ on the specific con 
"" " ^'~' " "^ " ^ ' ^ " ' '" ' " « copper from local wastes. ThT/empi^o?^^*^^- "'^'" ' ° ' ' ^^ 'caching 

^Ibuted between the wa^te hyd^te e^e "Si anS t ^ ^ T ^ ^ ^ i ' " 'P""^ *« '»»'-
entrate (10.1 and 8.8%). ' " '̂"^ "'̂ ^"^ and the secondary con-

The technology developed forms the basis of semi.i«,u3trlai trials. 
Concentrate 

\ 

The characteristics of the autoclave deposition of copper were refined oni. 
depleted batch ot solution containing g/dm': 67,5Cu, l.OFe, 13.8HaS04.'ni 
experiments were carried out at 140-150°C with PHJ = 2.74 MPa (28 atm) ii;| 
0.4g/dm° of an anticoating additive. After 60 min the residual copper conle| 
amounted to 6-8g/am^, which corresponded to 90-92% deposition. To ImpKt 
the copper deposition characteristics it is advisable to have not more Uian 
45-55g/dm'' ot Cu and 5-8g/dm'' of HaSQ, in Oie initial solution, and Oils cij 
increase the direct extraction of copper and simplify the aggressive situatii 
In the autoclave. After dehydration and heating in a stream ot hydrogen (5E-. 
we obtained a powder which conformed to the standard GOST 4968-75 inco 
position: bulk density 1.85 g/cm^ ; specific surface area 0.072 m'/g! contî  
of fractions, M%: 140, 0.34; 74, 0.24; 44, 2.44; -44, 96.98. 

The decoppered solution was combined with the solutions trom activation: 
ot the concentrate, and the obtained mbcture containing (g/dm*) 2.48Cu,22.: 
and 21.8Fe^* was passed on for cementation wlOi pieces of transformer iroi 
After 10-15 min more Oian 99% of the copper had been deposited, and Uic I; 
solution contained 18-30mg/dm^Cu and up to 28.5-29.0g/dm^Fe. The hip̂ . 
consumption rate of Uie precipitant (calculated 2.5-2.8) was due to the sig
nificant acidity ot Uie Initial solutions. In the cemented deposit the copper 
content was 82-87%, and Oie Iron content was 2-3%. 

Tailings 

Ca(OH), 
Solution 

Neutral i.s.-ir im. 

Tailings slurago The phase composition of the cake trom neutral leaching predetermined r* 
expediency of separating the remaining sulphides by flotation. Data on floi«i|;rani of tiie livrimm • n 
tion of the cake containing 6.4%Cu, 42.2%Fe, 10.3%S (rough flotation: pH = 1] . y'rometallurgical treatment of chal 
KBX15&/t, T-66 9g/t, T =5 min; control flotation: KBX5g/l, T-669g/l, 
T = 5 min; recleaning of tailings: T = 5 min, soda 500g/t), are given in rerences 
table 3. In tlie light of the composition ot ttie concentrate aJid Oie increasl.t 
content of gold It Is expedient to direct It to ttie converting cycle. Thu.s, l̂ .' 
flotation treatment of the cake made it possible to reduce the losses of cop 
to 0.2-0.6 and to resolve rationally Uie question ot Uie extraction ot preclo-J 
metals. I 

copyrite concentrates. 

.S .S Naboichenko et alia: Investigation of the autoclave sulphi 
ircatnientof complex copper-containing concentrates. Papei 
.ill-union conference on iivrtrn,""'-" -• • 

unc acid 
rs at first -onference on hydrometallurgy'. Nauka, Moscow 1974,p. 18 

US Patent No. 3816105, Published 11.6.1974. 
.<; S Nalx)ichenko et alia: Tsvetnye Metally 1976, (6), 20. 
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4) S S Naboichenko et alia: Production of copper powder by the autoclave 
method. TsIIN Tsvetnaya Metallurgiya 1976, (24),p.21. 

UDC689.J: 

Problem of the complex treabooent of bauxites of the Northern Urals 

..^ler laboratory conditions and then 
:.-:.il scale at a pilot plant at the Unit 
:...:ed. The carbonate content va r iS 
..phur content varied between 0.8 a, 
i.-̂ i carbonates was realised by flota 
. p.-oductive capacity of 40kg/h. T? 
.-. -le first stage pyrite flotation w ^ 

S I Kuznetsov (Urals Polytechnicallnstitute-Department of the Metallurgy! ' ^'^!',"f!."',''u'^' "̂̂ ^ '^^^ Product was 

I .. :.ijion in order to remove the carbo 
Our countiy has a vigorous aluminium Industry. In recent years some dlsi^ ""tuu'pT ^ ^ ^'^^^ Primary and two 

proportion has arisen in Uie aluminium industry; ttie construction and cxteo- ^,!;p„ ^j ' , sodium silicate was 
sion of alumina plants and factories have been determined by Uie constnicUoi ^" nerals and to activate the flc 
ot electrolysis plants. Most rf Uie alumina production in the USSR Is conceiKi -̂  .^:.„ „-_,. . . 
trated at the Urals and Bogoslovsk aluminium works, since tiie Urals have 1 -^["^^^""-"wustrial trials a pyrit 
large reserves of high-grade bauxites. The production of alumina in tiie Unl '.̂  13 5<̂  A l ^ obtained. The carbon 
has been extended tiirough the construction and introduction of a new BAZ-2 ^.,;,'^:'° . ! ,^ ' "̂ ^̂  Pyrite concentra 
alumina plant. Witti ttie opening of ttiis plant tiie disproportion wUl be eUia.' .'"".'.J!:: ^ , ° ' ^^ ^ sulphidiser In t̂  
inated. However, according to ttie tentti Five-Year plant, Uie production of , J--.yj and "̂  «,*^^ ^^ "^®^ ^" ^^ Prod 
aluminium must be increased by 1.2-1.3 times. Consequently, new facilities " *" °'® Productionof alumim 
for the production of aluminium and alumina are necessary. •- -,„ .„.,. „ , 

' • ,f'" "°'at'on product is ttie cell 
t r u - lk of ttie h a r m f , . ! t JT.. ^ ' i ® " The aluminium plants of ttie Urals are already coming up against diff Icultii^ 

due to the deterioration In the quality ot the raw material. There have bees 
periods ot deterioration in Uie grade of tiie aluminium, increase In ttie alkaB 
consumption, and Increase In the corrosion of the steel equipment in the 
alumina plants. The factories and institutes have found some ways of over
coming these difficulties. Witti increase in ttie depth of tiie bauxite deposiU, 
however, the content ot harmful impurities will increase. Whereas the or«» 

ttie harmful Impurities in \ 
-r^ustrial conditions fte content 0 

I - • t o : t t 9 ^ ^ - " ° ' ' ' i i h e r t a ? 
-lea to 85-89%. Better technical r 

I --:^xessing of Uiis product to a S i , 
- . . 0 . The extraction of alumina was 

from ttie norUiern Urals now contain a little more tiian 1% of sulphide sulpiJ. „ J Kil , ^ extend the raw 
and 3% of carbonates (as COj), according to data provided by ttie Gipronltei'f.- -",.- the hi' »'''""" ^ ^ ''igh-carbona 
Institute Uie sulphur content in 1990 will increase to 2.1%, and tiie carbonati* ,-- b.-n,vi» ^^ °^ ^^ Ivdel' deposi 
content (as COJ will increase to 3.8%. In some mines, e. g., in tiie 14-HS , •,.,-.:r.-,tio cannot be used for tiie pr 
and Cheremukhovo, the sulphur content will increase to 1.3 and the carbon* "• 
content (as COa) to 4.4%. It is Uierefore necessary to solve ttie problem o< if-.. rechnolo 
struggle witii tiie harmful ImpurlUes in the raw material. It is quite clear ^ . .̂  thp *® ooncentraUon ol 
Uiat on account of Uie harmful ImpurlUes It Is Inexpedient to replace ttie B»4..:-,.,.;,j„, , Present time Uie Mekhanol 
process by a more expensive ipethod. There remains tiie conditioning of 6«j ...,.^g for"Hi ^̂  ^̂ ^® developed the 
bauxites - Uie purification of the raw material by one or Uie oUier meUiod d.i •J'.'.. ,• "'e production of alumina f 
concentration. : = -•.••."," ^'^ have demonstrated ttie 

'- --•• "r i S ,̂  co_ncentratlon plant she 
In recent years ttie Urals Polytechnical Institute has been successfully «*< : " '" 

ged in the development of techniques for the concentration of the bauxltesfr 
the northern Urals. At the Department of Metallurgy of Light Metals the * r 
nology of the flotation of bauxites of the norttiern Urals in order to sepir**^ ^ ^ 
Uie sulphides and carbonates from ttiem Is being studied under ttie guidM«| --» -ronf tf * '̂*^ experiencing eno 
of assistant professor F F Fedyaev. The technique was first investigated t, .---i-ion u *'̂ ^ wi"i increased ca 

• " " ^ been found by F F Fedy; 
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I STUDY' AND INDUSTRIAL ASSIMILATION OF HYDROMETALLURGICAL PROCESSING FOR ZIUC CAKE 

UK; 669.73: 542.61 

L. S, Gets}:in, V. A. Grebenyuk, A. S. Yaroslavtsev, ,A. U. tlisenov, and Yii- M. Mironov 

Zinc cakie, into which up to 25.% Zn, '30%. Cd, and 50-60% Cu from tlie zinc concen
trate s, and practically alX the =Pb, Au, and. Ag pass, is the.main by-product, in elec
trolytic zinc production. 
The following zinc cake, composition {%) • is typical.Q£ a new zinc plant:; 18-22 2n^ 

1.4-1.8 Cu, 0.2-0.24 Cd, 4-4.5 Pb, 20-24 Fe, 0.05-0.06 Aŝ , 0.04-0.06' Sb, B-12 SiO^. 
The substantial zinc content of the cake is due to ferrite fprmation in the calcin

ing process. According to rational analysis;, 53% {relO of the 20.2%. Zn preseht in 
the cake is in the form of zinc ferrite, 15% (rel.) is sulfide,; 10% (rel.) is rela
tively insoluble aluminosilicate, and the remainder is oxide and sulfate. 
Various metJiods are used to process zinc cake: sintering and smelting in the lead 

plant charge, smelting "iri vertical electrically heated retorts and prpducer fur
naces, the Waelz process^ etc. 
The choice of a n^thod of proceissinig depends mainly upon the. composition of the 

zinc cake and the actual working conditions at'the' enterprise. Untii recently some 
20% of the zinc cake in tJie wotld has been stockpiled, waiting for a more effective 
processing technology to be developed. 
Hydrometallurgical-methods hav^ not been introduced, mainly because of difficulties 

in precipitating the iron and in separating the iron residue from the solution with 
the minimum loss of yaluable constituents. 
Resea'rch at the beginning; of the fifties by B.. A. Ryazanov [1] showed that crystal

line deposits of jarosite and a binary iron :and potassium suifa1:e with the Goirjposi-
tioh KFe (OH) 6 tSOi, 12 practically insoluble in sulfuric acid solutions were formed when 
ferric sulfate reacted with caustic potash at pH 1.̂ 4. The conditions which ensure 
more complete depositi'on of iron as jarosite wer'e^a'scertained later [»2]: temperature 
85-95° C and; pH =1.5. It was also shown that sodiiOT [3], rubidium, and ammphium ions 
might be present in addition to potassium ions.-
Zinc cake frcm Soviet plants has a remarkably high lead (3-6'%), precious and rare 

metal content, and the various processing methods described iin €he papers ahd pat
ents^ do hot give a high level of extraction of all the valuable .constituents frpm 
zinc cake of this composition* 
Research workers and plant: staff^ have therefore developed a. method of zinc cake 

processing giving a high level of lead, gold, and silver- extraction along with zinc, 
copper, and cadmium, 'Calculations by the S1;ate NPh-Ferrous Metals Research Institute 
have shown that the capital outlay in processing zinc cake by this method is 30% 
lower than in the- Waelz process, the period of recoupmesnt is almost- halved, adjusted 
expenditure is reduced by 15%', and the profit increases by 20%. In addition, the ex
tent of material utilization is increased. The. new method -is, recommended primarily 
for the processing pf zinc cake cohtainihg high cPricentrations' of lead, gold, and 
silver. 
The scheme provides for single-stage leaching of zinc calcine, which yields solu-

: tions of higher quality- and releases some of the^equipment for the processing of zinc 
cake. 
Since the limiting stage in the cake leaching process is the speed of ferrite de-? 

composition by the, .sulfiiric. acid solution, a study Was made of the effect of leaching 
time upon the completeness of dissolution of zinc, copper:, and cadmium, ferrites and 
^inc sulfide. It was established that at SCC 9:7'-?8% of the cadmium, ferrite dissolves 
iri 5-6 hr of leaching; the corresponding figures for copper ferrite, zinc ferrite, 
and zinc sulfide are 95-97%, 90-94%, arî  70-80%'. 
The speed of .zinc: sulfide, dissPlution is almo.st linearly de pendent lippn leaching 

time. The sulfuric acid concentration does-- not affect: the completeness, of sulfide 
decomposition. 

^ Moj^egian Pat.- •Kb. .108047, 1965; Australian Pat. No. 401724, 1965 i, 
2 •• • 

V, M, Piskunov, B. K. Plastinki'ri, -P. I. Aidarova, B. A. Sysbe-v, and A, N. Zhaksy-
baev participated in the wprk̂ . 
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The identical kinetic relationships for zinc sulfide dissolution and trivalent iron 
reduction in the solution indicate that these processes are interlinked, i.e., zinc 
sulfide dissolves due to its reaction with ferrisulfate. The extent of transfer of 
zinc from sulfide into solution increases from 70 to 90% when leaching temperature 
rises from 90 to lOO^C. When the sulfide sulfur content of the zinc calcine increases 
from 0.3 to 0.6% and there is a corresponding increase from 1 to 1.8-2.5% in the zinc 
cake sulfide sulfur content, the bivalent iron concentration in the solutions after 
cake leaching rises from 1-3 to 6-8 g/liter; this causes difficulties in the subse
quent processing of the solutions. Roasting the zinc concentrates until the calcine 
sulfide sulfur content does not exceed 0.2-0.3% is therefore a vital factor, giving a 
minimum Fe{II) content in the solutions after high-temperature zinc cake leaching. 

Percentage extraction into the zinc-bearing solutions after high-temperature cake 
leaching is as follows: 94 Zn, 93 Cu, 90 As, 65 Ni, 93 Cd, 79 Fe, 16 Sb, and 60 Co. 
The high-temperature leaching solutions contain up to 25 g/liter Fe (mainly in tri

valent form) and considerable amounts of arsenic and antimony; their purification is 
therefore one of the principal operations in the scheme. 
Deposition of iron and impurities in a special routine without using a neutralizer 

is the distinguishing feature of the method; this yields an iron deposit which is 
practically free from lead and precious metals. The iron deposition time depends 
upon the initial concentration of higher oxide iron ion in the solution, and usually 
amounts to 3-4 h. During this period practically all the Fe(III) and up to 90% As and 
Sb are deposited to form an iron cake which contains only 1-1.5% Zn. 
After precipitation of the iron cake, the solution is purified hydrolytically to 

oxidize and then precipitate the lower oxide ion in the form of hydrosulfates and 
goethite. According to [6], the speed of Fe(II) oxidation by atmospheric oxygen rises 
with an increase in solution pH from 2-3 to 4-5, copper ions acting as catalysts in 
the process.' Under production conditions, the solutions are purified until the re
sidual Fe content is 50 mg/liter or less. 
The solutions from zinc cake processing are practically indistinguishable from the 

calcine cycle solutions as regards As, Sb, Mn, F, Cl, and other elements present, 
except for tJie nickel and cobalt content; the concentrations of these metals rise to 
5-7 mg/liter. With t h i s nickel and cobalt content, these impurities can be removed in 
the usual way with some increase in the reagent consumption; this causes no diffi
culty. 

Zinc plant practice has shown that the introduction of a hydrometallurgical method 
of zinc cake processing has helped to remove K, Na, F, Cl, Pb, and other impurities 
coprecipitated with iron from the production solutions. Thus the solution fluorine 
content became < 10 mg/liter, the lead content < 0.2 mg/liter, and the chlorine con
tent < 50 mg/liter. Thus the hydrometallurgical processing of zinc cake ensured the 
removal of a number of undesirable impurities from the zinc solutions. 
According to industrial tests, the new hydrometallurgical method of zinc cake proc

essing gives the following percentage extractions from zinc concentrates: 96-97 Zn 
and Cd into ingot metal, 90 Cu into, copper cake, and 94-97 Pb, Au, and Ag into lead 
residues (cake) . 
The jarosite process [7] used, for example, at Nordenheim and Kokkolo extracted 92-

93% Zn from the concentrates, and the jarosite residues, which were dumped, contained 
8-9% Zn as well as up to 30% of the Pb, Au, and Ag present in the zinc concentrates. 
The principal- advantages of the hydrometallurgical method of zinc cake processing 

are: 
a high degree of utilization of zinc-bearing material; 
94-97% extraction of lead and precious metals into lead residues (cake); 
production of iron residues which contain no impurities introduced by a neutralizer, 

so that they can be used for iron extraction. 
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Editor's Note: this is confirmed by many years'- practical experience in cobalt 
shops. 
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f ig.2 ^ s c o n c e n t r a t i o n dependence of the 
r a t e of r e d u c t i o n of cuprous ox ide 
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2 - u i t h Pco = 19.5-10-^at t t i ; 3 -
t enpe ra tu re dependence of the r e 
ac t i on r a t e c o n s t a n t ; 4 and 5 - the 
process r a t e a s a f unc t i on of the i n 
t e n s i t y of the b l a s t wi th the f c l i c k 
ing p r e s s u r e s o f the r educ ing a g e n t : 
14) 12 .S-10-^ t 15) iO-iO-^atai . 

• Since we know the values of Pco and B:o; in the reaction 
rone, by calculating the equilibrium constant (Ke) we can 
obtain the concenU-ation of cuprous axicie at the interface 
(C) and. also its variation for various contents of the reduc
ing agent in the blast. With regard to the foregoing (with 
constant Ĉ j = 0,017), we determine the number of times by 
which the rate of reaction (1) increases with increase of P(.Q 
from 4-i0"» to 50- 10"'atm. With the adopted CO pressures 
PjQ amounts to 0.6-10"^ and 3.9-10"*atm respectively. 
At l̂ SO^C the Ke value calculated from published date )̂ is 
407. Substituting the obtained values in the equation 

Pr 
' C u j O 

C02 

PcoKi 

m.-

and assuming that the actirity coefficient for Cu;0 is equal 
to unity, we find that C"»2 -10"^in the first case and C"2 -10* 
In the second. Neglecting these values in Eq.(4), we can 
conclude that the rate of mass transfer of cuprous oxide 
to the interface under the adopted conditions only depends 
on the volume concentration of the oxide: 

W = ^ P C , 

In other words, in the case of diffusion control the rate of 
reaction (1) should be practically Independent of the partial 
pressure of the reducing agent and should be determined 
wholly by the initial concentration of Cu,0 in the slag. 
However, experiment gives the opposite behaviour; the \y 
values increase by more than six times with x-ariation of 
Pco from 4-10"" to 50-10-*atm (line 1, fig.2). Thus, as 
follows from the foregoing, mass transfer of cuprous oxide 
from the volume to the interface does not retard the re-

U-(̂  
Wl' 

^ : 3 ^ If. .6 / \ f l 

miwmm m mm 

action; in view of the fact that diffusion limitation in the gas 
phase is absent we come to the conclusion that the limiting 
stage in our case is the kinetic stage. 

Since reaction (1) is far from equilibrium under our con
ditions, by neglecting the rate of the reverse reaction we 
write the following equation for W: 

W = K(Cu jO) CU20 p "CO 
CO 

(5) 

where K is the rate constant of the process. The concentra
Uon of cuprous oxide in Eq.(5) is not expressed in volume 
units (mole/cm*) but in practically proportional values 
(for the investigated conditions), i . e . , in weight percent
ages. The apparent reaction order, determined from the 
experimental data, is fractional: n̂ .̂  Q = 0.6, nco = 0.85. 
This can be explained ') if it is supposed that the reaction 
takes place through the stage of adsorption of CO on the 
surface of the melt. The fractional order obtained in the 
calculations then arises by virtue of the fact that the fact 
that the volume concentrations and not the surface concen
trations are substituted in the kinetic equations. 

We obtain the rate constants of the process for each tem
perature from Eq.(5), using the obtained values of the 
reaction orders: 

K = 
W 

CO 

Plotting a graph for the relation between log K and 1/T 
(fig.2), we then obtained the apparent activation energy of 
the process, which amounted to 172kJ/mole (41kcal, mole). 
Thus, the kinetic equation for the reduction of cuprous 
oxide by carbon monoxide can be written in the following 
form: 

W = 1.32 • 10-=exp(-20600/T)iCuaO)°-* *^C0 

Thus, indirect reduction of the metal trom the slag by a 
gaseous reducing agent can take place under control close 
to kinetic. 
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_^rption of the ions ot eleinents rf Group 2 of the periodic system fronf' MpFp-HT(T^, F • H^'", >JP, ̂ =')-H:,0 solutions 
byoie carbontylic catjon-Cicchange resin'KB-4P.-;;J ' 

L I Andrianova, V S Pakholkov and V P Ganyaev (Urals Polytechnical Instihite. Department of the Metallurgy of 
. Rare Metals) 

(4) 

.m 

Summary 

The sorption of cations of group 2 of the periodic system 
and, tor comparison, of copper (II), manganese (II), cobalt, 
and nickel by the weakly acidic carbo-xylic ion-exchange resin 
KB-4P-2 was investigated as a function of its salt form 
and of the concentraUon ot HF, NH,F, and NH« F • HF in the 
initial solutions. On the basis df the obtained experimental 
data and ot IR spectroscopy it was shown that copper and 
mercury form comple.xes with the carboxyl groups of the 

resin during sorption. 

The difference in the behaviour of the ions of heavy nietals 
and beryllium during sorption was used for the separation 
and purification of beryllium from impurities in solutions 
of (NH,)sBeF. by means of the KB-4P-2 resin in the NH,+ 
form. 
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UDC 669J? 

Phase transformations in Moa Laterite ore during heating of the aquemis pulp for leaching 

S I Sobol', E I Bogoslovskaya Nad V A Isaev (State Scientific-Research Institute of Nonferrous Metals (Ginstsvetmet) 
Moscow Mining Institute 

Summary 

The dehydration of iron hydroxides in water at tempera
tures up to 250°C under the appropriate pressure is charac-

• terised by the same phase transformations and takes place 
at the same temperatures as during heating of an air-dry 
sample but is distinguished by high reversibility. Dehydra
tion is accompanied by decomposition of the hydroxides, 
which increases the number of particles of solid in the vol-

The FeiOi-HzO sys tem, accord ing 
t o K Wefers. The reg ion of growth 
of g o e t h i t e ( t ) and .hematite (x) ; 
o - d i r e c t i o n of r e a c t i o n unde t e r 
mined. 
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ume of the pulp. This leads to a sharp increase in Its vis- 1 
cosity, ^ 

The forniation of niaghemite from the iron hydroxides was 
not observed when they were heated rapidly. The final sam
ples only contained the natural mineral.- '̂  
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F i g . 2 The d i f f r a c t o g r a a s of the i n i t i a l NoA l a t e r i t e ore 
(J) and of o r e hea ted a t 250°C i n the aqueous pulp 
for 3,24 and 56 min ( 2 , 3 and 4 r e s p e c t i v e l y ) . 
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, STUDY OF IRON OXIDATION BY OXYGEN IN ZINC HYDROMETALLURGY 

UDC 542.943:546.722:669.536 

A. G. Pus'ko, O. A. Khan, and L. S. Gusar 

Intensification and optimization of oxidation of bivalent iron ions by gaseous oxy
gen in zinc sulfate solutions is becoming particularly important in connection with 
the Introduction of hydrometallurgical processing for zinc cakes. 
An attempt is made in the present work to give a quantitative assessment of the gen-? 

eral laws governing the process of oxidation of increased iron ion contents by gaseous 
oxygen during purification of sulfate solutions in the hydrometallurgical production 
of zinc. A method of mathmematical planning of extremal experiments was used in the 
investigations tH. Steps were taken in the course of the investigations aimed at sta
bilizing oxygen mass transfer and excluding the complex relationship between orocess 
speec and time. *̂  
Preliminary experiments established that altering the initial concentration of bival

ent iron ions in the 5-25 g/liter range made little contribution to the speed of the 
process; the iron oxidation process was therefore studied at a constant initial concen
tration of bivalent iron ions of 10 g/liter. 
Four parameters were selected as independent variables: pH, temperature, and the zinc 

and copper concentration in the solution (see Table). =- ' t- , 
A constant hydrogen ion concentration was maintained in the solutions studied bv ad-

i t i ° l \ \ ni^"^^^".''^^^ alkaline reagents. It was established that the type oi neutral
izer did not affect the speed of the iron ion oxidation process (various alkalis zin
cates and zinc oxide were tested). The output function was the Sgree ofiron oxlda^ 
tion in three hours. A 2 type orthogonal plan was implemented in the course of the ex
periments [1] Checking the experimental findings for reproducibility brCoch?an^s 
test led to the conclusion that the variance was uniform: »-ocnran s 

Gc,ie=-0.822<-C.t,bl='0,907. 

Calculating the regression coefficients and the t-test 
cance yielded a regression relationship for speed: 
V=74,7-l,3,Vj+8,97AVf28.<J5A'j-i-0,96X,X3-l,18.K,X,—3,58X|-I,33X5 _(i,l7A|—1.53,\';. 

for a 2.5% level of signifi-
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The equation adequately describes the process in the 
range studied, since Ftabl.'.ois = 14.25 * Fcalc = 5,1. 
Processing the relationship on a digital computer using 
the method of steepest ascent with restrictions 12] re
vealed the presence of an oxidation speed peak with the 
followina coordlantest 

Xi=0.7.') q / i . X,= i28 g/l, X,=75,5T. and' •^•=4,67, 

The curve of the multifactorial relationship of oxi
dation process speed to the parameters, studied was plot
ted from the computation results (see Figure). 
Experimental checking on the ascending curve and at 

the peak showed that the results obtained coincided com
pletely with the results of evaluation on the digital 
computer. 
Analysis of the regression equation shows that among 

the parameters selected the hydrogen ion concentration has a decisive effect upon the 
speed of Iron oxidation by gaseous oxygen; this accords with the published data. .The 
presence of quadratic terms indicates nonlinearity in the effect of all the process 
parameters. It was established at the same time that the speed of the oxidation pro
cess approaches zero at pH = 2.72 and t = 50»C. It cannot be regarded as pure chance 
that the specific statistical solution pH values at which the maximum and minimum (i.e . 
zero) speeds of oxidation are are achieved practically coincided with the results of the 
Pourbaix diagram for the start of hydrolysis reactions: 

Fe"H-H,0,'rFeOH+» -I- H+, pH=2.43; 

Fe*'+2H,OjtFe(OH)^+2H-^, pH=4.59. 

Oxidation of iron at minimum supersaturation in terms of ferri-ion at pH = 2.72 leads 
to precipitation of^a coarse crystalline hydrogoethite residue with a solubility prod
uct Ls = 4.4 X 10~ [3], Here the equilibrium ferri-ion concentration at which the 
solid phase begins to form is assessed at 1.8 x 10"^* moles/liter. Raising the pH to 
4.67 and the temperature to 75.5"? leads to preciptation of amorphous finely dispersed 
hydrogoethite with Lg = 1 X 10-.3 6 

for which the equilibrium ferri-ion concentration 
is 0.66 X 10" moles/liter. However, compared with the coarse crystalline residue 
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for which L = 4.4 x 10 the equilibrium concentration 
of ferri-ion at pH = 4.67 is 2.2 x 10-^° moles/liter, 
which is lO' times lower than the actual concentration. 
In other words, oxidation of iron at elevated pH values 
creates conditions for substantial supersaturation in terms 
of ferri-ion, which gives precipitation of a more finely 
dispersed residue. This conclusion accords with published 
data on the solubility of iron hydroxide of various parti
cle sizes [3]. 

Industrial testing of rapid oxidation of iron by oxygen 
in purification of solutions in hydrometallurgical process
ing of zinc cakes completely confirmed the optimum condi
tions found from the regression relationship for oxidation 
speed. The All Union Non-Ferrous Metallurgy Research Insti
tute has issued appropriate recommendations to the zinc 
plants for intensifying the process of bivalent iron oxida
tion by oxygen. 
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FLOTATION SEPARATION OF COPPER AND NICKEL IONS FROM NGMK SEWAGE 

UDC 622.765.5 

L. D. Skrylev and F. A. Vorisov 

The possibility 
-99.2%) flotation 
ro lysis shops in 

'i>K tests were 
lutLon, air which 
.3 27.2 my/1 Cu, 81 
ate was used as t 
As a'result of 

ciiL Lons : pH 'v, 10, 
(about 20 •)/m̂  ) , 
Increasing the 

flotation separat 

was shown experimentally of effecting an almost complete (97.5-
separation of copper and nickel ions from sewage of copper-elect-
the Noril'sk Mining-Metallurgical Combine [.NGMK]. 
conducted on a laboratory flotation unit by passing , through a so-
was dispersed by porous material. The sewage under test contained 
.8 mg/l Ni at a pH of 2.3 An aqueous solution of potassium abiet-
he collector copper and nickel ions. 
the tests, it was possible to establish the optimum flotation con-
collector consunption about 50 kg per t of separated metals 
and a 10 minute flotation time. 
sewage temperature from 20 to 70"'C has no marked effect on the 
ion process for copper and nickel ions. 
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ABSTRACT 

Chen, CK., Lung, T,N. and Wan, CO., 1980, A study of the leaching of gold and silver by 
acidothioureation. Hydrometallurgy, 5:207—212, 

The method of thiourea leaching for the extraction of gold and silver from ore in 
acidic medium was studied. The effect of various amounts of oxidant was also investigated. 
It was found using a rotating disk experiment that when the leaching solution contained 
1,0% thiourea, 0.5% sulfuric acid and 0,1% ferric ions, the rate of gold and silver dissolution 
was over 10 times faster than in a solution containing 0.5% sodium cyanide and 0,05% 
calcium oxide. 

Preliminary studies of leaching gold and silver from actual thiourea solution were also 
encouraging. 

INTRODUCTION 

Gold is traditionally extracted from its ore by cyanidation. However the 
process is handicapped by its slow rate, being susceptible to interference by 
other metal ions and the poisonous nature of cyanide compounds. With 
appropriate oxidants, Preisler [1] found that thiourea can dissolve gold 
effectively in acidic solution and could thus be a potential substitute for 
cyanide leaching solution. Its overall reaction is 

Au + 2 CS(NHj)2 -> Au[CS(NH2)2] I + e (1) 

The charged complex is positive in contrast with the negatively charged 
gold complexes formed in most other systems. 

The choice of oxidant and acid was investigated by many workers [2—5]. 
Generally, it was recognized that the ferric ion can best speed up the reaction 
and as for the acid, sulfuric acid is more effective than nitric or hydrochloric 
acids. Furthermore it was also accepted [2, 6, 7] that the dissolution of gold 
by acidothioureation was much faster than by cyanidation. Dutrizac and 
MacDonald [11] wrote an excellent review on the ferric ion as a leaching 

*C.C. Wan is at Tsing Hua University in Taiwan and serves as a consultant for MRA SO. 
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medium but relatively little information directly deals with gold or silver. 
Most of the published results have so far concentrated on the dissolution 

of gold only. The dissolution of silver along with the gold is actually of great 
industrial importance as it is usually a very valuable by-product of many gold 
mines. It is the object of this reseeirch to study the simultaneous dissolution 
of gold and silver by acidothioureation. 

EXPERIMENTAL PROCEDURE 

(1) Rotating disk experiment 

A pure gold (99.9%) or silver (99.9%) disk (1.8 cm diameter) was rotated 
by a precision speed motor (Heildoph Co.) to study its dissolution rate. 

For every experiment, a 200 ml solution was prepared from reagent grade 
thiourea, ferric sulfate and sulfuric acid. The metal content was measured by 
an atomic absorption method (Zeiss FMD 3) and the thiourea was titrated 
with standard iodine solution according to Gupta's method [10]. 

(2) Ground ore concentrate leaching test 

Copper concentrate from Chin-Kua-Shia Mine in Taiwan, which contains 
50 ppm gold, 250 ppm silver and 6.02% copper was first washed with 5% 
sulfuric acid solution to remove soluble impurities. The ore was then immersed 
iri prepared leaching solution and shaken to measure the actual dissolution of 
gold and silver from the ore. 

All experiments were carried out at room temperature. 

RESULTS AND DISCUSSION 

(1) Rotating disk 

The dissolution of gold and silver under various ferric ion concentrations 
are summarized in Figs. 1 and 2. If the dissolution rate is defined as the averat;' 
dissolution rate for the first 20 min of reaction time, then Figs. 1 and 2 can 
be condensed to Fig. 3. It is obvious that the dissolution rate of both gold antl 
silver increase with the increase in ferric ion concentration. The increase rate 
is most pronounced at low concentrations of ferric ions. This is probably 
because the dissolution is dependent on the diffusion of thiourea and ferric 
ion to the disk. At low ferric ion concentration, the reaction is controlled by 
the mass transfer of ferric ions. Therefore the dissolution rate is almost 
proportional to the concentration of ferric ions. When the concentration of 
ferric ions is fairly high, the process becomes controlled by the transfer of 
thiourea. Hence the mere increase of ferric ions will not affect the dissolution 
rate significantly. 

The result is also consistent with Levich's [8] theory on the rotating disk 
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system according to Fig. 4. It is known that the dissolution rate </ of a rotating 
disk is governed by 

c / = 0 . 6 2 Z ) ' / 3 ^ - ' ^ * c j ' ' ' C o (2) 

where Co is the bulk concentration of the active ion, co is the rotation speed 
and D is the diffusion coefficient of the active ion. When the system is 
controlled by the ferric ion as in our case, the active ion is the ferric ion. 
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Fig, 1. Dissolution of rotating gold disk in thiourea solution with different ferric ion con
centration. 

Fig. 2. Dissolution of rotating silver disk in thiourea solution with different ferric ion con
centration. 
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Fig. 3. Average dissolution rate of rotating gold and silver disks versus ferric ion concen
tration. 

Fig. 4. Effect of rotation speed of disk on gold dissolution. 
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It is apparent when the fluid is in the laminar flow region, that the dissolution 
rate is proportional to the square root of rotation speed as predicted by Eqn. 
(2). But when the rotation speed exceeds 327 rpm, (i.e. CJ' '^ = 18.1), the 
results deviate from eqn. (2), since the fluid becomes turbulent. Calculated 
from 

R e = 7^ oj/u 

where y is the radius of the disk, the Reynolds number {Re) is 2 X 10' for 
327 rpm. Since Riddiford [9] found that the critical Reynolds number of a 
rotating disk in aqueous solution was around 10''—10', our results seem 
reasonable. 

Given v = 0.092 cm^ sec' ' , OJ = 125 radians sec"', CQ = 1.0 g T' of ferric 
ion and the dissolution rate J equal to 4.34 X 10' mg cm"^ sec"', the diffusion 
coefficient of ferric ion was calculated to be 1.8 X 10"^ cm^ sec"', which is 
much smaller than the diffusion coefficient of most ions being usually in the 
10"'—10"* cm^ sec"' range. Hence this may suggest that the system is not 
completely controlled by the diffusion of ferric ions and may also be kinetic
ally influenced. 

Figure 5 shows the dissolution of gold and silver in cyanide solution for 
comparison. The dissolution rate for gold and silver was 3.54 X 10"" and 
1.29 X 10"" mg cm"^ sec"', respectively. In comparison, when the leaching 
solution contains 1% thiourea, 0.5% sulfuric acid and 0.1% ferric ion, the gold 
dissolution rate is 12.2 times faster than in the cyanide solution and the silver 
dissolution rate is 10.8 times faster. 

(2) Ground ore leaching 

A comparison study of the leaching effect of acidothioureation and 

IK 

25'C lATM 
• 0.5% (NH2)2CS.05V. H2SQi.0.1''''' P* « 
4 0.5V. NaCN, 0,5 V. CaO 

10 20 30 40 50 60 70 80 90 100 IW 120 130 HO 

time fmin) 

0 1 2 3 4 5 5 7 6 9 10 

time (hr) 

Fig. 5. Dissolution of gold or silver in cyanide solut ion by rotat ing disk me thod (125 rpm) . 

Fig. 6. Extrac t ion of gold from ground ore by acidothioureat ion and cyanidat ion. 



211 

cyanidation of actual ground ore supplied by the Taiwan Mining Corp. is 
summarized in Figs. 6; 7 and 8. Frpm Figs. 7 and 8, it is noted that the 
dissolution of gold and silver is somewhat faster by thiourea than by cyanide. 
Since copper is usually leached out simultaneously as an undesirable side 
reaction, the dissolution rate of copper is also an important criterion of the 
feasibility of acidothioureation. Figure 8 shows that the dissolution of copper 
by acidic thiourea solution is much less than that by cyanide solution, which 
is obviously an additional advantage of the acidothioureation process. 

500 

400 

• O5V.(I^H2)2CS,0,5V. H2SO4 O.IV, Fe(W 

• 05V,NoCN,05V. CaO 

lime (hr) 

Fig. 7. Extraction of silver from ground ore by acidothioureation and cyanidation. 

Fig. 8, Dissolution of copper from ground ore by acidothioureation and cyanidation. 

CONCLUSIONS 

From the experimental results it can be concluded that the future adoption 
of acidothioureation to replace traditional cyanidation method looks very 
promising. The dissolution of both gold and silver in suitable thiourea medium 
is over ten times faster than in the cyanide solution. Also the dissolution of 
copper by thiourea is in contrast much less than that by cyanide, which makes 
thiourea an ideal leaching agent for the extraction of gold and silver. 

The dissolution reaction is mainly mass transfer controlled by the diffusion 
of ferric ions at low ferric ion concentration. 
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j n-situ leaching (ISL) of minerals has the potential of 
opening up resources which currently are uneconom

ical to mine by conventional methods with less distur
bance to the local environment. The basic principle in
volves the recovery bf melal values by transporting 
fluids through rock, as contrasted with mining and proc
essing rock by conventional mining. This type of proc
ess is best suited for minerals that are deep-lying, lower 
grade and water saturated, with high flow conductivity 
and mineral contact with water.. 

Significant progress has been made over the past dec
ade in the development of ISL technology for recovery 
of uranium and copper. Specific activities over this time 
period include: 

• Commercialization of uranium production in south 
Texas.' 

• Pilot operations for uranium in Wyoming and Colo
rado.' 

• Kennecott's development project for copper sulfide 
leaching in Arizona.^ 

• Occidental Minerals development of copper oxide 
leaching in Arizona.^ 

The purpose of these remarks is to review technical 
and economic aspects of the ISL process and briefly 
discuss three of the key engineering tasks: selection of 
metal concentrations, oxygen injection (uranium and 
sulfide operations), and well pattern design consid
erations. 

An ISL operation consists of surface and sub-surface 
facilities (fig. 1). Summarizing the major activities: 

• Chemicals required lo dissolve and maintain metals 
in sblution are first processed through the surface 
facility. -

• A set of injection wells is used to force the solvent 
into the pores or fractures of the rock by using a 
pressure in excess ofthe hydrostatic pressure in the 
deposit. 

• Solvent travels through the rock and reacts with the 
solid mineral, transferring the metal value to the liq
uid phase. 

• A set of production wells is used to create a low 
pressure sump where the metal enriched solution 
can be collected for transport to the surface. 

• The produced solutions are processed for both met
al recovery and .solution make-up for an additional 
trip through the pores in the rock. 

Successful implementation of these five activities re
quires an integration of mineral geology, and oil field 
and extractive mineral technologies. Although specific 
technical aspects of ISL can vary widely, uranium ver
sus copper leaching, or wellfield operations ranging 
from massive rubblizaliun of rock lo water flooding de
posits with natural permeability, most ISL systems 
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have in common the following (fig. 2): 
• The majority of the capital investment is tied up in 

the surface facility, where technology is somewhat 
standard and controlled, unlike the sub-surface-
component. .. • .5 

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

• Limited or no prior industrial experience exists. 
Therefore, it is important to develop mining strategies 

which minimize risk, and this requires understanding 
the interactions of key technical and economic parame
ters. 

METAL-
EXTRACTOR 

CHEMICAL 
MAKE4JP 

PUMP 

Pp 

STATIC FLUID PRESSURE 

Fig. 7. Overv iew o l in s i tu leach ing 

Solution volumes, flow rates determine performance 

The economic performance of an in-situ operation is 
governed by the following: 

• The volume of solution processed through the sys
tem. 

• Rates of fluid injection and production from wells. 
• The rate of mineral solubilization in the liquid 

phase. 
• The volume of rock swept by the fluid. . . 

Relating the above lo site-specific capita! investments 
and operating costs requires gathering, evaluating, and 
integrating technical data on deposit and solvent char
acteristics. 

Mining: Con£rn>a Joumml 



- • Deposit characterization 
— Depth 
—Ore grade 
—Total contained metal 
—Ore thickness 
— Flow conductivity"(permeability) 
— Void space in rock (porosity) 
—Mineral distribution in rock 
—Natural groundwater flow. 

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

and surface facilities 
—Trace meta! solubilization and impact on surface 

processing and environmental requirements. 
A final design requires specification of the following 

sub-surface parameters: effluent metal concentration, 
number of wells, well spacing and frequency of future 
well pattern additions. 

For a given operation, it is likely that several combi
nations ofthe alsove, involving trade-o£Fs of initial capi
tal versus cash flow, will provide an acceptable eco
nomic performance. 

Meta l concentrat ions impact process economics 

As would be expected, the level ofthe metal concen
tration in the produced solutions has a major impact on 
the economics of ISL. The four major capital invest
ments that are impacted by the level of produced metal 
concentration are the surface facility, wells, pumps, and 
solution inventory for well pattern start-up. 
Surface facility investment. This has two components, 
one related to total production capacity (tons per year), 
the other to the total rate (gpm) at which solution is cir
culated through the system. At a fixed level of produc
tion capacity, the gpm related investment declines as 
metal concentration increases, as smaller volumes of 
solution can be processed to obtain a fixed tonnage per 
year of metal. The product of gpm and metal concentra
tion is proportional to tons per year production capac
ity. At a fixed level of production capacity, the volume 
of solution continually being handled (total gpm) de
creases as the concentration of metal in solution in
creases. Thus, from the standpoint of surface facility 
capital, it is desirable to achieve a high effluent metal 
concentration. 
Wells. Total well costs are related to individual well 
costs, which increase with depth, and the number of 
wells. Since the individual production capacity ofa well 
is proportional to the product of flow rate and meta! 
concentration in solution, it is desirable to have a high 
metal concentration to achieve a high level of individual 
well capacity, which in turn keeps the number of wells 
at a minimum level. 
Pumps. Pump investments usually increase with both 
the volume of solution processed and the pressure head 
against which the fluid must be pumped. High effluent 
metal concentration results in low solution volumes, 
while the pressure head is proportional to both well 
depth and rock permeability. Ifthe rock is tight, high 
pressure diflercntials in the wells must be uscd to move 
fluids between wells. 

July 1980 

BASIS 250,000 LB/YEAR 0 . 1 % ORE-GRADE, 
5 0 % RECOVERY, 30% POROSITY, 50 GPM PER WELL 

PLANNED WELL LIFE 1 YEAR 

50 PPM URANIUM 300 PPM URANIUM 
• 1250 GPM FLOW • 210 GPM FLOW 
• 10 MILLION GALLONS FLUID • 10 MILLION GALLONS FLUID 

IN ROCK PORES BETWEEN IN ROCK PORES BETWEEN 
WELLS WELLS 

• 5 1/2 DAYS TO DISPLACE • 33 DAYS TO DISPLACE 
PORE FLUID PORE FLUID 

•I- 1 1/2% OF OPERATING WELL- 9% OF OPERATING WELL 
LIFE START-UP TIME 

NEGATIVE CASH FLOW 
- 25 WELL UNITS 
- MOVE FLUID AROUND 66 

TIMES 

LIFE START-UP TIME 
NEGATIVE CASH FLOW 

+ 4 WELL UNITS 
+ MOVE FLUID AROUND 11 

TIMES 

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

Start-up. The pores of the rock in the well pattern are 
initially filled with water: Each time a well pattern oper
ation is initiated the solubilized metal is diluted by the 
pore fluid, requiring at least one exchange ofthe volume 
of water in a well pattern (one pore-volume) to attain 
full production capacity. Prior to this time, operating 
costs are likely to exceed revenues resulting in a nega
tive cash flow. Since the time required to achieve thisT 
one-pore volume displacement increases as the total 
flow rate of the system is reduced, the negative cash 
flow of start-up will be higher at increased levels of ef
fluent metal concentration, as the product of total gpm 
and metal concentration is a constant for a given pro
duction capacity. 

Table 2. Design^ parameters affecting major capital investments for 
in situ leaching 

• SURFACE FACILITIES 
* PRODUCTION CAPACITY 
• TOTAL PU\NT GPM 

• WELLS 
* DEPTH 
* FLOW RATE PER WELL 
• METAL CONCENTRATION 

• PUMPS 
* TOTAL PLANT GPM 
* DEPTH 
• PERMEABILITY 

• START-UP 
• OPERATING COST 
• TIME TO EXCHANGE PORE FLUID 

.WELL LIFE] 

. POROSITY VOLUME OF PORE FLUID 

. GRADE J 

. TOTAL PLANT GPM 

PUMPING HEAD 

Three ofthe four major investments (surface facility, 
wells, and pumps) decrease with increasing metal con
centration. However, since the negative cash flow asso
ciated with start-up is higher for a system designed for 
high metal concentration (low gpm), it is likely that an 
optimum concentration exists at which the initial total 
cash outlay is minimized. Putting it simply, even if it is 
possible to technically achieve very high metal concen
trations, it may not be economically desirable. Table 1 
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. iliiislralcs these opposing cIVccts, and tabic 2 siinima-
ri/.cs the design paramcicrs .ilTccling c;ich of (he four 
ni;ijor invcslmcnls. 

Sub-surface engineering considerations 

In-siliulcactiing of uranium and copper sulfide depos
its requires an oxidizing agent for metal solubilization, 
with direct oxygen injection being the least expensive. 
Oxidants can be grouped into two categories; those that 
are totally liquid soluble, such as chlorate, and those 
that are oxygen based, such as hydrogen peroxide and 
oxygen. Peroxide probably decomposes to oxygen and 
water on contact with rock. 

Economically speaking, hydrogen peroxide is five to 
10 times more expensive than gaseous oxygen. Al
though it probably provides equivalent leaching per
formance in the rock, as it decomposes to oxygen and 
water on contact with rock, peroxide injection avoids 
the difficulties of mixing and transporting downhole a 
gas-liquid mixture. The added cost of using peroxide in 
uranium operations is tolerable, as peroxide operating 
costs are in the SJ to $2 per lb uranium range. In leach
ing copper sulfides, gaseous oxygen is the only choice, 
as even at minimum consumption oxygen costs are 50 
per pound of copper and use of peroxide would ap
proach the selling price ofthe metal. The handling and 
transport of gaseous oxygen-liquid mixtures in injection 
wells is described in two patents.*' and has been dem
onstrated to be a safe and stable operation. 

Free oxygen gas impacts injection and leaching 

When the back pressure ofthe water table is not suf
ficient lo maintain oxygen in solution, free oxygen gas 
will form in the rock. This leads to the possibility of 
reducing the efficiency of well pattern operations by re
ducing permeability at the point of injection, and/or 
venting gas in an unproductive manner in the vertical 
direction, or fingering through the solvent in the hori
zontal direction. In a uranium operation, free gas forma
tion will be related to a combination ofthe ore-reducing 
capacity and water table (oxygen requirements versus 
solubility). To achieve copper loadings above 4 Ib per 
1000 gal ('/2 gpl) in a sulfide deposit, well pattern opera
tions must be designed to handle free gas flow, as free 
gas will exist even at depths of 3000 ft. The presence of 
free gas in the rock afi"ects both the, rate of liquid injec
tion and the operation of the well pattern. 

As the oxygen concentration in the injected liquid is 
increased to achieve higher metal concentrations, some 
level is reached at which free oxygen gas forms. This 
free gas increases the resistance of liquid flow in the 
rock (reduces permeability). The productivity of the 
well unit (lb per day of metal), being the product of flow 
rate and concentration, will continue to increase, al
though at a lower rate than with a soluble oxidant, until 
a point is reached at which the free gas caused reduc
tions of flow rate exceed the added oxidizing power. 
Beyond this point additional wells must be used to 
achieve higher metal concentrations. 

Uneven flows of oxygen and solvent will occur in 
bolh the vertical and horizontal directions. Well separa
tions ;ind injected oxygen concentrations have to be bal
anced when free gas is present in the deposit to insure 
Ihat an adequate oxidizing condition can be maintained 

TECHNICAL 
UNCEHTAINiy 
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Fig. 2. A l t h o u g h the techn ica l aspects o f in s i lu leaching can vary 
w ide ly , mos t ISL systems have in c o m m o n h igh capi ta l investment 
in Ihe surface faci l i t ies, where the techno logy is s tandard ar id con
t ro l led , unt i t le the sub-surface c o m p o n e n t 

within the well pattern. 
Free gas can vertically segregate in an unproductive 

manner in the leach zone. The vented oxygen is not 
available to oxidize minerals in the bulk ofthe rock be
tween wells. Two actions can be taken to compensate 
for gas venting. 

• Increase the level ofoxygen injection. This will re
duce injection permeability and increase chemical 
and operating costs. Too much excess free -gas ' 
could lead to mineral blinding, reducing the rate of 
leaching. 

• Reduce well spacing. This will increase the number 
of wells and their total cost and may not provide 
sufficient time for oxygen to react with the mineral 
of interest. 

The frequency at which well patterns are brought into 
production have significant economic and technical im
pact on operation ofthe process. Frequent replacement 
or addition of wells relative to the life of the operation 
increases the present worth of future investment, which 
in turn reduces the initial investment that can be allo
cated for wells. This places a significant burden on the 
technical performance of the well pattern, requiring the. 
production capacity associated with an operation using 
a minimum of wells in service at any one time. 

The selection of well spacing also has both economic 
and technical significance. Should the well spacing be 
made too large, then the time required tb displace the 
water from the well pattern with enriched metal solution 
is high, resulting in negative cash flow impact on overall 
economic performance. Short well spacings provide on
ly a limited time for the solvent to react with mineral 
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and enrich the metal value in solution lo the desired lev
er. 

The local geology and its relationship to structural im
plications must be accounted for to insure high flow 
capture. In many cases fluid moves more rapidly in one 
direction versus another. Adequate hydrological testing 
ofthe deposit can provide sufficient data such ihai well 
.separations can be adjusted lo insure equal travel limes 
of fluids-in'the deposit. This avoids uneven mining and 
premature loading declines. 

In conclusion, in-situ leaching of non-ferrous metals 
has developed to a considerable extent over the last 
decade. As experience is gained in dealing with subsur
face operations, it is likely thai additional quantities of 
Ihe large U.S. resource of low grade non-ferrous ore 
can be brought into economic production. • 
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continueit from p. 25 
er that we're paying no attention to the debate. One just 
has to learn how to listen to two conversations at the 
same time. While the legislative chamber is an inter
esting place, it is also chaotic. Remember that the 
people there are remarkably representative. 

When you're looking at a legislature, the first thing to 
figure out is whether you're dealing with a professional 
legislature or a part time legislature. Most of your West
ern mining states have part-timers, but California, for 
instance, has a full-time legislature. Again, you're going 
to get an incredibly different kind of person running in 
those two kinds of states. 

Do's and don'ts of communication 

First of all. try to be informed, and if you are asked a 
question when you don't know the answer, say you 
don't know. Above all, try not to give misinformation. 
We're tremendously dependent on other people. 1 don't 
know very much about insurance and have to ask other 
people about it: if I'm told the wrong thing, I remember 
that. Don't be defensive about saying you don't know 
something. Just make sure that what you're saying is 
correct. 

Another thing is, be honest. When I'm dealing with 
lobbyists, I will often ask them about other bills to see 
from where they are coming. Legislators want someone 
with whom they can communicate, so if there are some 
negaiive things about a bill you want a legislator to 
sponsor, for instance, explain those negative aspects, 
too. Someone is bound to know them and ask the law
maker questions about them, so the bill's sponsor must 
be. well prepared. It's like being honest with your law
yer: you've got to be honest with legislators. 

Tact and common sense essential 

Another point to remember is that courtesy really 
counts. There are a lot pf unwritten conventions in any 
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legislature. In Utah, one of them is smoking. If you're 
going up lo a group of people who don't smoke at all, or 
at least aren't smoking, be careful about lighting up a 
cigar. You may find that they vote against your bill just 
because ihey don't like the smell of your cigar. 

Another thing is that legislators are vtry careful about 
the power they have. Don't try to be a legislator when 
you're lobbying one. Concerning access to the legisla
tive floor, lobbyists sometimes do themselves more 
harm by speaking on the floor than ju.st staying in the 
wings and being a resource. So be sensitive to that, be
cause you may think you're helping your cause by 
standing up and giving a speech, while it may be just the 
opposite. 

It is particularly importarit for a lobbyist to try to like 
the folks he is dealing with. You can't be very effective 
if legislators think you're talking down to Ihem. if they, 
think you don't respect them, if they think that you 
don't like them. If you really don't like the people that 
you're being asked to talk to, don't talk to them. .You'll' 
be making a negative impression. 

Remember, dift"erent strokes for different folks. It 
might be difficult for lobbyists to approach each person 
dift'erently when there are a lot of new legislators, but it 
is necessary. We approach every mining property dif
ferently; you've got to approach every legislator dif
ferently. At the same time, never lay o n a heavy con
cept the first time you meet somebody, ll would be best 
to be introduced by someone who knows the new legis
lator and wait at least until the second meeting to in
troduce whatever concept you want them to understand 
or act on. 

In terms of what it costs, mostly what getting to know • 
your legislature costs is your time, .^nd that's some: ^ 
times the most precious thing we have. -

The other thing I'd warn you about is shows offeree. 
A legislator doesn't like to be cornered into doing some
thing. He is likely to become resentful and take an op
posite stand. When people feel that they "own a legisla
tor," the lawmaker almost has to turn around and show 
his constituency that he isn't owned. 

As for when to communicate with your legislator, 
there are two things to keep in mind. One is access to 
the legislator: and two. you want to influence what he's 
doing. Access to a legislator you can get any time. Con-
'tributing to a campaign gives almost automatic access. 
It doesn't haVe to be a lot, either—ten, fifteen dollars. 

.My whole campaign costs SIOOO a year. It's not ex- ' 
pensive in dollars; it is expensive in time, but get to 
know your legislator if you can in the off-season. Then, 
when you have to influence the legislator, at least you 
have access. Then, use positive reinforcement in deal
ing with the official. 

The last thing 1 would suggest is that if you're really 
unsuccessful in dealing with legislators and you really 
want to change your local legislative policy, run for the 
legislature. You may be surprised if you win, but you 
won't be nearly as surprised as your opponent. • 
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[57] ABSTRACT 

A nuclear explosive is detonated in an ore depo.sit 
below the water table to provide fragmented ore dis
posed in a nuclear chimney which serves as an in situ 
pressure vessel. The vessel is filled with water from ex
ternal sources or by flow from the formation and oxi
dizing gas is bubbled through the ore to oxidize and 
dissolve metal values therein. An organic extractant 
solulion is then contacted with the aqueous phase in 
the ves.scl and is circulated to the surface where Ihe 
metal values are recovered therefrom. Following 
makeup the organic phase is recycled into the nuclear 
chimney. 
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SITU LEACHING SOLVENT 
EXTRACTION-PROCESS 

B.ACKGROUND OF THE INVENTION 

The invention disclosed herein was made in the 
course of or under Contract W-7405-ENG-48 with the 
United States.Atomic Energy Commission. 

Large ore deposits, particularly copper ore deposits, 
typically have a relatively shallow oxidized secondary 
ore zone above the water table and a much deeper un
oxidized primary ore zone below the water table. Many 
of such primary deposits have been upgraded by proc
esses of oxidation and supergene enrichment to con
centrations that make them economically feasible to 
mine. The enrichment process is a near-surface pro
cess. Most ore deposits have been developed by mining 
the enriched and oxidized zone thereof. Only where the 
primary ore is rich enough has it been economical to 
mine at depth or, with large and efTicient earth-moving 
equipment, to mine large deposits in open-pit mines. 
Leaching techniques have heen applied economically 
to the oxidized parts of ore deposits or to those that can 
be oxidized by alternate solution and weathering or 
bacterial oxidation, generpliy by vat, heap or dump 
leaching procedures applied to waste or low grade ma
terial which has been excavated to the surface, or is dis
posed in abandoned mine workings, block caving areas, 
etc. Because of low permeability leaching procedures 
generally cannot be applied to undisturbed ore bodies. 
Historically, copper has been recovered from leach so
lutions by the cementation process. However, in recent 
years the copper has also been recovered by extraction 
with liquid ion exchange or solvent extraction tech
niques using reagents such as LIX-64 a product of Gen
eral Food Corporation and Kelex-100 of the Ashland 
Chemical Company (cf. pages 254,255 of Supplemen
tary Volume (1971) of The Encyclopedia of Chemical 
Technology, Second Edition). Primary ores, e.g,, sul
fides such as chalcopyrite of a sufficiently high grade 
are generally processed by sulfide concentration, e.g., 
flotation, roasting, acid treatment and electrolysis. 
However, large deposits of such ores remain undevel
oped because they lie too deep to mine economically, 
their size is too small to allow the economics of large-
scale mining operations, the grade is too low, or various 
combinations of these factors. Reser\'es of copper and 
other elements would be considerably increased if an 
economical process of obtaining such elements from 
deep primary ore deposits were available. 

With a view towards economic recovery of elements 
from deep ore deposits, various nuclear explosive min
ing methods have been heretofore proposed. In this re
gard, it has been ccntemolated to employ a contained 
nuclear explosion to break up a deep ore deposit and 
form a rubble chimney therein. A leach solution is then 
percolated through the chimney to oxidize the broken 
ore and cause the desired element to go into solution. 
The solution is pumped to the surface and the desired 
clement recovered therefrom by conventional proc-
«sses. However, it has been found that at the low pres
sures, such as atmospheric pressure, various ores, e.g., 
chalcopyrite and most other primary sulfide minerals, 
are not effectively dissolved by the leach solution, or 
the rate of solution is so slow that any such process is 
impractical. It is known that the oxidation process and 
rate of solution are accelerated by the addition of an 

oxidizing agent, such as oxygen, chlorine, ferric sulfate, 
or the like, to the solution and ore. However, many of 
such agents arc too expensive or conosive to use. 
Moreover, altiiough oxygen is relatively inexpensive 

5 and non-corrosive, it is not very soluble in a leach solu
tion and otherwise reacts only very slowly with ore min
erals at atmospheric pres^-ire. 

Houever; as disclosed in my U.S. Pat No. 3,640,579 
issued Feb. 8,1972, relating to an in situ leaching pro-

10 cedure, the rate of oxidation is dramatically increased 
using oxidizing gases at the elevated hydrostatic pres
sures occurring at depth below the water table in bur
ied deposits and at somewhat elevated temperatures 
caused by the exothermic oxidation process arid by 

" heating ofa leach solution which is recirculated to the 
surface. While such procedure is advantageous in sev
eral respects, other improved in situ leaching proce
dures may provide-additional advantages. 

20 SUM-MARY OF THE INVENTION 

The present invention relates to the economic recov
ery of valuable elements frora their primary cres, and-
is raore panicularly directed to in situ leaching of pri-

. mary ore using aî ueous solutions under pressure and 
wherein the desired values are recovered from the 
leacliing solution, ia silu, by contact with an orgaiiic ex
tractant 

In operating the process of the present invention, 
3Q well known nuclear technology is employed to form a 

rubble chimney by underground nuclear detonation in 
a subterranean ore deposit to serve as an in situ leach
ing reaction vessel. Generally, according to the present 
invention it is preferred to provide and utilize a flooded 

35 nuclear chimney formed beneath the water table which 
provides an environment uniquely beneficial to the 
economic mining ofthe ore. More particularly, in ac
cordance with the meihod of the present invention a 
conta'med nuclear explosive is detonated in a primary 

40 ore deposit well below the water table to provide a 
mass of fragmented ore in a flooded chimney subjected 
"to substantial h;,'drostatic pressure, the chimney 
thereby serving as an in situ pressure vessel suitable for 
pressure leaching of the ore. The hydrostatic pressure 

45 increases the solubility of an ojudizing gas introduced 
into the chimney sufficiently to allow the primary ore 

-compounds to be oxidized and dissolved into the leach 
solution in a relatively short time, such leach solution 
usually being formed by the aforesaid oxidizing reac-

50 tion. Similar in situ pressure leaching cavities or vessels 
suitable for practice ofthe invention may be created by 
block caving, hydrostatic fracturing, by using conven
tional explosives or by other metiiods. 

Thereafter, as a salient feature of the invention, an 
'* organic extractant phase is contacted with the leach so

lution in the nuclear chimney pressure vessel to extract 
the mineral values tiierefrora. Usually the extractant 
phase is introduced proximate the bottom of said chim-

• ney to disperse and rise upwardly through the leach so
lution and fragmented rock to collect at the top of the 

• chimney. The loaded extract solution is withdrawn 
therefrom to a surfecc processing plant which can be 
ofa design similar to those used to treat smiil-ir type ex-

^j Iractant phases as employed in conventional Ieaching 
systems. Cefiain advantages such as the necessity of, 
circulating lesser volumes <3f fluids, more selective ex
traction, and others are obtainable. 

-4 
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For purposes of the present invention, introduction 
of the oxidizing gas is continued until a concentration 
of the desired mineral component, e.g., copper, suit
able for recovery is achieved in the leach solution. 

5 Thenceforth the desired material is recovered from the 
pregnant leach utilizing a solvent extraction or liquid 
ion exchange solution as descrioed hereinafter. 

The foregoing leaching operation of the process is 
preferably accomplished by drilling at least one shaft 

10 14 which is provided with a casing to communicate 
with the bottom of the chimney 13 and at least one 
shaft. 16 to comjnunicate with top portions thereof. 
Often times a vcid space (^ considerable volum.e is 
formed in the upper portion of the chimney (not 

may be generally similar to or in a modified form of 15 shown) in which event shaft 16 communicates with the 
those disclosed in my aforesaid U.S. Pat. No. void space. The oxidizing gas is then introduced to the 
3,640,579. For example; in the case of copper the ore bctiom of the chimney via cased shaft (or well bore) 
may comprise primary copper sulfides such as chalco- 14, as by means of a pipe 17 extending therethrough in 
pyrite, bornite, chalcocite, etc. In accordance with the spaced relation to the shaft wall and connected at its 
particularly salient aspects of the present invention, 20 upper end to a suitable compressed gas source 18, such 

BRIEF DESCRIPTION OF THE DRAWING 

The invention is illustrated in the accompanying 
drawing wherein the single FIGURE is a cross section 
of a geologica! formation with a nuclear chimney 
formed in a primary ore deposit and adapted to the 
conduct ofa solvent extraction-leaching method in ac
cordance with the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring now to the drawing in detail, there is .shown 
a primary ore deposit 11 which includes compounds of 
a valuable element which is desired to be obtained. 
Certain of the procedural operations and condition 

such a deposit 1! is first located which exists well be
neath the water table 12. Thereafter, a nuclear chim
ney 13 of broken ore is formed in the deposit entirely 
beneath the water table, preferably at a substantial 
depth thereunder. Formation ofthe chimney is accom
plished in general accordance with well established nu
clear technology by emplacing and detonating a nu
clear explosive having a predeterminedyield, at a pre
determined depth commensurate with a contained ex
plosion in the ore deposit productive of a rubble chim
ney of broken ore having a predetermined height above 
the detonation point selected to not exceed the water 
table 12. It is particularly important to note that al
though fracturing into a water bearing formation is usu 

as a gas supply and compressor, at the ground surface. 
The gas thus rises upward through the chimney to the 
top portion or void space and any excess not reacting 
will rise to the ground surface through the shaft 16. In 

25 the event ihat oxygen is being employed as the oxidiz
ing gas any excess rising to the surface may of course 
be recycled. If air is being employed the residual gas 
which would mainly be nitrogen may be discarded. The. 
rate of reaction and attendant leaching of the desired 

30 value from the ore is significanUy accelerated at ele
vated temperatures as well as by the increased oxygen 
pressure provided as discussed above. Some increase in 
temperature is provided by the normal geothermal gra
dient The energy of the detonation provides a rela-

ally to be avoided in the detonation of some contained ^̂  jjvely small increase in temperature and oxidation of 
underground nuclear explosions in order to prevent 
flooding ofthe resulting ru'oble chimney, in accordance 
with the present m.ining method, the nuclear explosive 
is deliberately emplaced and detonated beneath the 

the sulfides also provides heat to increase the tempera
ture of the leach solution and chimney rubble; how
ever, where total sulfide content is low this effect may 
not be adequate to provide an effective temperature 

water table. As a result, if adequate permeability exists, ^ increase. >\'here leach solution is processed at the sur-
the chimney 13 is flooded by the natural inflow of 
water under the hydrostatic head of its vertical dis
placement below the water table 12. Otherwise, water 
may be introduced to provide a similar situation. The 
broken ore in the chimney is thus subjected to hydro
static pressures which are dependent upon the prevaO-
ing water head. In this regard, the hydrostatic pressure 
acting on a given point is approximately 435 psi or 30 
bars for each 1,000 ft it is below the water table. 

The hydrostatic pressure acting on the nuclear chim
ney 13 is utilized to good advantage to promote leach
ing of the broken ore contained therein. More particu
larly, the chimney 13 is employed as an in situ pressure, 
vessel for accelerating the dissolution of the contained 
broken primary ore minerals. In this regard, an oxidiz
ing gas is introduced into lower portions ofthe chimney 
at high pressure and thereby percolates through the 
contained broken ore and water mixture which h.-is a 

45 

50 

55 

face it may be heated and recirculated to heat the 
chimney contents; riowever, such a procedure is not 
particularly suitable in the present process. Accord
ingly, it is preferred herein to introduce the additional 
heal which may be required by injecting steam or su
perheated steam through pipe 17 as from a surface 
steam plant 19. Mixtures of steam and oxidizing gas 
may, of course, be injected simultaneously if desired. 
Chimney content temperatures somewhat above 100° 
C with oxygen pressures above several hundred psi, 
e.g., above 500 psi are considered advantageous, (cf. 
"Chemical Mining cf Primary Copper Ores," A. E. 
Lewis, pp. 909-917, Proceedings of Symposium on En
gineering with Nuclear Explosives, held January 14-16, 
1970 al Las Vegas, Nevada). The maximum tempera
ture win usually be determined by the thermal stability 
of the extractant but may be at least as high as 200° C 
or more. It may be noled that control of the chimney 

substantially infinite permeability compared to that of ^ temperature can be achieved by regulating the rate of 
the surrounding unbroken wall rock. By virtue of the 
high pressure, the solubility ofthe gas is increased such 
that it readily dissolves and more rapidly oxidizes the 
ore minerals particularly sulfides to form an acid leach 
solution as a result of the reaction. The acid solution 
aids the oxidation ofthe ore minerals by the gas and the 
desired ore element goes into solution at a relatively 
rapid rate. 

oxidizing gas and/or rate of steam injection. Also, as 
the solvent extraction procedure provides an increase 
in the acid content of the aqueous phase and concen
tration of the extracted value is decreased the rate of 

J, leaching may be accelerated 
The leachmg operatioi outlined hereinbefore is par

ticulariy applicable to the economic recovery of copper 
from deep deposils of primary copper sulfides, such as 
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chalcopyrite (CuFeS^). In this case, oxygen is em
ployed as the oxidizing gas introduced to the chimney 
containing broken ore and water at least in inilial phase 
of the operation. Other .t.u!tab!e oxidizing agents are 
alsooperable.Variouspthermaierialsmayalsobecoii- 5 
tained therein such as iron sulfate in varying^ propor
tions together with tiaceamounts of silver, gold, mo
lybdenum, etc. To provide conditions suitable for re-
cbver>' ofthe copper as described'hereinafter the pH 
(acidity) ofthe leach solution should preferably be of 10 

the ordei' of 1.0 - 3. The LIX-64 type extractant is op
erable with-aboutzero to several grams, i.e.,,l0.grams/-
liter bf HjSOf. Leaching in the initial period is contin
ued until a EufTicient content of copper is leached to af
ford economic recovery. Such a conteni may range 
from at least about I gram per liter to 20 or more grams 
per liter in the loaded leach solution. 

For recovering the meta! value, e.g,, copper from the 
loaded leach solution, in accordance with the present 
invention, a suitable extractant phase, i.e., a solvent ex
traction or liquid ion exch.n.nge phase as such phases 
may variously be known, is bubbled through the preg-
ijant leach stoiution in the nuclear cavity and which is 
then drawn to the surface for recovery bf the desired 
vdus- More particularly, ar. organic extractant solution 
or phase may' be injected from a so lution processing 
plant. 21 situated at the surface as through' the clear
ance space betweeiv the casing of shaft 14=and pipe 17 
into tJic lower portion of the chimney vCiSji, The ex
tractant is dispersed thereat and being ofa lower den
sity than the loaded leach solution, rises with signiricant 
turbulence and along circuitous pathsthrbugh the frag
mented ore to contact the leach solution so as to ex-
traet the desired value, 'i.e., copper therefrom. The 
loaded extractant phase eventually collects in the 
upper portion of the chimney tp a depth at which the 
lower end of the.casing of shaft 16 is immersed therein. 
As this operation'is initiated some ofthe leach solution 
may be displaced upw'ardly through shaft 16 and may 
be treated In plant 21 for the recovery of copper 
therein, if of sufficient economic value, by conven
tional cementation, extraction,, ion exchange, or other 
piocedare. 

Thereafter, loaded extractant phase- may be with
draw n.lhrough shaft 16 as by means ofa pump 22 ahd 
fed into the solution proce.^ing plant for recovery of 
the minera] value (copper). 

It may be desirable in order to increase extraction ef
ficiency to increase the interface area, contact time and 
dispersal ofthe extractant in some manner to assure ad
equate contact with all portions of thepreghant leach 
solution over'an appropriate period of time. This can 
be accomplished in several ways. However, it may be. 
noted thai the rising current of extractant tends to 
cause some circulation of the leaeh solution as would 
convection currents caused by heating effects of iri-
jected steam. Also, injected oxidizing gas or injection 
of air or nitrogen simultaneously with the extractant 
phase can also assist in dispersing the extractant phase 
and circulating the teach solution to improve inter
phase contact Also, the lower end ofthe casing of shaft 
14 may be perforated over a length extending across 
the bottom ofthe cavity (not shown) so as to disperse 
the oxidizing gas and/or extractant phase more effec
tively. 

The solvent extractioc medium or phase-is generally 
comprised ofa fluid organic solvent containing an ex-
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traction agent of w'hich several are known in the art 
The organic solvent may be a hydrocarbon in which the 
extractant agent and extracted species are scluble. Low 
cost petroleum fractions having a relatively high boiling 
point to reduce volatility are generally suitable and are 
preferred on an economic basis. 

Kerosene, diesel fuel, stove oils, fuel aits and the like 
having a low content of lower boiling materials may be 
used. High gravity relarively low viscosity crude oils 
from w'hich the lower boiling fractions have been re
moved could also be used as an eAnomical solvent 

LIX-64, a prod uct of the General Mills Corporation, 
is an extraction agent which is selective with regards to 
extraction of copper frpm leach solutions of the char
acter described. This reagent.is an a-hydroxyoxime for 
which die gener^ formuia is Rfl"C{OH)CR'NOH 
where R,R' and R" may be any of a variety of organic 
hydrocarbon radicals such as aliphatic and alkyaryl 
radicals. These extrBCtants and the copper complexes 
have a solubility of at least about 2% by weight in a sol
vent such as kerosene and are insoluble in water (cf. 
page 254, Supplement Volume {1971). "Encyclope
dia" cited above. .Also D. W. Agers et at. Trans. Soc. 
Mining Engrs. 235,191-198 (1965) Kelex-IOO.) LIX-
64N is an improved extractant from the same source. 
Kelex-lOO type reagent from Ash!a,id Chemical Com
pany may be.used simuarly. This reagent operates best 
in a pH range of about 1,5 to 2.8; however, extraction 
still occurs at a pH of about 0.5 (cf. HartJage, I, A.. 
Kelex-IOO - "A New Reagent for Copper Solvent Ex
traction;" SME Fall Meeting, Salt Lake City, Utah, 
September, 1969). Such reagents in amounts of about 
0,5, to 7% or more determined by solubility by weight 
may be used with acidity conditions disclosed hereinbe
fore io effectively arid preferentjaliy extract copper 
from the aqueous leach liquor yielding the loaded ex
tractant solutlon. 

Fof recovering the copper from'the loaded extractant 
solution the .surface processing plant which may be of 
-a modified conventional design may include copper 
value stripping.circuits which yields a sulfuric acid solu
tion suitable for prcKressing: in an electrolytic circuit 
The copper anodes produced therein are of reiatively 
high purity. More particularly, such plant may include 
af least a pair of tandem mixer-settler stripper units 
wherein the copper is stripped from "the pregnant ex
tractant phase using an aqueous sulfuric acid contain-
ing-abbutlOO to about 200 grams/liter of HiSO,. The 
copper loading ofthe stripper solution may range from 
about 2 to as high as 50 grams per liter depending on 
operating conditions. The stripper solution 'is then 
treated in an electrowinning circuit and is recycled to 
the mixer settler circuit Conventional solution pro
cessing plants are discussed in "World Mining," Octo-
befi 1970, pages 38-44 and in references cited therein. 
An accessary circuit corresponding to the leach liquor 
treating circuit of siich a plant may, of course, be used 
to treat any overflow aqueous leach liquor, if desired. 
The depleted extrBCtant phase raay then be refurbished 
and recycled into the chinmey. 

Farther details of the process ofthe invention will be 
set forth in the following iUustrative example: 

EXAMPLE 

Consider the case of. a deep deposit having an ore 
grade of 0.5% coppd-, bulking factor of 0:15i and rock 
density of 17 g/cc in an area wh^e the water table is 
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at 50 meters. The lower limit of copper content which 
may be treated can be considerably lower while higher 
contents can even more readily be treated. From well 
established nuclear explosive technology, il can be 
shown that a nuclear explosive with a yield of 100 fa 
emplaced and detonated in the ore deposit at a burial 
depth of 750 meters is productive ofa cavity or nuclear 
chimney with a radius of about 41 meter and volume 
of 2.9 X 10* cubic meters. Assuming a chimney wall 
slope of 3° from the vertical, it can be calculated that 
the chimney has a height cf 250 meters above the shot 
point and contains 1.6 X 10* cubic meters of broken 
ore. The total void space may be about 25 to 50%. With 
the chimney thus positioned and proportioned, the hy
drostatic pressure- acting thereon when filled varies 
from ! ,000 psi at the bottom of the chimney to 650 psi 
at the top. Steam is generally injected together with ox
ygen at a pressure of about 1,000 psi which is intro-
.duced to the chimney at a rate of 5,000 ftVhr for a time 
sufficient to provide a concentration of at least about 20 
0.5 g/iiier in the pH of the order of 1.5 to 04.0 therein. 
An organic extractant phase comprising a high boiling 
petroleum hydrocarbon solvent with a'oout 2 percent of 
LIX-64 or LIX-64N dissolved therein may then be in
jected with a flow rate. e.g.. 5,000 gals/ir.in to extract 25 
copper from the leach liquor, in situ, in the nuclear 
chimney. Thereafter the extraction and oxidizing treat
ments may be alternated dependent on copper conteni • 
of the leach liquor and to regulate chimney tempera
ture. In general, the oxidizing agents and extrDctant are 
not introduced simultaneously when oxidation of the 
solvent or explosive mixtures may be produced, Cof>-
per contents of the extractant phase may range from 
about 2 to 10 grams or higher/liter under varying con
ditions in the chimney. The loaded extractant phase is 35 
then circulated to a surface plant and is passed through 
al least two mixer-settler units to contact a sulfuric acid 
stripping solution containing about 100 to 200 grams/-
liter of H^O, yielding an aqueous copper sulfate 
HjSOi solution which is treated in an electrowinning 40 
plant Following makeup of the organic extractant 
phase it is recirculated as above. 

It is considered that a similar in situ pressure leaching 
procedure can liberate other metal values from a sul
fide ore deposit and that an organic extractant solution 45 
of appropriate character may be used to strip desired 
values therefrom by manipulation similar to those sel 
forth above. For example, amine extractants, alkyl 
phosphate extractants and others are known to be ef
fective for extracting various metal values from acid 50 
leach liquors. 

Although the invention has been hereinbefore de
scribed and illustrated in the accompanying drawing 
with respect to specific steps of the method thereof, il 
will be appreciated that various modifications and 55 
changes may be made therein without departing from 
the true spirit and scope ofthe invention, and thus il is 
not intended to limit the invention except by the terms 
of the following claims. 

What I claim is 60 
1. A leaching solvent extraction method for the re

covery of a desired mineral value from a primary sul'
fide ore deposit containing same comprising the steps 
of. 

locating a primary ore deposit containing a desired 63 
element existing beneath a water bearing subtena-
nean formation; 

creating a rabterranean chamber conlain'mg said pri
mary sulfide ore in a fragmented form at a substan
tial depth beneath the upper level of said water 
bearing formation so that the contents thereof are 
subjected tothe hydrostatic pressure head of said 
water bearing formation; 

introduc'mg oxidizing gas to said chimney at substan
tially the pressure of said hydrostatic head with said 
gas being therefore more highly soluble in the 
water contained in said chimney to oxidize said ore 
lo form an acid leach solution effective, in the pres
ence of the dissolved gas to dissolve said ore and 
cause said desired element to go into solution 
therein; 

then contacting said leach solution in the chamber 
with an organic extractant phase to extract the de
sired mineral value therein yielding a loaded ex
tract phase; and 

circulating said loaded extract phase lo the surface 
and stripping the desired mineral value from the 
loaded extract phase. 

2. A leaching-solvent extraction method as defined in 
claim 1 wherein said chamber is created by emplacirig 
and detonating a nuclear explosive in said primary ore 
deposit 

3. A leaching-solvent extraction method according to 
claim 2 wherein steam is injected along with said oxi
dizing gas to heat the chimney contents and accelerate 
oxidation and dissolution of said ore. 

4. A leaching-solvent extraction method iccording to 
claim 3, further defiricd by said desired element being 
copper, said ore being primary copper sulfides, and 
said gas being oxygen. 

5. A leaching-solvent extraclion method according to 
claim 4, wherein the oxidizing gas and steam are in
jected into said chimney until a predetermined concen
tration of said copper is attained in the leach liquor 
prior to extraction of said copper therefrom. 

6. .A leaching-solvent extraction method according to 
claim 5 wherein the ore is oxidized with heating until 
the pH ofthe leach solution is in the range of about 0.5 
to about 4.0 and said extractant phase comprises an or
ganic solvent together with an a-hydroxyoxime dis
solved therein and wherein the copper is stripped from 
the loaded extract using an aqueous phase containing 
about 100 to 2G0 gram/liter of ,HtSO«. 

7. A leachmg-solvent extraction method according to 
claim 6 wherein the pH of the leach solution is in the 
range of aboul 1.5 lo 2.8; 

8. A leachmg-solvent extraction method according lo 
claim 7, wherein the copper content of the leach liquor 
is al least 0L5 gram/liter prior to initiation of extraction 
of the copper therefrom. 

9. A leaching-solvent extraction method according to 
claim 6, wherein the introduction of oxidizing gas and 
extrsctant phase to said chimney is effected by drilling 
at least one first shaft lo communicate with the bottom 
of said chimney, and delivering said gas and extractant 
phase lo the bottom of said chimney via each first shaft 
wherein the removal of the loaded extract phase from 
said cinnmey is effected by drilling at least one second 
shaft lo connnunicate with the lop portions of said 
chimney, and pumping said loaded extract phase from 
said chimn^ to the ground surface via each second 
shaft. 
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With the increased einphasi.s on pollution and en
vironmental engineering, the mineral industries are 
turning more and more to chemical mining. The in
creased availabilit.y of less expensive sulfuric acid and 
or sulfur in the near future will lend impetus to 
leaching activity. The year 1971 will be remembered 
as a turning point in metal lurgy. 

Some chemical processes promise lo be competitive, 
if not better, than the old-fashioned smelting, par t ic 
ularly in the winning of copper from sulfide ores. 
The hydrometallurgical approach is becoming more 
at t ract ive because the economics are more favorable 
and the problem bf sulfur dioxide pollution must be 
considered. Instead of roasting sulfide concentrates 
and then smelting, reducing and electrorefining the 
meta], chemical processes feature leaching, then r e 
duction of the metal from the result ing solutions. 

In a cooperative effort to lessen environmental 
pollution, the copper industry joined in the forma
lion of a new research group, the Smelter Research 
Association. Inc. Us members are : Th'e American 
Smelling & Refining Co., The Anaconda Co., Cities 
Service Co.. Copper Range Co., Inspiration Consoli
dated Copper Co,, Kennecott Copper Corp.. Newmont 
iVTining Corp., Phelps-Dodge Corp. 

These eight companies were the source of p rac
tically all newly-mined copper produced in the 
United Stales in 1971. In addition, separate efforts 
are underway, such as the Phelps-Dodge Division of 
Environmental Engineering and Research. 

The adoption of leachin.g schemes to replace smel l 
ing generally faces the problem of high operat ing 
costs and the disposal of quanti t ies of soluble salts. 
Hydrologic pollution may, in the next decade, r e 
place atmospheric pollution as a major problem. 

Hydrometal lurgy is that field of metallurgical en
deavor in which the chemical processes involved in 
the extraction of metals from their ores take place 
in solutions. Tt i.s the ar t or service of selectively dis
solving and or separat ing metals or their compounds 
from .solutions primari ly aqueous in nature . The 
term solution mining is beginning to find wider ac
ceptance in Ihf industry and is being expanded to 
include the recovery of industria] minerals as well as 
n-iptals. Tt may be more accurate tn define this subject 
as a sequence of operations. 

Preparat ion may include size-reduction, concentra
tion, roasting or enhancement of availability to proc
essing. Dissolution may be carried out al elevated 
temperatures , elevated pressures, in acid or alltalino 
solvents and it .generally involves a liquid-solid sep
aration. Recovery could include ion exchange, solvent 
extraction, chemical pi-ecipitation or electrolysis. 

In t^omc cases hydrometal lurgy is the most impoi-
tant, if not the only, means of recovering the metal 
(e.g.. a luminum, magnesium, cadmium, cobali . ura
nium) or mineral (salt, po tash) ; in other cases it 
accounts for a considerable percentage (copper, gold, 
mol.ybdenum, nickel tungsten, zinc, and many rare 
ear ths ) . Only lead, of the major nonferrous metals, 
has resisted the hydromelallurgical approach. Pilot 
tests by the Bunker Hill Co. to produce lead and zinc 
directly from sulfide ores by high pressure leaching 
followed the system developed b.v Dr, Frank Forward 
and Sherr i t t Gordon Mines. Ltd.. and gave some 
promise of successful commercial production. 

In-si tu leaching can be divided into two catego
ries. The first is flooding or sa turated leaching as 
practiced by Kennecott at Ray, Ariz., a pilot-plant 
field test initialed near the mined-out Kimbley pit 
of Kennecott ' s Nevada Mines Division, and a Utah 
Construction and Mining operation. Solutions are in
troduced or pressure-injected at one point in the ore 
zone and then pumped from one or more e.xlraction 
welLs. (This can be done from the same hole, as is 
the practice in solution-mining for brines.) The sec
ond is unsaturated ieaching or film percolation, ex
amples of which are Miami Copper and some of the 
uranium mines in the Grants district. Leach solution 
is sprayed lightly (on the order of one gal per sq ft 
per h r ) over the old mined-out area and collected 
below in a, sysiem of old mine workings. The factors 
involved, in Ihis second category are practically the 
same as in dump leaching.' 

At Bagdad Copper, a copper sulfate solution from 
the leaching of cement copper is reduced with hydro-
,gen gas. The copper powder and regenerated sulfuric 
acid arc seni, (o a settling lank, where the solution 
is decanted and returned to the leaching system. The 
copper-powdei- slurry is pumped to a centrifuge. 
separated from the remainin.g liquid and washed. It 
is then dried under a controlled atmosphere, sintered 
and. if desired, coppei- briqiielles prepared. 

At the Blue Bird mine of Ranchers Explorat ion and 
Development Corp.. and al.so a t Bagdad, a bulk of 
Ihoir production comes from amine solvent extrac
lion. A typical agent. LIX-64, is very selective for 
f'oppor ions. 11 rejects all the iron and other metal 
impurities in the solution." The copper-rich solvent 
is then stripped to get a very high grade, pure, copper 
sulfate solution for subsequent precipitation of the 
copper by electrowinning or hydrogen reduction. 

Sherr i l l Gordon Mines has also been working on a 
chemical route to win copper from sulfide concen
trates. Eighty-live percent of the sulfur is recovered 
in elemental form- and 98"^ of the copper as follows: 
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Bagdad Copper has two systems, 
hydrogen precipitation and solvent 

extraction. The latter js shown here; 
center and right are LIX mixing and 

separation cells and the tank house is 
at left. 
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i 

.-Jl. 
r - i : 

The rinely-ground concentrale is Uealfd wilh diluit-
sui turic aciu in an auloelave, wilh oxygen, al a pres
sure of 5UU psi lor 2'/:; hours at 2'10'F lo form cop
per sulfate and sulfur. A 50Vo stoichiomeuic excess 
of concentrale gives the best results. After the copper 
sulfaie solulion is filtered oil, the sulfur, excess con
centrates and lailings are separated by floialion. The 
tailings (iron oxide and insol) are rejecied, the sul
fur is separated t rom the concentrates by hot fihru-
iion, or solvent extraclion or other means, and the 
concenua ie is recycled. The copper sulfaie solulion 
can be treated by any of the copper winning rouies'. 

Kennecott ' s Uiah Copper Division is adding am
monium bisulphite (a product obtainable Irom the 
neutralization of sulfur dioxide in smeller gases) to 
copper leaching solutions on an exper imenta l dump 
lo de termine if dump permeabil i ty and copper e.x
lraction can be improved. 

Leach-precipital ion-l lotai ion is being considered 
as a means of processing some 80 niilJipn tons of old 
gravity tailings and flotation concentrator lailings in 
the Miami-i Ariz., area. The tailings average aboul 
six lb of copper per ton, half of il soluble in acid. 
With the possibility of cheap sulfuric acid from cop
per smelters which are now installing equipment to 
meet new emission s tandards , the copper industry is 
considering previously unat t rac t ive low-grade ores. 
Anaconda, for example, has S ôme leachable but rela
tively high-acid consuming ore in their Twin Buttes 
mine. The mater ia l is not amenable to heap leaching 
but can be handled successfully in an air-l if t Pachuca 
slyle leaching tank, al least on a lab scale. In some 
instances older t ime-proven methods of t rea tment are 
an aid to the t rea tment of heretofore difficult ores. 

Recent investigations at the New Mexico Tech Re-
searoh Foundation indicated that a high SO.-ion 
concentration inhibits the dissolution of chalcocite 
and that the movement of leaching fluid across a sur 
face being dissolved is an important factor." A two-
year project is underway on the ra te of solution pen
etrat ion into rock above the water table and tech
niques for determining and controlling leach solution 
containment in a small deposit near Socorro. 

The Anaconda Co. is testing the Anat read process, 
based on a patent and patent application owned by 
Treadwell Corp. (New York) . The test facility has 
the capacity lo process 6 tpd of sulfide concentiules 
resulting in 2 tpd of relatively pure copper melal. 
The concentrates are leached wilh 90',;, sulfuric acid, 
then the purified meial-sulfate solution is treated 

wiiii iiydrogen cyanide lo fonn a solid cuprous cya
nide. Hydrogen gas reduces the cuprous cyanide 
briquettes al an elevated tempera ture lo metallic 
copper and hydrogen cyanide gas, which is subse
quently recycled. Klemenlal sulfur, a by-product oi 
tne leaching siep, is more salable and easily I rans-
poried than sulfuric acid. Treadwell-developed tech
nology permits ihe plant to operate al atmospheric 
pressures. Ninety percenl of the conlained sulfur in 
the feed is recovered as elemental flowers-of-sullur. 

Injeciion leaching is being employed lo improve 
leaching ih place in some of the old underground 
mines al Anaconda's operations in But te . Old waste-
lilled slopes are leached by acid mine water in t ro
duced through drifter holes (called Finnegans) 
through drift and cross-cut walls into the gob which 
slill conlaina considerable leachable copper minerals . 

The millions of pounds of copper recovered rep re 
sent some of the cheapest copper ever produced in 
ihis country, plus the fact there was no sulfur emis
sion problem involved in subsequent t rea tment . 

A new method of laying down mine-was te from 
Ihe Berkeley pil is in a series of long narrow.firigers 
aboul 50 ft high instead of in a single conventional 
dump. The result ing dump (composed ol many fin
gers) is e.xpected lo be more permeable lo leaching 
solutions because the finger mode allows for segrega
tion of coarse rock between each individual finger 
and, iherefore, improved solulion flow. Fur thermore , 
layers compacted by trucks are blasted as the dumps 
are builL up so that solution flow is improved 
throughout the entire dump. In a conventional dump 
emplacement, good solulion is normally possible only 
ill Ihe bottom edges of the dump. 

Several agencies have studied solution systems 
that might be employed for dissolution of copper 
sulfide minerals. O.xygcnaled pressure-leaching of 
deeply-buried chalcopyriie (such as would be found 
under the water table) has been successful in l ab -
uralory bench scale tests." Another USBM report d is
cusses percolation cyanide leaching for extraction of 
gold from mine strip material and marginal ores,'' 

The pilot concentrator of the Hecla Mining Co. al 
the Lakeshore property is capable of t reat ing over 
900 Ipd of ore. A pilot roast-Jeach-electrowinning 
plr.nl is nearly completed, and will process a portion 
of the concentrates which will be produced from the 
pilot concentrator. The sulfide ore feed for the pilot 
concentrator will be supplied from underground de 
velopment headings which are scheduled to be in ore 
dur ing the third quar te r of this year. 

MINING ENGINEERS Mi»M^'n f N n i N F F P i -



A method for the cementation of copper from 
aqueous solutions was presented at the 1970 TMS-
AIME Annual Meeting." The copper solution is re
duced by divalent chromium. The chromium is an 
intermediate reducing agent and is continuously re
cycled during the process. Nickel can also be reduced 
to the metal during the electrolytic reduction of the 
trivalent chromium to the divalent state. The reac
tions are rapid, high-purity copper is produced, 
nickel can also be recovered and no waste effluents 
are produced which require pollution control. 

Kennecott and the USBM used a radioactive tracer 
to study the hydrology and permeability character
istics of a very large copper leach dump at the 
company's Chino Mines Division in New Mexico. The-
tracer was obtained from the Lawrence Radiation 
Laboratory, a USAEC contractor, at very tittle ex
pense. 

One significant engineering feat in solution mining 
was the washing of two large caverns in a salt bed 
near Eminence, Miss., and their utilization for the 
storage of high-pressure natural gas." The feasibility 
and economics of this method ot commercial gas 
storage is becoming an accepted .fact. There are cur
rently three solulion mining operations in the slale 
of Arizona forming storage cavities in deep salt de
posits. 

The trend is more and more toward hydrometal
lurgy. For example. Ranchers Exploration and De
velopment decided upon a leaching operation at the 
Big Mike copper mine near Winnemucca, Nev., in 
place of a milling process the company originally 

considered. Kennecott also engaged in some large 
scale in-situ leaching tests in the walls of the Kim
bley pit, a new approach which may lead the way to 
new leaching operations in the fringe areas of other 
existing pits.' 

Research in general has become more and more 
complex, technically sophisticated and elaborately 
equipped. This research, on the other hand, is what is 
needed to keep copper production at the required 
levels under the increasingly demanding environ
mental controls that we must work under today. 
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Rock Mechanics 
J. F. T. Agapito 

Colorado School of Mines 

Progressing from an art of ground control inlo 
a branch of engineering, rock mechanics is .slowly 
finding more applications in mining engineering. The 
profusion of papers from many national and inter
national symposia continues to deal mainly with 
theory. Reports on field applications are still scarce. 
The gap between practice and theory has created 
somewhat of a communication problem between the 
researcher and the field engineer, but the demand 
for' more rational design procedures has provided 
an impetus whicii will eventually result in inori' 
exact and tangible field applications. The problem 
is how lo direct more of the current proliforalion 
of research into an applied path to achieve-this goal 
as quickly as possible. Additional industry partici
pation on rock mechanics work and increased in
dustry representation on rock mechanics meetings 
and committees is needed to help balance Ihe re
search effort. 

In November 1970, the Intersociety Committee on 
Rock Mechanics merged with the United States Com

mittee on Rock Mechanics under the name of the 
latter. This national body will represent the United 
States on the International Society of Rock Me
chanics. 

An understanding of the mechanical behavior of 
rocks is of paramount iniportance in mine design. 
A better understanding of rock failure was made 
possible with the introduction of servo-controlled 
and stifl'-testing machines. Laboratory experiments 
made with conventional testing machines cause the 
rock specimen to fail violently as soon as the peak 
load is reached. This violent disintegration is not 
a rock property, but is due to uncontrolled release 
of energy from the tesling machine into the rock. If 
the energy release from a testing machine is con
trolled tlie post-failure behavior of rock can be 
examined. Such study is very imporiant because 
in-situ rock very often is in a failed but stable con
dition. A high degree of rock failure conlrol has been 
achieved by a closed-loop servo-regulated testing 
machine.' Failure conlrol is attained when the most 
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Chapter 6 

SOLUTION MINING - ITS PROMISE AND ITS PROBLEMS 

0. A. Shock and F. R. Conley 

Continental Oil Company 
Research and Development Department 

Ponca City, Oklahoma 74601 

ABSTRACT 

Solution Mining or _In Situ Mining hai3 received increasing atten
tion in the past few years because the method offers many attractive 
possibilities in improving the environmental impact of mining as well 
as making feasible the extraction of deeper, low value mineral res
erves. This paper will present a brief discussion of the state-of-
tlie-art in total solution, slurry removal and leach mining. 

As a specific example of utilizing the method, the uranium depos
its of South Texas are a type of deposit which have been considered 
•1."! being amenable to jji situ leach mining. The parameters required 
lo ascertain the amenability of such a deposit for t t i situ leaching 
vlll be presented. The hydrological factors which influence the 
production of the soluble uranium solutions and their displacement 
will be discussed. Mathematical models for various well configura
tions have been made and graphic representation will be presented to 
Illustrate various production methods and the resultant hydrologlcal 
consequences. 

INTRODUCTION 

Solution mining, as a descriptor of a mining process, has been 
Increasingly used in the literature over the past few years. A more 
•«:ciirate description of the general process possibly would be "bore 
'"'le mining." The operation we are considering is that of removing 
•' Dineral value by drilling into the ore body, circulating an extrac-
'Ive fluid and removing the mineral value, possibly separating the 
-liieral value from the fluid, and then recycling the fluid. The 
•p«r.Ttlons In this system have much in common with the techniques of 
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oil production; therefore, it is not surprising that there is a defi
nite trend on the part of oil technologists to enter the field of 
bore hole mining. It is interesting to note, however, that the Frash 
Process of mining sulfur is an outstanding example of bore hole min
ing. This process dates back to the early 1900*8. Unfortunately, 
there is a dearth of information in the literature on which one can 
ascertain the probleraa encountered, the efficiency of the method, the 
reservoir characteristics for successful operation, etc. Certainly 
the many years of successful production of sulfur by the Frash pro
cess is a demonstration that bore hole mining has its place as a 
viable mining system. It is hoped that in extending the method of 
bore hole mining we can build a body of technology that is documented 
and will find broad application in time to come. 

Bore hole mining can be considered In three main types; (1) com
plete solution mining, (2) slurry mining, and (3) leach mining. Com
plete solution mining has become a significant method In Its own 
right in the production of brines for the chemical industry and per
haps more Important, In the building of petroleum storage capacity, 
e.g., salt cavern storage for natural gas, LPG, petroleum products 
and crude. The slurry mining category remains largely experimental 
as a means of producing phosphate rock, coal and others, and as yet 
has not reached a point more than the experimental stage. 

Leach mining is concerned with dissolving the mineral values in 
an extracting fluid, leaving the gangue minerals behind in the ground 
and producing the solubilized mineral out of a bore hole. Thus, 
Frash Sulfur Is an established process of this type. Much of the 
current leach mining research has been aimed at leaching of uranium, 
copper, and nickel. 

The specific discussions on the extractive mechanism of this 
paper will concern themselves about leach mining of South Texas 
uranium ores. The more general remarks can be applied to all the 
types. 

THE PROMISES 

Three major assets can be envisaged by use of the bore hole min
ing system: (1) the environmental, (2) the mineral utilization, and 
(3) the economic strategy. Needless to aay, we have become very 
aware of the environmental factors which Inhibit the mining industry 
in many of its developments. The mining method which leaves the 
earth undisturbed is an Impossible goal; however, the method which 
violates the earth the least surely should be rigorously considered-
Bore hole mining fulfills this potential to a great degree. It 
should be pointed out, however, that the method is not without Its 
environmental problems. The reservoir extraction system must be 
operated so that the solutions are held within the ore body. Thusi 
containment in the reservoir and contamination of ground water can 

Solution Mining—Its Promise and Its Problems 81 
be a problem. While surface disturbance may be minimized, subsidence 
must be considered in some cases. For Instance, ground movement in 
sulfur mining was noticeable and sometimes very troublesome causing 
collapse and shearing of the tubing. The Long Beach Field subsidence 
problem gave evidence that withdrawal of fluid without adequate re
placement can be a serious problem. The massive movement of earth 
during a strip mining operation should be eliminated by ̂  situ ex
traction; and thus, this undesirable feature would be eliminated by 
the j£ situ system. 

In the area of mineral utilization, bore hole mining should be 
able to reach our deeper reserves and hopefully would be applicable 
to lower mineral values. Ihe reserves of South Texas uranium for In
stance, Increase by more than another order of magnatltude if we con
sider lowering the minable grade average from O.IOZ to 0.05X. There 
Is little or no data to Judge how much the reserves could be extended 
by increasing the economic depth limitations; however, It is obvious 
chat this also would make a major Increase in the uranium available 
tn the future. 

The bore hole mining system portends some advantage as an economic 
strategy. If the production of mineral values can be realized early 
In the life of the development of a mineral deposit and If the refin
ing process Is no more complex than the normal metal winning process, 
the bore hole mining method can have a major advantage over the con
ventional mining systems because of the earlier return on Investment. 
In other words, the high development costs required in opening a mine 
.ind starting the ore preparation plants, in a usual mining project, 
gives a very unsatisfactory cash flow. In the high initial Invest
ment mine, tbe cash flow does not begin for a long time; thus the 
payout time is long, the time value of money requires a larger profit 
return, and the attractiveness of the venture la decreased. In the 
bore hole mining system, the development of wells should be rela
tively inexpensive (compared to stripping, tunneling, etc.) and If 
sufficient production can be maintained, and if the concentration or 
separation of mineral value is not overly expensive, the cash return 
'tarts In a much shorter time. Thus, the payout period is shorter 
*nd the return on Investment Is better. Production rates are more 
flexible with a well system aa they depend on the rate of development 

, of a field. Field development can be scheduled by the cash gener-
»ted by the profit from the operation. If the cost of capital la 
'̂gh, as it is today, a less capital Intensive mining system is 
'oportant. 

'logy 
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u J Tho secondary uranium de-
leal status of the ore ^ ' ^ ^ ^ ^ ^ H ^ . J:J^;err^for'th: dlLussions of 
positions of the U.S. are ^ ^ ' ^ ^ ^ ^ ^ ' S i . % ' i i y the deposits of South 
this paper, we will examine »-« Jf'^^^^f Jl). locates the band of 
Texas Figure 1. taken from Eargle, " !^„M^rmations. Tlie depos-
I Z o l . r e s of these principal """^^^^J^^J^^J iSo miles. Known depos
its ring the Gulf ^ ^ ^ ^ ^ ' ^ ^ l ^ ' l Z l T ^ o o l J l County through McMul en 
Its sweep from western Starr ̂ """^^ .^ on up the state. At the 
l a l Live'oak County -'^ P-"/f^,Jtf ̂I^es'are in Karnes County. The 
moment, the largest number f V = ' / ^ l l ^ ' ' l l , ^ relatively shallow. Typl-
deposits which have been worked ^ ^ ^ l ^ ^,,„g « distance many 

--t ;- idt: .-^i: ^ ^ t - : : : : : : ^ ^ ^ ^ J ^ ' ' 

Eargle (JUia) .describes the -Va«^cJ::ny'::nrs f̂ d̂ ^̂ d̂-
"Host rocks-tflhe South ̂ -as region are chiefly^^^ ^^^^ 
stones that contain volcanic ash and are ^^^^^^ ̂ .^^^ 3„d ,, 
ability. The --«1« «"-J"'"tIJmost pure volcanic ash. Most of the 
faceous silts that locally ̂ "^^"J^^^Jl altered by weathering and 
volcanic material has ^ l ^ t T ^ l Z l l l o l l place during periods of dry 
soil-forming processes that probably 
climate (Weeks and Eargle. 1963;. 

bar deposits laid ̂ own near 'he ̂ hores 8^^ ̂  ^ t , , however, In-
out to continental -Selves. These ar y ^^ ^^^ beds 
terbedded with ^^^^-^^''''^, J ^ ^ . Z T r T oene ta l ly water laid and of 
of almost pure ash of acid ̂ "l^^J^l/fJ^e to very fine grained; 
?lr,e texture. The sands are 8«"^"^;j '^"Lgenerally channel depos-
l : l y a few beds of medium or -JfJ.^jf J g/percentage of lithic 
lts--are found. They have ̂ /^J^^^^J^artz, feldspar, and a small 
(volcanic-rock) fragments and contain quar , 
amount of mica. » 

^ . Ĵ »̂ ^̂ t̂ are fluvial sands, which. 
-The host rocks of ̂ '««,"- ̂ ^^^ : f lltJr^lly along tbe strike 

interbedded with silts and ̂ l^^^' ̂ J'^J^d Pickens. 1970). The sys-
Jjom a central alluvial ̂ ^^""^^Jf J^^Jheastward through central Live 
tem. about 300 feet ^hick. e«tend8 so ^^^ ̂^^^^^^^ Sandstone. 

Oak county, nearly "«"^"^J,^°!;LIn deposits that grade laterally 
Thus the host rocks are flood plain J P^^^^^ ̂ j,^, ,he circulation of 
into finer grained deposits, "^^^.^^tlgraphlc setting, giving 

of an interface separating °^^f "J,^j„i„g « reduced (pyrite + ura-
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EXPLANATION 

o Area of uranium mlnerall/atfon or hfgh 
radioactivity 

A Uranium prospect, oxtdlxed ore 

A Uranium prospect, unoxIdUed ore 

D Uranium ralne, oxfdized ore 

• Uranium mine, urtoxfdfzed ore 

MILES 

FIGURE I SOUTH TEXAS URANIUIVI fWINERALIZATION 
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FIGURE 2 AERIAL PHOTOGRAPH OF URANIUM AREA 
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figuration is rather complex because the sandstone aquifer in the 
mineralized area is fine grained and contains numerous clay-rich in
tervals which act as permeability barriers and tend to split the 
sandstone into relatively thin parallel transmissive zones. In gen
eral, the updip portion of the sandstone is oxidized and barren; 
whereas, the downdip portion is pyritic and reduced. Mineralization 
Is localized at the interface between the oxidized and reduced zones. 

The sands are usually lenticular in cross-section, and both thins 
and becomes silty to the nojrthwest and southeast. Groundwater trans
missivity is dominantly parallel to the strike of the lens - in a 
southwest to northeast direction parallel to the trend of surface 
outcrops and of the coastline. The downdip position of mineraliza
tion Is related to a geochemical front, and this in turn is related 
to stratigraphic position within the lens. The geochemical front 
appears to be localized at least in part by loss of permeability on 
the downdip side resulting from thinning of the sandstone and appear
ance of a greater proportion of clay in the sandstone interval. 

Mineralization along the redox interface has a strike length of at 
least 10,000 feet, but is highly variable as regards grade over this 
distance. Figure 3 gives an idea of the nature of the ore zones, the 
oxidized and residual zones, and the comparative permeabilities which 
can be experienced along the roll. Permeability variations in the 
sands varies from 1000 md to impermeable streaks (less than 10 md). 
In addition, it has been observed that the permeability decreases due 
to uranium deposition within the permeable sands. Thus one can en
counter a wide range of permeabilities through the ore zone. 

Figure 4 Illustrates the elonganted nature of the roll front. 
From the complex nature of the ore deposits It is obvious that the 
oaximuni of data as to location of the mineralization, type of clays, 
occurrence of pyrite and carbonaceous material, carbonate content. 
Identification of the uraniferous minerals, state of oxidation, 
ground water analysis, ground water movement and level should be ob
tained. Thus it is highly important that the geological parameters 
of a deposit should be thoroughly investigated in the preplanning of 
any in situ mining operation. Flawn (4). 

Recovery Factors 

In planning the Jjn situ leach program three important factors re
lated to recovery are evident; (1) the injectivity response, (2) the 
solution kinetics to solubilize the uranium, and (3) the displacement 
Qechanlsm which will optimize the concentration of uranium in the 
produced solution. For the purposes of this paper, the recovery of 
uranium frora the solutions and purification techniques will not be 
•itscussed. It is assumed that the existing techniques of solvent 
extraction,- ion exchange, etc., can be used. The Importance of 
'̂ilntaining a high uranium concentration In the extracting liquor is 
obvious, however, to an economical extraction process. Consequently, 
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one of the primary objectives in the production practice is to oper
ate so that maximum concentration uranium solution is produced with a 
minimum volume of injected fluid. 

Inlectivity Response; Considerable literature exists in the petrol
eum technological literature which is applicable to the problems of 
injectivity. The work done on the compatability of Injection water 
in water flooding, and in the operation of brine and waste water dis
posal wells should be In hand in order to evaluate the parameters of 
handling and producing satisfactory injectloa solutions. The ten
dency of the injection fluid to plug, due to precipitation at the 
well face, or to cause a decline due to interaction with the clay 
minerals is Important to know before flooding. Proper selection of 
solvent and composition of the extraction solution should be made to 
minimize these injection problems. Gupta and Jessen (5) investigated 
the response of several solutions as well as dissolution rates on 
Texas Uranium Ore showing that there was a definite decline with both 
acid and alkaline leachments due to Interaction with the clay min
erals. Their data indicated that the addition of sodium chloride 
aided the injectivity without decreasing uranium recovery. For these 
reasons, it is felt that injectivity response to a representative 
number of cores is important to planning a successful Iji situ fluid. 

Kinetic Factors: For optimum recovery of uranium, rapid and complete 
dissolution of the uranium minerals and no subsequent precipitation 
of uranium compounds is necessary. Thus, the knowledge of the rates 
of solution of the various soluble minerals present and their solu
bility in the extracting solution is essential. The choice of ex
tractant solutions are similar to the choice in the hydrometallurgi
cal processes in use in the present agitation leach extraction sys
tems. While the agitated leach data is useful for determining the 
response of the ore to acid or alkali leaching solutions, the pro
blems encountered by depositional plugging, variations in oxidation 
of the uranium minerals, and Interaction with reducing compounds 
(sulfides, carbonaceous material, etc.) can only be estimated by core 
flooding experiments. 

The techniques of meaningful core flooding experiments are important. 
Sievert, Martin and Conley (6) describe their method used in North 
Dakota sandstone. Representative samples of South Texas ore are very 
difficult to obtain due to the unconsolidated nature of the forma-
tl4n. Care also should be made to maintain both the rock and con
tained fluid as close to reservoir conditions as possible as differ
ence in oxidation state are Important in the response of the uranium 
mineral to extraction. 

A typical extraction curve using sulfuric acid is shown in Figure 5. 
The solubilized mineral values and pH is shown in relationship to the 
volume throughput in relation to pore volume. This type of informa
tion is Important as it gives some idea of the composition of the 
solution which could be produced at various times of Injection 
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history, the possible mixtures and possible concentration. In this 
particular case, practically all uranium recovery is complete by the 
time one-half a pore volume is swept through the core. The values 
for iron and vanadium come to a maximum at considerably different 
places than the uranium, so one could expect quite a variable concen
tration difference if the solublllzlng sweep contained only the com
position of the produced fluids. These concentrations would be those 
seen if the displacement were a line drive. As will be discussed 
later, these are not the concentrations which can be expected in a 
radial displacement extraction system. The limit of concentration of 
an individual extractant can become quite complex if the solubility 
Is exceeded and secondary deposition occurs. Also, since the other 
(oetalllc constituents are varying in concentration, there can be 
double salts formed which limit solubilities or rates of extraction. 
The object of the investigations of the linear displacement or kinet
ic studies, therefore, is to ascertain what can happen under the 
optimum displacement conditions. 

Displacement Studies: When a fluid is injected into a porous rock 
which is fluid filled and the fluid has internal reservoir pressure, 
the fluid flow and extractive concentrations become considerably 
different than those represented by the linear extraction experi
ments. The pore volumes increase rapidly with distance from the well 
until the radius becomes quite large. Thus at 1 ft from the Injec
tion well at 30% pore space, the pore volume is approximately 1 cu ft 
per foot height. At 50 feet this pore volume per foot is 93 cu ft. 
The zone of concentrated liquid thins considerably due to this radial 
expansion. If the wells are in an unconfined reservoir, as Is the 
case of «11 water filled ore bodies, the problem of suitable dis
placement recovery becomes one of choosing the optimum well spacing 
and configuration. As pointed out by Sievert, et al ( ,6), the usual 
five spot flood pattern in an unconfined reservoir will produce a 
thin high concentration zone, the displacement liquids break through 
quite rapidly, and then the wells produce a solution which decreases 
rapidly in uranium concentration. The sweep drives the concentrated 
liquid zones on beyond the producing wells. 

In dealing with various recovery processes and predictive reservoir 
recovery methods, our production research group has evolved the cap
ability of mathematically modeling the system and obtaining printouts 
"la the data plotter so that various recovery gains can be compared. 
Uranium extraction by leaching is similar enough to the removal of 
oil by Imiscible displacement, that it was felt that the oil recovery 
methodology would be applicable. The extraction curves determined by 
Sievert, et al, were used as the typical extraction and displacement 
values which would be expected in the flood. The permeability of the 
entire zone was considered to be the same and the rate of production 
from the injection wells was held to be equal frcm each of the pro-
"•uctlon wells. Tlius if 100 gal/min were injected in the center of a 
Hve spot, the four production wells would produce 25 gal/min each. 
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FIGURE 6 
DISPLACEMENT t»TTERN-UNCOMFINED 5-SPOT 

Figure 6 is the computer printout showing the advance and drain of 
the uranium solution front. The printout clearly shows the usual 
cusping effect at the producing wells. Taking the values for the 
extraction experiment and the dilution factors from the flow calcu
lation, the recovery from the four wells are plotted in Figure 7. 
This curve Illustrates how the passage of the front gives produced 
solution of maximum concentration and then the concentration tails 
out for a long period. The economic recovery becomes quite proble
matical. The recovery up to two pore volumes ia estimated at 55% by 
integrating the values under the curve. It is clear that this re
covery system should be improved. 

By drilling two additional wells on the sides of a five spot we cre
ate a thirteen spot flood. Figure 8 shows the computer printout on 
what may be termed a thirteen spot pattern. The recovery calculation 
i^ very interesting in that the edge wells contribute to the early 
production of uranium solution. A double maximum exists by virtue of 
the front passing these edge wells. The recovery calculation showed 
some 68% by this technique as shown In Figure 9. 

This computer routine is capable of producing an unending series of 
cases with interesting implications. One of the most interesting re
sults was the case of the confined five spot. In this situation, It 
was assumed that a rigid barrier exists along the edges. The injec
tion fluid proceeds to break through, but rather than the high con
centration solution passing and diluting the uranium, the edge con
centration zone is forced to the producing wells. Figure 10 displays 
the computer printout and Figure 11 the recovery curve calculated 
from the computer printout. It is noteworthy that the concentration 
curve comes to a peak value considerably higher than the other two 
cases and falls to a very low value at only 1.7 pore volumes of in
jected solution. It is also worthy of note that the system yields 
approximately 100% displacement recovery. 

It is realized that the maintenance of a true confined barrier is 
probably impossible; however, these theoretical values makes it quite 
evident that the manipulation of this extracted zone Is important to 
recovery ahd worthy of considerable cohsideration in planning an in 
situ recovery test for the fluid. 

CONCLUSIONS 

Bore hole mining holds considerable attraction as a possible 
method of recovering values from lower grade ores than now .workable, 
at greater depths, with less disturbance to the environment. The in 
gitu method should be considered as a possible method in mining the 
secondary uranium of South Texas. In order to accomplish this, a 
considerable effort must be made to design the floods properly. 
Much research work needs to be done to determine the critical vari
ables necessary for a successful extraction system. Besides the 
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FIGURE 10 DISPLACEMENT PATTERN - CONFINED 5-SPOT 
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Chapter 8 

FLUID RETBMTIOH IM I£AOH DUMPS 
BY C A P I L U R Y ACTION 

Dr. Will lam A. Itennedy and Jonathan R. Stahl 

Department of Mlnlmg and Petroleum Engineering 
New Mexico Institute of Mining and Technology 

Socorro, New Mexico 878OI 

ABSraACT 

lliis paper deals with the phenomenon of water held in a leach 
dump due to capillarity. Water is shown to be retained In the 
fine pores of the ore as well as in the Interstices between the 
rock and soil particles. Upon drainage, Chino leach dump material 
shows two distinct capillary syBtema and a double capillary curve 
is often obtained. 

Both the Igneous and the sedimentary rocks composing the leach 
material are shown to have appreciable porosity but little 
permeability. Fluid flow ia, therefore, restricted to the inter
stices between the rock and soil particles. The irreducible water 
saturation for tbe aggregate is found to be 88^ for the -'t3 mesh 
material and 23^ for tbe+^^a mesh to one inch material. Tlie com
posite sample of minus one inch dump material bad an Irreducible 
water saturation of 52 percent. Tbe irreducible water saturation 
lo the fine pores of the ore was found to be between 73 and 76 
percent. Very coarse pores or channels between large rocks exhibit 
essentially zero capillary retained water. 

Tbe presence of fine material In a dump can cause high water 
saturations to be retained and these saturations may be mistaken 
for perched water tables. Perched water tables can be drained 
tiut capillary water will be retained. Capillary pressure data 
"an aid in distinguishing between perched water tables and 
capillary retained water. 
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SOLUTION MINING (IN SITU LEACHING) 

A Literature Survey 

by 

J.A. Lackey 

A b s t r a c t 

The c u r r e n t s t a t e - o f - t h e - a r t of s o l u t i o n mining o r ' i n s i t u ' 

l e a c h i n g i s reviewed and the major a s p e c t s of technology and 

techniques^ d e s c r i b e d . This method has r ece ived i n c r e a s i n g 

a t t e n t i o n i n the l a s t few yea r s a s i t o f f e r s a t t r a c t i v e p o s s i 

b i l i t i e s i n improving the environmenta l impact of mining, 

u t i l i s a t i o n of the whole of t h e o r e , and c o s t of sav ings i n 

comparison with convent ional Ifiining and t r ea tmen t of o r e . 

While the e x t r a c t i o n of e v a p o r i t e s , s u l p h u r , e t c . , by s o l u t i o n 

mining i s w e l l - e s t a b l i s h e d , emphasis i s p l aced i n t h i s review 

on the e x t r a c t i o n of meta ls from t h e i r o r e s — i n p a r t i c u l a r , 

uranium. 

1. INTRODUCTION 

Solution mining, or i n s i t u leaching, is defined as the use of solutions 
in extracting metal values from broken or unbroken ores within the mine. 
This technique has been applied commercially at a number of locations and 
has received increasing attention in the past few years. The reason for 
the upsurge in interest is that the method offers attractive possibilities 
in improving the environmental impact of mining, utilisation of the whole 
of the ore, and cost-savings in comparison with conventional mining and 
ore-treatment. 

Awareness of environmental factors which inhibit the mining industry has 
been growing over the last few years. The mining method which leaves the 
earth undisturbed is an impossible goal; however, the method which violates 
the earth the least surely should be rigorously considered. Solution 
mining fulfils this potential to a great, degree; however, it should be 
pointed out that this method is not without its environmental problems. 
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Leaching solutions must be controlled so that they are held within the 
orebody, otherwise ground-water contamination could be a problem. 

Jn s i t u leaching.appears to be a promising possibility for smaller, 
lower-grade orebodies and deeper reserves, or in difficult-to-mine areas, 
provided the'nature and disposition of the mineralised and surrounding 
rock meet certain conditions. 

Solution mining also potentially offers some advantage from an economic 
viewpoint. If the production of minerals values can be realised early in 
the life of the development of the deposit, this method can have a major 
advantage over conventional mining systems because of the earlier return 
on investment. In other words, the high initial investment associated 
with opening a mine by conventional methods requires high financial returns 
to cover the investment, and this generally requires continuous process
ing over many years. Jn s i t u leaching, on the other hand, should be 
relatively inexpensive as regards capital cost and, provided operating 
costs are not excessive, return on investment should occur in a relatively 
short period of time. 

2. THE PROCESS 

In solution mining, as in other leaching operations, there are four 
factors that are normally necessary for the successful leaching of ores 
(Hardwick, 1967) ; 

(1) A solution that will attack the valuable minerals must be 
brought into contact with the particles of ore. 

(2) The minerals must be dissolved by chemical action of the 
solution. 

(3) The solution must find its way out of the voids of the 
rock and be recovered in a collecting system. 

(4) The valuable element in solution must be recovered from 
the solution. 

A variety of techniques have been tried, described or proposed in the 
literature to achieve these four steps. Different types of solution 
mining operations have used different treatment methods for these steps; 
these operations can be separated as follows: 

(1) Unfractured orebodies. 

(2) Fractured orebodies. 

(3) Stope leaching — leaching of both unfractured ore and ore 
piles (fractured) in the mine. 

I III II III I II i i i irw M I II 111 mi l _ • I . 
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2.1 Unfractured Orebodies 

Methods of applying solution mining to unfractured orebodies rely on 
the natural permeability of the native ore to ensure solution dispersal. 
A number of patents have been issued on this subject, of which the earliest 
of interest is by Livingston (1957). He proposed a system for leaching 
mineral values i n s i t u in which the leaching solution was injected into 
the native ore through boreholes or wells. His process recognised the 
need for controlling ~the flow of the underground leach solution so that 
the mineral values could be recovered. The approach was to drill a multi
plicity of wells for injecting and producing the fluids and to interchange 
rates of the various wells from time to time in order to control the fluid 
behaviour within the orebody. To keep the fluid from escaping to the 
surrounding barren rock, he suggested emplacing a grout curtain around the 
entire orebody. 

Dew and Martin (1960) proposed an i n s i t u combustion scheme for the 
oxidation of uranium to the hexavalent state and simultaneous removal of 
the carbonaceous material associated with the mineral values. Following 
this oxidation process, a hot i n s i t u leach was suggested to recover the 
uranium values. Again, injection and production wells were proposed as 
the method of solution dispersion and withdrawal respectively. 

A method proposed by Martin (1964) made use of fluid-flow technology 
to inject water or a mixture of gaseous carbon dioxide and water, perhaps 
in the presence of surface active agent, as the leaching solution. 

Hurd and Fitch (1966) and Fitch and Hurd (1966) recognised the problem 
of formation plugging in their patent for subterranean leaching of minerals 
(in particular, the leaching of phosphate ores). To circumvent the prob
lem, they considered generating the acid leach solution i n s i t u . 
Initially, water was to be injected to fill the formation, followed by an 
acidifying gas. The solubilised mineral was then to be propelled to a 
producing well bore. Such a process is closely allied to gas injection 
methods used to recover petroleum. 

Fitch and Hurd (1967) also recognised the containment and flow-control 
problem which can occur in a permeable deposit that is initially dry. 
Their solution to the problem involved filling the orebody and part of the 
surrounding formation with an inert fluid, so that both vertical and hori
zontal fluid-control was maintained during the subsequent leaching step by 
controlling the relative injection rates of the inert fluid and the solvent. 

Gardner and Ritchie (1967) specified that for their control system to 
work, the orebody had to be below the natural water table. They sugges
ted using the natural water in much the same manner as Fitch and Hurd 
(1967) used injected water. Flow-control within the area of interest was 
to be obtained by surrounding a producing well with several injection wells. 
Monitor wells were to be placed beyond the injection wells to indicate 
where the fluids were going and to help control the pressure in the area 
surrounding the injection pattern. The process also involved a complete 
filling of the flooded area with leach solution, after which injection and 
withdrawal rates were to be kept equal. 

• 
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While these procedures are generally technically feasible and some 
of the inventors have recognised problems that are peculiar to i n s i t u 
leaching — e.g., plugging of the pores in the orebody (Hurd and Fitch, 1966) 
— they do not offer anything sufficiently substantial to commercialise this 
technique. However, i n s i t u leaching has been commercialised at one loca
tion —Shirley Basin Uranium Mine, Wyo (Anderson and Ritchie, 1968). 
•Basically, this operation consisted of inflow and production wells as has 
been previously proposed. However, the following criteria were considered 
to exist for the process of solution mining to be successful: 

(1) The mineral values should occur in a generally horizontal 
bed underlain by a relatively impermeable stratum. 

(2) The ore must occur below the static water table. 

(3) Direction and velocity of regional water flow must be known. 

(4) Mineralogy of the ore should be determined eo that its amena
bility to the proposed leaching process may be assessed. 
Material recovered by core drilling was considered to be 
normally sufficient to make this determination. 

Jn s i t u leaching of copper was tested at pilot-plant scale at Kennecott's 
Kimbley pit — Anon. (1971a). The section of orebody remaining from an 
open-cut mining operation had a steep face that allowed an adit to be driven 
under the orebody for the collection of leach solution. Liquor was injec
ted into holes from above and collected in a dam in the adit. This opera
tion was not successful because overall solution recoveries were very low, 
probably due to high strata permeability in the vicinity of the adit. 

Laboratory testing involving leaching slabs of ore (to simulate solu
tion mining) has been carried out by Sievent, Martin and Conley (1970). 
While these tests indicated good metal extraction efficiencies, they did 
not indicate what sort of solution recoveries could be expected. Mathe
matical modelling to simulate solution mining was used to investigate 
various geometric patterns for Injection and production — Sievent, Martin 
and Conley (1970) and Shock and Conley (1974). Solution injection into 
liquid-saturated and dry reservoirs was studied and, in general, overall 
recoveries were found to be low except for the case of confined orebodies 
— i.e., similar to the findings of Anderson and Ritchie (1968). 

While solution injection and recovery are important to"the successful 
mining operation, the chemical environment must also be carefully studied. 
Precipitation df any species in the orebody must be discouraged, as this 
will tend, to block or plug the cracks and fissures in the orebody, greatly 
reducing the percolation rate. This problem was recognised by Hurd and 
Fitch (1966). For many systems, precipitation is inevitable (e.g., leach
ing of most sulphides) and this could mean that solution mining of the 
unfractured orebody is not likely to be successful. \"7here sulphuric acid 
is used as the leachant, it is important that operations commence with 
dilute acid(l to 1.5 g / l ) so that dissolution of calcium from limestone 
(which generally is preferentially attacked) will not exceed the solubility 
product of CaSOi, (Anderson and Ritchie, 1968). When free acid appears in 
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h ff Iuent:, this Indicates that any deposition of gypsum will be minimal 
nd acid strength In t;he inflow well can be increased. Care must also be 
taken to avoid the Rreeipitatlon of basic iron sulphates by ensuring that 
suffle-ient aeid will remain in the production well to keep pH <2.5, . If 
an oxidant is needed for the leaching of the yaluable mineral (e.g., 
uranium) a water-soluble oxidant such as ferric ion or sodium chlorate 
must b,e used. 

Many orebodies have natural permeabilities that are too low for in, situ 
leaching opefatidns. For these orebodies, there are a number 6'f techniques 
that can be applied to increase solution throughput— for example, addition 
of floceulants to the injection fluid (Anderson and Ritchie, 1968) and 
introduction of a high-pressure water jiet into the injection wells XAnder-
son and RitGhle, 19'68; Anon., 1971b; Daneshy, 1974). In the former 
method,, synthetic: floccuiants such as the pplyelectrolytes have been found 
to be suitable at dosages of 5 to. IO mg/2. The latter method is hydrau
lic fr actur irig of "the orebody and will be deser-ibed mpre. fully in a later 
section. 

In conclusion, the basic criteria considered by Anderson and Ritchie 
(1968) to exist for the success of an in siiiu leaching operation appear 
still to hold (i.e., the ore must occur b.elow the static water table and 
must occur in a generally horizontal bed underlain by a relatively imper
meable stratum). 

2.2 Fractured Orebodies 

If natural permeability is insufficient to allow satisfactory percola
tion rates through the orebody, fracturing may provide an economrc alter
native. There aire a number of techniques for accomplishing ore fracturing: 

(a) Hyfiraulic fracturing. 

(b) Blasting — chemical or nuclear. 

(c) Ore, subsidence due to cpnyentional mining in adjacent areas. 

2.2.1 Hydraulic .Eracturing 

Hydraulic fractufing is a weli-established and 'ex-tensiveiy-used 
means of stimulating oil and gas wells-. It has been commercially used 
since 1949 with approximately ^/i, million fracturing treatments being 
completed by the oil industry throughout the world (paneshy, 1974)., 

The first stage bf a fracturing treatment is initiation of the fracture. 
To achieve this, fluid is pumped into the well until the resulting .pressure 
exceeds the resistance of the formation, at which point a hydraulic frac
ture initiates.. Fracture initiation is identified by either a. sudden 
sharp drop in the fluid pressure or an increase in th.e ability to pump 
fluid. This stage" of the process may be absent in cases pf refracturing 
or when the well-bore is- already naturally fractured. 

The next stage of the process, is extension of the initiated fracture. 
Fluid injected after initiation will flow into the fracture and force Its 
extension. The extent ,of fractuxe propagation depends, on the volume of 
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fluiy pumped plus formation and= fluid properties,. At a certain p'oint 
during fracture extension a p.ropping agent is mixed with the treatment 
fluid and pumped into, the fracture. The. purpose of this operation is 
to keep, the fracture open and cori'ducive to fluid flow after the treat
ment termiriation. 

The flow-rate of a fluid intp: or out of a, hydraulically fractured, 
well is normally much larger than that from a well without a fracture; 
Two reasons 'can be given for this (Daneshy., 1974): (a) the fracture 
festablishes contact with more of the formation than the well-bore alone; 
(b) the flow-mode is almost linear in the presence of the fracture and 
radial in its absence. 

The hydra.ulic fracturing technique has been partially applied at 
Shirley Basin (Ariderson and Ritchie, 1968) using a high-pressure jet of 
water to increase solution throughput without usirig a propping agent for 
fracture extension. It was considered (Anon.,, 1971b) for the pilot-scale 
i n s i t u leachiiig of copper. Hydraulic frac tur ing has also been very 
effective in exploiting salt bodies (Daneshy, 1974). 

Since the fracturirig is simply created from the pumping of high-
pressure Water through a formation., this technique has the advantage that 
there are no location restrictions as, there wpuld be with blasting (e.g., 
near build ings, et c . ) . 

The restrictions placed on the shape of the orebody (ground water 
level, ore being underlain by relatively impermeable stra:ta as detailed 
by Anderson and Ritchie (1968), and the chemical environmental restric
tions pf no precipitatipn in the orebody) will be as applicable to hydraul
ically fractured orebodies as to unfractured orebodies. 

While there is little quantitative information, as to the effective
ness of hydraulic fracturing in promoting- s.olution throughput for i n s i t u 
leaching the- wide acceptance of the method in the oil industry indicates 
that it should be seriously considered fer i n s i t u leaching. It is con-

g^'sidered that this meth.bd sho'uld give, marked improvement over in s i - t u 
pleaching of unfractured orebodies provided that fracturing occurs at mod-
fexate pressures. Also, it would be unnecessary to consider this tech-
yaique for naturally fractured, highly permeable formations. 

I?'2.2 Blasting 

There are two types of explosives that warrant consideration for 
|.ne fracturing of deposits — chemical and nuclear, 

r.; The consideration of using controlled nuclear explosives for the break-
yPS of ore and subsequent, i n situ, leaching has received a great .ampunt of 
^ttencion in the literature (Hansen, 1963; Wilson, 1965; Anon.,, 1967b, c; 
J.?Tdwlck, 'i967;; Jackson, 19.67; Chopey, 1968; Lewis- et ai, , 1974) al-
f̂"j "^"8^ this method is yet to be used commercially. The- use o£ ..chemical 
•?.| P-'-.Psives (ammonium riitrate; fuel oil) has, however, been used at two' 
-orations in the USA (Anon., 1972; Longwell, 1974; Ward, 1974). 

nr, considerable amount of research has taken p.lace into studying the 
iQc-^''^.°^ buried nuclear explosions on the surrounding rocks (Hansen, 

Hardwick, 196 7; Jackson, 19 67-; Chopey, r96"8; 
i9.74). From deep ly :bu r i e d nuc I e a r explos io ns, vap o r i s ed 

196 
l.i.i w Ls 

WUsdh, 1965: 
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rock, and nieital at temperatures greater than 10 degrees centigrade and at 
pressures of several million atmospheres surround the explosion centre at 
the i'nstant of detonation. The gas-filled cavity expands, nearly spheri-
eally until its internal.pressure decreases to a level approximately equal 
to the weight of the overburden,. The cavity feaches its full diameter in 
a few hundred milliseconds. 

A shock-wave, passing through the rock s,urrounding the nuclear explo
sion, expands radially, but much more rapidly than the cavity boundary. 
This shock-wave travels initially at velocities of hundreds of thbusands 
of metres per seccrnd, but decreases to a level of between 2G60 to 6000 m/sec 
within 300 metres or less of the; centre of detonation. Initially, the 
stresses associated with thê  shock-wave so far exceed the rock yield 
strength that the rock responds like a fluid. As the sho:ck-front moves 
further jDutward from the explosion centre, the peak stresses in it atten
uate rapidly. When peak, shock-stresses have dropp°ed to within 10. times 
the rock's dynamic yield strength, the rock begins to respond in a plastic 
raanner-. At greater distances, the stresses decrease tp the elastic range. 

Initially, the walls of the cavity are lined with a few centimetres of 
molten rock which flows and drips under the influence of gravity tP the 
bottom of the cavity, where it collects' in a puddle. After cooling, the 
mPlten rock forms a hard, slag-like, non-water- and non-acid-spluble glass 
which contains up tP 95% of the radioactive fission products. 

The roof of the cavity collapses shortly after the explosion in most 
types of rock and progressive collapse continues upwards' above the cavity, 
until the swell of broken rock equals the volume of the original cavity 
and the broken rock mass supports the upward arch. The roughly cylindri
cal-shaped mass or 'chimney' of b.rqken rock develops above the shot point 
to a height a,bPut 4.5 cavity radii, although its exact height is a. function 
of the energy of expansion, the depth of burst, and the characteristics 
(including the water cdntent) of the rock. 

Fractures produced by the explosion and subsequent subsidence extend 
outward from the eayity and chimney boundaries into the surrounding rock. 
A zone of substantially increased fracture permeability has been measured 
laterally out to almost two cavity radii beyorid the chimney and up to three 
cavity radii above the top pf the chimriey-. However, extensive fracturing 
in rock beneath the bPttom of the cavity has been observed only within 
about h cavity radii of the lower boundary. A zone of compacted rock with 
reduced p'eririeability has been shown to exist, surrounding the lower hemis-
phere of the cavity. 

At intermediate sealed depths of burst shallbwer than, containment, the 
force of explosion shatters the overlying rock and imparts sufficient 
velpcity to hurl the xpck nearly -vertically upward from the crater. A 
mo.und of rubble in the crater results from the bulking p,f the explosion 
— broken rock that has fallen back intp the crater. 

The vpldage from these controlled explosions has been found to be about 
25%. Curves ha-ve been developed to show the -cavity radius as a function 
of the depth of burial (Fig.l), the chimney height as a function of the 
depth of burial (Fig.2) and the tonnages of rock broken as a function of 
the depth of burial (Fig.3:) fpr different, yields. 
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RS produced from Ha^c^icJi' (1967) 
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FIG.2: CHIMNEY -HE 1GHTS FOR. CONTAI NED UNDERGROUND NUCLEAR 
EXPLQSIO.NS IN .GRA N: IT I..C ROCK 
ReproduGed from -Hca-dwick (198?) 

FIG.5: TONNAGE CURVES OF ROCK BROKEN BY INTERMEDIATE 
UNDERGROUND' NUCLEAR EXPLOS IQNS-
,(Raprod,uG.e.d from Hardwic'k (1987) 
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While chemical explosions, by comp:arlspn, produce initial pressures 
about one order of magnitude lower than nuclear explosions, it is expected 
that similar explosive energy yields will produce similar tonnag.es pf 
rock breakage.. Table 1 compares the cost of explosive, energ.y for INT, 
dynamite,, amraonium nitrate-fuel oil (ANFO) with the kilotpri nuclear explo
sives. Table 2 gives the pr*6:j ected charges for thermonuclear explosives 
and includes AEC charges for nuclear explosives and their aî ming and firing; 
emplacemierit and related engineering costs for site development and support 
and other miscellaneous costs. Hot included are direct costs for safety 
's.tudies which vary greatly and are highly dependent on the regioh in which 
the project is located. In mariy cases the Cost of safety studies could 
equal that of total costs given in Table 2, These methods of rock break
age are. in general only economically viable for the breaking of relatively 
large quantities of rock, as the cost of explosives has to be recouped 
from the operation; These costs indicate that nuclear explosives are 
probably cheap:er for blasts= greater than 10 kilotons but ANFO is cheaper 
for smaller blasts. 

TABLE 1: COMPARISON OF EXPLOSIVE ENERGY COSTS' 

Explosive US$ Cost/10^ Btu 

TNT 
Dynamite 
Ammonia nitrate-fuel oil 
10 kilpton nuclear explosive 
100 kiloton nuclear explosive** 
1 megaton nuclear explosive'^* 
2 megaton nuclear explpslve" 

115.00 
100.00 
30,. 00 
'8.75 
1.12 
0.145 
A. 075 

* USAEC cost 1964, 

** A kiloton is 'defined as a prompt release of 4 >̂. 10^ Btu or 
about the same amount of energy as- 1000 tons of TNT. 
(Reproduced froni Hardwick, 1967). 

TABLE 2; COST OF NUCLEAR EXPLOSIVES 

Explosive Yield 
kiloton 

Explosive 

Cost US$ 

Other Total 

10 
20 
50 
70 
100 

350 000 
390 00,0 
425 000 
450 000 
4 75 090 

200 000 
225 000 
250 000 
2 75 000 
3QQ 000 

550 000 
615 000 
675 000 
725 000 
775 boo 

USAEC cost 1964. 
(Reproduced from Hardwick, 1967) 
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The approaches to breaking orebodies with explosives for i n s i t u 
leaching can be divided into two categories. The first is the use of 
deeply buried (contained) explosions to produce chimneys of highly perm- ' 
eable rubble surrounded by fracture zones. This approach is applicable 
to relatively deeply buried mining deposits, overlain by a capping of 
barren rock of alluvium. The basic layout of such an oiperation is illus
trated in Fig.'4. 

„To Precipitalion Plant .Ground Sur/act 

-Pump 

FIG.4: PRINCIPLES INVOLVED IN DEEP IN 51'lV LtACHING 
Reproduced from Hansen (1965) 

The second approach is to use explosives buried at intermediate-scale 
depths of burst, so that the mass of explosion-broken rock is exposed at 
the surface. This method produces substantially greater tonnages of 
broken rock for the same energy yield compared to explosion at greater 
depths. The utilisation of mineral deposits outcropping at the surface 
or buried at shallow depths for i n s i t u leaching is illustrated in Fig.5. 

.Pump Leach Collection Gallery 

FIG. 51 PRINCIPLES INVOLVED IN SHALLOW Il ' i SITU LEACHING 
Reproduced from Hansen (1965) 
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Safety Problems. The handling of explosives must be accomplished safely 
and the effects of the explosion anticipated and controlled. Nuclear 
explosives, because of the large amount of energy involved, amplify the 
safety problems connected with air-blast and ground-shock and introduce 
a new problem — radioactivity. 

Air-blast from a surface explosion results from the rapid expansion 
of hot gases. The explosion causes a shock-wave to form in the air and 
move outward at high velocity. Waves move radially along the surface 
of the ground or may rise and' be ducted and refracted by atmospheric condi
tions. The air-blast wave from a buried explosion may consist of two^ 
pulses, one resulting when ground-shock reaches the surface and one 
resulting when gases are vented. Both pulses decrease with charge burial, 
and the pulse caused by venting gases becomes zero when the explosion is 
completely contained. The zone of air-blast damage is normally inside 
the region of ground-shock damage. 

Ground-shock results when the shock-wave caused by an explosion is 
transmitted outward through the rock. Particle velocity or acceleration 
in terms of gravity are used to measure particle motion. Damage appears 
as cracks and as structural deformation. It has been established 
(Hardwick, 1967) that a particle velocity of 5 cm/sec is a reasonable 
point of demarcation between shock levels in the safe zone and the damage 
zone. Because controlled chemical and nuclear explosions result in a 
significant air-blast and ground-shock in the immediate vicinity of the 
blast, they are limited to locations away from population centres. 

The above two factors are important in considering the safety of 
chemical explosions. For nuclear explosions, radioactivity also has to 
be considered. For the purpose of fracturing, the explosive charge 
would have to be placed at a depth such that the radioactive products are 
completely contained or, at most, only an insignificant fraction escapes. 
When the explosion is completely contained, radiological safety problems 
encountered from activity will be introduced in the ore from the following 
sources: 

(1) Radionuclides resulting from fission or fusion products of 
explosion. 

(2) Radionuclides resulting from the activation by bombard
ment of the ore and materials in the nuclear explosive 
with neutrons released in the explosion (neutron acti
vation products). 

The radioactivity of a given radionuclide decays exponentially with 
time but the activity of daughter products may increase before decaying. 
Hansen (1965) gives a general rule for the decrease of radioactivity in 
the solidified melt (which contains essentially all of the radioisotopes) 
as follows: 'As the time increases by a factor of seven the level of 
radioactivity will decrease by a factor of ten'. For example, the soli
dified slag will be only one-tenth as radioactive seven months after 
detonation as it was at one month. It can thus be seen that advantage 
will be gained by postponing mining into the radioactive area for several 
months after detonation, but little further advantage will accrue from 
waiting several additional months. 
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The possibility of ground-water contamination by radioactive fission 
products has been studied (Hardwick, 1967). For deeply buried nuclear 
-explosions, most of the radioactive fission products are trapped in the 
solidified glass in a non-water-soluble form and are thus prevented from 
contaminating ground water. The mechanisms of ion exchange, radioactive 
decay, dilution, and the typical slow movement rate of ground-water tend 
to limit spread of any radioactivity which does find its way into mobile 
water. Nevertheless, a study of ground-water movement and solution dis
posal will be mandatory. 

Radiation hazards from radioactivity in recirculating solutions and 
through development openings in the shattered ground are not likely to 
be excessive (Hardwick, 1967). Similarly, contamination of the products 
in the case of copper is not expected to be a serious problem (details of 
the recovery of other elements are not available so it is not possible to 
pass comment). 

Fracturing of the orebody by explosives produces broken ore of a simi
lar size range to that used in heap leaching. Hence technology developed 
for heap leaching should be applicable to this type of operation. Heap 
leaching operations, which are outside the scope of this article, are well-
documented (Rosenzweig, 1967; Robinson, 1972; Bruynesteyn and Cooper, 
1974; Pizzaro et a l . , 1974). The in s i t u leaching operation of solution 
inflow and outflow is' illustrated in Figs 4 and 5 for two types of 
explosions. 

The restriction of no chemical precipitation in the orebody during 
leaching is not so critical for fractured ores as for unfractured ore-
bodies because of the substantially higher voidage (about 25%), so sul
phide ores can be treated by this method. The i n s i t u leaching of 
sulphide minerals justifies special comment because of the natural bacter
ial breakdown that occurs for the extraction of the valuable minerals. 
Investigators (Hansen, 1965) of bacterial leaching under conditions 
similar to those expected to exist in the environment of a nuclear 
chimney have indicated that F e r r o b a c i l l u s f e r roox idans and T h i o b a c i l l u s 
f e r roox idans can be expected to grow under these conditions. The small 
quantities of radioactive-explosion by-products present do not inhibit 
bacterial leaching, and the residual heat left in the rock surrounding 
the nuclear explosion, in most cases, should tend to stimulate, rather 
than inhibit, growth of the bacteria. 

While the leaching characteristics of the fractured orebody should 
be similar to that of heap leaching, one basic difference between the 
techniques will be in the collection and recovery of solution. Heap 
leaching practice is to place the broken ore on an impervious prepared 
pad. This allows solution collection and recovery pipes to be laid on 
the pad under the ore. The i n s i t u leaching technique has to rely on 
the rock strata to provide the boundary for solution distribution. 
Nuclear explosives create a relatively impervious dish of glassy solidi
fied rock at the bottom of the rubble chimney. As has been previously 
stated, this solidified rock should aid in solution collection by form
ing an impenetrable boundary to the solution. Chemical explosions, not 
being nearly so intense as nuclear explosions, probably do not form 
significant quantities of glassy solidified rock. 



52 

However, the rock underneath the explosion should have-Io.w permeability 
in comparison to the broken ̂ rock and should act as a natural barrier, 
allGwing at most a small leakage of leach solution. As there' is insuf
ficient information available on sblution losses from producirig i n situ 
leaching operations (the. above discussion is yet to be proved experiraen-
tally), the possibility has to be considered that the operation may be' 
successful only if the ore is underlain by a .relatively impermeable strata 
(as for unfractured orebodies). 

-1 

While the use of chemical explpsiyes for the shattering of orebodies 
does riot appear to present any technical problems (Anon., 19 72), there 
are still unanswefed technical questions regarding nuclear explosions. 
As this latter method is at present untried, it needs further develop
ment befere if can be recommenced fpr commercial use. 

2:2.3 Ore Subsidence Due to Conventional Mining in Adjacent Areas 

This type of operation cannot be described as a technique, because 
the subsidence (resulting in rock fra,eture) or caving-in of an area above 
old underground workings is generally not intentional. In other words, 
the subsidence can represent a bonus tp other aspects of deposit exploita-
cion. The type, of leaching: for this operation would be very similar to 
heap leaching or i n s i t u leaching from broken pre by blasting. Solution 
inflow would be pumped, into the deposit through pipes or sprays, and 
solution outflow would be through bore-holes sunk into the lowest points 
of the old WGrklngs below the brokeri ore. These old workings — tunnels, 
shafts, etc. would act as a sump for collecting the splution, and 
solution recovery should be high unless there are porous walls or faults 
in the workings. 

This type of operation would represent a very low capital cost method 
of reGovering values from the broken ores. 

2.3 Stope Leachiug 

In mined-out areas of underground mines, significant quantities of 
low-grade matef'ial generally remain which cannot be recovered economically 
by more con-ventional methods. Many of these mines contain sulphides 
which readily oxidise on contact-with air and water, producing acidic 
iron sulphate liquors. These liquors, or liquors with sulphuric acid 
added, when passed through the low-grade unfractured ore and brokeri ore 
left lying in the stopes, Will leach-out a portion bf the values. 
Solution recovery can generally be arranged by having the liquors drain 
into other stopes, tunnels br haulageways at lower levels* in the mine. 
This solution is pumped to the surface for recovery of the valuab.le elements. 

This type of operation, as with fracturing by ore subsidence, would 
represerit a low Gapital cost method of recovering values 'from' the residual 
and. broken ore. 
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3. LEACHANTS 

Because of solution recovery problems, the range of solvents used in 
solution mining is much more restricted than for other hydrometallurgical 
processes. In particular, reagents not dependent on recycle for economy 
of operation must be preferred. Only three leachants have been used in 
commercial operations — water (e.g., extraction of sylvite and evaporites), 
dilute sulphuric acid (uranium and copper) and acid ferric sulphate (uraniu: 
produced by bacterial oxidation of iron sulphides in the ore. Other rea
gents have been recommended, e.g., ammonia-ammonium carbonate (Shoemaker, 
1972), sodium carbonate (Anon., 1971a; Livingston, 1957). However, as 
far as is known to the author these have not been used commercially and it 
is probable that the potential high loss of reagents has precluded their 
use, though some reference has been noted to an i n s i t u alkaline leach for 
uranium developed by Westinghouse. 

Ammonia-ammonium carbonate is unlikely to be suitable under the circum
stances proposed for the. leaching of native copper (Shoemaker, 1972). 
This is an oxidation reaction (by oxygen from the air): 

Cu° + h.02 + 4(NH^)* Cu (NHa)̂ ''"' + 2H* + H2O 

Under the conditions suitable for the above reaction to take place 
(cyclic flooding and drying in contact with air), free ammonia would 
escape with the air and would be very difficult to recover. However, an 
alternative would be to use ammonium carbonate for leaching with no free 
ammonia. This leachant has been found to be as active as ammonia-
ammonium carbonate mixtures for dissolving copper (but with lower equil
ibria copper solubility). r 

It is very difficult to determine the circumstances in which ammonium 
carbonate, sodium carbonate and more expensive leachants could be used 
without extensive experimental programmes studying such factors as adsorp
tion of reagents on the ore and overall solution recoveries. 

The use of acid ferric sulphates produced by the bacterial oxidation 
of iron sulphides in the ore requires special circumstances. The basic 
oxidation process may be summarised as follows: 

2FeS2 

pyrite 

+ 2H2O + 70: 2FeS0. + 2H2SO. 

Fe7S8 + H2O + 15i502 

pyrrhotite 

7FeS0z + HzSO^ 

4FeS0. 

or 

+ 2H2S0,. + O2 2Fe2(S0^)3 + 2H2O 

6FeS0. + 1̂ 502 + 3H2O 2Feo(SOj3 + 2Fe(0H)3 
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All of the above reactions use oxygen from the air, hence both oxygen 
and solution have to contact the ore. The best results are achieved by 
adopting a cyclic procedure of wetting and drying (or in contact with the 
air) of the ore. Two procedures are commonly used in heap leaching — 
cyclic flooding and draining of the orebody, and the use of water sprays 
to continuously spray the ore (partially soaking the ore). 

Because precipitation of iron hydroxides and basic sulphates can occur, 
it is unlikely that the i n s i t u leaching of sulphides or mixed oxide-
sulphide orebodies could be carried out on unfractured orebodies. 

4. EXAMPLES OF IN SITU LEACHING OPERATIONS 

4.1 Unfractured Orebodies 

The uranium-extraction operations of Shirley Basin Mines, Utah Construc
tion and Mining Co. (Anderson and Ritchie, 1968), is unique in that it is 
the only i n s i t u leaching operation of unbroken ore in place. 

Conditions considered favourable for the use of solution mining for 
this operation are detailed in Section 2.1. 

A pattern of inflow and outflow wells was chosen as the method for 
solution dispersal and recovery. The design was based on the assumption 
that natural ground-water could be made to act as a containment shell for 
the leaching solutions. An experimental programme of various test drill
hole patterns showed that, provided the optimum pattern geometry was used, 
solution recovery was very high. 

The optimal design is based on the fact that inflow between wells in 
an aquifer having regional flow can be controlled by varying inflow-efflu
ent rates, by distances between wells, and by aligning wells at specific 
angles to the direction of ground-water flow. The present pattern used 
at Shirley Basin Mines consists of three inflow wells upstream from a 
production well, with the centre inflow well directly upstream of the 
regional ground-water flow direction. The remaining two inflow wells 
are located on radii diverging at an angle of 75° from one another, 
equally spaced from the centre inflow well. Distances from inflow wells 
to the production wells are about 6 metres (see Fig.6). 

FIG. 6t IHE WEIL PATTERN CURBEKtLV USEO Al SMlHiEV B*SW 

MINES CONSISTS OF T H D t t INFLOW WELLS LOCATED 

UPSTREAM m THE REGIONAL G R O U N O - W A T E H FLOW FROM 

A PflOOUCTtOK I f t U . . THE CENTRE WELL TS OIRECTLf 

UPSTREAM AND THE OTHER TWO WELLS ARE OH R A D D 

OiVERGING AT AN ANGLE OF 75 • FROM OME ANOTHER. 

INFLOW WELLS ARE S m FROM THE PRODUCTION W E U , 
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Well drilling and development was found to be important for satisfac
tory operation of the solution mining pattern. Except for the finished 
diameter, the procedure for drilling and completion of inflow and produc
tion wells is the same. Wells are first pilot-drilled and probed, after 
which they are reamed to take the required casing. Inflow well casing 
is 75-mm diameter stainless-steel and production well casing is 0.2-m 
diameter with stainless-steel on the bottom 12 m. Screens are placed in 
the ore zone in all wells. The wells are developed by means of a high-
pressure jet, this treatment being continued until the wells are capable 
of a satisfactory rate of inflow by water test. 

Pattern operation starts with the introduction of leaching solution 
to the three inflow wells and simultaneous pumping in the production well 
at a rate which barely exceeds total input to the inflow wells. Patterns 
start with an acid inflow of 1 to 1.5 g/J until titratable acid is meas
ured in the effluent, at which time the concentration of sulphuric acid 
is increased in increments to a maximum of 5 g/J. After an acid condi
tion has been established in the pattern network, uranium leaching is 
enhanced by the addition of small quantities of sodium chlorate. Floc
culant addition (5 to 10 ppm) has been infrequently used to promote 
solution flow in less permeable formations. 

Uranium values generally- have been found to appear in the effluent in 
less than 48 h and the uranium concentration continues to build up for 
about a week before remaining constant at about 0.2 to 0.3 g/I. Towards 
the end of the life of the well (greater than one month), the uranium con
centration drops off. A number of patterns are operated simultaneously. 
After a pattern has been finished, pumps,screens and casings are salvaged. 

Uranium is recovered from pregnant solution by means of ion exchange 
columns. Stripping of uranium from the ion exchange resin is by a mixture 
of nitric acid, sodium nitrate and sulphuric acid. The strip solution 
is precipitated with dolomitic lime or magnesia slurry. The barren solu
tion emanating from the top of the column is discarded as waste, since 
while it contains some acid it cannot be recycled underground because of 
its dissolved calcium content. 

4.2 Nuclear Blasting 

While this technique has received considerable publicity in the six
ties (Hansen, 1965; Wilson, 1965; Hardwick, 1967; Jackson, 1967; 
Chopey, 1968) and a submission by Kennecott Copper Corporation (Anon., 
1967b,c) to the USAEC for a joint US$13 million* contained nuclear blast 
and solution mining experiment at its Safford Arizona Copper porphyry 
deposit, no proposals have reached fruition. One probable reason for 
this is the pressure on the US government by environmentalists who do not 
share the overall view expressed by researchers in the field that, if the 
proper precautions are taken, then it is most unlikely that radiation 
levels from adjacent ground-water, etc., will be hazardous. 

} \ 

* 1967 Costs. 
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4.3 Chemical Blasting 

Chemical blasting is a very common practice in the mining industry; 
however, it appears that there are only two cases where this technique 
has been used to fracture an orebody for i n s i t u leaching. 

Ranchers Exploration and Development Co. detonated 2000 tonnes of ANFO 
(ammonium nitrate-fuel oil)'to fracture 4 million tonnes of 0.8% copper ore 
located in an area 120 m in diameter and 100 m deep (Anon., 1972). The 
orebody is remotely located in Arizona so that damage from the blast was 
minimal. As the orebody was located near the surface, it was possible 
to fracture the whole orebody with a moderate amount of explosive. The 
orebody had been partially worked as an underground operation and it was 
possible to use old shafts and adits to place the charge at three differ
ent levels. About 590 tonnes were located at the bottom level, 950 tonnes 
at the middle level and 370 tonnes at the upper level. 

Preliminary measurements of the effects of the blast indicate that 
breakage of the rocks resulted in fragments measuring 220 mm or less. 

The area above the deposit was terraced, and perforated pipes were laid 
on the terraces for irrigation of the orebody. Recovered solution from 
percolation was led to a storage area for pumping to a precipitator plant. 
About 4 million kg of copper was estimated to be recoverable in the form 
of cement copper over a period of five years. 

Soakage of the complete orebody with liquor acidified to pH 2 took 
about six months to complete (Longwell, 1974). Following this period, 
solution recovery averaged about 97%. Production of copper started after 
four months and reached plant design level eight months later. Acid con
sumption for the production of copper for the first ten months of opera
tion was 5.17 kg/kg Cu. However, the acid consumption is expected to 
decrease with time as the acid-consuming gangue materials in the orebody 
are depleted and acid generation by the bacterial action on the sulphides 
present in the ore is initiated. Ferric iron first appeared eight months 
after soakage of the ore commenced (this is evidence of bacterial action 
in the ore). 

Ranchers Exploration and Development Co. detonated 200 tonnes of explo
sives (ANFO) to fracture 600 000 tonnes of low-grade copper ore (mixed 
oxide-sulphide ore) at Big Mike, Nevada (Anon., 1972). Fracturing was 
considered excellent, giving an average rock size of about 220 mm. In an 
effort to expedite the project, sprinkling of the broken ore was started 
prior to completing drilling of the recovery well. This assured a satur
ated orebody and immediate production once the recovery well pump was made 
operational. Liquor of 2 g / l Cu concentration is being produced and recov
ered in a standard iron launder precipitation plant. Good overall solu
tion recoveries are expected because of tight formation around the orebody 
and low-permeability material at the bottom of the deposit. 

The cost of setting up the operation was US$300 000. 

li 
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4.4 Ore Fractured by Subsidence 

The first significant application of leaching rock i n s i t u was at the 
Ohio copper mine, Utah, in 1922 (Anderson and Cameron, 1926). After 
mining by the block caving method was terminated, an inverted cone of 
broken rock from a cave-in containing about 38 million tons remained. 
Water, applied to the top of the broken rock, percolated down through the 
copper-bearing rock and collected in an adit below'. The copper was recov
ered by precipitation. After the success at the Ohio copper mine, 
in s i t u leaching was generally attempted and often succeeded on large 
masses of broken copper-bearing rock remaining after large-scale mining 
operations were terminated. 

An open drainage i n s i t u leach method is successfully used for the 
recovery of copper at the Miami mine of Tennessee Corporation in Gilo 
County, Arizona (Hardwick,, 1965). During the active life of the Miami 
mine, ore was mined by the block-caving method and subsidence resulted in 
a crater of about 500 m in diameter and 100 m deep. From this crater, 
broken rock extends downwards to the mining levels. Sulphuric acid is 
added to water (made up to 0.5%) and the solution flows by gravity in 
plastic pipes to points of application. Ponds, drillholes, and sprays 
are used to introduce the solution into the ground. A cyclic operation 
of liquor application is used; it requires three to four weeks after a 
spray is turned on the surface before the solution percolates through the 
broken rock and comes through on the 1000 level. The flow stops about 
two weeks after the spray is turned off. The first solution emerging is 
high in copper content. The spray is left in one place until pregnant 
solution grade drops below 1.5 g/1 Cu. The spray is then turned off and 
the area allowed to dry. Drying and wetting periods are alternated. 
The solution is collected on the 1000 level and pumped to a precipitation 
plant on the surface where it'passes through cells containing detinned 
shredded cans. About 9000 tonnes of copper per year are produced from 
the i n s i t u leaching of broken ore at this property. 

A flood leaching method is used in a combined dump and i n s i t u leach
ing operation for the recovery of copper at Ray Mines Division of 
Kennecott Copper Corporation in Arizona (Thomas, 1938). During the 
active life of the mine, the block caving method was used and subsidence 
resulted in an elongated crater 300 m wide by 600 m long and 45 m deep. 
When a nearby open pit was stripped, material containing some leachable 
copper was used to fill this crater. The bottom of the ore is well 
below ground-water level, and the rock surrounding the broken ore in 
workings is tight and impermeable. The workings are maintained in a 
flooded condition throughout the year. Copper-bearing solution is 
pumped from the flooded mine at three points by submersible pumps in 
shafts and drillholes connected with the under-ground workings. About 
500 kJ/h is pumped and passed through a precipitation plant where the 
copper is removed. Spent solution is returned to the flooded mine. 

4.5 Stope Leaching 

Stope leaching was practised at Stanrock Mines Eliot Lake District of 
Ontario, Canada (MacGregor, 1966, 1969a,b; Anon., 1967a). Old mined-out 
stope areas were ^̂ /ashed with high-pressure water (500 to 700 kPa) and the 
cycle repeated every three months. On 1200 stopes with an average of 
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550 m^ floor area, the production rate has been approximately 80 tonnes/ 
annum. During the leaching process, visible alterations occurred and 
these phenomena were an indication of the leaching process. In the first 
stage, oxidation of the sulphides to sulphates produced a dark (almost 
chocolate) brown colouration on the walls and floors. As uranium oxidi
sed, a bright yellow bloom appeared through the brown coating, indicating 
the characteristic colour of yellow cake. Bacteria were considered to 
play an important part in the leaching process. 

The loaded mine solution of about 0.1 to 0.2 g/i UsOa collected in 
stopes below the injection points, was fed directly to mill Pachucas. 
Overflow from these units was transferred to clarification tanks where 
fine suspended silica was removed, before it was routed to an ion exchange 
circuit for uranium capture on resin. Uranium was eluted from the resin 
periodically and thereafter precipitated as yellow cake with ammonia. 

Since mine waters at Stanrock contained appreciable quantities of 
thorium and rare earths in addition to the uranium content, their recov
ery was also possible. 

Stope leaching is also practised at Denison Mines Ltd, Eliot Lake 
District, Ontario, where this operation is but a minor adjunct to its 
conventional mining programme. A lawn sprinkler system has been instal
led in the stopes. 

Bacterial and sulphuric acid leaching of worked-out stopes were inves
tigated at Milliken Mines, Rio Algon Mines Ltd, Eliot Lake District of 
Ontario. Over a period of one year, about 60 tonnes of UaOe were produced 
— but the technique was discontinued. • w •-

In Australia, copper is recovered from mine waters by cementation at 
Peak Hill, NSW, and Wee MacGregor Mine, near Mt Isa, Queensland. There 
would be other operations of a similar nature producing minor quantities 
of copper. 

5. CONCLUSIONS 

The following conclusions have been drawn from the literature survey; 

(1) Jn s i t u leaching has been applied to the recovery of copper, 
uranium and evaporites. 

(2) Jn s i t u leaching operations can be divided into the follow
ing types — unfractured orebodies, fractured orebodies and 
stope leaching. 

(3) Solution mining from unfractured orebodies consists of in
flow and outflow bore-holes. Because of solution recovery 
and other associated problems, certain criteria have to be 
met for solution mining to be successful. These are that 
the mineral values should occur in a generally horizontal 
bed underlain by a relatively impermeable stratum, the ore 
must occur below the static water table, and the direction 
and velocity of regional water must be known. 
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Also, chemical precipitation in the orebody should not be 
allowed to occur. Low solution recovery and poor permeabil
ity would represent the two major reasons for this method not 
being widely used. 

(4) Fracturing of orebodies can be accomplished by hydraulic i| 
means, by chemical or nuclear blasting or by ore subsi- i 
dence due to conventional mining in adjacent areas. 
Solution mining operations using hydraulic fracturing tech- j.. 
niques probably face the same restrictions as operations on 
unfractured orebodies. Solution recovery of the other 1 
types of fractured ores should not present the same problem | 
as for unfractured ore or hydraulically-fractured ore oper
ations. Similarly, chemical precipitation in the ore is | 
probably only a problem with unfractured or hydraulically- '. 
fractured ore. 

(5) Chemical and nuclear blasting of orebodies are probably 
only economically viable for the breaking of large tonnages 
of ore. Because of safety problems associated with the 
blast, these operations cannot be located near population 
centres. 

(6) Because of the similar size-range of broken rock, dump 
leaching technology is also applicable to i n s i t u leach
ing of ore broken by blasting and subsidence. 

(7) Solution recovery from i n s i t u leaching of subsided ores 
and stope leaching is simplified by collecting in shafts, 
tunnels and slopes below the area being leached. 

(8) Published information on many of the different techniques 
of solution-mining is rather sketchy and there appears to 
be a lack of proper understanding of many of the complex
ities of the operations. This is basically due to the * 
fact that i n s i t u leaching is still in the development 
stage. 

The following aspects require evaluation: 

(a) For unfractured orebodies; What is the optimum well spac
ing and pattern for various different orebodies? Can 
natural fracture systems be used as effective aids in the 
control and containment of leach solutions? What is the 
effect of natural ground-water flow on flood pattern 
efficiency? Can hydraulic fracturing offer a cheap 
method of greatly increasing the permeability of the ore? 
What effect does ore inhomogeneity have on the operation? 

(b) For fractured orebodies: What is the optimum explosive 
placement, charge size and explosive type? What size 

of broken rock is required for an adequate leaching rate? 
Many of the questions in (a) are also applicabie. 

i 
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Increased pressure to develop 
technologry for the recovery of met
als and minerals with minimum pol
lution of the environment resulted 
in many new developments in solu
tion or chemical mining in 1972. This 
was apparent in the number of new 
field applications of true solution 
mining or in situ leaching of copper 

• ores. 
Probably the most important de

velopment in solution mining in 
1972 was the fracturing of an entire 
copper ore-body with conventional 
explosives followed by leaching of 
the ore in place.'' On March 9, the 
largest nonatomic blast ever' set off 
in the United States marked the be
ginning of a novel in situ leaching 
operation by Ranchers Exploration 
and Development Corp. at the pre
viously worked Old Reliable copper 
mine about 50 mi northeast of Tuc
son, Ariz. E. L DuPont de Nemours 
and Co., operating jointly with 
Ranchers, furnished and directed 
placement of 2000 tons of explosive 
which were detonated to fracture a 
compact 4-million ton pipe-like de
posit of oxidized and secondarily en
riched copper. Following the blast, 
the rubble was terraced and per
forated pipes were placed on the ter
races for leaching of the broken ore. 
A precipitation plant was con
structed to recover copper from 
leach liquors. Leaching was started 
in August 1972. It is estimated that 
30 million lb of copper will be re
covered over a period of 5 yr. A 
cost of $1.7 million was given for 
bringing the property into produc
tion. If the expected low cost pro
duction of copper is achieved, simi
lar ore bodies would be exploited by 
the technique in the future. 

In another joint venture, Asarco 
and the Dowell Division of Dow 
Chemical Co. are planning to leach 
copper in situ from a copper oxide 
ore body near Florence, Ariz." 
Dowell will use hydraulic fracturing 
techniques developed in oil field 
work to fracture the deposit. Then 
acid solutions will be injected 
through drill holes, leach liquor re
covered from a producing well and 
copper recovered by electrowinning. 
Sufficient results should be available 
for an evaluation of the method in 
1973. 

Near Mountain City, Ney., Cleve
land-Cliffs Iron Co. and Dupont are 
engaged in a project to recover cop
per by in situ leaching of old under
ground mine workings and an adja
cent fractured and caved ore body. 
Dewatering of the underground 
mine is nearly complete after which 
the mine will be allowed to aerate. 
Leach solutions will be percolated 
downward through the chalcocite-
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bearing stope backfill in early 1973 
to extract the copper. Future plans 
are to drift out from the 600-ft level 
of the mine shaft below an adjacent 
7-million ton chalcocite-bearing ore 
body, fracture the ore with conven
tional explosives, allow broken ore 
to cave into the cavity created by 
drifting and undercutting and intro
duce leach solutions via holes drilled 
through about 300 ft of overburden 
to extract the copper. This" latter 
operation will be similar to the in 
place leaching of the block caved 
Miami mine in Arizona which has 
been producing copper since 1941.* 

A recent paper describes a possi
ble method for revitalizing the na
tive copper mines of the Keweenaw 
Peninsula of upper Michigan." The 
article suggests that low grade stope 
fill, caved backs and crushed pillars 
might be leached in place using 
cupric ammonium carbonate and the 
copper recovered from the am
moniacal leach liquor by solvent ex
traction and electrowinning. 

Improved Dump Leaching 
In addition to the new in situ 

leaching developments, there is con
tinued interest in improving dump 
and heap leaching of copper ore and 
open pit strip waste. Finger dump 
leaching as practiced at Anaconda's 
Butte, Mont., operations results in 
improved permeability to air and 
leaching solutions." This method of 
dump emplacement appears to give 
50% higher copper extraction than 
that obtained from conventional 
dumps. 

The USBM is investigating an
other method for improving dump 
permeability and recovery of not 
only copper but also associated by
products.' The process comprises 
screening of enriched fines from 
coarsely crushed mine waste, froth 
flotation for prompt recovery bf cop
per and such by-products as molyb-
denlim, gold and silver, all of which 
are lost in conventional dump leach
ing and dump leaching of the resid
ual coarse rock to extract some of 
the remaining copper. In addition to 
early recovery of copper and by
products, the combination of fines 
flotation and coarse fraction leaching 
has resulted in overall copper re
coveries that in many cases were 
double those obtained by conven
tional leaching for one year. 

Much remains to be learned about 
solution flow during leaching of cop
per waste dumps. In a recent study 
at the Phelps Dodge Corp.'s Bisbee 
operation, churn drill holes were 
logged with geophysical instruments 
to provide information on internal 
dump conditions.' Several means of 
directing leach solution to unleached 
portions of the dump were sug
gested. 

A novel method for heap leaching 
of copper oxide ore was evaluated 
on a 1200-ton dump at Gaspe Copper 
Mines Ltd. in Canada." Pyrite con
centrate was added to the dump and 

acid was generated in situ by oxida
tion assisted by bacterial action. It 
was concluded that pyritic leaching 
offers some advantages over acid 
leaching. 

Bacterial activity during solution 
mining continues to hold consider
able interest. The role of microor
ganisms in altermg minerals by oxi
dation or reduction during leaching 
was reviewed by Malouf." The prac
tical value of operating sulfide leach 
dumps under conditions evolving 
from the British Columbia Research 
microbiological leaching research 
program is being evaluated on three 
6000-ton test dumps." 

The chemistry operative in dump 
leaching was treated by Wadsworth, 
Baur and associates in studying 
oxygen consumption and the kinetics 
of chalcopyrite dissolution."" 

The other major commercial ap
plication of solution mining is the 
extraction of potash from bedded 
deposits. Conversion of Texas Gulf 
Inc.'s Cane Creek potash mine near 
Moab, Utah, from conventional min
ing to solution mining was com
pleted in March 1972." After ter-
minating unprofitable underground 
mining operations in 1970, the mine 
workings, consisting of some 430 mi 
of tunnels, were filled with water 
from the Colorado River. The water 
dissolves the sylvanite and brine is 
pumped to solar evaporation ponds. 
After evaporation, the potash-so
dium chloride salts are harvested 
using scrapers .with depth of cut 
controlled by a laser beam. Har
vested salts are slurried in spent 
brine and pumped to the original 
mill for processing by fiotation. 

Solution Mining 
A simple solution mining method 

is outlined and methods for recover
ing potash from brine are discussed 
in a recent article by Husband." The 
mechanism for solution of salt and 
mixed halides of sodium and potas
sium is reviewed in a report by 
Jessen.'" In this paper, the param
eters influencing type and shape of 
cavity formed with single well or 
multiple well systems are examined. 
Jacoby'" describes and gives exam-̂  
pies of the use of solution-mined 
salt cavities for storage of liquid 
petroleum gas, natural gas and other 
hydrocarbons, storage of radioactive 
wastes and surge vessels for air 
compressed by electric utilities dur
ing off-peak hours. The use of an 
articulated platform for offshore 
solution mining of sulfur, potash or 
salt is proposed by Dravo Ocean 
Structures." 

Fundamental research in- solution 
mining is being carried out at New 
Mexico Institute of Mining and 
Technology. A computer model was 
developed and used to simulate sev
eral examples of leach solution flow 
through a layered leach dump." The 
simulation studies have revealed a 
new method to find areas of chan
neling and impermeable lenses 
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