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with "a unique opportunity to reduce our 
inventory of unsold lead, which has been 
accumulating for several months due to a 
slack demand, particularly from the US 
battery industry," said Jack.W. Kendrick, 
Bunker Hill president. 

The zinc plant shutdown resulted 
mainly from transportation problems in 
Peru following extremely heavy rains. 
Three major mines in the country were 
shut down in March because of shortages 
of fuel and other supplies. During the 
weather disturbance, some 16 roads con
necting the Peruvian highland's, site of the 
mines, with seaports were washed out. 

Ironically, the Bunker Hill closure fol
lows a record-setting spring at the Kel
logg operations. The lead smelter set an 
all-time record in April, the 12th consecu
tive month when production exceeded 
10,000 st/mo, surpassing a long-standing 
record from September 1971 through 
August 1972. Total production for the 12 
months ended April 30, 1981 was 
123,671 st of cast lead, making the smelt
er one of the most productive for its size 
in the world, according to Ralph Gilges, 
vice president for metallurgy. Also last 
April, the lower mine produced 55,224 st 
of ore during the month, topping by 11% 
the previous record set in March 1980. 

The little town of Kellogg in the Silver 
Valley is still reeling. "Bunker Hill is. 
Kellogg. If they shut it down, that's it," 
said Wendell Brainerd, managing editor 
of the KELLOGG EVENING NEWS. Added 
Mayor Fred Hoback, "Other people out
side the community couldn't possibly 
understand what this means to us." A 
plan to soften the impact of regulatory 
costs on the smelter could have saved the 
operation, according to Maynard Miller, 
Idaho Bureau of Mines chief and dean of 
the University of Idaho College of Mines 
and Earth Resources. Miller attributed 
the closure to a complex mix of regula
tions, low metal prices, increasing wage 
costs, and the industry's inability to plow 
profits back into company operations. 
Miller pointed out that with the closing of 
Bunker Hill, US dependence on zinc 
imports will increase from 50% to 60%. 

In mid-September, civic and govern
ment leaders were joining with Bunker 
Hill employees in trying to find a buyer 
and stave off the impending closure. The 
United Steclworkers of America, repre
senting 1,400 of the 1,700 hourly work
ers, voted to accept a 15% wage cut and 
to participate in a proposed employee 
stock ownership plan. Other unions repre
senting hourly workers and salaried 
employees joined the move. The Idaho 
Congressional delegation appealed to 
President Reagan and the Environmental 
Protection Agency to grant a five-year 
moratorium on future air and water qual
ity standards affecting the Bunker Hiil 
complex nai 

Shipment of refined copper begins 
from Kidd Creek complex in Ontario 
Texasgulf Inc. began shipping refined 
copper in August from the Kidd Creek 
complex in Timmins, Ont., from a new 
smelter-refinery complex completed on 
time and under budget. Shipments began 
prior to finalization of the takeover of 
Texasgulfs Canadian assets, including its 
Kidd Creek and Timmins, Ont., mining 
and refining operations, by Canada 
Development Corp. (CDC), 49% owned 
by the Canadian government. The take
over was scheduled for completion at a 
September 25 shareholders meeting, at 
which time the complex at Timmins may 
be renamed Kidd Creek Metals Ltd., 
although this was not definite as this 
story was written. The change of owner
ship is part of the complex deal in which 
Elf Aquitaine, the French government-
controlled oil company, purchased most 
of Texasgulfs publically held common 
stock. Elf then exchanged Texasgulfs 
Canadian investments for CDC's shares 
in Texasgulf plus cash. 

The new Kidd Creek plant, the first 
such copper smeller-refinery complex 
buill in Canada in 50 years, was original
ly budgeted at about $350 million and 

came in at $300 million. The complex will 
probably reach its designed production 
rate of 65,000 mt/yr during the first 
quarter of 1982. Run-in, the first phase of 
start-up operations, is scheduled for com
pletion this month. 

Capacity of the smelter-refinery can be 
increased to 100,000 mt/yr by the use of 
higher oxygen enrichment in the furnaces 
and an addition to the refinery. Engineer
ing is in progress for this expansion, and 
some preliminary construction has been 
done. Concentrates for the complex are 
supplied by the Kidd Creek mine, w 
processes 5 million ml/yr of copper 
zinc ore. 

After 15 years of mining, the 1 
.Creek orebodies have not been deline 
completely, either at depth or lateral! 
many areas. During July and Aut 
routine exploration drilling on the 2,6uu-
ft level of the north ore zone intersected 
high-grade copper ore in an area pre
viously considered barren. Drilling is 
incomplete, but the ore extension, has 
been termed "attractive." The first two 
holes were 208 ft of 3.8% copper and 180 
ft of 3.2% copper, B 
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BLM assessing impact of shale and 
tar sands energy boom on Uintah Basin 
The site-specific and cumulative effects of 
five proposed oil shale and two tar sands 
projects in northwest Utah are being con
sidered by the Bureau of Land Manage
ment (BLM) in drafting the Uintah 
Basin Synfuels Environmental Impact 
Statement. All of the projects filed right-
of-way applications in June to cross feder
al lands managed by BLM. Federal regu
lations require an analysis by BLM of the 
environmental impacts of each project 
before considering its right-of-way appli
cation. A single EIS is being prepared for 
the seven projecls, because all would be 
located in the same general area and 
would be developed within similar time 
frames, BLM said. 

Parameters of the five oil shale projects 

Preliminary BLM work indicates that 
major concerns about the proposed Uin
tah Basin synfuels projects are related to 
air quality, water, socio-economics, and 
endangered species and wildlife resources, 
according to Jack D. Edwards, BLM 
project leader for the basin EIS. 

Project parameters 
Large-scale mining operations are 

planned by all seven projects. The five oil 
shale developments would utilize conven
tional room-and-pillar underground min
ing, while the tar sands facilities would 
use surface mining lechniques. 

Magic Circle Energy, which proposes a 
(Conlimied on p 47) 

are: 

Planned in i l ia l 
operating 
capacity 

8,220 bb l /d 
10,000 bb l /d 
8,000 bb l /d 

40,000 bb l /d 
5,000 bb l /d 

Slarl-up 
dale 

1986 
1984-85 
1986 
1988 
1983-84 

Full-scale 
capacity 

31,500 bbl /d 1988 
38.250 bbl /d 1986 
16,500 bbl /d 1988 
48,000 bbl /d 1989 
50,000 bbl /d 1992-93 

Company Project 

Magic'Clrcle Energy . . . Cottonwood Wash 
Pa'raho Development . . Paraho-Ute 
Suntana-Utah Utah 
Tosco Sand Wash 
Geokinetics Lorreco in situ 

Pai;ameters of the tar sands projects are: 

Planned Ini l ial Start-up 
Company Project operating capacity date 

Enercor/Mono Power. . Asphalt Ridge 5,000 bbl /d 1984 
Sohio Shale Oil Asphalt Ridge 24 bbl /d (pilot operation) 1983 20.000 bbl /d 1989 

Full-scale 
capacity 

50,000 bbl/d 1990 

CGftlJ OCTOBER 1981 43 



THIS MONTH IN MINING 

Uintah Basin synfuels projects 
covered by BLIVI state management plan 

Veriial 
o 

Sohio 
(Tar sands) 

Roosevelt 

Uintah 

Scale in miles 

development 40 mi south of Vernal, 
Utah, plans-the largest mine—a'facility 
producing 24.5 million st/yr from a 50- to 
58-ft zone located 1,500-1,900 ft below 
the surface. The four surface retorting 
iinits would use a Moroccan process 
based on batch handling technology that 
will yield 31,500 bbl/d. 

Tosco's Sand Wash project, 30 mi 
south of Vernal, would mine 21.6 million 
st/yr of ore. Ore would be crushed under
ground in a primary crusher, hoisted to 
the surface and run through a second 
crusher. The oil shale would then be 
conveyed to six retorting units and to 
hydrocarbon recovery facilities where oil, 
gases, and by-products would be recov
ered by the "Tosco II process to produce 
48,300 bbl/d. 

Paraho Development's Ute facility, 50 
mi southeast of Vernal, would mine 20 

million st/yr through a room-and-pillar, 
two-bench mining system. Primary and 
secondary raw shale crushers would be 
located in the mine, with tertiary crushing 
units located near three retorting units 
yielding 34,000 bbl/d. 

The Syntana-Utah project near Bonan
za proposes an 8.8 million-st/yr room-
and-pillar mine using underground crush
ing and conveyors to move the raw shale 
to a surface stockpile. The shale would be 
retorted by a technique to be licensed by 
the project sponsors from another energy 
organization. 

Geokinetics has two oil shale projects 
in early developmental stages. The Agen
cy Draw project, on 22,000 acres in 
southern Uintah County, proposes a 
room-and-pillar mine and surface retort 
yielding 5,700 bbl/d. The company also 
proposes a commercial in situ oil shale 

facility to exploit near-surface oil shale. 
The development on 10 noncontiguous 
state land sections in southern Uintah 
County proposes to bring each section 
into commercial production annually, 
with a yield of 2,000-5.000 bbl/d. 

The Enercor-Mono Power tar sands 
.project, in the southeastern section of 
Uintah County, proposes a surface mine 
with draglines to remove the overburden. 
Shovels and trucks would load and move 
the ore to a central mine area. A crushing 
station would be constructed to handle 50 
million st/yr of ore for the 50,000-bbl/d 
plant ultimately planned. A demonstra
tion module of 5,000 bbl/d would be the 
first step. 

Sohio Shale Oil's Asphalt Ridge tar 
sands project, 3 mi southwest of Vernal, 
proposes three open-pit mines to provide 
tar sands for a pilot plant. A commercial 
facility would be constructed later at an 
undetermined location. 

The White River oil shale project, also 
in Uintah County, is not included in the 
Uintah Basin EIS, because it filed for 
rights-of-way several years ago, and an 
EIS has already been prepared for its 
development. The project, a consortium 
of Phillips Petroleum, Sunoco Energy, 
and Sohio Shale Oil, proposes a 27,000-
st/d underground mine for the first 
15,000-bbl/d module, but planning in
cludes an ultimate output of 100,000 
bbl/d.H 

Tosco prepares for 
shaft sinking at Sand 
Wash pilot project 
Site construction will begin this fall at 
Tosco Corp.'s Sand Wash oil shale proj
ect in preparation for sinking a pilot mine 
shaft next spring to define fully reserves 
and underground geology at the 17,000-
acre property 35 mi. south of Vernal, 
Utah (E&MJ, June, p66). The prelimi
nary development program, to cost $41 
million over the next three years, was 
announced by John Lyon, executive vice 
president. 

Plans call for small-scale mining to 
explore the 34-gal/st reserves about 2,000 
ft below surface. Tosco officials have said 
that Sand Wash will be a replica of the 
47.000-bbl/d Colony oil shale develop
ment project at Parachute, Colo., which 
Tosco is developing in partnership with 
Exxon. 

While Tosco is funding the early devel
opment phase at Sand Wash, the compa
ny will probably seek a partner for the 
project estimated to cost $3.5 billion, 
Lyon said. Tosco received a $1.1 billion 
federal guarantee for its share in Colony, 
but no decision on seeking federal support 

{Continued on p 48) 

€ & M J OCTOBER 1981 47 



caibon 
' t , ( l ) . 

of ftie 
la-Ala, 

Df physico-
970, 

.536.23 

i . 7 g / l : 
ilusite, 
) in the 
•, and 

'!ce of 

:tion 

I. lie 

rrjdvnamic 
-5." It 
I rpm 
n for the 
ives for 
sulphuric 
s a slower 
r opinion, 
; in the 
rial solu-
es of the 
he high 
lie diffu-
.ive cen-
le literatutt 
lo so rb 

a solution 
ilishnieht 
;ont in the 
lion by 
in aque-

:ion of 
i lher 

P st\idied 
lie solu-
with 
rial solu-. 
ients on the 
>d that, 
higher 

(viometry 

the cxidation is not sensitive to v:iriatJon in the sulphuric 
acid concentration in the range lx;tween 3.5 and 31 g / 1 . The 
elfect of the reaction products on the o.xidation of Fe^' ' was 
delermined in the following e.xpcriments. In the initial aque
ous and industrial solutions the initial concentration of Mn" ' 
and Fe^'+ions was tixed by introduction of the respective 
ions. The experimenls were carr ied out with the solution 
nt 25°C and with a sulphuric acid concentration of 8 g / 1 . 
In the range of concentrations of Mn^+ ions between 0 and 
12.8 g/1 (from 3.8 g /1 for the industr ial .solutions) .and Fe^ + 
lons between 0 and 11.6 g / 1 in the initial solutiori no var ia 
Uon in the reaction rate was noticed. Koch") came lo s imi lar 
conclusions for the oxidation of ferrous iori in aqueous solu
tions of acids. 

f 

The effectof Cu''* ions on the reaction kinetics was studied, 
as in the above-mentioned cases , by variation of tlieir concen
tration in the initial solution, t h e experiments were carr ied 
out.in aqueous solutions of sulphuric acid with the solution 
al 25°C and with a sulphuric acid concentration of 6.8 g / 1 . 
The kinetic curves a re givenin fig.2. The presence of copper 

Fia. 2 
Dependence of the reaction 
kinetics on the content of 
copper ions in the solution, 
g l l : I - O: 2 - 0.12; 3 -
1.18; 4 - 2.U-S.60. The 
weiijlit'of pyrolusite was 
.10 .J. 

ions in the solution has a retarding effect on the oxidation. 
With increase in the amount of copper ions in the solutions 
the retardation of the Fe'"'—<-Fe'''' oxidation increases . How
ever, this relationsliip dis.appears on the attainment of a 
concentration of copper ions equ.nl to 2.34 g /1 in the solulion. 
Further increase in the concentration of copper ions in Uie 
solution has no effect on the reaction kinetics. In our opinion, 
as in the case of zinc ions, this may re!;ult from blockage of 
active centres on the pyrolusite .surface by the extraneous-
lons and also by the occurrence of a revers ible i-eaclion^). 
The direction of this reaction depends on the aciditj' of the 
medium, and at pH<2.5 the reaction Uikes place from right 
to lefto): 

jiî uws^SSTY OF UTAH 
iESE^MM S?̂ ST8TMTE 

Fe» + + Cu= + - ^ F e ^ + + Cu+ (1) 

The dependence of tlie F e ' + —^Fc= ' oxidation rate on the 

(Sî î  '0'. T/V/ 
The behaviour and role of sil ica in the carbonisation ot aluminate solutions 

Fig. J 
Tbe dependence of tlie 
reaction kinet ics on the 
amount of pyrolusite g: 
1 - 15; 2 - 30; 3 - -15. 

amount of pyrolusite (the area of the interface) i s given in 
fig.3. The degree of oxidation of the ferrous iron increases 
Willi increase in the aniount of oxidising agent, i. e . , with 
increase in the a rea of tlie interface. 

Conchisions 

1. The oxidation rate of F e ' + depends to a considerable 
degree on the hydrodynamic conditions under which oxidation 
is carr ied out and on the a rea of the interface between the 
phases. It does not depend on the sulphuric acid concentra
tion in the solution (in Uie range between 3.5 and 31 g/1) when 
the aniount of free acid is grea ter than the amount'of F e ° * 
ions required by the stoictuometry of the reaction. 

2. The oxidation rate of F e ' + does not depend on the initial 
concentration of the reaction products in the solution in the 
range between 0 and 11.6 g /1 Fe^ + and between 0 and 12.8 
g /1 Mn'-t. 

3. The rate of this process in zinc sulphate solutions is 
lower than in sulphuric acid solutions. 

4. The oxidation rate of Fe°+ dec reases with increase in 
the concentration of copper in the solution. .On the attainment 
of a concentration of 2.34 g / 1 , however, further increase 
in the concentration of Cu '+ has no further effect on the 
react ion ra te . 
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V F Kocherzhinskaya and O D Domraclieva (Irkutsk Branch, All-Union Aluminium and Copper Institute) 

The behaviour of si l ica, the content of which in nluniinium 
hydroxide determines the final quality of commercia l alumina. 
Is of considerable importance in carbonisation. The kinetics 
of Uie release of silica during the decomposition of aluminate 
Bolutions by carbonisation has been studied by many investi
gators'"*), but Uiere is a s yet no loiiimon opinion about Ihe 
mechanism of Uic process . The purpose of our iiive.stigalion.s-
was to define the behaviour of silica in the carbonisation 
process more precisely and its effect on the formation of 
aluminium hydroxide and to study the effect of the tempera
ture conditions of the process on the charac ter of the separa -
Uon of silica from the solution. 

The carbonisation process was carr ied out for 7.5-8h by a 
Ips-air mixture containing 10-12% of carbon dioxide on 
synthetic aluminate solutions the comixisilions of which cor
responded to the solutions from Uie Achinsk Alumina Combine, 
R/I: 75-80 Al jO, , 1.6-1.7 R,Oc;jrb , .KaO:N.a30 = l :3 .Dur ing 
the process Uie solulion was analysed for contents of RjO^.^,.!, 

ffaOtoi. ' AI3O3, and SiO, . The solid phase was analysed for 
the conteni of SiO, and by a crystii l-optical method in immer 
sion liquids. Tlie variation of the si l ica concentration during 
the decomposition of the .solution was studied in solutions 
with silica rat ios asiOj between 270 and 1040 at 80°C.Froni 
the curves for Hie decrease in the .silic.i concentration in the 
solution (fig.l) it is found thaHit t le silica passes inlo the 

Fig.l 
Variation of tbe concentra
tion of Si02 during tbe 
carbonisation of aluminate 
solutions with s i l i ca ra t ios 
aSiOj.- i - 270; 2 - 400; 
3 - 540; 4 - 690; 5 - 800; ' 
6 - 10-10. a i s the degree 
of decomposition of the 
solution. 
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solid phase al the begimiing of carlxinisation in solutions 
wilh silica ratios of 540 and below, while silica does not 
separate from solutions wilh siUca ratios of 690 and above. 
However, crysLal-optical investigations of the aluniiniuin 
hydroxide obtained at the inilial poinl showed that a silica-
containing phase, which.is adsorbed by the AKOH)̂  surface 
in Uie form of fine-point cryptocryst;illine accumulations 
and impregnations, separates from all the experimental 
solutions at the moment of the formation of tine unsymmet-
rical aggregates of aluminium hydroxide, consisting of poorly 
formed crystals and their concretion.s. By crysLal-optical 
examination a quantitative relation wns found between the 
silica-containing phase isolated at Uie beginning ot carboni
sation and the SiO, content in the inilial .solution. It is pos-

• sible that the transfer of SlOj from solutions wilh silica 
ratios of more Uian 690 is not delected at We commencement 
of carbonisation on account of the poor sensitivity of the 
FfiK-M instrument. The stage of joint separation of aluminium 
hydroxide and Uie silica impurity ends al about 5-10% decom
position, and transfer of Si03 lo Uie solid phase from the 
solution stops wiUi further carlxmisalion. A slope is then 
observed on the right, beginning wilh about 35-45% decom
position. It corresponds to the moment of the separation 
of silica from Uie mother solution situated in the inlercrys-
talUne space between the aluminium hydroxide aggregates 
where supersaturation in silica takes place more rapidly 
than in the volumeof the whole solution. This sUigc begins 
earUer for higher concentrations of silica in the solulion. 
Finally, wjUi furUier carbonisation, when super-saturation 
of Uie whole solution with silica occurs (from about 80-85% 
decomposition), Uie Uiird stage of the transfer of SiOj to 
the precipitate begins. In fig.l the parts of the curves cor
responding to this moment fall sharply on the right. 

The existence of Uiree stages of separation of silica during 
the carbonisation is confirmed liy Uie results from crystal-
optical investigations of the final" aluminium hydroxide. The 
silica isolated in the first stage is situated in Uie central 
part of Uie coarse (greater than 80-100 jim) aiggregates of 
the hydroxide in Uie form of dark non-transparent finely 
dispersed accumulations. As in the literature'), we explain 
the separation of Oie SiOa impurity at the commencement 
of carbonisation by the enhanced .sorption capacity ot the 
initial amount of aluminium hydroxide. The silica isolated 
at Uie second stage is in the form of grains and point in
clusions between the crystals ot the aggregates. The silica 
isolated at Uie third stage is situated mainly on the surface 
of the aggregates in the form of independent finely dispersed 
accumulations. 

The results from earUer investigations^) on the effect of 
the silica ratio of Uie initial solution on the structure of the 
aluminium hydroxide were confirmed. Coarser Al(OH) 
aggregates, having a divergent structure, crystallise out 
from solutions wiUi a lower content of silica. When asio 
= 800, the m.ijority of Uie aggregates of Uie +100jjm class 
reach l60-l80Mm in size. Uniform crystallisation of Uie 
aluminium hydroxide in the aggregates is observed; crystals 
in Uie form of well-formed rectangular prisms grow from 
the centre. Less coarse AKOH), aggregates cr>'stallise 
out from solutions with a higher content of SiOj, the crys
tallisation ofthe solid phase takes place non-uniformly, 
and in the central part of many aggregates Uie uncrystal-
Used hydrate in hexagonal form is not retained to Uie end. 
By cementing Uie surface of the aluminium hydroxide for-
med and restricting Uie growth of the crystals from the 
centre, Uie silica-containing phase isolated al the initial 
moment of carbonisation.prevents overall growth of Uie 
aggregates. 

From fig.l it is .seen that the Ixilk of the silica soparalos 
into the solid phase at Uie third .stage. The results from 
chemical analysis of the washed and unwashed precipitates 
shows that part of the silica isolated from the supersaturated 
solution at Uie third stage is easily washed out. Thus, for 
aluminate solutions with .silica raUos of 540,800, and 1040 
Uie SiOa content amounted to 0.09,0.06, and 0.04% respec
tively for washed AUOH), and 0.13,0.10, and 0.08% respec
tively for unwashed A1(0H)3. This is confirmed by Uie 

crystal-optical investigations of Uie washed hydroxide; Uie 
silica-containing phase is almost absent on the surface of 
the aggregates, concretions," and crystals of aluminium 
hydroxide. When carlionisaUon aluminium hydroxide is 
used as seed, therefore, the silica-containing phase iso
lated nl Uie third stage and situated on the surface of the 
aggregate will mostly pass into solution at the soda-alkaline 
branch. The silica-containing phase situated in the inter-
crystalline space will remain in the hydrate, thereby con
taminating il. In order to improve the quali^' of the seed 
hydroxide il is therefore necessary to select conditions 
which will restrain the separation of the silica from the 
solution as long as possible. 

The effect of temperature on the behaviour of SiOj was 
investigated at 60,70, and 80OC on aluminate solutions 
wiUi silica ratios of 400, 500,690, and 800. At 80OC (fig.2) 
separation of silica from the aluminate solution begins 
from the moment of decomposition, and then stops. After 
35-45% decomposition Uie second stage begins, and after 
80-85% decomiwsiUon the third stage begins. The whole 
process of the separation of silica also consists of three 
stages at 60°C. However, the first stage beginning from 
the moment of decomposition of the .solution continues to 
~35-45% decomposition and then passes into the second 
stage. The separation of silica is appreciably stronger 
in the second stage. The part of the curve corresponding 
to Uie second stage lies below the curve corresponding 
to this stage al BQOC. The third stage of deiiosition of 
silica from the supersaturated .solution begins Later. The 
stage-by-stage separation of silica can be traced more 
clearly during the carbonisation of solutions with higher 
concentrations of SiOj. At 70°C the behaviour of silica is 
intermediate in character. Thus, by increasing the tem
perature of the carbonisation process it is possible to obtain 
seed aluminium hydroxide of higher quality on account of 
a decrease in the total SiOj conteni. This confirms the 
results from chemical analysis of Uie products. I 

Fig.?, Thi- var . ia t ion of the SiO^ c o n c e n t r a t i o n dur ing 
varhonLsat ion of a lumina te s o l u t i o n s a t tempera
t u r e s , C: 1 - BO; 2 - 70; 3 - 60 . asiQ,: a) 400; 
h) 540; c) 690; d) SOO. 

Thus, al a process temperahire of 80°C and with silica 
ratios of 540 and 800 in the aluminate solutions the SiO, 
content of the AKOH)̂  amounted to 0.05 and 0.06% rejspec-
Uvely, and at 60°C it was 0.10 and 0.08%. 

The effect of temperature on the behaviour of silica during! 
carbonisation is partly explained by the data from crystal-
optical investiga lions. At eO^C at Uie commencement of 
carbonisation of the solutions the precipitate contains un-
symmetrical aggregates of aluminium hydroxide, consisting j 
of tine grains wilh weak light refraction, their accumulatibnl 
and al.so a hydrated gel. The Al(OH), grains on the surface , 
are cemented by the inclusions of Uie impurity and more so 
the higher the SiO, content of the solution. The silica is 
present in oven more den.se accumulations on the hydrated 
gel. At m'>C the hydraled gel is absent Irom the solid phasel 
isolated at the first nioment of carbonisaUon. The aluminiuml 
hydroxide aggregates consisi of rounded grains with greaterf 
anisotropy, and Uiis indicates a more perfect Al(OH), struc-] 
lure. The silica-containing phase impurity is encountered 
much more rarely on the surface of the aluminium hydrox- i 
ide. Thus, at a low process temperature the decomposition 
rale of the solution increases, and conditions are created 
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Behaviour of copper during antoclave (uadative leaching of pyrrhotine concentrates 

A K Gol'd, A S Ladygo and VI Perepletchik (Noril'sk Mining-Metallurgical Combine) 
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In the autoclave oxidative leaching of pyrrhotine concentra
tes the decomposition rates of the nonferrous metal and 
iron sulphides vary*). This effect is explained not by the 
kinetics of the leaching of Individual minerals but, probably, 
by the mutual influence of the mineral components constantly 
present in the ores ' ) . In the present work the behaviour of 
copper during autoclave oxidation of chalcopyrite in the pres
ence of synthetic troilite or its closest natural analogue 
(pyrrhotine) was examined. 

To determine the effect of iron sulphide on the oxidation 
rate of chalcopyrite experiments were set up into the leaching 
of mechanical mixtures. Troilite was used as iron sulphide; 
the chalcopyrite was the natural mineral separated from the 
ore vein of the Talnakh ore unit and containing 96% of chalco
pyrite, 0.5% of pentlandite, 3% of magnetite, and 0.5% of 
silica. 

Decrease in the proportion of troilite in the mixture from 
50 wt.% to zero (with the weight of charged material unchan
ged) increases the extraction of copper into the solution (fig.l), 
and Uiis is proably explained by reaction between the troilite 
and chalcopyrite, due to a microgalvanlc effect during their 
contact'*). To obtain a quantitative estimate of the micro-
galvanic effect let us consider a simplified model of the 
process, assuming that with other conditions equal collisions 
of the chalcopyrite and troilite particles are the determining 
factor. 

eg 
• N : 

' 2 : (N-2) : 
N(N -1) 
~ T \ — 

The total number of triple collisions i s : 
N : Ni- l ) (N-2) 

^»"^N - 3 : ( N - 3 ) : 6 

(2) 

(3) 

where N = (N^-t-N,) is the total load; N^and N, are the numbers 
of particles of chalcopyrite and troilite respectively in the 
load. For sufficiently large number of particles N - l** N 

N* 
(4) 

The number of "unlike" pairs i s : a, =N^N, (5) 

The number of "unlike''trios is : a, = CJ C^ + Cl; C^ or, 
with allowance for Eq. (4), ' ^ '2 ' i 

ao = l/2(NiN| + NaN?) (6) 

Substituting in Eq.(l) and eliminating terms to the second 
power, we obtain 

NiN,' 
P(x) = 3 (Ni + NJ-

or, putting Nx/N, = k, we obtain 

P) 

(8) 

S « 

;<? ; 

2 -^ 
o . ' . : : a.-i. 

•4 

i.r 

It 

i 

« « 6 3 Id 3 l i i i iS^:'fi 
Ratio (weight) of CuFeS, to FeS in mixture 

Fig.l 
Dependence of the reciprocal of the extraction of copper 
inco the solution on the ra t io of c.-.ai copy r i t e , to t r o i i i t e ; 
J ,2 , J ,4 - after leaching of mechanical mixtures for 15,30, 
45 and 60 min respectively. Experir.ental conditions: tem
perature 110 t 2°C; PO2 = 5 atm; so l id- l iqu id r a t i o 1:2; 
i n i t i a l acidi ty 10 gl l II2SO,.; t r o i l i t e content of mixtures 
wt.*; 1 - O; 2 - 5; 3 - 10; 4 - 20: 5 - SO. 

We will introduce a series of simplifications: all the parti
cles have identical coarseness and mass; the autoclave is an 
ideal mixing apparatus. The probability of collisions between 
particles of different minerals is then determined as foUows: 

P(x) = 
Aj + A, (1) 

where a, and a^ respectively are the numbers of collisions 
of "unlike" pairs and trios; A, and A3 respectively are the 
numbers of all possible paired and triple collisions. The 
number of collisions of groups greater than three is not 
taken into consideration, as being unUkely. 

Let us calculate the terms entering into Eq.(l). The total 
number of paired collisions is : 

The curve for the obtained function P(x) = f (k) is shown in 
fig.l. If the extractions of copper obtained with various ratios 
between the chalcopyrite and troilite after leaching for various 
intervals of time are plotted against the appropriate scale, 
it is seen that the obtained theoretical curve is confirmed 
with 10% accuracy by the data on the extraction of copper into 
the solution for 15 min of leaching. The experimental curves 
become more and more separated from the theoretical curve 
with increase in the leaching time for the mechanical mix
tures. In our opinion this is due to dissolution of part of the 
troilite and blockage of undecomposed sulphides by protective 
films^), which leads to a decrease in the proportion of micro-
galvanic couples. The protective films can be removed by 
increase in the intensity of agitation, as shown by the ex
perimental data obtained during the leaching of pyrrhotine 
concentrates (pyrrhotine content -80%) on an autoclave unit 
with a capacity of 1.74m'with a variable rotation rate in the 
agitation equipment (fig.2). The leaching was realised at 
l o s t 2°C with an oxygen partial pressure of ISatm., a solid-
liquid ratio of 1:1, and an oxygen content of 60% In the initial 
mixture and 30% in the outgoing gas. 

u 
'so 

to 
t o 

ll 

m e 
H 

SO 
Jto tm too teo a rpm-

Fig.2 
Dependence of Che extraction of copper into solution (1) 
and of the time for the attainment of 90% decomposition 
of pyrrhqtine 12) on the rotation ra te of the agiCation 
equipment in an autocla-^e wic.'i a capacity of 1.74 m^. 

Conclusions 

1. During the leaching of polymineral products the observed 
sequence in which the sulphides are oxidised (particularly at 
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(2) 

(3) 

re the numbers 
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the initial moment of oxidation) is due to the operation of 
microgalvanlc couples, which is determined quantitatively 
as the statistical probability of collisions between macro-
particles of various minerals. 

2. / n increase in the oxidation rate of the sulphides can be 
achieved by removal of the oxide films from the surface of 
the minerals with strong agitation. 
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Vbluifle and surface chatacteristics of molten mixtures of thorium tetrachloride with calcium chloride 

V N Desyataik and N M Emel'yanov (Urals Polytechnical Institute. Department of the Metallurgy of Rare Metals) 

The density and surface tension of molten mixtures of 
thorium tetrachloride with calcium chloride, which form a 
simple eutectic system^), were investigated by the method 
of maximum pressure in a gas bubble. The experimental 
procedure has been set out in detail in the literature*). 
Thorium tetrachloride and calcium chloride prepared by 
the previously described methods^') were used for the 
measurements. 

The results from the density measurements (p) are given ' 
in the table. Fig.l shows the density isotherm of the system 
for 1023°K. The density isotherm of molten mixtures of 
thorium tetrachloride with calcium chloride increases regu
larly, not linearly, but wiUi increase in the concentration of 
thorium tetrachloride. From the density data we calculated 
the molar volumes (V) and their relative deviations from 
additivity (table). In the region of fiinaii thorium tetrachloride 
concentrations "disintegration" of the melt is observed, and 
in the region corresponding to the eutectic composition a 
comparatively small "contraction" is observed. This evidently 
demonstrates the complex character of the interaction of 
the initial components. 

Ito 

E F i g . l 
•"^^ Dens i ty and su r f ace tcn.sion 

isotheiT.s t'or inoltcn ThCl^-
^ CaCl- n i . x t u r e s . T = IO23OK. 

is /•'.'.'...mole 7, 

thorium tetrachloride in the surface layer. The maximum 
is obtained with a thorium tetrachloride content of 25 mole Tc 
and amounts to 2.72 • 10"® mole/m^. The position of the 
maximum corresponds approximately to the coniposition 
at which additive combination of the molar volumes is obser
ved. 

From the density and surface tension data we calculated 
the excess thermodynamic functions for the surface of a 
sphere of molar volume. The dependence of the excess 
free energy (Gl., enthalpy (H|) and entropy (S£) on the com
position is shown in fig.2. The negative deriation from Oie 
additive beha\'iour in the excess free energ>' is evidently due 
to increase in the proportion of bond co\'alence-) in Uie niell. 
i . e . , with the appearance of complex formation. 

P i g . 2 
n.\ces5 t ' lernodynaraic i;::'.c-
t i o n s t o r t h e .^iirf.-iCi' oi' .-i 
sphere of inol.TT voiii.'iic :'or 
ThCL-CoC.l.. p . c l t s . T=liC.-"i. 

C(,a,ii) m M :.-iri,.coie Z 

Most likely in Oils system are complex anions of thorium 
of the [ThClni*-' type, since Uie Th*+ ion has a considerabh 
larger ionic moment than the Ca*+ ion and is consequently 
a stronger complexing agent. The dependence of the excess 
surface entropy (dG^/dT) has a positive delation from addit 

Table Density, surface tension, and molar volumes of molten mixtures 
of thorium tetrachloride with calcium chloride 

ThCl^ 
c o n t e n t , 

mole i 

0 
10.0 
18.0 
30.4 
47 .S 
6 2 . 7 

100.0 

& = 

n 

2.5S7S 
2.9352 
3.1497 
3.4S14 
4.1864 
4.S07S 
6.2569 

S-ll'l'(g,'ci.l' 

b-lO^ 

n .4515 
0.3(>11 
0.6373 
0 . 6 5 ! ! 
1 MO: 
1.2oS5 
: 7030 

) 

.s 

0.014 
o.nin 
o.oin 
0.011 
n .005 

coin 
!i.-oi.-. 

' : 
19S.3S 
174.72 
163.92 
153.73 
134. (15 
123.OC, 

-

-cT,r.U/p;-

c 

0 .05)79 
0.06037 
0.06514 
0,06727 
O.06SJ0 
0.06215 

.S 

O.G 
0 . 6 
n . 5 
0 . 3 
0 . 6 
0 . 7 

T=I023 i; 

V,cn-

51.72 
58.14 
63.59 
6£. 54 
77.05 
S5.92 

107.C6 

—lOO'o 

0 
1.35 
2.77 
0 .00 

- 1 . 2 3 
-0 .5S 

0 

T,K 

1:00-1070 
1140-1050 
1000-1010 
1070- ^7U 
1000- -JOO 
970- S90 

1093-1055 

The results from the surface tension (5) measurement are 
given in the table. Fig.l shows the surface tension isotherm 
for 1023°K. It was not possible to measure the surface ten
sion of thorium tetrachloride on account of its high vapour 
pressure. It is described approximately by the equation a = 
100.2-0.0534 T. The isotherm is characterised Iqr a sharp 
decrease of the surface tension in the region of small con
centrations of thorium tetrachloride and a fairly smooth 
approach to the surface tension of the pure salt. From the 
surface tension data we calculated the amount of adsorbed*) 

ivity with a maximum in the region corresponding to the 
eutectic composition. 

This shows that melts with the eutectic composition are 
most susceptible to structural changes wiUi temperature. 
The excess surface enthalpy shows an almost linear depen
dence on the composition. On the basis of Uie experimental 
and calculated data it was supposed that complex groups of 
the [ThClJ*"" type exist in the melt. 
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THIS MONTH IN MINING 

it the $80.5 million project 
atment of 365,000 mtpy of 
juction of 1,000 mtpy of 

(. Ine'annuarproduction rate.would-
with the quality of the ore treated. 

[{ining is to be conducted on a one-
t-per-day basis, with processing on a 
d-the-clock routine. 

lOne major problem facing Noranda is the 

question of foreign equity. Government 
regulations require that uranium mines be 
75% Australian-owned, but Noranda is fully 
Ganadian-owned. Bruce Wallace, a Noran
da executive from Canada, said that it is the 
company's policy to offer 49% to 51% 
domestic equity in new mining ventures to 
the host country, even if the country did not 
require it. While indicating that the Austra

lian equity guidelines would be adhered to, 
he gave no indication as to how this might 
be achieved. 

Although Noranda has not signed con
tracts for purchase of Koongarra's uranium 
oxide, Torpy said that "We feel confident 
that because of the company's marketing 
setup internationally, there wilj^|g^^g4?S8TY 
ble in selling our product.''^ O E C C AJQg^U 

m n CR€€ff GCARS UP FOR CpMM€RaRL US€ OF SOR€HOL€ URRNIUM MINING 
orehole, or slurry, milling to recover ore 
om deposits too small to mine convention-

will be used commercially later this 
ar at uranium deposits near Bear Creek, 

I. The water-jet system, tested success-
in mining uraniferous sandstones, will 

: adapted at the Nine-Mile Lake site in 
atrona County of Rocky Mountain Ener-
•TCorp., a -Union Pacific subsidiary, and 

I Power, a subsidiary of Southern Cali-
[ Edison, partners in Bear Creek 

anium Co. 
equipment, developed by the US 

au:of Mines, fragments uranium-bear-
sandstone wilh a water-jet device 

sptred through a 16-in.-dia borehole, and 
nps the water-sand mixture to the 

[face: The sysiem eliminates exposure of 
srs to radon gas and other hazards of 
erground mining. 

Acoordirig to the bureau, uranium-bear
ing sandstones are especially suitable for 
borehole mining because the ore has a high 
unit value; the ore formations can be cut by 
low pressure (1,000 to 3,000 psi); and many 
uranium deposits are shallow, small, irregu
larly shaped, and isolated. Such deposits 
cannot be mined, by conventional methods 
but are amenable to the selective mining 
capabilities of the borehole mining system, 
which is relatively inexpensive. 
' Additional research is being conducted by 

the bureau in the applications of borehole 
mining to the remote extraction of other 
minerais such as phosphate ore, lateritic 
nickel ore, and oil-bearing sandstones. 

The technique was tested successfully on 
a pilot basis at the Nine-Mile Lake site, 
where three boreholes were drilled to a 
depth of 100 ft into the Teapot sandstone 

oî ebbdy. The water-jet nozzle mined about 
900 st of ore from depths of 75 ft to 100 ft 
at an average rate of 8 stph. The jet eroded 
sandstone as far as 35 ft fromf the nozzle. 

Economic studies by the bureau after the 
field tests indicated a good return on invest
ment (ROI) on the basis of $40 per Ib for 
uranium oxide. At grades of 0.03% (or less) 
uranium ore, the results would be negative. 
But at 0.04% grade, the ROI is 8.5%; at 
0.05% U308-22.5%; and at 0.06% U s O j -
35.7%. . • 
, Environmental considerations with bore
hole mining are minimal, the bureau said, 
but a major operational problem appears to 
be potential subsidence of the roof strata 
into a cavity excavated in the ore zone.-
According to the bureau, if the deposit is 
shallow (about IOO ft), and the roof strata 

(Continued on p 45) 
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ye no' exceptionally competent, subsidehde 
.. js almost certain unless some type of siipport 
'',. bn be emplaced. However, tests at Nine-
< i(ile Lake demonstrated successful backfill-
-; Lg of the cavity using sand extracted from 
^ pe'slurry after milling. More than-90% of • 
• i ̂ e sand removed from the cavity was back-
f Sled using slurry jetting under water. 

^JlHCSVSTCMiTSClF 
i ; ilhe mining system is composed of a 
'- jboreholfe mining tool(BMT) suspended 
J* [from a crane in a 16-in.-dia cased borehole, 

frte BMT generates a Wgh-velocity water, 
prf that erodes and slumfies ore. The slurry 
|b"drawn into the inlet of an eductor that. 
Jiifts the pulp to the surface, where it is-
jmefered and deposited into a discharge 
jamp. The solids settle in the sump while 
IJK water overflows into a pond. The pond 
aves as a source of water for a series of 
omps that supply pressurized water to the 
ding jet and the eduCtor used as a down- • 
Se slurry pump. 

[JThe BMT is in the form of a 12-in.-<lia 
^nder capped with a three-passage swivel. 
! cylinder is composed of a kelly section, 

lories of standard sections, and a mining 
aiion. 
SThe outer part of the swivel is stationary 
fcs supported by the crane. The core of 

, E swivel rotates relative to the exterior, 
M e simultaneously passing three pressur-
uwl streams: 1) the water supply to the 
itting nozzle; 2) the drive water to the 
sjnctor used .as a downhole slurry pump; 

[ind 3) the slurry output. 
, I ;The kelly section houses a 4-in.-dia slurry 
,,, ^discharge pipe and a 2-in^-dia cylinder 

. L^P'y pipe for the cutting jet. The space 
-nmde the cylinder not occupied by pipes 
'joves as a conduit for the jet pump drive 

" • -«^ter. The kelly section is connect©! to a 
-Jtring of standard pipe sections, each 20 ft 
; long, that provide the length to reach the ore • 
ll depth. 

- "jHie BMT is terminated with a mining 
•«aion, 12 in. in diameter and 6 ft long, 
oimposed of a jet cutting module and a 
slurry pumping module. The jet cutting 
BMdule contains a flow turn-nozzle device 
lî igned to maximize the effective cutting 

|. .lagth of the water jet. This device, designed 
• j'**he bureau by TRW Defense and Space 

r2' 1 System Group, consists ofa smooth transi-
t'loiy curve from the nozzle entrance to the 
>«ttlet orifice. Upstream of the nozzle is a 
*ort turn elbow with flow-splitting plates. 
••The lower module of the mining section 

plains an eductor and a conical auger. 
I|ie jet pump consists of a nozzle which 
SWcrates a high-velocity water jet. The 
'raturi effect caused by the discharge of 
«^ jet draws slurry into the pump through 
^ n c d intake ports. The slurry mixes with 
lie drive water and enters a diffuser, where 
"lacquires the pressure to lift it to the 
"irface. 
^ e intake ports are screened to prevent 
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entry of oversized material that would block 
the pump. If the oversized material blocks 
the inlet, a fast-acting backflush valve is 
closed in the.slurry discharge line at the 
surface, forcing.the jet pump drive water to 
flow out the pump intake and clear away 
the blockage. 

A double-path, right-angle spiral conical 
auger, 7.5 in. in length, is boiled to the base 
of the mining section to facilitate entry into 
cuttings that fill the void caused by raising 
the .BMT. A 50-gpm water jet issues down
ward from the center of this auger arid 
agitates the cutting below, aiding entry of 
thie auger into the liitick pile. 

The average jet cutting rate is about 16 
stph. The slurry pump normally pumps at a 
lower rate because the tool moves vertically 
as one piece. As a result, the pump moves 
out of the slurry sump during part of the 
mining cycle. The bureau said that the 
mining rate could be made equal to the jet 
cutting rate in a BMT where the cutting jet 
could be moved independently of the slurry 
pump. 

Row Industries Inc., which developed the 

BMT under a bureau contract, tested three 
methods of backfilling the borehole cavities 
at the Nine-Mile Lake site with the sand 
reclaimed during borehole mining opera
tions. Emplacement trials consisted of inter
vals of backfilling separated by interludes 
when the distribution of backfill in the hole 
was determined by photographic surveys of 
the cavity. Suggested backfilling methods 
include bulk dumping down the borehole, 
slurry jetting in air, and slurry jetting under 
water. Slurry jetting under water was found 
to be the most effective method—more than . 
90% of the sand removed from the cavity 
was backfilled. . 

A 1% (by weight) ccment-saiid mixture is 
introduced intd a 4-in.-dia pipe through a 
hopper upstream from the centrifugal slurry 
pump. The outlet pipe from the pump is 
connected, via a loose Victaulic coupling 
acting as a swivel, to a similar pipe termi
nated in a 4-in.-dia elbow in the borehole. 
Slurry is injected at a rate of 350 gpm 
through a string of 4-in; pipe rotating under
water in the cavity. Sand is backfilled at a 
rate of 27 stph.H ^ 

K€NN€COn'S RAV MIN€S TO CONSTRUQ 
N€UJ SOLVENT €HTRflCnON PLANT 
A $15 million contract has been awarded to 

"M. M. Sundt Construction Co. of Tucson 
for construction of a new solvent extraction 
plant al Kennecott Copper Corp.'s Ray 
Mines Div. (RMD) at.Hayden, Ariz. The 
new facility will upgrade the concentration 
and quality of pregnant leach liquors from 
the 14;000-tpd vat ieaching of silicate ores, 
so the electrowon copper produced from 
them will be of commercial electrolytic 
grade, ready for direct shipment to market. 

Currently, the cathode copper produced 
at the silicate plant has minor but trouble
some .impurities, requiring remelting and 
reprocessing at the Hayden smelter and 
treatment at an out-of-state refinery for 
production of electrolytic grade. • - - =- ^ 

Production of electrolytic-grade copper at 
the silicate plant will eliminate transporta
tion costs and repeated handling, and will 
substantially reduce energy.use as, well as. 
in-process time between mining and market
ing of the finished product. The new plant 
will have the net effect of inaeasing overall 
production by releasing smelting and refin
ing capacities for-other material. The new 
addition is slated to go on stream in eariy 
1980, Kennecott said. 

Pregnant liquor from the large leaching 
vats at the silicate plant will be purified and 
concentrated at the new SX plant. In the 
process, Ieach liquor containing soluble 
copper is mixed with a synthetic, organic, 
ion-exchange extractant carried in a petro
leum-base dilutant. Copper is extracted into 
the organic phase while the aqueous phase is 
recycled to the leach circuit. The copper-
bearing organic phase then undergoes a 

high-acid stripping of copper back into an . 
aqueous phase suitable for use as make-up 
electrolyte for the tankhouse. The organic 
phase is returned to the SX extraction 
mixing circuit for another enrichment of -
copper. The RMD plant will have two 
extraction and two stripping stages. 

The.electrolyte then goes to electrowin
ning where copper is plated on copper cath
odes to produce a finished, marketable prod- • 
uct. The nominal recovery of the RMD 
silicate plant is 30,000 stpy. 

The SX plant is the first major construe- - ' 
tion at RMD since the 1974 silicate plant 
expansion and the first RMD job for Sundt 
since the firm did the smelter portion of the 
acid plant expansion in 1972-73.ai 

PLANT CONSTRUCnON 
STARTCD ON ORRaC 
RIDG6 COPPCR PROJCa 
The most unique feature of the 2,000-tpd 
copper- concentrator planned by Oracle 
Ridge Mining Partners for the northeast 
flank of Arizona's Mt. Lemmon is that it 
will have few unique features. The design is 
safely conservative, as was pointed out by 
Arthur Raub, senior project manager at 
Davy Powergas Inc., during the AIME 
annual meeting in New Orleans, La., last 
month. 

Located north of Tucson, the Oracle 
Ridge property is being developed as a joint 
venture of Continental Materials Corp. 
(CMC) and Union Miniere. Davy Powergas 

(Continued on p 49) 
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THE BEHAVIOR OF COPPER IN LEACHING OF ZINC CALCINE 

Karoleva and B. R. Abrasheva 

PW 
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• p?9 SB. 
At zinc plants operating on a two-stage leaching scheme, part of the hydrolytically 

precipitated copper dissolves in the process of acid leaching of thickened neutral pulp 
and returns to the neutral circuit in the form of upper overflow from acid thickeners 
and filtrates. When the zinc concentrate copper content is ^ 1%, the copper concentra
tion in the recirculating solutions rises to 4-10 g/liter. The initial copper concentra
tion in the solutions going to neutral leaching of zinc calcine increases accordingly 
(to 2-4 g/liter). The copper concentration increases additionally as a result of dis
solution of copper from fresh calcine in the initial stage of neutral leaching. Thus 
the proportion of copper being hydrolyzed increases, and as a result copper hydrolysis 
continues in the thickeners. This causes pulp settling to deteriorate, reduces the 
pH value of the solution, and causes the reverse dissolution of certain previously 
hydrolyzed impurities such as As, Sb, Ge, etc. [1-3]. 
Two series of large-scale experiments have been conducted to test the effect of 

the initial copper concentration in the starting solution upon the extent of copper 
extraction from zinc calcine into the neutral solution: with a solution volume of 70 
liters and a calcine weight of 6,900 g (series I) and 7,210 g (series II). Calcine 
containing (in %) 56.2 Zn, 1.5 Cu, and 8.5 Fe was leached. Spent electrolyte and sol
ution after chlorine purification (series I) or recirlating solution from the cadmium 
shop (series II) were poured into the agitator in a ratio sufficient to maintain a 
free sulfuric acid content of 65 g/liter in all the experiments. The process parameters 
and the methods of conducting the experiments and monitoring the composition of the 
solutions and the quality of the pulp were chosen on the basis of practice at plants 
operating a two-stage leaching scheme. Copper was added to the solution in the form 
of copper sulfate. 
After treating 5,300 g (series I) or 5,500 g (series II) of calcine with acid solu

tion for 30 min, Fe'""" was oxidized to Fe^+ with potassium permanganate and calcine 
was added to neutralize the pulp to pH 5.0. The pulp temperature was 60°C, and the 
total duration of the process was 2 hr. 
The extraction of copper and zinc from the calcine into solution was calculated on 

the basis of measuring the amount of pulp, solution, and solid residue (cake) and of 
chemical analysis of cake and solution. It was established that a rise in the copper 
concentration in the initial acid solution reduced the extraction of copper from the 
calcine into the neutral solution (see Figure). This is due to the fact that the pH 
value at which copper hydrolysis begins is reduced and there is increased thermodynamic 
probability and improved kinetic conditions for the process when the concentration of 
copper in the solution rises. The lower degree of copper hydrolysis when the copper 
concentration in the initial solution is low is also reflected in the composition of 
the cake: when there is no copper in the solution the cake contains 1.27% Cu, as against 
1.78% when the copper concentration is 2.26 g/liter. 
The extent of copper extraction into solution decreases when the amount of calcine 

increases (series II). This is due on the one hand to the fact that a larger amount 
of undissolved copper remains in the larger excess of calcine. On the other hand, with 
a larger excess of neutralizer (zinc oxide) copper hydrolysis is quicker and more 
thorough. As might have been expected, the cake yield in the second series of experi
ments increases by comparison with the first series (from 40.4 to 42.1%), while the 
degree of zinc extraction into solution decreases from 85.7 to 83.4%. 

It was established that pulp thickening deteriorates with a rise in the copper con
centration in the initial solution. For example, at an initial Cu content of 3.0 
g/liter the depth of the clarified layer of pulp is only 60% of the depth of the same 
layer obtained as a result of pulp thickening with 0.750 g/liter Cu. This is due to 
the large amount of slowly hydrolyzing copper. 

It is apparent from the Figure that it is necessary to take up to 10-15% of the 
amount of copper coming in with the calcine out of the acid cycle filtrates by cement
ing it with zinc or another reagent in order to increase the extraction of copper from 
the calcine into the neutral solution by 10-15%. 
Withdrawal of a specific amount of copper from the recirculating solutions after 

they have been purified hydrolytically is obligatory in leaching copper-rich calcine 
by the new high-acidity and high-temperature schemes (4]. In this case the copper con
centration in the recirculating solutions rises substantially, because copper extrac
tion in leaching is 80-90%. 
Cementation of copper from recirculating acid solutions is used at two zinc plants 
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in the Bulgarian People's 
Republic, providing practical 
confirmation of the conclu
sions in the present investi
gation. 
At one of the plants copper 

is taken out of the solutions 
after chlorine purification 
by cementation with zinc dust 
in a mechanical agitator 
equipped with a blower. The 
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residual copper content of 
the solution should be 400-500 mg/liter, to maintain a low 
cadmium content in the copper cake. The amount of zinc dust 
added is 90-100% of the stoichiometric requirement for pre
cipitation of the copper coming in with the solution. The 
dust consumption is 120% relative to the amount of copper 
precipitated, as the recirculating solutions contain 1-2 
g/liter Hz SO., . The copper cake contains 45-65% Cu and 8-9% 
Zn. 

A comparison of plant data on the neutral solution copper content for two periods 
of 1 V 2 months (with and without copper extraction from the recirculating solutions) 
shows that the neutral solution copper content remained constant, in spite of the ex
traction of several per cent of the calcine total copper content (see Table). 
At the other plant the copper is extracted from solutions in the filtering and 

drying section by cementation with zinc granules or buttons in a vertical screw-type 
cementation unit [5]. The solids content of these solutions should not be more than 
3 g/liter, in order to produce a standard cake in terms of zinc. 
Other apparatus, for example, the fluidized-bed reactor which has been introduced 

at one of the Bulgarian plants, can also be used for the cementation of copper from 
recirculating solutions [6]. 
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•SECTION FIVE - WELL LOGGING AND BOREHOLE GEOPHYSICS 

Introduction 

Well logging is the measurement of physical or chemical properties in 

boreholes of either the borehole environment or the geologic fonnations 

surrounding the borehole. It is a significant coniponent of oil and gas 

exploration and development programs (Johnson, 1952; Pickett, 1970) and 

most of the available technology has been pioneered by the petroleum 

industry (Evans, 1970). It is also important to uranium, coal, geothermal 

and non-metallic mineral exploration and development but on a much smaller 

scale than used in the petroleum industry. Very limited application has 

been made of well logging in the base metal industry (Dyck et al., 1975, 

Glenn and Nelson, 1977). 

Well logging in the base metal industry has been limited largely to 

use of some very specialized tools such as magnetic susceptibility and 

induced polarization. Moore (1957), Zablocki and Keller (1957),, Zablocki 

(1956), Baltosser and Lawrence (1970), Czubek (1971), Scott et al. (1977), 

and Glenn and Nelson (1977) have published on the use of v̂ ell logging in 

the minerals industry. However, the base metals industries has developed 

and used tools designed to make measurements between boreholes and between 

boreholes and the surface. These techniques are commonly called borehole 

geophysics. 

The requirements for research in well logging and borehole geophysics 

for minerals exploration and development have been identified by 

representatives of the mining industry (Ward et al., 1977) as 1) 

determination of physical properties, 2) development of direct assay 
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Fig. 1. Logarith
mic relationship 
of element dis
tribution coef
ficients to pH 
in solvent ex
traction with 
10% OMG solutions 
in kerosene. 

Solutions produced in the hydrometallurgical processing of 
copper-bearing material contain the following impurities: Fe, 
Zn, Ni, Co, As, Sb, etc. It is often necessary to separate out 
the copper when the amount of it is dozens of times lower than 
that of other eleinents. 

It was therefore a matter of practical interest to study the 
behavior of the impurity elements in solvent extraction of copper 
using the new OMG extractant. Two types of solution were used 
for extraction: solutions containing a tenfold excess of impuri
ties over copper, and solutions containing about twice as much 
copper as impurities. Each solution was prepared from two con
stituents: copper and an impurity element. The solutions of the 
first type contained the following (g/liter) in addition to 0.48 
g/liter Cu^+: 4.60 Fe'+, 4.80 Ni^+, 4.70 Co^+, 4.50 Fe^+, 
6.72 As'+, and 5.30 Zn^+. 
The solutions of the second 

liter) in addition to 10.15 g/li 
4.70 Co^+, and 4.80 Ni^+. 
Sodium sulfate (30 g/liter) was added to all the solutions to 

keep the salt composition relatively constant. 
The OMG extractant used contained 91.3% 0-Oxyoximes (predomi

nantly 2-oxy-5-nonylpentanophenonoxime). The impurities in it 
were inactive as regards solvent extraction in the systems 
studied. The average molercular weight of the extractant was 
280 arbitrary units, the index of refraction np = 1.5267, and 

C 0.97 g/cm'. Extraction was carried out with a 

type contained the following (g/ 
'liter Cu^+: 4.60 Fe'+, 4.50 Fe^+, 

Relationship of Distribu
tion Coefficients (6) for 
Copper and Impurity Ele-
Bents to pH of Aqueous Phase. 

density at 23' 
10% solution of OMG in kerosene; viscosity of the 
solution was 1.9 cS. 
The results of solvent extraction of copper (see 

Fig. 1 and Table) show the high selectivity of OMG 
extractant relative to copper. Thus the distribution 
coefficients for copper for solutions of the first 
type in the pH 1.5-2 region are 2.5-5 orders of magni
tude higher in copper extraction from solutions of the 
second type. 
The distribution coefficients for the impurities 

studied increase appreciably at higher pH values at the 
start of their hydrolysis. The deflections in the ex
traction curves apparently correspond to a change in 
the form in which the element is extracted into the 
organic phase. Although extraction of impurities rises 
with an increase in pH, the rate of impuritieis extrac
tion does not exceed 10% in the range studied and re
mains within 1% in the presence of copper (see Table). 
A more detailed study was made of the impurities Fe 

and Zn, which show the greatest activity in solvent-
extraction processes. Electron spectra of the solu
tions of OMG and iron and zinc oximates in kerosene 
after their extraction from aqueous solutions with a 
specific pH value were plotted. The comparison solu

tion was kerosene; 0.0015 M solutions of OMG in kerosene and aqueous 0.01 M metal 
Sulfate solutions were used for the experiments. 
^s Fig. 2 shows, at pH = 6 in the aqueous solution the Fê "*" oximate is completely 

oiseociated; the absorption spectrum has only an absorption band for free oxime with 
,ca_x = 328 nm (Fig. 2, curve 1) . At pH = 8 there is iron oximate, which absorbs 

Pair of 
'elements 

Co««-Fc>* 

Cc"-Fe>* 

Cc''—Kit* 

Cc'.-CO?* 

pH 

1.45 
1,86 

1.45 
2,00 
2.53 

1.45 
2,50 

1,45 
2,00 
2.50 

OCu 

261 
116 

980 
550 
340 

392 
43S 

187 
545 

1140 

light at \ max = 355 nm, in the solution in addition to oxime (Fig. 2, curve 2). In ^e case of Fe •*• there is practically no iron oximate extraction even at pH = 2 
', " lg. 2, curve 3) . This is due to the fact that at pH = 2 the oximate decomposes 

^ ' 



^i;# i 

16 TSVETNYE METALLY / NON-FERROUS METALS 

il>M 

fA 
1 

...H-.X-I 

. > 

-V 
/ 

*Slf 

Fig. 2. Electron absorp
tion spectra for 0.0015 
M solutions of iron and 
OMG extractant in kero
sene: 1,2) Fe^+ at pH 6 
and 8 respectively; 3, 
4,5) Fe'-̂  at pH 2, 3, 
and 6 respectively. 

Fig. 3. Logarith
mic relationship 
of iron and zinc 
distribution co
efficients to pH 
in solvent ex
traction with a 
0.12 M OMG solu
tion in kerosene. 

completely in the aqueous phase. Zinc 
oximate exhibits the same pattern as • 
Fe 2 + oximate. 
The radioactive isotopes Zn and 

Fe'^ were also used in studying solvent 
extraction of Zn̂ "*" and Fc' + ; a 0.12 M 
solution of OMG was adopted as the ex
tractant in these circumstances. It 
follows from Fig. 3 that extraction of 
these elements increases with a reduc
tion in acidity, and both curves have 
a deflection in the hydrolysis pH 
region. The slope of the straight sec
tors of the curves is determined by an 
inclination angle tangent value of 
2.96 for Fe'+ and 1.98 for Zn^+, indi-
ca;ting the cation-exchange nature of 
hydrolysis in these elements. 
The high sensitivity of the new re

agent was confirmed by the results of 
production tests on the solvent-extraction technology, 
using OMG extractant to extract copper from a heap leach
ing solution. 
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BEHAVIOR OF IMPURITIES IfflEN' PRECIPITATING IRON FROM SULFATE ZINC SOLUTIONS 
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A. S. Yaroslavtsev, L. S. Getskin, A. U. Usenov, and E. V. Margulis 

^ m ac '•: 
iffxi ^ 5 i m 
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jCT ct4 2 
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Coef f ic ien t s of Capture * 
for Some Impuri t ies by 

Deposit KFe 3J OH)e(SOJ 2 

1 >, D. 9 /100 CM' 

Clin 

Cd=+ 
C u ' + 
M g ' * 
Mn«+ 
Ni« + 
Co»+ 
A l ' + 
As**-
As»+ 
Sb» + 
ln '+ 
Ga' t 
Ge«+ 
T l * 
T l ' + 
0 1 -
F -

3,2 
0,056 
0.32 
0,73 
0.275 

0,0015 
0,O0Oe 
0 . ^ 

0,0037 
0.0075 
0 .OCO" 
O.OOll 
0.003 

0.0i3!4 
0,03 
0.03 
0.337 

|0,COi9 

X,. 

min 

B. A, Ryazanov [1] established the formation of crystalline, well-precipitated 
jarosite deposits in the presencs of potassium, during the hydrolytic precipitation 
of Fe*+ from sulfate solutions. This was used [2, 3] to remove Fe'+ from high-iron 
containing zinc solutions, obtained when processing iron-rich, oxidized zinc mater
ials. 
One of the important preconditions for mastering 

the developed methods is the possibility of removing 
deleterious impurities from the production cycle. 
This work was devoted to a study of the behavior of 
impurities and other components in technological zinc 
solutions when Fe ̂+ is precipitated from them in the 
form of KFe 3 COH) 6 {SOJ 2' 
The starting solutions were made from chemically 

pure reagents. The required pE was attained by solu
tion contact with freshly-precipitated ferrous hyd
roxide or the addition of 0.1-N sulfuric acid solu
tions. The original impurities content in the solu
tion was maintained at a level close to that under 
industrial conditions. 
The solution was placed in an hermetically-sealed, 

thermostatted r+O.S'C) glass vessel, 1 liter in ca
pacity, with a reflux condenser and a Teflon stuffing 
box, through which is passed a glass-mixing shaft. 

The constant test conditions were: starting [Fê "*"] 
= 28 g/1 and pH = 1.5; t = 90°C; holding time 3-10'' 
sec CS hr, 10 min). In all tests, except those in 
which the behavior of the zinc was studied, the orig
inal zinc content was 98 g/1. 
As a result of the hydrolysis of Fes'*", at tha given 

solution holding times, their iron content dropped 
from 28 to 2.9-3.1 g/1 and the pH from 1.5 to 0.6-0.7* 
following which the changes ih these parameters 
ceased. Filtration was used to separate the solution 
from the deposit, the latter being washed to traces 
in wash waters. The solution and the washed deposit 
were analyzed for their contents of Fe, Zn and im
purities. 

The behavior of impurities during the formation of 
deposits of the basic component depended on the 
crystalloehemical features of both elements, their 
solubility, and other factors. ——" • 
We did not look into the mechanism of impurities 

passage to deposit, but only their coprecipitation 
with the basic component, i.e., the total impurity passage to deposit, no matter what 
the mechanism employed. 
V. G. Khlopin and other researchers [4] established and confirmed the correctness 

of the relationship: 

16,3 
1.12 
1,60 
1.65 
1,10 

0.02 
1.4 

0,187 
0.15 
0.01 

0.125 
0.00; 
0,145 
0,072 
0.1 
0,6-

0,65 
0.0005 
0,32 
0,01 
0,02 
0,001 
0,001 
0,9 

0,0058 
0.03 
0,008 
0,014 
0.013 
O.COIS 
0.15 
0.14 
0,031 

0,20 0.02 

1,24 
0,02 
0,90 
0,01 
0,09 

O.OOI 
1,60 

0.074 
1,05 
0.10 
1,30 

0,043 
0,068 
0.48 
0,61 

0,057 
1,40 

0,20-0,08 
0,02 

1.0-0.5C 
0.013-0,005 
0,08—0.07 

0.7 
1,2-0,5 
1,4—1,3 
1,6-0,4 

10.6—7.0 
11,5—10,0 
12,7—10,5 
6,0—4,3 
1.3—0,5 
6 ,7-5 ,0 
6.1—4,7 

0,09—0,08 
10,5—7.0 

Maximum and minimum values 
for ^T correspond to the ; 
maximum and minimum values 
for a. The intermediate 
values for XT are determ
ined by the linear relation
ship: log XT = log a + 

(Km=tv + Kmin) 
+ log 2 

Xrp ~ Kg (1) 
where ^T - is the impurities concentration in the deposit, %; a - the initial impuri
ties content in a solution, g/100 cm solution; K - the capture coefficient. 
For the characterstics of behavior of each of the impurities, determinations were 

made of the size of the capture coefficient K within the ranges of concentrations for 
elements characteristic of technological zinc solutions (see Table) . 
On the basis of the obtained data, it is possible to judge the behavior of solution 

components during the hydrolytic precipitation of iron. 
The strong capture of the impurities by the deposit (K = 5-13) and their concentra

tion in an order characteristic for the following elements: As (V), Sb (III), In 
(III), Ga (III), Tl (I), Tl (III), F. 
The average capture by the deposit (K = 0.5-1.4) was characteristic of the following 

impurities: Cu (II), Ni (II), Co (II), Al (III), As (III), Ge (IV). 

The pH of the solutions differs from values recommended in an earlier paper [2], in 
connection with changes in the method of removing Fe'+ from the solutions [3]. 
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The following impurities almost do 
MN (II), Cl. 

There is only a slight zinc capture 
amount of zinc in the solution (up to 
increase by 1%. 

X-ray-phase analysis and infra-red 
phases in the deposits within the exa 
from the crystalline structure of KFe 
of the examined impurities, the folio 

1) the arsenate-ions AsOj" can be p 
the surplus negative charge is compe 
of the Dotassium for Me^+ ions (for e 

2) Me^+ ions (In, Ga, Tl, Al) repla 
KFe3 (SIT) 6 (SOO2; 

3) T1+ ions partially replace K+; 
4) F~ ions can replace OH" in the 

cipitate in the form of fluorides K;F 

not pass into a deposit at all: Cd (II),.Mg (II), 

by the deposit; where there is a considerable 
160 g/1), its concentration in the deposit can 

spectroscopy could not show their independent 
mined concentration ranges. However, proceeding 
• (OH) 6 • (SOl.) 2 and the crystalloehemical features 
wing can be assumed: 
rtially replaced by sulfate-ions SOj~, while 
sated by the replacement of the cation nodes 

xa.-?le, Zn^ + ) ; 
ce the Fe'+ ions in the crystalline lattice 

rystalline lattice of the basic phase or co-pre-
e?c • 
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"The most wonderful and the strongest things in the world, you know, are just the 
things which no one can see." —Charles Kingsley, in "The Water Babies", 

Chapter 2. 
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This report will describe the habits and characteristics of 
some unseen and generally unappreciated, but nonetheless 
powerful, agents — bacteria — and discuss the use of some 
special types of these microbes in the leaching of various 
minerals. These invisible organisms, which are so numerous 
nnd so widely distributed, have only comparatively recently 
been given credit for their action in the leaching of copper 
and other minerals. Bacterial leaching, or as it is sometimes 
called, "biological mining", is being used commercially for 
ihe recovery of copper and uranium, either by leaching 
Haste dumps or by in situ leaching in mines. The value and 
limitations of bacterial leaching in these uses, in the recovery 
of other metals, and in various other applications will be 
discussed. 

THE BACTERIA AROUND US 

The average person, if he does occasionally think about 
J^acteria, is apt to do so with distaste, referring to them as 
.?erTns" or "bugs", and relating them generally to some dis-

coinfort he has suffered with influenza or other disease. The 
tremendous number and variety of bacteria are not generally 
recognized because of their extremely small size which makes 
"'cm invisible except under a microscope. Also generally un
appreciated is the fact that helpful and innocuous varieties 
'ar Outnumber the disease-causing types, and that life as we 
•̂ now it would be impossible without the beneficial action of 
''cse valuable microorganisms. Accordingly, it will be well to 
S'art with a brief look at bacteria generally, in an effort to 
Understand something of their life cycle, their habitats, and 
I'̂ me of their characteristics which make them of value in the 
'̂ aching of minerals. 

Some Definit ions 

In the discussion of bacteria and their use in leaching, a 
number of terms are encountered which are not. common in 
the fields of mining and metallurgy. A few definitions will be 
given so that the discussion which follows can be understood 
more readily. 

Bacteria (plural of bacterium) are any of a large group 
of microscopic plants having simple shapes (round, rodlike, 
spiral, or filamentous) and single-celled bodies that are often 
jiggregated into colonies. They lis'e in soil, water, organic 
matter, or the live bodies of plants and animals, and are im
portant to man because of their chemical effects (nitrogen 
fixation, putrefaction, fermentation) and as pathogens. 

Microorganism is a general term for any organism which 
is so small as to be invisible or not clearly distinguished with
out the use of a microscope. S)'nonyms given by Webster are 
bacillus, bacteria, germ, microbe, pathogen, and virus. Bac
teria have been defined above; germ and microbe are early 
nonscientific temas, generally referring to a source or origin, 
as of a disease; bacillus popularly refers to various disease-
causing bacteria; virus technically indicates a submieroscopic 
infective agent; and pathogen means any living agent that 
causes disease (also applied to some agencies that are not 
microorganisms). 

Autotrophic means capable of self-nourishment, specific
ally bacteria capable of using carbon dioxide or carbonates 
as a sole source of carbon, and a simple inorganic nitrogen 
compound for metabolic synthesis. The autotrophic bacteria 
are the ones foimd in bacterial leaching. These strange or
ganisms obtain their energy by oxidizing inorganic com-



pounds of sulfur, iron, and nitrogen, and obtain carbon for 
their cell structure from carbon dioxide. In contrast, hetero
trophic means obtaining nourishment from outside sources, 

- i.e., requiring complex organic compounds of carbon and 
hydrogen for metabolic synthesis. Most bacteria are hetero
trophic. 

Motile means exhibiting or capable of movement. 

Bacteria are Small, Numerous, and Ubiquitous 

Bacteria are among the smallest living things known, 
varying from large species 1/250 of an inch in length, to 
minute forms only 1/250,000 of an inch in length. The di
mensions of bacterial cells are usually stated in microns,-a 
micron being 1/1000 of a millimeter or approximately 
1/25,000 of an inch. Many of the spherical bacteria are 
about 1 micron in diameter, and an average-sized rod cell 
(the type found in bacterial leaching) is 3 to 5 microns long 
and about 1 micron across. One of the periods on this page 
would cover more than 10,000 average-sized bacteria. 

Bacteria are simple single-celled organisms which appear 
to have existed from very early times. It is reasonable to as
sume that the autotrophs were among the early living things 
and that their ability to produce organic matter provided 
conditions suitable for evolution of heterotrophic organisms. 
Today bacteria are universally present in the air, in rufining 
streams, in ponds, in the oceans, in the soil, on plants and 
animals (including humans), and wherever any organic 
matter is allowed to stand for a short time. It is perhaps 
fortunate for man's peace of mind that he cannot see this 

* amazing activ-ity surrounding him. The number of species 
of microorganisms known to exist is very high, about 150,-
000 species being distinguished at the present time (Pons-

. ford, 1966A). 

The vital importance of the autotrophic bacteria in na
ture's biological carbon, nitrogen, .and sulfur cycles has been 
discussed by Butlin and Postgate (1954). The autotrophic 
microorganisms are fundamental to the existence of macro
scopic life on this planet, since nearly all of the organic food 
of heterotrophs (both microorganisms and animals) comes 
primarily from the activities of autotrophs, both on land and 
in the oceans. All living things, including man, owe their 
existence to the activities of bacteria. 

Because they are not visible to the naked eye, our .know
ledge of bacteria could not begin until the development of 
the microscope. The first description of bacteria is. credited 
to Antony van Leeuwenhoek, a Dutch shopkeeper, amateur 
scientist, and lens grinder, who made some of the best micro
scopes then available, and had remarkable powers of obser
vation. He first saw what he termed "little animals" in var
ious water samples in 1674, and described them in a long 
letter to the Royal Society of London dated October 9, 1676. 
What he saw and described are believed most certainly to 
have been some of the larger bacteria (Dobell, 1958). 

Not much attention was given to the study of these micro-
orgatiisms for nearly 200 years until Louis Pasteur, a French 
chemist, became- interested in the "diseases" of beer and 
wine. His studies proved that specific organisms in fermen
tation could produce specific compounds, and he suggested 

•J^ 

in 1857 that just as each type of fermentation was caused by, 
a particular type of germ, so it was with many types of dis' 
eases. This work marked the beginning of the present germ, 
theory of fermentation and of disease. Some bacteria doj 
cause disease, but most are beneficial or harmless. 

The soil teems with microorganisms — bacteria, fungi, 
algae, protozoa — as well as being the home of numerous 
larger organisms. Most of this microbic population is found' 
in the top few inches of soil. The usual range in numbers 'a. 
from about' 1 million to 50 million bacteria per gram oC _ 
soil, with lesser numbers of molds and other forms. Frands'^ 
E. Clark (1957) states that despite their minute size, the; 
total weight of bacteria in the top foot of an acre of fertile 
soil may be as much as a thousand pounds, or 0.03 percent! 
of the weight of the soil, which is the same figure he givej 
for the weight of the several million earthworms in an acf 
of favorable soil. 

Given suitable conditions for growth, the rate of rhiilti^ 
plication of bacteria is very rapid, a cell division occurring 
every 20 or 30 minutes. Assuming that conditions are con^ 
ducive to a rate of one division every 30 minutes, a single 
individual cell will have produced four cells at the end bf^ 
the first hour, 16 at the end of two hours, and about 1 mil; 
lion at the end of 15 hours. These would occupy a space bf, 
about one cubic millimeter, and such a mass of bacteria, 
called a colony, is easily visible to the naked eye. However,ĵ  
conditions for bacterial growth never remain favorable for̂  
unrestricted growth for very long, and of course to produce^ 
any quantity of bacteria there must be an equivalent weight, 
of suitable food material. 

The diversity of form and function among microorgan
isms is unparalleled among other groups of organisms. Micro
organisms in particular exhibit an enormous capacity to 
evolve new potentialities, i.e., to undergo changes in the 
organism relative to its parent or former state. The high 
powers of adaptation to changed conditions shown by micro
organisms result to a large extent from their extremely rapid 
rate of multiplication. This mutation or natural selection i» 
of particular importance in the use of bacteria in leaching, 
and will be discussed further below. Environmental stimuli 
which can cause variations include pH, temperature, mois
ture, light, aeration, specific medium constituents and the^ 
concentration, and time. 

Most Boeteria are Beneficial 

The bacteria, along with other microorganisms, art 
agents of decay. Collectively they are indispensable in the 
mineralization of plant and animal residues. They continu-
ally recycle important chemical elements, sometimes on a 
grand scale. As pointed out by Clark (1957), the living 
organisms in an acre of fertile soil will return approximately 
20 tons of carbon dioxide to the atmosphere in a year. The 
microorganisms thus have an essential part in the carbon 
cycle in nature, in which carbon that has been combined 
photosynthetically by plants is again set free as carbon diox
ide by respiration and decay. Nitrogen fixation is another 
veiy important activity of soil bacteria. Zinnser (1935) e* 
pressed it in these words: 

-r 
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Omnipresent in infinite varieties, they perform fermentations and 
piiticfactions by which they release the carbon and nitrogen held in 
the dead bodies of plants and animals which would — without bac
teria .Tnd yeasts—remain locked up forever in useless combinations, 

E? removed forever as further sources of energy and synthesis. Inces-
(^ santly busy in swamp and field, these minute benefactors release the 

frozen elements and return them to the common stock, so that they 
iii.iy pass through other cycles as parts of other living bodies. 

As part of the decomposition of organic matter, changes 
are brought about with respect to sulfur, phosphorus, iron, 
and inorganic compounds. Sulfur occurs to some extent in 
protein and is found in nature in the form of sulfates, hydro
gen sulfide, and elemental sulfur. Many soil microorganisms 
take an active part in one or another of the transformations 
of sulfur. Some produce hydrogen sulfide from the sulfur 
or organic compounds. Others oxidize the hydrogen sulfide 
to sulfur and then to sulfates, an important source of sulfur 
for green plants. One rather striking group of sulfur-oxidiz
ing bacteria, Thiobacillus, oxidizes sulfur to sulfuric acid, 
which under most conditions is soon converted to sulfate. 
Tliis bacterium is of great importance in bacterial leaching 
ancl will be discussed in greater detail later. Many of the 
changes in phosphorus, iron, and other inorganic compounds 
are also brought about by the varied microbic population of 
the soil. 

Important uses of bacteria in industry include the pro-
. duction of yeast; the manufacture of cheese; in brewing and 

wine-making; in the production of chemicals such as glycerol, 
acetone, butanol, vinegar, citric acid, and lactic acid; and 
the production of antibiotics (e.g., penicillin) and vitamins. 

'Some Bacteria are Harmfu l 

\ The disease-producing bacteria are known so much better 
P than are the other forms that it is easy to assume that bac-

'teria generally are destructive. This is not true, however, and 
the beneficial types many times outweigh the injurious forms. 
Some of the better known diseases caused by pathogenic 
species of bacteria are cholera, diphtheria, leprosy, pneumon
ia, typhoid fever, and tuberculosis. Fortunately, the patho-
.gcnic bacteria are much more restricted in their hosts and in 
their tolerance to environmental conditions than the useful 
microorganisms. There are also some diseases of plants caused 
by bacteria, such as cucurbit wilt, brown rot of tomatoes, 
black rot of cabbage, fire blight of apples and pears, etc. 

Major Types, of Bacteria 

The four main cell types of bacteria are, 1) the spherical 
or coccus form, 2) the rod or bacillus type, 3) the spirally 
twisted spirillum,'and 4) .a long filamentous type. The bac
teria' of interest in leaching are of the rod type. A photo
micrograph of Thiobacillus thiooxidans at a magnification 
of 728 times is shown in figure ,1, taken from U. S. Bureau 
of Mines Report of Investigations 5839 (Sutton and Cor
rick, 1961B). This bacterium is rod-shaped^ motile, 0.5 mic
ron wide, 1.0 micron long, and occurs singly, in pairs, or in 
chains. 

Naming of Bacteria 

Each distinct kind of bacterium is called a species, and 
t-o each distinct species a name is given, consisting usually of 
two Latin words, as Thiobacillus thiooxidans, Ferrobacillus 

I ferrooxidans, etc. The first word, which is always capitalized, 
IS the name of the genus or group to which the organism be
longs. The second word in the scientific name is called the 

-^^ineral Industries Bulletin 

FIGURE 1. — Doric f ie ld photomicrograph of TA. T/iie-
oxidans (X728). 

(From U. S. Bureau of Mines R. I. 5839.) 

specific epithet, and is not capitalized. After being properly 
identified, the names will usually be abbreviated, as Th. thio
oxidans, etc. 

BACTERIA IN LEACHING 

Bacteria Found in Mine Waters 

As early as 1670, which predates die discovery of bac
teria by van Leeuwenhoek, copper was being recovered from 
mine drainage waters at the present Rio Tinto operation in 
Spain. By 1900 low-grade chalcopyrite ores were being heap-
leached at Rio Tinto, using conditions which are now known 
to be best for the action of leaching bacteria, although the 
presence of the bacteria was unknown. In the 1920's heap 
leaching was introduced to this continent by Phelps Dodge 
in Bisbee, Arizona, and was subsequently adopted by numer
ous companies throughout the world. In Canada the treat
ment of mine waters has been a profitable source of copper 
production for many years (MacDermid, 1965; Trussell and 
others, 1964). • 

It had been suspected for some years that bacterial action 
was assisting in the dissolution of copper from chalcopyrite, 
but it was not until 1947 that bacteria were shown by Col
mer and Hinkle to play a fundamental role in the nat^iral 
leaching of metals. A strain of bacteria was isolated in 1949, 
and in 1951 Temple and Colmer described it under the name 
of Thiobacillus ferrooxidans, having isolated it from the 
drainage waters of a West Virginia coal mine. Since that 
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time it has been found in leaching operations in all parts of 
the world. 

Th. ferrooxidans can o.xidize ferrous iron and reduced 
sulfur compounds such as thiosulfate, sulfur, and sulfides of 
various metals. Some of these substrates can be attacked in 
the insoluble form by the bacteria, said to be a unique bio
logical occurrence (D. VV. Duncan and others, 1966). 

In later years this bacterium and the closely related Th. 
thiooxidans were identified in the water from waste rock 
dumps in Bingham Canyon, Utah. These bacteria are auto
trophs, which as defined above, use carbon dioxide as the 
sole source of carbon necessary for the generation of cellular 
tissue, and obtain energ)' by the oxidation of inorganic ma
terials such as ferrous iron, sulfur, or metallic sulfides. Both 
of these microorganisms will live and grow in the stron,gly 
acidic environments (pH 1.5 to 3.0) which result from the 
oxidation of sulfur, and in the presence of many heavy 
metals, conditions which are highly toxic to most other forms 
of life. Th. thiooxidans is perhaps the most acid-resistant or
ganism known, since it will continue to grow even in the 
presence of 0.25 molar sulfuric acid (pH less than 1), and 
even 0.5 molar acid (pH near zero) does not completely 
inhibit growth. This organism accumulates sulfate in its cul
tures as an end product of the oxidation of sulfur (Jordan 
and Burrows, 1943). 

The principal characteristics of some of the bacteria 
which have been isolated from mine waters are shown in the 
following table. 

MacDermid (1965) stated that a total of nine different 
strains of bacteria had been identified in mine waters, six of 
which will oxidize sulfur and seven of which will oxidize 
ferrous iron in acid solution, but did not identify the various 
strains. It is apparent that there has been some confusion 
and overlapping in the identification and naming of closely 
related bacteria. Lundgren and others, (1964) in discussing 
the iron-oxidizing bacteria state that separation of these or
ganisms (Th. ferrooxidans, F. ferrooxidans, and F. sulfooxi-
dans) into different genera and species is without justifica
tion. It is noted that in some recent references these bacteria 

are desi,gnated simply as belonging to the Thiobacillus-l 
robacillus group. 

Leaching of Copper amg'^y-

The bacterial oxidation of many metallic sulfides to •the"-' v 
corresponding water-soluble sulfates apparently has been "̂  
taking place in nature for many years, as pointed out above. '•', 
The first account of the acrivity of bacteria in the leaching 
of commercial sulfide deposits was by Bryner and others 
(1954), working in association with Kennecott Copper Cor
poration of Salt Lake City, Utah. They discovered bacteria; 
in Bingham Canyon mine water that are capable of oxidizing 
pyrite to ferric sulfate and sulfuric acid, and of o.xidizing 
copper sulfide minerals to copper sulfate. The bacteria play 
an-important role in the waste dump leaching process, and'j_ 
have been investigated thoroughly at the Kennecott Research^^ 
Center. Because of the magnitude of the waste dumps, sa id^ 
to be accumulating at the rate of 200,000 tons per day (Mal -^ 
ouf and Prater, 1961), the recovery of even traces of coppery 
remaining could represent a substantial amount of coppmr.^li 

Two strains of bacteria have been identified in the waters^ 
from copper mine waste leaching operations. The first, Thio-'' 
bacillus thiooxidans,- has been known since 1922, and is gen- *j 
erally thought to be capable of oxidizing sulfur to sulfuric ', 
acid, but unable to oxidize ferrous iron and metallic sulfides, 
although there is not complete agreement on this point. (See, 
e.g., P. C. Trussell and others, 1964A; deCuyper, 1964; Mal—^ 
ouf and Prater, 1961). The second, Thiobacillus ferrooxi
dans, first described in 1951, is capable of oxidizing ferrous 
iron to the ferric state, and also oxidizes reduced sulfur com- • 
pounds such as thiosulfate, sulfur, and various metallic sul
fides. Tests by Trussell and others (1964A), indicated that 
Th. thiooxidans, although invariably associated with Th. 
ferrooxidans in mine waters, is not essential for the biological ,| 
leaching of metallic sulfides. j ^ 

Mechanism of leaching. Whether the bacteria release 
metals directly or whether they regenerate ferric iron in a 
chemical leaching cycle is still in dispute. Natural leaching 
is generally accepted as involving the oxidation of pyrite by 
oxygen from the atmosphere and in the presence of moisture 
according to the equation: 

TABLE 1. Principal character is t ics of bacter ia isolated f rom mine waters 

OXIDATION OF 

BACTERIA 
N 

SOURCE SULFUR 
THIO

SULFATE 
FERROUS 

ION 
REF-

ERENCE 

Th. thiooxidans 

Th. ferrooxidans 

Th. ferrooxidans 

Th. concretivorus 

Th. neopolitanus 

F. ferrooxidans 

F. ferrooxidans 

F. sulfooxidans 

a, not b 

a, b, not c 

a, b, c 

yes 

not sure 

yes 

yes 

yes 

no 

not sure 

yes 

yes 

yes 

yes 

yes 

yes 

no 

no 

no 

yes 

yes 

no 

no 

yes 

yes 

yes 

Nitrogen sources: a-ammonium ion, b-nitrate, c-nitrate 

References: 1-deCuyper, 1964; 2-Temple and Colmer, 1951; 3-Corrick and Sutton, 1961; 4-Sutton and Corrick, 1964. 
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2FcS2 -1- 70o -H 2H2O ^2FeS04 + 2H0SO4 

The ferrous sulfate in the presence of sulfuric acid is further 
oxidized by atmospheric oxygen to ferric sulfate and water: 

4FeS0., -f 2H2S04 + On »-2Fe2(S04)3 + 2H2O 

The reactions shown for the oxidation of pyrite are extreme
ly slow and occur only in a limited pH range. In order to 
bring about more rapid oxidation a catalyst is required. Cup
ric ion has long been recognized as having a catalytic effect 
on the oxidation of ferrous to ferric ion in acid solution, and 
activated charcoal has been used experimentally as a cata
lyst. The autotrophic bacteria are thought to provide the 
same catalytic action. 

The ferric sulfate that is formed can react with pyrite to 
form sulfuric acid and ferrous sulfate: 

Parts per miliion 

'.'! 

7Fe..(S04)3 -I- FeSo -|- 8H0O- -15FeS04 -t- 8H2SO4 

or it can react with a copper sulfide mineral such as chalco
cite, to form copper sulfate, ferrous sulfate, and elemental 
sulfur according to the equation: 

^2CuS04 -f 4FeS04 -f- S Cu2 -j- 2Fe2(S04)3 

The ferrous sulfate is then re-oxidized by the iron-oxidizing 
bacteria to form more ferric sulfate and the cycle is repeated. 
The elemental sulfur formed in the last equation- may be 
oxidized by sulfur-oxidizing bacteria to form sulfuric acid: 

2S - f .3O2 -H 2H2O *-2H2S04 

\V. E. Razzell (1962) investigated the bacterial leaching 
of various sulfides, and found that copper and sulfate were 
liberated as rapidly from chalcopyrite when the ferric ion 
concentration was very low as they were when the ferric ion 
concentration had risen to over 0.5 grams per liter. Since 
this result would not be expected if the ferric ion was the 
active leaching agent as shown in the equations above, they 
suspect that the bacterial leaching process can act on sul
fides directly. The same conclusion had been reached by 
Zimmerley and others and reported in the Kennecott patent, 
U.S. 2,829,964, issued April 8, 1958 (Zimmeriey and others, 
1958). It was noted that the bacteria also brought about 
the oxidation of ferrous to ferric iron at a rate considerably 
greater than would be due to the atmosphere alone. 

Increasing tolerance of bacteria to metals. As noted prev
iously, microorganisms very readily undergo changes as a re
sult of environmental variations. By growing bacteria in cul
ture media successively more concentrated in a selected 
metal, strains of the bacteria can be produced having hi.gh 
tolerances for the metal. For example, it is reported in the 
Kennecott patent that the bacteria taken directly from the 
Ringham Canyon mine waters will not grow in solutions 
containing more than 150 parts of zinc per million, even 
ihough they thrive in solutions containing appreciably higher 
concentrations of copper. By successive breeding, strains have 
been obtained with a tolerance for zinc of 17,000 parts per 
million, arid for copper of about 12,000 parts, per million. 
Other metals for which tolerances have been developed are 
as follows: 

fe» 

Aluminum 
Calcium 
Magnesium 
Manganese 
Molybdenum 

6,290 
4,975 
2,400 
3,280 

160 

It was felt that the tolerance of'\the bacteria fpr various 
metallic ions could be increased even more. 

The technique of adaptation or mutation of bacteria and 
consequent acceleration in leaching rates has been disclosed 
and claimed in a recent United States patent, U.S. 3,305,-
353, issued Feb. 21, 1967 to D. W. Duncan and others and 
assigned to British Columbia Research Council (Duncan and 
others, 1967B). This patent describes the bacterial extrac
tion of metals from metallic sulfides using Th. ferrooxidans, 
the method being applicable to copper, zinc, molybdenum, 
arsenic, nickel, gold, silver, cobalt, tin, cadmium, and the 
rare earth metals. Improvement in leaching of chalcopyrite 
is obtained by repeated transfer in a liquid mediimi contain
ing 0.9 percent ferrous sulfate, as shown in figure 2 taken 
from this patent. It is pointed out that not only is the rate 

1300 

FIGURE 2 . — Effect of bacter ia l vor io t ion 
by adaptat ion or mutat ion. 

(Extraction of chalcopyrite using Th. ferrooxidans) 
(From United States patent 3,305,353 held by British Columbia 

Research Council.) 

I 
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of metal leaching increased, but the time period which 
elapses before leaching begins is virtually eliminated. 

Optimum conditions for activity. The Kennecott patent 
states that the equipment used throughout the circuit must 
not release or act as bactericides under the conditions of 
processing. For example, it was found that redwood tanks, 
launders, etc., release a bactericide which makes the process 
impossible. They found, however, that the bacteria can be 
bred to tolerate this condition. The temperature must be 
controlled so as not to kill or immobilize the bacteria. The 
practical upper limit is about 40°C, and the lowest practical 
limit approximately 15°C. Good results were obtained at a 
pH range of 1.5 to 2.5, with the optimum approximately pH 
2. Bacterial activity decreased progressively and significantly 
below pH 1.5. The bacteria were reported to be substantially 
identical to Tk. ferrooxidans, except for an acquired natural 
tolerance for copper. 

Improvement in the bacterial leaching process so that 
leaching starts more rapidly, continues at a higher rate, and 
increases the extraction of metal from sulfide ores, is obtained 
by the addition of small amounts of surfactants, according to 
a United States patent. This patent, U.S. 3,266,889, was is
sued August 16, 1966 to D. "W. Duncan and C. J. Teather, 
and assigned to British Columbia Research Council (Dun
can and Teather, 1966). The accompanying figures 3 and 4 
taken from this patent show the effect of added surfactant on 
the leaching of chalcopyrite (CuFeS2) and millerite (NiS) 
respectively. 

A later patent to the same group, U.S. 3,305,353, men
tioned above in connection with bacterial adaptation, de

scribes the improvement brought about in bacterial leaching 
by subjecting the ore, leaching medium, and bacteria to agi
tation and aerarion of the solution, by adaptation of the 
bacteria, and by adding bacterial nutrients. Figure 5 taken 
from this patent illustrates the effectiveness of the newer 
techniques in contrast with the percolation method and 
stationary flask technique. The so-called liquid-culture meth
od involved aerarion and agitation, and the modified liquid-
culture method involved the use of Th. ferrooxidans which 
had been adapted or mutated for maximum utilization of 
ferrous iron and sulfide from solid sources. — 

JLeoching of Uranium 

In Canada, the British Columbia Research Council start
ed to study bacterial leaching as early as 1954, using culture 
isolated from Britannia mine waters, and the extensive re
search of this organization has contributed greatly to the 
knowledge of the subject (MacDermid, 1965; Trussell and 
others, 1964). Patents assigned to the Research Council have 
been mentioned above in connection with leaching of copjjer. 

Rio Algom Mines. The first work on bacterial leaching of 
uranium ores from Elliott Lake was done in 1961 by Rio 
Algom Mines Ltd., and has.been described by Fisher (1966). 
In late 1959 and early I960, it was noticed that the pH of 
the waters from some of the mines was decreasing (becom
ing more acidic), and that the quantity of uranium carried 
by the water was increasing. The underground water in the 
deeper and drier mines became acidic more quickly than that 
in the mines where the workings were closer to the surface 
and comparatively wet. It vvas correctly postulated that bac
teriological activity was taking place in the stopes and head
ings underground, and the bacterium Th. ferrooxidans was 

1 5 2 0 2 5 
DAYS OF LEACHING 

FIGURE 3. — Effect of sur fac tant on bacter ia l leaching. 

(Extraction of chalcopyrite usinq Tft. ferrooxidans) (From United States patent 3,266,889 held by British Columbia Research Council.) 
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identified. It was felt that the bacterial activity produced 
.icid and ferric iron, producing conditions in which the uran
ium was o.xidized to the soluble form which dissolved in the 
SLiifiiric acid. 

Laboratory studies were carried out to determine what 
iiiiî ht be accomplished in the way of leaching uranium in 
situ underground or in dumps on the surface. In July, 1964, 
.iftcr the Milliken mine was shut down from the convention-
•il mining and milling operation, a full-scale underground 
h:icti:iial leaching program was initiated and carried out for 
;i year. .Approximately 100 mined-out stopes were set up for 
!i ;tciiing, using two methods of applying the washing solu
lions, a spray method and a high-pressure hose method. 

The spray technique, while requiring only minimal labor 
!o Ojjcrate, was disadvantageous in not being forceful enough 
to remove all of the soluble uranium. The bacterial activity 
resulted in a coating of basic ferric sulfate on most of the 
rocks, and the spray method of washing was not severe 
rnough to remove this coating and free the soluble uranium. 
The hose method of washing was more successful, the water 
|)icssure being sufficient to move the rock to a minor extent 
ancl free the uranium. 

On the basis of laboratory results, it was decided that the 
use of a nutrient for the bacteria would be beneficial. The 
formula used was designated 9K, as described by Silverman 
;md Lundgren (1959), with the composition shown in the 
following table 2. 

For use in the mine, the ingredients were mixed dry and 
packaged in 40-pound bags for easy handling underground. 
The amount used was about 3 grams of nutrient per square 

TABLE 2 Composit ion of medium 9K fo r g row th of 
Ferrobacif/us ferrooxidans 

(From Silverman and Lundgren, 1959A) 

Components Amount 

Basal salts: 

Ammonium sulfate, (NH4)2S04 
Potassium chloride, KCl 
Dipotassium phosphate, K2HPO4 
Magnesium sulfate, MgS04.7H20 
Calcium nitrate, Ca(NO;j)2 
Distilled water 
Sulfuric acid, 10 N 

Energy source: 

Ferrous sulfate, FeS04.7H20 

3.0 g. 
0.10 
0.50 
0.50 
0.01 
to 700 ml. 
1.0 ml. 

300 ml. of a 
14.74% (w/v) 
solution 

foot of stope floor area. A wetting down procedure was 
adopted to allow the nutrient to dissolve over a period of 
time, to provide a more continuous feed for the bacterium. 

During the one-year period, a total of 94 million gallons 
of water was treated for uranium recovery, yielding 127,000 
pounds of uranium. The method of treatment involved par
tial neutralization by the injection of ammoniated water to 
the suction side of the 3000-foot-level pumps, reacidification 
at the mill to a. pH of 2, and conventional ion exchange. 
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FIGURE 4. — Effect of sur factant on bacter ia l leaehing. 
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FIGURE 5. — Effect of ag i ta t ion and aerat ion ( l iquid-cul ture) and of bacter ia l adaptat ion (modif ied l iquid-
cul ture) in bacter ia l leaching. 

(Ex t rac t i on of cha lcopy r i t e using T/i. fe r roox idans) (From Uni ted States pa ten t 3,305,353 held by Bri t ish Columbia Research Council.) 

The following general conclusions were reported from the 
underground leaching study: 

(1) Uranium can be recovered at a competitive cost by 
bacterial leaching in a closed-down mine. Bigger divi
dends in this type of uranium recovery could be realized 
by practicing bacterial leaching techniques in an operat
ing iiranium mine, where many of the fixed costs are 
covered. 

(2) The use of bacterial nutrients was proved to be 
beneficial, the cost in the quantities described is minor, 
and the nutrient produces many times its worth in pro
duct. 

(3) Bacterial action converts practically all of the solu
ble iron to the ferric state, which results in highly cor
rosive conditions. 

(4) A temperature of at least 18°C (64°F) is required 
to obtain good results. During the winter of 1964-65, the 
underground rock temperatures in parts of the Milliken 
mine dropped to 14°C. This decrease in temperature re
duced bacterial activity by 30 to 40 percent as compared 
to the summer. 

Stanrock Mines. The first routine production of uranium 
from underground by bacterial leaching was iniuated by 

Stanrock Uranium Mines Ltd. early in 1963 and descrip
tions of the Stanrock operations have been given by Mac
Dermid (1965), Popoff (1966), and MacGregor (1966). 
The Stanrock mine began operation in 1958. Initially the A 
mine water was appro.ximately neutral, but by 1960 the acid- ' 
ity had risen to the point where corrosion of underground 
pumps became severe, and the water was found to contain 
approximately 0.04 pound of UgOs per ton. It was conclud
ed that the acidity of the mine waters was caused by bacter
ial action on the sulfide minerals, although in this case the 
bacteria were not positively identified. Stanrock ores contain 
10-15 percent pyrite as well as minor quantities of pyrrho
tite, sphalerite, and chalcopyrite. 

Recovery of uranium from waste mine water began in 
1960, at which time the uranium oxide content had risen to 
0.04 - 0.05 pounds per ton. The water was neutralized under
ground before being pumped to the surface. Caustic was 
used initially as the neutralizing agent but later this was 
changed to ammonia. Appro.ximately 12,500 pounds of 
uranium oxide was recovered from mine waters in 1961, and 
27,000 pounds in 1962. In December, 1962, high-pressure 
washing of the stopes was started, and in 1963 production of 
uranium from mine water increased four-fold over tKe prev-
ious year. In October 1964, it was decided to discontinue con- R i 
ventional mining and to convert the entire mining operation • ' ^ 
to bacterial leaching. 
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Washing of the 1,200 stopes, each with an average floor 
area of 6,000 square feet, is done on two shifts a day. Six 
men make up the washing crew on each shift, with addi
tional men on the day shift for pipe installation and main
tenance. Twelve stopes are washed daily, and each stope is 
washed in cycles of about three months. Some areas have 
been washed as often as twelve times \yith no indication of 
serious falling off in uranium extraction. The bacteria ap
pear capable of leaching to depths of more than 1/4 inch 
into both the muck remaining and the walls and floors of the 
stopes. 

Trial was made in some stopes of the nutrient 9K men
tioned above, but Stanrock found that the economics of 
:\dding nutrient were not promising enough to continue the 
practice. Production does fall off in the winter months since 
temperatures below 60°F (15.5°C) slow down, the rate of 
oxidation. In this connection, consideration is being given to 
recirculating barren solution from the ion exchange columns 
back into the mine for stope washing. A major advantage 
would be the higher temperature of the wash water, to over
come the serious retarding effect of cold water on bacterial 
growth. 

Installation of new pumping equipment in 1966 made it 
unnecessary to neutralize the solution before pumping to the 
mill, so that the water is now acid enough to keep the uran
ium in solution and can be passed directly to secondary clari
fication (to remove silica) and then to the ion exchange 
units. The savings in ammonia and sulfuric acid consump
tion and in pump maintenance are expected to pay out the 
cost of installing the new pumping system in ten months. 
Current production is at the rate of 15,000-16,000 pounds of 
uranium o.xide per month. 

In 1964, when conventional mining was terminated, the 
average cost of production of a pound of U.^Os had increased 
to more than $5, compared with $4.65 for the 1962-1963 
period. The switch to bacterial leaching cut costs to approx
imately $3.30 in the summer of 1965, with an additional 50 
cents added for heating during the winter months. Labor 
accounts for approximately 50 percent of the cost, with 
pumping and ventilation the major operating costs. I t is felt 
that Stanrock will be in a position to operate at a profit at 
the stockpile price of $4.90 a pound if there is no serious de
crease in uranium extraction from the repeated washings. 
1 lie company hopes to obtain a contract which will enable it 
to maintain operations until 1970. 

Safety. Ventilation is of major importance in the opera
tion of uranium mines, since radon gas released from the ore 
surfaces breaks down into the highly radioactive radon daugh
ter elements. This problem of obtaining adequate ventila
tion particularly in winter time, without reducing the tem
perature in the mine to the point where bacterial action is 
negligible, is peculiar to the uranium industry. In the Stan
rock mine, it was expected that there would be no problem 
With ventilation when blasting was discontinued, since there 
would be little dust to carry the radioactive particles (Mac
Dermid, 1965). However, when fan operation was interrup-
'ed in a .shaft for removal of some of the equipment, a high 
radiation count vvas found throughout the mine, and it was 
necessary to move the washing crews out of the area and to 
'nstall additional fans and bulkheads to obtain proper air 
i^'rculation through the contaminated area. Within two 
nionths the radiation had decreased to near the required 
level. 

Mineral Industries Bulletin 

In the case of washing operations in areas of a mine 
previously considered abandoned, a complete a.ssessment of 
ground conditions must of course be made. If the workings 
are in good condition, working in the area to carry out wash
ing operations should present no unusual hazards. 

Uranium from gold tailings dams. Matic and Mrost 
(1964) investigated the possibility of developing an autog
enous leach procedure for the recovery of uranium from 
pyritic uranium-bearing slimes. Evidence of autogenous or 
bacterial leaching was first noticed at a South African mine 
in about 1956 when uranium-bearing slimes that had been 
stockpiled were found, on subsequent treatment, to have a 
lower acid demand than run-of-mill slimes. Examination 
of the dam showed that the slimes, which had been alkaline 
when deposited, had a pH of 3 to a depth of more than 6 
feet, and that some of the uranium originally present had 
been lost. 

Laboratory investigation of samples from an acid slimes 
dam showed that iron- and sulfur-o.xidizing bacteria were 
present in depths down to approximately 8 feet, although 
there were fewer at the deeper levels. I t appeared that high 
bacterial counts were generally only obtained where an ade
quate supply of air was available. Studies to indicate the 
feasibility of bacterial lea'chiiig of the slimes resulted in 70-
80 percent recoveries of uranium and- indicated that the 
pyrite-bearing slimes were amenable to bacterially assisted 
oxidation producing ferric sulfate which is a lixiviant for 
uranium. 

It was concluded that for a 30-meter dam of low-grade 
ore (say 0.1 pound of uranium per ton) , leaching would 
take about six years, with no uranium being produced for 
the first three years; thereafter the leach solution should 
contain a mean concentration of approximately 0.01 percent 
uranium. The introduction of an adequate air supply appear
ed to be the most serious difficulty in developing an autog
enous leach procedure for run-of-mill slimes. The aeration 
of a surface layer representing some 4-10 percent of the 
overall height of a dam should generally provide sufficient 
acidity, and there was e%'idence to suggest that this might be . 
feasible for dams of low to moderate height. T h e possibility 
was suggested of segregating coarse and fine material, treat
ing the "fines" by conventional procedures, and resen-ing 
the coarse fraction, which can be more easily aerated, for 
future in situ leaching. 

Kerr-McGee. patent. United States patent 3,268,288, is
sued August 23, 1966, to Mayer B. Goren (Mayer B. Goren, 
1966B) and assigned to Kerr-McGee Oil Industries Inc., 
contains a number of interesting features relative to the 
solubilization of uranium values and the use of bacterial ac
tion to reoxidize ferrous to ferric iron, and vanadium from 
a lower valence to the plus 5 valence state. This patent de
scribes the leaching of uranium ore with a mineral acid 
(usually sulfuric acid) in the presence of ferric ion and/or 
pentavalent vanadium ion as oxidant to aid in solubilizing 
the uranium values. After leaching, the reduced iron and 
vanadium ions are reoxidized to ferric ion and pentavalent 
vanadium ion by biological oxidation. 

The bacteria are described as non-spore forming, rod-
shaped, motile, autotrophic oxidizing bacteria which have 
the ability to o.xidize ferrous ion to ferric ion, and also have 
the ability to o.xidize vanadium from lower valence states to 
the plus five oxidation state in some instances. The pre-
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ferred strain of bacteria is of course capable of tolerating ur
anium and/or vanadium values. The bacteria are stated to be 
approximately 0.5 to 1.0 millimicron in width and 1 to 2 
millimicrons in length, but these figures are felt to be in 
error, since an earlier patent to the same patentee and as
signee describes identical bacteria as being 0.5 to 1.0 micron 
in width and 1 to 2 microns in length, corresponding to 
other values found in the literature for these organisms. It 
is noted that a millimicron is only about 1/25 millionth of 
an inch. In their natural state the bacteria are said to be 
substantially identical with F. ferrooxidam, Th. ferroo.xidans, 
or oxidizing bacteria found in copper- and iron-containing 
mine waters in the Brainard Lake area of Colorado and the 
Idaho Springs area of Colorado. In their natural state the 
bacteria do not exhibit a tolerance to appreciable concen
trations of uranium or vanadium values. 

The bacteria to be used must be grown under specific con
ditions to obtain a preferred strain which exhibits a satisfac
tory tolerance to vanadium and/or uranium. This may be 
accomplished by growing a culture of the bacteria in a med
ium containing uranium values and/or vanadium values 
which is initially tolerated by the bacteria. By gradually 
building up the concentration in the culture medium of the 
uranium and/or vanadium values, and if desired other sub
stances which might be present in the leach liquor to be 
oxidized, it is possible to obtain a strain of bacteria with the 
desired tolerance. The bacteria readily develop a tolerance 
to substantial levels of vanadium such as 0.1 - 0.5 grams/liter 
of vanadium pentoxide. It also may be possible to develop 
a tolerance to very high levels such as 1, 5, 10, or 20 grams/-
liter of vanadium pentoxide, but generally it is only necessary 
to obtain a strain of bacteria which is tolerant to 0.4 - 0.5 
grams/liter of vanadium pentoxide. 

It is stated that normally a tolerance to uranium between 
about 0.2 grams/liter and up to about 1 - 2 grams/liter of 
U:iO« is satisfactory since relatively dilute uranium solutions 
are encountered in practice, although tolerance to high con
centrations of 20 - 25 grams/liter can be developed. The 
bacteria are naturally tojerant to high concentrations of iron 
such as 5-10 up to 20 - 25 grams/liter. The tolerance to 
other metal values which may be present in the leach solu
tion to be oxidized can be developed to the levels shovvn: 

Parts per m i l l i on 

Zinc 
Copper 
Aluminum 
Molybdenum 
Manganese 
Calcium 
Magnesium 

15,000-20,000 
10,000-15,000 
5,000 - 10,000 

100 - 200 
3,000 - 4,000 
5,000-10,000 
2,000 - 3,000 

The bacteria seem to tolerate the usual concentrations of 
alkali metals encountered in practice without any difficulty. 

According to the patent, it is possible also to grow a strain 
of bacteria which is tolerant to the conditions under which 
the bacteria are to be used such as the temperature and pH 
of the solution to be oxidized. The bacteria may be grown 
over successive generations to tolerate desired conditions of 
temperature and pH in a manner analogous to developing 
tolerance to the various metallic values. The normal operat
ing temperature is given as between about 0°C and about 
50°C, with the preferred temperature range for practical 
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operation between about 15°C and 40°C. In most instances 
best results are obtained at about 35°C (98°F). 

The bacteria are very active at pH levels as low as^about 
0.8-0.9, and as high as about 3. In most instances i ,pH 
range between about 1.1-1.2 and 2.6.-2.8 is preferred. It 
is usually possible to have the oxidatiori proceed at a pH of 
about 1.5 ± 0.2 when it is desired to maintain the o.xidized 
metal values in solution. However, in instances where it is 
desirable to precipitate the oxidized metal values from solu
tion as the oxidation proceeds, then a pH of about 2.5 ± 
0.3 usually is preferred. Since the pH of the mineral acid 
solution used in leaching uranium ore should be 0 - 0.5 ini
tially in order to obtain solubilization of the uranium at a 
satisfactory rate, and since this pH level will inactivate or 
kill the bacteria, it is essenrial that the biological oxidation 
be carried out prior to adjustment of pH to the value exist
ing in the leaching circuit. 

It is pointed out that in some cases bacterial nutrients 
may be added to the solution in which the bacterial oxida
tion is to be effected, and that the oxidation rate is increased 
markedly by vigorous aeration, preferably with air to provide 
both oxygen and carbon dioxide, and at such a rate to give 
agitation and maintain the solution substantially saturated 
with respect to oxygen. 

The oxidation rate may be further improved by providing 
a satisfactory support for the multiplying and growing micro
organisms. Satisfactory supporting materials include volcanic 
rock or other suitable rocks, and inert materials in general 
which provide an extended surface area. It is possible to use 
inert materials which are sufficiently finely divided or light 
in weight to be suspended in the leach liquor, whether by 
agitation or due to low specific gravity, and thereby provide 
a mobile support in particulate form for the microorgan
isms. This has the advantage of allowing the oxidized metal 
values to precipitate on the moving particles and thereby 
prevent the particles from being cemented together by de
posited substances as the oxidation proceeds. 

If only the iron, in the leach liquor is to be oxidized, the 
oxidation is allowed to proceed to a negative emf (electro
motive force) of about -500 mv (millivolts). When the van
adium as well as the iron is to be oxidized, then the oxida
tion may be continued until the emf is -600 to -650 mv. The 
oxidation may be effected in the presence of dissolved uran
ium values, or • on the uranium-barren solution after^the 
uranium values have been recovered by ion exchange, sol
vent extraction, etc. It is also possible to recycle a portion of 
the leach liquor, the remainder being sent for uranium re
cover}'. 

Leaching of Vanadium 

Only one reference was found to the use of bacterial oxi
dation in connection with the recovery of vanadium. United 
States patent 3,252,756, issued May 24, 1966, to Mayer B. 
Goren and assigned to Kerr-McGee Oil Industries Inc., 
(Mayer B. Goren, 1966.A) describes the biological oxidation 
of variadium to the pentavalent oxidation state, followed by 
precipitation of the oxidized vanadium values. This patent 
is closely similar to the Kerr-McGee patent discussed prev
iously on extraction of uranium, describing the same bacteria, 
techniques of building up tolerance to the various metal 
values expected, value of added nutrients, 'and optimum 
conditions for carrying out the process. The size of the bac
teria is given as approximately 0.5 to 1.0 micron in width 
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and 1 to 2 microns in length, a more reasonable figure than 
the millimicron sizes shown in the other patent, which are 
felt to be in error. 

It is stated that the use of a particulate support for the 
multiplying and growing microorganisms is especially desir
able in the o.xidation of vanadium values at a pH value of 
2.5 to 3 as the vanadium is precipitated on the particles as 
iron vanadate. In instances where the support is stationary 
such as a bed of rock, the rocks are cemented together by 
the precipitated material and eventually the flow of liquid 
tlirou.gh the bed is reduced or even prevented. In some cases 
iron vanadate crystals are used as the supporting medium, 
and an example shows this technique used for a continuous 
process in a series of vats. The leach liquor passes through 
the v'ats in series, the pH being adjusted to a value causing 
the precipitation of iron vanadate on the supporting ma
terial. A slurry of oxidized liquor and precipitated iron vana
date is removed continuously from the last vessel in the ser
ies and the iron vanadate crystals recovered. A portion of the 
crystals is returned continuously to the first vessel and the 
remainder retained as product. 

.Leaching of Manganese 

The Bureau of Mines has investigated a number of pro
cesses for the economical recovery of manganese from domes
tic low-grade resources. Perkins and Novielli (1962) extend
ed these studies to trial of beneficiation of these ores by 
leaching with microorganisms. In preliminary experiments 
with samples ranging in size frorri 100 grams to 800 pounds, 
they obtained manganese extractions of 71.7 to 99.9 percent. 
The manganese product precipitated from the pregnant 
solutions averaged 51.4 percent manganese. By means of 
parallel tests with and without bacterial inoculation, it was 
proved that no manganese was leached in the controls with
out inoculation. 

Their bacterial cultures were obtained by selecting samp
les of soil, stagnant water, moist ore piles, and the like, 
carrying out preliminary tests of their ability to leach man-
.ganese ore, then growing the four cultures which proved cap
able of leaching manganese. It was noted that the four ef
fective cultures came from an environment where condition, 
ing to manganese would have taken place, for example, mari-
.ganese stockpiles and tailings ponds from manganese bene
ficiation plants. Several years of such conditioning may be 
necessary. 

-The effect of time on manganese extraction is shown in 
the following table. 

The mechanism of the leaching was not understood, but 
was felt to be different from that encountered in the bacter
ial leaching of copper in the presence of sulfide minerals. It 
appears that the action of the microorganisms is directly on 
'he manganese mineral through a mechanism not yet de
fined. The bacteria involved were parually indentified as 
rods 1.4 by 6.1 microns, of the genus Bacillus, species not 
determined. 

Imai and Tano (1967) found that a culture of Th. thio-
'̂ xidans grew well'on media containing 0.2 molar manganese 
ion. When the bacterium was cultured on a medium con-
'aining 3 percent of manganese ore, 69 percent of the man-
Kanese was eluted in 9 days. Addition of ferrous sulfide in-
î̂ eased both the growth of the bacteria and elution of man

ganese, while zinc sulfide increased only the elution of man-

TABLE 3. — Effect of t ime on manganese ext ract ion. 
Manganese extracfion, percent 

Ore 

Boulder City 
Black Cuyuna 
Brown Cuyuna 
Carbonate Cuyuna 
Controls^ 

Mn, percent 

2.0 
8.8 
3.8 
7.4 

10 days 

18.4 
6.8 
8.8 
4.1 
{') 

30 days 

'•48.6 
45.7 
60.3 
25.6. 
{') 

60 days' 

99.9 
93.8 
97.4 
98.7 
P) 
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(1) Based on heads-to-tails analysis whereas the 10- and 
30-day extractions were based on heads-to-solution 
analysis. 

(2) Sterile controls on. each material used idendcal tech-
. niques and conditions except they were not inoculated 

with microorganisms. 

(3) Nil to trace. 

ganese but not the growth of the bacteria. Ferrous sulfate 
was similar in action to the sulfide, but ferric sulfate exerted 
no effect. 

Leaching of Other Metals 

The British Columbia Research Council United States 
patent 3,305,353 (Duncan and others, 1967B), discussed 
above under leaching of copper, discloses and claims the 
bacteriological extraction of metals from sulfides of arsenic, 
cadmium, cobalt, copper, gold, molybdenum, nickel, rare 
earth metals, silver, tin, and zinc. The Kennecott Copper 
Corp. United States patent 2,829,964 (Zimmerley and oth
ers, 1958) describes the application of bacterial leaching to 
chromite ore, molybdenum sulfide concentrates, titanium-
bearing material, and zinc sulfide ores. 

Arsenic. H. L. Ehrlich (1963) studied the oxidation of 
orpiment (AS2S3) by F. ferrooxidans, and reported both 
arsenate and arsenite among the products in solution. It was 
noted that orpiment also underwent some spontaneous solu
bilization,- causing the release of arsenite only, but the reac
tion is slower than that carried out by bacteria, and the pH 
rises from 3.5 to 5.0. When F. ferrooxidans acts on orpiment, 
the pH of the reaction mixture drops from 3.5 to 2.0, and 
the reaction is - significantly faster, so that the chemistry in 
the two processes does 'not appear to be the same. 

Ehrlich (1964) also studied the bacterial oxidation of 
arsenopyrite (Fe2As2S2) and enargite (Cu3(As,Sb)S4), and 
found tbat a member of the Thiobacillus-Ferrobacillus group 
of bacteria accelerated the oxidation of these materials dur
ing 21 days of incubation. In the case of arsenopyrite, there 
was extensive solubilization of the arsenic as arsenite and 
arsenate. The iron was oxidized but not extensively solubil
ized, .being precipitated largely as iron arsenite and arsenate. 
The pH of the medium dropped from 3.5 to about 2.5 with 
and without bacteria during the incubation period. From 
enargite, there was a steady solubilization of copper and ar
senic as cupric copper and arsenate. Some copper and arsen
ic, though oxidized, stayed out of solution. The pH of the 
reaction mixture was the same as for arsenopyrite. 

Duncan and others (1967) added arsenates to a series of 
reaction vessels containing Th. ferrooxidans acting on a sol
uble iron substrate, and found, arsenic not toxic to the bac
teria at concentrations likely to be found in commercial op
erations. 
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Cobalt. Sutton and Corrick (1961B) investigated the ac
tion of Th. thiooxidans on a variety of ores and found that 
this organism extracted appreciable quantities of copper and 
cobalt from natural ores and minerals when elemental sulfur 
was present to serve as a source of energy for the bacterium. 
However, under the conditions of the tests, this organism was 
not able to oxidize sulfur in the sulfide form as it occurred 
in the ores and minerals. 

deCuyper (1964) reported on the bacterial leaching of 
low grade copper and cobalt ores, and stated also that Th. 
thiooxidans failed to oxidize sulfur in the sulfide form. In 
the case of carrollite (CUS.C02S3), he obtained no dissolu
tion after 32 weeks, and found also that this material did not 
respond to acidified ferric sulfate solutions. It was concluded 
that the role played by the sulfur- and iron-oxidizing micro
organisms in the leaching of metal sulfides was limited to the 
oxidation of ferrous to ferric ion, and that the latter was the 
effective leaching agent. 

Gold. Y. Pares and co-workers (1964; information from 
abstracts of French articles) found that Agrobacterium 
tumefaciens in culture media made from plant decoctions, 
solubilized gold (apparently metallic gold) up to 1.5 milli
grams per liter, although there was no dissolving power for 
copper. It was noted that autotrophic nitrous and nitric bac
teria were capable of solubilizing gold powder, but that their 
activity was weaker than that of heterotrophic bacteria. An 
aerobic bacterial strain p76 solubilized gold contained in 
laterites up to 82 percent; the nutrient medium had to be 
appropriate for each auriferous ore and each bacterial cul
ture. This is consistent with usual bacterial leaching results. 
Samples of lateritic ores from the Ivory Coast, containing 
up to 18.3 ppm of gold in a finely dispersed state, and fine 
precipitated gold, were treated with cultures of microorgan
isms from streams and soils of the region. Solubilization of 
gold occurred, up to concentrations of 6 milligrams per liter, 
but was followed by slow reprecipitation of the dissolved 
gold. 

Molybdenum. Bryner and Anderson (1957) showed that 
molybdenite (MoS-i) could be oxidized by autotrophic bac
teria, soluble oxidized molybdenum being formed in reactors 
in which molybdenite and molybdenite ore were inoculated 
with Bingham Canyon bacteria. Addition of pyrite was 
found to increase the amount of soluble molybdenum formed 
by approximately 350 percent. Mixtures of molybdenite with 
chalcopyrite (CuFeS2) showed a preferential oxidation of 
the copper sulfide, and the cupric ion concentration dropped 
to appro.ximately 40 ppm before significant oxidation of .the 
molybdenite occurred. An optimum ferrous ion concentration 
of near 4,000 ppm was noted for bacterial activity on molyb
denite. Only about 55 percent of molybdenum was solubil
ized from the ore in 9 months when the ore was bacterially 
leached in the presence of pyrite. 

Duncan and others (1967A) could obtain only partial 
adaptation of Th. ferrooxidans to molybdenum, reporting 
that molybdenum appeared to be toxic, and that commercial 
leaching appeared impractical, in general agreement with 
the results of Bryner and Anderson. 

It has been noted above in discussion of the Kennecott 
and Kerr-McGee patents that molybdenum is tolerated by 
the bacteria to a less extent than any of the other metals 
shown. 

Nickel. Razzell and Trussell (1963A) carried out micro
biological leaching experiments with various sulfides, using 
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Th. ferrooxidans. Millerite (NiS) (contaminated with chal
copyrite, Cu:Ni = 1:23, ground to -325 mesh) at a pH of 
2.5 yielded 616 ppm of nickel after 5 days, 1,270 ppra after ? 
12 days, and 1,440 after 19 days. At a pH of 4.0, the values 
were only 231, 432, and 576 respecrively. They felt that the ^ 
most critical factor in leaching was the alkalinity ~of~~the 
gangue about the mineral particles, since bacterial action 
will not proceed appreciably above pH 3. 

Duncan and Trussell (1964), using the same bacterium, 
studied the effect of surface active agents on the bacterial 
leaching. An impure sample of millerite yielded 70 percent 
of its nickel in the presence of bacteria and Tween in 13 
days, compared with 58 percent of the nickel in 23 dap 
witliout the added surfactant. However, the Tween addition 
(0.003 percent of Tween 20) showed no effect on McKim 
or on Sherritt Gordon nickel ores, which gave 87 percent of 
the nickel in 5 days (McKim), and 96 percent in 15 days 
(Sherritt Gordon), either with or without Tween. 

, 
As noted above, the use of surface active agents in .con-^ 

nection with bacterial leaching has been patented (Duncan t\-
and Teather, 1966). ""*'" 

Tin. 'Very few references were found describing the bac
terial leaching of tin. Duncan and others (1966) list stannite 
(Cu2FeSnS4) in a group of metajlic sulfides oxidized by Th. 
ferrooxidans, noring that British Columbia Research Council 
data are to be published.In a later paper Diincan and others 
(1967A) report that almost no tin was solubilized in tests on 
a single tin sulfide mineral containing both copper and tin, 
although release of copper was normal. The bacterial leach
ing of tin is disclosed and claimed in the Duncan patent 
(Duncan and others, 1967B), along with various other sul
fide minerals. 

Zinc. In 1922 Rudolfs and Helbronner published a paper 
on the oxidation of zinc sulfide by microorganisms. They 
used a culture selected from a group of sulfur-oxidizing or
ganisms, which was able to attack zinc sulfide, transforming 
it into zinc sulfate. They pointed out that the growth of the 
organisms was not inhibited by the resulting soluble zinc. The 
addition of sulfur to impure cultures increased the rate of 
solubility of zinc from the sulfide, and it was noted also that 
zinc carbonate and zinc silicate were solubilized in the pres-
ence of sulfur. . •^, 

P. C. Trussell and others (1964A) examined bacterial 
leaching of sphalerite, ZnS, and of marmatite, (Zn, Fe)S, 
with and without added surface active materials (30 ppm of 
Tween 20) and found marked differences between the two 
sulfides. Marmatite was almost completely leached in the ' 
presence of Tween 20 in 15 days, but sphalerite showed only , 
slight release of zinc (7 percent) under the same conditions. 
Presumably the iron in the marmatite sample was involved 
in bringing the zinc into solution. 

t 

General Discussion of Bacterial Leaching -l^'-

The examples given above serve to point out some of the 
areas where bacterial leaching has been used to bring metal 
values into solution. In general, this type of leaching is rC' 
stricted to sulfide minerals, o.xidation resulting in the forma
tion of ferric sulfate and sulfuric acid which may be the 
actual leaching agents, although there have been Suggestions 
that the bacteria may attack some of the minerals directly' 
It is possible that both methods of attack are involved. I' 
was noted that in the case of zinc, different sulfides did not 
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respond in the same way to bacterial leaching; there is a 
possibility that iron must be present either as an ore com
ponent or as extraneous iron sulfide. 

In any event, the oxidation process is accelerated by the 
' hacteria. which in turn use the energy for their growth and 
ii:pioduction. As in any oxidation system, there are optimum 
conditions and because bacteria are living organisms, the en
vironmental conditions are more restricted than in a chemi
cal process. The necesshy for building up tolerance of the 
ii.-icteria to the specific metals present and to be solubilized 
has been discussed. 

.An essential requirement is that the sulfide minerals be 
exposed, and in general the finer the particle size the faster 
tlic rate of metal release. Particle size probably is the most 
important factor in determining rate of leaching. Duncan 
.Tiid others (1966), state that the rate of copper release from 
chalcopyrite increases with decreasing particle size, down to 
a'f/.cs below 400 mesh, at which point some other factor be
comes rate-controlling. It should be mentioned that fine par
ticle size is not always compatible with heap leaching, e.g., 
the poor permeability of finely ground slimes was noted by 
Matic and Mrost (1964). 

After the particle size of the material has become estab-
lislied, e.g., by economic considerations, the environmental 
ri:quiiements of the microorganisms must be considered. For 
example, for Th. ferrooxidans to function in the bacterial 
leaching of sulfides, the pH must be below 4 and preferably 
hclow 3. This organism can oxidize sulfur at pH's as high as 
:'i, but it will only occasionally oxidize sulfides at pH's above 
15, and never above 4.0. Bacterial leaching cannot be ap
plied to ores containing a highly basic fraction. 

In attacking the sulfide portions of ores, the bacteria con-
'vcrt the sulfide to sulfate and with this disruption of the 
•solid matrix, the metal ions go into solution. For the most 
i)art the metals reniain in solution as soluble sulfates, al
though iron may be subsequently precipitated as the insolu-
hlc hydroxide or basic sulfate. Sulfuric acid is formed by the 
liydrolysis of ferric sulfate, along with ferric hydroxide or 
'he basic sulfate, and this reduces the pH to a value of 
around 2. As has been noted previously, lower pH's are some
times observed, particularly if excess pyrite is present, and 
'lie bacteria generally will tolerate a pH down to about 1, 
^̂ •iih the range of 1.1 to 2.8 being preferred. 'Values of pH 
hclow 1 have a detrimental effect' on bacteria,, causing di
minished activity, and values of 0 - 0.5 will generally inac-
iivatc or kill the bacteria. The bacteria are destroyed in alka
line media of pH 9. ' • ' 

The bacteria are living organisms, so they must have 
nxygen. Duncan and others (1966), point out that every 
i'ound of sulfur (either as native sulfur or as sulfide) re-
'luircs 2 pounds of oxygen for complete conversion to sul-
'atc, and that every pound of iron converted from the fer-
''ous to the ferric state requires 0.14 pound of oxygen. In the 
case of chalcopyrite, 2.13 pounds of oxygen are necessary 
P';r pound of copper released from the chalcopyrite. Supply-
jug the necessary oxygen becomes a major consideration in 
oacterial leaching, particularly at high mineral concentra-
'n>ns. In dump leaching and in in situ leaching, the neces
sary Oxygen can be provided by intermittent application of 
"•̂ atcr and by adequate ventilation. 

Another component of air that is essential for the bac-
u'ria is carbon dioxide. This gas is used by the bacteria as 
''*iir sole source of carbon and is essential for growth. Very 
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little information was found on the carbon dioxide require
ment of the bacteria, but it does not appear to be a limiting 
factor in leaching (Duncan and others, 1966). 

The necessity for added nutrients has not been definitely 
established, and it will be recalled that in leaching of uran
ium in one mine, nutrients were added, while in another 
mine it was felt to be uneconomic to provide any nutrients. 
Many of the natural waters probably will contain enough 
nutrients for adequate growth. Phosphate and ammonia ap
pear to be the two most critical nutrient elements. 

The optimum temperature for bacterial leaching seems 
to be about 35°C (98°F), with a practical operating range 
shown in one patent of about 15° to 40°C. Temperatures 
above about 40°C inhibit bacterial action, and higher temp
eratures will kill most of the bacteria. Some tolerance to 
temperature apparently can be developed in much the same 
way as for the presence of various metals. In general the 
rate of leaching decreases as the temperature decreases, with 
low temperatures tending to slow down rather than kill the 
organisms, and some leaching occurs even at just above 
freezing (0°C), although it is very slow. The difficulty in 
uranium mines of achieving adequate ventilarion for safety 
during the winter months without reducing the temperature 
to levels where bacterial action is negligible has been discus
sed previously. 

Corrick and Sutton (1965) studied the effect of freezing 
and thawing on the activity of F. ferrooxidans in oxidizing 
pyrite, and found that freezing the bacteria for 16 hours at 
-15°C and then thawing at room temperature reduced sub
sequent bacterial oxidation by 50 percent. A second freez
ing-thawing cycle caused an additional 23 percent reduction 
in microbial oxidation, but further cycles of freezing and 
thawing did not cause much further change in the activity. 
It is suggested that the freezing probably results in the rup
turing of many bacterial cells, so that considerable time is 
required for tbe surviving organisms to regain the number 
prior to freezing, thus directly affecting the rate of pyrite 
oxidation and subsequent copper dissolution. Freezing of the 
bacteria for up to 39 days resulted in a 64 percent reduction 
in activity, the greatest reduction taking place in the initial 
freezing and thawing (53 percent). These results are shown 
in figures 6 and 7 taken from U. S. Bureau of Mines Report 
of Investigations 6714 (Corrick and Sutton, 1965). 

The composition of a medium for the growth of F. ferro
oxidans was shown above in the discussion of uranium leach
ing. The preparation of this and other stock cultures, the 
collection of bacteria, and the growth and transfer of ,the 
microorganisms have been described in detail by Corrick and 
Sutton (1961; 1965) and by Sutton and Corrick (1964). 
Briefly the method coiisists of obtaining the bacteria, either 
from natural waters .or as pure cultures from the American 
Type Culture Collection, Rockville, Md. (formerly at Wash
ington, D. C ) , growing them in the proper medium, and 
preparing mass cultures in a fermentor, followed by centri
fugal separation of the organisms and storage at 5°C. It 
seems highly probable that further improvement in bacterial 
leaching will be obtained by continued selection of special 
strains of organisms in which specified desirable characteris
tics are more highly developed. Tliis is an area in which it 
may be necessaryfor the extractive metallurgist and the bac
teriologist to work in close cooperation. 

Harrison and others (1966A), suggest that a possible ap
plication of bacterial leaching would be to supplement other 
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FIGURE 6. — Effect of freezing and thawing upon 
bac ter ia l ac t i v i t y . 

(Ox ida t ion of p y r i t e w i t h F. fe r roox idans) 
(From U. S. Bureau of Mines R I 6714) 

treatment processes, e.g., in the extraction of uranium from 
tailings produced in preconcentration operations. Flotation 
tailings have been leached efficiently by the addition of py
rite, and it would be expected that similar results would be 
obtained in the bacterial leaching of tailings from gravity 
concentration operations. 

MacDermid (1965) makes the point that bacterial leach
ing should'be regarded in its proper perspective as an auxili-
.ary to conventional mining rather than as an alternative 
method. Thus heap leaching of low-grade ores is a low-cost 
means of recovering metals from material which could not 
be economically treated by flotation^ and leaching of the 
floors and walls • of mined out areas is the only practical 
means of recovering the metals remaining after conventional 
mining is completed. It is noted that the rate of metal recov
ery is slow and the yield is uncertain. With a high-value pro
duct such as uranium the labor cost for pressure washing can 
be tolerated economically; with lower-value metals the eco
nomics of production might require a more completely auto
mated operation. 

It should be mentioned that all natural leaching is in fact 
bacterial leaching, because of the indicated presence of bac
teria in mine waters and in leaching operations all over the 
world. This type of leaching generally requires considerably 
more time than chemical leaching; the use of tanks will pro
vide much faster rates and more complete extraction, but 
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the small amount of material that can be handled makes this_ 
approach of doubtful commercial feasibility except perhaps 
for some metals of high unit value (Duncan and others, 
1966). . .^ 

Malouf and Prater (1961) state that bacterial cultures 
become inactive, but are not destroyed, when exposed fo di
rect sunlight. Virtually no bacterial oxidation was noted in 
open ponds with solution depths of up to two feet, even 
though the solutions were in night-time darkness during half 
of the time, and viable bacterial cultures were present. Ap
parently, sufficient radiation is transmitted through up to 
two feet of water to inhibit bacterial activity but not to 
destroy the bacteria present. The bacteria are extremely 
sensitive to ultraviolet light, for only short time exposure to 
this radiation will completely sterilize a bacterial culture. 
These authors also found that bacterial oxidation rates de
pend upon the surface of solid material present. The bacteria 
apparently concentrate at the surface of solids in contact 
with the solution, and build up bacterial colonies there. This 
addition of a support for the growing and multiplying micro
organisms was mentioned above in connection with the Kerr-
McGee patents on extraction of uranium and vanadium. 

The importance of rate of circulation of the bacterial 
solutions to the beds to be leached is emphasized by Malouf f 1' 
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.nnd Prater (1961), who point out that the factors of aera
tion arid of circulation of the solution must be considered 
together in evaluating the performance of a bacterial oxida-

t. (ion system, since they are mutually interdependent. In gen-
' eral they suggest that thorough aeration of the bacterial solu

tions and high rates of solution circulation are important 
variables. 

.A 1966 Canadian patent (Mayling 1966: information 
from abstract) shows use of ferric chloride solutions contain
ing up to 5 grams per liter each of ferric chloride and sodium 
chloride for leaching" lean ores or tailings containing gold, 
silver, copper, and lead. Bacteria such as F. ferrooxidans and 
Til. ferrooxidans are used along with aeration to keep the 
.solutions oxidized; the bacteria must be specially bred for 
tolerance to the concentrations of acid, ferric chloride, sod
ium chloride, and other materials in the leach solutions. 

Trussell and others (1964B) report the high extraction 
rates achieved with high-grade ore, or ore concentrates, in 
contact with bacteria in large volumes of water. Aeration of 
u finely ground ore concentrate or mineral-bacterial suspen
sion results in rapid release of the soluble form of the metal. 
Extraction of copper from concentrates has been increased 
to 75 percent in 65 hours, compared with previous extrac
tions of 50 percent in 15 days. An advantage of processing 
concentrates, compared to natural low-grade ores, is that 
maintaining an acidic environment for the bacteria usually 
presents far less of a problem with concentrates than it does 
uith low-grade ores. This is because most of the alkaline 
components have been removed with the gangue. This ap
proach may represent the next major advance in bacterial 
leaching, particularly if it is possible to extract metals from 
the concentrates near the mine sites. 

OTHER USES OF BACTERIA 

Sulfur frotn Calcium Sulphate 

Deposits of gypsum (CaS04.2H20) and anhydrite (Ca-
S0^) are widely dispersed throughout the world. The vast 
extent of the deposits has naturally led to consideration of 
these ubiquitous raw materials as potential sources of sul-
lur compounds, and the present world-wide shortage of sul
fur and concomitant higher prices for this vital commodity 
have intensified the search for ways in wliich these readily 
available materials might be utilized. One of the techniques 
being examined involves bacterial attack of gypsum or an-
iiydrite to convert the sulfate into hydrogen sulfide, which 
can then be converted to elemental sulfur by conventional 
tneans. 

Starkey (1956) points out that bacterial reduction of sul-
ute, thiosulfate, tetrathionate, and elemental sulfur is much 
'•lore common than reduction of the sulfate, and that many 
hacteria and fungi are concerned in these transformations. 
}n the case of sulfates, the specific sulfate-reducing bacter-
'"m is Desulfoiiibrio desulfuricans. This organism is strictly 
anaerobic, i.e., does not require air (unlike the bacteria of 
"I'crest in leaching), and functions best at a pH of between 
" and 7.5, with limits for growth between pH 5 and 9 (Breed 
and others, 1957). "Various organic materials can be used as 
hydrogen donors, including organic acids, alcohols, amino 
''< '̂ds, carbohydrates, and petroleum hydrocarbons, and ele-
"ii^ntal hydrogen also can be used. The sulfate reduction can 
'̂ l̂ e place at temperatures as high as 55-60°C. 
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These bacteria are widely distributed because of their 
ability to grow on a variety of organic materials and to use 
elemental hydrogen, and their tolerance to wide ranges of 
temperature and salt content and high concentrations of sul
fide. They have been recovered from sewage, soil, mud. fresh 
and salt water sediments, from various organic decomposi
tions, and from brines of oil wells and sulfur mines. It is re
ported (Anon., Chem. & Eng. News., 1967) that unidenti
fied mixtures of organisms from sewage have been repeated
ly subcultured and reisolated to increase hydrogen sulfide 
production from-gypsum in fndia, England, and Czechoslo
vakia. Earlier work in England produced an organism with 
a 1000-fold increase in activ-ity after 40 generations. 

A recent article (Anon., Chem. & Eng. News, 1968) states 
that J. L. Laseter and .Associates, Houston, have designed a 
300 ton-per-day plant to produce elemental siilfur from gyp
sum in this manner for $35 to $45 per ton. A biologically 
active enzyme is said to replace the bacteria and catalyze the 
low-energy reaction, which reportedly will produce vitamins 
and steroids as by-products. 

Removal of Sulfur f rom Cool and Oi l 

Coal. Sulfur occurs in coal in the form of sulfates, sul
fides, (pyrite or marcasite)', and in organic sulfur com
pounds. Ponsford (1966B) says that about half of the sulfur 
in coal appears to be in organic combination in the actual 
molecular structure, the rest being present as sulfides and 
traces of sulfates mixed intimately vvith the actual coal. Sul
fur dioxide emissions from stationar)' sources are receiving 
major attention in the present drive against air pollution, so 
that the pjTite sulfur in coal becomes of particular impor
tance. It seems likely that standards will ultimately be set 
calling for no more than 1 ppm of sulfur dioxide in stack 
gases, and that control will be achieved either by use of low-
sulfur fuels or by removal of sulfur dioxide at the stacks. In 
addition to its importance in air pollution, pyrite sulfur in 
coal is a contaminant in metallurgical coke, causes corrosion 
and deposit formation in combustion, and is the source of 
sulfuric acid in the effluents of mines producing acid waters. 

"Various methods are under investigation for the economic 
desulfurization of coal, and the possibility of using bacterial 
action for this purpose is being studied in Russia and in the 
United States (Ponsford 1966B; Silverman and others, 
1963). The work of Rogoff and others (1960) and Silver
man and others (1961; 1963) indicated that desulfurization 
by oxidation of pyrite with F . ferrooxidans is practicable. 
The oxidation was most effective when the smallest particle 
sizes were used (-325 mesh), so that bacterial desulfurization 
may be applicable to the fine coals which are used in the 
transport of coal slurries by pipeline. It was suggested that 
it would be preferable to desulfurize the coal at the source, 
to avoid the problems of corrosion in the pipeline and dis
posal of the ferric sulfate and sulfuric acid formed. 

Oil. The increasingly stringent requirements for low-sul
fur fuels is affecting the oil industry as well as the coal in
dustry and much research and development work has gone 
into the study of economical desulfurization of various petrol
eum fractions. It is apparent that the technology of hydro-
desulfurization is developing rapidly, and that processes for 
reducing the sulfur content of residual fuel oils by catalytic 
treatment with hydrogen arc in an advanced state of develop
ment. The possibility of using bacteria for removal of the 
sulfur also has been considered, and some of the techniques 
of this treatment are described in three United States patents. 
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A 1950 patent (U. S. 2,521,761) to Raymond J. Straw-
inski and assigned to Texaco Development Corporation 
(Strawinski, 1950) describes a method of treating oils with 
bacteria in the presence of a "diverter" such as de.xtrose, 
starch, etc., to prevent attack of die petroleum hydrocarbons 
by the bacteria. Mixtures of microorganisms, both aerobic 
and anaerobic, may be found where crude oil or petroleum 
products have been stored or spilled, in oil-soaked soils, in 
sea water, marine bottom deposits, garden and field soils, 
industrial waste and sewage disposal waters and other waste 
material. These mixtures contain both carbon- and sulfur-
consuming microorganisms. 

A 1951 patent to the same patentee and assignee (Straw
inski, 1951, U. S. 2,574,070) shows the treatment of petrol
eum products with two specific types of microorganisms, a 
sulfate-producer (Pseudomonas, Alcaligenes, Bacillus, etc.) 
and a sulfate-reducer (Vibrio and Desulfovibrio) to form 
hydrogen sulfide which is readily removed from the solution. 

United States patent 2,975,103, issued March 14, 1961 
to I. Kirshenbaum and assigned to Esso Research and En
gineering Company (Kirshenbaum, 1961) describes the use 
of aerobic bacteria for the removal of organic sulfur com
pounds, stating that under optimum conditions over 90 per
cent of the sulfur may be removed in less than 10 minutes 
contact time. Features of the invention include the use of 
specific bacterial cultures or mixtures of natural bacteria 
such as those listed in U. S, 2,521,761 above; added surfac
tants, nutrients, and protein; aeration with an o.x)'gen-con-
taining gas; and a packing material to increase contact be
tween the oil and the bacterial solution. 

Recovery of Petroleum 

Microorganisms are said to cause release of oil from un
derground formations by various mechanisms. Certain bac
teria ferment carbohydrates, producing organic acids, en
zymes, and gases such as carbon dioxide and hydrogen. These 
gases provide an additional driving fluid in the heart of the 
formation. Carbonic acid, formed from carbon dioxide and 
water, and organic acids, tend to dissolve limestone and 
other calcareous material. Sulfate-reducing bacteria attack 
g)T3suni, anhydrite, and organic sulfates, and the pores and 
voids formed provide for the accumulation and migration of 
oil. Other bacteria consume hydrogen and catalyze the hydro
genation of crude components to less viscous .products. In 
some cases substances having detergent or wetting action are 
produced by bacteria, which help to liberate oil. Some micro
organisms are said to attach themselves to solid surfaces, 
literally crowding off oil films. 

Bacterial cultures have been pumped into wells and add
ed to well fracturing fluids in efforts to enhance the recovery 
of petroleum, but it is stated that in some cases the organ
isms tend to plug the formation, thus actually hampering 
production. United States patent 3,185,216, issued May 25, 
1965, to Donald O. Hitzman and assigned to Phillips Petrol
eum Company (Hitzman, 1965) describes a technique of 
drilling a well through a petroleum-bearing formation into 
a water-bearing foimation and inoculating the water forma
tion with a microorganism which grows at the oil-vyater in
terface and facilitates release of the petroleum. 

In connection with the recovery of petroleum, a 1953 
patent to R. T. Sanderson, assigned to The Texas Company 
(Sanderson, 1953, U. S. 2,641,565) is of interest in showing 
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bacterial attack on oil shale for separation and recovery of 
kerogens. It is stated that the process may be used in situ, 
injecting the inoculated nutrient in input wells and remov
ing the product through output wells. .However, this is not rf 
as satisfactory as when the shale is first, ground to fine par-" 
tide sizes. " 

EFFECT OF BACTERIA IN CORROSION 

It has been stressed that beneficial and innocuous bac
teria far outnumber the injurious varieties, and specific ex
amples have been given of the action of bacteria in recovery 
of a variety of metal values and in a few other applications. 
In some cases bacteria which are generally beneficial urider 
specific enviroiunental conditions may become harmful when 
the milieu is changed, or when their activities correlate with 
other bacteria to produce undesirable conditions. This situa
tion is found in particular in a number of cases of corrosion. 

The severe corrosion of concrete sewers found.in warm 
climates is caused by the combined action of sulfate-reducing 
bacteria and Th. thiooxidans (Starkey, 1956). Th. thiooxi
dans will be recalled as being present almost universally in 
acid mine waters and wherever metals are being leached, and 
the sulfate-reducing bacteria (e.g., Desulfovibrio) are also 
very widespread. Rigdon and Beardsley (1958) show four 
steps believed to take place in the destruction of concrete 
sewers by autotrophic bacteria: (1) Production of hydrogen 
sulfide in the sevvage by the reduction of sulfates (e.g., by 
sulfate-reducing bacteria) and the decomposition of pro
teins. (2) Escape of the hydrogen sulfide into the sewer at
mosphere where it becomes dissolved in moisture on the con
crete walls. (3) Oxidation of the hydrogen sulfide to sulfuric ^ 
acid by sulfur bacteria. (4) Destruction of concrete by the ^ 
sulfuric acid. 

The transfoimation of hydrogen sulfide to sulfuric acid 
may involve first the formation of elemental sulfur and poly-
sulfide's, which arc then oxidized by Th. thiooxidans and the 
closely related Th. concretivorus. These organisms become 
active at a pH below 5 and begin to generate sulfuric acid, 
making the surroundings too acid for competing species to 
survive, and destroying the concrete. If water temperatures-
in underground conduits remain below 70°F in sumrrier, cor
rosion of concrete by bacteria is generally not troublesome. 

Sulfate-reducing bacteria also have been implicated in 
the corrosion of cast iron and steel, in oil well corrosion, and 
in the severe corrosion of aluminum alloys in contact with 
hydrocarbon fuels, e.g., in the wing tanks of jet aircraft. In 
the latter case, microbial growth occurs predominantly at 
the fuel-water interface, and at least 13 species of bacteria 
and fungi have been identified in contaminated jet fuel 
samples (R. T. Foley, 1967). 

J. O. Harris (1964) reported on the number of hydro
carbon-utilizing bacteria found in a pipeline ditch in contact 
with the asphalt coating compared with the number found 
outside the ditch. Less than 100 bacteria per gram of soil 
were found away from the ditch, while each gram of soil in 
contact with the asphalt contained from 1,000 to over 10,000 
bacteria capable of using the asphalt as theh- sole organic 
food source. In laboratory tests it was found that asphalts 
and plastic adhesives continued to support bacterial growth^ 
for more than two years, vvith no evidence of formation o r ' 
accumulation of toxic bv-products. » 
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Bacterial Leaching of Low Grade Copper 
and Cobalt Ores 
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Institute of Metallurgy, University of Louvain, Belgium 

INTRODUCTION 

The bacteria, that will be here considered as potential aids in leachingi 
processes, belong to the genus "thiobacillus.". The best known specittj 
is "thiobacillus thiooxidans." This microorganism was first isolated^ 
from the soil by S. A. "Waksman and J. S, Joffe.i forty years ago. It iŝ^ 
a strict autotrophic bacterium which utilizes elementary sulfur, sulfur̂  
dioxide and thiosulfate as sources of energy and derives its carboo-̂  
only from carbon dioxide. Much research work was done on thi$i 
bacterium by R. L. Starkey'̂  and other microbiologists.'-* This was to | 
be'expected, since this organism presents very outstanding physiological j 
characteristics: such as its indifference to high concentrations of acid-
and its most rapid growth at the very acid range of pH 2-3. Bacteria of J 
this kind could thus help in producing sulfuric acid from sulfur. 

Another problem, of much greater importance in the hydrometallur-J 
gical field, is the improvement of the metal extraction in the leaching • 
operations of low grade sulfide ores. Some pioneer work was done in i 
1921-1922, by Rudolfs and A. HeIbronner,».« at the New Jersey Agri-| 
cultural Experiment Station. From these studies, it seemed alreailj^ 
evident that certain nonidentified sulfur-oxidizing microorganisms wertl 
able to convert iron pyrites and zinc sulfides into the sulfate forroi.* 
The bacterial oxidation of iron pyrites has been further investigated,] 
particularly in relation with the curious observations made on numer-J 
ous natural water streams in the proximity of pyrite formations: iô  
these waters containing ferrous sulfate, basic ferric sulfates were p̂ ^̂  
cipitated, but simultaneously the pH of the water was found to drop| 
off rapidly and the ochrous precipitate was slowly redissolved, bringing j 
ferric salts to the solution. 4 
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A thorough study of these phenomena was undertaken in the States 
[of West Virginia and Pennsylvania, where the effluents of bituminous 
[wal mines were reported to be polluted by high acidities and high 
|concentrations of iron. This led to the isolation, in 1949, by A. R. 
rColmer, K. L. Temple and M. E. Hinkle' of a new autotrophic iron 
[tecterium, which was shown to fall into the genus "thiobacillus," 
[•hile being an iron-oxidizer. The specific name "th. ferrooxidans"^ 
t*as therefore suggested for this organism. It is characterized by its 
pbility to oxidize ferrous ion very rapidly in acid solution and its failure 
[to grow on elemental sulfur. It is however able to grow using thio-
ittlfate as the sole energy source and to increase the acid formation from 
Imuseum grade pyrite." Organisms similar to "th. ferrooxidans" were 
iBolated from acid waters at various places, such as in Scotland by 
tAshmead "̂ and in Denmark by Fjergdingstad." 
I Further investigations of the characteristics of ferrous iron oxidation 
wy strongly acidophilic bacteria, found in some bituminous coal mine 
[drainage waters of the United States, led to the isolation of two other 
fnitotrophic iron-oxidizing bacteria, respectively designated as "ferro-
Ifcacillus ferrooxidans" and "ferrobacillus sulfooxidans." The first one 
|*as isolated in 1954 by W. "W. Leathen and S. A. Braley.̂ ^ It oxidizes 
jferrous iron to the ferric state rapidly within the pH range of 2-4.5, but 
F&ils to oxidize acid thiosulfate and elemental sulfur.̂ ^ However, M. P. 
[Silverman and D. G. Lundgren," using "f. ferroxidans," have ob-
IfcTved a slow but significant oxidation of sulfur. The other new bac-
[itrium, "f. sulfooxidans", was isolated in 1960 by N. A. Kinsel.*^ It is 
Icharacterized by utilizing.both ferrous iron and elemental sulfur as 
|cnergy sources. 

Although definite evidence of the role of bacteria on the oxidation 
lOf iron sulfides occurring in coal beds had already been presented, a 
liew important step towards the possible application of microorganisms 
yn leaching low grade ores was made with the discovery that these 
iBicroorganisms were at least partially responsible for the copper found-
Iin solution in Kennecott Copper, Bingham Canyon, mine water. An 
ptensive experimental research program was conducted, in relation 

ith this discovery, at Brigham Young University, Utah, under a 
iKennecott Copper Corporation grant. A few years later, a U.S. patent^' 
ton a leaching process employing iron oxidizing bacteria was granted to 
[the Kennecott Copper Corporation. Two strains of autotrophic bac-
Ikria, "th. thiooxidans" and "th. ferrooxidans" have been identified in 
llhe leaching streams issuing frora the waste rock dumps in Bingham 
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Canyon, Utah.̂ -̂̂ *'*" Further investigations showed however that tht; 
iron oxidizing bacterium found in these acidic leaching waters wB; 
physiologically different frora either "th. ferrooxidans" or "f ferrooii'j 
dans." It obtains its energy by oxidation of either ferrous to ferric ion*J 
sulfur to sulfate, while it grows only very slowly on acid thiosulfile| 
media.̂ * 

Similar studies on bacteria isolation and identification were cofrl 
ducted at the U.S. Bureau of Mines*'' on water samples from sevail| 
Arizona copper mines. They indicated the presence of three spectaj 

TABLE I 

Principal Physiological Characteristics of Bacteria Isolated from Mine Waten 

Bacteria 

th. thiooxidans-ATCC 8085 
th. ferrooxidans 
f. ferrooxidans 
f. sulfooxidans 
th. ferrooxidans-ATCC 12912 
iron-oxidizing bacterium 
th. concretivorus-ATCC 13730 
th. ferrooxidans-ATCC 13728 
f. ferrooxidans-ATCC 13729 

References 

(1) 
(8) 

(12) 
(15) 
(20) 
(21) 
(22) 
(22) 
(22) 

Sulfur 

yes 
not sure 
not sure 

yes 
yes 
yes 
yes 
yes 
no 

Oxidation of 

Thiosulfate 

yes 
yes 
no 

not sure 
yes 

. yes 
no 

" 
FerroiB " 

ion •'; 

no a 
yes ^ 
yes : 
yes ;• 
yes . 
yes 
no , 
yes . 

y« ; 

The first one, "th. concretivorus," is a sulfur oxidizing organism, very! 
similar to "th. thiooxidans," except it uses nitrates as well as ammonium; 
ions as a nitrogen source. The second, "f. ferrooxidans," which utilizeŝ  
only iron and the third one, which utilizes both ferrous iron and sulto'̂  
and has been placed with the American Type Culture Collection in 
"Washington D.C, under catalog No. 13728. Several other studies have : 
been reported on the existence of microorganisms in copper mine i 
waters. In England, the investigations undertaken by the Department: 
of Scientific and Industrial Research^' must be mentioned. They es
tablished the presence of both "f. ferrooxidans" and "th. thiooxidans." 
Table I summarizes the principal physiological characteristics of the'. 
isolated bacteria mentioned in the reported papers. 

ROLE PLAYED BY THE BACTERIA IN LEACHING 
LOW GRADE COPPER SULFIDE ORES 

Ferrous iron and sulfur were the only energy sources that were 
r̂ecorded for all the bacteria in Table I. In order to give a correct 

Finterpretation of the observed accelerated leaching of metal sulfides 
j»hen iron and sulfur oxidizing bacteria are present, one must deterraine 
{*hether these sulfides can be utilized or not as sole energy sources. In 
rOther words, is the role of the bacteria limited to the oxidation of 

f, ferrous iron to ferric iron or are they capable of direct attack of the 
fmetal sulfides in the absence of iron? This question is still a subject 
pf controversy. 

The research team of Kennecott" claims that their experimental 
L*ork has definitely proven a capacity on the part of the iron oxidizing 
''bacteria for acting directly on many sulfide minerals in their dissolution; 
furthermore, in the particular case of iron pyrites, these bacteria would 
act directly producing ferric sulfate together with an excess of sulfuric 
acid. Among the sulfide minerals studied by Kennecott were chal-
;copyrite, covellite, chalcocite, bornite, tetrahedrite, molybdenite and 
sphalerite. According to other scientists in the U.S.A.,^ England" 
and U.S.S.R.,'* the role of these bacteria consists chiefly in the oxidation 
of ferrous sulfate to ferric sulfate, after the ferrous siilfate had been 
formed, e.g. by a non-biological chemical oxidation of moist iron sul-

'. fides. "W. E. RazzelF^ in Canada, suspects, for his part, that the bac
terial leaching process of metallic sulfides, such as chalcopyrite, covelhte 
and nickel sulfide, could operate directly, while ferric ions may add to 
the leaching rate if conditions are suitable. 

• It is the purpose of this paper to report the results of laboratory 
studies on the bacterial leaching of copper and cobalt sulfides with the 
hope they will contribute to a better understanding of the overall 
mechanism involved. 

MATERIALS AND METHODS 

Bacteria 

The microorganisms used in this investigation were obtained from 
J, water samples collected from the coal mines of Luena in the Katanga 

province of the Congo Republic. The solutions had a pH of 2.5 and 
contained around 1 g iron per liter. Precipitates were present in all the 

10 
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samples. For control and reference purposes, some tests were nudtl 
with two cultures supplied by the American Type Culture Collection ii 
Washington D.C: one of "th. thiooxidans" No. 8085 and one of "ty 
ferrooxidans" No. 13728. 

Media 

The nutrient solution had the following composition: 

(NHJ^SO^iO.lSg; KCl: 0.05 g; 

MgS04-7 H,0: 0.50 g; KaHPO,: 0.05 g; 

Ca(NO3V4HaO:0.01g 

and distilled water 1000 ml. To this solution, either 10 g of powderBl| 
elemental sulfur, or 10 ml of a 10-percent ferrous sulfate solution, or] 
10 g of reagent grade cupric sulfide, were added as oxidizable suM 
strates in the isolation studies. In some cases, copper or cobalt sulfiW 
solution was added to the medium for the purpose of developim 
copper- and cobalt-resistant strains. 

Materials Submitted to Leaching 

The following samples were used: reagent grade cupric sulfide sup-l 
plied by the British Drug Houses Ltd, museum grade samples ofj 
chalcocite, malachite and carrollite obtained through the Departmertl 
of Mineralogy, University of Louvain, and leach residues of flotatioij 
concentrates from mixed sulfide-oxide copper and cobalt ores, obtaine^ 
through the Union Miniere du Haut Katanga. 

Development of Cultures 

Erlenmeyer flasks containing 100 ml ofthe nutrient solution with 1|J 
of sulfur were inoculated with 1 ml portions of the Luena water sam-l 
pies. After a series of transfers, using the enrichment dilution technique! 
described by L. C Bryner and A. K. Jameson,'^' a sulfur oxidizingl 
bacterium was isolated that exhibited characteristics very similar tdl 
those of "th. thiooxidans" ATCC No. 8085, to which it was compareij 
For both types of cultures, the pH of the sulfur medium dropped frooj 
5 to 1.7 in seven days, but no effect was observed on the ferrous iroaj 
medium. Using the same technique of successive transfers on the irool 
medium, a second microorganism was isolated: it was able to oxidial 

Ibolh iron and sulfur and was therefore similar to "th. ferrooxidans" 
[ATCC No. 13728. 
,.i Also attempts were made to grow cultures when cupric sulfide 
Ikitead of sulfur or ferrous suhfae was added to the nutrient solution. 

175 

150 
X Inoculated 

Sterile control 

- 0.. 
0 10 20 30 40 SO 60 

TIME IN DA/S 
Fig. 1. Culture development on reagent grade cupric sulfide. 

[After 59 days, 165 mg of the copper had gone in solution in the flask 
[inoculated with Luena water, against 22 mg in the sterile control. These 
[results are represented graphically in Fig. 1.' This provided good 
[evidence for the presence of bacteria in the Luena mine water samples, 
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Fig. 2. Identification of the bacterium responsible for the copper dissolution. 

that are capable of increasing the rate of dissolution of copper sulfide. 
The identification of the bacterium responsible for the copper dis
solution was made by comparing the action of the micro-organisms 
that were isolated from the Luena water with that ofthe ATCC cultures 
No. 8085 ahd 13728. The results are shown in Fig. 2. It was clearly 
shown that sulfur-oxidizing bacteria like "th. thiooxidans" had no effect 
on the dissolution of copper from copper sulfide. These results are in 
good agreement with the observations made by J. A. Sutton and 

J. D. Corrick.''^ The only active species were those capable of oxidizing 
both sulfur and iron. 

Percolation Equipment 

The percolator used is shown in Fig. 3. It consists of a vertical 
Pyrex tube A, about 40 mm in diameter and 300 mm long. The top 
of the tube is plugged with cotton. A removable perforated porcelain 
disk D, covered with a layer of glass wool, rests in the constricted 

j ^ bottom B of the percolator, which connects with an exterior 5 mm 
tube C, used as an airlift providing for continuous aeration and cir
culation of the solution. This aeration is necessary as a source of 
oxygen and carbon dioxide for the normal growth of the bacteria. The 
lifting channel is connected to the main compressed-air line by glass 
tube G, filter H filled with sterile cotton, teflon plug I and rubber hose 
K. The air flow entering each percolator is regulated by pinch clamp L, 
so that the speed of the air bubbles in the lifdng channel be practically 
the same in all the percolators. Opening E, closed with pinch clamp F, 
serves to drain the apparatus. 

The compressed-air was supplied by a Leybold minnipump; it was 
bubbled through water and filtered through sterile cotton before enter
ing the percolators. By enclosing the whole battery of percolators in a 
thermostatic cabinet, the exposure to direct sunlight was prevented 
and the temperature was maintained at approximately 25°C. Such 
conditions are known to exert a favourable effect on the bacterial 
activity; 

BACTERIAL LEACHING TESTS ON COPPER 
AND COBALT SULFIDES 

A first series of percolation experiments was made on 1 g samples of 
—200 mesh reagent grade cupric sulfide and chalcocite. Each sample 
was mixed with 50 g washed white sand and placed in a percolator, to 
which 100 ml of sterile nutrient solution was added. After 17 days, the 

E circulating solutions were withdrawn and replaced by fresh sterile 
nutrient. Some percolators were then inoculated with 1 ml of a bac-

1̂  terial culture, which had been developed by inoculating the nutrient 
solution in an Erlenmeyer flask with Luena mine water in the presence 
of cupric sulfide. The other percolators served as sterile controls. 

The pH of the nutrient solution was adjusted to different values, 
respectively 1, 2 and 3, by addition of sulfuric acid. The percolators 
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Fig. 3. Percolator. 
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t*rre allowed to run for a total period of 130 days. At various intervals, 
I Ihey were drained, washed and refilled with fresh sterile nutrient. The 
[amount of copper extracted was determined by eolorimetric analysis of 
»the solutions using the dithizone method. The total cumulative copper 
jltcoveries obtained at the end of the investigation checked the quantity 
fealculated from the copper assays of the final residues. The results are 
fltpresented graphically in Figs. 4 and 5. 

TABLE II 

Results of Leaching Tests on 1 g Reagent Grade Cupric Sulfide 
in 100 ml Lixiviant 

1 
f • Lixiviant 

I'distilled water -f sulfuric acid 
i distilled water 
j'nuu-ient solution 
i'rnulrient solution -I- sulfuric acid 
\ nutrient solution -(- sulfuric acid 

pH 

1.25 
7 
7 
1.6 
2.5 

Time 

30 min 
30 min 
30 min 
60 days 
60 days 

Copper extraction 

7.8% 
7.7% 
7.5% 
7.4% 
7.5% 

Similar percolation tests were run for a period of four weeks in the 
' absence of any bacteria, the nutrient solution being replaced by distilled 
;̂ water acidified with sulfuric acid to pH 1.3. The following copper re-
'eoveries were obtained: 8.5% for cupric sulfide and 28.5% for chal-
ioocite. It was concluded that the composition of the nutrient solution 
fhad no effect on the copper leaching. The copper leached from the 
[cupric sulfide controls was essentially attributed to the presence of 
Fioluble copper in the original samples, as shown in Table II. 

Whatever the detailed mechanism of their action might be, the 
f bacteria were found to increase the rate of dissolution of copper sul-
: fides. This higher extraction rate may be interpreted as the result of the 
[Chemical oxidation of the copper sulfides by ferric iron, the production 
jof which must be promoted by the presence ofthe oxidizing bacteria. 

In a second series of percolation experiments, attempts were made to 
[.verify this assumption. Two cultures designated F and S were pre-
i pared. Culture F resulted from 14 successive transfers of bacteria 
^ which were initially grown by inoculation of the ferrous iron medium 
: with Luena mine water. The transfer was made to a fresh iron medium 
iwhen growth was first noticed. Culture S was obtained from the same 
: source, but after the first seven transfers to iron media nine transfers 
f wtre made to the sulfur medium. The presence of the iron oxidizing 
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Fig. 4. Bacterial leaching of cupric sulfide. 
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Fig. 5. Bacterial leaching of chalcocite. 
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organism in culture S was confirmed by observing its ability to oxidize ; 
ferrous iron. It was possible by this method to keep the iron content' 
of the inoculum to the percolators at a minimum. 

90 

80 

o culture (L) 
+ culture (F) 
X culture (S) 
• sterile control 

5 10 15 20 25 
Tlt^E IN WEEKS 

Fig. 6. Effect of iron on the bacterial leaching of cupric sulfide. 

Eight percolators were allowed to run for 32 weeks. Four were 
charged with reagent grade cupric sulfide and the four others with 
carrollite, a copper and cobalt sulfide CuS. C02S3. The experimental 
procedure was the same as in the preceding percolation tests, except the 
pH of the nutrient solution, which was adjusted to 3 with sulfuric acid. 
Three different inocula were used: Luena mine water (L), culture (F)! 

and culture (S). Copper was determined colorimetrically by the neo-
:aiproine method, iron with o-phenantroline and cobalt in 80% HCl. 
FThe results of the experiments on cupric sulfide are given in Fig. 6. 

While only traces of iron were introduced with culture (S), the 
; amounts of iron added to the percolators by the inocula (F) and (L) 
;were respectively 0.87 rag and 11.34 mg. The data indicate that even 
în very low concentrations, the iron has a pronounced effect on the 

: bacterial leaching of copper sulfide. This effect is further demonstrated 
•by the suddenly increased rate of dissolution observed between the 
|28th and the 30th week, after 10 mg ferrous iron had been added to all 
;lhe percolators. The increase was more pronounced in the inoculated 
: samples than in the sterile control. 

The percolators charged with carrollite did not show any difference 
after 32 weeks. The fact that the bacteria failed to accelerate the dis-

, solution of cartollite. was explained by the results obtained in the 
•following tests, showing that carrollite did not respond to acidified 
'ferric sulfate solutions. One gram samples of —200 mesh carrollite 
t were agitated in a volume of 100 ml distilled water, acidified to pH 1.5 
-with sulfuric acid, to which various amounts of analytical grade ferric 
(ulfate were added. The data are recorded in Table III. 

TABLE m 

Effect of Ferric Sulfate Concentration on the Dissolution of Carrollite 

Weight of 
carrollite 

'Volume of 
lixiviant pH 

Weight of 
ferric sulfate Time 

Cobalt 
dissolved 

lg 
lg 

100 ml. 
100 ml. 
100 ml. 

1.5 
1.5 
1.5 

0 

lg 
6g 

1 hour 
1 hour 
9 hours 

traces 
traces 
2.6 mg 

From the foregoing investigation, it was concluded that the role 
"played by the sulfur and iron-oxidizing microorganisms in the leaching 
: of metal sulfides was limited to the oxidation of ferrous iron to ferric 
' iron. The latter would then be the effective leaching agent. 

EFFECT OF THE BACTERIA ON THE 
DISSOLUTION OF MALACHITE 

In this case more copper was extracted when elemental sulfur was 
;. added to the inoculated sample, while no difference was observed 
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TABLE IV 

Effect of Bacteria on the Dissolution of 1 g Sample of Malachite 

Lixiviant: 100 ml nutrient solution adjusted to pH 3 
Inoculum: bacterial culture resulting from Luena mine water after 13 

transfers on sulfur medium 

Copper 

Uninoculated 

3.2 

extracted in seven days, milligrams 

Inoculated 

without sulfur with sulfur 

3.1 10.4 

between the inpculated and uninoculated samples without sulfur. These 
results are reported in Table IV. They provide good evidence that, in | 1 
this case, the role of bacteria consists in producing acid by oxidation of 
the elemental sulfur. 

USE OF THE BACTERIA IN THE TREATMENT 
OF MIXED SULFIDE-OXIDE COPPER ORES 

As it was expected from the foregoing investigations, bacteria failed 
to grow when inoculated in the nutrient solution in presence ofa mixed 
chalcocite-malachite copper ore, the gangue of which was of dolomitic • 
character. Of course, the addition of elemental sulfur would be likely 

' to "be helpftJ, but the most practical treatment shotild start wilh aod 
leaching of the oxides. A bacterial process could then be applied to the 
leach residues. Laboratory-scale experiments were conducted on such; 
residues, using the percolation procedure already described. The nut'j 
rient solution was adjusted to pH 3. After 32 weeks, the cumulative' 
copper extractions were: 68.2% from the percolator inoculated with-
culture (F); 34.2% in the presence ofthe inoculum (S) and only 11.9%. 
from the sterile control. 

Finally, it should be pointed out that the application on an industrial 
scale of a bacterial leaching process on low grade ores would most? 
likely not be feasible if the bed of products to be leached does nrt̂  
present sufiicient permeability for the solutions. It would consequently j 
be restricted to abandoned mine workings or waste ore dumps. Since j 
the presence of iron is of so great importance, only those ores containing j 
iron, preferentially in the form of pyrite, should be treated this way. 

Some successful field attempts have already been made by the Kenne
cott Copper Corporation in the United States and .by the Department 
of Scientific and Industrial Research in England.*^ 
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SUMMARY 

This experimental study led to the following main conclusions: 
1. Two species of iron- and sulfur oxidizing bacteria were found to be 

present in water samples collected frora the coal mines of Luena, 
Katanga. By their physiological characteristics, they closely re
semble "thiobacillus thiooxidans ATCC No. 8085" and "thio
bacillus ferrooxidans ATCC No. 13728." 

2. The sulfur oxidizing species "th. thiooxidans" fails to oxidize sulfur 
in the sulfide form. 

3. The bacterium which plays a role in the copper dissolution of copper 
sulfides is an iron- and sulfur oxidizing species. 

4. The sulfur-, and iron oxidizing bacterium has no effect on the dis
solution of carrollite. 

5. The presence of iron in the solution significantly affects the bacterial 
leaching of copper sulfides and seems even to be strictly necessary to 
this aim. 

-6. The copper sulfide still present in the residues from the acid leaching 
of mixed chalcocite-malachite ores could be "bacterial leached" even 
if the gangue had a dolomitic character. 
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ABSTRACT 

Tbiobitcilliis ferrtioxidan! rvleajed copper from •400-
mesh chalcppyrite at a rate of 54 m g / l / h r . Any flotation 
chemicals remaining on the concentrate did not inhibit the 
leach rate. Zinc roiigher tailings were also leachable. With 
bacteria, 75 per ceiit of the zinc' and 68 per cent of the 
copper catne into sohition. In the sterile controls, only 16 per. 
cent of the zinc antj 10 per ccrtt of the copper wece released; 
sod per cent of the copper and 36 per cent of the zinc were 
leached froin pyrite cinders through the action of bacteria, 
and 17 per cent of the copper and 10 per cent of the ^inc 
were sohibilized in the sterile controls. Less than 0.027 per 
cent of the iroii came into solution. The majority of the 
copper in a converter slag was acid-soluble, but a reverbera
tory slag responded to microbiological leaching. About 62 
per cent of the .copper came Into sohition, compared lo 12 
per cent in the sterile control. The various factors influencing 
the r.ite and extent of microbiological leaching .ire discussed. 

Introduction 

THE bacterium Thi'oha-cijhis ferrnoxidarus is unique 
among, biicteria in that it, ckh oxidize ferrous iron 

and reduced sulphur compounds, utilizing; the energy-
so derive'd for its life prqcesses. These reducetJ sulphur 
compounds include trithiohivte, tetrathibnate, thiosul
phate, sulphur and sulphides of metalis such as^copper, 
nickel and zinc. Some- of the substrates, listed in Ta
ble I are attacked .liy bai:teria.-in the insoluble form, 
a uni'qile biological occurrence. 

T. .fii)-roox.ida..'Hs. wns o,r,ig!ina!!y isolated froiii coal 
mine drainage' water by Colmer, Temple and Hinkle 
in 1950. In 1954, Bryner and his co-^vorkers found 
the. organism in the acid iti ine waters d f copper leach--
ing, o'̂ l>erations, and^since that time it has been found 
iti"leai;hing pperatipns iii all.par.ts of the world. The 
bacteria have been shown to a'ttiick the irfetallic sul
phides listed in Table: H, which includes all those of, 
commercial importance, with the exception of lead 
.sulphides. 

Table I—Substrates Oxidized by Thiobacillus 
1 ferrooxidam 

Substrate 

Ferrous irop Pe"'"*' 
Trithionaief SiOi = 
Teti-afbionatc "• SjOs^ 
Thiosulphate' &i6i 
Sulphur S" 
S'ulpliidft- S = 

End Product 

Fe+++ 
30* = 

SOl 
S04 = 
sdi ^ 

Microbiplogical leaching is ciirrently used commer
cial ly; either for leaching waste dumps or for iii situ 
leathing in miiies. In these situations, 'the particle 
size ,pf tiie material ranges- from fine to very coarse, 
and little is clone to cbiitrol variables such as pH arid 
temperature. Microbiological leaching of the various 
(>roducts and by-products obtained after the ore has 
been milled offers another possibility for corhmercial 
exploitation. The particle .size of these materials is 
markedly reduced and, if a tank system is utilized, 
variables such as pH, and temperature;' can be con
trolled. This-paper "describes some experiments car
ried out to determine the leachability of several mil
ling 'prodii'cts and by-products. 

Experimental Methods 

The organism used in this study was the strain T, 
fefrotî x.'id'diis, isolated.by Razzell a'nd Trussell ('1963a.)' 
frpm ni ine watei- at Britannia .Beach, B.C. It has been 
routinely maintained on Medium 9K of Silverman and 
Lundgren (1959) • Foi' leaching 'experiments,, the rer 
quired amount of material under study (1-10 g) was 
placed in 75 ml of iron-free Medium 9K (distilled wa
ter added in place of feri''ous sulphate'solution). The 
pH was 'adjusted with .sulphuric acid tp either i>H 2.5 
or 2.8, 5 ml'of inoculum added, aiid the flask incubate'd 
at 35°C on a gyratory shaker. .Aliquots of liqucir were 
removed at'succeeding time.intervals for analyses, and 
the. results plotted as ppm against time. Coppei- was 
d'etermiried cbloi-'ometrically with ammoriium hydroxide 
(Mehlig, 19,41.), and zinc was determined potentip-
meti-icallv with potassium ferro-cyanide (Furman, 
1962'). 
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Table II—Metall ic Sulphides Oxidised by 
Th'tobac'illiis 

Sulphide 

Arsenopyrite Fe-2As2Sa 

Bornite Cu5FeS4 
. 

Bravoilc (Ni,Fe)S.j 

Chalcocite Cu;S 

Chalcoi'yrilc CuFcSa 

Cbballitc CoAsS 

Covelliie CuS 

Eiiargile Cu3(As. SbjSi 

Marcasite FeS2 

Marmalilc (Zn, Fe)S 

Millerite NiS 
1 

Molybdenite MoS-2 

Orpiment As2S.i 

Pyrile FcSo 

Pyrrhotite ' FerSs 

Sphalerite ZnS 

Stannite CujFeSnSj 

Tetrahedrite CiigSbiS? . 

Violaritc (Ni.FeXiSj 

ferrooxidans 

Reference 

Ehrlich (1964) 

Bryner «/fl/, (19.51; 
Ivanov (1962) 
Razzell and Trus?eli(19r.3b) 
Sutton and Corrick 119!'i4) 
Duncan and Trussell (1964) 

BCRC data lo be published 

Bryner«/«/. (1954) 
Ivanov (1962) 
Razzell and Trussell il96;ib) 
Sullon and Corrick (1963) 
Sullon and Corrick il964) 
Duncan and Trussell (1964) 
DeCuyper (1964) 

Bryner c/n/. (1954) 
Bryner and Anderson (1957) 
Brvncrand Jamieson (1958) 
Ivanov «((?/. (1961) 
Ivanov (191)2) 
Maloufand Prater (1961) 
Razzell and Trussell (I96.3a, 
b) 

Sutton and Corriclc (1963) 
Sutton and Corrick (19(S4) 
Duncan and Trussell (1964) 
Szolnoki and Bognar (1964) 

Sullon and Corrick (1961) 

Bryncrc/0/(1954) 
Marchlc\vilze(u/. 11961) 
Razzell and Trussell (1963a) 
Sutton and Corrick (1964) 
Duncan and Trussell (1964) 

Ehrlich (1964) 

Leathen e/a/. (19,53) ' 
Silverman e/n/. (1961) 

Trussell. Duncan and 
Walden (19(i4) 

Razzell and Trussell (19(i3b)-
Duncan and Trussell (1964) 

Bryner and Anderson (1957) 
Bryner and Jamieson (1958) 
Kramarenko (1962) 

Ehrlich (1963) 

Temple and Delchamps 
(1953)-

Lealhcnc/n/. (1953) 
Bryner c(ff/. (1954) 
Bryner and Anderson (1957) 
Brvnerand Jamieson (1958) 
Ivanov e/fl/. (1961) 
Maloufand Praler (1961) 
Marchlewilze/ <il. (1961) 
Silverman (!/n/. (196!) 
Ivanov (19621 
Miller e/n/. (1962) 
Lorenz and Tarpk.-y (1963) 
Sullon and Corrick (I9(i3) 
SzoSnoki and Bognar (1964) 
Sullon and Corrick (1964) 
Matic and Mrost (1964) 

BCRC data to be published 

Ivanovo (?/. (19611 
Maloufand Prater (1961) 
Ivanov (1962) 
Szolnoki and Bo.nnar (1964) 

BCRC data lo be published 

Bryner p/o/. (19,54) 

BCRC data to be published 

Results 

Chalciipi/rite concentrale — Numerous experiments 
have been carried out with chalcopyrite concentrate 
(28.0 per cent coppei), and typical leach curves are 
.shown in Fiijure 1. There i.s an initial period of 24 
to 30 hours during which the rate of leaching in
creases, then there is a period of rapid leaching fol
lowed by a period during which the rate decreases. 
The rate of copper release from this particular chal
copyrite concentrate wa.̂  54 mg of copper per litre of 
leach liquor per hour. When the experiment was ter
minated after 120 hours of leaching, 59 per cent of 
the copper was in solution. This sample of chalcopy
rite was ground so that 50-70 per cent of the copper 
would be extracted during our experiments. Other 
experiments in our laboratories have shown that 
higher extractioii.s could be obtained by additional 
grinding but that no increase in the rate of copper 
release occurred. It is interesting to note that none 
of the chemicals used during the flotation process, 
and which may have been retained on the concentrate, 
have had any influence on the rate of microbiological 
leaching. 

Zinc rnii.fjher taiUnf/s — Tailings from flotation 
circuits usually contain very small amounts of sul
phides, but, because of the large tonnages involved, 
their total value can be high. These materials are 
usually well suited for tank leaching operations be
cause they are already finely ground and in a slurry. 
A sample of zinc rougher tailings, containing 0.40 per 
cent zinc and 0.15 per cent copper, was leached by our 
shake-flask technique (Duncan, Trussell and Walden, 
1964), and the results are presented in Fif/wre 2. 

The presence of 7'. feryooxidans resulted-ih a steady 
release of zinc from the rougher-tailings. When the 
experiment was terminated after 20 days of leaching, 
75 per cent of the zinc was in the solution, compared 
to 16 per cent in the sterile control. The copper re
leased, determined in a separate experiment, was 68 
per cent in the presence of T. ,ferron:tidans and 10 per 
cent in the sterile control. 

Fyiitc cindav!?—Another by-product of many con
centrators is a pyrite concentrate that is ultimately 
roasted to produce pyrite cinders. In order for this 
product to be satisfactory for steel making, the cop-

9-DOO 

2 

HOURS OF LCaCMINO 

Figure 1.—Microbiological Leaching of 
-400-mesh Chalcopyrite Concentrate. 
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TIME IN DAYS 

Figure 2.—;Microl)iological Leaching of" Zinc Kmigher 
Tailings. 

per and zinc content of the cinders must meet certain 
minimum specifications, and it was felt that perhaps 
biological leaching was a suitable method for remov
ing these metals. Leaching of the pyrites before roast
ing is impractical because the bacteria would oxidize 
pyrite as readily as the copper and zinc sulphides. A 
large amount of iron would be brought into solution 
during this operation, and sulphur, noimally pro
cessed to sulphuric acid, would be lost. 

It was decided, therefore, to examine the pyrite 
cinders for leachability, although the intrinsic value 
of leaching in removing trace amounts of copper and 
zinc depe'nds on their presence as the corresponding 
sulphides. A sample containing 70 v>er cent iron, 0.10 
per cent copper, 0.44 per cent zinc, 0.50 per cent sul
phur and 0.11 per cent arsenic was ball-milled until 
it passed a 325-mesh sieve, and then leached. The re
sults, as shown in Fiyitre 3. indicate that 100 per cent 
of the copper was brought into 'solution quite rapidly, 
while only 30 per cent of the zinc was solubilized. 
This release of copper and zinc was biological and not 
chemical, as the controls only released 17 per cent of 
their copper and 10 per cent of their-zinc. Tween 20, 
a surfactant useful for initiating leaches, decreased 
the lag before leaching began, but had no influence 
on the rate or final release of copper or zinc. 

Soluble iron concentrations were also followed du
ring the course of this leach. The initial soluble iron 
concentration was 54 mg per litre (0.051 per cent of 
the total), mostly as ferrous iron. As leaching pro
gressed, the soluble iron content decreased to 28 mg 
per litre (0.027 per cent of the total iron), all in ths 
ferric state. Tn the sterile control, the soluble iron 
concentration increased from the same initial levels 
to 147 mg per litre (0.139 per cent of the total iron), 
almost all present in the ferric state. These results 
show that biological leaching can remove copper and, 
to a lesser extent, 7,inc, from pyrite cinders, without 
bringing any iron into solution. 

Copper converter slar) — In the smelting of certain 
mixed sulphides containing lead, zinc and copper, a 
converter slag is produced which is high in lead and 
zinc content. If this material is returned to the re
verberatory furnace, excessive refractory wear re
sults. An alternate method of recovering the copper 
would be desirable,, and so microbiological leaching 
was examined. An advantage of the leaching process 
is that lead is essentially insoluble in dilute sulphuric 
acid and will remain in the residue. 

The sample of converter slag examined contained 
17.3 per cent total copper, 21.2 per cent total lead, 

9 
a 
/ .0 

BACTERIA, .'JO TWEEN 

•BfiCIERtA PUIS TWEEN 

STERILE COMIROl. 

STERILE CONTROL 

OATS Of LEACHING 

I'igure .'1.—iMicrobiolotfical Leaching of I'yrite Cinders. 

CONVERTER SLAG 

aACTtm*. NO TwetM 
* - BAcreRiA t -u ia T W E E N 

NO BACTtRIA 

REVERBERATORY SLAG 

BACTERIA PLUS ANO UlNUS TWEEN 

DAYS OF LEACHINO 

•Figure 4.—Microbiological Leaching of 
Slag. 

approximately 10 per cent total zinc and 2.3 per cent 
total sulphur. Despite the low sulphide levels, leach
ing at a pH of 2.5 of ball-milled material passing a 
325-inesh screen was undertaken. The leach curves in 
Fiyiiro i show that copper was released immediately 
in all the flasks, and that after two days 80 per cent 
was in stilution in the flask containing bacteria and 
74 per cent in the sterile-control. Most of the copper 
present dissolved in the sulphuric acid that'was added 
to maintain a pH of 2.5. The extra 6 per cent copper 
released by tiie bacteria probably represents sulphide 
copper. 

Zinc determinations were not routinely performed, 
but qualitative spot tests showed that soluble zinc 
was present. 

Re'oerhPyratorij slag — Another smelter waste mate
rial examined was a reverberatory copper slag which 
a.ssayed 0.29 per cent copper and 0.8 per cent sulphur. 
The copper was reported to be present as sulphides, 
dispersed as microscopic droplets in a silicate mass. 
After sufficient ball-milling to allow the material to 
pass a 325-mesh sieve, it was leached at a pH of 2.5 
in ..shake flasks. 
Fi()it,rc i shows that with bacteria present, leaching 

began after a three-day lag and by the sixth day, 
62 per cent of the copper was in solution. In the sterile 
control, only 12 per cent of the copper came into solu
tion, indicating that the bacteria played a significant 
role in the release of copper. 

Bulletin for September, 1966, Montreal 1077 



l i . 

1"' 

V( 

-l! 

us 1 
N . , I 

.1,' ' I 

V . • 

Discussion 
The foregoing examples are presented to indicate 

possible areas where microbiological leaching can be 
utilized to bring metals into solution. The rates and 
percentage extractions cited are hot meant to \epre-
sent the maximum attainable, but only show Liu; type 
of results obtained in our laboratories, using the 
shake-flask technique. 

iNIicrobiological leaching results in the oxidation of 
sulphide minerals. The oxidation proce.ss is accelerated 
by the bacteria, which, in return, utilize the energy 
for growth and reproduction. As in any oxidation sys
tem, there are optimum conditions 'that prevail and, 
because bacti^ria are living organisms, the environ
mental conditions are more restricted than in a chem
ical process. The first requirement for oxidation is 
that the sulphide minerals be exposed. Blasting and 
milling accomplish this. The finer the particle size, 
the more sulphide mineral exposed to the bacteria, 
and the faster the rate of metal release. The rate of 
copper release from chalcopyrite increases with in
creased particle size, down to sizes below 400 mesh. 
At this point, some other factor becomes rate-control
ling. 

Once the particle size of the material has become 
established, either by economic considerations or 
through the requirements of some other controlling 
factor, it becomes necessary to consider the environ
mental requirements of the micro-organisms. In order 
for 7'. ferrooxidann: to function in the biological leach
ing of sulphides, the pH must be below 4 and prefer
ably below 3. We have found that the organism can 
oxidize sulphur at pH's as high as 5, but it will only 
occasionally oxidize sulphide at pH's above 3.5, and 
never above 4.0. 

In attacking the sulphide moiety in crystalline or 
amorphous substances, the bacteria convert the sul
phide to sulphate and, with the disruption of the solid 
matrix, the metal ions go into sohition. These metals 
remain in solution as the water-soluble sulphates ini
tially, although iron may be subsequently precipitat
ed as the insoluble hydroxide or basic sulphate. This 
hydrolysis of ferric sulphate produces sulphuric acid, 
along with either the feiric hydroxide or basic ferric 
sulphate. The sulphuric acid modifies the pH in the 
micro-environment immediately surrounding the bac
teria. If thei-e is no external disruption, the pH fre
quently tends to stabilize near pH 2, due to the reso-
lubilization of ferric hydroxide, but if there is excess 
pyrite or pyrrhotite present it will go lower; pH values 
as low as 0.9 having been attained. pH values below 
1.2 have a definite detrimental effect on the bacteria, 
interfering with their activity and resulting in the 
production of elongated cells. 

When the pH of the environnient is suitable 
for leaching by T. ferroo:rida.vs, and in the pres
ence of sulphides as an energy s<iuice, the oxy
gen requirement nuist be satisfied if the pro
cess is to proceed. Every pound of siiliihiir (cither 
as' native sulphur or as sulphide) requires 2 pounds 
of oxygen for complete conversion to sulphate. Simi
larly, the bacteria require 0.14 pound of oxygen for 
every pound of iron converted from the ferrous to 
the ferric form. Using chalcopyrite as an example, 
it can be shovvn that 0.74 pound of oxygen is required 
for every pound of chalcopyrite oxidized. Or, expressed 
in another way, 2.13 pounds of oxygen are necessary 
per pound of copper released from chalcopyrite. 

Supplying this large amount of oxygen becomes a 
major consideration in biological leaching, particular

ly at high mineral concentrations. In the shake-flask 
leaching procedure used in the laboratory, oxygen is 
supplied by the shaking motion imparted to the leach
ing systeni. In leaching dumps and in in. nitu. leaching, 
it is provided by the intermittent application of water 
and by creating air currents through the dump or 
mine. IVIoving air replenishes the oxygen in the thin 
films of water surrounding the sulphides and bacteria 
that are present in cracks and fissures. It is in these 
thin films of moisture that the bacteria develop their 
leaching micro-environments. 

The superiority of cyclic leaching processes over 
flooding techniques can be shown by the following cal
culation. If a flooding type of operation is used, the 
only oxygen present would be that held by the water 
when it was placed on the dump or in the mine. At 
20°C (68°F), water holds approximately 8 ppm of 
oxygen, or S pounds per 500 tons of water. Assuming 
100 per cent utilization of this o.xygen, 32,200 U.S. 
gallons would be required to supply enough oxygen 
to release 1 pound of copper. At 10°C (50°F), the 
oxygen content of the water only increases to approxi
mately 11 ppm. The likelihood of appreciable oxygen 
diffusing down from the surface of a flooded mine is 
quite remote. Thus, flooding a mine does very little 
to promote biological oxidation — it only provides 
excess solvent for metals already released by oxidation. 

The above figures illustrate the absolute amounts 
of oxygen required for biological leaching, but they 
do not take into account the rate at which the oxygen 
is required. In a shake-flask or tank leach of chalco
pyrite, as illustrated in Figure 1. oxygen is 
required at a fast rate; i.e., for a copper release of 
54 mg per litre per hour, the oxygen requirement is 
115 mg per litre per hour. When materials with a low 
sulphide content, such''as pyrite cinders or tailings, 
are leached, the rate of copper release is lower and 
thus the rate at which oxygen must be supplied also 
is lower. Similarly, in leach dumps where the large 
size of the particles probably controls the rate of 
leaching, and the magnitude of the total area leached 
governs the output, the rate at which oxygen must 
be supplied is greatly reduced. 

Another component of air that is essential for the 
bacteria is carbon dioxide. This gas is used by the 
bacteria as their sole source of carbon and, as such, 
is essential for growth. Very little information is 
available on the carbon dioxide requirement of the 
organism, but it does not appear to be a limiting fac
tor in our leaching experiments. 

T. fen-oo.vidaiis also requires various nutrients for 
growth. These are usually present in the natural wa
ters.- but in tank leachiug work they must be supplied. 
The minimum levels necessary for leaching have not 
yet been determined, but. phosphate and ammonia ap
pear to be the two most critical nutrients. 

Temperature is another factor' which can influence 
biological leaching. The optimum temperature for 
biological leaching has been found to be 35°C. The 
bacteria arc inhibited ;it temperatures of 40°C and 
above. When no olher factors have become rate-con
trolling, the rate of leaching decreases as the tempe
rature decreases; as yet, however, no minimum, tem
perature has been established. In one mine, leaching 
is .stil! occurring at 3 to 6°C. although, at a slow rate. 

When biological leaching is to be applied to ma
teria! containing sulphide minerals, the above factors 
must be kept in mind for their effect on rate. The . 
most important factor is particle size, and in leach
ing, dumps the rate of copper release is slow and the 
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/ p e r c e n t a g e e x t r a c t i o n low, b u t t h e over-a l l o p e r a t i o n 
is k e p t a t a p r o f i t a b l e level d u e t o t h e l a r g e m a s s in
volved. T a n k l eaches now p rov ide m u c h f a s t e r r a t e s 
and m o r e comple t e e x t r a c t i o n , b u t t h e smal l m a s s of 
i na t e r i a l t h a t can be h a n d l e d sti l l m a k e s t h e i r u s e un 
economic, un le s s t h e rnetal r ecovered h a s a h i g h u n i t 
value. I m p r o v e d r e a c t i o n ra tes - a n d i m p r o v e d m e a n s 
for i n t r o d u c i n g (jxygeii a p p e a r n e c e s s a r y fo r t h e com
merc ia l e x p l o i t a t i o n of t a n k l e a c h i n g . 
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Bacterial leaching of stubborn copper-zinc concentrates^ 

8 I Pol'kin, E V Adamov, S I Kazintseva and S I Grishiii (Moscow Institute of Steel and Alloys) 

During the treatment of stubborn copper-zinc pyrite ores 
by a scheme ot selective flotation the extraction of copper 
and zinc into like concentrates amounts to 74-78% respec
tively; in a number of cases selection is impossible. This 
la due to the fine dissemination of Uie niaiji ore minerals 
through each other and through the gangue minerals, which 
makes it impossible lo expose the ore grains completely 
«vcn with the finest grinding, and to the large content of 
Iron bisulphides (up to 80%) and secondary copper sulphides 
(up to 30?;,). 

Existing published data'"') make it possible to conclude 
that one of the mosl promising and effective methods for Uie 
Ircatment of stubborn copper-zinc pyrite ores may be a com-
bUied meihod including flotation and bacterial leaching. The 
possibility of using the iron and sulphur-oxidising bacteria 
Ihlobacillus ferro-oxidans for the extraction of melals from 
ores and concentrates has been demonstrated by a large 
number of investigations carried out in Uie USSR and abroad. 
In a series of papers^)°f) data are given on the increase in 
Ihe rate of oxidaiion of chalcopyrite and sphalerite by Tli. 
(erro-oxidans. Investigations') demonstrated the possibil
ity of using these micro-organisms for the leaching of chal
copyrite concentrate containing ~30̂ ?c Cu at a rate of 350mg/ 
l.h and sphalerite concentrate °)^) containing ~61% Zn at 
rates up to 640mg/l.h. In') copper-nickel sulphide con
centrates were leached with a mixture of Th. ferro-oxidans 
and Beijrinckia laclogenes cultures. Canadian investigators 
have shown*) that il is possible to use Th. ferro-oxidans for 
the selective extraction of copper, zinc and cadmium from 
lead concentrate with fine Impregnation of all the minerals 
and close association with graphite. The composition of the 
concentrate corresponded to the following %: 49.2 Pb; 29.6 
Slot; 16.7 Fe; 7.7 Zn; 2.4Cu; 0.02 Cd. As a result of 
the leaching of the concentrate it was possible to obtain 
almost complete separation (98% for copper and 96% for 
zinc) of the metal. The solutions after leaching contained . 
8.7g/l Zn, 2.8g/l Cu, and 3.0g/l of trivalent iron. 

The subject of our investigations was collective copper-
zinc concentrates obtained during the flotation of ore f7om 

"one of the Soviet deposits, containing several rare and 
trace elements in addition to the main ore-forming com
ponents (copper, zinc, lead, iron and sulphur). There were 
17 components in the ore and 12 in the gangue minerals, 
and this considerably increased the value of the ore. It is 
not possible to obtain selective flotation, concentrates from 
such a raw material. This is due to the presence of emulsion 
impregnated chalcopyrite in Oie sphalerite and the large con
tent of pyrite, marcasite, secondary copper sulphides, and 
soluble salts of heavy raetals. Ore with particle size corres
ponding to 99% -74(im and Including 85% of -44/ini material 
was used for collective flotation. To determine the degree of 
exposure of the ore minerals in the various size classes the 
products from sedimentation analysis of the ore were ana
lysed (table). 

Table 1: The results from quantitative mineralogical cal
culation of the degree of stripping of the main ore 
minerals in the various ore classes 

Particle size 
class (i 

•^74 
-74 -AO 
-40 -f20 
-20 -flO 
-10-f 5 

Degree of str ipping of minera ls , 
f ree/concret ions % 

FeS, 

70/30 
84/16 
88/12 
94/6 
98/2 

ZnS 

22/78 
35/65 
62/38 
73/27 
9 2 / 8 

CuFeSa 

21/79 
45/55 
70/30 
76/24 
75/26 

P1)S 

-/IOO 
50/50 
31/69 
14/86 

-/-

Even in Uie finest fraction (-10+5^im) up to 8-25% of Ihe 
sphalerite and chalcopyrite grains were found in tlie concre 
lions. In addition, the existence of emulsion impregnation 
of the chalcopyriie in the sphalerite was not taken into 
account in determination of the amount of concretions and 
free graijis, because of the limited resolving power of the 
microscope. 

Copper-zinc concentrate, containing 8.5% Cu and 12.25%. 
Zn, was subjected to bacterial leaching. The leaching con
ditions were as follows; particle size of tlie initial concen
trale 96% -40t»ni; temperature 24-280C; Th. ferro-oxidans 
bacteria culture adapted to theconcenti-ate. The solid-
liquid ratio and the content of iron ions in the initial solulio 
were varied. The e.xperiments were carried out on a con
tinuous laboratory pilot-scale plant consisting of five con
secutively connected Pachuca tanks measuring lOOxlCiOx 
200mni with a conical bottom, each having a volume of 2.5 
litres. The air for agitation and aeration was delivered 
into the tanks by air lifts from a compressor. Of the main 
factors affecting the leaching rate the following were in 
vestigated; Uie adaptation of Th. ferro-oxidans to tlie con
centrate; the density of the pulp; the content of trivalent 
iron ions in the leaching solution. 

An important condition in the intensive leaching of metals 
in dense pulps is the use of micro-organisms adapted to the 
concentrate, i.e. capable of withstanding high concentrations 
of copper, zinc and iron without a reduction in activity. By 
gradually increasing the metal concenti-ations (g/1) the Th. 
ferro-oxidans was adapted to 119 Zn^), 28 Cu'), 160 Fe '̂*' 
' " ) , and pH 1.5-4.0^). Adaptation to a set of factors is essen
tial during tlie leaching of a concentrate having a complex 
composition. In our investigations Uie medium of Silverman 
and Lundgren^) without ferrous sulphate and with a bacter
ial starter (5-25%) was used as leaching solution, and the 
initial concentrate was used as the nutrient source for Th.. 
ferro-oxidans. The use of the inilial concentrate as nutri
ent source assists the adaptation of the micro-organisms 
to llie set of factors, i.e. to the production of an Industrial 
culture. Thus, wilh the use of a culture adapted to the con
centrate a zinc leaching rate of 200nig/l.h. is reached 
after leaching for 8-12 h. With the use of an unadapted cul
ture a ieaching rate of lOOmg/l.h.'is only reached after 72h. 
The rale of bacterial leaching of the metals increases 
directly.with increase in the density of the pulp up to 25% 
solids (fig. 1). However, it is not advisable to increase the 
density above 20-25% solids on technical considerations 
(the difficulty of agitation and aeration, the erosion of the 
micro-organisms etc.). 

F i g . l 

The effect cif the pulp density 
on the ra te of bacterial leaching 
of zinc from the copper-zinc 
concentrate. 
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The particle size of ttie initial product has a large effect on 
the bacterial leaching rate. With decrease in tlie particle 
size the specific surface area of tlie product and the leaching 
rate increase. According to published dala^), a particle size 
of 40jim is opiimum. We used the concentrate without pre
vious grinding, and this in all probability affected the final 
extraction of zinc during leaching, which amounted to 87%. 
It would be possible to increase the extraclion by performing 
the leaching process in two stages. Investigation of the 
effect of the concentration of trivalent iron ions in the 
leached solution on the process rate showed that the rate 
increases with increase in the concentration of iron. Thus, 



with 8g/l Fe^*, which corresponds to the iron content of the 
nutrient medium used for Uie development of Th. ferro
oxidans"), the extraction of zinc iiito solution amounts to 87%, 
and with the use of the medium without Iron it amounts to 
60% (fig. 2). It is proposed to separate tlie copper and zinc 
which accumulate in the solution by a combination of cemen
tation and deposition. 

Fig. 2 
The effect of the concentration 
of Fe '̂*' ions in 'the leaching 
solutions on the rate of bact
er ial leaching of zinc. 

Conclusions 

1. The fundamental.possibility of the treatment of stu 
born copper-zinc pyrite ores by a combined method in( 
ing flotation and bacterial leaching was established. 

2. The optimum conditions for the bacterial leaching 
cess were found: adaptation of the Th ferro-oxidans ci 
lo the concentrate; pulp density 20-25% solid. An incrc 
in the concentration of trivalent iron ions in the leachec 
solutions from 0 to 8g/l increases tlie extraction of zliii 
27%. 
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Possilality ai recovery of aon ferrous metal ions by flotatioR with the aUmli-meta.! salts of resin acids 

L D Skrylev, V A Borisov and Yu A Tkach (Odessa State University - Department of Physical Chemistry) 

UDC 622.7i 

The separation of nonferrous metal ions from industrial 
solutions and from the effluents of hydrometallurgical and 
mining undertakings tjy flotation is finding wider and wider 
use in practice'"^). One of the main problems which needs 
to be solved in the use of this method is the search for highly 
effective and at the same time sufficiently available collec
tors*-''). Primary aliphatic'"^) or aromatic^-s) amines are 
usually employed as collectors of non ferrous metals present 
in solution in anionic form. The separation of non ferrous 
metals present in solution in the form of cations by flotation 
is most frequently carried out by means of the allali-metal 
salts of fatty acids*~^°) or their mixtures^'""). The purpose 
of the present work was to investigate the possibility of using 
the alkali-raetal salts of resin acids and potassium abietale 
CisHjjCOOK, in particular, as flolation collectors for the 
cations of nonferrous metals. The advantages of potassium 
abietale as a collector of non ferrous melal ions are as 
foUows: availability; relatively low cost; high critical micelle 
concentration (0.012 mole/1'^). The latter is particularly 
significant, since (unlike the alkab-metal salts of fatly acids) 
it makes it possible to use the product in the form of aqueous 
rather than alcoholic solutions. The experimenls were 
carried out with solutions of nickel, cobalt, copper, zinc 
and cadmium chlorides containing lOand 50mg of the metal 
in a litre. A 0.6% aqueous solution of potassium abietate, 
which was obtained by neutralisation (or heating) of abiet'ic 
acid with an aqueous solution of potassium hydroxide was 
used as collector for Ni=+, Co=+, Zn^+ and Cd'+ ions'. The 
collector was added to solutions of Die chlorides with 

^f^ 

thorough agitation of the latter, 1-2 minutes before the 
beginning of flotation in the stoichiometric amount requir 
for the formation of compounds of the MeCc^ HagCOjjj 
type, where Me is a cobalt, nickel, copper, zinc or cad
mium atom. The reaction belween Uie collector and the j 
ions being extracted took place rapidly and was accorapan 
ied by the formation of stable colloidal solutions of a pro 
duct, in which the extracted ions passed to the liquid gas 
interface during the flolation process. 

Flotation was carried out in a glass column 60 mm in 
dianieter and 100 mm high. The Vwltom of the column was' 
a porous glass plate (a Scholi No.4 filler). The volume oli 
solution added to the column was 50 ml. Air was deliverM 
into the column upwards through the Schott filter. The alp 
consunipBon rate amounted to 5 • IO"' m^/sec. The films i 
formed on the surface of the solution during blowing with; 
air were removed mechanically. The solutions were peri;J 
odically analysed for ion content of floated metals. The ij 
analysis was performed with EDTA in the presence of iff 
priate indicators'*''^®). The pH value of the solutions was* 
determined by an electronic.pH-340 pH-meter with a glasj 
electrode. To estabUsh the required pH value in the sohi-* 
tions we used 0.1 N solutions of hydrochloric acid and 
potassium hydroxide. 

The investigations, tlie results from part of which are 
given in figs.l and 2, showed that the cations of all the 
metals investigated can beisolated from tlie solutions 

Fig.l 
The effect of the hydrogen ion concentration on the 
f lotat ion recovery of cobalt (a) , nickel (b), copper 
(cl , cadmium (d), and zinc (el ions, collected by means 
of potassium abie ta te . Concentrations of imtal ions in 
solution, mgll: 1 - 10; 2 - 50. A i s che degree of ex
tract ion, %; B i s the pH value of the solution. 
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almost completely (by 95-99%) by flotation with potassium 
- abietate. The flotation time here is not longer than 10 min. 

The most significant factors affecting tlie flotation separa
tion of the ions a r e the pH of the medium and the concentra
tion of the collector. Most rapid and complete separation of 
the ions of the nonferrous nietals investigated (fig.l) takes 
place from solutions having pH values of 9-10, i. e . , in the 
region of pH values equal lo or somewhat exceeding the pH 
corresponding to the beginning of the precipiiation of cobalt, 
nickel, copper, zinc, and cadmium h y d r o x i d e " ) . With de 
crease in the pH value of the solutions the degree of flotation 
separation of the ions dec reases , on the one hand, a s a r e 
sult of the foriTuition of weakly dissociated abietic acid in 
the solution and, on the olher, as a resul t of decrease in the 
content of polynuclear compounds. The above-mentioned 
compounds, which represent a transit ional form between a 
simple hydrated cation and a precipitate ot i ts insoluble 
hydroxide, a r e extremely effective s tab i l i sers of surface 
f i lms" ) . 

At pH< 2.0 al l the potassium abietate added to the solution 
is converted into abietic acid (the forniation of cobalt, nickel, 
copper, zinc, and cadmium abielates does not occur) and the 
degree of separation of Co^+, Ni=+, Cu=+, Zn '+ , and Cd» + 
lons by flolation dec reases to ze ro . At pH>10.0 the degree 
of separation of cobalt, nickel, copper, cadmium, and zinc 
ions by flotation dec reases as a resul t of the appearance of 
negatively charged ions of the [Me(0H)3] ' and [Me(OH)«] ' -
types in the system and of the conversion of the positive 
charge at the surface of the hydroxide pa rbc l e s to negative 
" ) . 

The effect of the collector concentration (potassium abiet
ate) on the separation of non ferrous metal ions by flotation 
is determined (fig.2) by the nature of the metal and by its 
concentration in the solution. This is due to the fact that 
the conditions of formation and the proper t ies of the adsorp
tion layers formed by the par t ic les on the surface of the a i r 
bubbles vary as a function of the concentration of melal ions 

in the solution. The optimum conditions for the separation 
of nickel and cobalt ions by flotaUon, i r respect ive of their 
con.-;entration in the solution' (10 or 50 m g / l ) , a re created 
by addition of tlie stoicliiometric amounts of collector to the 
solution. The separation of copper, zinc, and cadmium ions 
by flotation from solutions containing 50 mg of the metal in 
a l i tre i s most effective with the addition of an excess of 
the collector lo the .solution (twofold in the case of copper 
and.zinc ions and fourfold in the case of cadmium ions). 
The addition of large amounts of collector impai r s Uie 
flotation process as a resul t of the competing action (in 
the competition for a site on the surface of Uie a i r bubbles) 
of the collector molecules. Where the separation of copper, 
zinc, and cadmium ions by flotation is carr ied out from 
solutions containing 10 mg of the metal per li tre a de te r ior 
ation in the flolation process i s not observed with Uie add
ition of an. excess of the collector to the solulion. 

Conclusions 

l . T h e fundamental possibility of Uie separation of nickel, 
cobalt, zinc, cadmium, and copper ions from solutions by 
flotation with [XJtassium abietate i s demonstrated. 

2, It was established tliat Uie main factors affecting the 
separation of the .above-mentioned ions by flotation a r e Uie 
pH value of the medium and- the concentration of the collector 
added to the solution. 
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Construction of a mathematical model of the flotation p roces s 

Yu 'V Rubinshtein and 'VTu A Fil ippov (Institute for Uie Concentration of Solid Fuels) 

Summary 

The purpose of the work was to construct a mathematical 
model of flotation, taking account of the reversibi l i ty of 
the flotation adhesion and of the mass ti-ansfer of free pa r 
ticles In the pulp and pa r t i c l e s fixed to the bulibles, and to 

model the flotation p rocess on a computer. If it is supposed 
that the p roces ses involved in the t ransfer of the par t ic les 
from one phase to another (adhesion to the bubbles and r e 
moval) obey f i r s t -order kinetics with constants Ki and Ka 
(with dimensions sec" ' ) , the flotation can be descr ibed by 
the sel of equations: 
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Biological mining mt 
EARTH SeiEiSE, 

By *P. C. TRUSSELL, D.W. DUNCAN 
and C. C. WALDEN 

has undoubtedly been taking place in 
nature for eons. In_facti_the_t)acteria-
involved ore one of the earliest forms 
to evo]ye_Jji_jth|s_eart]r, knowji. as 
autotrophic ba£teria. These organisms 
do not use organic matt:r but derive 
their energy from the oxidation of 
inorganic materials and obtain the 
carbon and nitrogen required for 
cellular tissue from the atmosphere 

Figure 1. Precipitation of copper with scrap iron, Rio Tinto, Spain. 

and from inorganic salts -respecti^ 
ly. Thus, in the '.evolutionary 
these organisms dbyeloped""fonf'̂ ' 
forFlfi¥~aci'vent of highedfofms, 
plant and animal' life. . 

Despite the longevity of these: 
cies on earth, only recently has 
utilized the ability of these- badter^ 
to leach metals from solid minei 
The earliest recorded activity, 
may now be ascribed to these or] 
isms ^n vol ved the recbvery-ofa 
from mine "waters-in—167Jira] 
present Rio. Tinto mines-in—i 
westerh Spain. Since this activity 
tedated the discovery of bacteri^ 
Leeuwenhoek in 1683, their rol 

.leaching of minerals was obyidi 
'unsuspected. By 1900, copper 

being leached from chalcopyri 
pyrite heaps at Rio Tinto and a 
comprehensive description- of 
leaching activities and the recovi 
of copper by precipitation .durii 
following 40 years has been present^.|v| 
by Taylor and Whelan (1943), l i j" 
interesting to observe that even 
recently as 1961, when the'senior 
author visited Rio Tinto, it waŝ nc* 
appreciated that over the centuries 
the release of copper from the ore-
body had been a microbiological 
phenomenon (Figures 1, 2 and 3)^; 
All samples of leach water brought̂ ^ 
back to Canada for examination con̂ ' 
tained^ulphide-oxidizing^bacteria 

Still withouf'appreciation tfiat baĉ  
teria were involved, leaching-^aj^ 
pioneered on this continent in tbc>:3 
early 1920's by the Phelps-Dodge;^ 
Corporation at Bisbee, Arizona, 'a|5rf>i|:̂  
Tyrone, New Mexico. Later dtimp 
leaehings were undertaken by a nuin-
ber of companies in the south-west
ern United States, and in Lftah (Ar
gall 1963). in Peru, Canada, Africa 
and elsewhere in the world. The role 
of bacteria in the oxidation of met
allic sulphides was recognized fir^ 
by Colmer and Hinkle-.(1947) and^ 1 t 
in 1951, Temple and Colmer des
cribed the bacterium under the name 
of Thiobacillus ferroo.xidans, whico 
they isolated from water from a West 
Virginia coal mine. This organisnj 
was capable of oxidizing pyrite ai nd J 

of bringing iron into solution as the 

sulphate. The first account of 'oe 
involvement of bacteria iî  the leacR-
ing of commercial sulphide deposj 
was by Bryner et al (1954), while 
working in association with the Ke"-

1 I 
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and preliminary tests indicate that 
the reaction time might be cut down 
to the order of 30 hours. The dif
ferent techniques of bacterial leach
ing are compared in Figure 4 and 
illustrate the improvement in the ex
traction ratgs under conditions con
ducive to bacterial oxidation" of sul
phide into sulphate. 

The organisms prefer acid condi-
liwis. in the range ofpH 1.5 tn 2.5, 
a temperature of 35 deg. C. (95 deg. 
p.) ajicLpleDty--o£-oxygen: The extent 
and rate of metal leaching from dif
ferent ores differs considerably. For 
example, somechalcoEyjit6_fltes_have 
yielded only_^5out-50--per-cent-cop-
per, otHefs~in_excess_of..95_per..cent. 
The rates^'bf the release of copper, 
nickel and zinc from separate ores 
are compared in Figure 5. In all 
cases, over ^9(i_4Jef-eeBt-of the metal 
wM,jXtEact€4-ia-f5-tlays. These leach-

*TngcuTves should not be considered 
as ^representative of the particular 
class of ores involved. For example, 
some nickel sulphides have leached 
more rapidly than some chalcopyrite 
ores. Nor do the rates indicated in 
Figure 5 necessarily represent the 
maximum which can be achieved; 
these studies are continuing. 

Different sulphides of the same 
metal do not respond similarly to 
biological leaching; this is illustrated 
by the results with sphalerite and 
marmatite in Table 1. Even in the 
presence of a ,-surfaccretive agent, 

'such asJCween—20r'AvhTch"~h'a .̂ been 
found to improve leaching in many 
case^—(©tmcan—and~Trussell, 1964; 
Duncan, Trussell and Walden, 1964), 
sphalerite showed only slight release 

.of zinc even at 30 days. On the. other 
hand, marmatite was almost complete 
kaehed in the presence of Tween 20 
'mflS days. The comparatively high 
release of zinc from the control sam-

..ple was probably due to its steriliza-
.̂ tion at 120 deg. C. at pH 2.5..Whe-
.̂Iher the iron in the marmatite sample 

^ a s involved in bringing the zinc 
mto solution is stilj under study. 

STln the latest laboratory investiga-
. tions bacterial oxidation of metal 
•sulphides has been accelerated to a 
degree' that suggests applying this 
technique to sulphide concentrates. 
By this procedure, ore in which the 
gangue is too alkaline for the leach
ing bacteria to tolerate could be con
centrated by the usual methods to 
fnnove most of the basic material 

"and then leached. This woû ld not 
y^'^ye^ana~IKe"applicitiorrof biolo-
.3^1 leaching^buL-conccivably.- could 

^ g , 4e starting poinL_o£-a-new ap-
~^^^t r lu ofe'~pfocessingin which 

:ntrates _aLO»lid—bê reatedT ât or 
the mine site rather than be sent 
^Uiiidiices lu smelters. Such a 

cA; 1964 

5 10 15 20 25 

DAYS OF BACTERIAL LEACHING 

30 

Figure 5. Bacterial extraction of copper, nickel and zinc from their respective 
sulphide ores. 

beneficiation system would provide 
economies not only for presently 
operating mines, but could mean the 
successful expToTtation of many re '̂ 
mote deposits that heretofore could 
not be econonri"cally~tievelopted;__ 

During—biological— leaching most 
of the leach solution should be re
cycled. This not only reduces the 
amount of water required for leach
ing operations but also controls pol
lution. Another advantage of recyc
ling is that the concentration of valu
able metals builds up to recoverable 
concentrations. The. potentialities of 
the biological leach process depend 
upon the particular ore to be pro
cessed and' 'individijal stiidies with" 
each ore are required to determine 
the effecfiveness~"of'-biological leach
ing .for metal extraction.— 

Like all processes, the applications 
of biological leaching are limited. 
The bacteria currently being used for 
ore leaehing, have the ability to oxi
dize ~on1jr~terrous iron and sulphur 
in the form of—siilphide—er as sul 
phur. Thus, immediate applications 
with this particular organism are lim
ited to metallic sulphides. Whether 
or not selenides and tellurides and 

other metal associations are leach
able, remains to be investigated. 
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Abstract. The objective of this paper Is to 
review advances in the art of borehole (slurry) 
mining inade by the Bureau of Mines. The Intro
duction gives historical and general backgrotind 
information on borehole mining. The borehole 
aining concept is defined and Justified in terms 
of economics, health and safety, the environment, 
and resource consetvatioti. 

This is followed by a description of the 
design of a prototype borehole mining tool (BMT) 
developed by the Bureau of Mines. Included are 
design drawings and perfonnance specifications. 

The next section describes the application of 
Che BMT in the extraction of metallurgical coal 
from steeply pitching seams near Milkeson, Wash., 
during 1975-76. The field test showed chat che 
BMT produced coal ac the rate of 8 tons per hour 
(cph) (7,272 kg/hr) from a depth of 88 feet 
(26.8 ffl) and was effective in producing coal as 
far as 15 feet (4.6 m) from the center of the 
borehole. Tha daca are used as a basis for an 
economic analysis of borehole coal mining and 
for the suggestions for the design qf a second-
generation borehole coal mining tool. 

The following section describes Bureau efforts 
in applying borehole mining to the extraction of 
uraniferous sandstone ac Socky Mountain Energy 
Corp.'s Mine-Mile Lake site, Natrona County, Wyo. 
BMT design changes appropriate co uranium mining 
are described along wich produccion, reliabillcy, 
and reclamation daca taken during 1977-73. The 
field cesc revealed chac che BMT produced 900 
cons (81.3x10^ g) of uraniferous sand at an 
average race of 8 Cph (7,272 icg/hr) fromadepthof 
75 (22.8 m) to 90 (27.4 m) faec and created a 
cavity 25 faec (7.6 m) In radius. These data are 
used as the basis for an economic analysis of 
borehole mining of shallow uraniferous sandstones. 
Reclamacion daca Included will be che resulcs of 
backfilling experiments conducted ac Nlne-Mlla 
Lake during 1978. The mosc significant of these 
data uere that backfill was emplaced at che race 
of 16 cph (14.jxlO-'kg/hr) and chat 90 percent of 
che material extracted from a cavity can ba back
filled. : 

Introduction 

Borehole mining, also known as slurry mining, 
is a process in which a tool incorporating a 
water jet cutting system and a downhole slurry 
pumping system mines minerals Chrough a single 
borehole drilled from che surface to che buried 
mineralized rock. Hacer jets generaced in Che 
mining cool erode che ore and form a slurry. Tha 
slurry flows into the inlet of a slurry pump 
whence tt la lifted to che surface in a form 
suicable for pipeline transfer co a mill. 

Borehole mining, as defined by this paper, 
appears to be a likely prospect for adoption in 
che near future. It offers a number of important 
advantages over conventional open pit and under
ground mining methods, and the method can be used 
to mine mineral deposits Chat presently are not 
mined because of technical or economic dlffi-
culcles. This mining method requires an 
insignificant amounc of prior developmental work . 
and can achieve immediate produccion; in concrast, 
convenclonal mining mechods require from 3 to 5 
years before production and retum on investment 
can be expected. The fragmentation and trans
portation systems are incorporated i^co a single 

machine chac is remotely operated from che sur
face by a two- or chree-man crew, chus alimlnaclng 
health and safecy problems inherent to under
ground mining. The enviromental disturbance 
associated wich borehole mining is minimal; no 
overburden is removed, ground water levels and 
composition are undisturbed, and subsidence can 
be avoided. Ore fragmented by che water jet la 
broughc CO che surface in slurry form and chus 
is ideally suiced for low-cosc pipeline cransporc. 
Borehole mining is a selective process and can be 
used CO extract deposits chac are small or 
erratically mineralized, chereby broadening che 
resource baae. The selectivity of chis syscem 
allows che ore Co be extracted without disturbing 
cha country rock, chereby avoiding dilution and 
yielding a clean product. Crushing and grinding 
costs would be lowered since che ore is reduced 
almost CO grain size by che jec scream. Slurries 
from the borehole mining operacion would be an 
ideal feed for onsite milling operations. Tail
ings from the milling operations could be pumped 
Into the mined-out caverns to control subsidence 
and reduce waste disposal problems. 

Borehole Mining Tools 

The earliest patent for a slurry mining cool 
using a wacer Jec co fragment rock adjacent Co 
a borehole and a downhole slurry pump Co lift che 
broken ore to che surface was. issued to Clayton 
in 1932 (1). Patents on similar borehole mining 
cools were issued co .\ston in 1950 (2), Quick in 
1955 (3), Fly in 1964 (4), Pfefferle in 1969 (5), 
Mennenborg in 1973 (6), Archibald in 1974 (7), 
and Brunella in 1977 (8). The apparatus 
described by Fly (9) was built and used Co 
excavate sandstones, limestones, and shales Co a 
maximum depch of 350 feec. (106.7 m ) . Mining 
races of 1 ca yd/mln (0.76 m^/min) were achieved, 
and cavicies ware excavated to a lateral distance 
of 30 feet (9.1 m) from che borehole. The 
apparatus employed cvo sidewall nozzles operaced 
at 800 psi (S.5xlO°Nlm2) and 400 gpm (1,514 Lpm) ' 
CO form che wacer jets used for rock fragmen
tation. The slurry farmed by che fragmentation 
of cha rock adjacent Co che borehole was caused 
to flow into the intake of a downhole Jet pump 
which hoisted che slurry Co che surface. The 
jec pump was operaced at about 300 psi (5.5x10^ 
Nlm^) and 500 gpm (1,342 1pm) . Jecs were also 
formed by forcing water chrough che water courses 
of a cricone rock blc actached co che base of che 
cool. These jets were used Co keep che slurry 
in suspension so chac lc could be caken into che 
downhole siurry piunp. This siurry mining cool 
used a single pressurized water supply co operate 
che sidewall Jets, che Jec pump, and che cricone 
jets. 

The apparatus described in che Mennenborg 
patent has been bullc by FMC Corp. and tasted in 
phosphate ore in eastern Morch Carolina. This 
device uses a high-volume, low-pressure wacer jec 
CO slurrify che ore and an eductor to lift che 
slurry to che surface. The most novel aspect of 
this cool is chac it provides a method for ' 
drilling into, as well as mining, a deposic of 
granular ore. .-Vll previous borehole mining cools 
required a predrlllad and cased borehole. The 
Wennenborg device is adapted for mining uncon
solidated, easily drilled sediments; such as 
North Carolina phosphates, and does not require a 

file:///ston


2 79-53 

predrilled borehole. 
The apparatus described iii che .\rchlbald 

pacenc has been bullc by Harconaflo, Inc. (10) 
and used co nine uraniferous sandstones and tar 
sands on an axperimental basis. As in all bore
hole mining cools, this device consists of a jet 
cutting syscem and a downhole slurry pump. The 
Jec cutting unit conslscs of a single nozzle and 
high-pressure piping which rides on a vertical 
rail actached Co che main body of che device. 
This rail allows che nozzle co move independently 
of the slurry pump both vertically and hori
zontally. 

The vercical moclon allows cutting to occur ac 
various horizons without the necessity for lifting 
or dropping the entire device and permits tha 
intake of the slurTry pump to be cleared of 
blockages by the force of tha cutting jee. Tha 
cutting jet is operated at 400 Co 500 psi 
(2.76x106 CO 3.45xl05Nlm2) and 150 Co 170 gpm 
(568 CO 643 1pm). 

Tha slurry pumping syscem contains a pump 
mechanically driven from che surface and 
20-fooc-long (6.I.m) conduic sections containing 
a drive shaft and slurry conduits. Tha device 
operated in a 30-inch-diameter borehole and 
produced 30 to 45 percent solid in the slurry. 
This device was tasced successfully by mining a 
uraniferous sandscone from a roll-front deposic 
in che Cas Hills of Uyoming from a depth of 
130 feat (55 m) and by mining car sands from a 
depch of 350 faec (106.7 m) in cha McKlctrlck 
oilfield near Bakersfield, Calif. 

The Bureau of Mines Borehole Mining System 

The Bureau of Mines borehole mining Cool 
differs from Chose bullc by FMC, Fly, and 
-̂larcooaflo. Ic uses an educCor for a downhole 
slurry pump, whereas mechanicaily driven slurry 
pumps were used in che Marconaflo equipmenc. It 
contained separate conduits for Che eductor drive 
water and che cutting jet water, whereas tha FMC 
and Che Fly systems used a single conduit. 

A schematic view of the Bureau of Mines bore
hole mining system is shown in figure 1. The 
system is composed of a borehole mining cool 
(BMT) suspended from a crane in a 16-inch-
dlamecer (40.6 cm) cased borehole. The BMT 
generaces a hlgh-veloclcy water Jet that erodes 
and slurrlfies ores. The slurry is drawn into 
che inlet of an eductor which lifts che slurry co 
che surface where it is metered and deposited 
inco a slurry discharge sump (figure 2). This 
ore seccles in chis sump while Che wacer over
flows into a pond. This pond acts as a source of 
water for a series of pumps that supply pressur
ized wacer co che cuctlng jec and che eductor 
used as a downhole slurry pump. 

Figure 3 shows che BMT suspended from a crane. 
The cool is in che form of a 12-inch-diameter 
(30.5 cm) cylinder capped wich a Chree-pasaage • 
swivel. The cylinder is composed of a kelly 
section, a series of standard secClons, and a 
mining section. 

Figure 4 shows a cutaway view of che chree-• 
passage swivel. The oucer part of Che swivel is ' 
stationary and is supported by a crane. The core 
of che swivel rotates relative Co Cha exterior 
while simultaneously passing three pressurized 
streams: che wacer supply co che cuctlng nozzle, 
the drive water to che sduccor used as a downhole 

slurry pump, and che slurry output. The swivel 
is connected to a kelly section by eight boles. 
The kelly section is in the form of a cylinder 
22 feet (6.7 m) long and 12 inches (30.5 cm) in 
diameter with cwo 0.75-inch (19.0 mm) webs 
welded along its length. These webs key into a 
Hacker Model A-15T rotary Cumtable and thereby 
transmit torque to che BMT. This rotary cable is 
driven by a hydraulic motor and controlled by 
hydraulic controls and limlc svicches. This 
allows for roeary speeds of 0 Co 20 rpm and for 
automatic osclllaclon for any incerval from 0 co 
360 degrees. 

The Incemal conflguraelon of che kelly 
section is shown in figure 5. This figure shows 
chac the 12-lnch-diaoetar (30.5 cm) cylinder 
houses a 4-tnch-dlamecer (10.2 cm) slurry 
discharge pipe and a 2-inch-dlamecer (5.08 cm) 
cylinder supply pipe for che cutting jec. The 
space inside cha cylinder noc occupied by pipes 
aces aa a conduic for che jec pump drive water. 
The end of cha kelly seccion is covered by a 
flange. This flange provides for che incer-
connection of che conduits in adjacent sections, 
tuo circular spaces for che Jec cuctlng and slurry 
output pipes, and two kidney-shaped spaces for 
che eductor drive wacer. 

The kelly section is connected Co a string of 
standard sections, each 20 feec long (6.1 m) 
and 12 inches (30.5 cm) in diameter, chac provides 
che length to reach che ore ac depch. The 
internal configuration of these standard sections 
is identical to that of the kelly section 
described above. 

Tha BMT ts cerminated with a mining section. 
This mining section (figure 6) ts 12 inches in 
diameter (30.5 cm) and 6 feet (1.3 m-) long. Ic 
is composed of a Jec cutting module and a slurry 
pumping module (figure 7). The jet cutting 
module contains a flow tum-nozzle device 
designed Co maximize che effective cutting length 
of che water jet. This device was designed by 
TRW Defense and Space System Group under Bureau 
of Mlnea contract J0255024, "Improved Mineral 
Excavation Nozzle Design Study." The nozzle 

profile consists of a smooth transitory curve 
from che nozzle entrance to che outlet orifice. 
Upstream of che nozzle is a short cum elbow wich 
flow-splitting places. 

The lower module of che mining seccion contains 
an educcor and a conical auger. The Jec pump 
consists of a nozzle which generaces a high-
velocity water jet. The venturi effect caused by 
che discharge of the jec draws slurry into che 
pump chrough screened intake ports. The slurry 
mixes with the drive water and enters a diffuser 
where tt acquires Cha pressure required co lift 
it to Che surface. The intake ports are screened 
to prevenc the entry of oversized material thac 
would block Cha pump. Should che oversized 
material block che inlet, a fast accing valve 
called che backflush valve, is closed in Che 
slurry discharge line ac Che surface, forcing che 
jet pump drive water to flow out the pump intake 
and clear away the blockage. 

A double-path, right-angle spiral conical 
auger, 7.5 inches (19.0 cm) in length, is bolted 
co_cha_ba3e qf_cjje mining seccion. This 

Reference co specific equipmenc (or trade names 
or manufacturers) does not imply endorsement by 
Che Bureau of Mines. 
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facilicaces entry inco cuctings chac fill che 
void caused by raising che BMT. A 50-gpm 
(189 1pm) wacer jet issues downward from che 
center of this auger and agitates che cuctlng 
below, chereby aiding che enery of che auger 
into the muck pile. 

Coal Mining 

Flow Industries, Inc., under contract 
H0252007, "The Application of a Hydraulic Bore
hole Mining Apparatus co che Remoca Excraction 
of Coal," CO che Bureau of Mines conducted bore
hole mining operations in 1975-76 at a site 
3 miles (4.3 km) south of Wilkeson, Wash. This 
site contained a seam of bituminous coal 17.75 
feet (5.4 m) chick, dipping at 42 degrees. 
Three vertical bpreholes were drilled through 
the dipping coal seam and cased to che hanging 
wall of che coal seam. 

Two of chese boreholes were shallow [(25 and 
30 feec) (7.6 and 9.1 m)] and were used co con
duce preliminary cests designed co opcimlze 
mining procedures co be followed during a 
4-hour production cesc in a deeper (88 fooe) 
(25.8 m) borehole. These preliminary Ceacs 
Indicaced chae— 

1. The cutting jee was more efficienc ac 
cuceing coal then che slurry system was in 
removing che coal from che borehole. Thus, che 
maximum mining race accalnabla was llmleed by 
che slurry pumping rate. 

2. A cutting radius of 10 feet (3.0 m) was 
attainable wich che 4,500-psl, (31xlO°Nlm2) 
100-gpm (378 1pm) Jecs used in cha borehole 
mining cool. 

3. Shale cends co clog che eductor pump 
because tc breaks inco aclcular particles which 
lodge becween the nozzle and cha sidewall of the 
Jet pump, 

4. The borehole mining tool should be moved 
a vertical discance of 1 fooe (0^30 ia) becween 
inCervals of cuccing, and che sequence of cuceing 
should be from the bottom to the top of the seam. 

5. The traverse rata of the water jet across 
the coal face should be 4 to 6 tn/aec (10.1 Co 
15.2 cm/sec). 

A production rate test was conducted in a 
third borehole drilled Co a depch of 88 feet 
(25.8 m) and cased with 16-inch (40,6 cm) sceei 
casing. The Jec cutting parameters were similar 
CO those used in che preliminary cest except 
chac a high-discharge Jec [4,500 psi, (31xl0%lm2) 
200-gpm (757 1pm)] was used co increase che 
effeccive Jee cuctlng range co 15 feec (4.6 m ) . 

Two mechods of measuring che produccion were 
employed. In one a slurry density meter waa 
placed in che siurry output line in series with 
a flow meter, and che output of chesa mecers was 
recorded eleccronically. The denslcy mecer 
recorded waa Ineegraced Co obtain che average 
weight of che coal in ehe discharge slurry during 
ehe 4-hour test. The average value was multiplied, 
by the average flow rate during Che Cest Co obcaln 
che amounc of coal produced. The alcemate meehod 
of measuring produccion was Co measure Che volume 
of coal collected in cwo porcable swimming pools 
and a aecellng pond ineo which cha slurry was 
discharged. 

Tha results of che 4-hour production ceac 
are summarized in table 1. This cable shows chac 
boch mechods of eaclmaclng produccion race 
yielded 8 cph (7,272 kg/h_r).__ This produccion race, 
along with the fact chac no mechanical failures 
of che borehole mining cool occurred during che 
field program, indicaces chat tc ta cechnically 
feasible eo mine coal remocely from ehe surface 
chrough a borehole. 

Uranium Mining 

The successful borehole coal mining experience 
led CO ehe applicaclon of Che cechnology co che 
excraceion of uraniferous sandscones. Uranium 
sands are considered Co be a likely prospecc for 
borehole mining because (1) uranium ore has a 
high unle value, (2) uraniferous sandscones can 
be cue by low-pressure[(1,000 co 3,000-p3i) 
(6.9x10^ CO 20.7xl0%lm^il waeer jecs, (3) many 
uranium deposits exist chac are shallow, small. 
Irregularly shaped, and tsolaced; chese depoaics 
cannoe be mined by convenclonal mechods buc are 
amenable co ehe seleccive mining capabilicles of 
Che borehole mining system. 

The Bureau of Mines negotiated a cooperative 
agreement with Rocky Mountain Energy Corp. (RME) 
for the use of tts Nine-Mile Lake site, 
Nacrona Councy, Wyo., for che borehole mining 
cest. Under the cerms of chia agreemenc RME 
prepared che alee for mining operacions, drilled 
a water supply well, constructed a pond and 
lined it with polyechylene, and drilled chree 
16-inch-ID (40.6 cm) cased boreholes co a depch 
of 100 feec (30.5 m) into ehe Teapoc sandscone 
ore body. 

Flow Induseries, Inp. (FI) under Bureau of 
Mines contract H02720iO, "Field Test of Hydraulic 
Borehole Mining Systems in Shallow Uranium Sands," 
modified the cool used to mine coal at Che 
Wilkeson, Wash., sice and conducted the mining 
operations. A shallow deposit at Nine-Mile Lake 
was chosen for the cesc because ehe slurry pump 
incorporaced into the BMT is limiced co lifcs of 
200 feec (61.0 m) 

The modificacions included fleeing of che BMT 
with a Cuming vane-nozzle ensemble designed Co 
pass 300 gpm (1135 1pm) ac 2,000 psi (U.SxiCf 
Nlm-), che flow condicions chosen for efficienc 
erosion of che Teapoc sandscone. During mining 
operacions approxlmaeely 900 cons of ore were 
mined from dep cha of .75 to .100 .feet (22.S Co 

J'0.-..U2n.*"=. 5!!-i:i?.̂ 3S?- ?̂ -S-'=S—S'f-S-.'̂ ph (13.3x10* 
g/hr) from 3Candpjf._dij.cance3._as great...as..35. foeC-
(10.7 m ) . The cescs also showed— 

1. The average jet cuccing race is aboue 
16 cph (14.5xl0^kg/hr) ae 520 hp (383 kw). The ( 
slurry pump normally pumps ac a lower race 
because che cool moves vercically aa one piece, 
chereby moving che pump ouc of che slurry sump 
during part of Che mining cycle. The mining 
race could be made equal eo che jec cuccing race 
in a BMT where che cueting Jec could be moved 
independently of che slurry pump. 

2. The opclmum Jec cuceing reverse race 
across ehe sandstone is becween 40 and 80 in/sec 
(101.6 and 203.2 km/sec). 

3. The Jec cuctlng race is proportional to 
che horsepower of che cutting jet. • 

http://3Candpjf._dij.cance3._as
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A photographic survey of the borehole cavicies 
created in the Teapot sandstone ore body was 
caken using phocographlc equipmenc developed for 
chis purpoae by che Bureau of Mlnea. Figure 8 
showa che cavlcy creaced in one of cha boreholes 
ac Nine-Mile Lake. The whiee pipea in che 
foreground are 2-tnch-dlamecer (5.08 cm) PVC 
pipea placed in monleor holea drilled 10 and 
20 feec (3.0 and 6.1 m) from che center of che 
borehole. A 1-tnch-diamecer (2.5 cm) steel pipe 
25 feet (7.6 m) from tha borehole is shown in 
che background. This phocographlc survey showed 
chat roof failure was confined to a 7-fooc (2.1 m) 
radiua from the center of the borehole. Pre
sumably this ts an indication that che rock 
wichin Chis radius waa damaged during drilling of 
ehe borehole. 

Reclamation 

Surface subsidence and the occurrence of 
tailings piles are the major potential adverse 
environmental impacca of borehole mining oper
acions. Meehods of micigaeing Chese impacts have 
been invesclgaeed under coneract J0285037, "Sack-
filling of Cavities Produced in Borehole Mining 
Operations." FI tasced chree methods of back
filling the borehole mining cavitiea at the 
Nine-Mile Lake sice wleh che sand produced during 
previous borenole mining operacions. The project 
conalsced of intervala of backfilling separated ' 
by interludes when the diatribuclon of backfill 
in the hole was determined by photographic surveys 
of the cavity. Backfilling methoda inveacigatad 
included bulk dumping down che borehole, Jecting 
slurry in air, and slurry Jetting under water. 
Slurry jetting underwater was found to be tha 
mosc effeccive method of backfilling. Mora chan 
90 parcenc of che sand removed from cha cavlcy 
waa backfilled using Che slurry Jetting technique. 
Figure 9 shows the cavity half-filled with back
filled sand. 

A 1 percenc (by weighc) cement-sand mixture Is 
introduced into a 4-inch-ID (10.2 cm) pipe through 
a hopper upstream of the centrifugal slurry pump. 
The outlet pipe' from the pump ts connected via a 
loose vltaulic coupling acting as a swivel to a 
similar pipe terminated by a 4-inch-ID (10.2 cm) 
elbow in the borehole. Slurry is injected at che 
rate of 350 gpm (1325 1pm) through a string of 
4-inch (10,2 cm) pipe rotating underwater tn the 
cavlcy. Sand ts backfilled ae Che race of 27 cph 
(24.9xl0^kg/hr). 

Summary 

This paper has reviewed research in borehole 
(slurry) mining conducted by the Bureau of Mines 
from 1975 to the present. Thla research has been 
successful in demonstrating che cechnlcal feasl-
bilicy of Che remoce exeracclon of minerals aa a 
slurry chrough a borehole. Ie has also shown 
Chac che borehole mining of uraniferous sandscone 
is economically feasible under presenc -economic 
condicions and chat Che adverse environmencal 
effects of borehole uranium mining can be " 
mieigaeed. , 

Plans call for addicional reaearch in che 
applicaciona of borehole mining eo che remoce 
extraction of other commodltlea, such as phos
phate ore, lateritic nickel ore, and tar sands. 
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TABLE I . - Sumaary of 4-hour demonstraeion tB3c mining wleh a 520-hor3eoo«er tratee j ' e c . 

MEA3UR£XEHT DUCTION qUAKTIIY' rATCSAGE EATE 

Coal Mined (Inscriiments) . . . 240 o tn 33,2 tons C30.1xlofkg) 8.-3 tph C75xl03kg/hr) 

Goal Mined (Volume C o l l e c t e d ) : 
rncarmadia te Pools :24,0 min :25,3 tons (23.2xl0^kg} 6.4 cph C58.2xl0^kg/hr) 
S e t t l i n g Pond ,' •240 a i n 6.3 tons (5.7xlQ^kB) 1.6 tph (61.4i;10^kg/hr) 

Tota l CoUecced . . , 240 min -31.3 coha (29,3xl03kg) 3 cph (72,7xlo3kg/hr) 

S lu r ry Pumped . . , . , 24Q Biin 92,500 gal C35.0xlO'*lpm) 386 gpm (1461 1pm) 

Conceneracion: 
ay Vo Iume • - - ' 6.4%-
By Weight . . , . , . . . . . . . . . . •, - - 3.7% 

-Specif ic Weight - . . . , - ' - - 64,0 Ib / fc- ' (1027 kga3) 
Spec i f i c Gravi ty , , . . . , . . . . . . i ' - - - , 1,026 

'"..-i-;,-

••;' ' . f - - : - ' 

' r ^L ' - •'•i^i'iL'.,^iktM'lKfM'^i:<:^'B.'^J£:^^2:^^ 

EIGURE' 1. - Bureau, of Mines hor a hole mining ays tea. 
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FIGURE 9, - Borehole cavlcy partially backfilled. 
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Borehole Mining Oil Sands is Compatible 
with Environment 
Objective 
Develop an environmentally 
feasible method of mining 
shallows oil sands without 
removing overburden. 

Approach 
Oil sands are extracted through a 
single borehole by cutting into 
the sands around the borehole 
with a high pressure water jet, and 
pumping the resulting slurry to 
the surface. Although oil can be 
extracted from shallow fields by 
open-pit mining methods, this 
type of mining may create sig
nificant environmental impacts, 
including: (1) disruption of the 
surface, (2) accumulation of 
waste rock piles, (3) accumu
lation of tailings, (4) damage to 
the ground water quality, and 
(5) surface water pollution. The 
borehole mining system 
developed and successfully field 
tested by the Bureau of Mines 
offers a method for extracting oil 
from oii sand with minimal 
disturbance to environmental 
quality. (For examples of other 
applications of borehole mining, 
see Tecfinology News Nos. 95, 63 
56, and 48.) 

How It Works 
Prior to the start of mining 
operations, baseline conditions 
for ground subsidence and 
ground water quality are 
established at the test site so that 
the degree of subsidence and 
changes in ground water quality 

can later be determined. Oil 
sands mining is conducted using 
the Bureau of Mines borehole 
mining system. The borehole 
mining tool consists of a 12-inch-
diameter pipe string and 
accessories capped with a three 
passage swivel terminated with a 
mining section. The mining 
section has an auger at the 
bottom. Four siurry inlet holes 
and an eductor are located 
above the auger, and a single 
cutting nozzle is located near the 
top of the mining section. The 
tool generates a high velocity 
water jet that erodes and slurrifies 
ores. The slurry is drawn into the 
inlet of the eductor which lifts 
the slurry to the surface where it is 
deposited into a siurry discharge 

sump. To detect evidence of sub
sidence, surveys of the iand 
surface are made at regular 
intervals during, and until 30 days 
after, the termination of the 
mining operations. Samples of 
ground water from the borehole 
and two adjacent monitor holes 
are taken on alternate days 
during the mining operations, 
and are later analyzed to deter
mine if any ground water con
tamination has occurred. 

Test Results 
The Bureau of Mines borehole 
mining system was successfully 
field-tested at a site in the 
Midway-Sunset Oil Field near 
Taft, in Kern County, California. 
The mining test was 

One thousand tons of oil sands produced by the borehole miner In 
Kern County, California. 

This document was prepared by the Bureau of Mines. Neither the United States Government nor any person acting on behalf of Ihe United States Governmenl 
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. 



carried out On a lease held by the 
Chevron Oil Company, and sub
leased to the Century Oii 
Company. 

Flow Industries, Inc., under 
contract to the Bureau, con
ducted the mining operations 
during which nearly 1,000 tons of 
oil sands were mined during 
70 hours of operation from 
depths ranging from 110 to 145 
feet, at an average production 
rate of 14 tons per hour. Mining 

rates as high as 45 tons per hour 
were demonstrated. 

No significant ground surface 
subsidence or ground water 
pollution was detected during the 
two-month period during and 
following mining operations. 

Patent Status 
The United States Department of 
the Interior is not applying for a 
patent on this development. 

For More 
Information 
Persons desiring more infor
mation about this deveiopment 
should contact: 

Technology Transfer Officer 
Twin Cities Research Center 
Bureau of Mines 
P.O. Box 1660 
Twin Cities, Minnesota 55111 

Borehole mining system on-site near Taft, California. 
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•:,-.• '•••.• . "•'•'••'•• ABSTRACT ""•; • - ' " 

Most of the projects summarized In this paper are funded under the 

Bureau's Advancing Metal-Nonmetal Mining Technology prograni and are 

part of the In situ mining subprogram coordinated at the Twin Cities 

Mining Research Center. The borehole mining equipment development, 

funded under the Bureau's Advancing Coal Mining Technology program, 

is essential to accelerated progress in the in situ mining subprogram, 

and some background information on this concept is included. The 
_ - - ' e. . 

4 - V ,-

initial in situ research projects started in 1971-7? evaluated some 

of the_ critical blast design parameters for in situ copper leaching. 

The present program totals about $1 million per year and includes In-

'^t? house research projects, cooperative (cost-sharing) projects with 

Wr'; 

I'm'--" ^^^ mining Industry, and research and development contracts. Two ' 

;• different extraction schemes are under investigation: Inplace leach-

M''̂,- lng and borehole (or slurry) mining. The principal commodity targets 

for the Bureau's improved in situ mining technologies include copper, 

uranium, coal, and potash'. The principal purpose of this paper is to 
'̂ ''••/inf orm-the mining industry of the in situ mining research recently-;-,''•' 

C'completed or being conducted by the Bureau of Mines.: In addition the 
' " • ^ ' ' ' ' . . • ' . ' ' 

Ŝfci'--. Bureau encourages companies to comment on the program accomplishments 
S.'"'.' '• • • -.- . - - . . , . : , I - t- : , . • • . ' 1 

E^as well as offer suggestions on top priority research needs for-' ,̂_îj.;, 
„ . . - , . . , -.- i • . • x • e , ^ . r ••• - • • 1 ,• • . . . - • . • - . . ' . , 

improving J;he in_sltu mlningmethods described in this paper."-; /nj •-

' • • ' • ' • ^ ^ - : ' - . i . - r - ' ^ i 

rNTRODUCTION 

|.''-{„.Terms, such as,.in.situ mining, in situ leaching, solution mining, 

fcborehole mining, and slurry mining have been used in different ways ' 

ja^o..describe a wide range of mining operations where a commodity is 

fciusually extracted remotely by activities that are conducted from the'. 

^'Tsurface. , As used .In this publication, in situ mining is a general,-/ 

1 
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//. 
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term that includes both leaching and borehole (or slurry) mining 

methods. In situ leaching does not include durap or heap leaching 

where the ore is blasted and/or dug and placed in areas specially 

prepared for leaching, but is reserved for the process where chemical 

solutions are circulated through the ore body. Although the ore may 

be blasted to Increase permeability for in situ leaching, it is not 

transported. The term borehole mining is used for the process where 

a hydraulic jet is used to slurrify a mineral commodity whlch^ is then 

pumped to the surface through a pipe._ 

In situ mining has been characterized as an extraction method ' 

having significant potential for Increasing productivity and extend

ing reserves. Leaching and borehole mining can lower the cutoff 

grade of ores having appropriate characteristics. Other advantages 

attributed to in situ mining include low capital costs', quick return 

on Investment, minimal effects on the environment', and improved 

safety. As part of its mission to assure that private Industry can 

produce a substantial share of the Nation's mineral needs iri a mannei' 

that does not degrade the environment, the Bureau is conducting 

research to Improve in situ-mining technology.' Althoughi research l:-i 

underway at the Bureau's Metallurgy Research Centers (principally 

Salt Lake City and Reno) to Improve metallurgical processes for dump, 

heap, and in situ leachlngj this paper will be restricted to research 

conducted, by the Bureau's Mining Research Branch. 

In situ mining research started at the Twin Cities Minirig Research 

Center in FY (fiscal year) 72 with a study to evaluate "the feasibility 

of using coriventional chemical explosives to fragment a low-grade 

copper ore body in'preparation for in situ leaching (fig. 'l)';' In FY 

73, this research effort was expanded into a field evaluation bf 
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•k. 
§•: 

I * . : • > - , 

• 

various blast designs and eventually helped form the basis for estab

lishing (in FY 76) a separate subprogram devoted to in situ mining at 

the Twin Cities Mining Research Center as part of the Bureau's 

Advancing Metal-Nonmetal Mining Technology (AMNMT) program. 

The in situ mining subprogram and the previous In situ mining - ' 

research conducted at TCMRC Include projects in both leaching and 

borehole (or slurry) mining. Research in leaching has been conducted 

under broad scope cooperative ventures with mining companies (fig. 

1) and alsd as more specific investigations of high-priority problems 

.•̂; (fig. 2). The progress on the borehole portion of the AMNMT subpro-
''*'•' . . . , . . . . . . - > . . . . . . . 

gram has been significantly aided by equipment developraent work . 

fJu funded under the Bureau's Advancing Coal Mining Technology program 
r-''.- • • ^ • ' 

j'r^(fig. 3). Major emphasis in the AMNMT borehole mining research is 
'•t,.ii. 

f̂ ',' placed on identifying the economical potential of this technology for 

critical mineral commodities such as uranium. Both the leaching and 

:',T borehole portions of the In Situ Mining subprogram contain projects. . 

?̂: which review; the state of the art (SOA) of the respective mining , -.-,, 

:'methods. In addition to keeping abreast of the developments in these 

fields, the SOA projects assess the economics for applying the.' • ,•'. i. 
, :" K .' . - . . .' ; - , . • 

||t'technologies to new commodities. As a result of interaction with --,:::. 
'"^industry, the SOA projects generate ideas for new research projects., 

'Results of the SOA work will be disseminated to the public"throughjrfr 
f f p f ' i : - ' . '-..̂ .i;-'!.,..?,; '-.u.'.. y '.,: ..1 :-.... -. .. ' • : - ' -> :. " V"A f-t, .i;.!-.-. 

periodic Bureau publications, such as Information Circulars andi;.;!-- " 
„!>->.l'.'-L -I-.:.:." 1 1 . •>• n 

}-{Reports of Investigation and other documents. For example, under..:; 
*•'>?.•"" ' . ' ' • • . ' 

î the leaching SOA project, the Bureau has developed an extensive' . ' - S : 

['.bibliography which Is continually updated and is available to the -

;jilriirîg industry and the general public upon request. Parties Inter-
f„ . 

ê sted in obtaining copies of the updated bibliography on leaching 
i-S. .(.„• 
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should contact W. C. Larson, Twin Cities Mining Research Center, 

Bureau of Mines, P.O. Box 1660, Twin Cities, Minn. 55111 (612-725-

3't6t). Parties interested in specific details on the borehole 

mining research conducted by the Bureau should contact Dr. George 

Savanick (6l2-725-t5'»3), also at the Twin Cities Mining Research 

Center, . ' •• '' '' •' • . .;•,-• ' / • • 

• Figure i( shows the AMNMT funding for in situ mining research 

during the period FY 72-PY 77. The high funding level for PY 76 was 

caused by the Pederal Government's shift to a new fiscal year frame

work starting In October rather than July. The program funding has 

been projected at about $1 million per year for the next couple of 

years. ' - -'•'"."• 

Until FY 75 all the in situ research projects were directed 

toward copper leaching. During PY 75 the first experimental work on 

in situ uranium leaching was conducted in cooperation with Minerals 

Exploration Co., at its site in the Red Desert area of Wyoming. The 

relative percentage of research funds"directed toward solving prob

lems in the in situ uranium leaching field has Increased sharply 

during the recent years, and presently the proportion of the total 

funds spent on uranium-related work has grown to about one-third of 

the total (fig. 5)." The trend toward a heavier emphasis'on the 

technologies for in situ extraction of uranium is expected to con

tinue as the problem of maintaining an adequate supply of uranium to 

fuel the Nation's nuclear reactors becomes more serious ."*•'- ••-* •' 

-• .'•.,.• • • • - . "•-.,.. , i :. ; ' . i ^ : - ! ' M-':/- • ;>ii',\-,-•'-,'• -'..I'l:,"''.'-''.'.'•..>''• .-'i-AJ-'-. t ;' <''i t .'.\ . 

The ultimate goal of the Bureau's in situ mining subprogram is to 

accelerate the development and transfer to Industry of Improved 
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techniques for the in situ extraction of ore deposits that would 

otherwise not be mined, thus expanding the Nation's supply of 

critical mineral commodities. . . . , 
. , . . . ! • - ' • ..... e r - ' . J . ' t t A r V ." . . V •;-.: • ".. ;,:i.* ,-i? •-. . . . 

• , - .-:•;'-- •••-I"'.' ". IN SITU LEACHING, COPPER ;•. • . • 

The leaching portion of the in situ mining program (particularly 

for copper) is divided into three broad depth ranges: surface, near 

surface, and deep (fig. 1). Most of the copper ore bodies in the...' 

surface category are above the water table, and little, if any, .. 

Overburden covers the ore. The near-surface deposits may or may not 

'̂̂ . be below the water table, but a layer of overburden covers the ore < • 

W''''f body.. Because a heaving action is difficult to obtain In these near-

surface deposits, the problem of obtaining sufficient permeability 

• ^ • l 

;•, enhancement by blasting is raore complex thari in the surface case. 

Research in the surface and near-surface cases is discussed under 

;«j? the heading of shallow deposits. ' '..Xt 

, 

The deposits characterized as deep are burled by such thickness 

of overburden (> 1,000 ft) (305 m) that natural permeabilities of. 

.; the formation are very low. . In this case, one potentially feasible 
•V 

mining method is to enter the ore body and excavate swell space to 

i receive the remaining rock mass which is blasted. Extraction pro-- •. 
î.; - . " • - ' • ' , • • ' 

iSi' ceeds. on a hybrid scheme where the rich portions of the ore body are'; 
| ! ! : i - . u - : - V . ' • • " " ' " , - ) - • • - , • • - • - - • - • • - - - • •• T " - ^ - • . 

'mined conventionally and the leaner portions are exploited with the-;!;-

K i n situ technique.', , '-.rt'"',tior;̂ ;'' '.W j rA-•"• ;;, Vi:''' " -' -•:••'!•-:•: -••'-' 

iit--.: • ' ; ' i . \ c ' - , : ' , • : • ; • t f ^ i ^yM ,?}, Shallow Deoosits"-

y,(... The Bureau's first project in the in situ copper leaching field' 
^'•r ' " . I 

p'was a feasibility study to evaluate the technical'and economic'..£•• 

fi problems encountered by industry and to recommend a course of,s.-j.,.: 

"-Jv ' - ' ' ' " • • . • ' . ' •- ' 

: ^ - ' : V ! '. • " ' • 
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action (1.)^. Figure 6 A-C shows the three blasting schemes that had 

been proposed for use of the nuclear device (fig. 6-A) or were being 

used for in situ leaching in operations such as Ranchers Old Reliable 

project near Mammoth, Ariz., (£) (fig. 6-B) and for block caving and 

leaching in mines at Ray { 3 ) and Miami, Ariz., ( ^ ) (fig. 6-C). The 

Bureau's Initial work evaluated the fragmentation scheme shown'in 

fig. 6-D, where large-diameter (> 9 in) (> 22.9 cm) vertical bore

holes were used with AN-PO (ammonium nitrate-fuel oil) or slurries 

to fragment the ore zone." Preliminary calculations showed that the 

vertical blasthole concept was competitive in cost with employing a 

nuclear device and of course avoided the political and environmental 

problems associated with that energy source." The largest question 

in the economic picture Involved the blasthole spacings that would 

have to be used to achieve adequate fragmentation in this blasting 

condition where the explosive is severely confined, and the Bureau's 
' I * ' - - . . • 

research was focused on that problem. • . ,, 

•:.:: -.•'-''• ':- Blast Design—Fragmentation Research at'-' -"-' '-

y . < . ' i z . . .'-, •i-.-i-.-r--' -- Duval's Sierrita Mine'.' • • •; .:.;"-••-".•.̂liT '. 

The first steps toward answering the blasthole spacing question 

for conventional explosive-fragmentation were undertaken by the"-' 

Bureau in cooperation with the Duval Corp., (5., 6̂ , 7.̂  •' "̂ ^̂  target' 
• ' . - • • ! • . - • • • • • . • •' ' - • ' • . ' n ' , •• • - - - K i '' ' •. r J ' 

ore zone was located In a porphyry copper molybdenum deposit' near'-
• . - : , . - • . > . - , . • • • - • : • ' . . . . • I . • "!•• I , ; ' , ' 

the company's Sierrita pit south of Tucson, Ariz., (fig. 7).' Ten 9~ 

inch (22.9-cra) diameter blastholes containing a total of 17,'<00 lb 

1 Underlined numbers in parentheses refer to items in the list of 

references at the end of. this report." • "'. 

,-'..•:• iti- •r:.: 'v.-- '--i -r... l;.j!i#.t-i:,Tc'3>j'c," t-to. •->•.--:• • . n J . n l - , 

'tc::'^l.- 'i 

ii3=i..-?4»iv-".v .uir-:, 
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(7,900 Kg) of aluminized slurry were fired in a special pattern 

which allowed the Bureau to evaluate fragmentation from three dif

ferent blasthole spacings: 15 ft (1.6 m ) , 20 ft (6.1 m ) , and 25 ft 

(7.6 ra). - . • . . . . . . . , .. . 

I ' 

•1' 

In comjiarlng the drill core data obtained from the blasted regions 

of the Duval test site with fragmentation results reported for the •-

in situ leaching blasts at the Old Reliable and Big Mike mines, the ' 

Bureau determined that all three blasthole spacings produced fragmen

tation comparable' with that produced by these production blasts'. '--•'• 

The Bureau's test blast produced an average fragment size that was"' 

less than the average 9-lnch-diameter fragments reported at the Big <' 

Mike mine (8)'and within the 9-lnch or less range obtained at the" • 

^ ' Old Reliable (£). '•'••:•• .'•;..-• • -' ' ,-- -' -''-•..S ;"• '•-'' '•",":• 

The Bureau used acoustic logging techniques to evaluate the 

Dr' deterioration in structural quality of the postblast versus the' ,.' 

preblast rock and determined that the blast-induced damage in the 

t^jiore fragments had been significantly better in the 15- and 20-ft^ . 

I^^fsp'acirigs than it had in the 25-ft spacing (7.)- The 25-ft spacing, 

'..'..however, did appear to generate sufficient cracking in spots to also 
) ' 3 f i : u ? f ' ^ : ' ' - • ̂-.."•••:,/•- V .--s- - • , " •• . 'V- •;",••• -. • -• • 
'';, Hold potential for use as a design parameter for exceptionally low 
"vtH,...Kf- -.i--.,.. ,v---̂ *?--.̂ -̂r-'-.--"- V-'- .. I •̂  • - -• il'-xy-^-.iy^::'.- > ̂ .̂ -..uiiv .̂ Tai; r. . R'-'grade ores that have poor stru 

m: ,>H-^< i - ' ' ' ^ " - f ' ^ ' d S ^ l u . : ? - ^ . . -• ^^'^^•{^••: 

ructural quality initially. 

;4'̂ 7, :;-.-.:ifv.i>-. t •••'.• „.,-'.- Leaching Experiments at El Paso's 

:).•• ;(.-':'i.'jsi if-. 

P^Mfi. 

Emerald Isle Mine 
i : iX : .Sc'e-: 

'"'•"."-•'̂ Although the Bureau's fragmentation experiment at'Duval's Sierrita 
W y > ' ' i n - ^ ' . -,=..-:,• •,2.;,..^X----;^fV:?-: • • ... A-.:.:a*i,.,.. v," ,*r....r, 
omlrie had indicated that conventional explosives in vertical boreholes 
Kj^jujvr.f. • . • • ( , ' , -i_-^ - - I . ' • ' . • - ' • • • . . : - - - \ . ' - • - - ' • ^ • -

'Wt^spacirigs of 15,'20^ and even 25 ft (4.6, 6.1', and''even 7-6 in) •' 
I f ^ M ' ' ! ^ ' * *"•'•' '- •'-.•• ' . - " . - • • - I . ; ' • V i i . . I ' - • ' . . - i : , - ' ' - . f -• - - - J i ' - i ', 'i • " . ' . . : . . r '•' ' 

ilcpuld adequately break up a burled ' 'ore body for in" s i t u leachingi no-
z/'^-^i-A'^.'.-.' 
^ ' • i ! ) r ( ' : ; . ' , ' • • . . • 

' ' y ^ * - . - ; - t ' ' ' ' . • ^. • 

• - ' . i V t ' K - J - . . - • . ; • ' ; . ' . , • • . • 

¥ - ^ - > ' l - - ^ ' • • • - . ' ' . 

' ' ^ - t / ' • ' ' : ' • . ' • • 

E i - ' i ; ; . " , ' . , • , • •• • • , 

fe-/-'-\"- -. -̂ • - - . ' ' : • . • • • • . • 

i ••! 

. ' • y 

, - ' • ! - ! 

i • ^ 
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y 
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leaching had been conducted. Because value recovery is one of the 

Important unanswered questions in the in situ copper leaching area, 

the Bureau sought further cooperation from the mining Industry to 

actually prepare and leach a site. This phase of the Bureau's 

program was undertaken in cooperation with El Paso Mining and Milling 

Co., at their Emerald Isle mine 15 miles northwest of Kingman, Ariz. 

The ultimate goal of the Bureau's cooperative work at the Emerald 

Isle mine was to demonstrate that in situ leaching methods could be 

used to economically exploit 200,000 tons (18.1 x 10^ Kg) of ore in 

the pit bottom and 1,500,000 tons (135 x 10^ Kg) of ore located near 

the flanks of the pit but buried under 200 ft (6l m) of overburden. 

In addition to the paper presented by D'Andrea and Runke at the 

joint MMIJ-AIME meeting in Denver, Colo., September 1-3, 1976 (10), 

the Bureau plans on publishing a comprehensive Report of Investiga

tions (RI) describing the Emerald Isle work. The initial test 

(Phase I) Involved explosively fracturing 15,000 tons (13.6 x 10^ 

Kg) of ore in the pit bottom which was then leached (fig. 8). Based 

on the success bf the Phase I test. El Paso also leached part of the 

ore in the pit bottom. The remaining experiments conducted under 

the cooperative agreement involved assessment of the fragmentation 
' •. • ' - ' •:••••- • - • ' • - ' • r • • ^ ~ - -

and permeability enhancement resulting from two blasts detonated by 
. • ..:. . ••:•-;' , . - . i - . f - ' , . . ' •• • -, - - • • .-.' - - , - - • - . '• • ' 

the Bureau in the Phase II area buried by 200 ft (6l m) of overburdsn. 

During leaching of the Phase I area, effluent copper grade averaged 

0.562 gram/liter, and a total of 29,000 lb (13,200 Kg) of copper vjas 
••''••- - •'. " • ' - : - - < - - v . •.•..;.:,-.^r"'' • ' J C"?''t;"i.; f ; : : : ' . •• 

p r o d u c e d by c e m e n t a t i o n o n s c r a p i r o n . - '- - — . .- ..<...,.., 
•!:."-':''i,''~'.' ̂ !i r'i-••'(;-' •' • .:•• •--. •c.-Ocf;---' ' . i . ii;--. . 'If ,'••:.• r-i '-".ii*;"!/ 'f^-f.- , . ^ r , ' i c 

A f t e r t h e c o m p l e t i o n o f the Ph a s e I l e a c h t e s t . El Pa s o commenced 

leaching of approximately 100,000 tons (9.1 x 10^ Kg) of ore in the 

:; 

/ ' \ 
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pit bottom.- The leaching continued for 190 days after the December 

197'' startup date. Because the company b.elleved the- natural permea-

.§. blllty of the Gila Conglomerate in the pit bottom might be sufficient 

to circulate the leaching solutions, the ore was not blasted.- , -. 

Although the grade of the effluent solutions was 0.6')6 gram/liter, 

low flow rates eventually forced El, Paso to suspend leaching activ

ities in the pit bottom to drill and blast the ore in an effort to 

increase the permeability and boost the flow rates. Some blasting 

was done, but before this step in ore body preparation could be-'•. .••".'-

completed, the company decided to close the Emerald Isle mine. 

Although El Paso's decision to terminate operations at the »:' - r : 

¥^ Emerald Isle mine shelved the Bureau's goal of demonstrating a ' : .'-

i \ production-scale in situ leaching operation for low-grade copper ore' 

K buried under 200 feet of overburden, detailed plans had been formula-

«'„ ted. Pigure 9 shows the final product of this exercise—an approach 

I'- that would blast and leach high-grade ore first, with successive- ,- . 

U • 

(J-; panels of lower grade material added as the project was expanded."'. '•.' 

f. The first area would Include ore in the pit bottom, under the pit;,'. . . 

'*;,, walls, and under I80 to 250 ft (55 to 76 m) of overburden along a, =' 

('.channel extending 700 ft (217 m) from the crest of the pit. The.'.-"' 

'-•.channel would follow the high-grade copper mineralization;. The' " ; 
R? second step would be to leach lower grade ore along the flanks of-.r 1:; 

r-r .•'.•>J- , c!?-j;f.!:.'r'"«:"' >.....ti':'.-.'j -r-jf-i ';: L'' the 700-ft (217-m) channel.*}:-,7 

• iri- .r . ' :- •' . ' . ! V ' Biv -:-,-. -••,•.•'.': " •'. 1 c-- 1 -••- , ••...:' ••;.' i;' 
ii-J. . . This Stepwise plan has several advantages which may be exploit-

-..'•T--; ';•?••*.' ' - i - l ' . - . • . ' . , 1 ' i - : ^ "• ". i-.;-••'; •c-'.'t t>aj; s---r.".•;.{•--i-i '. -. .-:'.. •-'-'>-''• 
able in'other similar geologic .situations:>'!-:.".; '' '-'• "'-•:•' 

/̂ 1. Initial leaching is in the higher grade ore. Lower grade -' 
', . . c " - . ! - ' ! : '.^.^ I'-i-t-c 'ry. • ' • i r - . - ' ^ (. .•' u, ';v-^v ,• .v--'7' '•:: :,: • . • . ' . : . " • ' 
areas need not be added unless the first area yields good results.' 

.; 'll 

1 

1 -^1 

:? 

'̂ M 

: « • • 

"t": 

' • • • : v -
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2.' Because the solutions would migrate downdip from the pit 

bottom to the recovery wells, the; leach solutions would be in contact 

with the ore for a longer time and should produce a higher grade 

solution.-. .. •-' .-•,'- --•<-, ,.«•-•-•,••"'- .•• 

3.' Because the initial channel would be weakened by the action 

of leach solutions, a second blast which fragments lower grade ore 

could be designed at a lower powder factor than the first.'•', •,'•'' 

4.. Blasting of the second area should shake up the first area 

and restimulate copper production: •'•'-• -'""'£' A•-.--•,'•'?'''.-"-' • " , cST, •' 

' , -.; ..:.•.'.;;!' .•: -.:•;-'• :-, .•- i ' ^ . i i O l ' . ' • ^ f i v r - I ^ ; ; - > • ( . : , , , : n c ^ i : . . . ! , ' 

One of the important obstacles to wider application of the in 

situ leaching method in copper mining is the uncertainty in pre

dicting final recovery. To help resolve some of this uncertainty, 

the Bureau used data from the Sierrita and Emerald Isle experiments 

as input to a computer program which predicted copper recovery as a 

function of fragment, size and leaching parameters (11,).' This work, 

presented at the 17th U.S. Symposium on Rock Mechanics ( 1 2 ) , demon

strated that the'actual copper recovery'fell short of the recovery 

predicted by the computer techniques (fig. 10): In addition to the 

degree of overestlraatlon inherent in the program, the'fragment sizet; 

obtained using a double-barrel wireline system were probably smaller 

than those present in the. rock mass; hence higher recbverie's would he 

predicted." Improvements in computer"simulation capability plus use 

of core drilling techniques, such as a triple-tube core barrel with 

a split inner tube, that do not disturb the core as much as other 
' • r j ^ ' - - ' • ' . • • • • - ' : i : ^ - i - , : i i -iW5»^;-..' . ..J.- -..;i;:v'^ii -.; . . : . ' , ; -"• - : . - - ^ y . '.. 

methods should enhance the accuracy of predicting the upper bounds 
X " • -.. ;;i-.' . •-.,-.;'lft, . : • [ . . • . • . , . ..;•-.;.-:-:: -',:..%:•.. . 

of copper recovery from proposed in situ leaching operations., 
. . , r . T • ' . . ' . ; . • - . • . - : . - . . - • ' ' . ^ .'.. •-• ; ' . ' - • . - . " . : • . ' > * . . 

Obviously if the economic value of the copper recovery predicted̂ -., 
. _ •••^•:^^^iC}::i.j.^^--:iz,f^fi:>ii;.fi>:'-^c^-:y^':,i':-,^'j',>i •^j'rt^M -hl^^^.rit.;''-- : .J.-.. ̂ 'V'- • 
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with these techniques (an upper boundary) does not exceed the costs 

of the project by a significant factor, the ore body should be 

rejected as an in situ leaching target.; ,;•-...,"••';',.' 

,. • . ,. .- Containment of Leach Solutions at Cyprus 

. . .',.-•, Mines Corporation's Johnson Mine ^ - , , - , ^ 

After the untimely termination of the cooperative agreement with 

El Paso Mining and Milling Co., for research at the Emerald Isle ..̂ r.-,-

mine, the Bureau canvassed the copper mining companies in the South-, 

west to find a new cooperator. Because of the depressed price for , , 

copper, interest was low; however, the Bureau succeeded in obtaining, 

a cooperative agreement with Cyprus Mines Corp., for work at their,; 

Johnson mine. The project objectives are to demonstrate the economic 

advantages of in situ leaching for extracting low-grade ore from the 

fringes of Cyprus' open pit mine. One of the raost difficult problems 

under evaluation is that of solution containment. The ore body is 

above the water table, and several highly' permeable zones intersect 

the area, targeted for leaching. A test blast was detonated during 

the last half of PY 77, and water circulation studies are underway 

to assess the ability to contain leaching solutions. As a. followup 

to a successful^ test, Cyprus and the Bureau plan to conduct pilot- .. 

scale .leaching in PY 7^.'-i^^.iii:-siiLir-'i^-tlA'''^-^^''-l':i'1'i-'''i s'(v"a=̂ 'Mj-f: ''•'-'.''.r.̂n'Jt'i'H'l''.: 

• ^ ' < ^ x ' z : V y ' ! . - : X i \ / H ^;i-^.^';-4 ;i-̂ '.-t-̂ '/.:'-'v 'v .-'.''^^v ^.."•.-.t;«v^'t;:'> -
• _. ;. ;'' ^ Mathematical Modeling ^ .'̂  • 

'^ ii' '7 v ,',.,. T-a ' . - i " ' : i ' . - ' ' • ' • ) ' . , r i , - ) ^ f , i i ^ , . . . ' ,.-' - ;. 'n-„.-- ' ' •--''' -.'• ' • - . ' - ' ' ' - - " - i - - . . . - -

The Bureau's work bri computer modeling of in situ" copper leaching, 
. . . - - > > , - . » 5 ^ l . - -,. ..f . . ^ t , , . > j , •/ ';."-'• fl"-"'- •'. • • ' ' '— , ' » J - - - - • ' - • " • • 1 , 1 ;-.;•, 

S t a r t e d ' iri 'PY 75 ( f i g . ' 2 ) ' , " i's 'summarized by a Ph, D t h e s i s (13)" 
-.-":' !.;•:• "K^/-^ siti.f^m'-i'-' -V...VJ'. '^•. - •.-, - y^ ^•^'"•-;'•'•••,:-rt''^ '" ' • r- ' i i - j / : . -? .- ; : ' . 
and two o u t s i d e paper 's d e s c r i b i n g key p o r t i o n s of t h e o v e r a l l com-

•̂••--'/••:'"" )rff-*nv;-.((r' ••-.;-•.•'-•'•"'•• :'•••••':•''.":.•.'• ••.;•".-'-_t'-•;•-•.*• ..r..':-;' ...J;' 
puter program (.iA_, 15^).' As formulated in the thesis, the computer 

'""*"i".:.c- ••»:/{•:';-;<• ^^r.-'.'^Tu h;'":;.'-J - r.':•-'-V%M „-r•'-̂ ,'.•-;/.••''';;';'̂ "̂ '-'̂ -l'f 
model consists of eight programs—ore reserve, fragmentation, leach, 
, •'''''^^''^. J j v ' ^ r i i . ' y ^ ^ . ' ^ h r r '!,':'<ii't^-S^,i;'.tn %kU~';;^ '-^lL' i ' ' ' -^e"^ly •i'it'.rn-.â ?-. •7•:;••f̂!t ' 

1 

., ; ; • ! • ! 

' '̂  ---- ,-', 

.'«'.• -:' 

::> i 

' * j ' i 

' ^ 

!;'!•' 'I- !| ' 

! • 

' ^ • • • l ^ 
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SOLDIS (solution distribution and recovery cost), cutoff, surface, 

cash flow, and finance (return)—that are designed to run separately, 

but could be combined by a master program (fig. 11). ' . "•' .'"-"-' 

An ore reserve model developed by White (16̂ ) was used in this ap

plication to determine the geological parameters of the ore body to 

be investigated. The other programs calculate various operating 

parameters and/or costs. Por example, the fragmentation program 

calculates the cost for either a coyote or a vertical blasthole 

system, while the leach program simulates the leaching of a typical 

unit of the copper oxide ore column and calculates factors such as 

the percent of copper recovered, the-grade of the effluent solution, 

and the grade of the ore column as a function of time, acid concen-

tration, and geologic parameters. '..l''--. , -,. . "" 

Based on the Interest of the mining industry for use of this 

model, the Bureau plans to publish' more details of the model as 

RI's. 
:;. ,.i-r.i • • 7 ' -̂  ..'•• .; iv.' ^ ^ ••- iP^r.-:^- .i",.' ^i,-.: v-.,..;., .̂  v. 
.'••-''"" • .•'. •,•'•' : *": • '•'••' D e e p . D e p o s i t ' s ' ',-: ••'•f: f„..' •, •..". 

The portion of the Bureau's In situ mining research dealing with 

an ore body that Is too deeply burled to be fragmented with vertical 

blast holes from the surface was conducted in an underground mine in 

Upper Michigan's Keweenaw Peninsula. This old mining district Is 

famous for its rare occurrence of native copper, which is found in 

two types of rocks.- lava flows (amygdaloid) and sedimentary deposits 

(conglomerate). A significant amount of copper remains in the mined-

out areas in shaft and stope pillars, old stopes filled with low-

grade ore, and low-grade remnants left in hanging and foot walls-.-

other deposits, never mined, also constitute a sizable reserve. 
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Because of the high costs associated with conventional mining and 

milling, elevated prices for copper have never stimulated the eco

nomics of this area to its former levels. Still, the native copper 

deposits of the Keweenaw were worked continuously from the iŜ IO's to 

1968 when Universal Oil stopped mining operations at its Calumet,. . 

Division. In 1972, Shoemaker (17.) proposed that the deposits of the 

Keweenaw area might be reevaluated as targets for in situ leaching 

using a modified version of the Benedict process, a technique using" 

cuj)ric ammonium carbonate as a- lixiviant, that was patented in 1915 

by C. H. Benedict and used to treat millions of tons of tailings. 

Shoemaker's suggestion of turning the entire copper-bearing vein'" 

structure of the Keweenaw Peninsula into one huge In situ leaching"'-"' 

field represents aa exciting concept. Implementation would, of "••"' 

necessity, have to be a slow, gradual process which would evaluate 
t 1 ; - , ' . , - . 

ĵ ;̂., the numerous problems before leaching could be instigated on such a 

0 ; grand scale (or even on a small one).- " '• '~ ..:v..i-a^r,.' 

" .'' I". . .. : 

' . ' T ' ~ i . !. ^ji: . ; . . • . . ij fe"-'.".- " ' . . ; . : . '•<.'..'-• i r , . . . . . : 

Site . Char 'acter izat ion and Fragmentation. , 

Assessment a t Homes'take's Seneca No. 2 Mine 

.".••;,.:'!.c •-..•..' 

. : i . . l . 1 ' r . ' : . 

/:; i : ' .}.V : 

l̂ f.. The Bureau's research evaluated the feasibility of developing ,̂  

i-i, blocks'of virgin ore for leaching, rather than leaching existing".V'",. 

lir'stopes filled with rubblized gob (18-19). The project was a coop-!',". 
//..., , U*.,U .-.'l.V' . - *. < • ' .* • •- *• - i-̂ - ^V, ' . ' d l , . . ' - t . i . ' , ' . - . . . . . .• .z,^, . . ^ . • 
i;.' i..-l -J.T|-;I71U('.. . .--W.. -.'. -• - •- . . - .. ,.--K., . - . . . . . , • c « 1,. 

ift'.|̂eratlve venture with Homestake Mining^ Co'., as part_ of Hom.e.stakê s y». 
s'.-E?'"^"^*":'•''''''"'•'''-'"'•''''""'"'"'' • • ' • " ' " i - - " 1 ' - ' " . I n • ' . ' ' , • r . ' " ."''"•• '.:*' . "-. — •",-• - " . . - ; _ . . j " ^ - • 

?£ agreement with_Universal 0il.Co.,^to work and evaluate mineral̂ ';,,,̂  ... 

'properties in the northern half of the Keweenaw Peninsula. 
r-?^ ' 1 .;;- J. -.. ;.. f .. . X . . -- . ..: .. i. .. . ., .- .̂- > - ?/xizu'. 
^service contract was also avjarded to Michigan Tech's Institute of,,., , 
H... -j..,.-K):,- :.',U'.'•'.-Vt- --,J- --̂ .̂Ji.., ,^i<., ..•• . ' j . , . . : . - . i._.... - . 1 , . « i :.-,-,.,. . ..._.•.»%:...)—.f.. 

>|ilneral Research (IMR) to perform laboratory "vat" leaching tests, and 

jKporosity and permeability tests in the mine.- Two basic approaches., ,, 
hmVZ i. - • / i t : •::..• t-.------„.-.'-'-••--i~-<^ =•--•-V.--. . i^. 'f-iT'.x.. . ... .- . ..rr ,•_-. .,J;v;M 

• ! • / : ' • •• • - • • 

:were originally conceived, for fragmenting deep, ore bodies for...,̂  .-n̂ ^m 
p-"'.'!:,!̂ ' -. ' : ^ . - . «k-.'i.. --..-i,. -.' î -.i.̂ -i-.-̂ .'jt-iw . . . . . - : . ( » . . - - . . , ' . : , , . ' ' , . . t : » . i . : i i ' . I * - . - f i . . \ ' i . 

1 • • 
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leaching—confined blasting from drifts, and blasting to relief 

provided by raises or other mine development openings (fig. 12). ' 

Because .of the depressed market for copper at the time the cooperative 

work was conducted, emphasis was placed on the low-cost methods of -

circulating leach solutions through the ore body (confined blasting). 

Part, of the Bureau's initial work on deep leaching of native, 

copper deposits (PY 75) Involved laboratory experimentation on a new 

technique for leaching the ore broken in a rubblized stope^ similar 

to the configuration shown in figure 12... The normal .scheme for 

leaching ore in this configuration would involve flooding or downward 

percolation of leachant to contact the broken ore. Because of the 

large volume of leachant required for. flooding, the cost is substan

tial. Moreover, in case an unexpected fissure is encountered, the 

flood leaching case would risk considerable loss of reagent with 

concomitant 'financial loss and potential threat to ground water. In 

addition, some of the leaching schemes proposed for the deeply 

buried ore deposits have Involved plans for solution collection in 

drifts below the brokeri ore. Because a method of contacting frag

mented ore in'a generally upward or horizontal advancement appeared 

to have value, the Bureau- developed and laboratory-tested a method 

(20) for passing reagent-carrying foam through a rubbllzed'ore "" " 

column using air or other'gas pressure.. The key to the process is 

to incorporate a surfactant (surface reactive agent) in the leaching 

solutioni The use of gases lighter than air, such as helium or ' 

helium-^air mixtures, as foam' carriers increases the traverse speed — 

through the broken ore:- The leaching process cari thus be carried 

out cyclically, with foam-up and drain-down cycles'];'or continuously, 

with the drain-down occurring at the periphery of, the massV This 

['• 

I r-

h 
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foaming technique may reduce channeling of the reagent flow patterns 

in a fragmented ore body, a potential benefit of the technique v;hlch 

raust be verified In field experiments. Further tests may also be 

necessary to determine whether the surfactants are compatible with ' 

the leaching solutions and with the metallurgical processes used to 

recover the minerals frora the solution.""'J '. • •:.'-'- ->"i , , • ..''*-••'' 

The test site chosen by Homestake and the Bureau was on the third 
••V-,.-u" 

?i',t'':' level of the Seneca No. 2 mine, near Mohawk, Mich. The copper -
w.t.;.' - .. i - . . ,. . . I , , J . .. . . . . . . , . . , . . . . - ^ 

I'̂ ĵ .'̂ -̂. 'mineralization at the Seneca No. 2 occurs in the amygdaloldal top of 

fM. the Kearsarge basalt, which dips at an angle of 37° in the general 

' ^ ' 0 - ^IJ'ection of Lake Superior. Although the project activities were to 

^j't'/'be conducted only 350 ft (107 m) below the surface, the mine had 
v*Vfi'.-.i^.*i,)- - • ' : . • ' j ' • * • . . . -. • - • * •' . - . - . - . - - . ' . ' . , . ' 

••;;4':.w b e e n a b a n d o n e d since the late 1 9 5 0 ' s , and H o m e s t a k e had to spend 
'm^f-:- - C?:';_--. • - • ' • • •-•' • .. : < • • ••• • - • • ' ' • ' • - • 

S^h-". considerable time and money to refurbish the shaft and surface 
i^ff3f\iC.':'V'.i -• • . : - : • : :• - .V.i •..• , . . ,- ;..•...-..• -̂;." v/r;.,- f U 
i:i'Ji^; facilities before the test drift could be prepared. "" . 
'*;,̂ 'E';'J7̂ ,i- -—:̂ .'... ̂  -. , ;:.-v..v..5- y -J '• --. L U - '-, i.-"*.-;.. ' - - -̂  • . .- -. '".^-B<,r"J t' -.. -' .1-*'.-,,.>•.-"'-i! 

^ iW' ' 
•̂4"''fi-T-'* '^he first step In analyzing the baseline conditions at the test -

1
W^'- -
^S|/;,site was to core-drill selected zones of the hanging and foot ••'.,. 
;^Jj-walls'.-- The cores were analyzed for fractures," and later the holes 

.^-'.SvWere used to measure the natural permeability, porosity, and fracture 
^'"characteristics of the amygdaloldal basalt. These data were used to 
Ĵ-! • iii-•̂••-£<:'•: ---C':'-'-'- '-l"-̂ ' -̂ •fci--. :̂- ''-'•• ^̂ -- •' :S6fe:r.:.J f ct.. . ̂  .. ?.:r;- ..:.. . ' i , 
V<-;̂ 1)̂  evaluate the possibility of circulating fluid's without .blasting, ; 
^ ^ ^ ^ Z r "5.':̂  '--:-..Jii i»;".i: , Z-'U r.'.y.-y'i'. ' Ol c"»;,.;.._ .'i. -tf'if-r • '-r: 'i--̂  , •;•. 
[l̂'-rand (2) assess the relative effectiveness of different blasthole 
'"f'f-i.--... " (;;i -, ...-̂ 0 I.T.--' U X - ' . - l . ' i ~':. f-fiC-.-!̂  ':. ' ' i . ' i - .C. ' !j.'-i-J-:". " ".".I ... *'"' -'f-' •' 

fjspacings in fra g m e n t i n g the ore b o d y . -"'-•"•-'••• .' "' -••'••i' • " 
' l ^ f ' - ' - i - t t - . r : t.t;.,Vww;-hv.^-v.;i~vv- ^ - L - - , . , . . - - t i l l - 0"^ -̂.c C':,';vr i ;.-; •:-:y--y, . r . 
f^c^l^r-v'^ . • ' • - ^ ' ' ' i ^ " ' - - - ' • • • • • .-•^- •.: - • • • v . ' - . o c ; . . : . : - , ' f ^ _ H ; - ^ ^ y . _ : i - n . : . : ^ .,?.; .̂ ^ . 
§•'5-'-.,The natural permeability of the formation range'd from 0 to 1.5 '*~'-' 
iS;̂ -̂̂ t.fr»..--: . . Ai'..- i-i- . - .,L- - t ;•: -.Xi- - '., -- ..•".. 'i..̂ --.- .._.. :.,,_ . ' ^ ^ 
^'^liiniilldarcys (1.5 f t / y r [O.hS m/yr])," with an average of about O.OM-"'"" 

- ̂ ' S i ..u,:.-i , . ; : . •;.-; c i . i ^ : - f - ' • : . : • • , . - , - - . . -., , - ; - , ' • • . • . , • • • • - - • i ; .. 

^^Ciniilidarcy."' Effective porosity measurements, a w'ay to estimate the'' ' 
Pv̂ 5ftr̂ ;rwiv.v .;.--. .-..;:':.;..< .,.--, i;. •..-....• • ,.:. - .. _ -.t. •.-'..,. .. „. r. 

^"erigth of the paths over which the pores' in a rock are interconnected. 
- ,' lU 
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Showed that the pores were Interconnected for an average of only 1 

inch (2.5'' cm) away from the core hole. These tests demonstrated 

that the formation had no. potential for being leached without blast-
. . . - - • -• ' . . " - , • .- - - - - - f - / - - • •• ' - I • 

lng. 

Accordingly, the Bureau evaluated the fracturing and permeability 

enhancement generated by blast patterns (3-ln [7.62-cm] diameter 

blastholes) with burden-to-blasthole-diameter ratios of 10, I k , and 

18. A slurry blasting agent was used to provide a 20-ft (6.1-m) 

powder column. The remaining 20 feet of hole was filled with water. 

The effectiveness of each blasthole spacing in fragmenting the rock 

was evaluated with postshot core holes drilled in the center of each 

triangular pattern. • Fracturing in the core was then compared with 

that in the preshot core; the permeability was also then determined 

in the postshot core holes for comparison with preshot measurements. 

Dyes were also injected into the'"-formation after the blast to iden

tify fracture zones capable of transmitting fluids. 

The permeability changes created by the blast fracturing were 

disappointingly small. Even with Injection pressures of 80 psi 

(5.51 X 10^ N/m^), very, little fluid could be pushed from one hole 

to the next. Because permeabilities of at least 500 ft/yr (152 

m/yr) or 500 millidarcys are desired for leaching, and since the 
' . - • • • • - ' - - • - • ; ': - "... • • : ' i ' ! v • ' - ' < ? , • • • • • - • •;••',• 

best permeability achieved with the close spacings was only HO 
- . j ? ', * .•.':-. r , 

ft/year (12.2 m/yr) or tO millidarcys, the Bureau concluded that 

conf.lned blasting simply did not create enough permeability to 

support leaching. . Furthermore, studies of the postshot core to 

locate fractures containing dye injected into the formation revealed 

only one 2-ft_ (0.6l-ra) fracture that contained any traces/. The ' 
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remainder of the core from all three postshot core holes showed no 

evidence that dye had been transmitted through the formation. ., 

Further research in preparing impermeable fonnations (such as the, 

native copper ores) for leaching at depth must concentrate on methods 

where significant swell space is provided to allow the fragmented 

rock to expand and realign. ," •:•'•,-•- • i 

Plans to proceed with Homestake to evaluate the "swell space",, 

blast design had to be shelved in October 1976, when the corapany 

laid off miners and"mill workers at the Centennial mine due.to low,., 

copper prices. The Bureau is seeking new cooperators for research 

ventures In deep leaching..•.,'.,£i,.;._..|;-..- r ,=, - .-n.-if-, -..- • -..•-'•-•.-."p,:;'-

'•fii-', '.'-

IN SITU LEACHING, URANIUM • . • - . 

Most U.S. uranium-bearing deposits occur In sedimentary formations 

such as sandstones and conglomerates (21^). The principal uranium 

minerals (uranite, coffinite, and carnotite) are found in a variety 

<,': of geologic occurrences including interstitial fillings, grain ,.,-, 

J?'coatings,, replacements of organic -or carbonaceous materials, and-,,, 
• • ' 7 - - . • -

%-'fracture or cleavage, fillings in the long crescent-shaped roll-•.'.,. ' 

!,7. front-type deposits commonly found in Texas and Wyoming. Mosti.tt,... 
" ^ ' ^ • , ' , 

I,*'.; individual uranium deposits are small and contairi only a few hundred 
("V.l- • - • 

:̂,;j to a .few thousand tons of ore..>„ In addition to the small size of the . 

'j;bre bodies, uranium ores mined in the United States in 1973 averaged 

only 0.21 percent U3O8.., Because the small ore body sizes and low •. 

0.,grades present problems to mine developers using conventional surface 

•̂; and underground mining techniques, several companies . (2£, 23).'--.'̂. •?.'-,?•: 

Î and the Bureau of Mines {2M) are actively engaged in evaluating.i.̂ .;-....-
•tf.. ' • 

'tin7s,itir'te'c'hriiquVs''''sucha'3'. leaching and borehole" or s lu r ry mining" .-
^ f j .':'}~:i:V: ' ic .t-asi'•',:''. : • - . - ; - ) r.,c.- ,i-„'C'-C 
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which would facilitate economic extraction of these small ore bodies. 

Most of the activity has been located in Texas, Colorado, and Wyoming. 

All of the Bureau's research to date has involved near-surface ' 

operations (< 500 ft [< 152 m])." :;.":.;.-. ".i"... •-•.: . ; ;-.• -.r-r-- - . 

Well Completion Methods 

Optimum Well Completion Using Conventional Techniques 

One of the most important problems identified through discussion 

with'Industry representatives engaged in in situ uranium leaching is 

injection well construction-and development. Clogging of the wells 

so that only small Injection rates can be obtained is a serious and-

common problem. Some of the low Injectivity may be, caused by for

mation damage done during drilling. Although guar-gum-base drilling 

fluids such as Revert^ and Lo Loss produce less clogging than ben

tonite, serious clogging can result unless proper flushing chemicals 

and development procedures are used. 
-.--,-.• l' •• • , r - - •".-;.,. . . . . . - • • > : • -• ;1" V"'-'•''^^'.'--- "" , t̂ "'" .aVj:!'- ;:, ' 

Most of the Bureau's well completion work involving prevention of 

formation damage due to drilling fluids was accomplished under a 

cooperative agreement with Intercontinental Energy Corp., (IEC) of 

Denver, Colo. The resear'ch comparing the relative effectiveness of 

two types of drillirig fluids for completing Injection wells was 

conducted at lEC's site near Pawnee, Tex: The two fluids compared 
'. - ' v . . I . ' . ' • '. • -' - , - • • • I , " - • • • ' ' • • 

in th'e experiments were the organi'c drilling fluid Revert (guar gum 
... - . 1 . - ' " ' , • . ' ^ - • - - • . . . - • - * 

base)-and an inorganic fluid containing potassium chloride and a 

flocculating agent; ".The viscosity of the inorganic fluid was increased 
• : . ' - . . - r ' . ' " ' V : • • • : . ' • •-•- ' • • ' • - • • • . : • ' • • > . , ' : . • ' -

with.additives to avoid turbulent flow during drilling and'resulting 
" • - . .- -.'.' ' - ••:-•--...-",•.-.,-.. .'..'.. . . I S , - - '. •• -,-.>..• . 

borehole wall .erosionI'i''•'•-- •'i-••'••£.I--^ • r n v ' ' - J , . ••{'.•,.• ":-' ,.uZ-''-r.'.{? : . 

^ Reference to specific equipment (or trade names or manufacturers) 

does not imply endorsement by the Bureau of Miries". "" 
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Preliminary analysis of the injectivity data has demonstrated 

that no large difference existed between the injectivity of wells 

drilled with either fluid. Because the Inorganic fluid is consid

erably more expensive than Revert, its use would not be Justified in 

deposits having less than 10 percent clay. For deposits with more 

clay the inorganic fluids may do a better Job minimizing swelling . 

and hence be cost effective. . "... 

fej-.'-

Because of variability of conditions in the field, .the .", i-̂'i-

Bureau plans tb extend the research on well drilling through labora--

tory studies to determine conditions under which a skin formed on,-,--

the borehole will not break down and what steps should be taken to> 

Insure breakdown;'.- '-.'••.•.-.'<; TVU,?-'." •. ...'(-•,- .; .,,,-. .,, .-••;',-. -. • 

. s : j i e f ~ t ^ ' . -

i 

Hydraulic Jet Technology for Perforating and 

• , ' • . • . Stimulating In Situ Uranium Leaching Wells 

This part of the Bureau's in situ mining'program involves the use 

of a water Jet cutting device specifically designed to perforate the 

side wall of cemented polyvinyl chloride (PVC) cased uranium leaching 

wells';V. One of the present practices in the uranium leaching industry 

Is td case and cement the well to a depth beyond the mineralized.>; 

zone.- The grouted casing in the mineralized zone is then removed-,,'' 

with a" mechanical reaming' device, and'a well screen Is placed in. the 

mineralized zone of the well'.''-.' The water Jet perforation technique 

would eliminate the expense and time required to underream the well 

and place the well-screens.-- This technique has the additionaly i-ij 

advantage that perforations can'be placed exactly In the spot where 

""the ingress of solutions is required. This flexibility can be. ;5̂ ,̂.. 

• ^ ' . v , : ^ , " : • - . ' ' • ;,,:•• i . - . : . i - •-.. - • • • ' - • ' _ • • • • • ^ : - ; • " . . , : ' ' \ ' . ' , " -

advarit'ageously appl'led in those'area's that "are ,irregularly.-V'- '̂?•••''•.-'ll. •:. ' 

mineValiz'e'd:'̂  '-'•'̂.' 
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Preliminary results of cooperative field tests with Wyoming -

Mineral Corp., and Mobil Oil Co., were presented at the Uranium 

Mining Technology Conference held at Reno, Nev., April 25-29, 1977 

(25.). In addition, the U.S. Department of the Interior has decided 

to proceed with a patent application for several aspects of the 

technique which were not covered by earlier patents in the area 

( 2 6 ) . ' • .-•/;'. • • } • .•: ..:. 

The Bureau's water Jet perforator consists of a pump, a high-

pressure hose, a swivel, a string of high-pressure pipe, and a 

nozzle assembly (fig. 13). The nozzle assembly changes the flow 

direction from vertical down the length of the pipe to horizontal at 

the nozzle exit and converts the pressure energy of the water into 

kinetic energy, thereby creating a high-velocity jet which cuts the 

casing. Figure l4 shows the Jet as it exits from a laboratory test 

sample; •", ';-; ,̂  y 

'•' ' In addition to the ability to provide sand control without the 

placement of well screens, the Bureau's field experiments at Wyoming 

Mineral's Lamprecht site (Ray Point) and Mobil Oil Co.'s Longoria 

site (Bruni) in Texas identified the following potential advantages 

of the water jet perforator,- First, the technique could be used to 

Increase the ability to inject leach solutions through uranium 

leaching injection wells, which exhibit subpar Injectivity and do 

not respond to conventional well stimulation methods, such as the 

use of acids.-- Figure 15 shows the performance history of such a 

well stimulated with the v/ater Jet perforator. Secondly, the water 

jet perforator can enhance the permeability of the.uraniferous sand 

in the vicinity of. the .well bore (an annulus'1. foot [0.3 ni] thick • 

throughout the length of the mineralized zone) by selective removal 

mr 
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-̂

of clay particles in the mineralized zone if the formation is not 

excessively hard. Other permeability enhancement applications might 

involve use of Jets with higher flow rates, say up to 30 gallons 

(llU liters) per minute, to erode the parts of the formation wall 

that were damaged (plugged) by well drilling fluid during development. 

Finally, the Jet perforator can be used to regulate the flow pattern 

through the mineralized zone between injection and recovery wells by 

the placement of a predetermined configuration of holes in the 

'̂•- •••' recovery wells. 
• l ^ - ' ' - ' . I-' •• . ',I:is,^'a'J,.*"'w'•' -• - " . ' i : : -

*̂ ftrV':;,: 1, ;, Recent field experiments at Wyoming Mineral's Irigaray site near . 
S-%''-'> ' 

fT-'-.V. Buffalo, W y o . , identified some additional features of the jet perfo-
.&y:h, • : • ] . ' ..-. •,'•: ' .• - •.- . . . . . . • 

f;;':'!-' rator such as the ability to operate in 2-inch (5.1-cm) diameter 
W - ^ ( ^ ' ' ' ' ' ' • ' - ' •• ' • ^ ' ' . - • ' ' r . • . 

f̂f„.J, .' w e l l s , and the ability to tolerate horizontal deviations up to 17 
- h i f . ; i > ' ;;,;. • • • - , • . . . . , - . . . . , , . • - . . . - . j : - - ;.-

^|||;:^r'.,f'eet'in 300'feet (5.2 m in-91.5 m)'of vertical distance. The vjork ' 

•̂ .•{•1̂ ;̂ also identified some problems related to the yery competent sandstone 
'M'"/''-^?.-^'."!"i«.l,v--"":'•.•'•'"•'••'•"'•'' • ' • ' - . . • • - ' • • - . " - • - . '•" - > ••-.•.•.-'-. T 

^••.- ore. In this area sand control is not a problem, and low injectivity 

• ^ , ' J ^ i s the prime concern. Jet perforator operating parameters that were 

*?^" ,11 successfully used in Texas did not produce satisfactory results, and 

'W'.JV'" furtiier research should be conducted to evaluate higher flow rate 

sv.'i'i".. Je'-s In slotting configurations that might achieve the high production 

l;'!f-; rates (30 gallc 
9 , t ^ i i ' r ^ - ' f \ " ^'S'.^:'-: *"• •; "î J't "'• f •:'*'-'•' 

ons per minute) desired. In addition, the use of the 

& higher flow rate jets (about 30 gallons per minute) to ero< de parts 

'-'of the .formation damaged by well drilling fluid should be extensively 
fK""-'" ' ' • / ".' - ' •• 

evaluated.' ,.- . --̂ •. - ,' • 
Tli-:. - • - , -

liT0C^-3.CA''-.X<?.--'---"-i''^>'.Wv' •î -<r;.i''"-"'!»'̂ "'"" -•''""; -•"̂•*. -"-->•'-' >• •*- "• •-'' • ' ^ - : ~ I ' '. •'-'• •-»".'.•:!'•' i 
t);*,'''^ • •' ':.'. '•" ' ^ '• '. L e a c h i n g M e t h o d o l o g y ' : 
• i M i ^ r i r r ' l i 9 . ^ h ^ , ' ^ S ^ i i ' ^ : - P : ^ V - ' ^ ' .. -••-"•N"-: • '•--'̂  ..v̂ -.'ii-'- , '--'s;-̂ ^ .;:;f>.'; 
t'l*"?/;-'". - -". Geochemical Modeling 
• J 9 ^ i ^ ' . - ^ M - ' t - ? ^ ^ ' : ^ : ^ - ' : ' ' ^ i T ; ' ? - ' i ' ^ ' - • • : ' : - - • • - • ^̂ v .-. :r . ,-'i;-' . v . :"r :'/ic-' î̂ ;.: 

iv.-̂  Most of the preliminary data for the geochemical modeling were 
. \ m f ^ : : C - . i . ' ^ ' i d ',/ ".••• -̂ ."•::••..: .K-- .- .•.:••. ••-,;, .. - . '" 

g:obtalned from lEC's Pawnee site. The ultimate goal is to develop a 

ffi-iir: 
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model that will aid in selecting the best leaching solution and 

concentration, oxidizer concentration, and flow rate for a given 

deposit, using as input the analyses of cores and ground water. The 

benefits to be gained from this optimization include a higher per-

centage recovery of uranium and possibly lower total costs for the 

operation. The capability for eventual computer simulation of the 

geochemical reactions is being developed in cooperation with the 

U. S. Geological Survey, Menlo Park, Calif., and Hydrosclence, Inc., 

Westwood, N.J.. Arrangements are being made to gather more field 

data for this task from a site in Wyoming where an acid leaching* 

solution will be used. . , •„̂r.. , -. . j-ni.̂!, i •'.".' •- .- / , -.>••;' .-,-'-

•;"••• Development of Computer Models for Fluid Flow 

A brief summary of the first phase of the Bureau's work on fluid 

flow modeling was given at the Vail Conference on In Situ Uranium 

Leaching (24̂ )..- The Initial product is a computer program, 5-SISL 

(five-spot in situ leaching), which can be used to simulate the 

hydrology of a single five-spot well pattern that is used to leach 

uranium from an underground aquifer (sandstone layer). The prograni 

consists of a number of subprograms that provide various options 
. ' • • : , • . - ' . - - - . - , 1 - . . • • • . • • • . - ' • • . • •• • ' • ' ' ' • • : • 

depending on the nature of the aquifer as inferred from core infor-
• - • . - : . ' ' . i , . - ' . ' . . ' • ' " • . - . : - - * • • ' - - ; ' • ' • • • • - . ' I ' " : : ' j i : / ; -• • ' " 

mation together with laboratory and field measurements of permea-
•-••.•'-,;-- '-••'•• :•••-•• .'«, ;.; ' : • . ; - : • • - • ' - J . 1 . ' . ' - < ^ - ' ' T i r n r ' ' „ . . • . . - • • 3 - i - : ! i ' x - v z 1 !i 'x : - - n 

bility. The Bureau plans on publishing a detailed description of 

this program in a report of investigation. 

The ultimate goal of this part of the Bureau's model development 

work is- to predict flow characteristics "and concentration of uranium 

and leaching solution for a multiple-well field configuration. -

."• .H^/ 

'', ', î V'K '•'u* r •-T\: 
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Parties interested In obtaining copies of the program listings 

developed to date should contact the Twin Cities Mining Research 

Center, (D. I. Kurth; 612-725-4549). 

"-V.i,-̂ *• ;i,."'".••:'•. ; ' Environmental Considerations - ''i'-"'"' 

Much of the Bureau's work in the early cooperative field experiments 

;;•;.(''." witli Industry has involved environmental monitoring of ground water 

quality before, during; and after leaching. Because the Bureau Is 

not a' regulatory agency, the environmental data were taken to assist 

the operator and the Bureau research program, not to police the site 

. • y ' - " - " ' . ' : . •••.-'"".•-••.•.."". . • " • ' •" -' " • • : ' . ' \ " ' - " . ' ' i - ^ r , - ' ' : ; 
operation, 
,;..-• .^;-.;,. 7.-..1 ,?{..r-i:n!. . ; , , ; . : . : ' ' ' i - • ^ v - . - . i . , . > ' ; • ; • • : ' • . - : • - ' • • ' •, "̂  •.-;.:•)-.;.,> j " 

Careful preleach monitoring identified one significant fact:̂ '-' '-'̂  

fsJ.j:- large variations in the ion content may be observed in a monitor 

tiii'. ""well eve'n when no leaching has been started. Variations in monitor 
-',--, .. 

i5g;i"4' wells during leaching may thus be due to natural variations, td^ •' 
m^',''- •' • " ' • • ' -

'''-}i: changes In ground water that moves toward the leach area as more Is 

'M^'^i pumped out than Is pumped in, or to actual escape of leaching solu-

'•flj' tion. To assist in identifying the cause of later variations, 
!?•.'#-••,•-,- ."";-,. - -.-..••-•.... - .: , . .-.-"- . ...'j.̂ l̂ i-; ".-'.. 

!'i' environmental data should be 'taken periodically at least several 

.;,]>'•'months prior to leaching to determine the extent of natural variations'. 

^i f i^The range of natural variation should then be considered when devel-

ii'i^opl'ng '""a' m o n i t o r i n g program./i^.,^A^^,H/- .,̂ «-'.-̂ >̂ ; - A j ,'vV;"'''''''r1:--i r"-?':¥Jj"''''-.tr""7 ' ' ' • ' - ' i i i ^ J L 
l^v,^ As'part of^the geochemical work at lEC's Pawriee site, the Bureau 

?-̂ '-took samples once or twice a day from observation wells located 
S : ^ i - *::,••-•'• ' •• ' . - . " r ••• - - : : - ' ' . - ••- : , . - . - • • • > ' • 7 - ^ ^ • i - . . " > - - ^--H-i-.-'-'^^ 

between injection and production wells during the initial phase of 
.'- f i - . ,^t•.•'A.' • X T 

Ifieaching with'an alkaline carbonate solution. Although this sampling 

i r e .f.,>' '.l. 
K-was done to help develop a model of the geochemical processes 
Sl'ki, ->^ ..-' -.,-.̂...-, .. .. ~i .' .. -•.-.. I-...:. -. , i -/..VMrt . 
^ X J } . - ^ ; . ;"/.£,*' 1 -' " .'. - i ; - , ' . . . . - . . . . . . - - ' : . - , . . .. . , ...Jl," - , - ' - ,..T;'^I* 

'fjfjinvoived in the production leaching operat ibr i , some of the " , , , . " . . " ' 
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measurements had implications for environmental monitoring. The 

chemical front which advanced through the deposit during injection 

had a leading edge of bicarbonate. At an observation well only 4o 

feet from the injection point, the bicarbonate content rose 3 days 

before the content of the other ionic species. This suggests that 

the best "early warning device" for detecting the excursion of a 

carbonate or bicarbonate leaching solution to a monitor well is a 

bicarbonate measurement. • -. . i-.;.'- .,- ., , •-

As part of Bureau of Mlnea contract'J0265022, Toups Corp., is 

evaluating the environmental irapact of in situ uranium leaching and 

reviewing present State and Pederal laws related to application of 

this new mining method. The Bureau plans to disseminate the results 

of this research through the Contractor's final report, which should 

be available early in 1978. .• .. ,. . , 

Further work on evaluating cost" effectiveness of different tech-
. - ^ - - . - - • , , . 

niques for restoration of ground water also is being conducted under 

contract. . . . - , . 

.',-.,-.-..-- - . . BOREHOLE MINING ...,'•., 

Although the Bureau had not been engaged in hydraulic borehole 

mining research prior to PY 1974, It had been actively engaged in 

research to utilize hydraulic jet cutting technology for safer, more 

efficient mining of coal and other minerals (£7.) and as a means oS 

accelerating tunneling speeds In hard rock { 2 8 ) . The background 

gained In these investigations was quite valuable in starting research 

In this new mining "method, which Involves using a hydraulic Jet to 

break and slurrify a deposit so the raaterial can be pumped to the 

surface and processed. 
,ii.i, ';--3 :L 
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'•; • •" • Previous Industry Research 

As part of the Bureau's Initial work in Jet cutting in a borehole, 

Savanick (22) reviewed past development and testing done by Industry 

In borehole mining and jet cutting-in other industrial applications. 

Three principal patents related to the remote extraction of mineral 

commodities through boreholes were discovered (^, 31^, 3£). One 

patent using hydraulic jets for underreaming' wells was also evaluated 

(33). Pield applications of the borehole technique evaluated In-
i'it- • • - • ' ' * . : - - • ' - f - i ' • • ' • • • ' - .. • " - - -- • ' • • • ' . - ' . 

,«; eluded the Initial U.S. test conducted in I961 by the American. 

.̂.*-; Gilsonite Co., at Bonanza, Utah (34), and the hydraulic borehole 
;-.•:• - • • • \ \ -.' ' * '.- ^ . - J A . ^ ..v.- ' ' : • ' . ' • • , r~ . - - - . - - ' . - -*-.'-. . '•• ' • ' { , ' . ' 

coal mining conducted by Coleman Collieries Ltd., at the Vlcary 
; - -. . . . . . . . . ., • I- ' . . .' ^ : ^..-t i i i ' - ' . :• 

Creek mine near Coleman, Alberta (35).. . ,'. , . fc***!',',: 
r ^ ' y 

/.;. 
Because the past work in borehole mining had concentrated heavily 

i'f.*bn'equipment development, the Bureau initiated its work in this 
">(.:;A-iW."'a -•• - .• - • . • • • . - . . . . . : , . - - • .. . . % ; . " . _ 

".. field with a systematic Investigation of the Jet parameters that' ' 
*,-''... ,i-): J:..,. T ' . , . . J . •-i^'~..- . Hi j-.u.... '• . . i ' . ' y 

'.'?- affect cutting and operational economics in the borehole application. 
/'V '. .. : . . . . . . . .-. . •-; . . . . • - U . i ' ' . , : ; , i . - ! . q , ^ ' i • • . . - - • - . - . - . . - - - . : - . . • 

r £ c ^ & ^ : x t - i ^ i : . ' ! . . - ^ -"•- ;*^S"r'.'-- ••'ii:-'. •••':.• - '"' •• '''•••'•; ••••'';̂ '̂  '-"'̂  
*̂'i:."> V'i"-'"*'-r-'"ii •"'""'ir- 'Bureau of Mines Research in Borehole'̂ "'''. "•', ''--'-'''•''' 

tr,-.".p -\.-.,•,.-' ; ••.. ,v • •."• 

•>f2-Ki-ttt.'v»'i. f-,r.Jr.,V;i 1"-;^-c-jiC-.'e ,. M i n i n g ' o f C o a l .••--̂'-' '- i l '. "' i'--'.'---
*>: w '*."- '""̂  " *.. ' " ' *" . I 

b"'4̂-̂j.."' The Bureau's research in hydraulic borehole mining of coal is' 
'if-' '"'•' , 

S'f-'conducted under Advanced Mining Systems, a subprogram of the-'" '-•''-. 

•Advanced Coal Mining Technology (ACMT) program, which is'als"6'coor-•' 
£#?'*;-• - " • • . ' • . , . . . . 

^fdiri'ated b'y the Twin Cities Mining Research Center (Kelly Strebig, 
^1o.-,i,. i ^ i i i v i ' r - : : ~ ! ' , - : i ' r - t : . iX'-- ' . i!'..'•;;,-, i a : : c . ~ \'" ,1 !>.---- ..^;'C-., _',.•. . ",. 
!»^s'ubpro'eram"coordinator). ' In addition to the several projects related 
psli^i; .... -, -;-:.J. r.:,'..- •'•.•":- .... -1*- ' •-: ,.̂-'-. •:h.-;:..,.,..-- • : . .-• 
&n'-to improving technology for borehole mining of coal, the Advanced-
diX--3K''-. fiis-'ig i. I. u , ) ; ji.T.-iT •.:. , -riJ-.'. _ .-: ..'^u.-; -,-, , £ - . . . ,£',•,,';,••-,.•• .. ' < .̂ "i-' 
fcMlriing Systems subprogram includes research projects In high-volume •*'• 
ŝ lfe,*?." î ..".'. J . r .%:»•-.-,,> ',. • ^ i.-..;,.!,::.-.. .-.-•.. s j - J C . • .. ••• •- •.,.-.::-:.-̂  1 - ,>..;M ,-.. 

raulic coal mining, ibng'wall-auger'minirig, improved underground 

^augeririg techniques, and innovative systems for.longwall support and. 

jCUttlng functions, such as the Kloswall mining system (^, 37.).'. >•:••..•: 

v::l 
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Laboratory-Scale Evaluation of Operating Parameters 
: - ' . - - - • I 

To develop specifications for a prototype hydraulic borehole 

mining device, the Bureau conducted four different types of force 

measurement and sample breakage experiments with a model borehole 

device. This initial project was funded under the FY 74 Coal Mine 

Health and Safety program. Nozzle diameters used in the experiments 

were 0.107 in (0.2? cm) for the dual nozzle tests and 0.142 in 

(0.36 cm) for the stationary Jets. Nozzle pressures ranged from 

1,000 to 4,000 psi (6.8.9 X 106 N/m2 to 27.6 x 10^ N/m^').,' Coal and 
• • - • • • ' : . • ' •• • '- , " , : : - ' ' : - , ' ' " ' , ''..' ' - ^ ' 1 

compbsi'te concrete-straw samples were used to simulate coal in the 
breakage tests. . • , . . . ' , ,. 

•^'. • : . '-Ccy^' ^>'..:'"''L'6''. A ; : - '^.-r:'..':• 

Although the model device Kas not sufficiently powerful to mine 

coal economically, the Jets, when operated at 4,000 psi (27.6 x 

10^ N/m^) and a 40-gpm (152-llter-per-minute) flow rate, fragmented 

coal at a standoff .distance of 8.,ft (2.44 m). These tests showed 

that follow-on work should emphasize larger nozzles having much 

higher hydraulic horsepower.. The target standoff distance estab

lished for a practical, hydraulic jet borehole coal mining device waa 

tentatively established in the 40- to 60-ft (12.2- to l8.3-m) range,-

and efforts to develop a tool having this level of cutting capability, 

coupled with Improved slurry pumping, were initiated. ;";•_'.'"'̂V.; --•. 

, ' - , • - . • • ' . ' - > .- •.v.''', i" • ' - - . . ' - r i ' - '', .' 

• - - • : - , , - - : - '"-:• ;..-.,.';--, ;'•...•,', . . a - V i r r . " ^ ' - - • ::" ' ' - • • ' . " " ••'' , ' ? • • • 

The principal conclusion of the Bureau's follow-on in-house work 

on large-diameter Jets (1.20-in [3.05-cm]) conducted in FY 75 under 

the ACMT program (fig. 16) was that these Jets retained a greater 
'•- • - ^ . r i - . . •', - -»-..i..'i " - r " ' ' " ^ • ' = • ' - . . V - - - • ; • • ;.,.;-' ,'^;.-';,.;..,.--.... ., .- - r , .- ,.,.'. 

proportion of their impact force at standoff distances greater than 
i' . • • - . . : . ' • . . • , - - , . , . . . • . ' . ' i •- . . -,•.• • ' ' • " - J l - - ' •.;•'• - • : . . . " , , . • . , 

100 nozzle diameters than did comparable smaller diameter (0.l42-in 

[0.36-cm]) Jet's ( 3 8 ) : This finding is "of particular significance""~to 

the economic application of the borehole Jetting concept.' The best 

\ 
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nozzle among the designs tested used a conical angle of 13 to 

produce consistently higher Impact forces. The Bureau also deter

mined that the optimum straight-section length of the nozzles for 

increasing the impact force is a function of the standoff distance. 

At standoff distances of less than 6 ft (I.83 m) , a conical nozzle 

with no straight section produced higher Impact forces, while at 

standoff distances between 6 and 12 ft (I.83 and 3-66 m) , nozzles 

with a straight section three times the length of the nozzle orifice 

(3D) gave higher forces. 

The FY 76 project on nozzle testing and slurry pumping concluded 

the first phase of the Bureau's work on development of specifications 

for a practical borehole mining tool for coal. These Investigations 

demonstrated that although the polymeric additives enhanced the Jet 

Impact forces, the benefits to be gained were small compared with 

those achievable with Improved nozzle designs for optimizing the Jet 

action at large standoff distances. Because of their inherently 

good reliability. Jet pumps were Judged to be the best choice for 

further developraent of the borehole mining concept, providing their 

low efficiencies in lifting slurried coal could be tolerated. 

- f b - ' 

.'$.-

Equipment Development and Field Testing 

Using specifications developed in the PY 74 in-house project, the 

Bureau issued an RFP (request for proposal) to design, fabricate, 

and field test a hydraulic borehole mining tool capable of mining 

coal at a depth of about 100 ft (30.5 m) . The successful proposer 

was Flow Industries (formerly Flow Research, Inc.,) Kent, Wash., which 

fabricated a prototype borehole device consisting' of three separate 

systems—a hydraulic jetting system to cut the coal, a Jet pumping 
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system to propel the slurry to the surface, and a tricone bit to 

reduce oversize lumps of coal (39.). The entire system would also 

include ancillary equipment such as a rotary table to rotate and 

oscillate the device, a drill rig to raise and lower the device, 

water supplies, and a slurry pond (fig. 17). The borehole mining 

device consists of three principal sections: Kelly, standard, and 

mining (fig. 18). 

At a field test held July 20, 1976, near Wilkeson, Wash., Flow 

Industries demonstrated that the prototype tool could mine coal at 

the rate of 10 tons per hour (9,070 kg/hr) and maintain this rate of 

production for 4 hours. The reliability demonstrated in this initial 

fleld test was also judged to be satisfactory because the tool was 

operated continuously for 6 hours without mechanical breakdown or 

blockage occurring in the slurry pumping system. 

The field' test did identify a blockage problem which could con

stitute a potential obstacle to economic viability of the concept. 

This problem Is caused partly by large chunks of rock and coal and 

partly by aclcular particles which enter the pump only if their 

longitudinal axis is perpendicular to the Inlet screen. Once Insio-

these particles wedge between the nozzle and the Interior sidewall 

of the pump and cause clogging that is not correctable by back-

flushing. Flow Industries, under extension of their contract 

H0252Q07, Is developing an improved downhole crusher to solve the 

clogging problem. 

The Flow Industries prototype tool is also being evaluated under 

AMNMT funding for mining shallow uranium deposits and is discussed 

in a following section. Further development of this concept to test 
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a full-scale hydraulic borehole coal mining system is planned under 

the Advanced Mining Systems subprogram (Ho_) and will most likely be 

accomplished through the formal request for proposal route. 

Improved Nozzle Designs for Borehole Mining 

Theoretical Analysis 

Under the Bureau of Mines Contract J0255024, TRW (Redondo Beach, 

Calif.,) used a computer model of the free jet to predict the decay 

of the Jet center- line stagnation pressure and axial thrust as a 

function of distance for different nozzle flow channels and pre- " 

nozzle flow straighteners ( h i ) . The goal of the research is to 

develop nozzle and stralghtener designs that will produce high-

impact forces at large standoff distances, yet be sufficiently 

compact to fit in the confined geometry of the borehole tool. The 

approach taken in the theoretical design development was to minimize 

initial disturbances, such as turbulent eddies or cavitation bubbles, 

to delay the ultimate Jet breakup. 

' "..-

f 

• .p ip . 

: * • 

•fe: 
t 
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Several nozzle designs for different flow conditions were recom

mended for experimental testing. Although the overall effect on the 

design was to shorten the length and accept larger converging angles, 

cavitation and separation problems were present to complicate the 

analysis under different flow conditions. 

Testing Improved Nozzles 

TRW's computer predictions indicated that flow splitters placed 

in a 90 elbow would be the optimum flow-straightening device. To 

be- effective, however, the splitters had to have the following 

characteristics:"" (1) High radius ratio (mean radius/diameter) for 

minimum separation, (2) high aspect ratio (width of vane/distance 

.*' 
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between vanes) for minimum secondary flow, and (3) equal radius 

ratios for uniform velocity. TRW's experimental program Includes 

testing the flow straighteners with different nozzle configurations. 

Tests will be conducted on three turn devices, one without flow 

splitters and two with splitters. Forces will be measured at 10-

ft (3.05-m) intervals from 10 to 50 ft (3-05 to 15.2 m). 

The Bureau's in-house work (PY 77) in nozzle evaluation is coor

dinated with the experimentation being conducted at TRW. To date, 

the Bureau's tests have indicated that a large quartlc-straight (Q-S) 

nozzle (160 psi, 250 gpm [1.10 x 10^ N/m^, 950 liters per minute]) 

performed as well as the standard 13 -3D nozzle with a 58-percent 

saving in nozzle length. The results of these Investigations will 

be used to design improved borehole mining tools capable of cutting 

material at greater standoff distances. 

Bureau of Mines Research in Borehole 

Mining of Uranium 

-The Bureau is not alone in evaluating borehole mining techniques 

for exploiting mineral deposits. Continental Oil Co., and FMC have 

both evaluated the technique for mining phosphate deposits. 

Marconaflo has tested Its borehole mining method In reraining or 

moving tailings as well as direct extraction of uranium deposits. 

Tests by Marconaflo have confirmed that borehole mining of uranium 

and oil-saturated sands with its tool was technically feasible 

(42.). Deficiencies in the Moyno slurry purap, however, convinced 

Marconaflo that a different pumping system is required and further 

RSD should be conducted. One particular Item of interest in the 
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Marconaflo report is the concept of using leaching solutions Instead 

of water to slurrify the ore and the contention that this might be 

an effective means of site benefication. 

The objective of this part of the Bureau's in situ mining sub

program is to evaluate the design changes required to make the 

prototype borehole mining tool developed by Plow Industries under 

contract H0252007 an economic mining method for .mineral commodities. 

B.ecause of its high unit value and Importance in the overall energy 

mix for the Nation, uranium was selected as the first commodity to 

investigate. To date, evaluation has proceeded under four principal 

areas (fig. 3): SOA review, slurry pumping tests, field testing of 

the prototype, and evaluation of the environmental factors affecting 

widespread application of this new technology by the mining Industry. 

Because the initial equipment development has been done under the 

Advancing Coal Mining Technology program. Improvements In the tech

nology would also be made under ACMT auspices unless the field 

demonstration (funded in FY 77) would show that improvements of a 

nature specific to uranium mining would be required. These advances 

would be made under AMNMT funding. 

v., 

*.-

fe-

Laboratory-Scale Evaluation of Operating Parameters 

The technical and feasibility investigations on borehole mining 

of ninerals conducted by the Bureau in PY 76 Indicated that the best 

commodity targets for this technology were deposits similar to the 

phosphate deposits of North Carolina and uranium-bearing sandstones, 

particularly the poorly cemented sands of Texas and certain areas of 

Wyoming. Laboratory cutting tests on selected samples demonstrated 
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that adequate production could be achieved by low-pressure 

(500- to 2,000-psi [3-44 X 10^ NAi^ to IS.S.N/m^I), high-volume 

(300- to 1,000-gpm [1,135- to 3,790-llter-per-mlnute]) water Jets. 

The results of the assessment of the pumping technology required for 

borehole mining of minerals were similar to those of the evaluation 

conducted for coal. The best pumping system for reliability was the 

jet pump. Laboratory tests using a quarter-scale model Jet pump 

proved that slurries of phosphate and sand could be raised up to 200 

ft (61 m). Although single-stage Jet pumps are capable of hoisting 

such material to heights of 500 ft (152 m) , the efficiency of the 

pu-mping system falls from the 40-percent level achievable at a helghr 

of 100 ft (30.5 m) to 10 percent at the 500-ft (152-m) height. 

Field Testing of Prototype Borehole Mining Tool 

During the first phase of field testing the prototype borehole 

mining tool-(June 13-July 16) Flow Industries mined 100 tons of 

uraniferous sand from the Teapot sandstone ore body at Rocky 

Mountain Energy's Nine-Mile Lake site near Casper, Wyo. The formal 

public demonstration also conducted under contract H0272010, con

firmed that the tool was capable of mining at the rate of 11 tons 

per hour at a depth of 100 ft. This device or a higher horsepower 

unit capable of increased production has significant potential foi-

•exploitlng shallow deposits. Critical factors such as reliability., 

maximum radius of cutting, and cavern stability are targets for 

evaluation in follow-on work. Results of the Bureau's evaluations 

of the borehole mining tool in uranium deposits will be disseminate• 

through the usual publication channels including the Contractor's 

final reoort. 
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SUMMARY 

This paper has described the in situ raining research conducted by 

the Bureau and coordinated at the Twin Cities Mining Research Center 

(TCMRC). Specific accomplishments have been covered under the 

individual project summaries. Additional details on completed 

projects are available in the publications cited. Because much of 

the research summarized represents interim progress, parties inter

ested In obtaining updated status or recent publications should 

contact the author at TCMRC (612-725-4540). The Bureau also desires 

to obtain feedback from the mining industry to assist in directing 

its in situ mining research toward removing the critical obstacles 

precluding widespread use of these new mining technologies. 
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• « ' Includes projects which consider problems in both uranium and copper as 
well as other commodities such as salt, potash and nickel. 
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FIGURE 5. - Relative fundino emphasis df in situ mining research 
(AMNMT) FY 72-77. 
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FIGURE 10. - Comparison of actual and predicted copper recovery for 
Emerald Isle ore (12). 
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•A.b3tracc Bureau of Mines research In in 
situ uranium leaching Includes Injeccion veil 
conscruction and environmencal aspects. Clogging 
of Injection wells Is a common problem, and is 
affected by construction techniques. Part of 
che clogging can be caused by a low-permeablllty 
skin left on the borehole wall if the drilling 
fluids are not thoroughly iiushed out. Certain 
polymer drilling fluids are less prone to cause 
clogging than bentonite muds, since a lower 
solids concent can be used. 

The environmental research primarily involves 
tvo contracts. The first describes the environ
mental impact of in situ leaching and the 
effect of environmental legislation ou leaching; 
the second describes the cost effectiveness of 
various nethods of restoring ground water 
quality. 

Introduction 

In situ uranium leaching, as used in this 
report, means Injecting chemicals (lixiviant) 
Into the ore body, dissolving the uranium, and 
pumping che lixiviant and dissolved uranium out 
of the ore body. In situ leaching, as used 
here, does not Include heap or dump leaching. 

In situ leaching has the following advantages 
over conventional mining: louer capital costs 
for small or deep deposits, shorter lead times 
before production, minimum surface alteration or 
pollution, lower labor costs, and improved 
safety for workers. It thus allows the recovery 
of uranium from deposits which are regarded aa 
too small, too deep, or too low grade to profit
ably recover by conventional mining methods. 

Despite the potential benefits. In situ 
leaching contributes only a small fraction of 
our national uranium production. Accordingly, 
Che 3ureau of Mines Is conducting research to 
improve technology so that In situ leaching can 
contribute more to the Nation's uranium produc
tion and thereby shift more uranium resources 
into the reserve category. 

In situ uranium leaching research at the Twin 
Cities Mining Research Center began In 1975 with 
a cooperative study with a private company at an 
experimental test site in Wyoming. The study 
demonstrated the imporCance of proper construc
tion of injection wells. The first set of wells 
studied at che Wyoming site had a high resistance 
to injection, despite several attempts at acid 
Slushing. So llccle lixiviant could be circuia-
ced within Che ore body chat the leaching test 
was considered noc a reliable basis for planning 
a comniercial operacion. The test had co be 
repeated the following year with more permeable 
wells. Discussions with other leaching companies 
showed that well clogging was a common problem 
aad that the degree of clogging was strongly 
influenced by well conscruction techniques. 

The literature on Injection wells for in situ 
uranium leaching is limited. The Bureau of 
.Hines recently prepared a report (_1) on chis 
topic, the report assumes chat che reader has 
llmiCed knowledge of drilling techniques. 
Accordingly, It will be of most value to companies 
new CO injection well construction. Thiede (2̂ ) 
describes methods used by the Mobil Corporation 
for cheir in sicu leaching wells. The Bureau's 
research in perforating casings with a high-
pressura wacer jec, enabling che perforation 

pattem to be tailored to che deposic, is 
described by Savanick (2) and will noc ba dis
cussed here. 

The face that environmental factors -will play 
a large role in decermining feasibility was 
expressed well by Shock in cwo articles, che 
firsc (î ) commencing on the complexity and che 
uncertainties Involved in environmental regula
tions, and Che second {5) asking whether in situ 
ieaching can sur'/lve the restrictions and costs 
of environmencal legislacion. Discussions wich 
leaching companies have made che Bureau increas
ingly aware of che desire for more cosc-effeccive 
ways of sacisfylng environmental requirements, 
especially for restoration of ground water 
quality. 

Injection Well Construction 

The construction of Injection wells should be 
planned carefully to minimize clogging. Tech
niques that are adequate for exploracion holes 
or water-producing wells are not necessarily 
adequate for Injection wells. There is usually 
more fluid resisCance to injection than to 
production. With some exceptions, clogging 
seems to be more serious lo Wyoming than in 
Tejcaa. The sandstone ore is generally more 
permeable in Texas. 

The causes of clogging can be classified inco 
Cwo types. The first-type occurs during well 
conscruction and includes the effecCs of a low-
permeability "skin" of drilling fluid left on 
che borehole wall and che Incrusion of solids 
from the drilling fluid into the sandscone ore 
near the borehole. The second Cype occurs 
during che injeccion of the llxlvlanc and Includes 
Che effects of precipitation and fines migration 
clogging the pores in the sandstone. The Twin 
Cities Mining Research Center is Investigating 
che first type of damage, especially che effecc 
of drilling fluids. 

Some conclusions from our investigations 
are— 

1. Guar gum drilling fluids do not always 
break down aa rapidly as desired. 

2. Adding flocculant to circulating guar 
gum drilling fluid during well development 
promotes solids seeding ouc In che mud pits on 
the surface. 

3. The»filtration properties of benconice 
drilling fluid can be improved by adding cercaln 
polymers. , ' 

4. Air drilling produced wells having a 
very low cesiscance co injeccion. 

The basis for each of chese conclusions will be 
presenced in che following secclons. 

Delayed Sreakdown of Guar Gum Drilling Fluids 

The advancage of guar gum drilling fluids 
over benconice drilling fluids is chac Che guar 
gum can be broken down by enzymes Co simple 
sugars, giving a fluid wich a viscoslcy similar 
CO chac of wacer. Some guar gum fluids, such as 
Revere and Loloss, concain Che enzymes. Ochers, 
such as P.\L-MIX LOO-3, do noc concain cha enzymes. 
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An advancage 'of che laccer is chac che probabil
ity of premaCura breakdown during drilling is 
reduced. After drilling, an enzyme soaking 
period is used co make this cype of drilling 
fluid break down. l-Jhen guar gum fluids concainlng 
enz>'me3 are used, che objecc Is co complete Che 
drilling before che fluid breaks down, Chen 
develop che well afcer che fluid has broken 
down. Either type of guar gum, after breakdown, 
should be easier co flush out or che well chan a 
conventional bentonite drilling fluid. 

Soma field observations have indicated chac 
guar gum fluids containing enzymes do not always 
break down as quickly as desired. The desired 
breakdown time Is several days, which allows 
cime for drilling buc allows well developmenc co 
scare soon afcer drilling. However, we have 
seen pieces of gelled guar gum airlifted ouc of 
injeccion wells in Texas 2 weeks afcer drilling. 
At a '.-fyoming site, some guar gum "skin" from the 
borehole wall was broughc to the surface during 
development and then survived a year of weath
ering lying on che ground. At a differenc site 
in Wyoming, where open pit mining exposed screens 
on injection wells which had been drilled wich 
guar gum 2 years earlier, a gummy clay was 
around the wells. Analysis by the Halliburton 
Corporation showed chac guar gum had migrated in 
becween smectite (moneaorillonlte) layers. The 
migration not only swelled the clay but also 
prevented Chis guar gum from being flushed ouc 
during development. The smectite-guar gum could 
not be dissolved by hydrochloric acid. Pre
sumably, a mixture of hydrofluoric and hydro
chloric acid would attack the combinacion since 
It attacks clays. 

The reason that guar gum fluids did not 
always break down as desired even at sites 
having very little clay was not known. Manufac
turer's literature (.6) warns that boron, copper, 
aluminum, and calcium, coupled with a pH over 8, 
can cause Revere drilling fluid Co gel when it 
is mixed. (Treatments to prevenc the gelling 
are also described.) The Bureau investigated 
the posslblliCy chac chese elemenCs were respon
sible for delaying guar gum breakdown, even 
where che pH was not above 3. "Boron was espe
cially suspected because IC is a strong gelling 
agenc for mannogalactans, which is the C;,rpe of 
carbohydrace In guar gum (.7). 

In one sec of experimencs. Revert was mi.xed 
wich dlscilled water ac a concencration of 6 
g/1, a cyplcal concencration for drilling. 
Varying amouncs of a boron solucion were added 
eo beakers of che Revere fluid co give solucions 
concainlng 0 to 20 ppm boron. (The pH was noc 
concrolled, buc was measured and stayed between 
6 and 7.) The gel screngch was measured by 
recording che viscoslcy ac 3 rpm as measured by 
a Fann viscomecer. The viscoslcy at 300 rpm was 
also recorded, chough ic ofcen exceeded che 
upper llmic of che viscomecer. .\ second sec of 
experimencs was conducced following Che same 
procedure, excepc that tap water was substituted 
for distilled wacer. 

The results, which were similar for che Cwo 
sees of experimencs, are lisced in cables 1-4. 
Selecced represencacive daca are ploeced in 
•figures 1 and 2; che reproducibillCy Is indicaced 
by che replicacions wich 0 ppm boron. The daca 
show chac boron, in Che concencracions normally 
found in ground water, does noc increase gel 

screngch by a large amounc. A boron concencracion 
greater chan 5 ppm would be unusual, and ac mosc 
sices ic is less chan 2 ppm. The lengch of cime 
required for breakdown, abouc 3 co 12 days, was 
noc affecced by che boron. Ocher Bureau experi
mencs indicaced Chac che effeccs of copper and 
aluminum on che fluid are smaller chan chae of 
boron. Thus, lc appears chac under normal 
condicions-, boron, copper, or alumi num will noc 
adversely affecc guar gum drilling fluids. 

The relacively long cime required for break
down, even In the absence of boron, copper, and 
aluminum, suggescs chac operacors who use guar 
gum drilling fluid and wane co develop injeccion 
wells soon afcer drilling should use special 
chemicals or enzymes co break down che guar gum 
faster than would occur from che enzymes in che 
drilling fluid. 

Flocculacion During Well Developmenc 

Ac a Cesc sice in Texas, 60 g of C7floc-326, 
a commercially available flocculanC, was added 
to the circulating fluid during development of 
0.19-n (7-3/8-ln) diameter, 76-a (250-ft) deep 
wells which had been drilled with a guar gum 
drilling fluid. The flocculant Increased the 
percentage of solids settling out In the mud 
pits and chus reduced the amount of solids 
recirculated back into the well. The efficiencies 
of wells developed with the flocculanC were not 
quantitatively compared with efficiencies of 
wells developed without che flocculant. However, 
it was clear thac the flocculant reduced the 
amounc of recirculaclng solids, which should 
assist in producing clean wells. 
Flocculating solids during drilling was noc 

beneficial because che guar gum was flocculaCed 
wich che solids, which resulced in an unaccepc-
abie drilling fluid. 

Effect of Polymer Additives on 
Bentonite Drilling Fluid 

The poor filtration properties of conventional 
bentonite drilling fluid resulc in a Chick wall 
cake, which may be difficult to remove during 
well developmenc. This low-permeabilley skin 
can severely cecard Che injeccion of leaching 
soluCion. Cercaln polymers can be added Co che 
benconice, greacly improving Che filtration 
properties. 

Standard AST filtraclon cescs were conducced 
CO measure ehe effecc of one such polymer, Quik-
Trol. The, flrsC fluid CesCed' was made wich 
benconice and concained no addiclves. Ic had a 
Marsh viscoslcy of 47 sec and a densicy of 1160 
kg/m^, (9.7Mb/gal). The API fllcrace cesc 
yielded a flow of 160 ml/30 min and a filcer 
cake of 12.7 mm (16/32 in). A second drilling 
fluid was made, concainlng 17 kg/m^ (6 Ib/bbl) 
of Quik-Gel and 1.4 kg/m^ (0.5 Ib/bbl) of Quik-
Trol. Quik-Gel is a commercially available, 
high-grade benconice. This second fluid had che 
same Marsh viscosity but had a densicy of only 
1020 kg/m^ (8.5 lb/gal). An API fllcrace cesc 
yielded a flow of only 12 ml/30 min and a filter 
cake of only 0.8-mm (1/32 in). These tests 
indicate ChaC Che fluid concainlng che polymer 
should produce a chinner wall cake and less 
fluid migracion inco che formacion. 

fa-
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The cose of che polymer, plus high-grade 
benconice fluid, is similar co chac of guar gum 
fluid, abouc J3 to $4 per barrel. 
A benconice and polymer addicive fluid, used 

ac a cesc siCe in Wyoming, gave wells wich very 
good efficiency. The driller preferred chis 
fluid CO guar gum fluids, parcly because he 
choughc ic was easier co mix. (Ic is inporcanc 
CO mi.x che benconice wich wacer and allow Ic co 
hydrate before adding che polymer.) There does 
noc seem Co be a consensus as co which cype of 
fluid, guar gum or bentonite plus polymer, 
results in better wells. 

••Ur Drilling 

Ac a sice in Wyoming, ai- drilling produced 
wells having a very low resisCance Co injeccion. 
The danger of borehole collapse is greacer wich 
air drilling chan wich liquid drilling fluids, 
30 only che uranium-bearing zone waa drilled 
wich air. The wells were drilled down to a 
competent layer above che uranium-bearing zone 
using a guar gum drilling fluid. A 0.15-m (6-
in) casing was installed and cemented. Then a 
hole for a 0.10-m (4-in) screen was air-drilled 
through the uranium-bearing zone. The hole was 
full of water, so che air and water made a froth 
which carried up the cuccings. A 0.10-m (4-in) 
screen was telescoped down Che 0.15-m (6-in) 
casing Co the desired depch. The screen was 
capped ac Che bottom, and a packer at the top 
sealed the space between it and the casing. 

This method Increases the probability of 
borehole collapse, especially in very poorly 
consolidated ore. Various manufacturers offer 
foam drilling fluids which provide somewhac 
better wall support chan air drilling. 

Environmental Aspeccs of 
In Sicu Uranium Leaching 

The Bureau's research in environmental aspects 
of leaching includes the two contracts described 
in che following cwo secclons. The firsC concracc 
descripcion, "Environmencal Assessment of In 
Sicu Mining," was wriccan by che Technical 
Project Officer, William H. Engelmann (phone 
612/625-4592). The second concracc descripcion, 
"Rescoracion of Ground Wacer QualiCy .\fcer In 
SiCu Uranium Leaching," was wrlccen by Che 
Technical Projecc Officer, Daryl R. Tweeton 
(phone 612/725-3468). Those desiring more 
informacion abouc either of che concraccs should 
concace Che respeccive Technical ProjecC Officer. 

Environmencal AssessmenC of In Sicu Mining 

This concracced scudy is sec in Cwo parts: 
In sicu leaching and hydraulic borehole (or 
slurry) mining. These are cwo discince new 
technologies, wich che laccer being quice recenc, 
since only a small number of piloc-scale denon-
scracions have been run to dace. The concracc 
was awarded June 30, 1976, Co Che Toups Corpo
ration, Orange, Calif., with the subcontractor 
being Mouncain States Research and Development, 
Tucson, Ariz. Complecion will be tn early 1978. 

The objectives of che study are (1) Co assess 
and summarize the environmental effeccs of the 
above emerging mining mechods and (2) co decer
mlne Che reverse effecc: che impacc of presenc 

and pending environmencal laws on che cec'nnicai 
and economic feasibilicy of chese cwo alcerna-
Cives CO convenclonal mining. Technical and 
legal InvescigaCions are being carried ouc for 
states that are known to contain ore deposits 
amenable CO leaching or hydraulic borehole 
mining. 

Emphasis is being placed on determining che 
chemical and radiation hazards of specific 
leaching solutions and ore body types for both 
uranium and copper. For in sicu leaching, che 
environmencal assessmencs are being made for 
mineral commodicies including, but not limiced 
Co, uranium and copper tn cyplcal geological 
seccings.' For hydraulic borehole mining, che 
assessmencs Include uranium and phosphace in 
Cyplcal geological seccings. Phosphace deposics 
commonly conCaln uranium as a valuable byproducc. 

Concracc Copies focusing on che environmencal 
impacc of uranium leaching are che following: 

1. Typical Wyoming and South Texas scenarios, 
including geology, nature of uranium deposits, 
nature of surface envlronmenc, ore body mining 
preparation, equipmenc for leach processes, and 
produce recovery systems. 

2. Environmencal assessmenc and procecclon, 
including environmencal monitoring, subsurface 
migration control, surface effluent disposal, 
airborne emission concrol, closedown and cleanup 
procedures, aquifer rescoracion, and ocher 
impacc-mltigacing measures. 

Primary recommendaclona made by the Contractor 
for environmental protection can be categorized 
under three headings: 

I. Monitoring 

A. Background water quality levels generally 
require beCter definiclon for procecclon 
of boch che environment and Che resto
ration efforts of the mining company. 
Specifically: (1) Variations with time 
and che baseline wacer quailcy of 
individual wells should be documenced Co 
enable idencification of "natural 
variations," and (2) variations in 
water quailCy wichin and adjacenc to che 
ore body require definicion. 

B. During in siCu leaching perimeCer 
monlcoring should be performed cwice a 
monch, ac a minimum, Co dececC excursions 
as early as possible. Early excursion 
daceccion offers boch environmencal and 
economic beneflcs when Che value of 
pregnane leaching solucions is considered. 
The'working monlcoring program need noc 
be concerned wich che levels of a greac 
number of conscicuencs. Ic is recom
mended chac conduccance and cwo or 
chree ocher ionic conseicuencs be 
analyzed on a roucine basis. The con
scicuencs chae should be monieored 
depend on che specific ore and Che Cype 
of lixivianc -.lelllzed. 
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II. Excursions 

A. The definicion of an excursion in Cerms 
of specific chemical conscicuencs should 
be made for each sice by che regulacory 
agencies. The definicion of specific 
linics enables idencificaeion of an 
excursion by a laboracory Cechnician. 

S. The occurrence of an excursion should be 
confirmed by a relatively complete 
chemical analysis which enables prep
aration of a Stiff diagram or analyses 
by similar techniques. The Stiff diagram 
is simply a method for evaluating the 
general characteristics of water in 
terms of the relative concencracion of 
species. Macural variacions in virgin 
formation wacers can be discinguished 
from an excursion by comparison in 
cerms of cha relative constituent con
centration. 

III. Restoration 

A. Restoration requires definition. The 
basis for the definition must include 
legal and environmental, health, and 
water quality consideradon. 

B. Additional studies are required to 
verify the Cechnlcal and economic 
faasibllicy of aquifer reatoracion. Tha 
exisdng (available) data on rescoracion 
of acid leach sices are excremely limited. 

C. Research should be conducted Co find an 
alcernadve co ammonium lon in carbonate 
llxi-vlants. Ammonium ions adsorb on the 
clay and are extremely difficult to 
remove from ores having high clay content. 
The long-term kinetics of restoration 
ate poorly documented. 

D. Techniques must be developed for mini
mizing consumptive water use during 
restoration. 

The contract report provides corresponding 
scenarios and environmencal assessmenc and 
procecclon procedures for hydraulic borehole 
mining. 

.\ seccion of che coneracced scudy examines 
che impact of environmencal regulaclona on 
these cwo mining mechods; i.e., what probable 
Compering effecC will currenc and ancicipaced 
environmencal legislacion have on future appli-
cadons and growch of Chese mining Cachnologies? 

Federal laws and regulacions being examined 
for appllcabilicy Include che following: 

Madonal Environmencal Policy Ace of 
1969 . . . 

Federal WaCer Polludon Concrol Ace of 
1972 and ies Amendmencs 

Safe. Drinking Wacer .Acc of 1974 

Energy Reorganizadon Ace of 1974 

Resource Conservacion and Recoverv Ace 
of 1976 

Environmencal laws and regulacions from 13 
scaces are also being reviewed for impacc. 

Rescoracion of Ground Wacer Qualicy 
Afcer In Sicu Uranium Leaching 

The objecc of chis concracc is co produce a 
reporc Chac will assise operacors in prediccing 
the mosc cosc-effeccive meehod of rescoracion 
and in escimacing che cose. The concracc was 
awarded Sepcember 1, 1977, and will run 1 year. 
Ic is being performed Jolncly by Ford, Bacon, 
and Davls-Ucah, Inc., and Rocky Mouncain Geo-" 
chemical Corp., boch of Sale Lake ClCy. 

The mechods of rescoracion being considered 
Include— 

1. Pumping wacer ouc of all wells inco a 
deep disposal well or inco an evaporadon pond. 

2. Pumping wacer ouc of produccion wells, 
purifying it on che surface, and chen reinjeccing 
ic. 

3. Using chemicals co reduce Che amounc of 
flushing required. 

Based on discussions wich uranium-leaching 
companies, ic appears chac rescoracion involves 
greacer uncercaincies chan any other aspect of 
leaching. For example, there haa been greac 
variability in the success of restoration efforts, 
ranging from success in only 1-1/2 monchs of 
pumping Co incomplete restoration even after 2 
years of pumping. Though uncertainties will 
remain, the report will assist operators, 
especially those new to leaching, to make more 
realistic predictions than they could without 
the report. 

Summary 

The Bureau of Mines is conducting research in 
injection well construction and the environmental 
aspects of in situ leaching. A common problem 
is che clogging of injeccion wells, which can be 
made worse by Improper conscrucdon cechniques. 
One possible reason for clogging is a low-
permeabilley skin lefc on Che borehole wall 
owing CO incompleee removal of drilling fluid. 
It appears that guar gum fluids, fluids con
taining bentonite plus polymer additives, and 
air drilling are improvements over conventional 
benconice fluids. However, all of chese mechods 
muse be used wich care if cheir maximum potencial 
beneflcs are co be realized. For example, guar 
gum fluids may noc break down as quickly or as 
compleCaly aS desired unless special chemicals 
or enzymes are applied during well developmenc." 

Research in environmencal aspecCs includes 
cwo concraccs. The firsC describes che environ
mencal Impacc of in siCu leaching and borehole 
mining and che effecc of environmencal legis
lacion on chese mining mechods. The second 
describes che cosc-effecciveness and the cose of 
various mechods of resCoring ground wacer 
qualicy afCer leaching. 

:.? 
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TABLE 1. - Effecc of boron on gel screngch and breakdown 
cime of guar gum drilling fluid mixed 

wich dlscilled wacer 

Boron, 
Dpm 

0 

0 

1 

2 

3 

4. 

5 

10 

15 

20 

1 

3.7 

3.7 

4.0 

3.9 

4.0 

4.0 

4.1 

4.4 

5.3 

17.9 

2 

4.0 

4.1 

4.3 

4.4 

4.4 

4.3 

3.1 

13.7 

> 29 

> 29 

3 

3.6 

3.9 

4.0 

4.2 

4.3 

4.2 

4.3 

7.3 

> 29 

> 29 

Gel s 
Days 
4 

3.3 

3.4 

3.5 

3.9 

4.2 

4.2 

4.1 

4.2 

7.9 

> 29 

crenzch 
afcer 

8 

3.3 

3.7 

4.0 

4.3 

4.5 

4.5 

4.2 

3.6 

4.3 

4.4 

, -N/m-̂  
mixing 

9 

3.6 

3.3 

3.5 

3.7 

4.2 

3.9 

3.5 

2.9 

3.5 

3.6 

10 

5.0 

3.1 

3.4 

3.3 

3.4 

3.7 

3.3 

2.3 

2.9 

3.2 

15 

0.9 

1.2 

1.0 

0.3 

0.3 

0.2 

0.2 

0.1 

0.2 

0.2 

16 

0.2 

0.7 

0.3 

0.2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.0 

TABLE 2. - Effecc of boron on viscoslcy and breakdown cime 
of guar gum drilling fluid mixed wich 

distilled water 

Boron, 
ppm 

0 

0 

1 

2 

3 

4 

5 

10 

15 

20 

1 

55 

55 

56 

56 

56 

47 

57 

58 

> 60 

> 60 

Viscosity 

2 

57 

58 

59 

60 

59 

60 

> 60 

> 60 

> 60 

> 60 

> 
> 
> 

3 

56 

57 

58 

59 

59 

59 

59 

60 

60 

60 

at 300 
Davs 
4 

55 

57 

58 

59 

60 

59 

59 

59 

> 60 

> 60 

rpm, 
after 

> 
> 
> 
> 
> 
> 
> 
> 
> 
> 

8 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

10" • i S 

mixing 

> 

> 
> 
> 
> 
> 

> 
> 

9 
60 

58 

60 

60 

60 

60 

60 

59 

60 

60 

sec 

> 

- > 

> 
> 
> 
> 

> 

I m ^ ' • 

LO 

60 

59 

60 

60 

60 

60 

60 

60 

60 

59 

13 
46 

55 

51. 

48 

26 

23 

20 

13 

13 

15 

16 

26 

43 

32 

26 

11 

10 

10-

8 

7 

7 

I' 

s 
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TABLE 3. - Effect of boron on gel strength and breakdown cime 
of guar gum drilling fluid mixed wich 

Cap wacer 

Boron, 
apo 

0 

0 

1 

2 

3 

4 

5 

10 

15 

20 

1 

3.9 

4.0 

4.1 

4.2 

4.3 

4.5 

4.6 

7.3 

15.2 

23.9 

2 

4.2 

4.4 

4.5 

4.7 

5.0 

5.8 

6.4 

15.6 

21.1 

26.8 

Gel s 
Davs 

5 

3.7 

3.7 

3.8 

3.8 

3.9 

4.3 

4.4 

4.6 

4.2 

,> 29 

crenzch 
arcer 
6 

3.4 

3.6 

3.9 

3.9 

4.0 

4.2 

4.1 

4.2 

3.8 

4.9 

, lilm-^ 
mixing 

7 

2.0 

3.2 

3.4 

3.4 

3.4 

3.7 

3.4 

3.5 

1.8 

4.0 

9 

0.3 

0.3 

0.6 

0.7 

1.0 

1.5 

2.0 

3.1 

0.1 

2.2 

12 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.0 

0.1 

TABLE 4. -

Boron, 
ppm 

0 

0 

1 

2 

3 

4 

5 

10 

13 

20 

T̂  

55 

55 

55 

55 

56 

56 

56 

> 60 

> 60 

> 60 

Effect of boron on viscosity and 
of guar gum drilling'fluid 

Cap water 

Viscoslcy ac 

2 

56 

57 

57 

58 

59 

> 60 

> 60 

> 60 

> 60 

> 60 

300 rpm. 10 -J N 
Days afcer mixing 

5 

58 

58 

58 

58 

59 

59 

58 

59 

58 

> 60 

6 

59 

59 

60 

60 

60 

> 60 

60 

59 

58 

> 60 

> 

> 

7 

51 

58 

59 

59 

59 

60 

59 

58 

52 

60 

breakdown cime 
nixed wich 

•sec/m-̂  

• 

9 

'26 

39 

36 

37 

41 

49 

53 

59 

8 

•57 

12 

7 

10 

8 

9" 

8 

8 

9 

20 

3 

8 
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FIGURE 1 , - E f f e c t o f boron on guar gum 
drf..l l i n g i f l u i d (nixed w i t h 

d i s t i l l.ed wa te r . : 

Fir.URE 2 . E f f e c t o f . boron on -guar igujn d r i 11 ing 
f l u i d mfTjed wl-th tap w a t e r . 
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Backfilling of Cavities Resulting from 
Borehole Mining 
Objective 
As part of the overall develop
ment of a borehole mining 
system - develop backfilling 
techniques to reduce possible 
damage to the environment 
caused by either the cavities or 
the piles of sand tailings that 
result from in-borehole 
hydraulic mining. (Borehole 
mining is described in 
Technology News No. 56.) 

Approach 
Water filled cavities at the 
bottom of boreholes are rapidly 
and economically backfilled by 
jetting a sand-tailings slurry 
underwater. 

How It Works 
The Bureau of Mines borehole 
mining system creates a cavity 
having a horizontal diameter of 
more than 50 feet. (See 
photograph). This cavity can be 
backfilled with much of the 
sand previously mined. 

The sand tailings or similar 
backfill material is dumped by a 
front end loader into a slurry 
mixing tank at the rate of about 
one ton every three minutes. 
Enough water is added to give a 
thick, but pumpable slurry. The 
slurry is pumped down the 
borehole through a string of 4-
inch pipe to the cavity. After 
passing through a right elbow at 

the end of the pipe, the slurry is 
ejected through a nozzle. The 
resulting slurry jet emplaces the 
backfill at the outer wall of the 
cavity. To obtain an even 
distribution of fill in the cavity, 
the nozzle is slowly rotated. The 
nozzle and pipe assembly is 
supported frpm a turntable on 
the surface. See diagram. 

Test Results 
The backfilling technique was 
first field tested following 
borehole mining of uranium ore 
at Rocky Mountain Energy 
Company's Nine Mile Lake site 
in Natrona County, Wyoming. 
After the Bureau of Mines 
borehole mining system was 

used to mine 900 tons of 
uraniferous sandstone from the 
Teapot sandstone formation, the 
resulting cavity was successfully 
backfilled with the sand 
produced during the mining 
operation. The fill was emplaced 
in the water filled cavity at an 
average rate of 16 tons per 
hour. 

Television surveys, which 
were taken during several 
stages of the backfilling 
process, showed that the 
backfill was jetted to the 
farthest reaches of the cavity. 
(Equipment for TV monitoring 
and photographing of boreholes 
is described in Technology 
News No. 63.) 

More than 90 percent of the 

Underground view of borehole mining cavity being refilled by slurry 
pumped from surface. 

This document was prepared by the Bureau of f̂ l̂lnes. Neither the United States Government nor any person acting on behalf of the United States Government 
assumes any liability resulting from the use of ttie Information contained In this document, or warrants that such use be free from privately owned rights. 



sand originally mined was 
backfilled into the cavity. This 
high backfilling ratio resulted 
because of the low swell 
exhibited by the fragmented 
sandstone. A low swell factor 
results because the water jet 
used during the preceding 
borehole mining liberates 
individual sand grains from the 
sandstone, and only the 
liberated sand is pumped to the 
surface. When backfilled, 
liberated sand packs together 
more densely than rock 
fragments. 

During the summer of 1980, 
this backfilling technique and 
borehole mining were both 
successfully demonstrated by 
the Agrico Mining Company in 
St. Johns County, Florida. In 
this application, 1800 tons of 
phosphate rock were mined 
from three holes and most of 
this material was returned as 
backfill during reclamation. 
During mining of the first two 
holes, ground water was pumped 
out of the cavity, and roof 
collapses occurred. In the third 
hole both complete excavation 
and backfilling were 
accomplished entirely under 
water. 

Patent Status 
The United States Department 
of the Interior is not applying 
for a patent on this 
development. 

For More 
Information 
A data sheet on backfilling 
borehole mining cavities is 
available. The final report 
presenting the results of the 
program to develop applicable 

backfilling techniques, and 
describing in more detail the 
several techniques tested, will 
be available for general distri
bution at a later date. 

Additional information on 
borehole mining is contained in 
two other Technology News 
issues, No. 56, "Single Borehole 
Mining of Uranium Ore" and 
No. 63, "Underground Viewing 
System." A third issue. 

Technology News, No. 48 
"Water Jet Perforation of Well 
Casings", relates to multiple 
borehole mining. Persons 
desiring more information about 
these developments should 
contact: 

George A. Savanick 
Twin Cities Research Center 
Bureau of Mines 
P.O. Box 1660 
Twin Cities, MN 55111 

Backfill 
material 
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System for backfilling cavities from borehole mining. 
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Pentlandite is one of the sources of nickel and is found in a number of deposits [1, 2]. It is known that 
the lithotrophic thionic bacteria Thiobacillus ferrooxidans oxidize this mineral and ores containing it (3, 4]; 
however, their action on mechanically activated fractions of pentlandite has not liitherto been studied. How
ever, this subject is of interest for the elucidation of the mechanism of bacterial leaching of nickel, because 
pentlandite is often closely intergrown with other sulfides such as pyrrhotites, arid to get more complete ex-
Iraction of this element from its ores the intergrowths must be broken up as far as possible; this is possible 
only by fine crushing. 

The aim of our work was to establishjhqjelfition between the rate-of. bacterial oxidation of pentlandite 
and its degree of dispersity. Furthermore, it seemed advisable to compare the manometric indices in the 
process of leaching of mechanically activated fractions obtained by various crushing procedures, because 
the attrition of iron by the grinding bodies is more marked in dry milling than in wet. One of the problems 
of our research was to determine the character of the newly formed material when bacteria act on pentlandite. 
The structural changes in this mineral after mechanical activation have not hitherto been studied. Some in
formation on the changes in specific surface area and interplanar distances in the lattices of certain other 
sulfides during grinding in a planetary mill can be found in our previous article [5, 6). Earlier we showed 
thai bacterial leaching of finely dispersed fractions of chalcopyrite and talnachite is more active than for 
their flotation fractions [7]. 

Ht Preparation of Materials and Method of Investigation. A sample of the mineral was subjected to semi
quantitative spectral analysis; the results indicate that the pentlandite was comparatively pure (Table 1). 

Mechanically activated fractions of pentlandite were obtained with an M-3 planetary mill; 25-g samples 
were placed in the drum for wet milling with a solid-liquid ratio of 1 :.5, or 3-gsamples for dry milling. The 
weights ofthe steel balls were, respectively, 500 and 1200 g; milling was continued for 7 min. The original 
and mechanically activated fractions ofthe mineral were analyzed with the aid of a URS-50-IM diffractom-
eter (copper radiation, U=37 kV, 1=10 mA, exposure time 6 h) and also with the aid of an EG-IOO-A electron 

TABLE 1. Chemical Composition of Pent
landite according to Results of Semiquan
titative Spectral Analysis* (tr. = traces) 

f i ' 

Ele
m e n 
tal 
impur 
i t ies 

.Al 

Bi 
Ir 
Ca 

'„ 

tr. 

tr. 
I 0 - -

tr. 

Ele
m e n t a l 
impur 
i t ies 

Si 

. .^itr 
.Wii 

Cu 

••• 

tr. 

10 -•—ir. 
t t . 

1 10 - ' 

E le
m e n t a l 
impur
ities 

PI.. 

. ' ^ • A 

7.:i 
.\-i 

% 

It) = 

tr. 
iO-2 

•:?.:. -10 

*The analysis was performed inthe chem
ical analysis department of the Central 
Scientific-Research Institute of Tin, 
Antimony, and Mercury (TsNIIOlovo). 

Institute of Soil Science and Agrochemistry, Siberian Branch of the Academy of Sciences of the USSR, 
Novosibirsk. Translated from Fiziko-Tekhnicheskio Problemy Razrabotki Poleznykh Iskopaemykh, No. 4, 
pp. 112-116, July-August, 1977. Original article suLimitted December 10, 1975. 
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Fig. 1. Diffraction patterns of pentlandite samples. 1) Original; 
2-3) finely dispersed (2, obtained in wet medium; 3, in dry). The 
analysis was made in the X-Ray Structural Laboratory of the In
stitute of Geology and Geophysics ofthe Siberian Branch ofthe 
Academy of Sciences of the USSR. 

diffraction camera. The pentlandite was Identified by means of reference data from [8]. The specific surface 
areas ofthe fractions were determined by the BET method in an atmosphere of argon [9]. Manometric ex
periments were performed in a Warburg Ag-1 10 apparatus at 28°C. The pentlandite samples weighed 50 mg; 
the volume ofthe bacterialTeaching solution was 2,5 ml. Our bacterial culture was made available to us by 
the Institute of Microbiology and Virology of the Academy of Sciences of the Kazakh SSR; it was grown on 9K 
nutrient medium consisting of 0.1 g KCl, 0.5 g KjHPO^, 0.5 g MgSOj •7H2O, 0.01 g Ca(N03)2, and 63 g of Mohr's 
salt dissolved in 1 liter of distilled water with pll 2.0. The concentration of Thiobacillus ferrooxidans cells 
was 10^ per milliliter; the Fe''"'' content of the solution to be leached was 9 g/liter; the duration ofthe ex
periments was 8 h. To absorb CO2, 0.2 ml of 20% KOH was poured Into each of the central vessels ofthe ap
paratus. The temperature differences in the bath were measured by means of a thermobarometer, A control 
leaching solution was obtained by heating the bacterial solution for 3 h at 70-80°C and then treating it with an 
antiseptic (thymol). 

Results. Interpretation of the diffraction patterns revealed that the greatest amorphization of the crystal 
structure ofthe pentlandite occurs after dry mechanical activation (Fig. 1). The strong reflections become 
very diffuse and the weak ones disappear. Magnetite was found on the surfaces of the mineral fractions from 
flotation and from mechanical activation; this evidently means that it is formed diiring dispersion owing to 
the components of the pentlandite or by oxidation of iron worn from the steel, balls. 

During mechanical activation the specific surface area of the pentlandite increases from 0.5 (flotation 
fraction) to 3,7 for wet milling or up to 3.8 m^/g for dry milling. Interpretation of the electron diffraction 
pattern of the finely dispersed mineral after control processing revealed that a new phase, NiSO^, had been 
formed on its surface (Table 2). After bacterial leaching, traces of sulfur were found as well as NiS04 (Table 
2). Other electron diffraction patterns, which are not shown here, revealed the presence of NiCU '21120 and 
PbSd4; the former was probably formed by chloride lons in the nutrient medium and leached nickel; the latter 
was probably formed by lead present as impurity in the pentlandite and sulfate ions. 

The manometric investigations revealed that in the presence of bacteria the leaching of pentlandite is 
markedly accelerated, both in the flotation fractions and in the finely dispersed fractions obtained after grind
ing in water (Fig. 2). Thus, for the former the consumption of O2 in the oxidation of 1 g after 8 h is 1820 
p\ , while for the latter it is 8950 pl , which is 3.2 limes greater than in the control experiments. Thus 
the oxidation of the mechanically activated fractions i.s much more elTective. Maximum chemical activity 
is observed for the dry-milled finely dispersed fraction -5840 p\ of O2 in 8 h in comparison with 2760 

*\Ve did not determine the lattice defect content ofthe pentlandite. 
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TABLE 2. Electron Diffraction Patterns of Mechanically 
Activated Fractions of Pentlandite after Leaching. Anal
ysis Made by V. K. Rozlovskaya 
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Fig, 2. Consumption of O2 during leaching of-pent
landite, 1, 2) notation fraction with specific sur 
face area S = 0.5 m ' /g (1, control experiment; 2, 
bacterial experiment); 3, 5) wet-milling fractions, 
S = 3.7 mVg; 4) milling in air, S= 3.8 mVg (3, 
control experiment; 5, bacterial experiment). 

p\ (or the wet-imilled fraction, though their specific surface areas were nearly the same. It is interesting 
I note that, whereas in the leaching of the wet-milled product the bacteria accelerate the oxidation of pent-

Fbndlteby a factor of nearly five, in the dry-milled product they have hardly any effect; The main reason for 
Ithls Is evidently that magnetite particles covering the surface of the main mineral prevent the access of 
|thlobacillus ferrooxidans. Analysis of the hourly consumption of oxj'gen also reveals that the products of 
Etet and dry milling behave differently. For the former this index increases continuously from the start of 
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the experiment to its end (from 136 to 612 fil in the control experiment and from 712 to 1340 fii O2 per gram 
la the bacterial experiment), whereas for the latter it remains at about the same level. 

C O N C L U S I O N S 

1. During dispersion in an M-3 planetary mill, pentlandite is activated, and its crystal lattice is partly 
amorphized, while its specific surface area is increased, 

2. The oxidation capacity of pentlandite mechanically activated in water is enhanced, especially in the .' 
presence of the thionic bacterium Thiobacillus ferrooxidans; NiSO,| and S are formed when the mineral is de
composed. 

3. Thionic bacteria are ineffective in the leaching of pentlandite obtained by activation in air; this is 
apparently because they cannot reach the mineral surface owing to a coating of magnetite particles. 
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BY-PRODUCT EXTRACTION OF GOLD AND SILVER FROM POLYMETALLIC ORES 

UDC 669.213 

V. I. Demidov 

At plants in the lead-zinc subdivision, 60-70% Au and 85-95% hq is extracted into 
lead and copper concentrates, 15-20% Au and 10-15% Ag into zinc and pyrite concen
trates, and the remaining gold and silver into the commercial products of gravity 
gold-extraction sections. 

Table 1 

Extraction of Free Gold in 
the Ore-Grinding Circuit 
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Distribution of extracted gold and silver 
among commercial concentrates, % (rel.); 

Au 

Lead 20-25 

Copper 40-45 

Gravity . 15-20 

Zinc 10-15 

Pyrite 5 

Ag 

65-70 

20-25 

1 

10-15 

1 

When ores are floated to produce a copper-lead 
bulk concentrate, the gold and silver combined with 
with copper and lead minerals are extracted, as well 
as a large proportion of the free gold, because the 
latter is not completely extracted in the grinding 
circuit (Table 1). 

Most of the gold and silver losses are with waste 
tailings (Table 2), and in dissolved form with cyanide 

pulps and thickener overflows [1]. Losses of gold in tailings in the large classes 
are substantial, due to insufficient grinding and disturbed routines in the grinding 
and classification circuits. 
Losses of free gold can be reduced by the inclusion of gravity methods in the 

scheme. Jigs (production of which has been unified) are the raost effective and 
widely used devices for the extraction of free gold in grinding circuits. Jigs at 
lead-zinc plants operate under more severe conditions than those at gold-extraction 
plants, due to the high output from the mills, exceeding jig output by 3-7 times, 
and the limited flow of underscreen water. 
With the commissioning of gold-extraction sections at the Leninogorsk, Zyryanovsk, 

and Belousovsk plants, the total extraction of gold into commercial co.ncentrates 
increased by 3.9%, 4.7%, and 5.7%, respectively. The flow chart for one of these 
sections is shown in Fig. 1. 

The jigs are covered 
at the to? by a metal 

ore . grid with 9-10 nm 
holes, preventing the 
clogging of the bed by 
the coarse scrap which 
is produced by the 
mills in large amounts. 
The maximum amount of 
gold is extracted from 
the ore at the optimum 
jig concentrate yield, 
which depends on the 
ore-grinding coarseness 
and on the shapes and 
sizes of the free gold. 
At the same plant, 

gold extraction to jig 
concentrate is at maxi
mum with larger numbers 
of moving cone vibrations, 
minimum underscreen water 

r — 
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Pig. 1. Gold extraction flow chart. 
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Table 2 

Gold and Silver Losses at 
Plants in the Lead-Zinc 

Subdivision 

' Waste • 
products' 
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flow solid 
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concentrates.. 
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flow, and minimum cone travel amplitude at an identical 
concentrate yield but with various jig operation rou
tines. Increasing the flow of underscreen water and 
the amplitude of travel help to carry the fine gold 
into the jig tailings. 

It is vital to stabilize the flow of underscreen 
water; this makes it possible to maintain a constant 
concentrate yield. Stabilization is achieved by in
stalling, a header tank or by using DP-610 differential 
mono-Leters with continuous recording of the prescribed 
water flow [2]. 

In the finishing departments, the rough concentrate 
from the jigs is processed to give either bullion gold 
or co:3niercial concentrate with a gold content of 
100-200 g/ton. 
The former scheme is the most complex and extraction 

of gold into commercial products by it is lower than in 
the latter scheme, but its advantage lies in the fact 
that its end product is crude gold. The latter scheme 
yields a concentrate from which the gold is extracted 
by srelting at metallurgical plants. Finishing scheme 
selection is determined mainly by economic considera
tions, in particular the distance between the benefi
ciation plant and the metallurgical plant. 
The existing concentrate finishing schemes are not 

free of individual faults. For example, at the Belou
sovsk plant the coarse free gold is not separated from the rough concentrate; this 
leads to overgrinding of the gold and to inevitable losses. At the Leninogorsk 
plant, fine gold is not extracted fron the shaking table tailings, and at the Salairsk 
plant up to 40% of the gold present in the jig concentrate is left in the finishing 
tailings, which are returned to the ore grinding circuit. 

In particular cases the middlings from finishing are recleaned on a shaking table 
without preliminary preparation; this yields a low-grade concentrate. Expenditure 
on its metallurgical processing increases, as do losses of non-ferrous metals (zinc, 
copper or lead) with the concentrate. 
The dewatering and preparation for shipment of commercial concentrates (transpor

tation within the shop, storage, and loading) is a laborious operation and a source 
of great mechanical losses. A ferroconcrete dewatering 
hopper which has several compartments, drainage devices, 
and loading facilities [2] has been built for this pur
pose at the Leninogorsk plant. The hopper is simple to 
manufacture and maintain and can be recommended for 
gravity separation departments at other plants. 
C-old is extracted from waste tailings by reflection 

with preliminary classifying and regrinding. The 
fullest extraction is achieved by using a combined 
sche--€ including gravity, flotation, and cyanidation 
processes; one such fiow chart is shown in Fig. 2. 
Gold losses with the sulfides can be reduced by altering 
the flotation scheme. Thus at one of the plants the 
inclusion in the pyrite flotation scheme of preliminary 
thickening to 16% solid matter and increasing the soda 
concentration in the pulp to 490 g/liter has increased 
the extraction of gold into the pyrite concentrate from 
55 to 73% (from the operation). The scheme for the 
final extraction of gold or silver from the tailings 
is worked out in each specific case having regard to 
the forms in which these metals occur. 
Extraction of dissolved gold from cyanide pulps and 
Lutions. The intensive mixing of'auriferous cyanide 
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1 Overflow 
to waste 

soil 
Gold-containing 

concentrate 

Fig. 2. Combined flow chart 
for gold and silver ex
traction from polymetallic 
ore flotation tailings. 

pumps in flotation with the air create favorable condi
tions for gold to dissolve at low cyanide concentrations 
(0.01% NaCN or less). The solution of gold increases 
as the cyanide concentration rises, as reacting phase 
contact time increases, and as the degree of ore grind
ing increases. 



86 TSVETNYE METALLY / NON-FERROUS METALS 

At some plants the dissolved gold is extracted from the most highly concentrated 
overflows with activated carbon, which is used either in finely-ground form when fed 
directly into the cyanide pulp [3] or into the thickener overflow [4] or in granular 
form [5]. At the Belousovsk plant, at first the activated carbon was fed directly 
into the copper concentrate thickener; then preliminary pulp agitation with the acti
vated carbon in a converted flotation cell was introduced, the carbon being fed in as 
an aqueous suspension. These simple'measures reduced losses of gold with the thick
ener overflow from 6 8 to 38% without additional capital investment (activated carbon 
consumption remaining unchanged at 0.45 kg/m') and increased gold extraction at the 
plant by 3.3% (abs.). 
At another plant, a similar scheme whereby an aqueous suspension of activated 

carbon was fed directly into lead flotation tailings cyanide pulp with subsequent 
dewatering in a thickener reduced losses of dissolved 
gold from 19.6 to 11.4% and silver losses from 3.7 to 
2.7% at a carbon consumption of 0.6 kg/m^. 

It is apparent from Fig. 3 that losses of dissolved 
gold can be reduced by increasing the consumption of 
activated carbon. Additional contact between the 
activated carbon and the cyanide pulp will also help 
to reduce gold losses. 

If the activated carbon is fed into the thickener 
overflow and not into the pulp, much of the carbon is 
carried off by the ascending flow during its subse
quent separation from the liquid phase in another 
thickener and is lost with the thickener overflow. 
At one of the plants, from 0.23 to 2.5 g/liter of 

activated carbon with a gold content of up to 500 g/ton 
is lost in the secondary thickener overflow. 
Extraction of dissolved gold using ion-exchange 

resins. A sorption technology for extraction of 

ioa 

n O ff 

5 " ' 

\ ^ 
\ 1 

m n't us OM W 12 
Carbon consunp t ion , k g / n ' 

Fig. 3. Losses of dissolved 
gold according to anount 
of activated carbon fed 
into lead-flotation tail
ings prior to thickening: 

A - average annual carbon 
consumption; B - average 
losses of dissolved gold. 

dissolved gold from thickener cyanide overflows using 
AV-17 anionic exchanger has been developed and tested 
under pilot-plant conditions at the All-Union Non-
Ferrous Metallurgy Research Institute [6,7], In this 
technology, the thickener cyanide overflows are fil
tered consecutively (at a prescribed speed) through a 

suspended layer of anionic exchanger in two or three sorption columns. The exchanger 
adsorbs gold and other complex cyanides which are present in .the cyanide overflows. 
The clean overflow (filtrate) from the last column in the sorption series is suitable 
for use in the flotatio.-. process instead of fresh water. 
When the equilibriuri state is reached, the first sorption column is disconnected 

from the sorption series and subjected to selective elution of zinc with 0.2N HCl, 
of copper with 5N NCI + 1.5>i N'aCl, and gold with an 8% solution of CS(NH2)i + 
0.2N HCl. The second coluir_n is connected up to the position of the first column, 
the third column to the position of the second, and the place of the third column 
is taken by a column containing fresh (regenerated) resin. During elution of the 
anionic exchanger, the ratal cyanide compounds are broken down by the action of 
the HCl. 
The hydrocyanic acid which evolves is blown out of the eluate and is trapped as 

NaCN as it passes through absorbers containing NaOH solution; the sodium cyanide can 
be used at the plant in the flotation process instead of imported cyanide preparations. 

Zinc, copper, and gold are extracted into commercial products from the first, 
most highly concentrated eluate fractions, the volume of which does not usually 
exceed 10-15% of the total eluting agent, after blowing out the HCN. Lead and silver 
are extracted into these products incidentally. The zinc is extracted either as 
hydrate cake containing up to 30% Zn which can be processed at a zinc plant, bypassing 
the roasting stage, or as ZnSOi.; in the latter case KU-2 or KU-1 cationic exchanger 
is used. 
Copper is extracted by electrolysis to form a loose cathode deposit; gold is ex

tracted by cementation with lead powder to produce a lead sponge containing up to 
50 kg/ton Au, or by electrolysis to produce a cathode deposit in the form of gold 
foil. 
The recirculating fractions of all eluates and the commercial fractions after the 

metals have been extracted from them and the HCl has been brought up to the prescribed 
concentration are used again as the eluting agent. 
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This sorption technology will give the most complete extraction of cold from 
cyanide overflows, even when the concentration is extremely low (0.05-0.07 mg/liter). 
Harmful impurities are removed from the cyanide overflows incidentally and extracted 
into commercial products and the purified overflow is used in the water circulation 
systen as process water. 
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the spectra of ferrimolybdite and limonite which had been 
treated witli oxidised petrolatum for the same reascm and 
on account of the lower concentration of the saturated a l i 
phatic acids in the oxidised petrolatum than in their indivi
dual sohitions. The absorption band for the molecular form 
of the sorption of oxidised petrolatum ul 1720cm"^ wns r e 
corded for scheelite after 1 and 2 washes. After repeated 
washing this band disappears , which confirms the resul t s 
from flotation t r ia l s with washing and the conclusion about 
the easily water-washed ))hysical form of the sorption of 
oxidised petrolatum on minera is reached on their b a s i s ' ) . 

Conclusions 

1, In addiUon to tlie chemisorbed ions of the collector, 
which form soaps with the cations of the crysta l lattice of 
the mineral-, the oxidised petrolatum collector is also 
attached as a resu l t of pliysical sorption of the molecules. 
The phy,sical form of sorption of oxidised petrolatum is 
unstable and is therefore readily desorbed from the s u r 
face of the minera ls with watar . . ^ 

2. The mixed form of sorption without removal of the 
oxidis.ed petrolatum from the liquid phase of the pulp 
s ecu re s good hydrophobisation of the surface and high ex
traction of the minerals into the concentrate. The decrease 
in the extraction of the minerals after, washing oul with 
water resul t s from removal of par t of the physically sorbed 
collector from the surface. 
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c i the i n i t i a l (1} and a c t i v a t e d c o n c e n t r a t e in 
the p l a n e t a r y (2) and a i r . s t r e a m (3) m i l l s on 
the decomposi t ion of the s u l p h i d e s . Length of 

. p l a n e t a r u . g r i n d i n g : o - 10 min; A - iJO min. 
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Biochemical stripping and leaching ot gold t rom a stubborn sulphide concentrate with superfine grinding 

G G Mineev, T S Syrtlaiioi'a and 1 K Skobeev Qrkutsk SUite Scientific-Research Institute of R.are and Nonferrous 
Metals (IRGIREDMET)'Irkutsk Polytechnical Institute. Deijartment of tlie Metallurgy of Light and Noble Metals] 

The technology for the t reatment of gold-containing sul
phide concentrates by roasting and cyaniding of the calcines 
has been well studied, makes it possible to obtiiin good 
results with comi»rat ively small capital antl operational 
costs, but entails contamination of the a tmosphere willi 
toxic compounds of a rsen ic and sulphur M ' ) . For this 
reason it i s an urgent problem to perfect the promising 
metliod.s of the known hydrometallurgical metiiods for the 
exlracticin of gold from such raw material and to develop 
new technological schemes meeting modern requirements 
for protection of the en \i ron iuent. 

Of interest from tiie standpoint of creat ing nonroasting 
schemes i.s the possibility' of the stripping and leaching 
of gold by a combination of mechanical and chemical activa
tion of the concentrate by superfine grinding with subse.quent 
treatment by the alkaline hydrolysates from the biomass 
of micro-organisms^) •*). Technological inve.stigations into 
the biochemical sLinpping and leading of gold were carr ied 
out in a flotation concentrate containing 3 0 g / l Au, S . I^As, 
24.3%S, and 25.4%Fe. According to rational analysis ,about 
76% of the gold was finely impregnated in the sulphide 
(pyrite and arsenopyri te) . The gold in these minerals i s 
finely dispersed, and the bulk consis ts of par t ic les wilh 
dimension not exceeding Ifj. The high technological tenacity 
of the concentrate eUininates d i rec t cyaniding, since here 
it is not possible to extract more than 8-10% of the gold. 
Even after superfine grinding the extraction of gold into 
tlie cyanide solution is not g rea te r than 23-28%. The s t r ip 
ping of such a pigment-type gold is only possible with de
composition of the sulphide minera ls , and this is most 
conveniently realised by hydrometallurpical treatment. 

A c.oiii|>arison was niado of the cliai-acleristics of alkaline 
decomposition of gold-containing sulphides and the leaching 
of gold from the concentr:itc from planetary and je t - type 
grinding in a i r . In the experiments we used centrifugal 
planetary ball mills operating intermittently (Al2x 150 and 
M-3). The load of balls was 35-40 times greater tlian the 
amount of mater ial being grinded, and the acceleration was 
equal to 40-50 g. The a i r - s t r e a m grinding of the concen- . 
trate was real ised in a ZS-06 mill , with compressed a i r a s 
the ojiieraling medium (P = 4.5-4,7 atm). A i r - s t r eam grind
ing gave a product with 85% of - i ( i witli a surface a rea of 
4 . 8 m ' / g . The part icle s ize of the initial concentrate c o r r e s 
ponded to 80%.of -0.074 mm. (The content of the - 4 M fraction 
was not greater tlian 1%). 

1<8/U 

r-̂ ^ 

a a s IS i'l a t mm 

Fill. 3 The con ten t of .gold i n the cakes from cyan id ing 
of che c o n c e n t r a t e with p rev ious a l k a l i n e t r e a t 
ment (1) and without t rea tment (2) and the sodium 
cyaniih ' ciinsumption (JJ as a func t ion of the 
length of . i c t i v a t i o n . 

As follows from fig. l , com|)arable resu l t s on alkaline 
decomposition of the sulphide minerals (tlie sulphur content 
of the solutions) were obtained when the concentrate was 
treated with the planetary and the a i r - s t r e a m mil ls . How
ever , c lear differences a r e observed in the e.xtraction of 
gold.from the activated products. Tailings with a res idual 
gold content of up to 16 g / t . were obtained even when 
cyanide solulions were used on the concentrate from planet
ary grinding (after alkaline treatment) (fig.2). Here the 
sodium cyanide consumption increases from 0.2 to Skg/ l . 
during t reatment of the initial and activated (20 min or 
more) concentrates , and this i s due to the increase in the 
reactivity of the mineral impuri t ies . The highest ex t r ac -
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Uon of gold (65-70%) is only secured from the concentrate 
activated in tlie air-stream mill by the alkaline Ireatinenl-
cyaniding scheme, and here tailings wifh a re.iidual coiilent . 
of the metal half Uiat in tlie case ot Uie planetaiy niill were 
obtained. The increase in Uie tenacity of the gold wiUi re
spect to cyaniding during leaching of the product froin the 
planetary niiH is explained in all probaliilily by passivation 
•of the surface of the gold parlicles, whicii has already been 
observed by other authors^). In subsequent experiments 
preference was given to air-stream grinding. 

Earlier it was shown that il is possible in pr-,u;lice to use 
the alkaline hydrolysates frnni the biomass of yeast and 
also Uie combined solutions of the hydrolysate and sodium 
cyanide for Uie stripping and leaching of gold from Uie 
activated concentrate^). By treatment of industrially pro
duced nutrient yeasts by solutions of sodium hydroxidewe 
obtained hydrolysates with the following composition: Up to 
5 g/1 total amino acids, 0.5-0.8 g '1 nucleic acids, 1-2 g/l 
lipids, and 20-30 g/1 sodium hydroxide. It was neces.sary 
to determine the lowest liquid-solid ratio at which the 
ma.ximum characteristics v;iUi respect to the leaching of 
gold are obtained. For the combined .solutions of Uie hydroly
sate (2 g/1 amino acids) and .sodium cyanide (0.15%) Uie 
optimum is a Uquid-soUd ratio of 8:1 or more, and in this 
case the extraction of gold into Uie solution amounts to 
~70% (fig.3). However, only 40% of the gold passes into the • 
hydrolysate solutionsat this dilution without the additions 
of cy.anide. The extraction of the metal is in practice direc
tly related to the liquid-solid ratio and also reaches 70% 
wiUi dilution of the pulp lo a liquid-solid ratio of 16:1. 

//.-/ l i q u i d 
.Si>liiJ 

F i g , J The e f f e c t o f t h e l i q u i d - s o l i d r a t i o on t h e 
l e . i c h i n y c h a r a c t o r i s t i c n o f g o l d f rom t h e 
c o n c e n t r a t e bij t h e inj t lvoi i jsaize (1 ) a n d by 
c o m b i n e d s o l u t i o n s o f t h e i n j d r c l y s a t e a n d 
s o d i u m c y a n i d e ( ? ) . Th-j l e n y t ' n o f l e . : i c h i n g 
w,is <l8h. 
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F i g . - J The dun ,^mics o f t h e I . : ' a c h : n g o f g o l d hy 
c o m b i n e d s o l u t i o n s o f the . h y d ; - o l y s n t e a n d 
s o d i u m c y a n i d e (1 ) a'nd hy t .he h y d r o l y s a t e 
w i t h t h a o x i d i s i n g . i g o n t (2J a n d w i t h o u t 
t h e o x i d i s i n g a g e n t ( 3 ) . 

The leaching ot the gold Ijy Uie investigated solvents i.'; 
largely complete inUie first 48h of treatment (fig.4). Afler 
leaching of the activated concentrate by the hydrolysates 
for 96 h 62% of the gold is extracted, while 76% is extracted 
by the same solutions with the addition of cyanide. The 
effectiveness of Uie hydrolysate solutions increases sig
nificantly in the presence of an oxidising agent, and up 
to 76% of the gold is extracted, alUiough sodium cyanide is 
absent. The gold was extracted from the IVydrolysate solu
tions by the AM-2B resin. The capacity of the .saturated 
resin in gold amounts to 40 mg'g with an equilibrium con
centration of the metal in the .solution of 1.4 mg/l . The re
generated resin does not lose its sorption characteristics 
during subsequent exlraclion of Uie gold. 

T h e c h a r a c t e r i s t i c s of t he s o r p t i o n l e a c h i n g of t he c o n c e o t r s t e f rom 
t h e a i r - s t r e a m g r i n d i n g v i U i v a r i o u s p u l p d e n s i t i e s . L e n g t h o ! 
s o r p t i o n l e a c h i n g 4 8 h , a m o u n t of r e s i n 5% 

Density of 
pulp 

(liquid/solid) 

2:1 
4:1 
6:1 
8:1 

10:1 

-Au conteni in 
gold-depleted 

solution 
m g / l 

0.01 
0.006 
0.005 
0.005 
0.004 

Au conteni in 
leaching cakes. 

g / t . 

13.2 
9.1 
7.0 
G.2 
6.0 

Extraclion ol 
Au on resin, % 

56.8 
67.9 
76.8 
78.5 
79.4 

In view of the results it seemed expedient to test Uie sorp
tion leaching with a view to impro^ang the conditions and 
characteristics of the extraction of gold. In experiments 
on the sorption leaching the amount ot AM-2B resin w.as 
5% on the weight of Uie solid product. It was established 
that the Ijulk of Uie iron is extracted afler 48-50h wiUi a 
liquid-solid ratio of 6:1 (table). Under these conditions 
76.8% of Ihe gold is extracted on to the resin, i. e., chai-ac-
teristics comparable with the characteristics of the normal 
filtration process are achieved but wiUi a liquid-solid ratio 
of 10:1 (by leaching wiUi combined solutions of the hydroly
sate and sodium cyanide or of the hydrolysate and the 
oxidising agent) and 16:1 (by leaching wiUi the hydrolysate 
solutions). 

Increase in the length of the sorption leaching to 72 h with 
a liquid-solid ratio of {8-10):l makes it possible to increase 
Ihe degree of extraction of gold to 83.4% and to obtain tail
ings with a residual metal content of 5 g/t. The tosic 
possibilit)' of recycling the hydrolysate solutions was es
tablished. After the second and third cycles on fresh 
portions of concentrate the gold was leached, and the reac-
Uvity of the solvent had decreased by factors ot 1.5 and 2 
respectively. 11 is possible to achieve high technological 
results by strengUiening the solulions wiUi fresh solvent. 
Rational analysis of Ihe cakes from sorption leaching showed 
a-high degree of stripping of the gold associated with the 
sulphides mostly by chemical means; the content of the 
metal decreases from 25.8 g/t. in the initial concentrate 
to 15.2 g/t. in the product from air-stream grinding and 
2,8 g/t. in Uie leacliing tailings. 
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The distribution of a r sen ic among the s tages of t reaiment 
was investigated. During the treatment of the concentrale 
by the alljaline hydrolysates Uie arsenopyri te decomposes, 
and 70-75% of Uie ar.senic passes into solution. Its content . 
in the .solution remains practically unchanged before and 
after sorption, i . e . , it is not sorbed on the resin. Before 
discharge,the tre.aled solutions can be submitted to purifica
tion from arsenic ijy known meUiods"). As a resul t of Uie 
coinpleled .setof investigations a basic technological scheme 
is recommended for large scale t r ia l s on the trcatiiienl 
of gold-ar.senic concentrate (fig.5). In the recommended 
scheme the concentrate is groimd in an a i r - s t r e a m mill and 
is subjected to sorpUon leaching with alkaline solution.s 

^ from protein hydroly.sates. In addiUon to favourable coii-
*' ditions for Uie activation of the concentrate the use of a i r -

s t ream mil ls has Uic following advantages: 'Induslrv is 
familiar with Uie apparatus and the app;u-atus hasliigli 
produclirity (up to 100 t/h>, simple constniclioii, a small 
metal capacity, and lower cost. The solvenl is obtained 
from Uie industri;iily produced bioinas.s of yeast (protein 
content 50%) by alkaline hydrolysis and subsequent dilution. 
The gold-containing resin is treated lo desorb the gold. 
and regenerate Uie sorbent by the standard, scheme wiUi 
the production of commercial gold by electrolysi.s of the 
thiocarbamide eluates . In connection with the need to 
isolate and dispo.se of Uie.arsenic-containing precipitate 
and the desirabili ty of recycling the treated solutions the 
pulp from the sorption leaching is subjected to dehydration 
in centrifuges. The solutions a r e passed on for p rcc ip i t i -
Uon of the a rsen ic with lime, after which the grea ter part 
of them is used to dilute the iniUal hydrolysate. 

A la rge-sca le technical and economic a s se s smen t of the 
proposed technique showed that the cost of 1 g of gold with 
allowance for Uie costs on the pi-odction of the concentrate 
lies within acceptable l imits. 

Conclusions ' 

1. During comparison of planetary and a i r - s t r e a m grinding, 
regimes for the concentrate preference was given to the 
latter, since it makes it possible to obtain leaching lailings 
wiUi half the residual gold conteni of that obtained by the 
planetary rod mill wiUi oUier conditions equal. 

2. Protein hydrolysates a r e effective in the sorption leaching 
of Uio activated concentrate . WiUi liquid-solid rat ios ot (6-8):l 
and with treatment t imes of 48-50h about 80% ot the gold is 
extracted on to the resin. Increase in the length of leaching to 
72 h m a k e s it possible to increase Uie degree of extraction ot 
gold into Uie hydrolysate solution to 83.4%. The arsenic is 
concentrated inthe treated solutions and can be precipitated 
by known methods for subsequent disposal. 

3. The technological scheme for the t reatmeni of the sulphide 
roncentrate based on a i r - s t r e a m grinding and sorption leaching 
with protein hydrolysates is recommended for la rge-sca le 
t r ia l s . 
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Some ru les for the evaporation ot sulphur-containing nickel under high vacuum 

V P aiintsis , L Sh. Tscmekhnian, S E Vaisburd and B P Burylev (Griproiiikel' Institute. Kiasniodar Polytechnical 
Institute. Departinenl of Physical Chemistry) 

Evaporation fro'ii cvlindrical crucibles with various height 
to radius rat ios under high vacuum.') v.-ns used ti.i studv the 
rules governing the evaporation of sulphur and nickel. The 
invesUgations were carr ied out in a TVV-4 furnace. Nickel 
of electrolvcjc grade Nl and nickel sulphide which had been 
previously prepnrec! fiom meti l l ic nickel of grade Nl and 
stick sulphur bv fusion in quar tz tubes were used as the 
starting iiiaterial.s. The working allny.s of nickel wiUi sulphur, 
containing 0.45 and 0.9wl.%S, were prepared frnm Ihe above-
iiienlinned star t ing materials 'by fu.shm in aUinduni crucibles 
at I600"C under vacuum (residual p re s su re --lO-^mni lig), 
which ensured removal ot gases ancl V'.latilo impuri t ies . 
The following experi men t'l I procedure was employed^). .A 
known amount of the alloy was placed in aUiminiuni oxide 
crucibles 5-8 mm in diameter and 18-105 mm high. (The 
crucibles wore f irs t .subjected to vacuum treatnieiit at IGOO'̂ C). 
The crucibles were placed in a molvbclenuiii block, where 
a VR20-'5 thermncouple had been in.serled. 

•\ ronslanl e.\pcriiiionlal temperature was .secured by :i 
rogukiliiig Iransfnrincr. The lomper:iliire was liicasurctl liv 
iiiciiiis of a (-onlrtil |inlenliiiiiictcr willi an :iccur:i(y nf i r/'C. 
The holding lime at constant lempei:iliire amouiiled lo 2h. 
At the end of the holding period the furnace was rapidly 
cooled. The loss in weight of the alloy, the surface di;imcler, 
and the distance between Uie surface and the lop edge of the 
crucible were determined. The alloy was analysed for sulphur 
content'; the accuracy of the cheniical analysis amounted to 
1-2 rel.%. As shown by Uie exper iments , during holding 
under vacuum Uie sulphur content of the nickel varied by 
1-2 re l .%. In the calculations we used the average sulphur 
content of the metal during the experiment. The recipiocal 
of the evaporation rate of the component i s related to Uie 
vapour p res su re and to the e^TiporaUon coefficient by the 

following eouation^) 

S T 

"G 1 -
Jl_ 
W 

where G =- the loss in weight 
S = the area of Uie evaporation surface 
-I = theevaporaUon lime 
a = Uie e\'aporation coefficient 

W = the Clausing coefficient ') 
R - the-universal gas constant 
T - :ibsulutc temperature 
iVl - the molecular weight 
P - Ihe vapour p r e s su re . 

The vapour p res su re and Uie eraporation coefficient were 
determined from Eq.(l) . Analy.sis of the data (fig.l and 
iillicrs) shows Ihat the e r r o r in Uie determination of Uie 
va|)our iiresHure in Ihe prcseni work amounted to~10?b. 
Ill fig's.I-l the iibtiined c.Npeiimental data ;ire presented in 
Uie form of linear relationships with Uie reciprocal of the 
Clausing coefficient. To determine the vajjour p re s su re it 
is necessary to know its composition. Owing.to Uie fact 
lh;it Uiere a re no published data on the composition of the 
vapour aljove nickel sulphide melts the calculaUon was 
performed on the assumption Uiat the vapour consists of 
nickel sulphide molecules (NijS,) and excess nickel a toms 
(variant 1) or of sulphur molecules (Sj) and nickel a toms 
(variant II). 

The experimental data were treated by Uie nieUiod ot 
least squares . The ralues obtained for the pa rame te r s in 
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BLASTING TESTS IN A PORPHYRY COPPER DEPOSIT IN .PREPARATION 

FOR IN SITU EXTRACTION 

• by 

. Robert C. Steckley, 1 Wi l l iam C.' La rson ,^ and Dennis V. D'Andreo^ 

ABSTRACT 

The Bureau of Mines performed a fragmentation, experiment in cooperation 
with Duval Corporation in a porphyry copper-molybdenum deposit near the 
Sierrita pit south of Tucson, Ariz. This experiment evaluated the fragmen
tation created in a 10-hole test blast having blasthole spacings of 25, 20, 
and 15 feet. The 10 blastholes were 9 inches in diameter and contained a 
total of 17,400 pounds of aluminized slurry blasting agent in 50-foot columns 
with 60 feet of stemming. 

Diamond drill core examination was the primary method used to determine 
the condition of the rock before and after blasting. These core examinations 
included study of length recovery, rock quality designation (RQD), weight 
recovery, and size distribution. Topographic surveys were used to measure the 
rock swell.produced by the blast and a fragment size distribution was obtained 
for the broken material on the surface. Fragmentation to depths of 110 feet 
was excellent from the 15- to 20-foot blasthole spacing patterns. Good 
, breakage, was also produced by the 25-foot pattern although the effects of the 
blast were not so obvious. In situ leaching, tests were not conducted. How
ever, based only on size, consideration, all three blasting patterns produced 
adequate breakage for successful leaching. 

INTRODUCTION 

The Bureau of Mines is developing fragmentation technology for in situ 
extraction systems. An in situ extraction system is attractive because it 
can be applied to deposits that are presently too low grade to be mined by 
conventional methods, thereby increasing domestic reserves.' In situ extrac
tion also reduces exposure of workers to health and safety hazards, minimizes 
detrimental environmental effects, and lowers energy consumption during mining 
and beneficiation (2, 31).'^ The objective of the Bureau research is to 

^Geologist (now with'Intermountain Field Operation Center, Bureau of. Mines, 
Denver, Colo.). 

^Geologist. 
^Geophysicist. 
•Underlined numbers in parentheses refer to items in the list of references 

preceding the. appendix. 
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develop fragmentation processes to effectively fragment rock in place and econom
ically prepare low-grade deposits for in situ extraction. This experiment evaluates 
the fragmentation' created in a 10-hole test blast having blasthole spacings of 25, 
20, and 15 feet. While initial research is directed primarily at porphyry copper 
deposits, much of the information developed will be applicable to in situ extraction 
of other mineral deposits. 

In situ leaching has been practiced at the Miami mine, Miami, Ariz. (11), to 
take advantage of fragmented zones of rock created by block caving operations. The 
Old Reliable mine near Mammoth, Ariz., was the site of a 4,000,000-pound AN-FO 
coyote blast to prepare the ore body for in situ leaching (10). The blast, a joint 
effort of Ranchers Exploration and Development Co. and DuPont, was detonated in 
March 1972. Rangers also detonated a borehole blast with 400,000 pounds of explo
sive to break and move ore into the pit for in situ leaching at the Big Mike mine 
near Winnemucca, Nev., in July 1973 (20). McAlester Fuel Co. detonated a 
4,150-000-pound AN-FO blast in vertical boreholes at its Zonia mine near Kirkland 
Junction, Ariz,, in April 1973; an 890,000-pound AN-FO blast in March 1974; and a 
1,544,000-pound .AN-FO and water gel blast in May 1974, Initial results at the Old 
Reliable, the Big Mike, and the Zonia mines have been encouraging. The concept of 
using nuclear explosives for in situ leaching has received much attention (12), 
although public opposition to the commercial use of nuclear explosives and diffi
culties in leaching deep-lying primary sulfide ores have delayed its application. 
However, Kennecott and the AEC continue efforts to solve the environmental and 
technical problems associated with this method (9). 

Although industry activities in in situ extraction are increasing, many 
problems remain to be solved. Improved techniques for determining in situ rock 
properties and in-place characteristics of ore bodies are needed to properly 
evaluate potential deposits for in situ extraction. Also needed are blasting 
methods that produce ideal fragmentation to permit maximum recoveries, more 
'sophisticated solution injeetioii and recovery systeras, and improved environmental 
controls. 

This report is concerned with the Bureau of Mines efforts to optimize rock 
fragmentation for in situ leaching. In order to optimize rock fragmentation the 
following must be evaluated: (1) The zone of blast damage for different blast 
spacings (15, 20, and 25 feet) and (2) the degree of fracturing for each blast spac
ing. Multiple techniques were used to make these evaluations. These techniques 
overlapped in that they evaluated the same or similar parameters of the blast (that 
is, size distribution and zone of blast damage). This overlap was designed in the 
test program to evaluate the best techniques for future tests. Results from acous
tic core logging methods developed and applied in assessing blast damage are 
described In a separate report (29). 

The zone of blast damage was defined for each blast spacing in order to 
quantitatively describe the extent of fractuiring above, below, and coincident with 
the charge column. These data are needed for calculating volumes of crushed rock in 
an ore.body fragmented by blasting. The degree of fracturing was determined because 
it is a critical parameter controlling the leaching process (11), In general, the 
larger the fragments, the slower the leaching. Size distribution, however, is not 
the only, parameter controlling leaching. Other controlling parameters such as 
mineral composition, amount of available oxygen, amount of pyrite, the type of 
bacteria present, in situ temperature of the rock, and location of the ore body 
with respect to the water table must be considered when designing for the adequate 
fragmentation of a particular ore body (IjL-Ĵ , 14̂ -16, }:^-l9_, 23-^, 2 6 ) . A simple 
example of such a consideration can be given. 
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•Copper oxides (tenorite, cuprite) and copper carbonates (azurite, 
malachite) dissolve faster than copper sulfides such as bornite, chalcocite,. 
and chalcopyrite Cli-j^, H'l^j 24) . Copper silicates are an intermediate 
case between oxides-and sulfides. "At temperatures of 20° to 40° C, the 
dissolution of chalcocite may take years and dissolution of chalcopyrite takes 
decades" (24). Fraction recovery for coarse-grained ores composed dominantly 
of chalcopyrite is very low; however, if the grain size of the ore is 
decreased, the fraction recovery will increase (15). It is possible, there
fore, to control recovery by controlling the size distribution of the blasted 
ore, and it is critical to optimize the amount of fragmentation. This optimi
zation for any site is best made if a quantitative study of fragmentation is 
made at all scales. This report describes such a study.-
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TEST SITE 

Geology 

The test site is located at the Sierrita open pit copper mine in Pima 
County, Ariz., approximately 25 miles south of Tucson. The property is owned 
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FIGURE 1. - Locat ion of Sierrita copper mine. 



and operated by the Duval Sierrita Corporation; a subsidiary of Duval Corpora
tion. The pit is on the southeastern flank of the Sierrita Mountains at the 
extreme south end of the Pima Mining District (fig. 1). 

Generally, the igneous rocks in the Sierrita pit are Triassic-Tertiary 
age. Cretaceous-Tertiary rocks such as the quartz monzonite porphyry. Ruby 
Star granodiorite, the quartz diorite, and the breccia pipe were intruded 
and extruded in a series of individual, but related tectonic events. The . 
Harris Ranch quartz monzonite occurring in the south half of the Sierrita 
pit, is Jurassic-Triassic. The Oxframe volcanics are Triassic and occur on 
the east side of the Sierrita pit. All of these rock types contain sulfide 
mineralization in varying amounts. Generally, metallization in the Sierrita 
pit consists of chalcopyrite, molybdenite, pyrite, and minor amounts of 
chalcocite. Covellite and native copper are rare. Other minerals such as the 
copper carbonates (malachite and azurite) are present (̂, 12, 17., 21, 25) in 
minor amounts around the pit perimeter. . 

The location of the test site is on the northeast side of the Sierrita 
pit, approximately 1,500 feet from the pit boundary (fig. 2), The test site 

FIGURE 2. - Test site location. 



is on top of a northeasterly trending ridge, which is surrounded to the north, 
east, and south by steep gullies and dry washes (fig. 3). 

The dominant rock type at the test site is described by the mine 
geologists as a quartz monzonite porphyry. Based on a single modal analysis 
of rock core obtained from the test site, the rock was found to have the 
composition shown in table 1. A rock having this composition is classified as 
a granodiorite porphyry according to Travis (30). The discrepancy in compo
sition between Travis' classification and the mine geologist's is slight and 
is most likely due to the limited sampling; therefore, the more common term 
(quartz monzonite. porphyry) will be used throughout the text. The quartz 
monzonite porphyry pervades the entire test area; however, it is cut at, 
several locations by quartz veins (fig. 4). 

TABLE 1. - Modal analysis of dominant rock type 
at the Sierrita test site 

Mineral: 
Plagioclase. 
Orthoclase., 
Quartz 
Biotite...... 
Sericite.... 
Chlorite 

Percent by volume 

66.6 
14.0 
11, 
5, 
3,0 
.2 

X-ray fluorescence studies performed on cpre obtained from the test site 
indicate that copper mineralization is present throughout the quartz monzonite 
porphyry. Copper was concentrated, however, in the fractured areas of the 
core. The X-ray method indicated an a-yerage of 0.23 percent copper throughout 
the core (fractured and unfractured core). The average copper content in the 
fractured areas was 0.33 percent while it was only 0,12 percent in the unfrac
tured core. Assays of other samples.taken by the Duval Corporation during 
blasthole drilling of the test area yielded an average of 0,138 percent copper 
(0.130 percent acid soluble copper). 

Fractured and faulted areas of the core were also examined by X-ray 
methods to see if they contained material that would swell and thus inhibit 
the flow of a leaching fluid. There was some indication of the presence of 
clay minerals (montmorillonite or kaolinite). Hdwever, the sample did not 
swell when glycolated. 

The major geologic structure at the test site is the Searchlight Fault 
.(fig. 2), having an approximate strike and dip of N 70° E, 60° SE. Parallel
ing this feature is a set of quartz veins (fig. 4). In addition, multiple 
sets of joints are found in the area. 
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Laboratory Leaching Tests 

Laboratory leaching tests were conducted on a 520-pound sample of surface 
material collected after the blast. Table 2 shows the results of. a screen 
analysis of this sample, which averaged 0.090 percent copper and 1.21 percent 
iron. The sample was loaded into a 55-gal stainless steel drum for trickle 
leaching. The leach solution was dilute sulfuric acid at a pH of 2.0. The 
volume of leach solution in the surge tanks was 40 liters and was circulated 
at a rate of 170 ml/min. After 71 days of leaching, the copper content in the 
solution reached 1 g/1 and the copper was removed using cementation of copper 
on metallic iron. Figure 5 shows the copper extraction during the first 
35 days of leaching. Leaching was continued with the barren copper solution 
and after 201 days the solution was at 0.66 g/1 of copper and 34.5 percent of 
the copper had been recovered. Sulfuric acid was periodically added to 
maintain a pH of 2.0. Acid consumption averaged 15.3 pounds, acid per pound of 
copper, extracted. 



TABLE 2. - Size analysis of sample used for 
laboratory leaching test 

Size, inches 
+6 
-6, +4 
-4, +3 
-3, +2 
-2, +7/8 
-7/8, +1/2.. 
-1/2, +1/4.. 
-1/4, +0.07. 
-0.07 

Total.. 

Weight, pounds 
58.0 
38.3 
55.7 
97.6 
91,7 
31.4 
32.6 . 
66.2 
48.5 
520 

Weight-percent 
11.2 
7.4 
10.7 
18,8 
17.6 
6.0 
6.3 
12.7 
9.3 

100 

Physical Properties of the Quartz Monzonite porphyry 

Physical-mechanical property tests were completed on the preshot core. 
Tests included uniaxial compressive and tensile tests. Shore hardness, 
porosity and permeability, ultrasonic pulse velocity, and specific gravity 
determinations. Young's modulus was calculated from the uniaxial compressive 
test data. Test results are summarized in.table 3. Porosity and permeability 
tests were run on intact laboratory samples and do not necessarily represent 
the in situ porosity and permeability of the rock formation. A plot of the 
compressive strength versus Young's modulus shows that, according to Deere (5), 
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the rock has an engineering classification for intact rock in the granite 
family of C (medium strength) with an average modulus ratio (fig. 6). Note 
that the plot falls within Deere's altered, coarse-grained category. 

TABLE 3. - Physical properties of the quartz monzonite at the 
Sierrita test site 

^ 
1̂  

U} 

I \ 

U.S. customary 
units 

Property:' 
Compressive strength 13.8 x 10^ Ib/in^ 
Standard deviation 3.7 X 10^ Ib/in^ 
Number of tests . 21 

Tensile strength 0.44 x.lO' Ib/in^ 
Standard deviation 0.24 x 10^ Ib/in^ 
Number of tests 19 

Young's modulus (compressive) 3,8 X 10^ Ibi/in̂  
Standard deviation 1,4 X 10^ Ib/in^ 
Number of tests.... <, 21 

Shore hardness 61 
Standard deviation 23 
Number of tests,. » 580 

Longitudinal velocity,. 12,700 ft/sec 
Standard deviation 1,500 ft/sec 
Number of tests..'......,...' 36 

Specific gravity 2.32 
S tandard deviation 0.06 
Number of tests 49 

Porosity '....* 5.6 percent 
Standard deviation..... 1.6 percent 
Number of tests 17 

Permeability 2.5 X 10-^ darcys 
Standard deviation....... 2.7 X 10"^ darcys 
Number of tests 17 

h: 

511 
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PREBlAST FIELD OPERATIONS 

Topographic Mapping 

Detailed topographic 
surveys were run to allow 
an accurate measure of 
ele-vation changes produced 
by the blast. Wooden stakes 
established 68 permanent 
survey points so that pre
shot and postshot elevations 
could be measured at the 
same point and elevation 
changes could be determined 
to within ±0.2 foot. The 
elevation change data were 
used to compute a swell 
factor for the- blast. 

Core Drilling Operations 

The three preshot 
diamond drill holes were 
located in the middle of the 
15-, 20-, and 25-foot blast-
hole spacing areas as shown 
in figure 7-. These holes 
were drilled with ah NQ 
double barrel wire line 
system and produced drill 
core about 2 inches in . 
diameter, Over 330 feet of 
core was obtained. 

BLASTING PROCEDURES 

Hole Loading and Delay Intervals 

Figure 7 shows the blasthole .locations and the blast delay sequence. This 
pattern was selected to test spacings based on equilateral triangles of 25-, . 
20-, and 15-feet. Ten 9-inch-diameter blastholes were all 110 feet deep with 
60 feet of stemming and 50-foot powder column. The blastholes were connected 
with 50-gr/ft core load detonating cord and were bottom-initiated with 1-pound 
cast primers. Although it was felt that instantaneous initiation would 
improve fragmentation, ground vibration considerations dictated that the blast 
be delayed with 9-msec detonating cord delay connectors. The blast contained 
a total of 17,440 pounds of 10-percent aluminized slurry blasting agent. This 
site-mixed slurry had a specific gravity of 1.20 and a heat of detonation of 
l.Ob kcal/g. Each hole contained about 1,700 pounds of slurry and the maximum 
charge weight per delay was 5,300 pounds. Powder factors, assuming infinitie 
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patterns, were 0.79, 1.24, and 2.20 Ib/cu yd for the 25-, 20-, and 15-foot 
patterns, respectively. On a weight basis, ppwder factors were 0.41, 0.64, 
and 1.13 lb/ton. 

Blast Vibrations 

A portable three-component particle-velocity-recording seismograph 
measured ground vibrations at a distance of 800 feet from the blast. The 
maximum peak particle velocity recorded on the three-component portable 
seismograph was 0.95.ips at a distance of 800 feet. This value was lower 
than expected and itidicated that the rock was weathered and fractured. 

BLAST DAMAGE ANALYSIS. 

Postshot studies at the test site included a topographic survey, detailed 
mapping of surface fractures, fragment-size distribution measurements of 
broken rock on the surface, and drilling of six NQ-diameter core holes into 
the broken zone. Laboratory measurements on the rock core were used to 
determine core recovery by length and weight, RQD index, and fragment size 
distribution. Results of the postshot studies are presented with those of 
the preshot studies to compare both conditions of the ore body easily. 

M • 
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• Bloslholes 

Contour interval in feet 

Topographic Mapping 
and Surface Swell 

A detailed postshot 
topographic survey allowed 
an accurate measure of 
elevation changes (swell). 
The 68 permanent survey 
points were resurveyed. 
Figure 8 shows that the 
greatest elevation changes 
were catised by rubble 
material being piled up 
about 50 feet to the north
east of the center of the 
blast. Three factors 
contributed to this 
irregular muck pile dis
tribution: (1) The pattern 
changed from 25- to 15-foot 
blasthole spacing toward 
the northeast; (2) the blast, 
• initiated in the southwest, 
proceeded to the northeast; 
(3) the surface fell off in 
the tiortheast direction. 
The surface rise in the 
disturbed area averaged 
about 5 feet, and the total 
volume increase produced by 

the blast was 5,100 cu yd. A swell factor, defined as the final volume 
divided by the original volume, was difficult to determine because of . 
uncertainty over the proper areas to use. Assuming an overbreak region of 
12,5 feet around each blasthole the original volume was 16,800 cu yd and the 
resulting swell factor was 1.30. ' 

Fracture Surface Mapping 

In order to study the effects of blast damage on surface geologic 
structures, azimuths of joints and quartz veins as well as blast-induced 
fractures were measured and plotted (fig. 4). Typical fractures are shown in 
figure 9. Azimuth of all fractures mapped were plotted in histogram form 
(fig. 10). The histograms show that the joints and quartz veins have a 
preferred orientation.of N 40° to 70° E (fig. 10_B) . The blast-induced frac
tures (fijg. IOA) have three'preferred orientations, one of which is N 40° to 
70° E and which is interpreted as being "controlled" by the geologic struc-

• tures. The other two orientations (N 80° to 90° E and N 40° to 50° W) are 
.attributed to the blast-induced doming of the rock mass. Doming is indicated 
by the elevation change survey. 

0 20 40 60 80 IOO 

Scale, ft 

FIGURE 8. - Elevat ion changes produced by the blast 
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figure llA and figure 11^, respectively. Fractures in the core induced by the 
coring process could not be differentiated from.blast-induced fractures; 
therefore, size analysis data obtained from examination of the core are con
sidered minimum values. 

Postblast .Drilling 
Procedures 

The locations of the 
six postshot diamond drill 
holes are shown in figure 7. 
These holes were drilled in 
the ceriter of equilateral 
triangles formed by the 25-, 
20-, and 15-foot blasthole 
spacings with an NQ double 
barrel wire line system. 
Minimum breakage would be 
expected in the center of 
these equilateral triangles 
with fragmentation improving 
near the blastholes. In an 
attempt to establish how the 
fragmentation changed away 
from the center of the 25-' 
foot pattern, hole 9 was 
drilled in the 25-foot pat
tern', but only 7 feet from a 
blasthole. 

Diamond drilling into 
the broken zone presented 
problems. The postshot 
holes were all drilled with
out return circulation.of 
drill muds, and bit life 
averaged only 67 ft/bit. 
However, six postshot holes 
were successfully drilled to 
depths of 100 to 120 feet 
and no holes were lost from 
caving. A comparison of 
preshot core (No. 2) and 
postshot core (No. 6) t:aken 
from the 20-foot blasthole 
spacing is presented in 

Length Recovery 

Percent core recovery by length was used as a quantitative measure of 
fracturing. After receipt of the core at the Bureau's Twin Cities Mining 
Research Center, the core was photographed in its coreboxes, and core lengths 
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were measured from the photographs. Figure 12 presents data on the percent 
of core length recovery versus blasthole spacing for the preshot and postshot 
cores, These are average values for the entire core and were based on the 
following formula: 

Percent recovery = 
Core length 

Drill hole length 
X (100) 

Figure 12 shows: 

1. The similar values for preshot cores (96.4 percent, 97,9 percent, and 
100.6 percent) are relatively higher than the values from the postshot cores. 

2. . The postshot values decrease with a decrease in blasthole spacing. 

Note that in the data presented in figure 12, the value for the 15-foot 
preshot core exceeds 100 percent and values for the 25-foot postshot cores 
were not as closely reproducible as those for the 207foot postshot cores. In 
order to further evaluate this result, percent core length recovery was 
plotted per 10-foot interval for the three preshot cores (fig. 13). Each of 
the preshot cores contained some 10-foot intervals that exceed 100 percent, 
caused perhaps by inaccuracies in measuring the "core runs" in the field or 
measuring the core lengths from the photographs.. However, the high values 
could have come from shifting of the core during transportation in its core 
box (that is, the rubble was shifted slightly and attained a greater apparent 
length in the box). To solve this problem, weight, rather than length 
recovery, was measured. 
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Weight Recovery 

Percent core recovery by weight does 
not suffer from the measurement inaccura
cies of the length recovery method. In 
the weight recovery method, the following 
formula was used: 

Weight of core per foot of drill 

hole (lb/ft) = Weight of core (lb) 
Length drill hole (ft) 

The maximum value from the core using 
the above formula is 3.16 lb/ft. This 
value was obtained by first determining 
the rock's specific gravity (table 3) to 
.be 144.84 Ib/ft^ (2.32 g/cm?) and multiply
ing times the volume of a 12-inch-long 
cylinder having the diameter of 2 inches 
(the volume of a 1-foot length of NQ core). . 
This maximum value gives a base to compare 
the measured values with the blast-damaged 
cores, 

Histograms in figure 14 show the 
average weight of core per foot of drill 
hole for the preshot and postshot cores. 
All values are below the maximum of 
3.16 lb/ft. Values fbr the three preshot 
cores are nearly identical (2.58, 2.58, 
and 2.63 lb/ft). Values for postshot 
cores decrease with decreased blasthole 
spacing (25-foot spacing, 1.61 lb/ft; 
•20-foot spacing, 1.20 lb/ft and 1.20 lb/ft; 
15-foot spacing, 0.99 lb/ft). These data 
show that weight of core per foot of drill 
hole is a good measure of blast damage and 
the method was extended to pinpoint the 
location of maximimi blast damage in' each 
core. Average values of the weight of 
core per foot of drill hole were obtained 
for 5-, 10-, and 15-foot intervals for 
each core (figs. A-1 to A-3). 

Some values obtained for 5-foot inter
vals exceeded the maximum of 3.16 lb/ft. • 
This inconsistency is probably due to the 
inaccuracies of measuring core runs in the 

- field. The effect of these inaccuracies 
is decreased in the larger (10- to 15-foot) 
intervals. However, data from the 15-foot 
intervals lack detail and appear "smoothed." 

30 
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[̂ IGURE 14. - Average weight of core per foot of drill hole versus blasthole spacing. 

For these reasons, analysis of the weight recovery data is based primarily 
oil the 10-foot intervals. 

Data from the 10-foot interval histograms, plotted in cross section 
form (fig. 15), show the spatial distribution of the average weight of core 
per foot of hole for the preshot (cross section A-A') and postshot cores 
(cross sections B-B' and C-B'). The cross sections were made by selecting 
the points on the histograms where the bars exceeded values of 1 and 2 lb/ft. 
The position of these points and their values in pounds per foot were plotted 
on the cross sections and the values were contoured. 

Examination of these cross sections suggests that: 

1. Preshot core recovery was dominantly in the >2-lb/ft range, but was 
below the 3.16 lb/ft maximum value, indicating geologic fracturing of the rock. 

2. Postshot core recovery was dominantly in the 0- to 2-lb/ft range. 
Blast damage is shown since these values are below the preshot values. 

. 3 . Postshot core recovejry, below the top of the charge column, decreases 
from the-core obtained in the 25-f6ot spacing to that recovered in the 15-foot 
spacing. This indicates increased blast damage with smaller spacings. 

4. Postshot core recovery above the top of the charge column is the 
lowest for the 20-foot spacing which indicates increased blast damage above 
that spacing. This rock .was located in the center of the array where some 
doming took place (fig. 16). 

Doming may account for the increased fracturing. 

; 
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FIGURE 15. - Cross section of the average weight of core per foot of drill hole. 

The weight recovery data contain information on both the initial' 
geologic fracture state of the rock and the postblast fracture state of the 
rock,' . To isolate information on the amount of blast-induced fragmentation 
the data from postshot cores were subtracted from those for the preshot cores 
for each spacing. The subtraction was accomplished by superimposing the 
postshot weight-recovery histograms (cores 4, 5, 6, 7, 8, and 9) over their 
respective preshot weight-recovery histograms (cores 1, 2, and 3) and observ
ing the differences. These values were in turn plotted in histogram form 
(figs.- A-4 to A-5), 

The 10-foot interval'histograms were plotted in cross section form 
(fig, 17) to show the spatial distribution of the differences between the 
preshot and postshot cores for the average weight of core recovered per 
foot of drill hole. Thus they indicate the spatial distribution of only 
blast-induced fragmentation. The values are given in units of pounds per 
foot and actually represent that amount of core lost due to blast damage. 
Therefore, the larger values in pounds per foot represent more blast damage. 
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These cross sections allow the following observations: 

1. The most intense blast damage (values greater than 2 lb/ft) was just 
above the top of the charge column in the 15-foot spacing and near the base of. 
the charge column in the 20-foot spacing. 

2. Blast damage below the top of the charge column increased, on the 
whole, from the 25-foot- spacing to the 15-foot spacing. 

3. Blast damage above the top of the charge column reached its highest 
point for the 20-foot spacing, probably due to the doming effect discussed 
earlier. 

Rock Quality Designation • 

The rock quality designation (RQD) after Deere {5) was determined for 
each of the preshot and postshot cores (holes 1-9). In the past, RQD has been 
used as an engineering index for classifying rock, and to a certain extent as 
a measure of jointing in a rock mass. The RQD is obtained by measuring the 
total length of all' pieces of core greater than or equal to 4 inches and by 
dividing the total by, the length of the particular core run. The result is 
expressed as a percent and its breakdown in terms of rock quality is given in 
table 4. 

TABLE 4. - Rock quality designation (RQD) 
descriptions 

Description of 
rock quality 

Very poor 
Poor 

'. .. Fair 
Good 
Excellent 

RQD, percent: 
0-25 
25-50 
50-75 

:.75-90 
90-1001 

In this study, RQD was used as a measure of blast damage to differentiate 
the preshot and postshot core. A summary of the average RQD for each core 
taken at the test site is given in table 5. In addition, a graphic presenta
tion of the RQD indexes is shown in figure 18. 

TABLE 5. - Average RQD's for each core taken at the Sierrita test site 

Hole number 
1 
2 . . . . . . 
3 
4 
7... 
9.. 
5.... 
6 
8 

Location 
Preshot .,. 

do, , 
do 

25 -foot pattern 
do 

25-foot pattern (off center).. 
20-foot oattem , 

do 
15 -foot pattern 

RQD, percent 
37.2 
34.9 
37.3 
28.3 
19.1 

. 18.5 

8.5 
11.8 
9.7 

Description 
Poor. 

Do. 
Do, 
• Do, 

Very poor. 
Do. 
Dn. 
Do. 
Do, 
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25-f l 25-ft 25-ft 
preshot postshot' postshot 

(nor th ) (south) 

25 - l t postshot 
(off center) 
(south) 

20- f t 20- f t 20- f t 
preshot postshot postshot 

(nor th) (south) 

FIGURE 18. - RQD versus blasthole spacing. 

15-ft 15-fl 
preshol postshot 

(north) 

The purpose in using RQD was to determine its value as a blast damage 
indicator for quantitatively differentiating between the preshot and postshot 
core. From figure 18 it can be seen that the RQD could differentiate between 
the preshot and postshot core and was also sensitive enough to differentiate 
between the 25-, 20-, and 15-foot-spacing postshot cores. The RQD for hole '5 
is slightly less than expected. This might be related to the geologic struc
ture (Searchlight Fault) at the test site. 

Average RQD values were determined for 5-, 10-, and 15-foot intervals'of 
core length (figs. A-6 to A-8). By plotting the RQD values at the 10-foot 
intervals, it was possible to construct cross sections that depict changes in 
rock quality (fig. 19). Section "A" shows the preshot distribution of rock 
qtaality and sections "B" and "C" show the postshot rock quality distributions. 
The preshot section depicts a significant amount of "poor" rock and a smaller 
area of "very poor" rock in the middle, 
to the Searchlight Fault. 

The "very poor" rock is probably due 

The postshot sections are quite different from the preshot section in 
that they contain very little "poor" rock, and a higher percentage of 
"very poor" rock. The postshot rock quality decreases from the 25-foot 
spacing to the 15-foot spacing, and a slight doming is present in the very 
poor rock under the 20-foot spacing. 

Size Distribution--Drill Core 

An important factor influencing the economic success of a leaching 
process is the size of the material to be leached (10-12). The average si 
of the pieces fragmented by blasting should not be so large as to greatly 
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FIGURE 19. - Cross sect ion of RQD per foot of d r i l l hole. 
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decrease the surface area exposed to the acid, nor so small as to;inhibit the 
leaching process by prevetating percolation of the acid waters through the ore 
body. For this reason, size distributions were determined for the preshot and 
postshot cores. 

After photographing the cores in the laboratory, an appropriate bar 
scale, drawn on a transparency, was placed on the original photograph of a 
single core. The bar scale was drawn with scaled 1-inch intervals, and 
paralleled the longitudinal core axis. A center line was drawn on the overlay 
to aline the center of the core with the scale. All pieces intersecting the 
center line of the core were counted and sized. Pieces less than 1 inch were 
not sized. A summary of the size distributions of the preshot and postshot 
drill core in percent by numbers is shown in figure 20. By comparing the 
preshot to the postshot cores, changes in size distributions can be seen. 
Preshot cores 1, 2, and 3 have similar size distributions. The smallest 
interval sized (>1s2) has approximately 40 percent by number in each case, 
with a fairly regular decrease in number of pieces greater than 2 inches. 
The longest piece of core was 12 inches with an anomalously long length of 
core (> 16 inches) in core No. 2. 

Progressive changes in the postshot core can be seen in going from the 
25-, to the 20-, to the 15-foot blasthole spacing (fig. 20) except for core 
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FIGURE 20. - Size distribution of core piece lengths in percent by number. 

No. 5. This change is reflected in both the increase in percentage of small 
fragments (> 1 inch) and thus the decrease in percentage of larger pieces 
(>9 and 10 inches). The decrease in the size of the larger pieces is very 
important. For example, the longest piece found in core No. 8 was about 
8,5 inches. Cores 7 and 9 (25-foot spacing) have a greater number of the 
larger pieces (longer than 10 inches) indicating less blast damage in the 
25-foot spatiing than in the smaller spacings. 

The values obtained for small particle sizes are probably conservatively 
biased. Material of less than 2 inches is not always caught in the core 
barrel. These pieces, tb be caught, have to be "sandwiched" in the core 
barrel above and below new drill core. However, before this happens, smaller 
pieces of core (<2inches), such as pebble- and sand-size particles, can be 
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abraded by the drilling process and continually forced against the drill bit 
by the pressure of the drilling mud coming down the drill steel. Well-rounded 
pieces of core are not uncommon. Finally, small pieces of core can be flushed 
out by the fluid pressures when the drill steel is lifted. 

Figure 21 contains cross sections which show the spatial distribution of 
the largest pieces of core. In generating figure 21, the largest piece of 
core per 10-foot interval was determined and its value was plotted at the 
midpoint of the interval's depth, and ,these values were contoured. 

Observations based on the size distribution data are: 

1. The percentage of smaller pieces (> 1 inch) increases, when going 
from the 25- to the 15-foot spacing, while the percentage of larger pieces 
decreases except for core No. 5. 

2. Very few pieces of core were greater than 11 inches long before the 
blast occurred.. 

Average Size 

The average size of drill core pieces (> 1 inch) was determined for each 
core. Figure 22 is .a summary of these results. Average size appears to be 
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FIGURE 22. - Average size of drill core pieces versus drill hole spacing. 

a very Sensitive indicator of blast damage. Tlie preshot cores (3.1, 3.2, 
3.2 inches) have a fairly constant average size while the postshot core size 
decreases linearly for holes 6, 7, and 9. The average size for hole 5 is 
quite a bit less than was expected caused, perhaps, by the Searchlight Fault. 
Brecciation and gouge in the fault zone would decrease the average size. The 
change in average size for all the core holes is only 1. inch (3.2 to 
:2.2 inches); however, blast damage in terms of average size reduction 
.increases from the 25-, 20-, 15-foot spacing, as is shown in figure 22. 
Changes in average size of cores as a function of depth were determined for 
both 10- and 15-foot intervals (figs. A-9 to A-10). 

Size Analyses of Surface Rock 

Size distributions, by number, of surface rock fragments were determined ' 
at three locations at the test site. Two locations were in the muck pile and ' 
one location at a rock outcrop away from the blast damaged area. The first 
two locations, referred to as "muck pile I" and "muck pile II," are shown in 
figure 4. The third location, referred to as "unblasted," was about 150 yards 
southwest of the blastholes (off the mapped area). 

The large muck pile was formed by the test blast and subsequently 
reshaped by a bulldozer so that drill rigs could be brought onto the site for 
postshot core drilling. Size distribution analyses were made after bulldozing. 
Undoubtedly, some secondary breakage occurred during bulldozing. 
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Muck pile I was located at the toe, or base, of the large muck pile. A 
1-meter square was painted on the rocks to delineate the sample area from 
which 150 rock samples were randomly extracted. Their longest dimension, 
length, and their second longest dimension, width, were measured. These 
measurements were recorded and. plotted in histogram form. A similar analysis 
was performed at muck pile II at the top of the muck pile near core hole 1. 
Size distribution analyses at the "unblasted" location were accomplished by 
physically dismantling an outcrop along joint planes and measuring 150 rock 
samples. The data were recorded and plotted. 
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FIGURE 23. - Histograms of surface rock-size 

d is t r ibut ions. 

The composite diagram 
was constructed which con
tained all of the size 
distribution histograms 
(fig. 23). Three observa
tions can be made based on 
analysis of that diagram: 

1. The pieces from 
muck piles I and II were 
smaller (1. to 5 inches long 
or wide), on the average, 
than the unblasted area. 

2. Muck pile II con
tains more small pieces than 
muck pile I. 

3. For all areas, the 
2- to 3-inch length interval 
contains the largest number 
of pieces. 

The first and third 
observations are expected if 
blast damage at the surface 
is thought.to occur along 
existing planes of weakness 
(joint surfaces) and if the 
blast simply opened up these 
existing weakness planes. 
The second observation can 
be understood since muck 
pile I is at' the base of the 
bulldozed muck pile. Mate
rial spilled over the crest 

I 6 II . 16 >2o of a dump, or muck pile, 
FRAGMENT WIDTH, Inches 'Will Segregate (18) ahd the 

larger pieces will roll to 
the bottom. Muck pile I, 
at the.base of the pile, 
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contained more large pieces than muck pile II. Compared to Ranchers' blast at 
the Old Reliable (10), the Sierrita test site surface muck shows good fragmen
tation. Ranchers expected fragments measuring 11 inches or less and obtained 
fragments 9 inches and less. Although the Sierrita surface muck contained 
some large pieces the majority of its fragments were 11 inches or less. 

Size distributions by weight were also determined for muck collected from 
the muck pile. Two locations referred to as "muck lot I" and "muck lot II" 
were sampled. Muck lot I was at the base of a 6-ft-deep ditch bulldozed into 
the top of the muck pile (fig. 4). Samples,from muck lots I and II were later 
combined, sieved, and weighed. 

Figure 24 is a composite diagram containing the cumulative size distribu
tion by weight of the Sierrita test site surface ntuck, the Piledriver chimney 
muck, a 100-kt nuclear chimney muck (estimate), and monzonite-type open pit 
mine waste. By comparison, the Sierrita size distribution falls between that 
of the Piledriver chimney muck and the monzonite-type open, pit mine waste. 

BLASTHOLE SPACING DETERMINATIONS 

• Blasts for in situ leaching are designed after examining the density. 
Strength, size, shape, and depth of the orebody. These blasts areusually 
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designed usihg a powder factor although the radius of damage around an explo
sive charge can also be considered. 

Powder factor is defined as the pounds of explosive per ton or per cubic 
yard of ore. Powder factors can vary within any one blast since shallow ore 
zones have lower powder factors than deeper ones. Table 6 lists the average 
powder factors reported for five separate blasts used to break ore for in situ 
leaching. The blast at the Old, Reliable was a coyote blast with.explosives 
loaded in underground tunnels and differs from the Zonia and Big Mike blasts 
where explosives were loaded in vertical blastholes. The lower average powder 
factor for the Big Mike blast was probably caused by the geometry of the blast 
where most of the ore was broken in the walls of an open pit with less con
finement. The powder factors listed in table 6 can be compared with powder 
factors of 1.13, 0.64, and 0.4.1 lb/ton for the 15-, 20-, and 25-foot blasthole 
spacings tested at the Duval site. The fragmentation produced by all three 
powder factors was considered adequate for in situ leaching. In general, the 
blasts listed in table 6 were designed to break ore more deeply buried than 
the 110-foot depth of the Duval site, therefore, required higher powder 
factors. However, the successful fragmentation achieved in this experiment 
suggests that large production blasts designed with lower powder factors could 
yield satisfactory results. 

TABLE 6. - Powder factors for blasts used to break copper ore for 
in situ leaching 

f 
f. ! 

Location 

Old Reliable 
Zonia 
Do 
Do 

Big Mike 

Date of 
blast 

March 1972 
April 1973 
March 1974 
May 1974.. 
July 1973. 

Explosives, 
pounds 
4,000,000 
4,150,000 

890,000 
1,544,000 
400.000 

Ore, tons 

5,000,000 
5,000,000 
1,000,000 
2,000,000 
600,000 

Average powder factor, 
pounds per ton 

0.8 
.83 
.89 
.77 
.67 

jl 

f i 'S' 

Blasthole spacings can be calculated after a powder factor has been 
selected. For example, assume that a blast is designed to break ore from the 
bottom of the blastholes to the surface and. that only the lower half of the 
blastholes are filled with explosives. The blastholes can be arranged in an 
equilateral triangle pattern with spacing S, and S can be found from the 
formula: 

iij ?-. 

''V. 
S = 30 

" ^ 
Pe 
Pr F 

« 

i , 

w 

where S = blasthole spacing, feet, 

D = blasthole diameter, feet, 

F = powder factor, pounds per ton, 

Pe = specific gravity, explosive, 

and Pr = specific gravity, ore. 
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The radius of damage around a blasthole can be used as an aid in 
designing blasts for in situ leaching. Blastholes should be spaced so that 
the radius of damage produced around each blasthole meets or overlaps with 
the damage zone around adjacent holes. Siskind (27) summarizes previous 
researchers' attempts to relate the radius of damage and the crushed zone 
radius to explosive and rock types (table 7). Based on the composition and 
physical properties of the rock at the Duval test site, the radius of blast 
damage observed from this test should be similar to the reported values of 
14 to 23 for conventional explosives in granite or hard rock. For the Duval 
tests site, the radius of damage in charge radii can be estimated by dividing 
one-half the blasthole spacing by the blasthole radius. These values are.20, 
27, and 33 for the 15-, 20-, and 25-foot blasthole spacings. For the 25-
foot spacing pattern then the radius of damage, in charge radii, was at least 
33. The larger damage zone at the Duval site was caused in part by a rein
forcing effect, since three blastholes contributed to the damage-. Since 
blastholes cah be spaced at twice the radius of damage, the data in table 7 
show that, based on radius of damage considerations, blasthole spacing can . 
range between 28 and 110 times the charge radius. At. the Duval site, breakage 
was considered adequate for the 25-foot pattern where the blastholes were 
spaced 66 times the charge radius. The final blasthole spacing selected • 
will depend on such variables as the rock type, explosive type, ground water 
conditions, depth of burial, and desireci degree of fragmentation. 

TABLE 7. - Summary of blast-produced damage in rock (after Siskind 27) 

Source 

Olson (22).. 
Siskind (̂ ) . . 

Do. 
Catterraole...(2).. 

Colorado School of 
Mines Q) . . 
Do 

Derlich (6) . . 
Atchison Q/) .. 
D'Andrea (4).. 
Siskind (27).. 

Explosive 

C-4 
60 percent dynamite 
AN-FO . 
60 percent dynamite 

-
-

Nuclear . 

C-4..' 
AN-FO 

Rock type 

Granite... 
Shale..... 
...do 
Tuffaceous 
and pyro
clastic. 

Soft rock. 
Hard rock. 
Grani te... 
.. .do.. . .'. 
...do 
...do 

Radius of 
damage in 

charge radii 
18-20 
42-55 
15-22 
20-30 

26-29 
20-23 
4.9 

-
14 

Crushed 
zone, in 

charge radii 
_ 
-

3 

-
-

1.9 
3.0-4.5 
2.3 
-

SUMMARY 

The broken surface material, at the Sierrita test site was well fragmented. 
The size distribution studies of the surface material showed that the greatest 
number of fragments were in the 2- to 3-inch size range, and the vast majority 
of fragments were less than 11 inches long.. These size characteristics are 
similar to the cores from preshot holes 1, 2, and .3, suggesting that few new 
fractures were developed and that the surface rubble zone was created by the 
opening up of old fractures. Blast-induced fractures on the surface and 
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outside of the rubbtle zone had three preferred orientations, of which one was 
controlled by the geologic structure, and the other two were interpreted to be 
caused by blast-induced doming of the rock mass. . 

ll 

ir' 

Figure 8 shows the elevation changes produced by the blast. The greatest 
changes were caused by rubble material being piled up about, 50 feet to the 
northeast of the center of the blast. Three factors probably contributed to 
this irregular muck pile distribution:' (1) The pattern changes from 25- to 
15-foot blasthole spacing toward the-northeast; (2) the blast was initiated 
in the southwest and the delay sequence proceeded to the northeast; and 
(3) the surface fell off in the northeast direction. The surface rise over 
the blast averaged about 5 feet and the total volume increase produced by the 
blast: was 5,100 cu yd. A swell factor, defined as the final volume divided 
by the original volume, was difficult to determine because of uncertainty 
over what areas to use for these volumes. Assuming an overbreak region of 
12.5 feet around each blasthole, an original volume of 16,800 cu yd was 
calculated and the resulting swell factor was 1.30. 

Table 8 lists the locatipn, length core recovery, weight core recovery, 
RQD, largest piece, and the average size of pieces larger than 1 inch for 
nine diamond drill cores. Length core reco.very and weight core reciovery were 
measured after the core was returned to the laboratory. Although there is a 
good correlation between length and weight recovery, the weight core recovery 
was considered the most accurate method. Some anomalies in the length data 
could be attributed to problems in shipping. 

TABLE 8.' - Combined drill core data 

Hole 
number 

1 
2 
3 
4 
7 
9 • 

5 
6 
8 

Location 

Preshot...... 
do 

..... do....... 
25-ft pattern 

do 
25-ft pattern 
(off center) 

20-ft pattem 
• • • • • Q O • • • • • • 

15-ft pattern 

Lerigth, 
recovery. 
percent 
101 
98 

• 96 
81 . 
76 . 
62 

53 
51 
37 

Weight 
recovery. 
lb/ft . 
2.63 
2.58 
2.58 
2.08 
1.90 
1.61 

1.20 
1.20 
.99 

RQD, 
percent 

37 
35 
37 
28 
19 
19 

9 
12 
10 

.Largest 
piece. 
inches 
13 
17 
12 
10 
11 
12 

8 
9 
9 

Average size of 
pieces > 1 inch. 

inches 
3.1 
3.2 
3.2 
2.8 
2.8 
2.7 

2.2 
2.5 
2.3 

The RQD is the total length of all pieces larger, than 4 inches divided by 
the core run and is expressed as a percent. Rock quality is considered "very 
poor" for 0 ̂ RQD5 25 and "poor" for 25 5RQDS 50. Rock in the test.area was 
origirmlly classified as poor and the blast changed the quality to very poor. . 

The largest piece of drill core averaged 14 inches for preshot holes, 
11 inches for the 25-foot pattern, 8.-5 inches for the 20-foot pattern, and 
9 inches for the 15-foot pattern. The average size of core pieces 1 inch or 
larger was determined by dividing the total length of all pieces larger than 
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1 inch by the number of pieces greater than 1 inch. This average size was • 
about 3.2 inches for preshot core and between 2.2 and 2.8 inches for the post-
shot core. 

it When compared with the successful fragmentation results obtained by 
Ranchers in their blasts at the Old Reliable and Big Mike mines (20, 31), the 
drill core data listed in table 8 support the conclusions that all three 
blasthole. spacing patterns produced adequate fragmentation for leachihg. For 
this test, the average fragment size was less than the average 9-inch-in-
diameter fragments obtained at the Big Mike mine and within the 9-inch or less 
range at the Old Reliable mine. However, factors other than fragmentation, 
such as peinjneability and copper mineralization, affect the leaching process 
and the final copper recovery. A complete evaluation of this experiment would 
require in situ leaching tests. 

The combined drill core data listed in table 8 also.show that the 20-foot 
pattem prodiiced better breakage thdn the 25-foot pattern; the 15-foot pattern 
produced better breakage than the 20-foot pattern; and fragmentation improved 
away from the center of the equilateral triangle'patterns. 

Data for length recovery, weight recovery, RQD, and the average size of 
pieces larger than 1 inch (see appendix at the end of this report arid figs. 15-
17, and 19) show that the fragmentation is not as good in the.stemming region, 
0 to 60 feet, as it is in the blasted zone, 60 to 110 feet, and that breakage 
does not extend deeper than the 110-foot blasthole depth. In the steimning 
region the logs also show a doming effect with best breakage in the center of 
the blast. 

CONCLUSIONS 

A. blasting experiment was conducted in a porphyry copper deposit to 
determine blasthole spacings that could be used effectively to fragment ore 
for in- situ leaching. Blastholes 9 inches in diameter and 110 feet deep were 
arranged in a pattern so that blasthole spacings of 15, 20, and 25 feet could 
be tested. The 20- and 25-foot blasthole spacings were wider and the corre
sponding powder factors, 0.64 and 0.41 lb/ton, were lower than those pre
viously used to prepare ore for in situ leaching. Preshot and postshot drill 
core weire compared to determine the effects of the blast. 

All of the methods used to compare the preshot and postshot drill core 
(for example, length recovery, RQD, weight recovery, and size distribution) 
indicate that there was relatively more fragmentation in the 15-foot blast-
hole spacing than in the 20-foot blasthole spacing, and more fragmentation in 
the 20-foot blasthole spacing than in the 25-foot blasthole spacing. These 
methods were useful in determining the location and extent of blast damage. 
This test was conducted in a highly fractured and weathered material. Applica
tion of powder factor, spacings, and results to a hypogene porphyry copper 
deposit composed of unweathered and, in part, blocky rock may be invalid. 
Therefore, for the conditions under which this study was conducted, and based 
on fragmentation considerations only, even the 25-foot spacing pattern with a 
powder factor of 0.41 lb/ton produced adequate breakage for in situ leaching. 
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Actual in situ leachihg of the test site would have been a desirable 
checik for the adequacy of fragmentation. Although such leaching tests could 
not be run at the Sierrita test site, they are planned for future Bureau of 
Mines experiments. 

10. 

11, 

12. 

13. 

14. 

15. 
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Î ewly developeii ion exchange methods 
can recover uranium from copper waste 
dump leaching solutions for less than 
$8 per lb UsOa. 

Fig. 1—The cone contactors at Kennecott's Bingham Canyon 
mine handle about 28,000 gpm of copper leach solution. The 
multiple compartment countercurrent ion exchange column 

• is at the left. 

Byproduct Uranium Recovered With New 

1 % 

Ion Exchange Techniques 

Expl»"» ' " ' 
Notfi ' 

pment Dril)'--' j 

I n the United States nearly 200,000 tons of copper 
per year are being produced by leaching •waste 

rock and oxidized copper ore with dilute sulfuric 
'acid-ferric sulfate solutions and precipitating the 

wpper on scrap iron. The flew of solutions is in ex
cess of 80 million gpd. A survey conducted by the 
U.S. Bureau of Mines in late 1965 at 14 mines in 

- Arizona, Utah and Nevada, showed that •with a few 
^ceptions, the solutions contain from two to a 
•naximum of 15 ppm U,0,, and there is strong evi-

: dence that these represent equilibrium concentration 
2nd not merely an accumulated in-process inven-
^ ^ resulting from recycling the solutions for many 

^ E members D'ARCY R. GEORGE and J. RICHARD ROSS ore 
J"P«rvijory mefoHurgists of the U. S. Bureau af Mines Metallurgy 
*«earch Center, Solt Lake City, Utah. JOHN D. PRATER, SME 

• ••niber, is section chief of the hydrometallurgy department of the 
•Ennecott Copper Corp. in Salt Lake City, Utoh. This paper was 

.. >'w«nted at fhe SME Fall Meeting. 

D. R. GEORGE, J. R. ROSS and J. D. PRATER 

years. Consequently, it is believed that viranium 
could be recovered at a constant rate as long as 
mining and leaching operations continue. Prelimin
ary surveys and estimates by the USBM indicate a 
production potential of possibly 1000 tons of U.C, 
per year at a cost of less than $8 per lb if the major 
process streams from most of the large copper 
mines in the western United States were to be 
treated. 

Laboratory research by the USBM showed that 
the uranium could be'--efficiently recovered as a 
specification-grade uranium concentrate by a com
bination of ion exchange resin and solvent extraction 
of liquid ion exchange techniques. A joint pilot 
plant investigation by Kennecott Copper Corp. and 
the USBM was conducted on solutions from the 
Bingham Canyon mine to evaluate a new system 
of countercurrent ion exchange developed during 
the laboratory studies. In subsequent small-scale 



continuous tests, recovery of uranium from the 
pregnant eluate by solvent extraction and chemical 
precipitation techniques was investigated. 

DESCRIPTION OF SOLUTIONS 
Leaching of waste ore dumps at the Bingham 

Canyon mine has a current rate of solution flow 
of 28,000 gpm, and a design capacity of 6000 tons of 
copper per month by cementation on shredded tin 
cans in cone contactors. In addition to copper, the 
leach solutions contain significant amounts of the 
sulfate salts of iron, aluminum and magnesium, and 
are similar in composition to leach solutions at other 
copper leaching plants. 

The UaOa content of the heading solution is about 
13 ppm, whereas the cementation plant effluent 
contains about 12 ppm. This decrease, also ob
served at other mines, may be the result of pre
cipitation of uranium as uranous phosphate under 
the highly reducing conditions existing in the ce
mentation circuit. The UaOa concentration has re 
mained nearly constant since this study was initi
ated in 1965, notwithstanding that during this time 
the solution flow has been raised from 10 million 
gal to 40 million gal per day. In addition, analytical 
records dating back to 1955 show a UiOa concentra
tion of about 12 ppm. 

PRELIMINARY ION EXCHANGE TESTS 
Laboratory tests showed that the uranium can be 

recovered by absorption on strong base anion ex
change resins but that the ferric iron present in 
the heading solutions at 200 to 400 times the con
centration of uranium was also strongly absorbed. 
Greater selectivity and higher uranium loadings 
were obtained by loading the resin from the copper 
cementation launders' effluent, but uranium load
ings were still low. 'With 12 ppm solution, equilib
rium UaOa loadings for Rohrri and Haas Co.'s Amber-
lite IRA-425 and Dow Chemical Co.'s Dovtrex 21K 
are only 16 gr per liter or one lb per cu ft. This is 
less than 25% of the equilibrium loading to be ex
pected when processing typical solutions produced 
by leaching uranium ores with dilute H-SO,. 

Recovery of uranium by solvent extraction with 
tertiary alkyl amines was also examined, but later 
terminated when it was found that extraction effici
ency and loadings were low at pH values above 
1.5 and solvent losses were deemed excessive for 
solutions of such low uranium concentration. 

A system composed of a series of ion exchange 
columns through which the solution is pumped 
downflow through compacted beds of resin could 
be used for recovering uranium from copper waste, 
but there are several serious operating limitations: 
a. The solutions must be highly clarified because 
when low grade solutioiis are processed, loading 
cycles are so long that'^'even minute amounts of 
suspended solids cause blockage of the resin beds. 
b. Even with clear solutions, the pressure drop 
across a series of packed beds is high and pumping 
costs become significant at the high flow rates de
sired when treating low grade solutions. 
c. Because less than one lb UjOa per cu ft can 
be loaded on the resin, conventional column elution 

Fig. 2—The one in. thick clear plastic orifice plates are 
drilled with six 1.5 in. diam. holes at a 45° angle and a 
vertical center hole. They are spaced at 120° intervals on 
circles with radii of three and six in. A 1.25 in. ID rigid 
plastic tube of 4.5 in. long ts cemented in each hole so that 
the tops of the tubes flush with the upper surface of the 
plate. 

or regeneration techniques yield eluates of com
paratively low UaOa content and chemical costs 
for elution and subsequent uranium recovery are 
high. 
Laboratory investigations subsequently led to the 
development of the countercurrent ion exchange 
system which overcame many of the difficulties 
enco.untered when using standard methods. 

DESIGN AND OPERATION OF EQUIPMENT 
The absorption or resin loading phase of the 

pilot plant test used a multiple-compartment 
countercurrent ion exchange column. 

The column was constructed of 14 gage, 304 
stainless steel, has a 14 in. diam and is approxi
mately 36 ft high. It is comprised of eight 4 ft 
flanged sections plus a short conical bottom section, 
and a 24 in. diam top section fitted with a peri
pheral overflow launder. Each of the sections has a 
sampling port at mid-point to permit withdrawal 
of solution and resin samples (Fig. 1). Feed solution 
is introduced into the cone at the base of the 
column at a rate which fully fluidizes the resin 
charge and the depleted solution overflows the 
launder at the top, but not in sufficient velocity to 
cause the resin to overflow. 

The novel feature of the column is the presence 
of orifice plates between each of the flanged sec
tions, constructed of one in. thick clear plastic 
drilled with seven 1.5 in. diam holes and located 
as shown in Fig. 2. The six inclined tubes impart 
a swirling action to the resin just above the orifice 
plate and eliminate dead resin areas. Efficiency is 
increased because the effect of using several col
umns, rather than a single long, one-stage column, 
is imparted by the use of the orifice plates. There is 

I 
I 
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The column operates with a continuous flow of 
iolution except for a brief interruption at regular 
intervals, during which the solution inlet valve 
«* dosed for 15 to 30 sec. A volume of loaded resin 
tontaining an amount of uranium equivalent to 
that absorbed during the contact period is rapidly 
withdrawn from the bottom compartment by open
ing the resin outlet valve. At the same time equiva
lent volumes of resin move rapidly down the 
oolumn through the orifice holes, and from each 
wnipartment into the next below. The resin out-
I t valve is then closed, the solution flow resumed 
•nd a charge of fresh resin, equivalent in volume 
•o the amount withdrawn, is dumped into the top 
•rtion. This relatively simple operation lends it-
*lf to completely automatic operation which could 
•w easily and inexpensively installed. 

Resin was transferred to the Salt Lake City 
*!etallurgy Research Center once a day for elution 
"f fegeneration. The resin was continuously eluted 
'o Uie countercurrent elution column (Fig. 3) which 
• ^ constructed from a 10 ft length of four in. ID 
*"ss pipe. A provision for heating the column was 
Cade by means of a water jacket constructed from 

^ eight ft. length of six in. ID glass pipe. Elution 
~ Uranium is accomplished by continuously feed-
°S loaded resin into the top of the column and 
*^er controlled conditions, continuously with-
*^**ing eluted resin through a discharge opening 

the bottom so that the working volume of resin 

SMaillMr; cki>-ii.iri-r.«-

Fig. 4—The resin tvithdrawal -system works continuously 
during elution with a screw feeder discharging the resin into 
a receiver of about one cu ft capacity. 

Fig. 3—Uranium is eluted in the 10 ft long, 4 in. ID con
tinuous countercurrent eluiion column at a solution flow 
rate of 0.5 fo 1.5 gpm. 

is maintained at about 0.85 cu ft. The eluting solu
tion is simultaneously introduced through an annu
lar distributor at the base of the column. A portion 
of the pregnant eluate overflowing the launder at the 
top is continuously recycled to the resin feed tank 
and the slurry of resin and solution overflow into the 
column. 

During elution, resin is continuously withdrawn 
by gravity through the drop hole in the base of 
the column into a 1.5 in. ID variable speed screw 
feeder which in turn discharges the resin to a re 
ceiver of about one cu ft capacity. The receiver 
(Fig. 4) is hydraulically closed with the colunui, 
an arrangement which permits withdrawing resin 
but not solution from the base of the colunm. 

The use of a hydraulically closed receiver is 
desirable for laboratory and pilot plant studies be
cause it permits ready shutdown of the system. 
On a plant scale, however, the receiver would be 
replaced by a simple jackleg to discharge resin 
continuously through a submerged leg into an open 
tank or to a resin collection pipe from which it 
would be hydraulically conveyed to the loading 
column continually. 

OPERATING CONDITIONS AND TEST RESULTS 
The pilot plant test was conducted for a six 

week period on a three shift per day, five day per 
week basis. The resins used were strong base anion 
exchange resins and the inventory consisted of 22 
cu ft of Amberlite IRA-425 and three cu ft Dowex 
2 IK. Both resins were of the coarse bead variety, 



Solution 
flow, fal per 
sq ft per min 

10 
15 
20 

Peed assay. 
ViOa, ppm 

12 
10.5 
7.5 

TABLE 1: Summary of operating results 

Tails assay. 
UaOs, ppm 

1.8 
2.2 

-1.. 2.5 

ReslB 
Inventory, 

CD tt 

20 
15 
10.8 

Resin wi th 
drawal, cn ft 

per 4 hr 

0.32 
0.45 
0.40 

Resin loading* 
V,Oa, lb 
per on ft 

0.83 
0.56 
0.49 

UaOs. % 

85 
79 
67 

1 
Recovery m 

UfOs, train,;! 
per hr per * 
ca ft resla -i 

..a 
1.16 i 
1.89 1 
2.14 !M 

minus 16—plus 20-mesh, used in resin-in-pulp 
type uranium milling circuits. 

Feed solution for the test was the effluent from 
the old copper cementation laimders at Kennecott's 
Bingham Canyon plant. The pH was 3.4 to 3.5, 
the temperature 90°F and the density about 1.09. 
For the first three weeks of the test solution con
taining 12 ppm UaOa was available, but during 
the last three weeks most of the feed to the launder 
cementation plant was diverted to the new cone 
precipitation plant and variable amounts of water 
from Bingham Creek inadvertently introduced into 
the cementation launder system. At times the 
UaO. content of the solution was as low as five 
ppm, and eventually the grade of the solution be
came so irregular that it was decided to terminate 
the test. 

Feed solution for the test was pumped from 
a sump in the launder system to a 700 gal settling 
tank to remove trash and occasional heavy con
centrations of cement copper, and overflowed into 
a second 700 gal storage tank from which it was 
pumped to the column through a flow meter. Effluent 
from the column overflowed at the top to a resin 
catch tank and then joined the effluent from the 
cementation plant. Composites of the feed solution 
were assayed every shift, the effluent every two 
hr and whenever resin was withdrawn from the 
column the UaOa loading was determined by strip
ping a measured volume of resin. Near the end 
of the test period samples of solution and resin 
were withdrawn from the center of each column 
section and assayed. Control assays for uranium 
were performed at the site by a rapid eolorimetric 
procedure and duplicate samples were frequently 
checked at the laboratory. 

The absorption column was operated for three 
weeks at a flow of 10 gpm, for one week at 15 
gpm and for a flnal two weeks at 20 gpm. These 
flows are essentially equivalent to flows expressed 
as gpm per sq ft as the column area was 1.02 sq 
ft. The total volume of solution processed was 
473,000 gal containing 38.05 lb of UaO,, with a 
weighted average assay of 9.7 ppm UaOa. Resin 
withdrawals were made at four hr intervals. Table 1 
summarizes the results and Fig. 5 shows the absorp
tion profile for operations at the three flow rates 
tried. 

Elution was studied primarily at a solution-to-
resin ratio of about 3:1 and a resin feed rate 
of 100 ml per min. Under these conditions, resin 
retention was 235 min and solution retention time 31 
min at a constant column temperature of 55° to 
60°C. The principal variable studied was the elut
ing solution strength. During the first two weeks 
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a IM HjSOj solution was used. After elution the-
resin still contained 1.5 gr per liter UaOa (0.1 lb 
per cu ft) which adversely affected its capacity 
to extract uranium when recycled to the loading-
column. By decreasing the resin flow to 70 ml 
per min and the solution flow to 210 ml per min,̂  
the residual UaOa loading was reduced to 0.8 gt'. 
per liter. As this was still too high, the eluting 
solution strength was changed to 1.5 M H^SOi for 
the balance of the test. Under these conditions the= 
resin was eluted to an average residual U.Oa load-' 
ing of 0.37 gr per liter when flows of 100 ml' 
of resin and 300 ml of solution per min were-
maintained. Longer retention time of the resin or 
higher aqueous to resin flows probably would re
duce the residual UaOa loading to an even more 
desirable level. Higher acid concentrations would 
also be expected to improve elution efficiency. i 

Approximately 1200 gal of pregnant eluate were 
produced during the test and, depending on the 
resin loading, the UaO, concentration ranged from 
about 2.5 to nearly 4 gr per liter. The weighted 
average assay was, in gr per liter, 3.02 UaO,, 0.68 Fe, 
0.18 Si and 100 HaSO. with copper and aluminum 
present in concentrations of 0.5 to 1.5. The copper 
and aluminum were present principally as the re-
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Fig. 5—Uranium profiles from 14 in., eight compartmeM 
countercurrent ion exchange column pilot plant tests. >. 
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suit of incomplete washing of the resin prior to 
elution and to the presence of entrained cement 
copper which dissolved in the warm H-SO, solu
tion. 

DISCUSSION OF ADSORPTION AND ELUTION 
A metallurgical balance for the entire test period 

showed that 38.05 lb of UaO, were fed to the ab
sorption column and that 30.3 lb were present in 
the pregnant eluate. This represents a recovery 
of 79.6%. The calculated uranium recovery based 
on feed and tailing assays was 80.5%. 

As shown in Table I, uranium recoveries and 
resin loadings decreased with increasing feed rates. 
The uranidm recovery at 10 gpm per sq ft was 
10 to 15% lower than was predicted from small-
scale countercurrent loading tests made with all 
new resin. This difference is primarily attributable 
to incomplete elution of uranium from the re
cycled resin. Substantially complete recovery of 
uranium from this poorly amenable solution can
not be expected unless the recycled resin is essen
tially free of uranium. 

It should be noted that HjSO,, chosen because 
it permits recovery of uranium without introducing 
foreign anions into the copper leaching and cemen
tation circuits, is not the most effective eluant for 
uranium. Chloride, and particularly nitrate solu
tions, would be preferable, but by employing a 
sulfate elution system solvent extraction of the 
pregnant eluates with alkyl amines can be used 
to effect final recovery of uranium as a very high 
grade product. 

Although incomplete elution was partially re
sponsible for the decreased recovery as compared 
with laboratory tests, the sharp drops in recovery 
as the feed solution flows were increased beyond 
10 gpm were principally the result of the decrease 
in the feed solution assay. If the feed assay had 
remained constant at 12 ppm UaOu, and assuming 
a tailing of 2.5 ppm U,0,, the drop in recovery 
between 10 gpm and 20 gpm probably would have 
been only 6%. 

Part of the drop in resin loading as the flow 
rates were increased is attributable to the decrease 
in feed assay and also to a decrease in resin re
tention time. At an aqueous flow of 10 gpm, the 
resin inventory was 20 cu ft and the resin with
drawal rate 0.32 cu ft per four hr, resulting in a 
resin retention time of about 250 hr. At an aqueous 
flow of 20 gpm the resin inventory was 10.6 cu ft 
and the resin withdrawal 0.40 cu ft per four hr. 
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°nd stripping with IM (NHJ.SO, plus NH, yieUed about 
lour lb u p , in 13 gal of pregnant strip solution. 
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This is equivalent to a resin retention time of 
only 106 hr and represents a 60% reduction. 

The importance of recovery should not be over
emphasized, however, because the tailing solutions 
are recycled to the waste dumps and unrecovered 
uranium is not lost. Similarly, the resin loading 
should not be given too much emphasis because 
with sulfuric acid elption and subsequent solvent 
extraction, reagents*ibr elution and recovery of 
uranium will be more or less independent of the 
resin loading. The most important consideration 
is the quantity of UaO, that can be absorbed per 
unit of time per unit of resin. The test data show 
that, in spite of a 37.5% decrease in the uranium 
content of the feed, nearly twice as much uranium 
was recovered per hr per unit of resin at 20 gpm 
as at 10 gpm. At the same feed assay, recovery 
per unit of resin per hr would be more than three 
times as great at 20 gpm as at 10 gpm. 

RECOVERY OF URANIUM FROM 
PREGNANT ELUATES 

Because of the low UaOa content and high H5SO. 
concentration, neutralization of the eluate to pre
cipitate and recover uranium would be expensive. 
Therefore, tests were made to investigate final re 
covery of uranium from the pregnant eluates by 
solvent extraction. This technique, sometimes re
ferred to as the "Eluex Process," is used by the 
uranium milling industry. Laboratory studies 
showed that four to five stages of extraction would 
be required when using a 5% (by volume) solu
tion of a tertiary alkyl amine plus 2% isodecanol 
dissolved in kerosine. 

Stripping was studied using NaCl, Na-Cd, (NH.)j-
CO3 and (NHOsSO. solutions. The preferred strip
ping reagent is an approximately IM solution of 
(NH,)jSO,. Only two stages of stripping were re
quired when operating at 50 °C and when the 
pH of the stripping circuit was maintained at 
4.3 ± 0.1 by continuous addition of ammonia. On 
this basis a small continuous solvent extraction 
circuit was operated for four to five days during 
which approximately 180 gal pregnant eluate con
taining 2.42 gr UaO, per liter were processed to 
recover about four lb of UaOa in 13 gal of preg
nant strip solution contairung 34.7 gr U»0, per liter 
(Fig.6). 

Finally, uranium was recovered in a small con
tinuous precipitation circuit by neutralization with 
NHa. The product after calcination at 675 °C for 
two hr assayed 98.4% UaOa and met aU specifi
cations established for sale either to the AEC or 
to the nuclear power industry. Chemical consump
tion for extraction stripping and precipitation was 
0.62 lb NH„ 1.5 lb H,SO, and 0.004 gal solvent per 
lb of UaO,. The use of H-SO, for elution of the 
resin was approximately 15 lb per lb of UaO, but 
most of this can be credited against the acid re
quired for copper leaching, as the acid taken up 
by the resin is subsequently displaced during the 
uranium loading cycle and reports in the barren 
solution that is recycled to the leaching dumps. 
This amounts to approximately 1.2 lb H-SO, per 
1000 gal. n = 
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