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Abstract The Bureau of Mlnea and Cyprus 
Mines Corp. conducted a cooperative research 
program Co investigate the la situ leaching 
potential of copper ore along che fringes of the 
open pic Johnson mine near Willcox, Ariz. A 
test blast was detonated In August 1977 to 
evaluate blast design, solution flow rate, and 
solution containment. Thirteen 9-7/8-lnch-
dlameter blastholes uere spaced 14 feet apart 
and drilled to depths ranging from 185 co 224 
feet. A total of 51,500 pounds of ANFO was 
detonated wich an average of 56 feet of stemming 
In eacb 'nole. Core drilling, permeability 
testing, and water circulation Cests were used 
CO evaluace che resulcs of che blase. 

wich minor amounts of malachite and azurite. 
The Impervious Bolsa quarczice is about 150 feet 
thick in the area. The Johnson mine operation 
haa been previously described ( 6 ) . 

The p'nysical properties of che Johnson mine 
ore as determined from laboratory cescs on drill 
core samples are listed in Cable 1. The rock 
has very low Censile strength (24 psi), a 
porosity of 11 pet, and permeability of 1.7 md. 
Field permeabilities were higher, ranging from 
5 CO 50 md, because of fluid flow chrough nacural 
fractures which are noc presenc in laboratory 
test specimens. 

Test Blast 

Introduction 

The Johnson mine, located 17 miles west of 
Willcox, Ariz., is operated by Cyprus Johnson 
Copper Co., a division of Cyprus Mines Corp. 
This oxide copper deposic is mined by open pic-
heap leach mechods, and Che leach solucions are 
created by solvent exCraccion and electrowinning. 
About 4,COO cons of ore are mined to produce 
25,000 Co 30,000 pounds of cachode copper each 
day. The grade of the deposic averages about 
0.5 pec acid-soluble copper. 

The projected life of this mine is about 
another 8 years depending on mining costs and 
the price of copper. In situ leaching is being 
considered by Cyprus in combinacion with heap 
leaching or as a final phase for chis operation. 
The Bureau of Mines entered into a cooperative 
agreement wich Cyprus la June 1976 to investigate 
che in situ leaching potential of ore along the 
fringes and beyond the proposed final limits of 
the open pit. Research on this problem is of 
general inceresc to the mining Industry, and the 
results can be applied Co ocher similar mining 
operacions. 

A program of core drilling and permeabllicy 
testing was begun to establish che inicial 
characceristics of the ore. The ore being con­
sidered for In situ leaching at Che Johnson mine 
is above Che water table, which is located about 
600 feet below the surface. In-place testing 
showed chac permeabilities ranged from 50 Co 
less Chan 10 millidarcys (md) as one proceeded 
away /rom- che pic in Che down-dip direction. 
These permeabllicy values indicated chat blasting 
would be reo.uired for successful leaching and 
chat solution containment should not be a problem. 

A test blast, based- on previous Bureau research 
( .1 , 2 ,̂ 2i A> 1 . ^ ' *'̂ 8 designed to fracture an 
area for -.̂ ater circulation Cescs and hopefully a 
pilot In sicu leaching cest. This paper presents 
the decails of the August 1977 blast and the 
preliminary evaluation of che blast results. 

Johnson Mine Deposit 

A cross section through the Johnson mine 
deposit looking northwest is shown tn figure 1. 
The presenc pit, along with the proposed final 
pit limits. Is shown. The cesc blase area was 
36 feeC below che surface and extended from 185 
to 224 feet deep. The mecashale ore is In che 
lower member of the Abrlgo formation and is 
underlain by che Bolsa quarczice. The principal 
copper alneral in che lower Abrigo is chrysocolla 

Figure 2 shows che cesc blast design. 
Thirteen 9-7/8-lnch-diameter blastholes ware 
spaced 14 feet apart in an equilateral triangle 
pattern. The pattern was elongated in the down-
dip direction, and the blasthole depths varied 
with che deepest blastholes on Che northeast 
and. The pattern uas elongated because it was 
felc chac solucions would cend Co flow along 
bedding plane fraccures and mlgrace down dip. 
Blaschole depchs ranged from 185 co 224 feet, 
and a constant stemming height of 56 feet was 
maintained. Blastholes were drilled wich an 
air-flushed rotary system. Six of the blastholes 
were surveyed for deviation, and the maif1iniim 
hole deviation was only 3 feet. A total of 
51,500 pounds of ANFO was loaded into the 13 
blastholes. The blast T^as delayed as shown in 
figure 2 with 18-millisecond (msec) (two 9-msec) 
detonating cord delays between each row. The 
blast was bottom-primed with two 0.4-pound cast 
primers, for protection against cutoffs, two 
cast primers were placed at the cop of che 
powder column - j i t h an 18-msec delay Co che cop 
primer. A summary of che cest blast data is 
listed in table 2. A powder factor of 2.2 
lb/ton (for ore in Che powder column zone only) 
fractured about 19,700 tons of ore, assuming a 
4-foot overbreak. Ore in the stemming region 
was not Included in the 19,700-ton estimate. 
The powder factor was higher than thac normally 
used in bench blascing but was considered nec­
essary to break ore in a confined situation. 

Blast Results 

Topographic surveys were run before and after 
blascing Co decermlne elevation Increases on the 
surface (figure 3). The surface rose over a 
broad area with significant displacement along a 
north-south-crending fault. Because of che 
unusual geomecry of chis blast and resulcing 
surface rise, no accempc uas made co calculace a 
swell factor. However, a volume increase at che 
surface of 1,500 yd^ was produced. 

The core and permeability test holes are 
shown In figure 4. The core holes were drilled 
uith water only and no drilling mud to minimize 
plugging of che formacion. Table 3 lists che 
daca for Che preshoc and poscshot core holes. 
The postshot core was very highly fractured with 
only 23 pet of che core recovered and an RQD of 
2 pec. Mosc of che core recovered after the 
stiot came from che scemmlag region or In che 
area below che blase. Figure 5 shows core 
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recovery versus depth for che two core holes. 
The powder column region is very obvious from 
che postshot core hole recovery. 

ConsCanC-head permeability cescs (J.) run 
before and afcer blascing are listed in cable 4. 
These permeability test holes are shown in 
figure 4. Preshoc permeabilities ranged from 15 
to 43 md, while poscshot values ranged from 180 
CO 3,500 md. The postshot permeability values 
are considered adequate for successful leaching. 

Blast vibration data recorded for six pro­
duction blasts in the pit and the test blast are 
listed in table 5. Blast vibrations uere 
recorded with a portable three-component seis­
mograph. Figure 6 shows peak particle velocity 
versus scaled distance for che data listed in 
table 5. Vibrations from the test blast were 
higher than vibrations from plC production 
blasts at similar scale distances buc were 
generally within the scatter of the production 
blast data. The cest blast produced vlbracion 
levels of 2.0 Co 4.0 in/sec at mine surface 
facilicles such as che truck shop, office, and 
solvent extraction and electrowinning plane. 
These levels were not high enough to cause any 
damage to surface facilities. 

Inicial uater circulation tests were run by 
injecting water into holes IH-1 and IH-2 and by 
monitoring the water In IH-3 (figure 4). 
During Chis Cesc 300,000 gal of water was in­
jected at 35 gpm in an attempt Co fill che 
bottom of Che fractured zone. However, very 
lictle vacer vas observed in che 224-fooC-deep 
IH-3 hole. The vater may be escaping from che 
fractured zone along Che Bolsa quartzite contact, 
or che IH-3 hole may not be deep enough and 
insufficient uater was injected to fill all the 
void spaces created at Che bottom of Che fracCure 
zone. Further testing may involve deepening the 
observation hole; if that falls, a program of 
grouting along the ore-quarczlce contact will be 
considered. 

Conclusions 

The test blast at tbe Johnson mine vas con­
sidered a success in terms of fracturing Che ore 
body and creacing penseablliCy for in-place 
leaching. Blase vibration levels uere not high 
enough co damage surface mine facilicles or 
cause annoyance eo neighbors. The major problem' 
with this Cesc blast In ore above the uater 
cable is ensured solution concalnmenc. Prelim­
inary water circulation tests did not build up 
significant uater levels at the bottom of the 
fractured zone. A deeper recovery uell hole and 
a grouting program are being considered. 
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TABLE 1. - Physical properties of Johnson mine ore 

7 8 - A S - l i Z 

Property Value 

Compressive strength, psi 
Tensile strength, psi 
Young's modulus, psi x 10^ 
Specific gravity 
Density, Cons/yd^ 
Porosicy, pec 
Permeabllicy, md 
Sonic velocicy, fc/sec 

number 
of 
Cescs 

2,800 
24 
8.9 
2.34 
1.97 
11.4 
1.7 

1? 
10 
12 
22 
— 
12 
11 

12,000 

TABLE 2. TesC blase summary 

Quantity Value 
Number of blascholes 13 
Blaschole dlameeer, in 9-7/8 
Blaschole spacing, ft 14 
Range of blasthole depths, ft 185 to 224 
Average blasthole depth,.fe 209 
Average subdrilling, fc 7 
Tocal drilling, ft ' 2,717 

Explosive ANFO 
Average powder column depth, ft 202 
Average stemming, ft 56 
Average powder column length, ft 146 
Average explosive/hole, lb 3,960 
•Average loading density, lb/ft 27.2 
Total explosive, lb 51,500 

Powder faccor, lb 2.2 
Assumed overbreak, fC 4 
Ore volume, yd^ , 9,850 
Ore weighc. Cons 19,700 

TABLE 3. - Drill core daca 

Quaneicy 

Total recovery, pet 
Recovery > 1 in, pet 
RQD, pet 
Average size > 1 In, in 
50 Oct passinR, In 

Preshot 
87 
79 
51 
4.1 
3.9 

Value 
Postshot 

< 

23 
10 
2 
2.3 
0.5 
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TABLE 4. - Constant head permeability measurements 
cesc blase area 

Locaeion OescripCion Permeabllicy, 
md 

PRESHOT 
CH-1 NX core hole 
BH-9 9-7/8-in blaschole 
BH-7 • 9-7/8-ln blaschole 

15 
43 
35 

POSTSHOT 
IH-1 60 fc deep, 6-3/4-ln air roeary. 8,500 

up dip 
IH-2 188 ft deep, 6-3/4-in air rotary, 1,500 

up dip 
IH-3 244 fc deep, 6-3/4-ln air roeary, 180 

down dip . 

TABLE 5. Blast vibration data 

Shot Date 

Charge Charge 
Distance, weight weight 

ft total, per delay, 
lb lb 

Scaled 
distance, 
ft/lbV^ 

Peak 
particle 
velocity, 
in/sec 

1 
2 
3 
4 
5 
6 

Test blast 

05-24-77 
05-26-77 
05-31-77 
08-12-77 . 
08-16-77 
08-17-77 
08-18-77 

1,270 
1,450 
490 
850 
420 

1,850 
780 

6,850 
10,750 
15,500 
15,500 . 
6,900 
4,850 
51,500 

6,850 
5,400 
6,825 
3,750 
6,900 
2,425 

19,950 

15.3 
19.7 
5.9 
13.9 
5.1 

37.6 
5.5 

1.4 
.6 

2.4 
1.0 
2.2 
.28 

4.7 
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FIGURE 1. - Cross section of Johnson mine deposit looking northwest. 
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FIGURE 2. - Test blase design. FIGURE 3. - Elevacion Increases afCer blascing. 
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FIGURE 4.̂  - Core hole and perm'ekblllty 
t e s t hole loca t ions . 
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Bacterial leaching of uranium ores in the Elliot 
Lake area has been used as a production method 
since 1962. Minor amounts were recovered from 
mine ivaters prior to this. Uranium in a pyritized 
quartz pebble conglomerate is oxidized from the 
tetravalent to the hexavalent state in the presence 
of bacteria. The bacteria are naturally occurring 
a u t o t r o p h s of the Ferrobacillus-Thiobacillus 
g7'Oiip. The solubilized uranium is tlien dissolved 
ivith water ar acid solution and pumped to surface 
for treatment. Recovery of ainmonium diuranate 
from the resulting acid mine ivater is carried out 
in a conventional uranium ion exchange plaiit. The 
method produces uranium at low cost from aban-
dcmed or caved mine ivorkings. Recovery of 
thorium and rare earths by the same method is 
limited only by tnarket dotiditions. 

INTRODUCTION 

The bacterial leaching of ores, particularly 
copper, has been used for centuries, although the 
role of bacteria has come to be recognized only 
much more recently.^ Production of uranium by 
bacterial leaching in the Elliot Lake area, and 
Stanrock Mine in particular, has been carried on 
as a small but profitable adjunct of conventional 
mining since 1960. As the sole means of re­
covery, it has been in use by Stanrock since 
October 1964 and was used experimentally by 
Milliken Mine of the Rio Algom group in the 
period July 1964 to August 1965.^ Nordic Mine, 
also of the Rio Algom group, is expected to con­
vert to leaching as the sole means of recovery in 

1968. Discovered as a result of naturally occur­
ring phenomena, it is now an established practice. 
This paper describes its development, present 
practice, and some of the possible future applica­
tions to which it may be put. 

DEVELOPMENT ' 

The Elliot Lake area is a short distance .north 
of the north channel of Lake Huron approximately' 
equidistant between Sudbury and Sault Ste. Marie, 
Ontario. The ore bodies are extensive quartz 
pebble conglomerate beds from 6 to 40 ft in thick­
ness dipping from 5° to a maximum of 40°. There-
are also thinner uneconomical beds. Depths of the 
mines vary from near surface to 3000 ft. The ore 
consists of quartz pebbles in a pyritized sericitic 
matrix. Uranium minerals are chiefly brannerite, 
frequently intergrown with anatase or rutile, 
uraninite, isome monazite, and minor coffinite and . 
thucolite. The sulfides are pyrite, which con­
stitutes 5 to 10% ofthe oriB, and minor pyrrhotite, 
chalcopyrite, and galena.^ Mining is by room and 
pillar with 65 to 80% extraction. 

As the ore body was exposed by rhihing, there" 
was a gradual decrease in pH of mine waters to 
4.5, followed by a more rapid decrease to 3.0 to 
2.3. Steps were taken to neutralize the water be­
fore pumping to surface in order to prevent cor­
rosion of the pumps and pipelines. With the 
decrease in pH, a small but significant amount of 
uranium was noted in the water as well as a high 
ferric-to-ferrous iron ratio. Treatment of the 
water for uranium recovery was started in 1960 to 
recover the small amoimt of uranium present and 
to control pollution. .Investigations into the causes 
of acid mine water led to the conclusion that bac­
terial action was converting pyrite to sulfuric 
acid and ferric sulfate. *'* Bacteria of the Fer­
robacillus-Thiobacillus group were later iden­
tified.^ 
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M a c G r e g o r BACTERIAL LEACHING O F URANIUM 

Bacteria of this group a r e imicellular organ­
i sms , 0.25 M in diameter and 1 n long.^ They 
reproduce by simple division and thrive in acid 
iron-bearing media. Their energy source is de­
rived from the oxidation of ferrous iron and/or 
sulfides and sulfur. They require fixed nitrogen 
and gaseous carbon dioxide and oxygen from the 
a i r . Optimum conditions for growth a r e a pH 
range of 1.8 to 3.5 and temperatures of 25 to 40°C. 
Outside these l imi ts , their growth tends to be 
inhibited. They will survive under adverse condi­
tions in a dormant or semidormant state provided 
that the changes occur gradually. They a r e sens i ­
tive to raetal ion concentration, but can be bred to 
high tolerance levels if the concentration of ions 
is increased gradually. 

Several chemical changes take place, in .the 
leaching action.' Under ordinary conditions, pyrite 
is slowly oxidized to ferrous sulfate and sulfuric 
acid:- . . . 

. . 2FeSa + VOz + 2H2P - 2 FeSO* + 2H2S0.4 ., 

In the presence of bacteria, the ferrous sulfate 
is oxidized to the ferric s tate: 

4 FeS04 + Oz + 2H2SO4 ^ 2 Fe2(S04)3 + 2H20 . 

The reaction appears to be strongly catalyzed 
by bacteria.^ Ferr ic sulfate will attack pyrite to 
form more ferrous sulfate by the proposed r e a c ­
tions: 

FeS2 + FezCSOOa - 3 FeSO* + 2S 

2S + GFeaCSOja + 8H2O -* 12FeS04 + SHzSO* . 

These reactions may also be catalyzed by 
s imilar s trains of bacteria. Researchers at Ken­
necott* claim experimental evidence of bacteria 
that will act directly upon pyri te, producing ferr ic 
sulfate and an excess of H2SO4. 

Uranium, which occurs in the insoluble te t rav­
alent state, is oxidized to the soluble hexavalent 
state in ferric sulfate solutions by ferr ic sulfate, 

UOa + Fe2(S04)3 - UO2SO4 + 2FeS04 , 

provided the ferr ic- to-ferrous rat io is kept high 
enough to maintain a redox potential > 410 mV. 

As mining progressed, worked out stopes be ­
came coated with a brown iron oxide; yellow uran­
ium salts were also noted. The uranium content 
of the mine water continued to increase gradually. 
While the original t reatment of mine water was 
primari ly for the control of pollution in the water­
shed, the increased acidity and consequent uran­
ium content ' motivated research into means for 
increasing the recovery by leaching raethods. 
Various types of sprays were t r ied, as well as a 
fast, high-pressure (80 to 100 psi) washing with 
hand-held hoses. The fast, h igh-pressure washing 

of stopes on a cyclical basis proved the most 
effective. Optimum cycle time was determined as 
three months.^ Water for washing is drawn from 
Quirke Lake at a pH of 5.0 by Stanrock and Den­
ison mines. Milliken Mine used water drawn from 
a drill hole to the adjoining Lacnor Mine, having a 
pH of 3.5 and a uranium content of 0.14 lbs/ton.^ 
Nordic Mine, which began leaching more recently, 
is using mine water for stope washing. 

Laboratory tests have demonstrated the effec­
tiveness of bacteria in leaching uranium ' from 
crushed samples of ore.^ The extraction ra te 
appears to be a function of the exposed mineral 
surface. Almost 80% extraction was achieved in 
67 days on a -6-mesh + 20-mesh sample. A 
- i - i n . + 4-mesh sample gave an extraction of only 
54% in the same period of t ime. Extraction in the 
absence of bacteria was only 10%. Tests during 
stope washing at Stanrock indicated a 75% r e ­
covery of uranium in the fines on the f irs t wash.* 

The effects of nutrient on bacterial leaching has. 
also been investigated. The standard "9K form­
u la" has the following composition": • 

g/ l i ter 

Ammonium sulfate 
Potassium chloride 
Potassium acid phosphate 
Magnesium sulfate 
Calcium nitrate 
Ferrous sulfate 
Sulfuric acid 
Distilled water 

3.0 
0.1 
0.5 
0.5 
0.015 

44.2 
1.0 cm' 

1000 cm 
Although controlled laboratory tes ts show a 

definite advantage in the use of nutrient, its use.in 
underground washing has been only partially suc­
cessful. Tests at Stanrock showed no appreciable 
increase in recovery for stopes where -nutrient 
was spread after washing and the stopes then r e -
washed on the regular 3-month cycle. Drying out 
of the stopes is probably the difficulty. 

Milliken Mine reported an increase in yield and 
a decreased cycle time from the use of nutrient 
with a wetting . down procedure between cycles.° 
However, when the increase in recovery is bal­
anced against the cost of nutrient plus additional 
manpower for spreading and wetting down, it is 
not considered to be economical. 

At Stanrock, washing has been car r ied on con­
tinuously since December 1962. Economic values 
a r e still being obtained from some stopes washed 
15 to 18 cycles. Beginning in late 1966, a p ro ­
gressive decrease in recovery was noted, espe­
cially in stopes containing lower grade ore . 
Stopes giving consistently poor recoveries a r e 
dropped from the washing program. Withdrawal 
of stopes from cyclical washing has gradually 
reduced the extent of washing activity. 
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M a c G r e g o r BACTERIAL LEACHING OF URANIUM 

The depth of penetration of bacteria into the 
rock is still a matter of conjecture. Studies of 
polished sections of ore show a very low penetra­
tion rate. Production results obtained from bac­
terial leaching would indicate' a peinetration of at 
least an inch or two. Stanrock's production from 
leaching at over 650 000 lbs UaOs is 6.5% of the 
total mine recovery. 

To maintain production, certain sections of the 
mine are being flooded according to a program. 
By this method, it is hoped to recover the maxi­
mum amoimt from stopes too low in grade to war­
rant the cost of high-pressure hosing. Recovery 
of uranium from extensive caved areas that are 
inaccessible to washing is anticipated. Flooding 
will also reduce the open area of the mine to be 
supplied with fresh air for ventilation. (Good ven­
tilation is important in uranium mines to control 
the buildup of radon daughter products in breath­
ing air.) Filling of the west part of the mine began 
in late 1966. When flooded to its full extent, this 
area will contain l i million tons of water or 250 
million gallons. No recovery from the area, which 
is now only about half filled, has been made yet. 
A smaller area in the east end of the mine, con­
taining 100 to 150 thousand tons of water, has been 
filled and partially recovered. Grade has ex­
ceeded expectations by ~ 10 to 20%. 

The use of low pH barren solution from the mill 
was tried in 1964 for the washing down of stopes. 
It was found that this' water would give recoveries 
in recently mined stopes, where bacteria had 
obviously not yet been active. Barren solution 
also speeded up bacterial activity so that recently 
mined stopes could be successfully included in the 
leaching program after. 3 to 6. months instead of 
the usual 1 year. However, the highly corrosive 
nature of this solution precluded its use on any 
large scale because of distribution problems. 

Flooding permits use of a large volume in a 
relatively confined area. The flooding area was 
designed to introduce water into the uppermost 
workings of the mine, allow it to flow over the 
greatest possible area, and withdraw it at a lower 
level for pumping to surface for treatment. 

To discharge the barren solution into this area, 
four 2-in. polyethylene plastic lines were run 
1000 ft from the mill to No. 2 shaft, then 3000 ft 
down the shaft to a sump at the bottom. A stain­
less steel, 420 gal/min, 4-stage transfer pump 
moves the barren solution through 3000 ft of 6-in. 
acrylonitrile-butadiene-styrene (ABS) plastic pipe 
to the flood area. 

RECOVERY 

Water from the east-end flood area, together 
with water from higji-pressure hosing, is pumped 
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by stainless steel secondary pumps to a settling 
sump (Fig. 1). Wa.ter from the west end will flow 
to the settling sump by gravity through 1300 ft of 
6-in. ABS pipe now being installed. . This water., 
flows by gravity to a clear-water sump from •; 
where it is moved by three 8-stage pumps and one 
4-stage pump to the mill through 5000 ft of 6-in. 
rubber-lined steel pipe against a vertical head of 
3500 ft. Conversion of the pumping system to 
stainless steel pumps and rubber-lined pipe in 
1966 made it possible to dispense with neutraliz- -
ing the water before pumping. 

Treatment of the water on surface uses a sec­
tion of the conventional mill. Mine .water, dis- • 
charges ori surface into a 90- x 12-ft rubber-lined.; 
thickener tank that acts as a surge tank for the. 
clarifiers. After clarification, the w a t e r is . 
pumped to ion exchange. The mine water was.' 
formerly pumped to ion exchange at the normal -
mine water pH of 2.3 to 2.4. However, with the.-' 
implementing of a closed system in which barren .• 
solution is recirculated, pH adjustment to 2.0 is 
being made before treatment. Lower pH barren is ^ 
expected to be beneficial to leaching. Ion exchange i 
cplumns are eluted with a 20-g/liter nitric acid -
solution. The high-grade eluant is pumped to the ' 
precipitation circuit where the pH is raised to 3.8 • 
with lime and ammonia, iron being precipitated -
and settling out in a thickener. The thickener ._ 
overflow is pumped to the second stage of precip- ^ 
itation, where the pH is increased to 7.0 with am­
monia to precipitate the uranium as ammonium_.i 
diuranate or yellow cake. This yellow cake, con- " 
taining 80% UsOs, is filtered, dried, and packed in • 
drums of 500 lbs. -i 

••'• Barren-, solution from ion exchange is returned -
underground by the plastic lines previously men- -: 
tioned. At some time in the future, it is proposed-
to bleed off a portion of the barren solution to 
prevent a buildup of metal ions that m i ^ t be 
deleterious to the bacteria. Thorium or rare •, 
earths could be recovered from the barren bleed 
if a suitable market should develop. 

COSTS 

Bacterial leaching costs are generally. lower 
than conventional recovery methods. Direct oper­
ating costs of bacterial leaching at Stanrock were 
31^/lb in the first year of operation,' and subse­
quently were lowered to < 25^/lb while operated 
as an adjunct to a conventional mining operation. 
Only those costs that were additional because of 
leaching were included. Costs of pumping, re­
covery, overhead, etc., did not change appreciably 
and were charged to the conventional operation. 
As the sole means of recovery, total operating 
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Fig. 1. Flow sheet. 

costs have averaged $3.50/lb. The costs in a 
flooding operation are expected to be comparable. 

FUTURE USES 

Conventional mining and milling methods are 
unlikely to be superseded by bacterial leaching. 
The .method does, however, provide a means of 
scavenging worked-out mines, caved areas, or 
low-grade material inaccessible or uneconomical 
to treat by conventional recovery methods. It 
holds promise for the recovery of uranium frora 
material rejected by flotation, heavy media, elec­
tronic sorting, or other upgrading procedures. 
Tests in South Africa have shown, that tailings 
dumps are amenable to bacterial leaching. ̂ ^ If 
required, it could be used to recover thorium and 
rare earths from the . Elliot Lake area tailings 
dumps. Research on the use of bacteria as the 
oxidant in uranium mill leach circuits has shown 
promise. Although recoveries are lower, and 
retention times somewhat higher, reductions in 

capital and operating costs might make the method 
attractive imder certain economic conditions. 

The mechanisms of bacterial leaching are still 
relatively new and not fully xmderstood; further 
research will undoubtedly result in improvements 
in operating and cost-saving techniques. 
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UNDERGROUND MINING 

An alt new rig for Magmoht shaft would have cost twice as much as new and used 
CenipcinenI pari Ne« 

Engines (3 ® $30,000.00) $ .90,000. OQ 
Dfawworl(s.- ~ 
Mud pumps 

1-1,000 60,000.00 
1 - 850. . . . . . , . . : - -^-

Power transmission — 
Subs t ruc tu fB . . . . . . . . . . . ,— 
Derficit . ; , , .. — 
Blocks, hook; etc.. „ '. 40,000.00 
MisGellaneous;... ,,,; — 
Drill string 134,000.00 
ehoke manifold (10,000 psi) ' . . . , 25,000.00 

Upgraded 

.$20,000.06 

Cost 
$.90,000.00 

20,000. CIO 

60,000,00 

.20,000.00 
15,000.00 

3,000.00 
— 

5,000.00 
• — - ' 

• ^ 

20,000.00 
15,000.00 
3,000.00 

40,000.00 
5,000.00 

134,000.00 
25,000.00 

parts 
Al lnewr ig Ct) | ^ 
En9nes(^ . . ^^ . . . i . . . . . . . . . . : . . . . , . . . . JM.OOOM 
Drawworks . . . . . . . . ; . . •. 30,000:1 
Mud pumps (2) 1—1,000 

I - .850 
Power transmission.... . 
Substrudure 
Defrick. 
B'loDks, hool(, etc, 

• " • • • • • " • • • . . . . . . , , . i i s . ( n i a 

; . . , . . . . . . . . . , . , . . . . . , . . . . , . . : S2,ooja 

•-'•''•\ : — . - . . . : . . . :5o,aa» 

Miscellaneous auxiliary equipment •••••-•• * * 

D r i i i s t r i n g . . . , . : . : . . . . . . , . . . . . . . . , , . , . . . . . . . . : : ; ; ; ; : : : : : : smZm 
Choke manifold (10,000 p s i ) . , . . . , _ . . . . , , . ; . , . , . . . , . , ; , , . , . . ; 25'fflBnj T q t a L . . . , , $349,000.00 $63,000.00 $412,000.00 
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Total. 

a nuclear leaching experiment on copper ore 

?903,Daui^g; 

loop, a proposal by Kennecott Copper Corp. 
nic Energy Conunissioo, would prdvide for a 
iUlioQ -contained 20-kiioton nuclear blast and 
(niiig experiment at its Sa£foid, Ariz., copper^ 

porpiiyiy. if me project is approved by Gongress; and 
proceeds as planned, it should go a; long way in proving 
or disproving tbe feasibility ol nuclear blasting for the 

f low-grade, deposit for 
die blast, the recoyery 
usLQg sblution, recovery 

;d access drifts below the 
e • pregnant. solution would 

be pumped.to thesurface precipitator (see E/MJ,-NoVem-
ber'i967, p II6) . 

Some comparisons of the^.iiiiclear shot' with other big 
blasts in mining indicate that more rock has tjeen biroken 
with conventional blasts than the estimated l:3-niillion 
tons that the proposed "20-kilot'6n nudear device would 
break. Other productipn blasts, however, have broken to 
one. or more free' faces,- while the proposed nuclear shot 
would be a contained experiment. Other large blasts in 
the recent past include: 

1) Intemational Nickel C p . ^ F r o o d mine—S^ZS-nuLIidn 
tons with 464 tons of powder. 

2) CUrnax Molybdenum—^1.25-iriUlion tons in, a glory 
hole blast with 208 tons pf explosives. _ _ ' . ' . 

3) Minnesota taconite miae^-broke i.3-miIlion tons 
using 850 tons &£ high energy slurry (Hercules Powder 
Co, report). 

Cost estimateis for Project Sloop 
Phasal 
Reid start-up and initial sijppoit tac i l i t i ^ 
Pfe-shot sampling ho l« 
Site safety studies 

Total P h a s e l . . . . . . . . . . . , . . , , , . . , . . . . . . . , . 
Phase 2 
Project slart-up and support facilities' 
Rebabiiitatibn 0^ existing workings 
Scientific program and explosive diagnostics 
Emplacement hole 
Emplacement, stemming 
Operational support -
Communications " -
Post-shot drilling, re-entry and testing 
Mis(^llaiieous construction 
Engineering inspection 

totalPhase? ,.,...,..., 

Phases 
Underground re-entry and rehabilitation 
teach sotutidn and recovery system 
Post-shot sample and solution input h o l ^ 
Underground process piping and pumping system 
Copper p rea pitation plant 
Process water supply 
Leachplant operating costs—one year 
Public and industrial safety monitoring 
Project evaluation 

Total Phases , . 
Total Projeisl S t ( H ) p . . . , ; . . , . . ; . . . . , 

$750 » 

.$5,750,48 

..$6)675.30!: 
:$t3ii75,ra 

^N^T-.-s 

The cost of leaching UsOa in stopes and pumping solution to the surface 
The economic advantages^ of microbiological processing 

have given new life to some -mines and, in other cases, 
will allow the leaching of iow-grade ore (see B / M J , Octo­
ber 1967, p 75) . At Stanrock Urai ium Mines Ltd:,- Stan­
rock, Ontario, Canada, ;the use of bacteria leaching prp^ 
videdjthe answer to the quesddn of, "how to stay'in busi­
ness," in the face pf skyrocketing costs by conventional 
mining rnethodss 

The high-pressure washing of s'topes at Stanrock, begin--
ning in 1963, increased production from 27,100 lb of 
UjOs in 1962 to 10"5;300 11? in 1963. Uranium recovery 
from hnine water at "that time; was. 7,% of total prodiictidn.. 

Between July and Ocftpber ol 1964, mining costs in-. 
crieased to $5'09 per lb of tJ^Pa recovered. Tliis allowed 
only 410 per lb .profit. As a result of the high costs the 
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entire mine was, converted to bacteria operation at iJtt 
end,of October 1964. By the summer of 1965; bacteriii 
leaching was credited with lowering production cosu t̂ ^ 
$3.30 per lb ofUsOs. Heating of mine intake air dtinaf 
the winter added -SO.̂ " to total U3O3 costs. The conversioa 
to cprrosipn-iesistant materials in the mine, solution a ios t 
resiilteil in a 500 per lb UsOs direct sayings in chemicab 
and pump maintenance supplies; 

Stanrock is recovering 15,000 to 16,000 Ifb of U,0, 
rrionthly from 1,200 stopes having :an average'floor aie* 
of'6,000 sq ft each. 

To eliminate the need of neutralizing, miiie solutioa. 
316 stainless steel pump components, rubber-lined sn!* 
tipnjines in the shaft, and plastic distribution lines were 
installed in the mine. 

4 
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sociuiion. which occurred in ihc pla.siiia. i.s mainiaincd'. 
According lo equilibrium phase diatjram.s, ihe zirconium 
o.xide phase should contain 3-5% .silica, but the lonaic 
procc.s.s produces a zireonia containing only aboul 0.5% 
silica. This phenomenon is thought to be the result of 
ultra-high temperature and rapid cooling. After plasma 
treatment, sodium hydro.xide is used to leach out the 
.silica (Fig. 4). Depending on the number of leaches. 

various grades of zireonia ranging up to 99-1-% purity 
are produced. 

Plasma processing may also be applicable to many olher 
materials, such as complex silicate or oxiile minerals. The 
upgrading of ilmenite to rutile, the direct i;educlion of 
iron ore, and the chlorination of various ores (in a chlo­
rine plasma) are only a few of the possibilities that have 
been suggested. 

Trends in chemical processing and hydrometallurgy 

Devclupinenis in hydrometaliurgical approaches to min­
erals processing continued to receive the lion's share of 
research throughout 1971. This trend became more pro­
nounced during the year l"or a number of rea.sons: pro­
duction cutbacks at copper smelters unable lo meet pollu­
tion regulations; smeller closures in ihe '/-ine industry; 
nnd reduced shipments of sulphide concentrates—especial­
ly to the Japanese, who have their share of domestic 
problems in complying wilh pollution conlrol rcciuircments. 

R&D in copper hydrometallurgy keeps growing 

The copper inilustry, more .so than others, continues 
10 locus its efforts on developing polliilion-free hydro-
nieialliirgical processes for metal recovery. 

Here is a brief rundown of receni developments: 

• Haver and Wong, at the US Bureau of Mines 
(U.SUMi, liave reported on a new study for the u.se of 
ferric chloride as a leaching reagent for chalcopyrite. In 
this meihod, copper concenlrales are leached at relatively 
low lemperalurc and atmospheric pressure wilh ferric 
chloride .solution. Copper is recovered by cementation 
with iron, and elemental sulphur may be recovered or 
removed from the leach residue by solvent extraction 
will) perchloroethylene. The ferric chloride solulion is 
recovered and recycled. The sulphur-stripped Icach residue 
may then be cyanided to recover precious mclal values. 
Recoveries of 99.9% of the copper values have been ob­
tainctl. together with 70.5% of the sulphur in elemental 
form. 

• Another USBM developmenl is a process to leach 
oxiile copper ores with chelating agents. Bauer and Lind-
sironi report that a solution of the Iri.sodium salt of ethy­
lenediaminc letra-acetic acid (EDTA) is highly elTective 
in leaching copper from ores containing large amounts 
of calcite or dolomite. (Acid leaching of these high-
earbonaie ores is usually not feasible becau.se of excessive 
acid consumption.) In sludies on an oxide ore from Utah 
containing 40% calcium carbonate, 3.7% copper and 
1.9% zinc, copper was recovered as the hydroxide by 
lime addition and the EDTA .solution was recycled. 

• Inspiration Consolidated Copper Co., in collaboration 
wilh researchers from the Universily of Arizona, "has de­
veloped a new process for chalcopyrite concenlrales. The 
lechnique involves dissolution of th? sulphide in an acid 
solvent at aimosphcric pressure and 95°C, and copper 
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separation from iron, followed by copper recovery via 
electrowinning. The process is said to be applicable also 
lo the winning of zinc and nickel from their sulphides. 

• At the industrial level, there has been further ex­
pansion of proven ehemical processing routes for copper 
ores. Nchanga Con.solidated Copper Mines announced 
plans for Ihc world's largest mclallurgical liquid ion ex-
chcuAgc pl-.uil at Chingola, Zambia. Power Gas Corp. is 
ilesigning the plant to produce 12 million ib per month 
of copper from a leach liquor flow rate of 15,000 gpm. 
This represents an impressive .scale-up in the size of facil­
ities from the first commercial liquid ion exchange plant 
for copper, that of Ranchers Exploration and Develop­
ment Corp. Ranchers' plant at Miami, Ariz., now in ils 
fourth year of operation, currently produces copper at 
a monthly rate of about I million lb. Liquid ion exchange 
lechnique has also been used in a unique operation com­
bining pollution conlrol and melal recovery al the El Pa.so, 
Tex., plant of the SEC Corp. This plant treats a copper-
nickel stream from a copper refinery containing about SO 
grams per liter of copper and 25 gpl of nickel. Copper 
is separated by liquid ion exchange using Cleneral Mills' 
LIX-64N" reageni. and the copper is then electrowon 
after the loaded organic is stripped (Fig. I). After pH 
adjustment to remove iron and aluminum, nickel is sim­
ilarly separated by liquid ion exchange and electrowinning. 
Daily production rale is 4,000 Ib of copper and 1,000 lb 
of nickel. 

• An innovation in copper electro-refining has been 
introduced at the Mufulira copper refinery in Zambia. 
After extensive pilot investigations, periodic eurrent-
reversai facilities will be put in the refinery exiension 
due on stream in 1973. This permits cell operation at 
considerably higher levels than conventional current den­
sities (up to 30 amp per sq ft) with considerable savings 
in capital investment. 

Nickel and cobalt developments 

Hydrometallurgical developments in nickel processing 
have generally represented expansions of current proven 
technology. Marinduquc Mining and Industrial Corp. for 
example, has announced the successful completion of an 
11-month pilot plant test run on laterite nickel ore from 
the Surigao Mineral Reservation in the Philippines, at 
Sherrill Cpordon Mines Ltd. facilities at Fort Saskatche­
wan, Canada. During this period. 18,000 Ib of nickel 
was produced from 5,000 tons of Surigao ore utilizing 
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Fig. 1—SEC nickel recovery process. Through solvent ex­
traction of an impure copper-nickel feed solution, the 
process first strips copper from solution and recovers it 

by electrowinning—while the copper-free solution under­
goes pH treatment ahead of solvent-extraction of nickel. 
Nickel is then recovered in a separate bank of cells. 

the Sherril l Gordon process. Nickel recovery is said to 
be 82 .2% on feed assaying 1.33% nickel during one 
28-day run. Sherrill wil l assist in construction of a nickel 
refinery and has licen.scd Marinduquc to use its hydro-
metallurgical processes for the recovery of nickel and other 
mclals from latcritcs. 

In another related developmenl, PT Pacific Nickel has 
ajinounccil thai il wil l ship 12,000 tons of laterite nickel 
ore from Indonesia lo Sherrill Gordon's demonstration 
pilol plant for process test work. 

In a .somewhat similar project, jointly spon.sored by 
Americ;ni Melal Climtix Inc. (Amax) and .Societe Miniere 
cl Mciallurgique dc Pcnarroya SA. bulk samples of lat-
eriiic nickel frorii deposits in New Caledonia are shipped 
lo llie Amax F.xiraciive Metallurgical Liiboratory at Gold­
en. Colo. (I ' ig. 2). Certain slurry punipings and olher 
lesls at Golden have been performed wiih satisfactory 
resull.s. and f iulher pilol leslings are being conducted to 
ileicrmine the economic feasibiliiy of nickel and cobalt 
recovery qn a conunercial scale. Amax, which recently 
pureha.sed ihe Port Nickel refinery in Braithwaite, La., 
is also condiicling pilol plant studies lo evaluate refining 
improvements al Port Nickel. 

Nickel recovery via leaching and solvent extraction 

Details of ihc copper-nickel malle process used by Fal­
conbridge al its Kristiansand, Norway, nickel refinery 
reveal an interesting chemical processing technique cou­
pled with extensive use of a digitrd computer conlrol 
sysiem lo provide ihe plant with a high degree of auto­
matic operation. Copper-nickel malte, shipped from 
Canada, is leached with concentrated hydrochloric acid 
to alTect only the nickel solulion in the primary leaching 
operation. This permits a neat separation of nickel from 
copper, cobali, and precious mclals. The nickel .solution 

is purified by a two-stage solvent extraction process, which 
removes first the minor amounts of iron dissolved in ihe 
leach, and Ihen any cobali and copper pre.seni. After 
crystallization of nickel chloride from the purified solution. 
99 .7-1-% nickel metal is recovered by hydrogen reduction 
of the oxide produced by thermal decomposition of the 
chloride salt. Copper is recovered from the hydrochloric 
acid leach residue by a combination of roasting, sulphuric 
.acid leaching, and electrowinning. 

The high strength of the hydrochloric acid u.sed (275 
gpl) is such ihal Falconbridge can carry out the ieaching 
operation at fairly low temperature (70°C) and aimos­
phcric pressure, thus overcoming the need lor high-pres­
sure equipment required in other processes. The com­
puter is u.sed for overall conlrol functions as well as 
supplying an autojiialic printout ai the end of each shift 
of key average readings and a solution balance. 

W inn ing meta l va lues f r om ocean nodules 

Hydrogen chloride is al.so the solubilizing reageni used 
in a process for winning metal values from ocean nodules 
announced by Decpsea Ventures Inc., Gloucester 'Point, 
Va., a Tenneco Inc. subsidiary. This company is piioiing 
the recovery of nickel, cobalt, copper, and manganese 
from ocean nodules obtained from a site in the Pacific, 
which typically analyze 26-27% manganese. 1.3% nickel, 
1.0% copper, and 0 .2% cobalt. The pilot plant, designed 
to process about 80 Ib per hr of nodules, involves hydro-
chlorination of dried and crushed nodules with hydrogen 
chloride gas in a multihearth furnace at temperatures 
above 120°C to convei;l the metal oxides inlo their water-
soluble chlorides. After countercurrent water leaching lo 
dis.solve the chlorides, the pregnant leach liquor is sepa­
rated from the solid residue by filtration. .Separation of 
nickel, cobalt, copper, and manganese values is done by 
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three separate liquid ion exchange steps, leaving the 
manganese in the final solution. Manganese chloride is 
then recovered by crystallization, and manganese metal 
can be produced by one of several conventional routes. 
The reagent uscd in the liquid ion exchange step is an 
unidentified proprietary sub.stance dis.solved in a kerosine 
diluent. 

Ultimate recovery of nickel, coppe'r and cobalt values 
is hy conventional electrowinning cells. 

Deepsca Vetitures feels that its process is economically 
feasible nnd that metal recoveries are salisfnctory. The 
company, in fact, has already spent some $20 million on 
exploration and development work—which culrriihated in 
the selection of the hydrochlorination solvent-extraction 
route, a selection made after investigating more than 100 
different processes. 

As far as commercialization is concerned, Decpsea 
hopes to achieve full production of metals from nodules 
within the next three or four years. 

Fluid bed roasting 

Outokumpu Oy metallurgists have revealed details of 
their process for the sulphutizing roasting of nickel-, 
copper-, and zinc-bearing cobaltiferous pyrite concentrates 
at their Kokkola works in Finland. They utilize a fluid 
bed sulphatizing roast technique to convert nickel, cobalt, 
and other valuable metals into water-soluble forms for 
subsequent recovery. The process involves the feeding 
of a mixture of green concentrate and precalcincd con­
centrates together with .sodium sulphate into a fluid bed 
roaster. The fine mixture (60%, minus 200 mesh) Is 
roasted at 650°C and, after cooling, is magnetically sepa­
rated; the incompletely sulphatized fraction of the prod­
uct is magnetic and can be recycled to the fluid bed re­
actor. The success of the scheme rests in large part upon 
its ability to convert the valuable metals to water-soluble 
form, white rendering the iron insoluble as ferric oxide. 
Iron sulphate fonnation is eliminated by rapid product 
cooling in fluidized bed coolers, where the fluidizing air 
also purges the sulphatizing gases from the bed. Nickel 
and cobalt recovery from the product is effected by multi­
stage counlercurrcnt-lcaching with water. 

New alumina process 

An interesting process for production of alumina from 
a formerly valueless aluminum-containing mineral, alunite 
(sometimes known as alum stone) has been developed by 
workers at the University of Guanajuato in Mexico. Alu­
nite, a hydrated potassium sulphate, ICAl.,(0H)|,(S0j)2> 
has not heretofore been of commercial significance as a 
source of alumina due to its low ALjOj content (25-39% 
in US deposits), especially when compared with the only 
other aluminum ore, bau.iite, which generally contains 
50-55% AljOa. 

The ore, after crushing and sizing to 1 in. and de-
hydroxylation in a rotary kiln at 750°C to remove all 
bound water, is then ball-milled to minus 20 mesh and 
pulped with water (Fig. 3). This slurry, transferred to 
a stainless steel reaclor, is reacted wiih ammonia gas to 
break down alunite into ammonium and potassium sul­
phates in solution, together with a slurry of alumina and 
silica. After filtration, the mixed sulphate solution is taken 
to a crystallizer to produce a byproduct fertilizer. The 
alumina-silica filter cake is repulped and reacted with 
SO.j gas at a temperature of 80°C to form a soluble acid 
aluminum sulphite. 

After the solid-liquid separation, alumina-containing 
sludge is pumped to another reactor and treated with 
sulphuric acid to solubilize the balance of the aluminum 
values as aluminum sulphate. Insoluble silica and other 
impurities arc filtered off and the two solubilized alumina 
stEcams arc combined in a fourth reactor. As this mixture 
is boiled, SO.., gas released from .the acid aluminum sul­
phite is then recycled. Under the low pH condition main­
tained in the reactor, the aluminum precipitates as a basic 
sulphate, or a mixture of basic sulphate and alumina 
hydrate. Iron, titanium, and other soluble impurities re-̂  
main in solution. After thickening and filtration, alumi­
num sulphate is recovered and calcined to yield alumina 
and sulphur trioxide for acid production and recycle. 

Electro-oxidation technique for gold 

Gold hydrometallurgy advanced in 1971 when USBM 
published details of a process it had developed to over­
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begins with a hydrochlorination'tJtep at 120* C to convert 
manganese,' copper, nickel and cobalt into water-soluble 
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chloride compounds. Leached out with water, these metal 
values are then recovered by Ion-exchange adsorption and 
stripping, followed by conventional electrowinning (for cop­
per, nickel and cobalt), and crystallization. 
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come problems in processing "carbonaceous" gold ores. 
The ores studied originated from various locations in 
northern Nevada. The process developed involves an 
electro-oxidation treatment of the ore prior to cyanidation, 
to either destroy or render innocuous the organic com­
ponents present in the ore feed—thus permitting the gold 
lo be recovered by the conventional cyanide process. Pre-
treaiment lechnique involves the addition of sodium chlor­
ide to the waler-pulped ore and in-silu generation of 
.sodium hypochloriie in the slurry using a plate-type graph­
ite-graphite electrode system. Oxidation of the organic 
compounds by the sodium hypochlorite results in an 
improvemeni in gold recovery from 0.018-0.096 oz per 
ton without electro-oxidation, to belter Ihan 0.27 oz per 
ion on ores assaying 0.3 oz. gold per Ion. The opiimum 
addition rale of sodium chloride is aboul 10% relaiive 
10 the weighi of ore processed. Al this sodium chloride 
level, power consumption per ton of ore is about 70 kwh. 
Brine from the barren solulion is recycled to the electro-
oxidation cells, thus minimizing reagent consumption. 

Electro-oxidation for molybdenum and rhenium 

The eleciro-oxidaiion lechnique has also been examined 
by USBM lo solubilize nielal sulphides. At the Reno 
Metallurgy Kesearch Cenler, sludies on the recovery of 
molybdenum and rhenium from molybdenite concentrates 
have given encouraging results in small scale pilot tests. 
Recoveries of molybdenum and rhenium from a molybde­
nite concentrale obtained ;LS a byproduct of porphyry 
copper ores were 9 5 % and 9 7 % , respectively. These 
results were oblained by electro-o.xidation in a 10% brine 
solulion at 30°-40°C, with power consumption in the 
range of 16 to 24 kwh per lb of molybdenum extracted. 
Since present techniques for molybdenum-rhenium con-

170 

centrate processing are all pyrometallurgical, requiring the 
handling of sulphur oxides as byproducts, eleciro-o.\idaiion 
shows great promise as a new candidate in mineral proc­
essing. 

Uranium from phosphate by SX 

Workers at Oak Ridge National Laboratory have an­
nounced the development of a new solvent extraclion 
(SX) process to recover uranium from wel-process phos­
phoric acid produced from Florida phosphate rock. This 
material commonly analyzes 90-200 mg of U ,0^ per liter, 
and al present day production levels of acid, several 
thousand lons of byproduct U.,Os are potentially available 
from phosphoric acid. The nevv process reagent cosis 
arc estimated to be less than $1.00 per lb of recovered 
.U;,0,.i and the solvent extraction reagent is said lo consisi 
of a mixture of 0.5 Molar di(2-ethylhexyl) phosphoric 
acid and 0.125 Molar tnoctylphosphinc oxide in an ali­
phatic diluent. Overall recoveries of 9 5 % of uranium 
have been oblained with a purity of 91 + % . 

Progress in leaching methodology 

In-situ leaching of minerals, particularly base metals, 
continues to atlraci a good deal of inleresl. To be a 
workable mineral deposit, within the context of in-situ 
leaching, a deposit should possess three major character­
istics: 1) technical response to a low-cost lixiviant: 2) 
reasonable degree of permeability; and 3) ability to con­
fine liquor circulation to the zone of metallurgical interest. 

Several pilol operations were reported during 1971, 
among which are Kennecott's in-situ copper leaching op­
eration at its Nevada Mines Div. in the Robinson Mining 
district in eastern Nevada. The site chosen for the pilot 
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study was a worked-out open pil, the Kimbley pit. A 
bench some 250 ft above pit bottom was selected and 
five holes 9 in. in diameter and 40 ft deep were drilled 
on this mining level. (These holes, spaced 50 ft apart 
and 25 ft back from the edge of the level, are used 
to pump aeid into the test area.) After an examination 
of the llow pattern through the structure had been made 
by means of a lunnel drifted 175 ft beneath the bench, 
suflicient informalion was obtained concerning flow and 
liquid disiribuiion to develop a pilot plant operation near­
by. This project involves leaching of a mineralized area 
east of the Kimbley pit said to contain some 5 to 6 
niillioii lb of copper in place. If successful, the opera­
tion will have .saved stripping some 7.25 million tons of 
the over-burden which caps the mineralized zone. 

Developmenl of techniques for practical microbiological 
leaching of sulphide concenlrales continues to make prog­
ress. One of the leading exponents of the technique, the 
British Columbia Research Council of Vancouver, Can-
aila. outlined a propo.sed copper sulphide concentrate 

leaching process ulilizJng a bacterium named 'Thiohncilliis 
ferro-oxidans lo solubilize the copper. The feasibility 
study for a plant to process 100 tpd of chalcopyrite pro­
poses the use of 20-sq-fl x 16-ft-deep agitated concrete 
leaching vessels to contain the concentrate and leach 
liquor. The leach liquor would be nothing more than 
a mixture of water, bacteria, oxygen, and carbon dioxide, 
logelher with minor amounts of nutrients necessary for 
life-support of the bacteria. Since studies have sliown 
that the rate of leaching is inversely proportional to parti­
cle size of the concentrate, the pregnant liquor (25-28 
gpl Cu concentration) and unreacted material are sepa­
rated and Ihe residual concentrate is sent to a regrind 
circuit and Ihen back tt) leaching. Sludge formed con­
taining minor elemenls such as gold, silver, and molyb­
denum is thickened and the copper sulphate solution is 
transferred to conventional electro-winning cells. Operat­
ing costs are estimated at 6y: per Ib of copper produced 
for a 100-tpd plant and aboul 40 per- lb of copper al 
a 1,000-tpd level. 

- .Cv •• ^ ^ - - • -<L- _ ^ _ , ^ . . t — — ^ — ^ " " " ^ 

^^:^'^:-^^ ' ^ ? S ^ M ^ : ^ .^^H§^sj3id 

Ttie Pinjarra alumina refinery, built by Alcoa of Australia mtpy. Nearly 3 0 % of production from the new Pinjarra 
Ltd. 55 mi south of Perth, Western Australia, was officially refinery will be sold to Japan; some alumina will also go 
opened on May 3. Its initial capacity is in excess of 200,000 to customers in the Middle East, 
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Taking a neio approach to the study of chemical 

reactions in a well-known process, Asarco researchers have 

uncovered valuable data i n a . . . 
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Ttiermoanalysis of Copper Segregation 

EDWARD MARTINEZ 
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JL 

Ithough the copper segregation process has been 
known as a method for treating oxide copper 

ores since the 1920's, the reactions involved in this 
process are still a matter of conjecture. However, 
the evidence turned up in a recent series of experi­
ments at Asarco's Central Research Laboratories 
strongly indicates that some of the proposed re­
actions may not be occurring. 

Experimental work on oxide copper ores from the 
Sagasca mines in Chile'led to the discovery of the 
copper segregation process in 1923. It was found 
that the reduction of the copper with coal at about 
700°C occurred on the surface of the coal instead 
of remaining disserriinated in the ore. The unusual 
behavior of the copper, which caused it to migrate 
from the ore particles to. the coal, was traced to 
the presence of a small quantity of sodium chloride 
occurring in the ore. Further experiments with 
oxide copper ores proved that the presence of a 
halide, either occurring naturally or admixed with 
the ore, caused the copper to migrate from the ore 
particles and to segregate in the charge. 

The ratio of salt to reducing agent may vary 
somewhat, but in general 0.5% to 1.5% sodium 
chloride and 0.5% to 1.0% coal or coke have been 
mixed with the ore. Less than stoichiometric 
amoimts of salt are required to convert all the oxide 
copper to a chloride, so that a cycle of reactions ap­
pears to be occurring. Several investigations re­
ported in the literatiire have proposed reactions 
to explain the mechanism of the process."'' There 
appears to be general agreement that water js neces­
sary for the reactions to occur; that once the sodium 
chloride reacts with silica or silicates in the ore, the 
hydrochloric acid formed will convert the cupric 
oxide in the mineral structure to cuprous chloride. 
However, there appears to be a conflict of opinion 
on the reactions involved in the reduction of the 
cuprous chloride to metallic copper on the surface 
of the carbon. 

Rey" has indicated that salt, water vapor, and 
silica in the ore react to produce hydrochloric acid, 
as follows: 

2 NaCl -I- SiO= -\- H-O = Na.SiO, •+ 2 HCl 

SME Member EDWARD MARTINEZ is a Reseorch Engineer at 
the Central Rejeorch Loborotories of American Smelting ond Re­
fining Co. in South Plainfield, N. J. 
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U.S. Bureau of Mines investigators'*'* believe that 
the salt reacts with hydrous clay minerals in the 
ore, such as montmorillonite and kaolinite: 

4 NaCl -f- Al,0,-2 SiO.-2 H.O = 4 HCl -f 
Na.Al:0a-2 SiOa 

The hydrochloric acid formed attacks the cupric 
oxide in the mineral structure to form a cuprous 
or cupric chloride, probably the former since cupric 
chloride is unstable at the elevated temperatures 
involved. Both Rey and the Bureau of Mines agree 
that the chlorination and partial reduction of the 
cupric oxide take place as follows: 

2 CuO -}- 4 HCl = Cu=CI= -f 2 H.O -F Cl, 

Rey states that the cuprous chloride vapors are 
reduced to copper in the following manner: 

Cu,Cl- 4- H.O = Cu..O -f- 2 HCl 

Cu.O -f CO = 2 Cu -F CO, 

CO, -f C = 2 CO 

The reduction of the copper oxide takes place on the 
carbon particles because the latter are the sites of 
carbon monoxide production. Note that the chloride 
decomposition reactions are the inverse of the 
chlorination reactions. 

The Bureau of Mines'*' believes that many side 
reactions are occurring, but that the principal one 
is the reduction of the cuprous chloride vapor di­
rectly to copper upon coming into contact with the 
hot carbon particles and water vapor: 

2 Cu,Cl, -f C -f- 2 H,0 = 4 Cu -I- 4 HCl -\- CO, 

Kellogg' states that, although carbon is one of 
the most useful reducing agents for metallic oxides, 
it is useless as a reducing agent for chlorides. How­
ever, carbon can react with water vapor to form 
hydrogen which will reduce copper chlorides at 
segregation temperatures. In an interesting experi­
ment with cuprous chloride and graphite held in 
separate boats, Diaz° found that a thick deposit of 
copper formed on the graphite at 800°C.only when 
water vapor was present in the system. 

Chrysocolla, a hydrated copper silicate, is one of 
the principal copper minerals found in oxide ores. 
It is known that chrysocolla undergoes several re­
actions, both endothermic and exothermic, as it is 
heated to 750°C.''"" The present investigation of 
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reactions occurring between chrysocolla, salt;- and 
a reducing agent was undertaken to seek further 
information that might provide a better understand­
ing of the segregation process.-Differential thermal 
analysis (DTA) and thermal gravimetric analysis 
(TGA) were the main techniques used in this study. 

EQUIPMENT AND TEST PROCEDURES 

Differential thermal analysis (DTA) and thermal 
gravimetric analysis (TGA) involve raising the 
temperature of the sample-at a uniform rate. DTA 
detects, amplifies, and records enthalpic changes 
occurring in the sample as it is heated; changes in 
weight are measured in TGA." A DTA manufactured 
by the Robert L. Stone Co. having a heating rate of 
10°C per min and a Chevenard thermobalance 
converted electronically for graphic recording were 
used. The heating rate can be varied in the thermo­
balance, but in general a S'C per min temperature 
rise was used. Most runs were stopped at tempera­
tures from 500° to 850°C. 

In nearly all tests the DTA and TGA were run 
with the samples in a nitrogen atmosphere. How­
ever, in some of the special tests with reagent grade 
chemicals the nitrogen was bubbled through a water 
saturator at room temperature to provide water 
vapor in the sample atmosphere. 

Mixtures of chrysocolla, salt, and reducer were 
run in the DTA-TGA. A typical segregation charge 
to the TGA was 500 mg of chrysocolla, 50 mg of 
salt, and 150 mg of wood charcoal. Decreased 
weights with the same ratios were run in the DTA. 
A procedure described by Rey' was modified in some 
of the tests so that a concentrate of the segregated 
copper could be easily obtained. The chrysocolla 
and salt were reduced to —65 mesh and the charcoal 
was 35x65 mesh. At the end of a run, the coarser 
copper-coated charcoal was separated from the resi­
due by screening on a 65 mesh sieve. 
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TEST RESULTS 

Thermal Analysis of Chrysocolla: Investigations 
of the thermal properties of chrysocolla, 2 CuO-2 
SiO,H,0, using DTA and TGA have been reported 
in the literature.'""" Since chrysocolla is used as the 
oxide copper source in most of the tests in this 
investigation, the DTA and TGA of a sample of 
chrysocolla from Inspiration, Ariz., are shown in 
Fig. 1. The weight loss and endotherm below 200°C 
are due to loss of absorbed water. The broad endo­
therm and weight loss from 300° to 650°C are 
caused by the loss of hydroxyl groups bound in the 
structure. The exotherm at 680°C has been ascribed 
to the crystallization of tenorite (CuO)' and to 
changes in the Si-O bonds.' The high temperature 
exotherm is believed to be due to further changes in 
the Si-O structure. The weight loss and endothermic 
reactions from 900° to 1000°C are caused by the 
reduction of cupric oxide to cuprous oxide. 

Chrysocolla-Charcoal Reactions: The addition of 
charcoal to chrysocolla produced some modification 
of the chrysocolla thermograms. The sharp exo­
therm at 680°C with chrysocolla alone (Fig. 1) was 
considerably decreased in peak height and occurred 
at a lower temperature with charcoal. 

The TGA revealed a larger weight loss between 
300° and 650°C with charcoal than with chryso­
colla alone. In addition, the loss of weight continued 
above 650°C. Microscopic examination of the residue 
from the DTA run, which was stopped at 700°C, 
revealed no evidence of copper on the surface of 
the charcoal. A small amount of copper was noted 
in some of the chrysocolla particles, but most of 
the chrysocolla remnants were black with some 
yellow to green portions. 

Chrysocolla-Salt Reaction: In these experiments, 
50 mg of each of the three salts, NaCl, CaCl, and 
MgCl,, were mixed with 500 mg of —65 mesh 
chrysocolla and run in the thermobalance. The ad-
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dition of a salt to the chrysocolla caused a.break in 
the weight loss curve at approximately 550°C. The 
increased weight loss, starting at this temperature, 
was considerably greater with CaCl, and MgCl, than 
with NaCl. 

The DTA of similar mixtures revealed that NaCl 
decreased the peak height and lowered the tem­
perature of the chrysocolla exotherm noted at 680°C 
(Fig. 1). The other two salts caused the complete 
elimination of the exotherm. In addition, the DTA 
detected a small endotherm between 525° and 590°C. 

Chrysocolla-Charcoal-Salt Reactions: Chrysocolla 
and wood charcoal, to which either NaCl, CaCl,, or 
MgCL had been added, were run in the thermo­
balance to approximately 850°C. The curves ob­
tained with the three chloridizers. are shown in 
Fig. 2. The chrysocolla and salt were finer than 65 
mesh and the charcoal 35 by 65 mesh. 

A striking feature is the break in the weight loss 
curve at approximately 550° to 575-°C obtained with 
all three salts. It appears that the weight loss from 
550°C to SSO'C is the result of the volatilization and 
reduction of the copper chloride. A similar but less 

pronounced break in the weight loss curve was ob­
tained at about this same temperature when mix-
t'ui^s of chrysocolla and a salt were heated. 

Examination of the —65 mesh residues from the 
CaCl, and MgCl, runs showed that in general the 
chrysgcolla remnants were colorless, with an oc­
casional pale green particle. When NaCl was used, 
however, there were many red to pink particles re­
maining, which indicated an incomplete removal of 
the copper from the chrysocolla structure. This was 
confirmed by copper analyses of the -f 65 mesh frac­
tions, which all weighed approximately 250 mg. The 
MgCl, and CaCl, tests assayed 48% and 46% copper, 
respectively, compared to 38% for the NaCl run. 

Polished briquettes of the -f 65 mesh copper-char­
coal from the three runs were examined. Micro-
photographs of the NaCl and MgCl, tests are shown 
in Fig. 3. The segregation product obtained with 
CaCl, was in general similar to that obtained with 
MgCl,,- but the- briquettes from the NaCl run re­
vealed a basic difference in the distribution of the 
copper throughout the charcoal. With NaCl, the 
copper was almost wholly on the outer surface of 
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Fig. 3;—Microphotographs of charcoal-copper concentrates from segregation tesis run in TGA • 
with chrysocolla, wood charcoal, and salt (Fig. 2) showing results with NaCl and MgCl,. The 
copper clisttibution with CaCU was similar io that obtained with MgCl,. The white phase is cop­
per; the gray and black portions are charcoal. 
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Fig. 4:—DTA-TGA of mixtures of chrysocolla, wood char­
coal, and sodium chloride run in nitrogen atmosphere. 

the charcoal and a relatively thick deposit was 
formed. On the other hand, with either MgCl, or 
CaCl, as the chloridizer, the copper was largely in 
the form of small specks throughout the interior of 
the charcoal. In an occasional particle of charcoal 
that appeared to lack porosity, the copper also 
formed on the surface with MgCl,. 

The microphotograph (rnagnified 300X) of the 
copper obtained with NaCl shows that it appears 
to extend out from the surface of the charcoal. This 
is confirmation of. a general impression obtained 
from examining products from numerous runs with 
the stereoscopic binocular microscope at much lower 
magnification. Note the-copper on the charcoal par­
ticle on the right. The copper does not appear to 
have been formed by replacement of the charcoal, 
but rather extends out from the surface. 

During this investigation, chrysocolla samples 
from many different, sources including Arizona, 
Nevada, and Australia were tested. In all cases seg­
regation was obtained and the thermograms were 
quite similar. Fig. 4 is the DTA and TGA of a seg­
regation mixture with a chrysocolla sample from 
Australia. The endotherm detected above 500°C is 
believed to be due to the volatilization of the cop­
per chloride; the exotherm following is undoubtedly 
caused by the reduction reactions leading to the 
weight losses above 550°C noted in the TGA. 

A series of tests were run with mixtures of chry­
socolla, CaCl,, and petroleum coke or wood charcoal 
in. which the DTA was stopped at 500°, 550° and 
625°C. Although .the best segregation occurred with 
the 625°C run, copper was observed coating the re­
ducer even at 500°C. X-ray diffraction of products 
from the 550°C test indicated a few weak lines. The 
strongest lines of quartz were identified, and one 
of the few remaining lines matched the strongest' 
line for CuCl,-2H20. Examination with a stereoscopic 
binocular microscope revealed the presence of a pale 
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.̂.JTecoveTy-or_ _ 
was lower in tests with NaCl than in similar tests 
with MgCL or CaCl,. The larger weight losses ob­
tained with the latter in the 550° to 850°C range 
(Fig. 2) are probably indicative of the effectiveness 
of the chloridizer. In addition, the chrysocolla rem­
nants were mainly colorless with MgCl, or CaCl,, 
but contained many pink and red particles with 
NaCl owing to incomplete removal of copper. The 
effect of the salts on the chrysocolla exotherm at 
680 °C may indicate the extent of the chloridizing. 
The peak height and temperature of the exotherm 
were decreased by the addition of NaCl, but with 
MgCl.. the exotherm was completely eliminated. 

The TGA of the chrysocolla-salt mixtures each 
showed a break in the weight loss curve at approxi-

MINING ENGINEERS 

green phase on the surface of the reducer. Further­
more, it was observed that the color of some of the 
chrysocolla remnants, as well as the green phase on 
the reducer, turned a deep green on exposure to the 
atmosphere; 

Cupric Oxide-Salt-Reducer-Quartz Reactions: In­
terpretation of the results obtained with chrysocolla 
as the oxide copper source is difficult because chry­
socolla itself undergoes many reactions as it is 
heated. Furthermore, it is a silicate with which the 
salt may be reacting, as previous investigators have 
proposed.^"* To obtain data on a somewhat less com­
plex system, several TGA tests were run with vari­
ous mixtures of cupric oxide, sodium chloride, char­
coal, and quartz. The nitrogen was bubbled through 
a water saturator at room temperature. 

Fig. 5(a) is the TGA of a mixture of cupric oxide, 
charcoal, and quartz. It was noted that the cupric 
oxide was reduced to some extent in place and little 
copper was on the surface of the charcoal. When 
sodium chloride was added to a similar mixture, the 
charcoal was coated with copper, i.e., segregation 
had occurred. The TGA of this run is shown in Fig. 
5(b). Note the break in the weight loss curve be­
tween 500° and 600°C, and the larger loss of weight 
obtained when salt was added. 

A test with cupric oxide,, sodium chloride, and 
charcoal, but no quartz, also produced segregation. 
The thermogram is shown in Fig. 5(c) and appears 
to be quite similar to the one in Fig. 5(b) . 

A synthetic ore was prepared by mixing .100 mg. 
each of cupric oxide, sodium chloride, and petroleum 
coke, with 1700 mg of quartz. The sample, containing 
approximately 4%...copper' was run in the thermo­
balance to 900°C and segregation occurred. The 
break in the weight loss curve at about 550°C, as 
shown in Fig. 5(b), was evident in this run also. 

5 0 0 6 0 0 700 

TEMPERATURE . ' C 

Fig. 5:—TCA of various mixtures of CuO, NaCl, charcoal, 
and quartz. In runs (a) , (b) , and (c) , nitrogen was bubbled 
through a water saturator prior to entering furnace. In (d) the 
nitrogen was pas.ied through Anhydrone lo remove water 
vapor. 
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One of the postulated reactions iii the segregaUon 
process is between the salt and a silicate or quartz. 
The silicate may be present either in the chrysocolla 
structure or in other minerals present iii an ore. The 
products of this reaction are a sodium silicate and 
hydrochloric acid. The mechanisms proposed involve 
a solid-solid reaction between NaCl and the silica or 
silicate, since water would be the only vapor phase 
present initially. Although solid-solid contact may 
occur between the 1% to 2% salt and silica in 
highly siliceous ores, good segregation is possible in 
ores containing very little SiO,. Therefore, it is im­
probable that a solid-solid contact can occur to any 
large extent in these ores. The DTA did not detect 
any reaction that could be attributed to the forma-
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ABSTRA'CT 

Underground coal g a s i f i c a t i o n is', a process «hi(?,h should be 
considered as a competito.r. on̂  an economic bas i s wi,th shaf t mining 
of coal.' Howeveir, not a l l coal .seains and l o c a t i o n s a r e - v i a b l e 
candidates fp,r t he app.li.Ga'-tion; of t h i s techhp.Iogy. The. irapo,rtant 
factors i n ' s i t e evaluat ion, , inc lud ing coa l proper . t ies , geo lbg ica l 
conditions, and opera t ing parameters , as well ' as, the economics of 
underground coal g a s i f i c a t i o n , are d iscussed . Speci f ic re fe rence 
CO the S.dyiet system of underground g a s i f i c a t i o n i s given. 

INTRODUGTIOH 

Underground coal g a s i f i c a t i o n (UCG) has -as i t s ob jec t ive the 

recovery of the e/ ierget ic "and chemical content ' of coal v i t h o u t 

fflinlng. A gaseous mixture composed of n i t r ogen , oxy.gen, and, 

steam in v a r i a b l e p ropor t ions i s in t roduced in a coal seam p r e ­

pared for gas i f i ca ' t i on ; Gombusfion and g a s i f i c a t i o n r eac t i ons ' 

occur i n - s i t u . The. p roduc t s , .carb.on monoxide, carbon d iox ide , 

hydrogen, water vapor, .methane,, riitrogeh and -other hydrocarbons 

ite obtained in a r.eadily usable' fofm for the .production of e-lec-

tric, power or the manufacture of chemicals . 

In . s i t u coal g a s i f i c a t i o n i s a process whicii should be con­

iidered as a competitor on an economic bas i s with s h a / t mining but 

aot with, sur face mining. The successfu l a p p l i c a t i o n of t h i s method 

Bouid provide a low Btu .gas (lOOrSOG Btu/SCF) which can be r ead i ly 

cleaned for su l fur compounds, and at the same time .el iminate many 
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of the health, safety, and environmental problems associated with 

conventional deep mining of coal. The in situ method also has the 

potential to recover the energy frora deep coal deposits which are 

not economic to mine using conventional schemes. 

A review of the Soviet work in UCG makes it abundantly clear 

that the Russian gasification effort far surpasses that of all 

other countries combined. The first field tests were performed in 

1933, and their efforts peaked in the late 1960's. The Soviets 

arrived at a UCG system design that could be operated successfully 

in a predictable manner, and- they were able to transfer the method 

successfully from one geological area to another (and from one coal 

type to another). They developed a large quantity of field data 

for all coal types, strata, and operating conditions, as recently 

discussed by Gregg et ai. 

'TECHNICAL FEATURES OF THE RUSSIAN UCG SYSTEM . 

The Soviet system of UCG is based on two steps: pregasifica-

tion and gasification. The pregasification step Is probably the 

most critical one, since proper seam preparation allows successful 

gas-produccion. The main step in the preparation of the coal seam 

is the "linking" of definable points within the coal deposit. 

Initially air is injected under pressure and passes through the 

natural cleat system; however, most coals require a better link 

than the natural permeability provides for gasification to proceed 

successfully. 

In the Soviet approach, two steps are undertaken to insure 

the success of gasification. The first step is drying of the seam 

(with heated air or combustion gas) to further enhance the seam 

permeability. This process is usually only recommended for so-

called "shrinking" coals, such a s found in the western United 

States. The second step is to increase the permeability of the 

\ 

air path by burning part of the coal, using an approach called 

reverse combustion or backward burning. Reverse combustion in­

volves the-injection of the oxidant blast In a direction counter-

current to the movement of the combustion front; this method is 

contrasted to that of forward burning, where the gases and combus­

tion front move co-currently. Linking.between boreholes is 

achieved after reverse combustion. 

The effect of volatiles frora the coal and allowable operating 

pressures are two of the important reason.<; why backward burning is 

utilized for permeability enhancement prior to application of for­

ward combustion. In fonv'ard burning, volatiles are produced ahead 

of the combustion front; these volatiles are cooled with the 

product gases and begin to condense at about 150 C. according to 

' Soviet experience. However, in backward burning the volatiles must 

pass through che flame front, thus cracking many of the components. 

The volatiles then pass through the path of high permeability 

already created, which minimizes the potential of plugging. This 

path of high permeability also allows operation ac high flow rates 

and low pressures during gasification. 

In UCG it is important to minimize the loss of both the in­

jected blast and the product gas, which can leak through cracks 

to surrounding formations as the roof collapses due to removal of 

the coal. By operating the system at the lowest possible pressure, 

gas leakage can be minimized. Low pressure operation can only be 

facilitated through permeability enhancement of the coal seam, 

which usually entails backward burning. 

One other crucial element in the Soviet design for UCG is to 

form the linkage at the bottom of the seam. The flame front under­

cuts the coal at the bottom of the seam, and the overlying coal 

falls into the void. This occurrence promotes efficient gas-

solid contact and thus has desirable reaction properties. Another 
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r e a s o n f o r e s E a b l l . s h i n g t h e r e a c t i o n a t t h e b o t t o m of t h e seam i s 

t o p r e v e n t t h e - f l a m e f r o n t from raoying t o t h e t o p of the- :seam. 

L i q u i d s ( w a t e r and pyroIysi ,=: p r o d u c t s ) woulH fend t o force- Che 

r e a c t i o n upwards i f Che p e r m e a b l e p a t h were a s t a b l i s f f e d in a 

h i g h e r posifeiD.n an- th-e seam. Once a c h a n n e l i s al,-,l,ow_e.d, t o form 

a c r o s s t h e - t o p ' o f t h e ' s e a m , t h e s l a g g e d c o a l a s h t e n d s to s e a l the 

b o t t o m - o f "the c h a n n e l , p r e v e n t i n g , f u r t h e ' r c o m b u s t i o n of c o a l . This 

can - r e s u l t In v e r y p o o r r e s o u r c e . u t i l i z a t i . o n . Because o.f t h e 

l i q u i d movemen't, and to i . l ec - t ion , , g a s d . f i c a t i o n i n t.he rupdip, d ivec t loTi 

i s pr.efetr^ed o y e r t h e .doiv-ndip - .direc- t ion. 

The- S o v i e t s used a l i n e a r w e l l p a t t e r n ; where twp rows of 

wells-, a r e s l r au l t - aneous ly l i n k e ' d . ' p r i o r .to -the g a s i f i c a t i o n pr.o^ces.'s--. 

They a lso- s e q u e n c e d t h e - o p e r a t i o n s s o "thai: a' c o n s i s t e n t h e a t i n g 

va,l'ue: was; p:ro,duc:ed. Once the ' p r o d u c t g a s r e a c h e s a- low l iea. t ing 

value-,- as i.t i n e v i t a . b l y w i l l - a t -some p o i n t i n t h e -o.per.a't.i'on:, • t h a t 

p . roduc- t ion 'hole- i s ' capped o f f aind t h e p r o d u c t g a s is"- t h e n f a r c e d 

, t ; b ' p a s s th rough , t h e seam t o t h e next p r o d u c t i o n bo reho le - , some 75 

- f e e t awa'y. T h i s new p a t h has a l r e a d y •been p r e p a r e d by p r e v i o u s 

d r y i n g ,'and ba.ckward b u r n i n g : opera. t i 'bns . . S.chematics lOf ' t h i s 
- " ' • r2 -

. a p p r o a c h have be'en pi-resertt-e'd b.y E l d e r . 

•RECENT FIELD TESTING- R-ES-ULTS' 

The- most advanced .-field t.es.r i n t h e U."S.. i s be'.l-ng o p e r a t e d ' by' 

t he Laramie Energy R e s e a r c h C e n t e r of ERDA 'at Harina,. Wyoming on 

. iub-bi tumi 'nous: c'o'ai. Oyer a .four month p e r i o d i n 19.:7j4, an - a v e r a g e 

y i e l d of ,130 Btu/SCF was p roduced from a two h o l e ( I n l e t / p u t l e t ) 

s y s t e m . The l i n k e d v e r t i c a l - bor .ehq le method was-, used , and forward 

b u r n i n g , was .fp.und unworkab l e wi , thout p.r tor . bacKwa'rd-b.urning;; due-

t o t a r s ' p l u g g i n g up. t h e p.o rous< m e d i a . E s t ima t e s ' . o f p o a l r e c o v e r y 

e i f i c i e n c y r a n g e d from 3G t o 5.0 p e r c e n t for t h e 3 0 - f o o r .seam. A 

;second Hanna e x p e r i m e n t was' per formed i n 1975 , and ove r 38 days 
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tHe h e a t i n g v a l u e a v e r a g e d 15-2 Btu/SGF ( h i g h e r h e a t i n g v a l u e ) . 

•Hie R u s s i a n p e r c o l a t i o n ' d e s i g n f o r UGG was e s s e n t i a l l y u s e d i n 

t h i s t e s t . The UCG s y s t e m was o p e r a t e d a t r e l a t i v e l y h i g h f low 

-> and p r o d u c t i o n r a t e s compared t o p r e v i o u s t e s t s , wh ich a i d e d i n 
*• " 3 - ' 

•'the h'igh y i e i d s (-Fischer an'd Sch^rider ) . The t e s t was-,te,r-.min.i„,t_ed 

before- t h e 'combust .ion f r o n t r e a c h e d ' the"-p.roduc-ti o n - w e l l , A ' t y p i c a l 

c o m p o s i t i o n f o r t h e p r o d u c t gas i s shown in T a b l e ly and f o r t h e -

p u rp o s e s of c o m p a r i s o n , the comp.os i t ion from a s u r f a c e gas : p r o -
;ducer CLurgi) i s '^also' shown-. 

TABLE 1 

•Typ-ical Cas' Y.ields (V.'ater-FresO trom In S i t u -and. 
C o n v e n t i o n a l G a - s i f i e r s 

'Hydrogen 

Methan'e 

Ni t rogen , and a_rgon 

Carbon lUGCiaxide 

Carbon d i o x i d e ' 

Hydrogen s u l f i d e 

E t h a n e • + 

Higher heating value, Btu/SCF 

It is also df interest tb: calculate tVle thermal ef-ficiency of 

this' UCG test facility and compare' it with res.ults 'from ,a Lurgi 

gasifiler; these data are shown in Table -2. The thermal ^effIciency 

Is defined as the heating, value of the "cold" gas; recoyere'd 

'divided by the heating value of the coal reacted. Energy used for 

-air-compression or seam preparation (linking) Is not included in 

"this comparison. It is clear that the.in situ thermal efficiency 

UCG 

18.'6 

3.:f 
-.47.,5' 

16.-5-

1 3 . 1 

0 . 1 

0 . 6 

16:1.10 

I . u r g i 

• 2 ' 3 . ' l 

4 . 1 

A2M 

1,5.1 

1 5 . 1 

0 . 1 

Q:.6 

175'. 0 
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(cold gas) is significantly higher than that for the Lurgi system 

(83% vs. 63%). One reason for this is that the Lurgi gasifler often 

uses excessive steam/air ratios in order to prevent slagging of the 

ash. Also higher production of tars and oils are experienced in. 

the Lurgi. gasifler. Other advantages to the UCG system include the 

natural insulation provided by. the overburden, which yields lower 

sensible heat losses than for the cooling system used in a conven­

tional gasifler. The process heat from a Lurgi gasifler can be re­

used above ground, however. The fact that only a two-hole test 

system was used affected the reported efficiency for the Hanna 

test, since no significant gas leakage was experienced. Leakage 

problems will become more severe for a commercial-scale operation. 

TABLE 2 

Comparison of Heat Balances for In Situ and Conventional Gasifiers 

in situ 

in coal 
(no air preheating or 
steam injection) 

out produced gas (cold) 

tars and oils 

s e n s i b l e h e a t 
(512°F) 

h o t a sh 

h e a t l o s s t o r o c k 

c o n v e n t i o n a l 

100 

82 

5 

7 

2 

3 
100 

0% 

9% 

b 

0 

1 

0 
0% 

in 

out 

coal 

steam 

(air 250°F) 

produced gas 
(dry, cold) 

sensible heat 
(1200°F) . 

steam 

bottom ash (combus­
tion + sensible) 

dust, fines 

tar and oils 

water jacket 

agitator cooling 

ambient losses 

96.2% 

3.7 

0.1 
100.0% 

62.6% 

10.3. 

1.9 

1.1 

3.2 

. 12.9 

3.4 

1.5 

3.1 

100.0% 
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Typ ica l e f f i c i e n c y d a t a f o r a R u s s i a n c o m m e r c i a l s y s t e m a r e g i v e n 

in T a b l e 3 , showing a c o l d gas e f f i c i e n c y more c o m p a r a b l e t o c o n -
L 

v e n t i o n a l g a s i f i e r s . Note, t h a t n e a r l y t en p e r c e n t h e a t l o s s e s 

occur due t o l e a k a g e ; t h i s f i g u r e i s c h a r a c t e r i s t i c f o r s t e e p l y 

d i p p i n g s e a m s . G a s i f i c a t i o n of h o r i z o n t a l seams e x h i b i t e d l e s s 

l e a k a g e , on t he o r d e r of t h r e e t o f i v e p e r c e n t . 

TABLE 3 

Thermal B a l a n c e of t h e . G a s i f i c a t i o n P r o c e s s i n G e n e r a t o r 5 a - b I n 
Seam IV I n t e r i o r ( 9 m . T h i c k n e s s ) a t Yuzhno-Abinsk from 

J a n u a r y 12, 1961 t o J a n u a r y 3 1 , 1961 

3 
C a l o r i f i c v a l u e of t h e gas Q = 1300, t o 13 96 k c a l / m 
Gas Leakage = 10%. 
Gas water content.= 290 g/m 

3, 
Relative blast intensity = 17 m /hour per m 

1 - Heat of combustion of the dry gas = 69.9% 

2 - Heat of combustion of leakage gas = 7.8% 

3 - Heat concent of the gas = 4.2% 

4 - Heat content of leakage gas = 0.5% 

5 - Heat content of water in the gas = 9.2% 

6 - Heat content of humidity in gas leakage = 1% 

7 - Heat content of the ash residue = 0-1% 

8 - Losses to the surrounding medium = 7.3% 

9 - Heat content of the dry coal 

10 - Heat content of water in the coal 

11 - Heat content of dry air blast 

12 - Heat content of water introduced = 0.5% 

0 . 1 % 

( K r e i n i n ) 

FAVORABLE TECHNICAL FACTORS FOR UCG 

A number of f a c t o r s which a r e c o n d u c i v e t o a p p l i c a t i o n of UCG 

from a t e c h n i c a l s t a n d p o i n t can be i d e n t i f i e d . I n g e n e r a l i t can 
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be remarked that the Western U.S, coals appear to be the most suit­

able coals for application of UCG. Unfortunately, most Western 

coals, e.g., those in Wyoming, while very attractive from a techni­

cal viewpoint, are hampered by their location. The utilization of 

Wyoming coal will depend upon development of suitable schemes for 

production of synthetic natural gas through UCG or in the produc­

tion of petrochemicals such as ammonia or methanol. More effi-

. cient long distance transmission of electricity raay also stimulate'-" 

development. 

The technical criteria for the successful utilization of a 

coal by UCG are listed below. These criteria can be grouped into 

three categories: those dealing with characteristics of the coal, 

chose dealing wich the overburden and other geological considera­

tions, and those based on desirable operating conditions for the 

process. 

Shrinkinu Coal 

Most Western coals are shrinking coals in that they do not 

expand upon heating; this is extremely important in terms of main­

taining a high flow rate at low pressures throughout the coal bed. 

For example, as these coals are heated, cracks open up and the 

structural integrity of the material is decreased, thus causing 

a large amount of reaction area to be exposed. On the other hand, 

most Eastern caking coals first expand upon heating, causing the 

internal pore structure to remain rather tight- In the presence 

of a confining pressure such as is experienced by coal at depth, 

crack formation due to gasification is restricted. 

Highly Permeable Coal/Well Established Cleat System 

Since it is necessary to establish air flow underground prior 

to gasification, a well developed cleat system will allow an air 
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path to be formed over reasonably long distances in order to link 

injection and production wells. As the coal is dried due to gas 

flow, the change in the matrix permeability significantly affects 

che flow characteristics through the bed. The removal of water by 

drying with heated air causes the coal permeability to increase, 

for example, from 10 millidarcies to 10 darcies. If the coal 

sample is heated further and partially devolatilized, then an 

increase in the matrix permeability by another factor of 100 to " 

1000 can be obtained. This latter permeability will be obtained 

after the backward burning step in UCG. 

Reactive Coal 

It is important that ignition be maintained in the system for 

high sweep efficiency and that the coal be susceptible to gasifica­

tion. Lower rank coals are already partially oxidized; hence 

cheir gasification rates are higher at low temperature. Minimum 

temperatures for burning vary frora 1100 F ( l i g n i t e ) to 1350 F 

(sub-bituminous) to 1550 F (bi tuminous). 

The next three f ac to r s deal with the geology of the system. 

I t should be recognized tha t there are some t r a d e - o f f s involved in 

each of these f a c t o r s . 

Thick Seams 

Data from Russian operations indicates that che thermal effi­

ciency of the process is significantly affected by the seam thick­

ness variable, due to varying rates of heat loss to the overburden, 

figure 1 shows the combined effects of seam thickness and water 

influx on the heating value of che gas produced. Note that the 

heating value tends to level off at about a 5-foot seam thickness. 

Based on these data, a minimum seam thickness of 5 feet appears to 
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Obtained by Underground Gasification 

Source: Gregg et al. 

be desirable for application of UCG. A maximum seam thickness 

might be dictated by the effects of large surface subsidence, which 

would cause excessive gas leakage and possible borehole damage. 

The effect of seam thickness on economics is discussed in a later 

section. 

Water Influx 

Water influx, if abnormally high, can be extremely detrimental 

to the operation of an UCG system. In the extreme, the reaction 

can be extinguished. Usually a significant degradation in the 

overall thermal efficiency of the process results from water intru­

sion. Figure 2 shows the typical relationship among thermal 

efficiency, water influx, and air injection rate. In each case, 

there is an optimum water/air ratio; for water influxes larger 
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chan optimal, a large amount of energy is expended in vaporization 

and heating the water to the outlet gas temperature. As mentioned 

earlier, the Lurgi gasifier suffers from this inefficiency. The 

recent ERDA field tests in Wyoming have operated at nearly optimum 

water influxes, thus allowing that test to realize extremely high 

yields (us high as 175 Btu/SCF) and high thermal efficiencies. 

However, tests in the same location six months lacer e>:perienced 

much higher water intrusion rates and hence lower product gas 

heating values (and thus thermal efficiencies). For extremely 

wet seams, it may be that gasification with oxygen is warranted 

simply as a way of rainimizing the water intrusion rate relative to 

the gasification rate. Use of oxygen rather than air will result 

in higher gasification races, and it is expected that water influx 

rate will be independent of the gasifying medium. 

The water influx is also important from an environmental 

standpoint. In most underground systems, there is significant 

ground water, which, during gasification, intrudes into the soam. 

Therefore the possible environmental impact of subjecting this 

water to high temperatures and organic products from the gasifica­

tion reaction raust be considered. However, by operating the in 

situ gasifier at lower pressure than -the hydrostatic pressure, some 

investigators believe that water will seep into the gasifier, 

carrying organic materials. In the gasifier, these organic materi­

als are cracked to other hydrocarbons in the reaction zone and 

collected at the production well. The quantity of tars and oils 

collected during UCG tests is significantly lower than that from a 

Lurgi gasifier, indicating a thermal decomposition phenomenon. 

Roof Collapse without Surface Subsidence 

Roof collapse is at the same time beneficial and detrimental. 

As mentioned previously,, increases in water Influx and gas leakage 

can result from the collapse of the roof. On the other hand, roof 

collapse is desirable frora the standpoint ot having a thermally 

efficient operation, thus filling in any voids in the in situ 

gasifier. This is because the presence of void space underground 

encourages the phenoraenon of oxygen bypassing, in which carbon 

nwnoxide is oxidized to carbon dioxide. This results in a decrease 

in che heating value and a substantial increase in the outlet 

temperature of the gas, especially in thin seam gasification. The 

nature of the roof collapse depends upon the mechanical properties 

of the overlying strata and the geometry of the cavity. The 

collapse of the roof can lead to the formation of channels by­

passing the gasification area. In addition, communication can be 

established with highly permeable or water bearing strata, which 

can lead to considerably higher losses of blast and gas from the 

in situ generator, or to a higher influx of ground water. 

According to Skafa three types of changes in the state of 

the roof rock are distinguished: 

The first type- is represented by a sagging of the roof rocks 

without any substantial break in continuity. The gasified space is 

thus filled in, maintaining an approximately constant specific reac­

tion surface of the coal in the gasification channel. This helps 

keep the characteristics of the blast arid gas flow constant (Figure 

3). 

The second type is represented by collapse of the roof rocks 

with partial filling of the gasified space, due to the fragmenta­

tion of che roof rocks during their collapse. As a result, part of 

the gasified space is filled with rock rubble which divert the gas 

flow. This effect may have a favorable effect on the course of the 

gasification process, as in the case of the sagging roof (Figure 4), 

since the fragraentation and bulking of the rock yields an effec­

tive increase in volume of this material. 

The third type Is represented by a collapse of the roof rocks 

in which the specific reaction surface of the coal in the gasifica­

tion channel is not kept at an approximately constant value. This 

gives rise to bypass channels for the blast and the gas (Figure 5), 

when successively larger surface area of the overburden.is exposed 

to' the hot gas. This type of collapse is undesirable. 
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FIG. 3: Character of the Filling of the Gasified Space due to 

Sagging of the Roof Rocks 

FIG. 4: Character of the Filling of the Gasified Space by the 
Collapse of the Roof Rocks 

FIG. 5: Scheme of the Collapse of the Roof Rocks into the 

Gasified Space without Considerable Breakdown of these 

Rocks. 

Surface subsidence is not desirable, but in unpopulated areas, 

this is not a serious problem. The scale of subsidence depends 

upon seam thickness and depth. '.Thick seams at reasonably shallow 

depths below the surface should exhibit some surface subsidence 
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eventually. For small scale field tests, the effect of surface 

subsidence should be negligible. 

The final four factors deal with operational parameters for 

the process. 

High Throughput • 

It is desirable to maximize the gas production rate from a 

given in situ gasifier. In previous field tests and in the Russian 

literature, it has been shown that high throughput can ameliorate 

Che negative effects caused by water influx, as shown previously 

In Figure 2. High throughput is made possible by proper seam 

preparation, i.e., thorough drying and reverse combustion. 

Low Pressure Operation 

Previously it has been pointed out that low pressure operation 

reduces gas leakage and also minimizes the potential of ground­

water contamination by organics. On the other hand, low pressures 

result in higher water intrustion rates. Hence for a given loca­

tion, the operating pressure and flow rate must be balanced 

against gas leakage and water influx, and ultimately thermal effi­

ciency. The allowable pressures are a function of the depth and 

hydrostatic pressure at thac point. Pressures must be elevated 

above 300 psi before significant amounts of methane can be pro­

duced through gasification (this does not rule out production of 

Mthane by coal pyrolysis). Therefore, if low Btu gas is the 

desired final product, high pressure operation does not appear to 

be justified. However, another consideration is the ultimate 

"se of the gas, e.g., if it is to be burned in a gas turbine, the 

gas pressure can be an important determinant of conversion from 

thermal to electrical energy. 
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Maximum Sweep Eff ic iency 

EDGAR 

Historically, sweep efficiencies during UCG have varied from 

10% to nearly 90% (sweep efficiency is defined as the coal con­

tacted or reacted over a large area of operation). The Russians 

appear to have achieved almost complete contacting of the coal, and 

they did not leave any coal underground deliberately. Another 

factor to consider here is the recovery per hole drilled, i.e., 

what is the region of influence for a given set pf injection and 

production holes. A maximum sweep efficiency corresponds to a 

minimum cost operation. Russian experiments with borehole spacing 

indicated that it affected sweep efficiency. For example, for 25 

meter spacing, a coal recovery of 83 per cent resulted, while for 

a 40 raeter spacing the fractional recovery dropped to 63 per cent. 

It is interesting to note, however, that experiments with oxygen 

enrichment gave higher sweep efficiencies than those obtainable 

with air injection (Gregg et al. ). This indicates that the extra 

capital and operating costs incurred by an" oxygen plant may be 

offset by higher sweep efficiencies and higher product- gas heating 

values (but not higher thermal efficiencies). 

Consistent Gas Production 

Historically, a declining heating value has been a recurrent 

problem in many field tests. Relatively uniform heating values are 

required for utilization of the gas. The Russians developed a 

system which gave consistent heating value for the gas produced; 

this consistency was due to the well sequencing used^ and the 

initiation of gasification at the bottom of the seam, which creates 

a rubble zone of coal particles, much as in a surface coal gasifier. 

ULTIMATE, PROXIMATE ANALYSES 

In Table 4 is a list of typical physical and chemical proper­

ties for a Western lignite. Possibly the mosc significant physical 

property of lignite is the relationship between its heating value 

and the per cent moisture. As is well known, lignite has a fairly 

low heating value and is a low rank coal; however, if all the 
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TABLE 4 

Representative Composition of Western Lignite- (As Received) 
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Proximate Analysis 

Fixed carbon 27.2% 

Ash 11.7% 

Water 25.4% 

Volatiles 34.5% 

Sulfur 1.2% 

Heating value 7500 Btu/IL 

Ultimate Analysis 

Carbon 44.9% 

Hydrogen 3.4% 

Oxygen 13.2% 

Nitrogen .2% 

Sulfur 1.2% 

Ash 11.7% 

Water 25.4% 

moisture were removed from the lignite, then a significant upgrading 

of the heating value would result. Usually, moisture from the coal 

is removed downstream from the gasification area, and chis removal -

of water results in a lowering of the temperature of Che exit gas. 

Therefore, the thermal efficiency of in situ gasification will be 

lowered somewhat by the natural water content, although the precise 

amount depends upon the water influx to the gasifier. Based, on the 

heat of vaporization of water, a reduction in thermal efficiency of 

3 to 4 per cent would be expected for the lignite composition shown 

in Table 4. 

The ash components in lignite are also reasonably high com­

pared to other U.S. coals; however, ten- per. cent ash does not pose 

any particular problem from the standpoint of underground gasifica­

tion. Usually the ash of Western coals does have a relatively low 

ash fusion point, and thus it is expected that some of the ash will 

be slagged during gasification due Co the high temperatures 

involved. 

The Russians found that coals with ash contents varying from 

zero to 50 per cent could be successfully gasified. They found In 
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some cases the optimum ash content to be about 40 per"cent. The 

occurrence of an optimum is due to several competing effects: 

(1) the existence of less void space underground for 

higher ash coals, which minimizes oxygen bypassing. 

(2) the catalytic effect of ash as a function of the 

actual amount. 

(3) inhibition of gas-solid contacting for high ash 

contents, yielding lower reaction temperatures. 

(4) heat loss due to hot ash left underground. 

Some Western lignites and sub-bituminous coals contain a low 

to moderate sulfur content and will not satisfy the new source 

performance standards for stack gas emissions when burned in a 

boiler, except when some means of sulfur dioxide" control is exer- • 

cised. Because of the low heating value of this particular lig­

nite, an apparently low percentage of sulfur actually corresponds 

to a somewhat higher value on the basis of pounds of sulfur per 

million Btu of coal to the boiler. One of the advantages of 

underground coal gasification is that It operates in a reducing 

atmosphere, i.e., the sulfur is converted to hydrogen sulfide 

(H2S) and carbonyl sulfide (COS), both of which can be readily 

removed from the gas stream upon cooling using commercially 

proven technology. This, however, is not true when the coal is 

combusted in an oxidizing atmosphere, and the sulfur is produced 

as sulfur dioxide, which has been proven to be very difficult to 

separate from other gas constituents. There is also e-vldence from 

the Hanna UCG experiment that approximately one-half of the sulfur, 

is left underground. Indicating that the ash retains a significant 

amount of sulfur during gasification. 

The per cent volatiles is a measure of the amount of hydro­

carbons which are trapped in the coal matrix. If coal is heated 

in the absence of air, hydrocarbons such as methane, ethane, and 
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A recent study (Edgar et al. ) at The University of Texas at 

Austin has evaluated the economics for in situ gasification of 

Texas lignite. A UCG facility capable of servicing a 1,000 MW 

generating plant was assumed, using a forty per cent gas to elec­

tric conversion (combined cycle power plant). The "quick" cost 

estimation procedure given by Peters and Timmerhaus has been used 

for preliminary cost estimates. This procedure involves ratios 

of total capital investments to purchased process equipment costs, 

using past experience with these ratios. The accuracy of these 

estimates varies from approximately 20 to 30 per cent. This 

costing scheme has been found to be successful for estimating 

economics of coal gasification plants. The chemical engineering 

plant construction cost index was used to escalate published 

process equipment costs to 1976. 

The sizing of the linkage compressor units was based upon an 

average depth (1,000 feet deep and a six foot coal seam). Oper­

ating cost of linkage is basically the power charge for air com­

pression. The pressure required for linkage is estimated to be 

one-half psi per foot of overburden. This is based on the assump­

tion that a static column of groundwater is present above the air 

injection horizon up to the surface and sufficient pressure is to 

be applied to permit air flow through the wet seam. The total 
I 

j cost of linking increases with an Increase in overburden height 

because of the increased air pressures required for linking. It 

decreases with increasing seam thickness. This is because of the 

reduction in the size of the operation field for thicker seams. 

The capital investment for linking compressors, computed at an 

average seam thickness of 6 feet and a depth of 1,000 feet is 

$2.5 million and operating costs vary from $0.35 to $7.0 million 

per year, depending upon depth and seam thickness. 

Gasification air to the generators is supplied by centrifugal 

compressor units at a pressure of 50-psig. The sizing of the 
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aromatic compounds are produced. This carbonization behavior is' 

important not only in predicting the yield which will be obtainable 

from underground coal gasification, but also in assessing the types 

of hydrocarbons produced underground and how they might affect 

the subsurface environment. The 30% figure given in Table 4 is 

rather high in comparison with other U.S. coals. In UCG pyrolysis 

generally occurs downstream from gasification, and the pyrolysis 

products are essentially additive with gasification. Pyrolysis can 

thus enhance gas heating values by as much as 50 Btu/SCF. 

In the ultimate or atomic analysis of Western coal, one 

important factor is the per cent oxygeti. It should be recognized 

that the lignite described in Table 4 contains a rather high per 

cent oxygen, which is indicative of its'high reactivity as well as 

the fact that it is already partially oxidized and extremely sus­

ceptible to further oxidation or gasification. It is well known 

that lignite, upon drying, can undergo spontaneous combustion with­

out external ignition. This high reactivity is a tremendous advan­

tage in terms of operating an in situ gasifier, as discussed 

earlier. 

FAVORABLE ECONOMIC FACTORS IN UCG 

The economics of in situ gasification depend primarily on the 

thermal efficiency of the process and the fractional recovery of 

the coal seam. A high recovery efficiency increases the net value 

of the low Btu gas by making more efficient use of the holes 

drilled. Other factors can be cited: 

(1) A high natural coal permeability would yield significant 

cost savings in two areas. Fracturing is obviated, 

and the well density can be much lower, thus lowering 

the drilling costs tremendously. 

(2) Thick seams and the existence of multiple seams would 
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yield a high energy content per well drilled, thus saving 

drilling costs and making the necessary operating field 

much smaller in size. On the other hand, the magnitude 

of subsidence for very thick seams may result in 

increased drilling cost per foot of depth. 

(3) Above ground coal processing equipment, and gasifiers, 

which contribute one-fourth of the total costs of the 

produced gas in- the Lurgi process, would be eliminated. 

The depths at which in situ gasification can be applied are 

dependent upon drilling costs and technology. Current drilling 

and completion costs probably limit its application to less Chan 

2,000 feet. For a 1,000 MW plant, a six foot coal" seam, and a 

fifty per cent recovery of coal as low Btu gas, an areal extent 

of 1.0 to 1.5 square miles per year would need to be gasified, 

depending upon the conversion efficiency of the.electric plant. 

There appear to be several modes of utilization for low Btu 

gas produced by UCG: 

(1) Direct combustion to produce electricity: Projected 

improvements in gas turbine generators (combined 

cycle) would yield efficiencies approaching 50% 

(compared with 37% in conventional power plants) with 

low Btu gas from UCG. 

(2) Direct heating in industrial" processes: Low Btu gas 

could replace natural gas for direct firing of industrial 

processes. 

(3) Chemical feedsCock: Much of the petrochemical industry 

now requires liquid petroleum or natural gas as a 

starting point for the manufacture of chemicals. "The 

low Btu gas could serve as a basic building block for 

che produccion of organics. Gasification with pure 

oxygen is a necessity in this application. 
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A recent study (Edgar et al. ) ac The Universicy of Texas at 

•Auscin has evaluaced the economics for in siCu gasificacion of 

Texas lignice. A UCG facilicy capable of servicing a 1,000 MW 

generacing plane was assumed, using a forty per cent gas to elec­

tric conversion (combined cycle power plant). The "quick" cose 

estimation procedure given by Peters and Timmerhaus has been used 

for preliminary cose escimaces. This procedure involves racios 

bf total capital invescments to purchased process equipment costs, 

using past experience with chese raCios. The accuracy of chese 

escimaces varies from approximaCely 20 Co 30 per cenc. This 

costing scheme has been found to be successful for estimating 

economics of coal gasification plants. The cheraical engineering 

plant construction cost index was used to escalate published 

process equipment costs to 1976. 

The sizing of the linkage compressor units was based upon an 

average depth (1,000 feet deep and a six foot coal seam). Oper­

ating cost of linkage is basically the power charge for air com­

pression. The pressure required for linkage is estimated to be 

one-half psi per foot of overburden. This is based on the assump­

tion that a static column of groundwater is present above the air 

injection horizon up to the surface "and sufficient pressure is to 

be applied to permit air flow through the wet s e a t s . The total 

cost, of linking increases wich an increase in overburden height 

because of che increased air pressures required for linking. It 

decreases wich increasing seam chickness. This is because of che 

reduccion in che size of the operacion field for thicker seams. 

The capital investment for linking compressors, computed at an 

average seam thickness of 6 feet and a depth of 1,000 feet is • 

$2.5 million and operating costs vary from $0.35 co $7.0 million 

per year, depending upon depth and seam thickness. 

Gasification air to the generators is supplied by centrifugal 

compressor units at a pressure of 50 psig. The sizing of che 
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units is based upon the air flow rates used in the Hanna field tests. 

The compressor capital investment and operating cost for gasifica­

tion were assumed to be independent of depth and seam thickness. 

Installed costs of the centrifugal compressors were estimated to 

S3 million and operating costs to be $3.6 million. Gas cleanup 

(hydrogen sulfide and particulates) costs are estimated to be 

$48 million. 

The annual cost of drilling varies from about $25 to $30 per 

foot drilled, depending upon the depth. Capital costs vary from 

S5.5 million to $97 million, depending upon the depth of drilling 

and the seam thickness. Working capital is assumed to be 2.5 per 

cent of total property, plant, and equipment, including startup. 

Startup is estimated as 25 per cent of the total annual operating 

costs plus $1.5 million for drilling materials for initial opera­

tion. Total capital investment for 6 foot or thicker seams for 

che delivery of clean low Btu gas from UCG is on the average about 

$200 million. Note that this capital investment is much lower 

Chan that required for comparable surface gasification plants. 

The trade-off in this case is the higher operating costs per year, 

due Co drilling cosCs. 

Figure 6 shows che projected cost in cents per million Btu of 

a clean low Btu gas (hydrogen sulfide and particulates removed) as 

a function of seam thickness and depth beneath the surface of the 

earth. The utility financing method was used. As can be seen 

from the figure, the cost of the gas produced appears to level off 

at approximately a six-foot seam thickness, which is mainly due to 

a diminishing of relative drilling costs. It is apparent from the 

figure that for underground coal gasification a low Btu gas can be 

produced competitively for overburden to seam thickness ratios 

approaching 150 to one and possibly even higher. For strip mining, 

one might forecast that the economic overburden to" seam thickness 

ratio might approach fifteen to one in the future. Thus a tenfold 
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to 

enhancement in economic recovery p o t e n t i a l i s offered by in s i t u 

• g a s i f i c a t i o n . A key assumption in the development of these curves 

is the borehole spacing of 75 feet by 75 f ee t , which i s chac 

normally used in Che Russian o p e r a t i o n s . I t i s obviously d e s i r a b l e 

to maximize the borehole spacing, s ince the amount of energy r e ­

covered per hole d r i l l e d i s the most s i g n i f i c a n t economic fac to r 

in underground coal g a s i f i c a t i o n . A number of o the r economic 
,. 8 ,9 ,10 ,11 ^ ^ , , . , 

s tudies on underground coal g a s i f i c a t i o n have been pe r ­

formed and a re in genera l agreement with the above da t a . 

Other assumptions made in the economic a n a l y s i s inc lude a 

g a s i f i c a t i o n e f f i c i ency of 60 per cent and a con tac t e f f i c i e n c y of 

80 per cen t , thus -giving an o v e r a l l resource recovery of 48 per 

cenC. This means chac 48 per cent of the l a t e n t energy a v a i l a b l e 

in the coal underground i s recovered in the form of a low Btu gas . 

These data a re r e p r e s e n t a t i v e of the -Russian commercial o p e r a t i o n s . 

The hea t ing value of the gas produced during underground coa l g a s i ­

f icat ion, i s d i r e c t l y r e l a t e d to the thermal e f f i c i e n c y of the p ro ­

cess and v a r i e s with the moisture conten t , hea t ing va lue , and 

v o l a t i l e content of the coal g a s i f i e d , water i n f l u x , and gas 

leakage, as d iscussed e a r l i e r . 

ENVIRONMENTAL ASPECTS OF UCG 

In s i t u g a s i f i c a t i o n overcomes many of the' o b j e c t i o n a b l e en­

vironmental f e a tu r e s of s t r i p and deep mining. As p rev ious ly 

mentioned, the su l fu r i n the l i g n i t e i s p r i n c i p a l l y conver ted to 

hydrogen s u l f i d e , which i s r e a d i l y removed from the product gas 

stream. P o l l u t i o n by so l id waste i s reduced, s ince i n e r t ash 

mater ia l i s l e f t underground. Massive excavat ion of the overburden 

is avoided, al though the c lose well spacing does c r e a t e some s u r ­

face damage. On the o the r hand, UCG does p resen t water p o l l u t i o n 

problems i n the subsurface en-vironment. 
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Because gasification will sometimes be carried out in a fresh 

water environment, the potential threat of ground water contamina­

tion is the environmental aspect of greatest concern. Possible 

.pollutants freed during gasification include phenols, tars, ammonia, 

and sulfur compounds. Russian field data has indicated the presence 

of these compounds in produced water- from the gasification area, 

especially in steeply"dipping seams. However, little is known at 

Chis time about the potential accumulation of pollutants under­

ground. 

Important hydrologic parameters in site evaluation include 

Cransmissivicy, hydraulic conducCivicy and gradienc, waCer 

chemiscry, sand grain size and sorcing, and porosicy. Regional 

areas where wacer produccivity (cransmissivicy) and mobility 

(hydraulic conductivity) are relatively low appear to be atcraccive. 

A hydrologically ideal sice is characcerized by coal seams roofed 

and floored by thick mud, a low sand environment, saline waters, 

and a strike oriented depositional system. Potential sites, upon 

evaluation of exploratory drilling and hydrologic testing, can be 

compared with the ideal site. 

Low values of transmissivity and hydraulic conductivity will 

correlate with low sand environments. Low sand environments.will 

give decreased rates of gas leakage and water influx. For Texas 

lignite, both the Wilcox Group and Yegua Formation, at exploitable 

depths, are dip-oriented channel systems. Transmissivity and 

.hydraulic conductivity of channel sands parallel to regional flow 

vary directly with thickness. Thick, coarse-grained, areally 

extensive channel sands are found in the Wilcox. Transmissivities 
3 3 2 

range from 30 to 2,000 m /day/m; conductivities 1 co 20 m /day/m .. 

Average ground waCer velocicies, calculaced using Darcy's law 

divided by porosicy, range from 0.3 Co 49 m per year. Obviously, 

values ac che low end of Che ranges cited are desired for aquifers 
subjecc Co Che greaCesc impact from gasification, that is, those 
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immediately overlying l ign i t e . At the maximum velocity, the most 

DObile toxic species would take 200 years to travel 10 km. 

Yegua sands are thinner, finer-grained, poorer sorted, and 

less areally extensive. Because permeability in unconsolidated 

sediments is largely a function of grain size and sor t ing, Yegua 

permeabilities are considerably less than those of the Wilcox. 

For these reasons the Yegua i s only locally an.aquifer. From a 

hydrologic standpoint, therefore, Yegua l igni te is superior to 

Wilcox l igni te fdr gasification. Overall ground water productivity 

and mobility are low for the Yegua. Lower mobility means pollutants 

uould be localized and more easily treated. Furthermore, because 

Che Yegua has some s t r ike oriented elements, ground water movemenc 

is further rescricced. In sands normal co regional flow, movemenc 

is greacly impeded and there is much less flushing by fresh water. 

I t should be emphasized Chac Chere is very l i t t l e quanti tat ive 

data on the generation of pollutants underground"and the potential 

dispersion of the various species present. The potential of 

natural cleanup by the subsurface and dilution of the pollutants 

by ground water is s t i l l unknown. Therefore, procedures for the 

a priori environmental evaluation of potential UCG s i t e s are s t i l l 

ill-defined. 
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A significanC conference on in-sicu uranium leaching was held 

August 24-27, 1976, aC che Manor Vail Lodge; Vail, Colorado, under 

the joint sponsorship of the AAPG, SME, and SPE. Approximately 

100 attendees gathered to hear and discuss the following papers: 

1. Hunkin, G. G., "Review and Status of Technology of In-Sltu 
Leaching of Uranium." 

2. Frank, J. N., and Kleraenic, John, "Economics-of Producing 
Uranium by Solution Mining." 

3. Potter, R. W., Ill, and Brooks, R. A. ,' "The Geological and 
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Deposits." 

4. Olson, J., and Tweeton, D., "Mining Research for Improved 
In-Sicu Extraction of Uranium." 
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Uranium Ores." 

7. Coode, A., "Recovery of Uranium by Bacterial Leaching of 
Broken Ore In-Sltu." 

8. Oakes, A., "Recovery of Uranium by Bacterial Leaching of 
Broken Ore In-Situ." 

9. Buma, G., "Case History of In-Sltu Leaching Field Testing." 

10. Jacobson, R. H., and Huttrer, G. W., "Development of the Pawnee 
Ore Body." 
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Abstract 

, The Lower Cretaceous salt deposits of the Gabon basin antJ Congo basin were laid 
down on top of an Early Cretaceous-Late Jurassic, continental graben fill that represents 
the rifting phase of the Afro-American continent. The salt is characterized by high 
percentages of potash and magnesium salts and a scarcity of sulfates and carbonates. The 
salt probably originated from a brine that was already enriched in highly soluble salts 
before entering the Gabon-Congo basins. Their low-solubility equivalents are found in 
the Cuanza basin of Angola. Commercial mining of the potash salt is only possible in 
those onshore areas where it is essentially undisturbed, shallow, and of the right chemi­
cal composition. These conditions are met in the Congo where the Holle mine production 
comes from rich sylvinite deposits. 

Introduction 

CRETACEOUS salt deposits were discovered in Gabon 
in 1935 by one of the earliest oil exploration wells. 
The first potash salt was encountered in 1948 and a 
systematic search was launched by a French consor­
tium in 1954. However, the Gabon basin proved dis­
appointing because of the very high degree of salt 
doming and in 1960 a new company started to look 
for the same salts in a more favorable area, the 
Congo basin, where oil exploration wells had also 
given good potash shows. An extensive shallow 
drilling campaign confirmed that exploitable sylvinite 
deposits were present and production started in 1969. 
The present paper intends to sketch the geologic 
setting of the Gabon-Congo salt basins and to de­
scribe the interesting salt section in some detail. 

Apart from a comprehensive review of the salt 
basin by Belmonte et al. (1965) and a description of 
the Holle salt mine in the Congo by Lambert (1967) 
and Depege (1967), there is no specifically salt-
oriented literature available on this area. In fact 
most of the geological data are provided from the 
results of the exploration for oil; the most recent 
general description was given by Brink (1974). 
Fortunately the salt was extensively logged in a few 
oil exploration wells to which the author has had 
access; this allows a reasonably accurate description 
and discussion of the origin of the salt deposits. 

Regional Geological Setting 

The Lower Cretaceous salt deposits of the western 
continental margin of Africa are confined to the 
Douala basin (Cameroun), the Gabon basin, the 
Congo basin (Congo, Zaire, Angola), and the Cuanza 
basin (Angola). These four basins together make 
a mega-unit which was described by Lehner and de 

Ruiter (1977) as the area bounded to the north by 
the Cameroun slope anomaly and to the south by the 
Walvis Ridge (Fig. 1). 

The present-day salt distribution (Fig. 2) indicates 
that these basins were connected at the time of salt 
deposition. The wide extent of the salt deposits 
ocean ward was first suggested by Baumgartner and 
van Andel (1971) and was confirmed by later seismic 
surveys. Some high-quality data even suggest that 
the salt may not be confined to areas of continental 
crust only but may also overlie oceanic basement. 

The salt separates an underlying continental se­
quence from an overlying marine section. The pre-
salt continental elastics were deposited prior to and 
during the rifting phase of the Afro-American con­
tinent. The post-salt marine units accumulated dur­
ing the general subsidence of the continental margin 
of Africa. 

Stratigraphy (Figs. 3 and 4) 

Pre-rift sediments: Permian to Middle Jurassic, 
continental elastics were found in outcrop in the 
northeastern part of the Gabon sedimentary basin 
and were described by Jeardine et al. (1968). These 
deposits can be considered to represent the remains 
of a pre-rift sequence laid down on a stable shield 
then embracing Africa and South America. 

Rift sediments: Loosely called the "Cocobeach 
Group," these sediments are continental elastics of 
greatly varying depositional environment. Fault-
controlled thickness differences and synsedimentary 
tilting is characteristic. Their fresh-water environ­
ment is indicated by the ostracod faunas. The 
"Lower Cocobeach" (Upper Jurassic-Neocomian) 
consists largely of relatively deep-water, lacustrine 
shales with occasional turbiditic sands. It is in places 
underlain by a sandy unit that overlies basement rock. 

419 
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FIC. 3. Stratigraphy of the Gabon sedimenlary basin. 
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FIC. 4. Comparison of the Mesozoic stratigraphy of the 
Gabon, Congo, and Cuanza basins (Angola). It appears 
that the Cuanza basin developed only after the rift phase, 
whereas in the Gabon and Congo basins several thousands of 
meters of continental elastics were deposited during fhe rift 
phase. 
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FIG. 2. Ouflme of the Cameroun-Gabon-Angola salt basin. FIG. S. The Gamba Formation in the Gabon basin. The 
The shape of the depth contours of the oceanic basement unit represents the first postrift deposits. The upper part of 
suggests that the outer portion of the salt basin may be the Vembo Member is transitional toward the overlying Salt 
underlain by oceanic basement. Formation, but restricted conditions set in earlier (oil shales). 
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FIG. 6. Cross section through the Gabon-Congo basins. Note the eastern part of the salt 
which is nearly undisturbed as is the case over most of the Congo basin. 
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FIG. 7. The salt cycle as described by Belmonte et al. 
(1965). This cycle is "normal" in the sense that it shows 
a gradual increase upward of salts of high solubility. 

The "Middle Cocobeach" is made up of a thick sedi­
mentary cycle with sandstones at the bottom and at 
the top. These high-energy environments are sepa­
rated by a thick shale section containing up to 100 

-meters of oil-shale,- deposited in a restricted and 
clastic-starved environment. The top and bottom of 
this cycle are marked by a regional unconformity. 

Post-rift sequence: The rifting phase was con­
cluded by a phase of faulting, tilting, and subsequent 
peneplanation. A nevv cycle of deposition commenced 
during the Aptian. Its development was governed by 
two dominating factors: the gradual appearance of 
salt water by the newly established connection with 
the oceans and subsidence along the continental mar­
gin. A salt formation, together with the underlying 
transgressive Gamba Formation, makes up the basal 
part of the post-rift sequence. The salt is overlain by 
an increasingly fully marine sequence of Albian-
Cenomariian carbonates (Madiela Formation of 
Gabon) and Cenomanjan to Recent elastics. A major 
regional break is recorded at the base of the Miocene. 
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FIG. 8. A normal salt cycle. The cycle stands out clearly on the caliper log. Note that the 
logs probably read irrelevant values opposite the large washout over the bischofite interval. SNP 
= standard neutron porosity. 

The Salt Basins 

Transitional deposits 

The salt deposits of the Gabon and Congo basins 
separate two essentially different phases: a terrestrial 
clastic graben- fill (rifting phase) and a stage of 
regional subsidence under marine conditions. The 
earlier phase of the regional subsidence can be studied 
in detail by examining the well-known Gamba For­
mation (Aptian). This clastic unit, less than 100 m 
thick, grades upward into salt, and its upper pai't can 
be considered as the basal part of the lowest salt 

cycle (Fig. 5). In structural style it differs from the 
rift sediments (Fig. 6) ; it is essentially a westward-
dipping monocline, occasionally interrupted by re­
activated horst blocks of the rift phase. The Lam-
barene horst and the Gamba horst are examples of 
such reactivated horst Wocks. 

The Gamba Formation may rest on basement or 
any of the rift phase sediments. The lower fluviatile 
sands may be absent over paleohighs, but by the time 
the VemlDO Shales were deposited the area was re­
markably flat. This Vembo Shale consists of dolomitic 
shale, dolomite, and, toward the top, layers of an-
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hydrite and salt pseudomorphs. The high organic 
content of the lower shales indicates very restricted 
conditions in the absence of salt water. Fresh-water 
ostracods occur up to the level of the first anhydrite 
and then die out. It is remarkable that no marine 
fossils replaced the extinct fresh-water fauna. This 
suggests that the first salt water that invaded the 
Gabon basin was already supersaline. 

Salt deposits 

The salt can only be studied in proper detail in the 
Congo basin where it is largely undisturbed in the 
land area and under part of the continental shelf. 
Data from Belmonte et al. (1965) and Lambert 
(1967) indicate that the chemical composition of the 
salt is exceptional by the virtual absence of sulfates 
and carbonates and the high proportion ( 1 5 ^ ) of 
carnallite (KCl-MgCl2-6H20). Moreover, in sev­
eral wells the extremely soluble bischofite (MgCU* 
6H2O) was found in thicknesses of several tens of 
meters. 

Normal or regressive salt cycle 

According to Belmonte et al. (1965) the basic salt 
cycle of the Congo basin is made up from bottom to 
top by (1) a thin black shale, (2) a layer of halite, 
(3) a mixture of halite and carnallite, sometimes 
with (4) an end member of bischofite or tachydrite 
(CaMgods'I2H2O). This cycle is schematically 
illustrated in Figure 7. Figure 8 shows how such 
a cycle is expressed on the logs of a well in the north­
ern part of the Congo basin. This well, situated in 
southernmost Gabon, was drilled with salt-saturated 
mud and was particularly generously logged. This 
cycle stands out quite well. 

The halite beds can be identified from the logs by 
their low gamma-ray response, low neutron porosity, 
and the 2.10-g/cc density. The carnallite beds are 
characterized by relatively high radioactivity, very 
high neutron porosity reflecting the high percentage 
of molecular water, and a density of 1.60 g/cc. 
Moderate washouts of the bore hole are also typical. 

The main criterion for distinguishing bischofite is 

9 0 0 

9 5 0 

-900 

9 5 0 

FIG. 9. Inverse salt cycles. A stack of thin cycles, characterized by decreasing solubility 
upward, is found above the basal halite unit. SNP = standard neutron porosity. 
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FIG. 10. Terminal cycle of evaporite deposition, Congo basin. The transition toward normal 
marine conditions, reflecting an uninhibited connection with the oceans, is marked by the first 
appearance of marine microplankton. 

the hole size. The very severe washouts, beyond the 
measuring capacity of the caliper tool, indicate salts 
of significantly higher solubility than carnallite. The 
data on known salt minerals, as given by Lotze 
(1957), for instance, seem to leave only bischofite or 
tachhydrite as possible contenders. Belmonte et al. 
(1965) and Lambert (1967) mention the occurrence 
of bischofite from core data and this lends support to 
the log interpretation. It is to be noted that the 
other log measurements opposite the bischofite wash­
outs are totally unreliable. 

The three normal salt cycles that can be easily 
recognized and correlated in the wells of the Congo 
basin occur in the middle part of the salt section (Fig. 
11). The lower and upper parts of the salt section 
show a diflferent cyclical development. 

The inverse or transgressive salt cycle 

Up to five relatively thin inverse salt cycles can be 
recognized in our key well just above the basal halite 
bed (Fig. 9 ) . These cycles are made up of a nearly 
pure carnallite layer at the base, overlain by an in­
creasingly halitic section capped by a pure halite. 

The inverse cycle unit can be correlated over a large 
part of the Congo basin. 
, The uppermost salt unit consists of halite at the 

base, overlain by shale, anhydrite, and dolomite and 
is a cycle of decreasing solubility (Fig. 10). The 
first marine microplankton are found above the high­
est halite occurrence but below the last anhydrite bed. 
Fully marine conditions took over gradually at the 
end of salt deposition. The lower part of the Madiela 
Carbonates (Albian) is largely composed of re­
stricted marine dolomites which could be seen as the 
end member of the salt formation. 

Origin of the Congo basin salt 

The chemical composition of the salt section of the 
Congo basin strongly suggests that the salt water 
that reached the basin during Aptian times was 
already much enriched in highly soluble components 
(Evans, 1978). In contrast, the Angola salt section 
(Fig. 11) has a more balanced composition of halite, 
anhydrite, and dolomite. The Angola salt section 
could represent the first phase of evaporites that oc­
curred when the South Atlantic opened and allowed 
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normal sea water into basins that were bounded by 
the remaining tectonic high elements of the rift phase. 
Some of these high elements are still known (Fig. 
12), like the Cabo Ledo High described by Brognon 
and Verrier (1966). Other bounding elements, 
especially those which one has to assume west of the 
present-day salt basin, were lost during the birth of 
the Atlantic Ocean or may still .be present on the 
eastern margin of South America. At any rate, it 

appears likely that in the difl^erent basins and sub­
basins the composition of the saline water which 
entered differed as a function of the precipitations 
that had taken place already in the neighboring basins 
and of the relative elevation of the barriers separating 
these basins. 

The two different types of mega-cycles described 
above cannot be explained satisfactorily since we have 
no data on the details of the mineral composition. 

FIG. 11. Correlation of salt sections of the Gabon-Congo basins. The Angola salt section 
is not correlatable with the Congo sections; it represents a totally different facies. 
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FIG. 12. Tectonic highs that may have had influence on salt deposition. At the time of salt 
deposition, the South American continent was close to Africa and this was a major restricting 
factor, possibly in conjunction with the Walvis Ridge. 1 
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FIG. 13. Tentative isobaths of the top salt in the Congo basin. 
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FIG. 14. Tentative isopachs of salt in the Congo basin. 
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FIG. IS . Gamma-ray-neutron response opposite the Holle salt section (no horizontal scale 
available). The highest gamma-ray readings are derived from a sylvanite layer containing 38 
percent KsO. 

These mega-cycles are apparently composed of stacks 
of thinner units, an analysis of which cannot be made 
with log data only. 

Commercial Salt Deposits 

The Congo basin contains a thick layer of almost 
undisturbed salt (Figs. 13 and 14) and is the only 
part of the Gabon-Congo-Angola salt basin where 
commercial salt exploitation has taken place. The 
Holle potash mine, described by Lambert (1967), 
has been operating since 1969. 

Lambert noticed that the salt of the Congo basin is 
very rich in carnallite; the in situ reserves of potash 
and magnesium are estimated to be several billions of 
tons. However, for reasons of practicality, the only 
salt that has been mined is the sylvite (KCl) con­
tained in the relatively rare sylvinite layers. This 
sylvinite is a secondary mineral derived from car­
nallite and laterally a sylvinite bed may be of limited 
extent. 

Figure 15 illustrates the log expression in an oil 
exploration well, Holle-1, of the salt mined. The 
sylvinite stands out by its high radioactivity and its 
low neutron porosity. Core drilling around this well 

confirmed these sylvinite layers to be of semiregional 
extent. The sylvinite is, however, far less continuous 
than the carnallite from which it was derived. Its 
composition-and microfacies are variable. In some 
places it is made up of imbricated sylvite and halite 
crystals, elsewhere it consists of sylvite laminated 
with halite. 

In the area of Holle four sylvinite layers were 
found in the second highest salt cycle. Only rarely 
do all four layers occur in one well (Fig. 16). Two 
layers, 3 and 7/8, were selected for exploitation 
(Fig. 17). 

The highest, 7/8, occurs between 288 and 380 m 
and extends over an area of 28 km^. Its average net 
thickness is 1.9 m; its KoO content is 18 percent. It 
is thought to contain mineable reserves of 17 million 
tons K2O. Layer 3, some 10 to 20 m below 7/8, has 
an average thickness of 3 m and its K2O content may 
reach 38 percent, which classes it among the richest 
deposits in the world. It contains some 26 million 
tons of mineable reserves. 

Apart from some less well explored and deeper 
layers, it was thought, prior to actual mining opera­
tions, that a production of 500,000 metric tons per 



430 P. A. G. DE RUITER 

1A*H I Ann yan It 

I I Hnlile 

C o r n d l l i t C 

S y l v a n i t e 

Datum: Top Cycle I E . i_ 

FIG. 16. Correlations, from core hole data, of welJs of-the Holle potash mine (after Lambert, 
1967). The layers 3 atid 7/8 are being exploited. 

annum of K2G could be maihtaitied for 35. years, 
allowing for a high {60fo) percentage of losses dur­
ing mining and treatirig operations' The target of 
500,000 metric tons' per annum or more has, how­
ever, never been reached. This is. largely due to the 
fact that the sylvinite layers are more irregularly 
developed than was foreseen: their composition and 
thickness is more unfaxprable and yariable and their 
dip_ higher and mpre unpredictable than had been de­
duced from the exploration and appraisal drillings. 

The following production levels have, been ob­
tained ; 

1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 (first half 
Total. 

66^900 metric tons K'CI 
•205,049 ' 

429,736 •• 
473,771 ' 
463,911 ' 

• ,47,5', 2 7ft ' 
461,892 ' 
435.131 ' 

only) 172,934 ' 
3,184,603 ' 

t t 

?^ 

n 

T 

I 

t 

The very ex[>ensive niechanical production method, 
coupled with the reiative.ly low market, price that 
could be realized, has resulted in a poor economical 
return. The mine has run continuously at a toss; 
only during one year have the operating costs been 
recovered from the proceeds. 

After extensiye studies^it was considered attractive 
to atteniptto mine carnallite as well; from late 1976 
pilot galleries were bored. The great thickness and 
continuity of the carnallite layers and the possibility 
of using the entire infrastructure of the sylvinite 
mine would, together, compensate for the more ex­
pensive treatment needed tb extract potash from; the 
carnallite. An economically viable project of 1,000,000 
metric tons of KCl per annum was visualized. 

By mid-1977, during the lipring of "one of the car­
nallite trial galleries,; a; few drops of water appeared 
through the roof of the gallery. The high solubility 
of the salt led to a rapid" increase of water influx and 
within 36 hours the"entire.mine was flooded.; the mine 
and most bf thesubsurface equipment were lost. The. 
decision was taken to abandon the-project. 
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FIG. 17. Map of the Holle potash mine. Note that sylvanite was encountered only over a 
relatively small area, whereas carnallite is present in all the wells. 
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Theoretical investigations tn the hydrometallurgy ol noble metals 

I A Kakovskii (UraLs Polytechnical Institute) 

The beginning of the hydro metallurgy offioble metals can be considered to I* 
the establishment of the fact, observed by Lomonosov in the middle of the 
eighteenth centuiy, that gold dissolves in solutions which release chlorine. 
However, on account of the low level of technology at that time this proces.s, 
subsequently called hydrochlorination, only obtained practical application in 
1848 (its introduction by Percy and Plattner). In 1,843 Bagration published his 
investigation )̂ into the dissolution of gold in cyanide solutions, thereby for­
mulating tlie main principles of the modern cyanide process, i . e . , the use 
of dilute solutions of cyanide and the need for an oxidizing agent (oxygen). 
The cyanide process only oblained practical application more Uian Uiree dec­
ades after the work of McArthur and the For res t Brothers , but in all litera­
ture sources of those times Bagration has always been named "tlie father of 
the cyanide process". The advantages of cyaniding as a chemical method for 
the extraction of gold soon gave rise to its widespread use. The first cyanide 
plant in Russia at Kochkar' was constructed in 1896. The f i rs t investigationi 
into the theoretical principles of the cyanide p rocess ' " ' ) and tlie kinetics of 
the process appeared at the end of the nineteenth and the beginning of the 
twentieth centuries. However, the level of the ejfperimental work at that timt 
remained low, and much remained unclear. The serious investigations of 
I I Andreev^) on the effect of oxygen and hydrogen peroxide on tlie dissolution 
rate of gbld and silver stood out particularly well against this background; 
he was the first to use a rotating plate to investigate the dissolution rate. In 
the second quar ter of the twentieth century Mostovich and Plaksin and other 
investigators studied the processes of the extraction of gold from ores in 
greater detail. [A summary of the work can be found in the bi-ochure " I N 
Plaksin", Izd. Akad. Nauk SSSR, Moscow (1962)].This made it possible to 
create the theoretical principles of the processes involved in the extraction 
of ;iol)lc mctiils from ores and concentrates .nnd lo secui-o Uie vigorous devel 
upnicnt of Uie Soviet gold iiidusljv. 

:iiU' viscosity, 
.-.. JK; rtunibe 

;.ini I)/ liic- met: 

nt of tlie reagent, c i n ' / s e c ; u is tlie kine-. „ - . . . , ^... /ace-, V IS tlie klne-
, cm'/ .sec; 111 Is llie stoichiometric coefficient of (lie reaction 
!• of moles or ion.s of Uie diffusing reagent re.ictlng^with 1 g-
al. I h e constant has Uie dimensions l i t re- cinVsec ^' • revV?, 

Till? following equation is used to calculate Oie dissolution ra te : 

xll ere 
k - S - C - n ' ^ ' 

S = Oie surface area of Oie disc cm* 
C = Oie concentration of Oie reagent mole / l 
n = the number of revolutions of the dis 
T = the dissolution time sec c per second 

Wc Kive the calculation of the rate 
i>M,'is.siiini cyanide) 

1.55-10-" (1.84 
2~n513 

constant of Oie cyaniding r 
eac tion (25<Jc 

k -• 

10 
. 1 0 - ' ) 2/3 
^ y j v i — = 1.18'I0- ' ' l /cni ' . .sec '^^ 

Tot • rev ,!/„ 

data on the experimental 

In 1952 Frumkin") described Uie rotating disc nieOiod, which was first used 
to study the kinetics of the dissolution of noble metals and proved very effec­
tive. The dissolution of gold, silver, or copper in cyanide solutions with 

• t/ie transllmlting region k = 1.0 • 10*^. Further _..«. ^H me experniientnl 
procedure and Oie calculations can be found in Oie l i terature"). During inves-
ug.illon of reaction kinetics by Oie rotating disc method Uie effect of four main 
(jctors is usually determined, i . e . , Oie concentrations of Oie reagents, Oie 
number of revolutions of Oie disc, and Oie tem]»rature, and Oiis is supplem-
fflied where necessary by other methods of investigation. 

During investigation of the kinetics of the dissolution of gold, silver, and 
topper in cyanide solutions*) the following characteris t ics of the process 
rere found. Copper and silver dissolve in the diffusion region wiOi almof .̂t 
iny degree of agitation, whereas gold behaves differently, and wiUi a disc 
.Dtition rate of more than 150 rpm the process moves into Oie kinetic region 
'.•von-dependiBnce on the intensity of agitation). This is usually considered to 
» Uie main criterion for determination of the process regime, but it con also 
wmetimes be observed when the surface is passivated by very compact films 
•). In Oie text, however, the term 'Wnetic control" will be used for Oie p res -
•si. The dissolution of gold under diffusion control occurs with incomplete 
ulllsation ctf the oxidizing potentialities of Oie o.xygen (its reduction to liydio-
jinperoxide), i . e . , Uie process only occurs accottfing lo Oie f i is l sUige of 
te Bodalender equation: 2Au+4Cn- +0,+2HjO = 2Au(CN); + 20H- ^UsOg. 
the second stage 2Au + 4Cn- + HaOj = 2Au(CN)a + 20H" hardly occurs at all 
la spite of the veiy high Oiermodynamic probability (Ac" = -68.786kcan Tho 
itpendence of Oie dissolution f^t .̂ --« ~ " live. 1 lie utasviuuiuii Ul ^vjiu, ai ivci , wi K.ijyyct iii i.yaiiiuc ouiuixwiia wiui - - *.* MIC dissolution rate of trrt}A H. l**vj ~ ""^-'^QOkcal), The 

oxygen as oxidizing agent is heterogeneous and is a Uiree-component procesi. *"'"'0n also dlffers[ i t is proportional tn v l ? ^ Pressure of oxygen above Oie 
On account of Oie limited solubility of oxygen in water, it can be divided inio ^"l»rlmental meOiods of invesUgatlon''Tl *^ ' * ^ ^ ^ * ^ confirmed by 
two regions, i . e . , the prelimiting region inwhich Uie process rate is deter- ' ' l -

« ; r ^ ^ ^ ^ ^ in cyanide so lu t ion was 

n i ' l " " »°'f ^""^^^ ^*f^"s'on control) s n J ^ i r " " '^*" * * calculated 
f r ^ ^ L T ^ ' f ' ^ J " - ' ' .57.6. and s i ^ ^ ^ ' J ^ ' Z l ^ J . ^ Z ' l ^ ^ . , ^ ^ experimental 

mined by the diffusion of cyanide and the transllmlting region controlled \r,-
diffusion of oxygen. When Oie rotating disc meOiod is used, the OieoreticDl 
rate constant ol the reaction occurring under diffusion control can be calcu­
lated from Oie following equation 

m-^ve k =• 
. - , . . . » , oju a I. lib respectively of Oie theoretical ra tes , 

lie reason for this is Oie formation of films of intermediate reaction products 
•othe reaction surface, as demonstrated by investigations with labelled cya-
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nide^^). Fairly thickfllms of simple copper and silver cyanides are formed 
on the surface of copper and silver. On Uie surface of gold, however, only 
a film of gold oxides was found^^). Potentiostatic Investigation and Oie cor-
re.9ponding calculations confirrhed these data^'^and the active passivation of 
gold in the cyanide solution by oxygen. For silver a scheme of successive 
stages was proposfid wiUi the formation of the oxide and simple cyanide, and 
tills supplemcnls the Bodlaender equation and makes il possible to dfitermine 
certain details of Oie mechanism and tiie stoichiometry ot ttie reaction prod­
ucts on Uie surf :ifc of the metals being dissolved was also demonstrated for 

• r ^ii„Hii,m with silver^''). It has a very strong eliect 

, " 

zinc^*) and for alloys of palladium with silver" ;. ii nao a .v,^, ^ 
in Uie cyaniding of gold, eliminating one of ttie possibilities of Intensifying 
Uie process by vigorous agitation. From tiiis emerged the subsequent diree­
iion oC Investigations into the processes Involved ln.̂ the dissolution of gold: 
a) Searches for oUier oxidizing agents which do not passivate its surface; 
b) -iearches for oOior solvents; c) searches for additives which could weaken 
Ihe unlavuuvable eiiei-t of tiie films. Investigations showed that certain oxidi­
zing agents, such aa potassium ferricyanide, make it possible to eliminate 
Uie passivation of Uie surface of the gold completely^*). Gold dissolves actively 
in aqueous solutions of halogens and of chlorine in particular^'). Although 
films of intermedLite product (halides of monovalent gold) are also formed 
in Uiis case, Uiey :ue readily soluble in an excess of the halide ions, and 
Uie dis.solution of Uie melal occurs under diffusion control even with very 
strong agltition and has a higher rale Uian during cyaniding. Replacement 
of Um cyanide by ncctone cyanohydrln (ACtl) makes it possible to lessen Uie 
passivating action of oxygen appreciably ") on account of Oie tact that the 
decomposition product ol ACH, I .e . , acetone, has some depasslvatlng action. 
The advantages of ACll in Uie extraction of gold from stubborn ores were con­
firmed at the Irkutsk State Scientific-Uesearch Institute of Rare and Nonfer­
rous Metals ̂ °). 

Investigation of Uie <Ussolving properties of Oiiourea^") showed ttiat an oxi­
dizing agent such as ferric lons is required for gold and silver in aqueous 
solutions of tills reagent. The passivation of tiie gold Is somewhat weaker In 
Uie Oilourea process Uian in the cyanide process; It starts at 30Q rpm for 
gold and at 380-540 rpm for its alloys witti silver. The oxidation of Uilourea 
by ferric ions does not lead to its loss, since formamldine disulphide is a 
fairly acUve oxidizing agent capable of reacting witti goU inthe presence of 
an excess of Oiiourea. The advantages of Oilourea compared wlOi cyanide as 
a solvent for gold are as follows; The process occurs under kinetic control 
witii raore vigorous agitation, It Is possible to create a higher concentration 
of Uie oxidizing agent (ferric ions), tiie reagent is less toxic and cheaper 
than cyanide, and finally thiourea Is less sensitive to certain cyanicides.lt 
is, however, less suitable for the dissolution of silver ttian of gold, since 
continuous films are formed on the surface. Thermodyanic calculations 
showed ttiat it is possible to transfer silver Into solution without thiourea 
on ai'oount of Uie axldlzlng potential of ferric ions alone'*). Ferric salts 
are a little Inferior to cyanide In the dissolution rate of silver, and at 25''C 
Oie rate constr^ts are^ equal to 5.9-10"' for sodium cyanide and 4.6 •10-"' 
litre/cm"- sec ''»• rev 'a for ferric salts, but the dissolution rate can be 
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increased further through the concentration of ferric ions. A particularly 
favourable subject for Oie application of Oils process is stubborn manganese-
silver ores, which require complex and expensive treatment. During extrac­
tion of silver from such ores by the complex McKlusky meOiod (preliminary 
leaching of manganese with sulphur dioxide, washing the cake, neutralisation 
and subsequent cyaniding) 92-93% of Oie silver was extracted from one ore, 
while 94% was extracted by Uie proposed meUiod. 

During investigation of anoOier solvent for metallic silver, i. e., an aqueous 
solution of ammonia in Uie presence of o.xygen as oxidizing agent, it was sug­
gested that Oie low rate of Oils process is due to kinetic complications arising 
during the reduction of oxygen'"). The addition of copper ions to tlie solution 
greatly increased Oie process rate on account of its catalytic effect. The 
Cu(NH3)|* ion accepts electrons from silver fairly readily, and Uio Cu(NH.,)̂ ' 
Ion which forms is oxidized by oxygen readily iind wlOiout kinetic complica­
tions, thereby promoting assimilation of Oie electrons of Oie silver by Oie 
Cu(NHs)f*" ions. Since Oils process occurs wiOiout special kinetic complica­
tions, Uie experimenls confirmed the thermodynamic calculation. For the 
reaction Cu(m^^, *e = Cu(NH3)t + 2NHj soln ^G° = 0.83 kcal, and Oils energy 
balance is characteristic of a catalyst. 

. ^ ' ^ „ ' a ! thiosulphate ion gold 
<2-10-*° and 2.3-10-**). Ther in gold and silver give fairly stable complexes (Kj = 
I.i. • i\j ana 2.3 • 10"**). Thermodynamic calculations indicate a fairly high 
probability that these metals will dissolve in aqueous solutions of Uiiosulph-
aie with an oxygen depolariser, but kinetic complications are quite possible. 
Experimenls showed '") Oiat Oils is so; gold does not dissolve even at 200''C. 
The addition of copper sulphate to the optimum Oiiosulphate-copper ratio of 
12.5 increases thp rfiocoiiiHnn fn*-"'•--'• 

, -.... "..o .o au, goia aoes not dissolve even at 200"! 
The addition of copper sulphate to the optimum Oiiosulphate-copper ratio of 
12.5 increases Oie dissolution rate of boOi metals by 18-20 times. The disso­
lution rate increases almost linearly wiOi increase in the concentration of Oils 
"effective solvent", ammonia, and ammonium sulphate. Increase in Oie oxy-
{cn pressure accelerates Oie dissolution of silver but not of gold, Oie rate of 
»hich Is approximately ten times lower Oian that of silver. The described 
tifocess occurs fairly vigorously in the ammonia teaching of copjxsr suli)hid«> 
concentrates in an autoclave, since Oie oxidation of Oie sulphides occu 
ihrough the formation of thiosulphate, which forms conini<»voo ...ui. <•--
oetals 

Gold 

ulphlde 
_._ --•^'•"••ca occurs 

complexes wiOi Oie noble 

Gold possesses a very high affinity for sulphur (for AujS, Lg= 10"'^), and 
aii sulphide readily gives tiie AuS" complex. Experiments carried out in an 
wioclave at higher lemperatures '*) wiOi solutions of sulphur in an aqueous 
•olution of ammonia or sodium hydroxide confirmed Oie possibility of Oie 
ftietion 2Au + SI" = 2AuS". The dissolution rate is higher in ammonia solu­
tions. The process may be of interest for the extraction of gold from certain 
lorms of particularly stubborn concentrates. 

Alhigh temperature (W-130°C) and in an alkaline medium cyanide can be 
rtplaced by ferrocyanide, which reacts wiOi gold in Oie presence of oxygen 
pressure 1-2 atm). The rate of the process increases greatly with tempera-
tire (£E = 21 kcal/mole) and is proportional to Oie ferrocyanide concentra-
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tion. This is also an autoclave process. 

A third way of improving the dissolution of gold is to stujiy Uie effect of Die 

r 
stygy 
Itv«is 

find conditions where the dissolved components would prevent the fomiaiion 
of too compact passivating films on Oie surface of Oie gold. 

Investigation of Uie effect of Uiailium (I) ions on Uie dissolution of gold In 
cyanide solutions **) showed Oiat in tiieir presence Oie boundary for Oie trans­
ition to Oie kinetic region is shifted from 150 to 410 rpm, i .e . , Oie passiva­
tion of Uie surface of Oie gold is reduced appreciably. The passivation is also 
lessened in the kinetic region and, particularly, wiUi vigorous agitation (Uie 
maximum dissolution rate in the presence of thallium ions is 3.4-3.9 times 
higher than without them) and also when oxygen is blown through the solutions, 
I .e . , under the conditions ot Uie most active passivation, where the rale 
increases by three times to 2.4 -10"^ g-atoni/cm' • .sec. The favourable effect 
of thallium salts depends little on the amount, and Uie addition of 4-5g to 11 
of ore is sufficient. At the concentrations in which Uie reacting components 
are present gold is more noble Oian thalliuni and its cementation cannot occur. 
Consequently, the mechanism of Oie depasslvatlng action can be explained by 
the adsorption of ttiallium lons on Oie surface of the gold (like organic depas­
sivators) or by oxidation of Uiailium (I) to Oiallium (III) on Oie surface of the 
gold wiOi the formation of Tl (OH)̂  (when air is blown Uirough Oie solution 
AG° = -17 kcal/mole) and by disintegration of tiie gold oxide film. Our exper 
iments confirmed the passivating action of copper ih cyanide solutions''Iwli' 
low concentrations of cyanide, but if the cyanide concentration exceeds Oie 
copper concentration by approximately 25 times, the transition ol the procesi 
from diffusion to kinetic control is shifted from 150 to 620 rpm. The passiva 
tion of the surface of the gold in the region of low copper-cyanide ratios Is 
due to the formation of films of CuCN, and Its depasslvatlng action wiUi an 
increased cyanide-copper ratio is accompanied by blockage of Uie active 
centres and by destruction of the monolithic oxide film on Oie surface of the 
gold. 

During the cyaniding of amalgamation tailings tetracyanomercurate can be 
found in the solutions. In cyanide solutions mercury is more noble Oian gold, 
and according to our determinations'*) their standard potentials at 25°C are 
-0.3725 and -0.543V. Consequently, mercury will be deposited on the sur­
face of the gold, and Oiis was confirmed by Oie experiments. During investi­
gation''') it was found Oiat the concentration of Uie mercury in ttie^solutlon 

/ 

a ^ T e acao";,*orioci°ce''l^!'"'''' " " ^"'"'"^"on of defects in Oie oxide layer, 

i£''Ji'̂ 'P^^^^^^^^ '°""" '^^«°"^ °f «"lPMde ion 

(10/1 by sulphide ion nnri h.,l°?„!I.^..™ '̂ P™- The mechanism of Oie depassiva-sulpliide ion and by Plumbite 
ompounds. The effect 01 
Saedin two versions: r 

' l ? , ! ! ^ " ' " " " " ' b) dissolution 

.-ed - -pounds . T h T ^ ^ T ^ - - ^ ^ - - -JviOi Oie other investi-

tnvesiigated in two versions: a) X a ^ ^ ' ' t r eT t l iZ tT^ I t " " ' ' " ^ ^ - " 

' ' ' ' ' ' " i f" : . !^„!f ' ""°- Of ^ c y l i ' e " ^ l " l r r!7/°_?l>: -"'hate-tre'^red 
addition Of xanthat; ^ D u Z V L ^ " t ' l ' ' ' " ^ '^^'^'^ 

- -ns Of cyanide Uie intensity 
.„ . V..U iiui nave an appreciable effect; wiOi high coiicentratic 

Mte increases but considerably less thnn i" 'on (a) and becomes 
,K„ i,!„i--._ '• jreliminary xanttiat 

low concentrations 
'litre) Oie process < 
intly, under favouru^ 

^..o4..r«tor, keeping the process in region, and can even alter Oie stoichioi— ' gold dissolution rpapH"" —•-'-• • 

. .uciauiy less man in version (a) and becomes lower 
the higher the concentration in the solution, WiOi preliminary xanttiate i 
ment of the disc or with the presence of only vety low concentrations of 
ianthate in the solution (in the order of 10' g-ion/litre) Oie process occurs 
under diffusion control even at 1000 rpm. Consequently, under favourable 
conditions xnntJinfo "" -"— - dpn.icui""*^— • the 

.. Ol xuuurpm. Conseqt 
ditions xanthate can be an active depassivator, 
diffusion region, and ron •>.••-—'̂ -
I disso 

of oxygen, 1 
V..V. oivin-iiiometric equation for Oie 

reaction, which in its presence occurs wiOi full reduction 
e. , according to Oie second stage of Oie Bodlaender equation. 

Dialkyl dithiophosphates as depassivators of gold are considerably more 
effective Oian xanthates- the negative effect of their excess concentration 
w the solution and of increased intensity of agitation is less appreciable^'^) 
Elongation of Oie hydrocarbon chain from two to five CH, ttmnn^ i.~- •••"• 
effect on their depasslvatlng 
U alcohol frnHif""' ' 

3 groups has little 
Jnd of 

_ _..^ giuut's nas little 
._. fa^^ivaung action, which is also not affected by additions 

alcohol frothing agents with chain lengths between 3 and lOCHs groups 
i of pine oil. Thus, Oie investigations have shown that the investigated 

re.-iBents (except Oiallium salts) can passivate or depassivate gold. Their 
dejiassivating rrharacteristics are determined by the ratio of Oie cyanide 
j.'id reagent concentrations, and Oie mechanism involves blockage of the 
icdve centres and destruction of the monolithic oxide fiim'-- "" " ' 
U the gold. plays a major role; in tiie region of low concentrations (10" -10" g-lon/llinj 

an appreciable depasslvatlng action is observed, and at high concentrations 
full amalgamation of the surface and a very strong reduction in the gold dis 
solution rate are observed. However, tiie most important consequence of 
depassivation is the shift of the boundary for the transition from diffusion 
to kinetic control from 150 to 900 rpm, and ttiis makes it possible to obtain 
high gold dissolution rates. The mechanism of depassivation by mercury 
involves blockage of Oie active centres of the gold by Uie deposited mercuir 
and the creation of sections for unobstructed approach of the reagents and 

: oxide films on Oie surface 

Some alloys of noble 
Uloys • 

copjJer •*•'); i T ^ ^ r ' '^^'^"^^^y'^'Sl c o l p e r ^ ' v ' S ' ! ? '='""P°"-'« ^ere investigated-
t X ^' P^Jadiura wiOi silver^V in P^^^'^'"'" with silver^'); silver i n 7 ' 
'«i silver tellurides"!: c n . " _ L J ' «"''«'• ««« gold amalMm^ii-^^ t-l.'^'^ -. ,, Oliver ana gold amalgams' 

*); silver and copper sulphides'*^" '');gold 
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T" 
compounds, the action of copper 

additions was similar to Oie action of silver 
; r ; e dissolution of annealed alloys. In which 

(highly depasslvatlng). During the cJissoiunuii ui ^....v,.... ^ , 
according to oUier methods of investigation intermetallic compounds AuCu 
and AuCuj mustbe formed, Uie kinetic method of Investigation confirmed 
Oie presence of these compounds (a great reduction tn Uie dissolution rate 
wlOi 25 and 50atm.% of gold). 

The positive effect of silver on the dissolution rate was also observed durli^j 
dissolution of silver-palladium alloys In cyanide solutions with the observance] 
In particular, of ttie Taminan law (n/^), 

or great theoretical Interest was an investigation into the cyaniding of silvet 
and gold amalgania a.nA Ihelr comixisition, supplemented by investigation of 
the dissolution rate of mercury in cyanide solutions^') . The effect of variable 
factors (Uie intensity of agitation, the concentration of cyanide and oxygen, 
Uic alkalinity of Uie solution, the leniixjialure, and Uie coniixisltion of tlie 
amalgam, i . e . , 0 and r phases and liquid amalgams) on Uie rate pf passage 
of sl iver Inlo Oie solution was Investigated. The most Interesting was Oie vac­
ation in Oie composition of the solid phases - sliver passed Into solution con­
siderably more rapidly Oian mercury, and the amalgam was gradually deple­
ted in si lver. "̂ -̂̂  invnstieation confirmed the Murphy diagram, but the homo, 
geneity limits " ' '— 'i—'- •.•«n.i,B. 

s is were determined in addition. 

Gold amalgams were studied by similar methods (the effect of variable fac­
tors on their dissolution rate and Oie phase diagram of Uie amalgams, inclu­
ding one which had been kept for 8 years) . On Uie basis of X-ray analysis It 
was shown that the composition of the amalgams Is considerably more com­
plex than indicated.In the literature. 

The amalgamation of tiie surface of Uie goW greatly reduces Its dissolution 
rate in cyanide solutions. On its surface liquid amalgams are formed simila; 
in their kinetic characteristics to concretions of gold wiUi rock, wetted by 

-^led chemically wlOi Oie gold. Dissolution of Uie mercury which has not reacied ctiemicauy w.u. .̂w e, 
liquid amalgams in a special kinetic region and their mercury-like charactei 

^ '-'—"<f>'i">i thp extraction Of gold from them by 

glcal respects than metallic silver; 
does not affect the dissolution rate. 

the rate constant is lower, and agitation 

r. The ' " ^ ^ ^ ^ ^ ^ ^ ' ' ° " ^"'!;ouI^s and Uie conditions for tiielr synilie- j dissolution rate of the film becomes higher Oian i 
Its of Uie ' i " ^ ' " ' " . ^ . ftiardlng effect Is greaUy reduced, and tiie proce 

readily Uian liquid amalgams cyanide and oxygen concentration a 
stale amalgams dissolve considerably more 
but more slowly than metallic gold In the kinetic region. 

We studied silver sulphide and telluride. Thermodynamic calculation Indicts ulphlde ana leuuiiuc. x,.^. ^ 
of Uie dissolution of silver sulphide in cyanide solutions 

- , . „„„„a ,hft nrocess occurs in UijB exis-10"^). In its presence Uie process 
•PV/ ; 

= 1-9-10"'* l i t re /cm' • atm •sec, 

The Investigation of silver telluride (hessite) demonstrated its extreme com­
plexity. The dissolution rate depends on the concentration of cyanide only in 
tiie prelimiting region, but its limiting concentrations a re too high and tiie 
intensity of agitation only affects the i-ate in Uie translimiting region. In the 
prelimiting region the dissolution rate decreases wlUi increase in tempera-
lure, and in ttie transllmlting region it increases. In Oie translimiting region 
!.nc maximum dissolution rates are proportional to Uie pressure of oxygen 
ilx)\e tiie solution to the first power, and in the prelimiting region the power 
i«lcx is smaller (approximately 2 /3 ) . Reduction in the alkalinity reduces the 
rate only in the prelimiting region. The reason for all Oiese contradictions 
lies in two characterlsUcs of Uie dissolution of silver telluride, l .c , Oie for-
.iiatlon and the properties of oxidized films on Its surface and Oie variation 
in Oie composition of Oie solid phase. The oxidation of Oie surface of Oie 
lolld phase increases with Increase in temperature in the prelimiting 
i-«glon. I . e . , wiOi a deficiency of cyanide the film becomes thicker and 
ttilcker, reducing Oie dissolution rate. In the translimiting region with an 
excess of cyanide, increase in temperature gives the opposite effect; the 

ts formation rate, its 
ocess changes t rom "pseudo-

iinctic" to diffusion control. By electron diffraction and X-ray diffraction 
inalyses of Oie solid phase it was established that dissolution occurs incon-
{ruently and Oie composition of the solid phase varies according to the fol-
towing scheme:- Ag^Te—AggTej-t-AgTe. Analysis ot Oie solutions for s i l -
r«r and tellurium and their mathematical treatment made it possible to 
establish Oiat the fliird stage, i . e . , dissolution of AgTe, is Oie slowest. 

Cold telluride is encountered in ores in the form of ttie mineral calaverite, 
i!ti it belongs to particularly stubborn minerals. The dissolution of ttiis com­
pound in cyanide solutions is veiy complex, and the effect of individual fac­
ers on Its rate Is not characteristic either of purely diffusion or of purely 
linetlc control; the dissolution rate in the prelimiting region depends both 
:n the concentration of cyanide and on the pressure of oxygen; the limiting 
concentration of cyanide is very higfi, and the rate is independent of Oie inten-
»ity of agitation in Oie prelimiting region and dependent in Oie translimiting 
region; Oie dissolution rate depends on the pressure of oxygen and on Oie 
sjmber of revolutions of the disc raised to a power of less than 0.5; the actl-
nilon energies in the prelimiting and translimiting regions a re fairly large 
it] practically identical; the alkalinity of the solution has a unique effect (an 
terease in the dissolution rate with low cyanide concentrations). All this 
•temonstrates the complex and stepwise character of the process, and Uils 
j»u confirmed by special tests. The reason for tiiese complications lies in 

tes Uttle probability 
wlttiout (jxygen (K = 2 •„ „. . „ - - ., - , r 
ting kinetic region: v = k - S - ,*'»="''Jp^ide sulphur occurs on Uie reacllot!,,, j^^f y^^j ^̂ ^̂  stoichiometry of Oie reaction depends on oie concentration 
AE = 6.4kcal/mole. ©"Wat on o^.^J^^^^'&^rThe obtained relationships n j ^ d « y g e n in Oie soluUon. WiUi a deficiency: 
surface (Uie dependence of̂  ^ ^ t l l ^ ^ t r J ^ m o r e stubborn mineral In metaUur-f 
It possible to conclude tiiat argentlte Is a 
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»AuTea-i-4CN- +1.5QJ•^60H- = 2Au(CN)J + 2Te*' •^2TeC^" + 3HaO 
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and with an excess, 
2AuTe3 + 4CN- + 4.50a + 60H" = 2Au(CN); + 4TeO=- -̂  3HsO 
The oxygen required for 1 g-atom of gold varies from 0.75 to 2.25 moles, 

depending on Uie composition ot the solution, on its temperature, and on Oie I 
intensity of agitation. The "interchangeabillty" of cyanide and alkali is most I 
interesting: Comparable dissolution rates can be obtained witti low alkalinity 
and a high concentration of cyanide or wiOi a high concentration of alkali and 
low cyanide. However, the dissolution rates of gold trom Oie telluride at pHl-
and at 25 C with air blown through Uie solulion are 400 limes lower than Die 
dissolution rate of metallic gold in the kinetic region. Ways of intensifying ihi 
process have been given in the l i tera ture ' ) 1 

The possibility of Uie use of anoUier reagent, elemental chlorine, was inves-, 
tigated in connection wiUi the low rates of Uie cyaniding of gold telluride^"). I 
Under acceptable conditions lor practical purposes the rate of extraction of 
gold by hydrochlorination was approximately 15 times lower Oian during cyairl 
Id Ing. 

Silver chloride is most often contained in the calcines from the chloride 
roasting of particularly stubborn ores and concentrates and various interme 
diate products Irom metallurgical processes, wastes, etc. Silver can be exi-> 
racted from such types ot raw material by cyaniding, bul cyanide is expensiA 
in short supply, and toxic and reacts vigorously wiUi many compounds which] 
accompany silver. Other solvents for sliver chloride wer% therefore invesii-

I—i«i,.,to an aaueous soluUon of ammonia, thiourea, sodium chl 
- I—^""rroHnn.c!. I . e . , Oie r; 

in short supply, ana IUAI^, » . , „ 
accompany silver. Other solvents for silver chloride were u i c i c . — — 
gated; Thiosulphate, an aqueous soluUon of ammonia, thiourea, sodium chltl 
ide^ ' ) . We only give the final results from these investigations, i . e . , Oie n j 
constants of the reactions a t250c (Oiey all occur under diffusion control), 
k • 10* l i t re/cm' - sec^''^ - rev ''= : Sodium cyanide 0.68; sodium Uilosulphate 0.5». 
aqueous solution of ammonia 0.12; thiourea 0.60; sodium chloride 1.06.Fr. 
these data it follows that cyanide can be replaced by a different reagent, Uie 
choice of which depends on the character of Oie raw material. The hydrochl: 
ination of metallic silver, which is of Interest for the dissolution of silver-
bearing gold, was also Investigated. 

The behaviour of ch.alcocile and covellite in cyanide solutions was investigJ 
ted. Chalcocite dissolves in cyanide solutions under diffusion control. In thi) 
absence of oxygen In Uie solution Uie copix>r und sulphur pass into soluUon u 
the stoichiometric ratio (2:1); In the presence of oxygen wiUi low conceiilrJ-
tions of cyanide only halt tiie copper passes into soluUon, and a new covelli^ 
phase is formed. (The rate of passage of copper into solution decreases wiî  
time as the film of covellite is formed). The behaviour of covellite is s niila 
to that of chalcocite; in an oxygen-free solution of cyanide it dissolves con-] 
gruenUy, and In Oie presence ol oxygen Uie sulphur remains undissolved ani 
a retarding film is formed on the surface. The difference from chalcoc le 
Ues in Oie fact that Oie dissolution ol covellite occurs under kinetic eontro:, 
By special tests the stoichiometric equation ot the reaction, which explains j 
tiie structure of covellite, was estabUshed: 
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CUaSjt- 7CN- =2Cu(CN^" +S=^ -HSCN" 

(The formula CusS-CuaSa does not change Oie stoichiometry of Oie reaction). 

The investigationshowed thatsome impurities in Uie solid phase accelerate the 
dissolutionof gold and palladium (silver, copper), and oOiersi-etard Oie dissolution 
of gold and si lver (mercury, tellurium, sulphur). It is very important to choose Oie 
correct solvent and oxidizing agent in relation to the composition of Oie solid phase 
and other conditions (concentrationof reagents, alkalinity of solution, temperature, 
intensityof agitationetc). Of Oie many me ttiods for isolation of noble metals from 
solutions bvowere investigated, i.e. .cementationwith zinc ^^) and precipitation of 
the platinum metals by organic sulphydryl reagents "*). Inspite of Oie very high 
stability of cyanide complexes of gold and silver (Kd= 1.1 -10"** and 1.6 • 10"'^), 
the cementation process occurs in Oie diff us ion region according to Oie equation 

IgC ^ l g C o - ( k - S - n ' ' V 2 . 3 0 3 - V ) 

(direct dischai-ge of the anion wiOiout dissociation Into its component ions). 
The effect of Oie concentration of free cyanide, oxygen, and alkali was investi­
gated. The experimental rate was 93% of Oie Oieorellcal for gold and 87% for 
silver. In addition the joint precipitation of gold, si lver, and copjier from 
cyanide solutions and their joint effect on the characteristics of the process 
were investigated, and the diffusion coefficients of potassium cyanide and of 
Uie complex cyanides of gold and silver were determined^*). A cycle of inves­
tigations was undertaken intp the oxidizability of sulphide minerals in alkaline 
solutions*"). Here the complex steplike character of these reactions, which 
occur witii considerable kinetic complications, was determined. A relationship 
was obtained between the oxidation rate and the pH of the solution, Oie tem­
perature", and the concentration of oxygen (proportionality to I^^'), a mechan­
ism of oxidation was proposed, and Oie nonapplicability of Oiermodynamics 
lor calculations of such reactions was demonstrated'^). 

Since amalgamation is an effective method for the extraction of gold from 
ores and concentrates In a number of cases, a ser ies of investigations was 
carried out Into this process* ' ) . They made it possible to estabUsh clearly 
the advantages of kinetic methods of Investigation compared wiOi Oie meas­
urement of wetting angles. Such researches were carried out for Oic first 
lime and required Oie creation of the necessary measurement apparatus, 
making it (Xisslble to put forward a ser ies of new theoretical ideas. 

In Older to establish tiie Oieoretical principles of the hydrometallurgy of 
noble nietals Oie activity products of a ser ies of Uieir poorly soluble com­
pounds, ttie dissociation constants of ttie complexes, etc . were determined 

A review of investigations carried out by Oie rotating disc meOiod showed 
Its advantages in ttie investigation of a ser ies of theoretical problems in hyd­
rometallurgy and the contribution which Soviet scientists have made to Oils 
•epartment of science. 

I) 
Si 
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Some aspects at ttie mechanism of ttie action of combinations at various 
reagents In frotti flotation 

V I Meltk-Galkazyan (Kursk Polytechnical Institute) 

From flotation practice it Is known ttiat specific combinations of reagents 
Intensify Oie process and make it possible to obtain better characterist ics 
tn ttie separation of minerals Oian Is possible wlOi the use of reagents of one 
class. In Oils connection a large number of investigations have been devoted 
at various times to the problem of determining the mechanism of the reaction 
Qi reagent combinations. Since ttie action of reagents with ions or molecules 
having heteropolar nature depends significantly on their orientation in the 
idsorbed layer and it is not possible to establish Oie character of Oils orien-
UUon by a direct meOiod on Oie surface of a solid, investigators have resor ­
ted to indirect mettiods, among which flotation Itself has played a significant 
part. Here we started from data from every day practice, according to which 
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Technology for In Situ Uranium Leaching 
Ray V. Huff, Donald H. Davidson, David Baughman, and Steven Axen 

Introduction 
In situ leaching (ISL) is an alterna­

tive niethod of mining uranium from 
deposits that are low-grade, deep-
lying, and water-saturated. ISL re­
covers uranium by transporting fluids 
through rock rather than by moving 
rock, a concep t the C h i n e s e de ­
veloped over 2000 years ago for water 
production. This technique eventu­
ally evolved into production systems 
for oil, gas, sulfur, and salt. More re­
cently, in situ methods have been de­
veloped to produce shale oil, gasified 
coal, geothermal energy, uranium, 
and copper. 

ISL uranium operations began in 
the early 1960s with Sabine Produc­
tion Co. in south Texas. About the 
same time, Utah Construction and 
Mining Co. (Anderson and Richie, 
1968) started similar operations in 
Wyoming's Shirley Basin. During the 

1970s, six commercia l operat ions-
were started in south Texas, (USBM, 
1978) and a number of pilot operations 
were in various stages of development 
in Colorado, Wyoming, and New 
Mexico. 

This paper reviews some of the 
technical and economic aspects ofthe 
ISL process and briefly discusses key 
subsurface engineering functions as­
sociated with well pattern design and 
operation. 

While flow characteristics of a de­
posit are of prime importance, the fol­
lowing information is also needed: 
Dep th , ore grade, total conta ined 
metal, ore thickness, flow conductiv­
ity (permeabil ity),void space in rock 
(porosity), mineral type and distribu­
tion, natural groundwater flow, and 
structural features. 

Solvent selection, which is impor­
tant to the economic success of 
the operat ion, takes these factors 

U3O, 3 U 6 -
Uranium 
recovery 

Chemical 
moke-up 

Pump 

Static Kuid pressure 

Fig. 1—Overview of in situ leaching. 

MINING ENGINEERING 

into account: Composition, rate of 
metal solubilization, interaction with 
gangue minerals, impact on rock per­
meability, impact on materials of con­
struction, trace metal solubilization, 
cost, availability, and handling prob­
lems. 

Overview of ISL 
An ISL operation consists of these 

functions (Fig. 1): 
1. Chemicals to dissolve and main­

tain uranium in solution are prepared 
at the surface extraction facility. 

2. A set of injection wells forces the 
solvent into rock pores of fractures 
using pressure in excess of the de­
posit s hydrostatic pressure. 

3. Solvent travels through the rock 
and reacts with uranium minerals to 
dissolve them. The solvent usually 
consists ofan oxidant and a complex­
ing agent in an acidic or alkaline 
medium. 

4. A set of production wells creates a 
low-pressure sump where metal-

• enr iched solution is col lected for 
transport to the surface. 

5. The enriched solution is proc­
essed to recover uranium and to sepa­
rate the leaching solution for recy­
cling through the .system. 

The economic performance ofan in 
situ operation may be estimated by 
integrating these related factors: (1) 
the How rate of solution processed 
through the system, (2) rates of fluid 
injection and production from wells, 
(3) the rate ofniincral soluliilization in 
the liquid phase, and (4) the volume of 
rock swept by the fluid. 

As tliese factors reveal, ISL in­
volves the technieai disciplines of pe­
t roleum engineer ing , ore deposi t 
geology, and liydroiiietalliirgieal 
processing. 

Wellfield Design 
Ja.st as mineral eng inee r s use 

driHhole information to plan a con­
ventional mine, in sitvi engineers use 
similar infonnation to design a well 
field. ,\ thorough knowledge of de­
posit geolog\' and reservoir pro(>erties 
is r eq u i r ed . Early appl ica t ion of 
pressure transient testing, such as 
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drawdown and inject ion tes t s , 
(Davidson, et al, 1978) will determine 
native reservoir proper t ies before 
they are altered by subsequent tests. 
Also useful are chemical tracer tests to 
study subsurface flow. 

Boundary wells are necessary to 
moni tor changes in the ex te rna l 
well field environment and sometimes 
to contain wellfield leach solutions. 

The central issue in wellfield de­
sign is the time profile ofthe produced 
uranium concentrations (Fig. 2). A 
t ime (, is r e q u i r e d to ove rcome 
groundwater dilution of the enriched 
uranium contained in the pores ofthe 
well field. At some later t ime t^, 
uranium depletion in the flow path 
be tween injection and product ion 
wells causes a decline in both pro­
duced uranium concentrations and 
total wellfield uranium production. At 
time ta, addition of more wells within 
unused portions of the ore body are 
required to maintain efficient overall 
production. 

Fig. 2— T̂ime profile of uranium concentra­
tion. 

Drilling and Completion 
Drilling 

Drilling usually is done with con­
ventional rotary drills, except in the 
case of very competent rock where 
percussion drills are employed. Di­
rectional drilling may be desirable. 
Drilling information such as penetra­
tion rate, lost circulation zones, etc., 
should be recorded, as it will later 
prove useful during well test analysis. 
Openhole geophysical logging sub­
sequent to drilling may also provide 
useful information. 

Casing 
Soon after the hole has been com­

pleted, it should be cased. The engi­
neer must select a casing that will 
accommodate the production equip­
ment, resist corrosion, and withstand 
the stresses imposed during setting 
and c e m e n t i n g , as well as those 
stresses eaused by the rock forniation 
(such as squeezing clay zones and 
sand movement). Most uraniuni de­
posits are within 457 m ofthe surface. 
For tho.se relatively shallow depths, 
firms often specify polyvinyl chloride 

(PVC) casing (ASTM). This material 

iiresents some difficulty because its 
ow specific gravity allows it to float in 

heavy drilling mud or cement. This 
characteristic requires unusual set­
ting and cementing practices. Another 
problem is that 'mechanical data and 
design information for PVC pipe and 
PVC connections are scanty. 

At g rea te r dep ths w h e r e PVC 
strength is inadequate, the engineer 
can turn to fiberglass reinforced pipe 
(FRP). Much more information is 
available for this type of casing (API), 
which has been installed in wells 
deepe r than 1524 m. Combination 
casing strings also can be designed 
using carbon steel with either stain­
less steel or fiberglass. The carbon 
steel must, of course, be isolated from 
the lixiviant and pregnant solution by 
using corrosion-resistant tubing and 
packers. 

Cementing 
Cementing follows soon after the 

installation of casing. Design informa­
tion on Por t land c e m e n t (ASTM, 
1970), API cements (Smith, 1976), and 
additives are readily available. For 
applications in acid solutions with pH 
o i2 or less, epoxy cement can be used. 
A good cement job is as necessary as 
good casing and will prevent casing 
failures due to lack of support. Neither 
the casing nor the cement can be 
changed after installation, and repairs 
are time consuming, difficult, and 
costly. 

Sand Control 
Maintaining wellbore integrity is 

an important operational considera­
tion, ^and nriovement can cause well 
collapse or severe permeability im­
pairment. Design systems relating to 
many difTerent geologic and operating 
conditions have been developed for 
oil and gas production and have been 
discussed in detail by Suman (1975, 
a, b). These problems are also com­
mon in groundwater production. 

Injection System 
The engineer engaged in an in situ 

mining activity is faced with design. 

installation, and ojieration ofa system 
to dissolve and transport metallic 
ions. Fluids capable of dissolving 
uranium minerals are also often capa­
ble of co r rod ing conven t iona l 
wellfield hardware. Suitable mate­
rials for in situ mining operations 
must be specified, and until service 
and equipment companies have ad­
justed to this new requirement, the 
designer must be concerned with all 
details. It is the engineer's responsi­
bility to specify construction mate­
rials, not only for the fluid ends of 
high-pressure components but also 
for valve seats and stems, and even for 
O-rings in packers, bourdon springs in 
gauges, and welding procedures. 

The engineer may need to develop 
systems to inject two-phase fluids (gas 
dispersed in liquid). If a multiphase 
fiuid is employed, the most difficult 
problem is maintaining a homoge­
neous dispersion of the two phases-
through the injection interval. This 

f iroblem has been addressed in patent 
iterature, and effective procedures 

have been demonstrated (Hsueh, et 
al, 1978; Huff and Moynihan, 1978). 

Chemical Interactions With 
Wellfield Design 

Chemical requirements for leach­
ing uranium are twofold: (1) use ofan 
oxidizing agent, unless minerals are 
all oxidized and no reductants are 
present, and (2) complexing the sol­
ubilized uranium with sulfate or car­
bonate to maintain it in solution. 

For uranium minerals in the + 4 va­
lence state, uranium solubilization 
requires oxidation and maintenance 
in the -1-6 state. Current in situ leach­
ing operations use hydrogen peroxide 
or oxygen as an oxiaant. Both behave 
in a chemical ly similar fashion— 
peroxide, on contact with minerals in 
the rock, decomposes to o.xygen and 
water. If insufficient pressure exists in 
the reservoir to maintain oxygen in 
solution, free gas forms. 

Peroxide is more convenient to in­
ject, but it is about 10 times more ex­
pensive than oxygen (per pound of 
uranium produced). Approxiniately 

Table 1—Oxidant Types 

Tirpo 
Oxygen (0.) 

Hydrogen peroxide 
(H,0,) 

Chlorate (CIOJ) 

AdvanteBos 
Leasi expensive ($0.16 per pound), based 
on ore-reducing capacity in Texas 

Oo not have to handle gas and liquid in 
wellbote 

Oo not have to handle gas and liquid in 
wellbore; no free gas exists in (ormation 

Disadvantages 
Handle gas and liquid in well Irom surface 
to (ormation: may have free gas in forma­
tion that can vent vertically or reduce leach­
ing rate 

More expensive than oxygen (about S2 per 
pound): decomposes lo oxygen on contact 
wilh rock, thus tiehaves like oxygen in for­
mation 

More expensive than oxygen (about $2 per 
pound); end product of oxidation is Cl". 
which may interfere with surface extraction 
plant and is corrosive to stainless steel; 
sodium (orm may lead to clay swelling and 
permeability reduction; potassium form 
niay be more expensive 
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Table 2—Solvent Types 

Typo 
Sulfuric acid (H,SO.) 

Alkaline carbonate sysiem 

Advantage* 
Probably least damaging to environ­
ment; probably increases injection 
permeability: less likely to mobilize 
molybdenum, which interferes with 
uranium recovery: low rates of radium 
mobilization 
Maintains pH control with minimal 
rock jn teract ion; may mobilize less 
selenium and arsenic 

Dlsadvantagea 
Reacts wilh rock to increase pH o( solu­
t ion between wel ls; may liberate 
selenium and arsenic; may plug pro­
duction wells with gypsum 

NH,* lorm leads to environmental con­
cern; Na* form may swell clays and 
damage permeability; may plug pro­
duction wells with calcite or generation 
ot carbon dioxide gas: motytjdenum in 
solution can interfere with uranium ex­
traction on surface 

$2 per pound operating cost is as­
sociated with present peroxide use. 
Liquid-soluble oxidants such as 
sodium chlorate can also be used. 
Table 1 summarizes pros and cons for 
various oxidants. Solubilized uranium 
is maintained in solution by forming 
an anion complex with carbonate 
(CO3) or sulfate (SO4). The former cor­
responds to an alkaline solvent, the 
latter to an acidic solvent. 

Choice ofa solvent is related to the 
ability ofthe fluid to maintain pH as it 
travels between wells. For rock for­
mations that contain acid-consuming 
gangue such as calcite, the tendency 
is to use an alkaline solution. Other 
considerations are related to sol­
ubilization of trace elements and their 
environmental or process conse­
quences. Table 2 summarizes some 
pros and cons of each solvent type. 
Laboratory screening tests can deter­
mine potential trace element coriipo-. 
sition of produced fluid. 

Chemical Reactivity of Uranium 
Minerals 

The rate of solubilization of 
uranium is likely to be affected by 
combinations of oxygen concentra­
tion, pH, and anion concentration. 
The chemical activity of the oxygen 
dissolved in the liquid usually con­
trols rates of mineral dissolution. 
When combinations of ore-reducing 
capacity and formation pressure cause 
firee oxygen gas to forin in rock, chem­
ical reactivity is controlled by oxy­
gen solubility—not total oxygen 
concentration—with the possibility of 
free gas blinding some mineral sur­
faces and reducing net rates of 
uranium solubilization. With respect 
to the anion, it is likely that higher 
sulfate and CO3 concentrations will 
increase reactivity, but they also will 
increase the tendency to precipitate 
g}'psum (CaS04) and calcite (CaCOj). 
Reactivity effects must be balanced 
against potential permeability dam­
age due to mineral precipitation. 

Effect of Oxidant Concentration on 
Injection 

As the oxygen concentration is in­
creased to achieve higher metal con­
centrations, some level is reached at 

whi<;h free oxygen gas forms. This free 
gas increases tne resistance of liquid 
flow in the rock (by reducing permea­
bility). The productivity of tne well 
unit (the product of flow rate and con­
centration, expressed in pounds j>er 
day of metal) will continue to in­
crease, although at a lower rate than 
with a soluble oxidant, until a point is 
reached at which free gas inhibition of 
flowrate exceeds the added oxidizing 
power. Beyond this point, additional 
wells must be used to achieve higher 
metal concentrations. 

Effect of Oxidant Concentration on 
Well Spacing When Free Oxygen 
Exists • 

When free oxygen g is e :sts in the 
formation, uneven flows of oxygen 
and solvent will occur in both the ver­
tical and horizontal directions. Well 
separations and injected oxygen con­
centrations have to be balanced when 
firee gas is present in the deposit to 
insure that an oxidizing condition can 
be reachzd within the well pattern. 

Free gas can segregate vertically in an 
unproductive manner in the leach 
zone (Fig. 3). The vertically migrating 
oxygen is not available to oxidize 
minerals in the bulk of the rock be­
tween wells. Two actions can be taken 
to compensate for vertical migration: 

1. Increase the level of oxygen in­
jection. This will reduce injection 
permeability and increase chemical 
and operating costs. Too much excess 
free gas could lead to mineral blind­
ing, reducing the rate of leaching. 

2. Reduce well spacing. This will 
increase the number of wells and their 
total cost and may not provide 
sufficient time for oxygen to react with 
the uranium. 

Recovery System 
Downhole production equipment 

(pumps, tubing, packers, etc.) oper­
ates in corrosive environments, as 
does the equipment in an injection 
svstem. Packers and tubing used in 
the injection wells usually meet pro­
duction well requirements, but the 
chief concern is downhole pumps. 
Few choices are available. At least 
two manufacturers provide all stain­
less steel electric submersible pumps 
that can handle in situ flow rates. A 
conventional oilfield electric submer­
sible has been built from corrosion-
resistant materials and tested in a 
leaching operation. This pump was 
installed at 914 m and produced 2 L/s 
of corrosive fluid for approximately 
three months with no apparent prob­
lems. 

Suitable corrosion-resistant sucker 

Production 
point 

1 

O2 Migration 
' Injection 

point 

GENERAL CASE 

O2 Migration 

C • / • .•.*•..*. 
^ • ^ " l i ^ ^ j ; ^ ^ ^ ^ ^ . . . . . . . 

O2 Migrotion 

INCREASING Og INJECTION 

- REDUCcS PHP.:,".EA31UTY 

- INCREASES CHEMICAL AND 
OPERATING COST 

- EXCESS GAS MAY INTERFER 
WITH LEACH 

DECREASE WELL SPACING 

- INCREASE IN WELLS 

- MAY NOT PROVIDE TIME FOR 
OXYGEN TO REACT 

Fig. 3—Compensat ing for vert ical gas migra t ion . 
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Some problems in the determination of the cornparalive effectiveness of capital investments in non-ferrous metallurgy 

S R Alimklipclzhaev (Tashkent Polytechnical Institute - Depnitment of Economics ancl Organis:ition of the Mining Industry) 

Summary 

In non-ferrous metallurgy the production efficiency 
is closely related lo the ralional utilisalion of minerals 
during Uieir recovery and subsequent process ing, since 
the losses of useful minera ls a r e sl i l l higli. At the present 
time Uie losses of Individual non-ferrous metals in all 
departments , including losses in mineral extraction, vary 
in the range of 20-25%. In o rde r to improve the ulilisation 
of mineral r e sources it is necessary to t:ike accounl of tJie 
level of losses of useful minera ls when making loclinical 

UNIVERSITY OF UTAH 
,,,,3>„„3 BESE^ReW INSTITUTE 

imm seiENCE LIB, 
A methoti for determination of ilie economic eTTecuve-

ness of new Lechniques and new technology In non-ferrous 
metallurgy is examined. Various technological schemes 
lor the t reatment of an ore containing various amounts of 
extractable components are discussed with the aim of im­
proving the rational utilisation of raw inaterial and increa­
sing the extraclion of the useful components. 

Thermodynamics and kinetics of the dissolution of nickel oxide in .sulphuric acid .solution ~~^ V ^ ^ 

UDC G69.5'.0534.094(088.a) 

E M Sergievskaya a.nA 1 A Vorob'eva (Moscow Institute of Stci.'l .ind Alloys 
Non-Fer rous Melals) 

Department of Uie Metallurgy of Heavy 

Nickel oxide is one of Uie possiljle forms in which nickel 
is contained in roasted siinc concentrate . Tlie present a r ­
ticle, therefore, gives data on an investigation into the 
thermodynamics and kinetics o f lhe dissolution of nickel 
oxide in sulphuric acid solutions at elevated tompera lures 
and concentrations of sulphuric acid in tho .solution. 

In order to determijie the possiJjility of Uie realisat ion of 
react ions between nickel oxide and sulphuric acid solutions 
we calculated tlie Gibbs energ ies al 2.'j''C. The data for tiie 
calculation of Uie tlicrmodynaniic functions were taken from 
the reference l i terature . For the change in Uie Gibbs energy 
of Ute reaction 

NiO,^,, f HoSO, = Nî -*- -i. SOV + HaO 

we oblained a value AGSgu = -19.7kcal, which shows ttiat 
die dissolution of NiO in sulphuric acid solution is possible. 

The calculated value for the equilibrium concentration of 
sulphuric acid is vanishingly sniall value 

[>J iS0t] [H30] 0.07 0.93 

where: N^J^so^= 0-0'' ''i"d N HJQ = 0.93 are Uie mole fraciions 
of NiSO, and H-O in the solution. 

A dynamic method was used for investigation of Uie d i s ­
solution rate of nickel oxide. From nickel oxide ot ana­
lytical grade we prepared br iquet tes , wliicli were sintered 
at 500°C. The briquet tes were covered with an acid-
res i s tan t varnish, leaving a working surface 5.66ciii^ in 
a rea . The dissolution rate in a given time intei-val, r e l a ­
ted to unit surface a rea (mg/cni^ • min), was determined 
by measurement of the concenlralion of Uic cation of Uio 
dissolving oxide in the solution. 

During the experiment the sulphuric acid concentration 
in the solution remained practical ly constant, and Uie va r ­
iation of the dissolution ra te could therefore occur eiUier 
on account of diffusion of the reageni or die reaction p ro ­
ducts or on accounl of Uie rate of the chemical reaction 
itself at Uie Interface. 

In all the experimenls Ihe rate of movement of Uie solu­
tion amounted to 40cm^/min, and Uie lengih of Uie exper i ­
ments wa.s 2h. The nickel in liie solution was determined 
by polarography. The effect of temperature and of Uie 
concentration of sulphuric acid in Uie solution on llic d i s ­
solution rate of nickel oxide in sulpluiric acid was invosti-
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gated . The expcrimenta_were car r ied out al 6O._70, 80 and 
90°C w'itli a sulphuric acid concentration of 0.72mole/l in 
Uie solulion. 

il«7,̂ c.'n -mi:-i 

O.tL 

0,12 

0.0*. 

0 

y 
60 

• / 

70 

, / 

80 t "c 

f i g . l Thii n'ependence of the 
d lsKolucion race of 
n.ick^l ox ide on Cem-
peraLuro . C, 
0 . 7 2 m l , / l . 

KjSO^ 

The resul t s from Ihe experimenls a re shown in fig. 1. The 
dissolution rata of nickel oxide depends to a large degree on 
tempera ture and var ies according to a curve which increa­
s e s with increase in tempera ture part icularly from 80 lo 
9 OOC. 

The dissolution rale constants of nickel at various tem­
pe ra tu res were calculated witJi allowance for the activity 
coefficients of the acid given in Uie table. Tho dissolution 
rale constant of nickel oxide also depends on temperature. 
From tlio dala in the table we calculated Uie coefficients A 
and B of Uie Arrlieiiius equation k = AT"' B and determined 
the activation energy (E) for the dissolution of nickel oxide. 
As a result we obtained A, B and E values of 11 C56, 34.6, 
and 23.3kcal/mole respectively. The temperature coeffici­
ent of the dissolution rate of nickel oxide in the range of 
60-90°C is 2.6. 

mg/ 'cm' 'tnin 

0.24 

.0.20 

ai6 

0.12 

0.08 

/ 

/ 

/ 

ŷ  

Fill .2 -The dc.oendonce of the 
dtRGoluLion r a t e of 
n i c k e l - o x i d e on t.he 
su lpn t i r i a s c i d concen­
t r a t i o n .in the so iu t ion . 
Temperature VO'C. 

016 0.72 1.0 C mola/ l 



( The dependence of the rale constant for the dissolution 
P ornitkey oxide in sulphuric acid on temperature 

°c 
60 
70 
80 
90 

y 

0.101 
0.094 
0.084 
0.078 

u: mg/cm^ 

0.041 
0.143 
0.209 
0.526 

K 

20 563 
113 

39 459 
376 

i The values of the activation energy for Uie dissolution of 
• nickel oxide and the high valueof Uie temperature coeffici-
* ent show that the kinetics of the dissolution process in sul-
. !• . • 

phuric acid are controlled by the rate of the ti:ue chemical 
reaction al Uie interface. The dependence of Uie dissolution 
rate of nickel oxide on the sulphuric acid concentration in 
Uie solulion was studied at 70''C with sulphuric acid concen­
trations varying between 0.36 and 1.5mole/l. The results 
are shown in fig. 2. The variation of Uie dissolution rate of 
nickel oxide with the sulphuric acid concentration is cur­
vilinear, and an increase in the dissolution rate is observed 
wiUi increase in the sulphuric acid concentration in the sol­
ution. It is clear Uiat Uie factor which controls the dissol­
ution of nickel oxide in this case is the rale of Uie hetero­
geneous chemical reaction at Uie interface. 

The investigations into the dissolution of nickel oxide in 
sulphuric acid show that there are considerable kinetic 
hindrances to Uiis process. 

Effect of lead compounds on the behaviour of Indium in zinc sulphate solutions Y ^ 
UDC 669.536 

M V Kravets and E V Margulis (NorUi-Caucasian Mining-Metallurgical Institute - Department of General, Physical 
J and Analytical Chemistry) 

Ihe 
'• on 
'a-

The existing technology for Uie extraction of indium from 
zinc raw material involves the leaching of Waelz oxides 
wiUi sulphuric acid solutions. Here up to 30% of Uie indium 
contained in the Waelz oxides remains in the leaching re­
sidue (the lead cake)^). It has been noted Uiat during the 
leaching of indium-containing intermediate products with 
sulphuric acid increase in the lead conteni of Uie materials 
reduces Uve extraction of indium in the solution^). 

. In this connection, in Uie present work we studied the 
j effect of lead compounds on the behaviour of indium. During 

a check on Uie suggestion about adsorption capture of indium 
( by lead compounds the auUiors started from the fact Uiat 
j under production conditions adsorption occurs on Uie al­

ready formed surfaces of Uie lead compounds: PbO; 4PlXj • 
• PbSC, ; 3PbO -PliSG, ; PbSO, . The synthesis of the known 
I lead oxosulphates was realised in accordance with published 
, recommendations'). A series of solutions containing lOOg/l 
' Znznso^ and 50g/l of In with pH values of 0.0, 0.3, 0.7, 1.0 
, and 1.3 were Uiermostated at 20, 50 and go'^C. On the atlain-
' ment of the given temperature in the solutions a sample of 

lead oxosulphate from Ihe above-mentioned series was added 
' in Uie quantity required for Uie creation of a solid-liquid 
' ratio of 1:5. After holding at the given temperature for 20 
i min with vigorous stirring the solutions were filtered, and 
• their indium contents were determined. In none of the in­

vestigated cases was capture of the indium by the precipi­
tate observed. 

During the leaching of two-industrial intermediate products 
(Waelz oxides and zinc cakes) containing 10.3% Pb and 0.019% 
In and 3.27c Pb and 0.006% In respectively at 92-95°C with an 
initial sulphuric acid concentration of 160-180g/l and a solid-
liquid ratio of 1:10, Uie extraction of indium into solution 
amounted to 90.1 and-88.4%. Consequently, the presence of 
lead compounds is not the reason for the losses of indium 
wiUi Uie lead cakes. 
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Refining of aluminium alloys of the Al-Si-Cu system from iron 
T 

?• V M Grigorenko, V A Popov, and A A Ofengenden (All-Union Scientific-Research Institute of Secondary Non-Ferrous 
" Metals Production) 

[ An increased content of deleterious metal impurities and 
' of iron, in particular, is observed in alloys obtained from 

secondary raw material (GOST 1583-73). A characteristic 
feature of alloys of Oie AK5M2 and AK5M7 types of the 
Al-Si-Cu system without modifying additions is their satis­
factory casting characteristics. The phase composition of 
alloys of the AK5M2 type') in the casting stale is as follows: 
Si + MgaSi -t CuAlj -t- AlSlMnFe + a-solid solution. The 
W(AlxMgBSi,Cu,) phase may form on cooling. Alloys of the 
AK5M7 type are distinguished by their increased Conner con­
tent. ^ 

The present article gives the results from laboratory in­
vestigations into the refining of cast aluminium alloys of the 
AK5M2 and AK5M7 type from iron by filtration Uirough a 
volume filter') consisting of a layer of granulated salt NaCl 
and heat-treated aluminium filings. 

During the experiments the aim was to determine ttie 
effect of the following factors on Uie degree of purification 
of Uie alloys from iron (the final content of iron in the alloy 
C) and on the yield of Uie filtrate (cp): filtration temperature 
of Uie alloy t; the initial iron content of the alloy Co; the 
ratio of Uie amounl of manganese to iron ip; the height of 
Uie filter layer H; the metallostatic pressure over the fil­
ler h; the weiglil of filtered metal ni. The experimental 
procedure and Uie treatmeni of results have been described 
before^). 

Approximating functions for the final iron content of Uie 
alloy C and the yield of usable filtrate ip were given in Uie 
literature^). A comparison of the data calculated by means 
of Uie published formulae =*) and Uie experimental data is 
given in Uie table. 
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The Linear Q and the Calculation of 
Decaying Spherical Shocks in Solids* 

J. A. VlECELLI 

Lawrence Livermore Laboratory, University of California, Lioermore, California 94550 
Received March 7, 1972 

The effect of the linear Q on the decay of a spherical shock wave in a solid, as cal­
culated by Lagranglan finite difference techniques, is determined by a study of the 
partial differential equations approximated by the difference equations. It Is shown that 
the computed solutions approach an asymptotic form determined by the linear Q terms, 
and the decay law imposed by the linear Q is given. Finally, it is suggested that the 
physics of the weak decaying shock problem indicate that the numerical linear Q needs 
to be replaced by terms modeling a true physical damping mechanism. 

INTRODUCTION 

A computational physics problem in explosion technology is the accurate 
calculation of a decoying spherical shock wave in a solid. A particular exaraple 
currently under investigation is the accurate calculation of surface spallation 
resulting from the detonation ofa contained nuclear explosion. The velocity ofthe 
spall is twice the particle velocity of the incident shock wave, hence the deter­
mination of spall velocity depends on accurate calculation of particle velocity. 
In addition to military applications, accurate calculation of decaying shocks in 
solids is necessary for such technologies as the nuclear explosion stimulation of gas 
and oil wclli;. 

A cliaracteristic of an explosion contained by a solid, almost always the earth, 
is that the pressure and particle velocity decays rapidly with increased distance 
from the detonation point. Thus, not far from the explosion, (he material response 
ofthe medium is nci-rly linear in the sense that the convective terms in the Eulerian 
description of momentum conservation are small compared with the pressure 
terms. Blast waves that satisfy this condition are called weak decaying shocks in 
the remainder of the paper.. 

Computer programs, based on finite diiferencc approximations to the differential 
equations of motion, have been used to calculate shock waves in solids [1-4]. These 

* This work was performed under the auspices of the U. S. Atomic Energy Commission. 
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programs integrate the following Lagrangian equations of motion in two spatial 
dimensions with axial symmetry: 

8u 
dt 

1 - ^ 4.1 ^^"z 
p d R ' ^ -p dZ '^ p d R ^ pR 

+ G,, 

0/ " p d Z ^ p dR 

^Tn _ Ifi^ I du 

a/ ~ 3 r a J? 
_3J^ ^ w_\ 
az /? J 

drz _ 2p^ I ^D_ _ 8u_ _ u \ 
~ 3 I az dR T ) dt 

dr. 
dt 

dR 
dt 

•«^ - , J ^ i ^ ' ' \ 
^ - ' " [ d Z + l R ) 

dv 

= u 

dz 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Here R is the radial coordinate, Z i s the axial coordinate, u is the radial component 
of velocity, v is the axial component of velocity, t is the time, p is the density, 
P is the pressure, CR and Gz are the components of gravitational acceleration, 
TR , Tz and TR2 are the deviatoric stresses, and /x is the shear modulus. The equation 
of state is usually in the form: 

p = /(©), 0 = -£. 
Po 

1. (8) 

The density of a zone in the finite-difierence approximation is determined by 
dividing the mass of the Lagrangian zone (which remains constant throughout the 
calculations) by the volume of the zone," which in turn, is calculated from the 
coordinates of the mesh points defining the zone "at the current time. Yield and 
failure are incorporated by altering the stresses r ^ , r ^ , TJ,^ at each time step of 
the integration according to a prescription based on the current state of stress. 
In the case of elastic behavior, the stresses are left unaltered and the pressure is 
computed from 

P = kQ, (9) 

where k is the bulk modulus. 
The computer programs for solving these equations, such as the TENSOR 

program [1, 2] and the HEMP program [3,4], rely on different finite-difference 

approximations to the al 
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approximations to the above partial differential equations. However, they have one 
feature common to all elastic-plastic Lagrangian difference codes: the substitution 
of P -{- Q for P where Q is the "pseudo-viscosity" introduced by Von Neumann 
(see Richtmyer [5]). The purpose of Q is to provide a mechanism by which kinetic 
energy can be converted to internal energy as the material is shocked. In the case of 
motion in one spatial dimension, the quadratic Q is intended for very strong shock 
waves and has the form 

|c..(..).(|^)' d i ^ 

dx 
< 0 

• a J > 0 ' 

(10) 

where p is the density, Co is a constant ofthe order of one, and Ax is the size ofthe 
spatial difference interval. 

As noted earlier, the spherical shock wave from an explosion in a solid decays 
rapidly with distance. As a result, one quickly reaches a range at which quadratic, 
or second order, terms become small compared with the first order terms in the 
difference equations of motion. To counteract this, investigators have added linear 
or first order terms to the expression for Q. There have been many formulations 
of Q but a fairly typical example in one spatial dimension is 

\CoP(Axy 

Q = 
(§)" 

' du \ du 

-C,.Ax[^) 
(11) 

dx 

where Ci is a constant, a is the compressional sound velocity, and Ax is the mesh 
width. As the wave decays, the linear terms in this Q remain comparable to the 
other terms in the equations of motion and continue to perform the function of 
converting the kinetic energy of oscillation between neighboring mesh points into 
internal energy. 

In fact, the inclusion of linear Q terms amounts to adding dissipation terms to the 
basic differential equations. If one defines the viscosity coefficient ij = Cipa Ax 
and takes the limit At-*Q, zlT?->• 0, ZlZ->-0 while holding T; constant, the 
difference equations approach the differential equations for the Voigt-Kelvin 
model ofa viscoelastic solid. In practice, one almost always operates with a value 
of C, such that -q is large enough that the Q terms dominate any of the truncation 
effects arising from the difference approximation to the other terms in the differ­
ential equations. For this reason, the solutions obtained from the difference 
equations approach very closely the solutions one obtains for the differential 
equations with dissipation terms added. 
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The intent of this paper is to provide a quantitative understanding ofthe effect 
of the linear Q upon the attenuation of a weak spherical shock. Because the 
phenomena is so nearly linear, except in the immediate neighborhood of the 
explosion, it is easier to attack the problem at the level of the partial differential 
equations ralher than that of the difference equations. The specific Q investigated 
is used in a version of the TENSOR program [1, 2]. The critical role Q plays in 
determining the pulse shape and particle velocity in a weak spherical shock will be 
demonstrated, and it will be shown that the presence of a linear Q implies an 
inverse three-halves power decay law. 

ASYMPTOTIC SOLUTION FOR THE SPHERICAL SHOCK WITH LINEAR Q 

With the tensor version of the linear Q used in the program, the differential 
equations are 

8 u _ I d ( P - i - Q - T „ - Q R ) \ d(T„z + QRZ) I 2r^ -f TZ -|- IQ^ -j- Qz 
dt p dR ^ p dZ -^ pR ^j2) 

and 

dv 1 d (P-^ Q - Tz - Qz) . 1 dJTĵ z + QRZ) , r,tz + QRZ , , . . 
p dZ ^ p dR '^. pR ' ^'^^ dt 

where Tg, TZ , and TJIZ are the deviatoric stresses and the Q, Q R , Qz , and QRZ 
are given by 

2TJ U du dv 
^ * " 3 r BR dz R r 

_ 2^7 du U ov_ _ du_ _ u \ 
\ dZ dR R ) ' 

_ (Su , dv\ 

"̂̂  = '̂  laz + 'W' 

. e = -A (• 
1 duR 

dZ '^ R dR 

r) = Cipoi <J J :> , 

A = Cipix <̂ Axy. 

) ' • 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

Here (.Ax'} is the characteristic mesh length and Cj is an input constant. In a 
two-dimensional calculation (Axy is determined from a weighted average of the 
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distances between the mesh points defining a zone. In one-dimensional calculations 
<Jx> is just the width ofa zone. Although TJ and A are numerical and not physical 
quantities, the notation denoting shear viscosity and bulk viscosity has been used 
to emphasize the equivalance of the linear Q formulation to the Voigt-Kelvin 
model of a viscoelastic. solid. 

The deviatoric stresses are determined by the original Eqs. (3-5). With the 
assumption of small displacements, the spatial differentials with respect to the 
Lagrangian coordinates may be replaced by spatial differentials with respect to 
Eulerian coordinates. Substitution of Eqs. (6 and 7) into Eqs. (3-5, 14-16, and 17) 
and, in turn, substitution of these equations and Eq. (9) into Eqs. (12 and 13) 
results in a pair of linear partial differential equations for the Lagrangian dis­
placements AR and AZ. In the theory of elasticity it is shown that the elastic 
displacement equations can be further simplified by the introduction of scalar and 
vector potentials. In the case of spherical symmetry the vector potential is zero and 
one need only solve for the scalar displacement potential given by 

^J('=^) + 
The radial displacement is then given by 

dr 

The velocity potential is given by 

0 = 
dtf, 
dt ' 

so that the particle velocity is given by 

M = — drdt 

(20) 

(21) 

(22) 

(23) 

In deriving the basic differential equation corresponding to the spherical shock 
problem with the linear Q, I have taken the coefficients TJ and A to be constants 
while, in fact, they usually have some spatial variation as a result of variations in 
the mesh width, density, and sound speed. Furthermore, I have used a linear Q 
that is effective in both compression and expansion regions; in many formulations 
the linear Q is set to zero in expansion regions. The version of the TENSOR 
program used has constant input values for ij and A and leaves the linear Q on in 
expansion regions so that all of the requirements for the analytic solution are 
strictly satisfied. 
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The driving mechanism that approximates the explosion closely at early times 
is that ofa small cavity expanding at constant velocity. This boundary condition is 
satisfied if the solution approaches the form 

<t> _ - ^ o ' (24) 

in the neighborhood of the origin. To solve for the asymptotic form of the decaying 
spherical shock with linear Q, put ^ = Ajr and substitute into Eq. (18) to get 

where 

and 

d-A_ ^aM 8̂ A 
8t̂  ~ " d r - " dr^dt ' 

k-hifJi 

A + IT, 

Taking the Laplace transform H of A with respect to time gives 

s'H - sA{Q) - yl(0) = o ? ^ - ^ v ^ { s H - A(ff,}. 

Since the material is initially at rest, A and A are identically zero, thus 

- (-^4—) ̂  = 0. 
\ OL̂  -'r vs I dr-" \ oc" + 

The solution, which decays to zero as r -> oo, is 

//(/-, s) = A{s) exp{-f5(a2 -F vj)-V8}. 

The Laplace transform ofthe boundary condition a t r = 0 is 

L i M = <f>oS-\ 

Therefore, the transform of the solution is 

H(r, s) = <f>oS-̂  exp{-rs(ofi -\- vs)-^l^}. 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 
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Taking the time derivative of the solution corresponds to multiplying the 
transform ofthe solution by s, since /l(+0) = 0, therefore the transform of yl is 

F(r, s) —• <f>oS~̂  exp{—rj(a^ -{- vs)~ /̂̂ }. 

The inversion may be performed easily when 

ra ^ , 
2 ; > ^ ' 

corresponding to the asymptotic limit to give the velocity potential 

(33) 

0ir , t) = A|r = ^ [ \+CTf{T^^) ] , 

where 

and 

Oit 
T = 1 

r 

rot 
27 

(34) 

(35). 

(36) 

Therefore the solution for the particle velocity is 

« = | | jl + erf(T V^) + (2 -t- T ) ( ^ ) " ' exp(-ar"-) (37) 

DISCUSSION OF RESULTS 

The analytic solution has been evaluated for a particular case and the 
results are plotted as small circles in Fig. 1. The parameters for this case are 
<̂o = 1-6 X 10̂  cm^ sec-\ v = 7.5 x 10" cm- sec-*, a. — 2.3 km sec-\ and 
/ = 0.35 sec. Figure 1 also includes the results for a TENSOR calculation of the 
same problem. These are plotted as small crosses. The elastic constants enter into 
the analytic solution only by way of the compressional sound velocity, thus there 
are two additional variables in the finite-difference problem. These are the density 
and Poisson's ratio, which I chose to be 2.0 gcm-^ and "1/3, respectively. The 
choice is arbitrary, since once these two variables are fixed, the bulk modulus and 
shear modulus are determined by the sound velocity. 
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tOQO 

FIG. 1. Shock particle velocity plotted as a function of range. The small circles are points 
evaluated from the analytic solution. The crosses are points obtained from a finite-difference 
solution. The time is 0.35 sec. 

Spherical symmetry was simulated in the numerical problem by choosing a 
wedge-shaped mesh with one edge along the z a,xis of axial symmetry and the 
other edge at an angle of 10 deg from the z axis. The wedge began at an inner 
radius of 20 m and extended out to 1150 m. The analytic result is the asymptotic 
solution for a cavity expanding at constant velocity. Thus it is necessary to start 
the numerical calculation with a cavity small enough to ensure that the asymptotic 
state is reached before comparing results. Furthermore, the cavity must not be 
driven with too large a velocity, else the linearity assumption would be violated. 
These precautions must be taken to guarantee that the source function in the 
numerical problem is well defined in terms ofthe source in the analytical solution. 

It should be emphasized that the asymptotic state is eventually reached whether 
or not the linearity assumption is violated in the neighborhood of the cavity. For 
a nonlinear source^ there is always some particular amplitude for the linear source 
that produces the same asymptotic state as the original nonlinear source. The 
precautions mentioned ensure that the numerical problem starts with the equivalent 
linear source amplitude known beforehand. The cavity velocity corresponding to 
the value of ^g in the analytical solution is 40.0 cm sec~^. That value satisfies the 
analytical boundary condition given by Eq. (24) for an initial cavity radius of 
20.0 m. 

The numerical calculation was done on a mesh containing 140 radial zones. The 
zoning was not uniform so as to permit relatively fine zoning next to the cavity. 
This is necessary to get a good approximation to the analytical source at zero 
radius. The slight amplitude discrepancy observed in Fig. 1 is the result of this 
approximation. This was confirmed by making several runs, each with a smaller 
driving cavity and finer zoning. The amplitude of the numerical solution was 
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observed to converge to the analytical result as the resolution in the cavity region 
increased. The zone size at the cavity for the run in Fig. 1 was 2.0 m. The zone 
size increased gradually to 15.0 m at a radius of 550.0 m. Beyond this radius the 
zone size remained constant at 15.0 m. 

By referring to Eqs. (18), (19), and (27) one can see that beyond 550 m the zone 
size and the parameters v and a are equivalent to a linear Q coefficient of 0.1, 
which is the value normally used in TENSOR calculations. The fact that the 
computer solution continues to agree with the analytical solution beyond 550 ra 
supports the contention that the linear Q, as actually used in practical calculations, 
dominates truncation effects arising from other terms in the equations. To check 
this, the free surface was moved out to 2000 m (with the same 15.0 m zone size) 
and the calculation continued until the pulse reached 1500 m. At the greater range, 
the pulse approaches a symmetrical Gaussian form, similar to the example shown 
in. Fig. 2, but the close agreement between computer and analytical solutions is 
maintained. 

1000 1100 1200 
RongQ — m 

1300 

FIG. 2. Normalized shock particle velocity plotted as a function of range. The smalV circles 
are points evaluated from the analytic solution. The crosses are points obtained from the finite-
difference solution. The time is 0.375 sec. 

An indication of how closely an actual explosion calculation approaches the 
asymptotic form imposed by the linear O is given by the particle velocity plot in 
Fig. 2. The TENSOR finite-difference results arc indicated by the small crosses 
and the asymptotic solution by the small circles. The numerical calculation simu­
lated the explosion ofa 25.0 kton explosion in the earth at a depth of 1280 m. The 
source was a spherical cavity, initially with a radius of 5.0 m, containing vaporized 
rock at a pressure of 1.74 mbar. The gas expanded adiabatically, forcing the walls 
of the cavity out to a radius of approximately 30 m. The containing rock was 
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programmed to have a shear strGngth of only a few kilobars, hence severe plastic 
flow occurred. In addition, the numeric;ii simiiUitipn included overburden.and 
several different lijyers of earth and lOck materials, so thatthe.portion of the shock 
propagating ycrtically passed tlirough a density and strain energy gradient. It is 
not necessary to go further intothe details of the numerieal run except to note that 
the average values of a and v were 3,12 X' 10"̂  cm scc"""- and 1,S5 X 10̂  cm' sec-', 
respectively. These values were used in evaluating the analytical soiution. The plot 
shown iri Fig. 2 was fake'ri along a radius, which extended vertically to the surface, 
located at 1280 m. The failure of the, numerical solution to go to zero on the 
leading side, of the pulse is explained by the fact that the shock is just beginning 
to strike the surface. Despite rill of the nonlinearities, andjnelastic behavior in the 
source regioh the resulting blast wave is in close agreement with the predictions of 
the asymptotic linear theory. 

The development and discussion has'been based on a forrriulatipn of tfie linear Q 
which is .active in both compression and expansion zdries, however many investi­
gators .simply turn the linear Q off* in expansion regions maintaining that there 
should not be a dissipative raechanisiii there. An analytical solution for this type 
of linear Q might be derivable by perturbation methods, but 1 was not able to do it. 
To examine thisxase, the first problem (thetun.shown in Fig. 1) was rerun with 
the Q terms set to ze,rd'in expansion-regions. Figiire 3 is a duplicate of Fig. 1 with 
the addition ofthe run with th"e Q turned off in expansion, Itcan be seen that this 
runis thcsariieas the first except in the'expansion region wherelhe removal ofthe 
linear g has introduGed an oscilIatQ r̂y perturbation. The decay rate for the=run 
with the Q turned off in expansion vvas observed tofolldw aninverse l':5 power law. 

,s I M -

lOoO 

FiG. 3. Duplicate of Fig. 1 witli thc'addition ofa run with the'lincar 2 set to zero in expansion 
regions. Data points ffom this run are indicated by the. solid dots. The time is 0.35 sec. 
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The intent of this work has been to gain a theoretical understanding ofthe linear 
" G'and its effect on a weakblast pulse in a solid. The originators of the quadratic.g 
intended it to be a convenient computational device for including strong shock 
discontinuities in invicid gas dynamic calculations. Since the physical model 
assumed invicid flow it was natural to suppress viscosity effects everywhere except 
at a shock. One ofthe main reasons for the subsequent development of'the linear Q 
is the fact that,unless some,kind' of linear damping i's included/in the calculation 
of'weak decaytng.waves the solutions quickly become'obscured in .a hashw.ork of 
short wavelerigth rioise. The idea that; viscosity must be suppressed except at the 
shock" front has persisted' through the "develbpment of the linear Q, first in 
applications to'gases and then finally to solids. 

The underlying physics of'weak decaying shocks in solids, "and gases also, is 
different from that of high-pressure, high-speed gas dynamics. In the latter case 
viscous effects can usually be ignored except in shocks or thin boundai7 layers. 
In the former ca.se, at some point inthe decay of'the shock pulse, the physical 
attenuation mechanisrns come to have a. dominant effect on the pulse form and 
decay rate. A comprehensive discussion of the shock decay- process is given by 
Lighthill [6]. The shock transitio.n regipn thickens until there is nb recognizable 
shock, just a smoothly varying attenuated sound piJlse, In solids and earth 
materials this point may be very near the site of the explosipn. For example, the 
.'shock .fronts from targe nuclear explosion's in Nevada Tuffs (a kind of compacted 
partially fused volcanic ash) are spread over as much as several hundred meters by 
the time the front has traveled a kilometer. It is.at this finite-amplitude sOutid wave 
stage that numerical iioise becomes a problem unless suppressed by some" kind of 
linear damping mechanism. 

Inpractice the solid mechanics programs carin'bt.cPmpute. purely elastic-response 
because the calculations must always be. made with a finite^ nuinber of zones. 
In the case of decaying expJosion, waves what tliey do calculate is'theiresponscfor 
atype of Voigt solid, but with visGosity coefficients that depend on pii rely numerical 
parameters. THe fact that some type of viscosity is required for an adequate 
physical model of decaying, shocks suggests that the use of the linear Q could be 
made more-rational. This could be done By makihg;it correspond exactly to some 
physical model of damping, rather than have it depî nd on zone size and shape, 
and whether or not the;zone ts in expansion or compression. The easiest thing tb do 
is to tnake the linear Q corrcspojid exactly to the Voigt model"by keeping the, Q 
on in both compression and expansion and by making:the coefficients .TJ and A in 
Eqs. (14-17) input viscosities. 

It iS'Cvident from the preceeding results that the amplitudeand shape of the blast 
pulse are strongly influenced by a tincarg, so that the spall velocity is also strongly 
affected. It is, therefore, useless to, attempt, to calculate spall velocities in weak 
decaying shock probiems without first replacing the linear Q: by some physical 
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model of damping such as the Voigt model. While the Voigt model may not be 
the best physical model, it is at least free from arbitrary numerical parameters 
such as zone size and shape. Furthermore, wilh the Voigt model one can show that 
a fundamental quantity, the integrated momentum per unit surface area of the 
pulse, is independent of the viscosity coeflicients. Integrating Eq. (37) in the limit 
of large radius 

1̂0 f " / «̂  „_„,t,, p4^ 
r M' <̂ o r j '̂  ^Vr = e2o. (38) 

This is an important quantity because it can be measured experimentally and 
because it is the impulse that can be delivered by the blast pulse if it is absorbed 
inelastically. In the case ofan underground explosion, the surface spall acts as the 
absorber, carrying most of the momentum of the blast pulse with it as it flies up 
from the surface. The significance of the result in Eq. (38) is that one can expect to 
calculate the impulse delivered by the blast wave correctly independent of the 
viscosity coefficients. Although it may not be possible to calculate the spall velocity 
correctly because realistic viscosity coefficients are not known or because they must 
be made abnormaUy large for numerical smoothing, it should still be possible to 
correctly calculate the impulse delivered by the blast wave. 

Knowledge of the decay law imposed by the damping mechanism is also useful. 
The decay law for the Voigt model obtained from Eq. (37) is 

u ~ C-^'V-'/*. (39) 

This result can be used to infer the decay rate for other types of physical damping 
mechanisms that may be added to the model. For example, the adiabat and 
Hugoniot are usually represented by the single curve, Eq. (8), in calculations 
because physically they are practically identical for many solids not shocked 
above the melting point. However, some earth materials exhibit porosity, so that 

,, after shocking, the material follows a different adiabat lying below the adiabat 
.y^for the unshocked material. As a result the shock pulse undergoes as additional 
H' attenuation in traversing the material, and the decay law follows a higher inverse 

power than 1.5. The difference can then be ascribed to the porosity. 
The results presented in this paper may appear paradoxical. It has been shown 

that the traditional linear Q is essentially a Voigt viscosity but with nonphysicaF 
viscosity coefficients proportional to the spatial difference interval. It has also been 
demonstrated that the presence of these terms ensures that the late time pulse 
amplitude follows a viscous decay law. If this is so, then how can the numerical 
solutions obtained from the traditional linear Q finite difference programs ever 
converge to the asymptotic solutions for purely elastic response ? Obviously, by 
making the dilTerence interval smaller one reduces the artificial viscosity coefficients 
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prqportionatelyj but this will hot affect the asymptotic decay rate since it is 
independent of the magnitude of the viscosity coefficients. No matter, how small 
one makes the difference interval thercis still a finite viscosity term in the equatibriSi 

This paradox can be resolved by considering a simple example.,In one spatial 
dimension the planar response of a Voigt solid, is governed by Eq.,(25). The 
Green's function for a source at the, brigin is obtained by solving Eq. (25) with a 
source at the origin having a delta function time dependence. The sblution fdr the 
Green's functipn is 

c^.^^o.. ')-^-pb^<-- ')^ (40) 

where Ag is a constant and T is the retarded time. The spatial variable x has been 
used instead pf ?: since planar rather than spherical geometry is being considered. 
TherespohseTor any kind of tinie dependence of the spurce,0o(T') islhen given by 
corivolution with tbe Green's function 

^(^, 0 = 4 ^ r U r ' ) expI-j3(T - T')^] dT% m 
where 

P = a^lilvx).. 

To make the example as sirnple as possible consider a rectangular time pulse bf 
width 2a. Then the solution is 

^ix-,t)^.-j^ • ^ i ^ m ^ i - - P = ^^Pi-y')dy.. 
V VJC •'T-o y v r p - > (T-a)Vp 

(42) 

Then, at the center ofthe pulse, the;'amplitude is 

^^„,= ^ J expi~y^)dy.. 

For large p corresponding to small x this reduces'to 

and for small |3 correspondiiig to large x 

0.(-) = A[«V2^-y(2-J +-J. 

581/13/2-4 

(43) 

(44) 

(45) 
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If the materia! response \ycrc purely clastic tlic rectangular pulse would siniply 
niaihtain its shape and amplitude. In the visco-elastic ease the pulse maintains its 
shape and ariiplitudc during the initial stages of travel, except for a very slight 

-rounding at the edges. Then thcrc:is a transition stage in̂ vvhich the pulse changes 
shape and its amplitude begins tb^decay.FihaHy, the asymptotic state is reached; 
the pulse shape assumes Gaussian form und the amplitude becomes inversely 
propprtiona! to the square root of the range. How these different stageSj arise is 
easily understood by referring to the convolution integral Eq. ,(41). For short; 
ranges the width of the Gaussian Green's'function Eq. (40) is very, narrow in 
comparison with the width- of the rectangular pulse. Gonvplution with the 
rectangular pulse simply reproduces the. rectiiiigular pulse. SVhen the range is-
sufficiently great; tjie width of the Green's, function becomes, comparable to the 
width ofthe initial rectangular source pulse. Convolution then strongly alters the 
shape and amplitude of the initial pulse. Finally,, at very great;range the Gaussian 
Green.'s.function becomes much wider than the initial rectangular pulse. Cpnyo-
lution of the two functions then simply reprbduces'the Green'sTunction except for 
chanĝ e of amplitude scale. 

The viscosity v appears in the solution Eq. (40) as a scale factor inultiptying the 
range x. Thus, the effect of reducing the viscosity; is to delay the bnset of'the 
asymptotic stage. By making the viscosity vanishingly small, the range at which the 
asymptotic stage begins caii'be rnade tb approach infinity, This'bchayior explains 
why solutibns obtained from numerical calculations with th^ traditional linear Q 
will converge to.elasticsolutions in the limit of vanishingly small diffcrenceintervaL 
Unfortunately, practical computer calculations must be made withafitiite'inesh 
interval, usually large, perhaps no-smaller than aboiit 5»% the width of the purely 
elastic disturbance. In decaying wave calcuiations, the.'transition tp the asymptotic 
stage occurs well within the ranges of ihferestfbr.praetical choices of zoning. 

Finally,, it should be noted that the linear^ will affect the calculatibn of other 
types of decaying waves;specific-to solids. In particular,-sohds'can support'Rayleigh 
waves that propagate along a free* surface rather than through the bulk of the solid. 
In thecase of purely elasticsbehavior and a finite size source, thesewaves, have an 
ampiitud'e proportioDa! to the inverse square root of the range; however, the 
traditional linear Q prpgratns calculate ariiplitudes that are observed, to be 
propdrti'bnal to the inverse first power of the range. The results that have been 
obtained for surface waves will be'published in a separate paper or made available 
ih the form;of a'laboratory report. ' 
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ABSTRACT 

Since the dawn of cyanidation leaching techniques for precious 
metals, certain manganese-bearing silver ores have been a problem due 
to low silver extractions. Since simultaneous occurrence of silver and 
manganese is common in nature, this situation has made many otherwise 
attractive silver deposits uneconomic in the past. 

Several older techniques have been useful but at $1.29 per ounce of 
silver, the economics were unfavorable. With the new look in silver 
prices and some improvements in processing technology, neglected silver 
districts offer new promise. 



INTRODUCTION 

Probably the first metal known to man was 
gold for reasons ̂ everyone will appreciate: the 
attractive color, the luster, malleability, 
durability, and its occurrence in the metallic 
state In nature. Gold has been cherished by 
man from antiquity. Silver and copper were 
next, since they occasionally occurred in 
native form. Later their reduction from oxi­
dized ores was discovered, accidentally perhaps. 

Processes for recovery of silver have an an­
cient lineage, dating back into antiquity. 
Amalgamation, retorting, chloride roasting Col-
lowed by amalgamation, hyposulfite leaching, and 
the Patio Process were used from the 15th centu­
ry until the beginning of the. 20th century wlien 
an important revolution occurred: the almost 
universal advent of the cyanidation process. 

Not all ores, however, were amenable to 
these earlier processes or even to the cyanide 
process. A common denominator for many of 
these refractory ores is the presence of manga­
nese associated with the silver. The non-
amenability of manganiferous silver ores to com­
mon cyanide extraction techniques is well known, 
although the exact mineralogical reason for this 
is elusive. However, it is known that dissolu­
tion of the manganese frees the silver for 
treatment and recovery by usual methods; salt 
roasting also does this. This paper attempts a 
survey of this potentially rewarding subject. 

Another cause of poor recovery is silica 
encapsulation of the silver. This requires an 
extremely fine grind for silver liberation. 
Such fine grinding has been uneconomic in the 
past. 

HISTORICAL PERSPECTIVE 

In the past, many otherwise interesting sil­
ver deposits have lain untouched in the ground 
due to processing difficulties and resulting low 
extractions. Although several types of silver 
deposits are in this category, one of the most 
common (and most refractory) Is the type where 
the sliver Is mineralogically tied up in com­
pounds with manganese. These deposits fre­
quently occur both In oxidized and sulfide form. 
This paper will deal with schemes for leaching 
the oxidized deposits since the sulfide deposits 
are often amenable to flotation concentration 
with subsequent smelting for product recovery. 
A discussion of the types of ores suitable for 
sulfide flotation is included. 

The economics of special ore treatment meth­
ods were limited for many years by a silver 
price fixed by governmental fiat at $1,293 per 
troy ounce ($0,038 U.S. per gram). Since the 
advent of escalating oil prices due to the 
short-sighted actions of the OPEC cartel, with 
its resulting world depression, and the flight 
of investment money to the precious metals, the 
price of silver has risen to heights that make 
attractive more complex processing methods, even 
in the face of general world cost inflation. 
This justifies a new look at old methods. Ores 

with a value of $100 per ton are worth consid­
erable processing effort. 

SOME GENERAL TYPES OF SILVER ORES WITH 
SOME POSSIBLE EXTRACTION METHODS 

1. silver sulfide ores (amenable to 
flotation-smelting recovery techniques). 

2. Oxidized, clean silver ores (amenable to 
cyanidation recovery). 

3. Oxidized silver ores resistant to cyanida­
tion recovery. Frequently these ores con-
contain manganese. 

4. Complex silver sulfide ores such as 
tennantite, tetrahedrite, and other 
combinations of silver with arsenic and 
antimony. (Suitable for flotation). 

5. Argentiferous galena ores. (Flotation). 

6. Argento-jarosite ores. (Difficult at 
best). 

7. Silver ores with sulfide manganese.' 
(Suitable for flotation). 

POSSIBLE EXTRACTION METHODS 

There are several approaches to the problem 
of silver recovery from manganiferous ores. 
These are listed with the knowledge that par­
ticular ores may be economically amenable to 
some unmentioned processes and that not all 
attempted processes are known to the author. 

1. SO2 leach, followed by thorough washing, 
liming to a suitable pH, and standard cya­
nidation. [18] 

2. Chloride oxidation roasting followed by 
cyanidation or amalgamation. [681 

3. The venerable Patio Process - a combination 
of treatment with copper sulfate plus 
sodium chloride, followed by amalgamation 
for recovery of the silver. 

A. The Washoe pan amalgamation process. • 
(All processes using mercury today are 
environmentally difficult). 

5. The Kerley thiosulfate leach process. This 
process is said to be effective for problem 
ores containing high percentages of 
manganese, copper, arsenic, tellurium, 
etc., or combinations of the above. The 
process is being offered by ThioTech of 
Sahuarita, Arizona. [51] 

6. Direct smelter recovery of high grade ore 
or concentrates. 

7. A chloridizing reduction roast (Segregation 
Process) followed by flotation. This could 
be particularly useful in a copper-silver-
manganese ore such as that from the 
Berenguela Mine of the Lampa Mining Co. 



near Puno, Peru. It could also be used on 
a combination of a refractory Ag ore mixed 
with an oxide copper ore. [78] 

8. Flotation where suitable (sulfides). 

9. Brine leach (as the tetrachloro-complex). 

OPERATING PILOT AND PRODUCTION PLANTS 

Two plants have operated in the past 
employing variations of roasting to render sil­
ver recoverable from manganiferous ores. 

Salt Roasting Process at Klldun 

At Cla. Minera KildiTn y Anexas at 
Matehuala, S.L.P., Mexico, American Smelting 
and Refining Company (now ASARCO, Inc.) oper­
ated a commercial 400 MTPD salt roasting- cya­
nidation plant for eight years on ore averaging 
2 grams gold per metric ton (0.06 oz. gold per 
short ton) and 500 grams silver per metric ton 
(IA oz. silver per short ton) in a gangue 
assaying A to 5% manganese. The New York sil­
ver price during this operating period was 
under A5t D-S. per ounce. The results of this 
operation were reported by R.J. Mellen in 1963. 
The thoughtful article by Mellen discusses 
problems frankly: corrosion due to high chlo­
ride liquors and roaster vapors, clinkers, the 
effect of grind on roasting success, and the 
operation of the calcine cooler. 

In initial testing, straight cyanidation of 
this ore gave only about 20% silver recovery, 
although gold recovery was 86%. Salt roasting 
tests indicated that gold recovery could be 
improved somewhat and silver recovery raised to 
87%, a worthwhile accomplishment, particularly 
in the present international precious metal 
price situation: 

Time Period Au Value/MT Ore Ag Value/MT Ore 

1937-19AA 
1980 

$ 2.00 
34.00 

$ 6.A3 
286.00 

The costs of roasting do not appear as 
heavy as they did AO years ago. 

In the described operating plant, the ore 
was roasted with 5% NaCl in two direct-fired 
rotary kilns with retention time of 30 minutes 
at a temperature over 800°C. The calcines were 
quenched, ground in mill solution, the pregnant 
liquor was separated by CCD, and the values 
precipitated by zinc dust. Operational prob­
lems were many but were overcome by a deter­
mined staff. 

Techniques developed in the late 19A0'8 and 
early 1950's for the salt roasting of vanadium 
ores should be of ready applicability to salt 
roasting of silver ores. Use of cast stainless 
steel rabble arms in a skinner-type hearth 
roaster, continuous quench of calcine directly 
from the roaster, and various corrosion-proof­
ing techniques come to mind. Use of modern 
techniques, machinery, and plastics, coupled 
with current precious metal prices, should make 

an ore deposit such as the one at Matehuala 
very attractive today. 

The Segregation Process 

The Segregation Process was originally a 
method for treatment of oxide copper ores but 
was proved by tests to be suitable for silver-
copper ores, also. The process roasts an ore 
at 700-800°C with, usually, sodium chloride and 
a reducing agent such as coke, charcoal, or 
recently, petroleum coke. The copper (and sil­
ver, if present) are volatilized, migrate, 
and are reduced on the carbon particles as 
metallic copper/silver alloy, whence they can 
be floated or leached. The flotation concen­
trate is commonly sent to a smelter as a high-
grade concentrate. 

The process was originally acidentally dis­
covered in 1923 in experimental, work on the 
oxide copper ores from the Sagasca deposit in 
Chile. These ores contain a natural level of 
sodium chloride and it was found that in 
attempting to reduce the copper with coal, the 
copper was teduced and then migrated to the 
coal surfaces where it was deposited as metal­
lic copper. 

The process was further developed in the 
period between 1923 and 1931. A series of 
patents were secured by the original Minerals 
Separation Company. Commercial development of 
the process was considered in 1931 in several 
locations but gathering world depression was 
not propitious for such efforts. However, sev-' 
eral large scale pilot plants were operated. 
The following is a very brief history of pilot 
operations. 

Segregation Process at Berenguela Mine 

The second plant to be operated success­
fully using a roasting process was in reality 
conceived as a pilot plant but it was a large 
one and was skillfully operated by a knowledge­
able staff. It used •the Segregation Process 
for an unusual copper-silver manganiferous ore 
near Puno, Peru from the Berenguela Mine which 
was once operated by the Lampa Mining Co. 
(British). 

Mineral Separation Company in 
Southern Rhodesia, Africa 

A- 50 ton per day pilot plant was operated 
in Southern Rhodesia by the Minerals Separation 
Company using a hearth roaster in a two-stage 
process. The plant operated for four months in 
1931, treating a 5% oxide copper ore with a 
recovery of 87% by flotation in a concentrate 
assaying 68% copper. 

Union Miniere de Haut Katanga 
Present-Day Zaire in Africa 

This plant had a capacity of 350 TPD. It 
operated for several months in 1931 using two 
direct-fired rotary kilns in a two-stage pro­
cess. 



Akjoujt Mine in 
Mauritania, West Africa 

A small pilot plant of 50-75 TPD capacity 
was operated in Mauritania in 1959 on a problem 
oxide copper ore at 3% copper and 3 grams of 
gold per ton. The recovered concentrate 
assayed 60-70% copper and 2 ounces gold per 
ton. A commercial plant was planned and built, 
but failed because of operating problems. 

Lake Shore Mill 
Transarizona Resources Corp., Arizona 

A commercial operation of the Segregation 
Process was attempted south of Casa Grande, 
Arizona for several years beginning in 1960. 
Original operation was in an Indirectly heated 
rotary kiln. Later, the plant was converted to 
a direct-fired operation. Recovery was near 
85% with a concentrate running 50% copper. 
Operations were not sufficiently economic for a 
continued run, partly due to dust losses. 

N'Changa, Anglo-American Corporation 
Southern Rhodesia 

The process used here was named TORCO -
Treatment of Refractory Copper Ores. It used a 
fluid solids roaster. A 10 TPD pilot plant was 
successful but a larger plant at 500-1000 TPD 
suffered from operational difficulties and did 
not run for long. A two-stage process was 
used; however, problems developed in trans­
ferring hot material from one stage to the 
next. 

This experience with various copper opera­
tions using the Segregation Process is cited 
for reference value in small and large opera­
tions. Considerable operational experience has 
been gathered over the years on this intriguing 
metallurgical process. 

It now appears that there are four effec-H 
tive methods for recovering silver from man- ' 
ganlferous ores: the sulfur dioxide leach, the 
oxidizing salt roast, the segregation process, 
and Thlo Tech's thiosulfate leach. The segre­
gation process has been demonstrated as being 
suitable for manganiferous silver ores by R.D. 
Groves and by operations on the Berenguela ore. 

Fresnillo, Mexico SO9 Leaching Process 

This was a commercial application of the 
McClusky process using the sulfur dioxide pre­
paratory leach for treatment of manganiferous 
silver ores. It was used on a portion of the 
silver ores treated and the S02~leached pulp 
was limed and joined with the other ground ores 
for cyanidation. 

Candelaria - Modern Heap Leaching for Silver 

A modern heap leach is in operation at the 
Candelaria Mine near Hawthorne, Nevada. The 
operating general partner is Occidental Miner­
als Corporation. Tonnage treated is 8000 per 
day. The ore Is generally believed to be man­
ganiferous. The mining operation is on such a 
scale that substantial silver production is 

assured. 

APPLICABLE CHEMISTRY OF SILVER EXTRACTION 

Chloride Roasting Followed by Cyanidation: 

Ag2S + 2NaCl + 2O2 *- 2AgCl + 

Na2S0^ 

AgCl + 2NaCN ^- NaAg(CN)2 + NaCl 

Chloridizing Leach: 

AgCl + 3 NaCl -
excess brine) 

Na AgCl^ (soluble in 

Chemistry of Manganese Removal From Tie-Up With 
Silver: 

Also Mn02 + SO2 — * - MnSO^ 

(somewhat pH dependent) 

Mn02 + 2SO2 + I/2O2 + H2O ^-

MnSO/, + H2SO4 

(The generated H2SO4 helps to dissolve 
divalent Mn). 

MnO + H2SO4 MnSO^ + H2O 

(also soluble in H2S04 is the iron portion 
of jarosite). 

Fe203 + 3H2SO4 

3H2O 

Fe2(S04)3 

PRODUCT RECOVERY METHODS 

In all the above methods where cyanidation 
is used, product recovery is frequently accom­
plished by zinc dust precipitation with subse­
quent fire refining. In cases of gold-bearing 
ores, concentration of values from low-grade 
cyanide solutions by adsorption on activated 
charcoal with subsequent electrowinning of a 
dore bullion is a useful method but in the 
case of silver ores running several or more 
ounces per ton, the sheer bulk of the necessary 
carbon points to the direct zinc dust precip­
itation method as preferable. An alternate 
.precipitation method involves the use of NaHS 
or Na2S as suggested by Reno USBM to precip­
itate a silver sulfide product. Use of this 
method has been held back by poor settling and 
filtratioti rates for the silver sulfide precip­
itate and the insidious toxicity of possible 
hydrogen sulfide gas, to say nothing of hydro­
gen cyanide. 

The recovery methods employing sulfur diox­
ide to dissolve the manganese offer the possi­
bility of a manganese recovery step. This may 
be economic in those ores containing 



substantial manganese values. Parenthetically, 
it is felt that even very low values of man­
ganese may be sufficient to render the silver 
difficult to dissolve with cyanide if the man­
ganese and silver are syngenetic. 

BIBLIOGRAPHY 

Considerable effort has been given to col­
lection of an adequate bibliography since it is 
felt that this may be the major contribution. 

The author wishes to acknowledge the fine 
cooperation of the following individuals in the 
task of getting these references together: 
Norman E. Dausinger, Tucson, AZ; Judith A. 
Eisele, Reno, NV; James B. Fletcher, Miami, AZ; 
Douglas N. Halbe, Denver, CO; Thomas Henderson, 
Jr., Tucson, AZ; William C. Larson, Twin 
Cities, MN; Edward Martinez, S. Plainfield, NJ; 
George M. Potter, Tucson, AZ; Barry N. Watson, 
Tucson, AZ, and Norman L. Weiss, Tucson, AZ. 

The bibliography Is quite complete In regnrd 
to the Segregation Process (reducing chloride 
roast) since these references are difficult to 
find In print. The process combines a roast 
for liberation of metal values with the effi­
cient flotation process for recovery of the 
values and is of demonstrated effectiveness in 
recovery of silver from manganiferous ores. 

Paul Elmon's paper has a rather complete and 
excellent geologically-oriented bibliography 
appended. 
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PATENTS, SEGREGATION PROCESS 

[1] U.S. Patent 1,234,426, July 24, 
Vermaes'Process. 

1917, 

[2] U.S. Patent 1,232,216, Aug. 3, 1917, 
Caron Process. 

[3] Brit.-Pat. No. 250,991, J. C. Moulden and 
B. Taplln, Oct. 29, 1924. Oxidized cop­
per ore heated to a temperature below the 
melting point of copper, 500 to 700°C, 
with a reducing agent in the presence of 
a halogen or compound such as NaCl or 
CaCl2 to effect reduction of copper 
oxide to metallic copper. Gopper may be 
leached out after cooling or recovered by 
gravity concentration. 

[A] Brit. Pat. No. 255,961, J. C. Moulden and 
B. Taplln, May 2, 1925. Heat treatment 
as In (1). Copper separated from treat­
ment by froth flotation after grinding 
and screening, if required. 

[5] Brit. Pat. No. 26A,584, E. Edser and B. 
Taplln, Oct. 21, 1925. Oxidized ores 
containing lead, silver, antimony or bis­
muth can be similarly treated. If 
CaC03 is present in ore, pyrites and 
chlorides, such as those of Mn, Fe or Cu, 
may be added. 

[6] Brit. Pat. No. 300,701, T. J. Taplln and 
B. Taplin, July 19, 1927. The procedure 
described in (1) is modified. Ore is 
partly reduced by reducing agent with 
halogen present and then treated to an 
oxidizing step for a short time, after 
which the reductlon-halogenation is 
resumed. If native copper or copper sul­
fide is present in ore, the treatment may 
commence with an oxidizing step. 

[7] Brit. Pat. No. 318,314, T. J. Taplln and 

B. Taplin, June 5, 1928. Gases evolved 
during segregation treatment can be 
recovered by scrubbing with u.iter and 

returned to process. Cases can be 
scrubbed and treated with CaCOj or 
other material to form lialides of Ca, Cu, 
Mg, Mn, Fe, etc. 

[8] U.S. Pat. 1,679,337, J. C. Moulden and B. 
Taplin, July 31, 1928. Similar to (I). 
Temperature for segregation lower than 
melting point of copper, but sufficiently 
high to cause reaction (suitably 500° to 
700''C). Mix ore with 2 - 2.5% of reduc­
ing agent and up to 0.5Z NaCl or otlier 
halide like CaCl2. MgCl2, CaF2, 
etc. Ore can be heated first in oxidiz­
ing atmosphere to oxidize any sulfides 
present. Recommends that soluble alka­
line salts be removed prior to treatment 
or neutralized with H2SO4 or HCl. 
Chlorine • or HCl gas can be used after 
ore-coal mixture is at operating temper­
ature. 
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(9] Brit. Pat. No. 321,213, H. Uvers and B. 
Taplln, August 2, 1928. Adaptation of 
(2) in which a mixed sulfide-oxlde ore is 
treated to segregation and then both 
metallic copper and residual sulfide 
froth floated together. Screening of 
coarse carbon with copper is also advo­
cated. 

[10] Brit. Pat. No. 3A8,024, T. J. Taplln, 
January 1, 1930. Ore subjected to sul­
fating roast or other material containing 
CuSO^ can be treated by segregation 
process. 

[11] U.S. Pat. No. 1,865,153, T. J. Taplin, 
June 28, 1932. Similar to (8). Found 
that segregated copper from copper sul­
fate is sulflded to a considerable 
extent, especially on its surface. This 
effect is believed to be due to the 
sulfur-bearing gases evolved. Mixed 
oxide-sulfide ores can be treated by 
first applying a sulfating roast. 

[12] Brit. Pat. 387,713, T. J. Taplln, Febru­
ary 13, 1933. Ore is passed downward 
through a multiple hearth heating furnace 
wherein it Is roasted and preheated to 
>650°C. The discharge falls into a heat 
insulated pit to which Is fed continu­
ously a mixture of NaCl and coal or coke, 
whereby Cu, Ag, Pb, Bl, and Sb reduced by 
segregation to charge. 

[13] Brit. Pat. 389,865, F. ' B. Jones, March 
27, 1933. Crushed ore mixed with carbo­
naceous material and NaCl is heated to 
450° - 800°C in rotating tubular furnace 
from which air Is excluded. Product is 
crushed and subjected to froth flotation 
to recover gold and copper. 

[14] U.S. Pat. No. 3,148,974, C. Rampacek, 
September 15, 1964. A two-stage process 
Is described consisting of an 
indirect-fired stainless steel preheat 
kiln and a direct-fired reactor to which 
the hot ore, reducing agent, and salt are 
added. The direct-firing of the reactor 
controls the temperature of the. reactor 
furnace while simultaneously controlling 
the furnace atmosphere so that it is 
neither too highly oxidizing nor reduc­
ing. If copper sulfide or other sulfide 
minerals are present, these are oxidized 
In the preheat kiln. The air-natural gas 
ratio used is from about 1.2 to 1 times 
the ratio required to give complete com­
bustion of the gas. 

[15] U.S. Pat. No. 3,834,89, Else!, J.A., and 
H. J. Heinen, Recovery of Gold - A varia­
tion of the segregation process using 
gaseous chlorine and a volatile compound 
of iron, aluminum or gallium, together 
with activated carbon. Recovery is by 
flotation. 

RELATED PATENTS 

[16] L. J. Bechaud and H. Hartjens. Segrega­
tion in the form of a sulphide 
(lead-copper) using pyrrhotite as rea­
gent. U.S. Patent Application. Serial 
No. 781.442. December 19, 1958. 

[17] H. Mlno. Use of ammonium chloride. Jap. 
Patent Showa 39.30021, December 1964. 
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Proposal for Research 1 December 1977 

SRI No. ERU 77-350 

TARGET ORE BODIES FOR SOLUTION MINING 

Mr. Richie Coryell, Program Manager 
Nonrenewable Resources 
Natiional Science Foundation 
Washington, D.G. 20550 

Dear Mr. Coryell: 

During the summary sessions of the recent RANN-Stanford University 
sponsored "Workshop on Solution. Mining," it was strongly recommended that 
a survey of "Target Ore Bodies for Solution Mining" be given first pri­
ority. Such a study would provide direction to much of the corollary re­
search outlined in the "Workshop on Solution Mining," and summary findings 
could be available to the mining industry in a few month's time. SRI 
International proposes to undertake this survey as a short-term project 
and supplement our staff where necessary with pertitient assistance from 
recognized mining exploration consultants. 

I PROJECT BACKGROUND AND GUIDELINES 

The parameters of ore deposits worth careful consideration were out­
lined in the workshop sessions as: 

"Those metalliferous deposits of gross $100 million value, both 
above and below the water table, and to a depth of 5,000 feet, 
and ore value not less than $5/ton." 

A number of the ore bodies in the above category that will be in­
cluded in our proposed survey have long been classified as "technological" 
or "metallurgical" reserves in resource studies such as the Paley Report 
and various defense metal inventories. These deposits generally are not 
economically practical to mine at the present time. There are, however, 
a number of these "teaser" deposits, having considerable total metal con­
tent, that have been the object of detailed studies and test plant setups. 
Considerable information about all of these low grade and marginal de­
posits in general has been accumulated by the geological staffs of oil 
and mining exploration companies since World War II. 

SRI International 
333 Ravenswood Ave. • Menlo Park, California 94025 • (415) 326-6200 • Cable: STANRES, Menlo Park • TWX: 910-373-1246 



Although exploration companies do not customarily reveal information 
regarding their claims and reserves, these problem deposits, when under 
claim, are usually classified as being "without present value." There­
fore, the necessary data for an industry-wide and all-metal survey de­
signed for improving the picture should, with government sponsorship, be 
more readily available. 

II OBJECTIVES 

The proposed survey will focus on those ore deposits that qualify on 
the basis of the defined parameters outlined in the aforementioned Work­
shop statement. That is, those deposits of $100 million value (at $5/ton) 
to a depth of 5,000 feet. For each deposit in this class, pertinent and 
available data will be accumulated, organized, and supplied to NSF on the 
following topics: 

Size and shape of the deposit 

Depth 

Grade and penalty items 

Ore minerals and gangue 

Structure 

Permeability 

Porosity 

Fluid saturation 

Ownership data. 

The area to be covered by the proposed study includes the continental 
United States., Alaska, and Canada, 

III METHOD OF APPROACH AND STATEMENT OF WORK 

SRI has conducted resource surveys for exploration departments of 
many of the larger oil and mining companies. To supplement information 
acquired during these surveys, qualified mining exploration consultants 
have been contacted and selected based on their extensive background in 
metal exploration and their associations with oil and mining companies 
and other related companies. Four of these consultants are presently 
available arid will provide significant input: Neil Campbell (Pacific 
Northwest and Canada), W. C. Peters and Kenyon Richard (Tucson), and 
Charles Park (Stanford University). In addition, data bank inventories 
will be reviewed in the Bureau of Mines and the Geological Survey in 
Washington, D.C.;"exploration companies in Salt Lake City, Denver, and 
Tucson will be interviewed. Travel to visit the consultants and companies 
will be necessary, as well as payment of consultants' fees and expenses. 



The estimated cost for this proposed survey, based on a cost plus 
fixed fee contract, will be $31,035. A cost extimate and contractual 
provisions are enclosed with this letter proposal. Biographies of senior 
personnel anticipated to participate in this program are also attached. 
A final report supplying the data outlined in this proposal will be issued 
three months after the date of contract acceptance. If there are any 
questions, please call me at 415 326-6200, ext, 2734, 

Sincerely, 

<«#f^ ^./3ec^£r 
William B. Beatty 
Senior Geologist 
Radio Physics Laboratory 

WBB/lmh 

Enclosures 

Approved: 

i^n, 11 David A. John^n, Director 
Radio Physics Laboratory 



LAMBERT T. DOLPHIN, JR. 

Program Manager 
Radio Physics Laboratory 
Electronics and Radio Sciences Division 

SPECIALIZED PROFESSIONAL COMPETENCE 
Underground electromagnetic probing and sensing; ionospheric propaga­
tion and clutter; short pulse radar techniques; exploratory phenome­
nology and radar physics; acoustic radars and radio-acoustic radars; 
remote seiising and archaeology, mining, and geophysics 

REPRESENTATIVE RESEARCH ASSIGNMENTS AT SRI (since 1956) 
Developed radars for clutter measurements in California and in Alaska 
Investigated auroral and meteor clutter effects at VHF and UHF 
Investigated radar reflection from the moon at VHF 
Studied radar clutter and radio propagation effects of nuclear 

explosions 
Led extensive measurement program to study rocket launch and re-entry 

trails 
Developed novel series of HF multimegawatt radars 
Investigated spark gap switching techniques 
Studied usefulness of over-the-horizon radar methods 
Led development and testing of a family-of underground electromagnetic 

sounders 

ACADEMIC BACKGROUND 
A.B. in physics (1954), California State University (San Diego); 
two years of graduate study in physics, Stanford University 

PROFESSIONAL ASSOCIATIONS 
Acoustical Society of America; American Association for the Advance­
ment of Science; American Geophysical Union; American Research Center 
in Egypt; American Scientific Affiliation; Egypt Exploration Society; 
Institute of Electrical and Electronics Engineers 

December 1976 



WILLIAM B. BEATTY, SENIOR GT:0L0GIST 
PJ\DIO PHYSICS LABORATORY 
ELECTRONICS AND RADIO SCIENCES DIVISION 

Spec ia l i zed profebs iona l competence 

• Geophysical exploration and geological research; mining engineering 
and development; general resource appraisals and worldwide economic 
studies for metals, industrial minerals, and hydrocarbons 

Represen ta t ive ' research assignments a t SRI (s ince 1949) 

• Worldwide mining development reviews for company diversification needs 
• Continuing reviews of coal, tar sands, oil shales, and related 
technology 

• Extensive mining survey for government of India and protectorates 
• Arctic construction and mining methodology; long-range resource studies 
• Mineral resources and mining industries of Japan and Taiwan 
• Geology of desert regions and their mineral potentials; solar salt 
• Deep crustal studies of seismic and transmissive properties to 30,000 
feet, including drilling costs and feasibilities 

• Appraisals of structure and geology of archaeological sites in desert 
regions, alluvial fans and valleys, and submarine shelves 

• Hazard potentials of earthquake and landslide areas and hydrology 
thereof 

Other p r o f e s s i o n a l and business experience 

• Company agent for Honolulu Oil Corporation: oil and seismic explora­
tion in California, Texas, and Canada 

• Kaiser Engineers (Oakland, California): iron ore, coal, and limestone 
reserve studies: appraisals, open pit mine design, and general eco­
nomic geology 

• Professional consulting work in mining appraisals and engineering for 
American Smelting 6 Refining and Southern California Edison Co. 

Academic background 

• B.S. in mining engineering and geology (1937), University of Washington 

Representa t ive pub l i ca t ions 

• "Hellbent for Bentonite," given at Eleventh Forum of Industrial Min­
erals, Kalispell, Montana (June 1975) 

• "Japanese Steel Industry Dominates Outlook for V/estern Coals," Coal 
Age (November 1972) 

• "ABCs of Industrial Minerals," Mining Congress J . (February 1972) 
• "Geothermal Gradients in the Western Cordillera," University of Nevada 
• "Nature and Environment of Deep Mines of the World," SRI 
• "Mineral Resource Data in the Western States" and "Heat Flow and Ther­
mal Gradients in the Earth's Crust," Stanford University 

Profess iona l a s s o c i a t i o n s and honors 

• American Association of Petroleum Geologists; Association of Profes­
sional Geological Scientists; Society of Economic Geologists; Society 
of Exploration Geophysicists; Society of Mining Engineers; Tau Beta 
Pi (fellow) 
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niques in.geochemistry; atmospheric radiation transfer; infrared emis­
sion spectra of geologic materials; design of planetary satellite ex­
periments; management plans for earth resources programs 

REPRESENTATIVE RESEARCH ASSIGNMENTS AT SRI (since 1974) 
Subsurface sensing for archaeology 
Use of DF lasers in the detection of methane and ethane 
Short pulse radars to measure ice thickness and snow depth 
Study of transient responses of loaded dipole antennas 

OTHER PROFESSIONAL EXPERIENCE 
Associate professor, Colorado State University; microwave remote sens­

ing; laser spectroscopic studies; short pulse radar design 
Vice President, Environmental Resources Associates: remote sensing 

and geophysics; mission planning and data analysis 
Research physicist, Colorado State University: air-sea interface mea­

surements; atmospheric radiation transfer 
„- Research physicist, Stanford University: infrared emission spectroscopy 
(, Research physicist and project manager, IIT Research Institute: solar 

system physics; stimulated fluorescence spectroscopy; earth resource 
mission studies 

ACADEMIC BACKGROUND 
B.Sc. (with, honors, 1959) and Ph.D. (1963) in physics, University of 
Southampton (United Kingdom); intensive short course in advanced infra-' 
red technology (1967), University of Michigan 
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Many journal and symposium papers, project and technical reports 
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European Society of Exploration Geophysicists; Institute of Physics 
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Proposal for Research No. ERU 77-350 

TARGET ORE BODIES FOR SOLUTION MINING 

Contractual Provisions 

I ESTIMATED TIME AND CHARGES 

The estimated time required to complete this research effort and 
report on its results is 3 months. SRI International could begin work 
on receipt of a fully executed contract. 

A cost estimate follows Section IV. 

II CONTRACT FORM 

It is requested that any contract resulting from this proposal be 
written on a cost-plus-fixed-fee basis. 

III ACCEPTANCE PERIOD 

( This proposal will remain in effect until 31 January 1978; however, 
SRI will be pleased to consider an extension if required. 

IV NEGOTIATED OVERHEAD RATES 

SRI's indirect rates are retroactively determined by negotiation 
with the DoD Tri-Service Overhead Negotiations Committee. We therefore 
request that FPR 1-7.403-9, Negotiated Overhead Rates, be incorporated 
in the General Proyisions of any contract resulting from this proposal. 



r 

SRI International 
Proposal for Research No. ERU 77-350 1 December 1977 

COST ESTIMATE 

Personnel Costs 

Project Supervision, 20 man-hours at $15.30/hr $ 306 
Senior Geologist, 505 man-hours at $12.81/hr 6,469 
Research Analyst, 160 man-hours at $8.10/hr 1,296 
Secretary, 40 man-hours at $4.59/hr 184 

Total Direct Labor (Schedule A) $8,255 

Payroll Burden at 31.57. (Schedule B) 2,600 

Total Salaries and Wages $10,855 

Overhead at 90% of Salaries and Wages 9,770 
(Schedule B) 

G6eA at 21% of Salaries and Wages 2,280 
(Schedule B) 

Direct Costs 

Total Personnel Costs $22,905 

Travel (Schedule C) $1,841 
Communications (Schedule E) 300 
Consultants (Schedule F) 3,000 
Report Production (Schedule D) 776 

Subtotal $5,917 

Support Cost at 3.6% of Direct Costs 213 
(Schedule B) 

Total Direct Costs $ 6,130 

Total Estimated Cost $29,035 

Fixed Fee » 2,000 

TOTAL ESTIMATED COST PLUS FIXED FEE $31,035 



SCHEDULE A--DIRECT LABOR 

Direct labor charges are based on the actual salaries for the staff 
members contemplated for the project work plus a factor of 2.5% of base 
salary for merit increases during the contract period of performance. 
The precise factor applied is dependent on the estimated period of per­
formance. Frequency of salary reviews and level of merit increases are 
in accordance with the SRI's Salary and Wage Payment Policy as published 
in Topic No. 505 of the SRI Administration Manual and as approved by the 
Defense Contract Administration Services Region. 

SCHEDULE B--INDIRECT RATES 

The indirect rates (research overhead, payroll burden, support cost 
burden etc) reflect a revision in our methods of allocating indirect ex­
penses, effective 2 January 1977, as required by Cost Accounting Standard 
410. We request that these rates not be specifically included in the con­
tract, but rather that the contract provide for reimbursement at billing 
rates acceptable to the Contracting Officer, subject to retroactive ad­
justment to fixed rates negotiated on the basis of historical cost data. 
Included in payroll burden are such costs as vacation, holiday and sick 
leave pay, social security taxes, and contributions to employee benefit 
plans. 

SCHEDULE C--TRAVEL 

1 trip to Vancouver/Spokane at $243 

1 trip to Salt Lake City/Denver at $233 

1 trip to Tucson, Arizona at $172 

1 trip to Washington, D, C. at $424 

Subsistence, 2 days at Vancouver at $58/day 
3 days at Spokane at $30/day 
3 days at Salt Lake City at $30/day 
2 days at Denver at $30/day 
2 days at Tucson at $30/day 
3 days at Washington, D.C, at $42.50/day 

Car rental, 15 days at $15/day 

Total 

$ 243 

233 

172 

424 

$ 116 
90 
90 
60 
60 
128 

225 

$1,841 

Air fares are.based on prices established in the Official Airline 
Guide dated November 1977. 

Domestic subsistence rates and travel by private auto are established 
standards based on cost data submitted to the' Defense Contract Audit 
Agency and are considered acceptable by. them for bidding purposes. 



SCHEDULE D--REPORT COSTS 

These rates have been submitted to DCASMA-SF for review and accept-

Report costs are estimated on the basis of the number of pages of 
text and illustrations and the number of copies of reports required in 
accordance with the following rates per page. 

Editing $ 4.12 
Composition 3,83 
Coordination 1,12 
Proofreading 1.68 
Illustration 20.92 
Press and Bindery 0.022 per.impression 

Following is a cost breakdown of the estimated cost of report pro­
duction: 

Text preparation, 58 pages at $10,75 per page 
(including editing, composition, report 
coordination, and proofreading) $624 

Illustration, 6 pages at $20.92 per illustration $126 

Press, bindery, and photography for 1160 printed 
pages at $0,022 per printed page $ 26 

Total $776 

SCHEDULE E--OTHER DIRECT COSTS 

Communications 

This is an engineering estimate of the toll charges for telephone 

calls.during the period of performance. It is estimated at $300. 

SCHEDULE F--CONSULTANTS 

It is estimated that the following consultants will be required for 
three days each at the anticipated rate of $250/day. 

Mr. Neil Campbell, 3 days at $250 $750 
Mr. W. C. Peters, 3 days at $250 •̂  750 
Mr. Kenyon Richard, 3 days at $250 750 
Mr. Charles Park, 3 days at $250 750 

Total $3,000 

r 10 



m 
SUBJ 
MNG 

TP 

COnOCO'S S€COND SOUTH TCHBS 
IN SiTU uncH p u m i m m PRODUCC 
450,0e0 L6/VR OF V€U.OUJ CflKC 

Michael P. Sassos, Associate editor 

Despite a depressed uranium market, in which spot prices for 
U3O8 have dropped to about $25/lb, the Trevino project, / 
Conoco's second in situ leaching plant, and one of five 
currently under development in south Texas, is scheduled for • 
initial production by late-1981 at a rate of 450,000 Ib/yr of 
yellow cake. The 100% Conoco-owned plant is located about 
90 mi east of Laredo, in Duval County, and has estimated 
uranium reserves for a plant life of 7-10 years. Total cost of 
the project will run about $8 million. 

In addition to the five plants under development, 14 in situ 
solution projects and one pilot plant are fully operational in 
south Texas, with an annual recovery rate of about 3 million 
Ib of yellow cake. 
J Conoco's solution mining method utilizes the fact that the 
roll-front uranium mineralizatjon in the south Texas urani-. 
um deposits occurs in multiple permeable sandstone units 
separated by impermeable clay layers. Leach"solutions are 
pumped into the uranium-bearing formations through injec­
tion wells and later recovered from adjacent production 
wells. The intermediate impermeable zones prevent the 
downward migration of the leachate. 

Delineation of the Trevino orebody began in 1977 and 
lasted for 2'/2 years on a property that totals 6,000 acres. The 
study disclosed that a number of roll-fronts exist at depths 
ranging from 150 to 320 ft. Additional test wells were drilled 
to provide information on reservoir permeability, porosity, 
and natural groundwater flow. 

Drilling of the injection and production wells commenced 
in March 1981 at a spacing between wells of 85-100 ft, 
depending on sub-surface permeability. The result is the 
well-known "five-spot" pattern,' where four injection wells 
are spaced around a single production well. 
. Conoco's other in situ leaching project, the 25% owned 
Benavides project, is also located in Duval County and began 
production in February 1980. A total of 46,000 lb of UjOg 
were produced during its first year of operation. 

Conoco's Trevino uranium recovery plant consists of a 
complex of tanks holding various chemicals, pipes, and 
valves (foreground), office facilities (right), and surface 
holding ponds (top). 
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Production area (left) and plant (right) occupy an area of about 30 acres. 
Surface vegetation is typical of the semi-arid south Texas location. 

URflNIUM MIN€RflUZnTION 
Roll-front uranium mineralization occurs in the sandstone 

member of the Miocene Oakville formation, which consists 
of interbedded calcareous sands, silts, and carbonaceous 
bentonitic clays. The rock formations strike northeast-south­
west and dip about 1° to the southeast. Predominantly 
northeast-striking faults typical of the Atlantic coastal plain 
are present and form a series of horsts and grabens. 

The principal source of uranium is believed to be the 

Idealized cross section of a roll-type uranium 
deposit 

Explanation 
j^asi f^^ Hematitic core 

Pr-~-'-~-i Alteration envelope 

Impermeable zone 

|;;^>;;,''] Ore-stage uranium 

[ \ ^ , - i ^ \ Ore-stage pyrite 

L Unaltered sandstone 

Permeable zone 

Impermeable zone 
Redox interface Roll front 

Source: Granger and Warren, 1974. 

Catahoula tuffs'. Oxygenated alkaline groundwaters proba­
bly leached uranium'.from the tuffs and transported it 
down-dip to chemically reducing environments that favor 
uranium precipitation. Possible reducing agents for uranium 
deposition are hydrogen sulphide gas seeping through faults 
and fractures from underlying petroleum reservoirs (allogen­
ic) and/or carbonaceous material found within the sedimen­
tary rocks (authigenic).-

UJ€LL-FI€LD PRCPRRRTION 
A total of 130 4-in.-dia injection and production wells were 

drilled using conventional rotary drills. To resist corrosion 
and withstand the stresses imposed by the rock formations, 

• each well is cased with fiberglass. Since not all of the 
stratigraphic formations contain uraniurn mineralization, the 
casings are selectively perforated. 

Twenty monitor wells are used for periodic sampling and 
testing ofthe groundwater for variations in pH, conductivity, 
amount of sulphate, and escaping leaching solutions. If the 
monitor wells detect, leaching solutions escaping from the 
production area, the leachate can be pulled back by either 
increasing the rate of production or decreasing the rate of 
injection. 

For the leaching process, Conoco uses an oxidizer consist­
ing of gaseous oxygen and water. The leachate is pumped 
into the formations at a rate of 40-50 gal/min per well and at 
pressures of 20-40 lb/in', depending on the depth of the well 
and permeability. Sodium bicarbonate is added to maintain 
the uranium in solution; it combines with the uranium and 
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Conoco's well-field design is the well-known "five-spot" pattern (four injec­
tion wells around a single production well). 

forms stable uranium tricarbonate. The pregnant leach solu­
tion is then pumped to the surface for uranium recovery in 
the plant. 

TH€ TRCVINO PLRNT 
At the plant, pregnant lixiviant first passes through three 

ion exchange columns loaded with resin beads, which selec­
tively retain the uranium by adsorption. The barren solution 
is then pumped to a recharging tank for chemical treatment, 
after which it is filtered for its contained sand and returned 
to the well site for. reinjection. When sufficient uranium has 
been adsorbed by the resin, it is pumped to elution. 

At the elution stage, barren eluant consisting of NaCl and 
NaOH is pumped through the beads, freeing the uranium 
and forming a pregnant eluant that is ready for precipitation 
with chemical agents. The eluant is pumped to a precipita­
tion unit, where the carbonate is decomposed, and the 
uranium is precipitated as uranium peroxide. Subsequent 
thickening forms a slurry that is about 70% solids and 
contains 30% UjOg. The: slurry will be trucked to Kerr 
McGee's enrichment plant in Oklahoma for processing.^ 

R€F€R€NC€S 
1) Eargle. D.H., K.A. Dickinson, and B.O. Davis. "South Texas Uranium 
Deposits,". AMERICAN ASSOCFATION OF PETROLEUM GEOLCX}ISTS BULLETIN. 

vol. 59, No. 5 (1975), pp 766-779. 
2) Eargle, D.H., G.W. Hinds, and A.M.D. Weeks, "Uranium Geology and 
Mines, South Texas," Texas University (Austin), BUREAU OF EcONOMfC 

GEOLOGY GUIDEBOOK, No. 12 (1971), 61 p.. 

3) Granger, H.C., and C.G. Warren, "Zoning in the Altered Tongue 
Associated with Roll-Type Uranium Deposils, in Formalion of Uranium Ore 
Deposits," Vienna, International Atomic Energy Agency (1974), pp 185-
200. 
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Connecting pipes feed solutions to tanks in the processing plant. 
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THE PUSH-PULL TEST 

A METHOD OF EVALUATING FORMATION ADSORPTION PARAiMETERS 

FOR PREDICTING THE ENVIRONMENTAL EFFECTS ON 

IN-SITU COAL GASIFICATION AND URANIUM RECOVERY 

J. I. Drever and C. R. McKee 
In-Situ Consulting, Inc. and The-University of Wvomino 

Departments of Geology and Petroleum Engineering 
Laramie, Wyoming 82071 

ABSTRACT 

Tbe push-pull test, which is a simple injection and pumping 
sequence of groundwater spiked with solutes of interest, is 
presented as a method of determining the adsorption characteristics 
of a formation. Adsorption properties are necessary to predict 
restoration from both in-situ coal gasification and in-situ uranium 
extraction. 

Tbe major problems in applying laboratory measurements to the 
field concern scaling the effect of particle size and obtaining 
representative .samples. Laboratory measurements are conducted on 
gram to kilogram scale samples, whereas the push-pull test evalu­
ates a sample weighing approximately 130 to 1,000 metric tons, 
depending on volume injected and porosity. The problems in trans­
lating laboratory results to the field appear to be less severe 
for sedimentary uranium bodies than for coal. Laboratory measure­
ments are useful in delineating ranges in adsorption properties 
and in planning the field experiment. 

The adsorption behavior of a formation can often be described 
by a linear Langmuir-type isotherm in which the significant param­
eters are the cation exchange capacity (C) and an exchange .constant 
which can be derived from the distribution coefficient measured at 
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low concentration (k^). Laboratory procedures for their measure­
ment on coal and uranium are presented. 

Two field push-pull tests were conducted on uranium formations 
in Wyoming. Adsorption properties estimated from these tests on 
the basis of a simple cell model were compared to the laboratory 
values. In the first case, excellent agreement was observed between 
the values estimated from the field test and the values measured in 
the laboratory . In the second case, the value for kj determined in 
the laboratory was five times higher than the field value. 

It is recommended that push-pull tests be conducted on coal 
formations being considered for in-situ gasification in view of 
the great uncertainty in extrapolating laboratory adsorption prop­
erties in the fie.ld. 

1.0 INTRODUCTION 

The largest single issue confronting in-situ processes at pres­

ent is restoration of groundwater. Two restoration modes are pos­

sible - induced and natural restoration. Induced restoration is 

brought about by using engineering knowledge together with various 

combinations of pumping, injecting, and surface processing with or 

without chemical additives. Natural restoration relies upon the 

slower but sure processes of nature such as groundwater flow, dis­

persion, and sorption phenomena to reduce post mining concentrations 

to acceptable levels. Furthermore, natural restoration may also be 

used in conjunction with induced restoration. 

To predict the outcome of either method, it is essential to 

have a knowledge of the adsorption and absorption properties of the 

medium. Adsorption of ions from solution can usually be regarded 

as an ion exchange process involving exchange of surface ions with 

ions in solution. Absorption involves an exchange of fluid between 

main permeability paths and regions of lower permeability. In coal, 
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respect, oxidation and particle size effects are particularly pro­

nounced in coal (Dalton and Campbell, 1978; Drever, Murphy, and 

McKee, 1980). 

Does Knowledge of the properties of a small sample on the 

order of grams allow extrapolation to large-scale behavior? 

Dalton and Campbell were able to obtain satisfactory .agreement 

regarding postburn behavior from laboratory data. In their work, 

they were presumably concerned with small particle sizes both in 

che laboratory and field situations. However, contaminants will 

leach from the burn zone into the larger-scale fractures. Labora-

l;ory tests do not tell us how much of the surface area will be 

exposed. Will adsorption behavior in-situ be different from the 

laboratory? Do freshly broken surfaces resulting from handling 

and crushing behave differently from the naturally occurring 

surfaces exposed in fraccures? Scaling from small laboratory-

sized particles on the order of millimeters to larger blocks 

delineated by fractures on the scale of meters is not straight­

forward (Drever, Murphy, and McKee, 1980). 

These considerations have led us to the use of the push-pull 

test to evaluate formation adsorption properties and to confirm 

predictions based on laboratory studies. The push-pull test is 

a relatively simple concept. Figure 1 shows a vertical cross 

section of test arrangement. An easily erected pool or bladder is 

prepared on site. Water from the well is filtered and pumped into 

the bladder. Appropriate amounts of the species to be studied are 

mixed into the bladder together with formation water. The solution 
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absorption would result from fluid migrating from the main fracture 

system into the smaller fractures within the matrix. Absorption 

occurs in uranium sands due to fluid exchanging with lower perme­

ability sands and clays through advection. 

Adsorption at present appears to be the dominant mechanism 

affecting solute transport. The field results we will present 

from in-situ uranium can be explained entirely on the basis of 

adsorption. In addition, limited field tests in coal reported by 

Dalton and Campbell (1978) were satisfactorily explained on the 

basis of adsorption .theory. 

Absorption cannot be ruled out as an important mechanism in 

large-scale fluid migration. However, owing to a lack of data in 

support of absorption at present, we will address only the evalu­

ation of formation adsorption properties. 

To evaluate the adsorption characteristics of a formation, 

two approaches are possible - laboratory and field. Considerable 

discussion has been raised in the past concerning the merits of 

the two approaches. It is our contention that laboratory measure­

ments when properly conducted are useful to identify the range of 

possible values. However, some uncertainties will always remain. 

Among these are selection of a representative sample. In the labora­

tory approach, samples are extracted from their natural environment. 

Sample removal may generate new surface area which would otherwise 

be unavailable to the fluid. Existing surfaces can be altered 

from handling and crushing or exposure to the atmosphere. In this 
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PLAN VIEW OF PUSH-PULL TEST 
ISOTROPIC PERMEABILITY 
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Fig. 2. Plan view of the push-pull test, assuming isotropic 
permeability. 

of a few percent, approximately 1,000 metric tons of coal would be 

exposed to solution. The test also possesses an additional advan­

tage in that it is relatively easy to obtain the necessary permits. 

From the recovered solution concentration as a function of 

volume pumped, adsorption parameters can be obtained. This infor­

mation, together with dispersion coefficients, can be used to pre­

dict the fate of a plume migrating downstream. Furthermore, the 

time and pore volumes required to restore a uranium ore body after 

mining can be estimated. The theory for determining the adsorption 
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Fig. 1. Layout of push-pull test. 

is then injected into the formation and allowed to reside for a 

few days. Figure 2 shows the affected area in plan view. The next 

step is to lower a pump into the well to recover the solution and 

measure its resulting concentration as a function of volume pro­

duced. Typically, 15,000 to 20,000 liters of solution are injected, 

with approximately 10 times this amount being recovered on pumping. 

If we are testing a sedimentary ore body with a porosity of 

28%, the push-pull method would test approximately 130 metric tons 

of ore. In the case of coal with a fracture porosity on the order 
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The concentration of the adsorbed species, Y, is given by 

Y^ = CX^ Y, = CX^, Yj-l- Y, = C (2.3) 

where C is the cation exchange capacity of the solid in meq/kg. 

For the same reason, the sum of M.. and M„ must be a constant 

"l "̂  '"'2 " ^' ^"•''^ 

where G Is the total concentration of cations in solution. Using 

equations (2.3) and (2.4), the mole fraction and concentration of 

species 2 can be eliminated from equation (2.2) to obtain 

Y M 

= K' 7 r ± - • (2.5) C-Y ex G-M^ 

Although laboratory measured values of K' can be found in the 

literature for various pairs of ions on various minerals (for 

example, Gilbert and Van Bladel, 1970), we do not believe these 

values are of much use in predicting the behavior of a real-world 

aquifer. The minerals in the aquifer (and, hence, their K' values) 

are likely to be different from those on which measurements were 

made. Furthermore, it is difficult to extrapolate from simple 

two-ion systems to the complicated chemistry of a groundwater 

system in which several ions are competing for exchange sites. 

Our approach has been to measure, in the laboratory, the exchange 

properties of each aquifer-groundwater system in which we were 

interested and to predict the results of the push-pull test on Che 

basis of these results. If the laboratory prediction ajid field 

data do not agree, exchange parameters can be estimated from the 

field data. The procedure will be discussed in a subsequent sec-
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parameters which are required for predicting restoration behavior 

is given in the following section. 

2.0 ION EXCHANGE THEORY 

Ion exchange involving two monovalent cations can be described 

by a mass-action equation (Garrels and Christ, 1965; Hill, et al, 

1978) 

^1 ^1 
(-i) solid = K (—) liquid • (2.1) 
a^ ex a^' ^ 

where a represents an activity and K is the thermodynamic 

exchange constant and 1 and 2 refer to the two ions. Since activ­

ity coefficients of ions on a solid exchanger are not well known, 

it is common to rewrite equation (2.1). This is accomplished by 

substituting mole fractions for activities in the solid phase and 

concentrations for activities in solution. Equation (2.1) then 

becomes 

X M 

where X represents the mole fractions on the solid and M the con­

centrations in solution in equivalents/kg. K' , the exchange con­

stant, now includes all activity corrections for both solid phase 

and solution. It will no longer be a true constant, but will vary 

with X.. and X.. However, the variation appears to be within the 

error or our experimental measurements of K' . Since electro-
•̂  ex 

neutrality must be satisfied for exchange sites, we have 

X^ -I- X2 = 1. 
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k is equal to the limiting slope of the exchange curve at low 

concentrations (the dashed line on Figure 3). Although k, is used 

rather than K' in subsequent discussions as an adsorption param­

eter. It should be emphasized that the model is applicable over 

the whole concentration range described by the Langmuir-type 

adsorption isotherm (equation 2.5). 

Rewriting equation (2.5) in terms of k, and C, we obtain 

1-Y^/C ~ ''d 1-Mĵ /G • (2-^^ 

In this equation, the cation exchange capacity, C, and the 

distribution coefficient for dilute concentrations are the 

unknowns. G in equation (2.7) represents the total concentration 

(in meq/gm) of cations in the groundwater which is a known quantity. 

Our approach is equivalent to treating the sum of all cations which 

are not of species 1 as a single monovalent cation M . This 

approach cannot be rigorously justified on theoretical grounds, 

but can be regarded as a convenient approximation. In theory, when 

the principal ion competing with a monovalent ion such as NH, is 

++ 
divalent, for example Ca , equation (2.5) should have the forro 

2 2 
^ NH^ [NH^] , 

= K' — T ^ r r (2.8) 
^-^NH^ ^^ G-[NH+] 

where square brackets denote concentration. We have measured 

adsorption curves such as Figure 3 using groundwater in which the 

molar Na/Ca ratio varied from 2.5 to 26. In all cases, a simple 

linear equation (equation 2.5 or 2.7) fitted the data as well as. 
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tion. A typical example showing the adsorption characteristics of 

ammonium ion from a sedimentary uranium property is given in Fig­

ure 3. We will use the ammounium ion as an example in our present 

work since it is a problem cation in in-situ uranium processes as 

well as an unavoidable by-product of coal gasification (Hill, et 

al, 1978 and Campbell, Pellizzari, Santor, 1978). 

The adsorption curve in Figure 3 is characterized by two 

numbers - the cation exchange capacity, C, and the exchange con­

stant, K' . The exchange constant is related to the distribution 

ex ^ 

coefficient at low concentration, k,, by the equation 

k., = K' ^ ; 
d ex G ' 

(2.6) 

ADSORPTION ISOTHERM FOR NH* BETWEEN FORMATION 

AND SOLUTION 
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Fig. 3. Typical adsorption curve showing relationship between 
ammonium adsorbed on sediment and ammonium in solution. 
Solution was an artificial groundwater, Na-I- = 173 ppm, 
Ca2->- = 122 ppm, K^ = 10 ppm, Mg2+ = 14 ppm. 
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cite, it may be necessary to dissolve them out prior to saturation 

with NH., since they can interfere with the exchange measurements. 

The cation exchange capacity (CEC) is them measured on one split 

of the sample by modification of the method of "Jusenberg and 

Clemency (1973). For measurement of K' and k , approximately six 

splits of ammonium-saturated sample are equilibrated with different 

volumes of groundwater, and then the ammonium concentration in 

solution and on the sediment is measured. The graph of NH, 

adsorbed on the sediment versus NH, in solution (Figure 3) is 

generally linear at low NH, concentrations, and k is calculated 

from the slope of the linear portion. We have observed limiting 

slopes or distribution coefficients in the range of 2 to 10. 

Cation exchange capacities have ranged from 0.2 - 7 meq/100 g. In 

general, fairly good agreement has been obtained between laboratory 

data and push-pull tests. Two examples were permitted to be 

released in this article. One (Figure 4) showed excellent agree­

ment between laboratory and field results, the other (Figure 6) 

poor agreement, hence, demonstrating the necessity of comparing 

field results to laboratory projections. 

3.2 Coal Samples 

Our laboratory experiments with coal have been limited to 

examining the distribution of low concentrations of lead, cadmium, 

mercury, and selenium (Drever, Murphy, McKee, 1980). These were 

in the nitrate form with the exception of selenium which was 

copper selenate. All elements were in the -1-2 valence state with 

the exception of selenium which was -1-6. For these elements, we are 
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or better than, an equation with squared terms (equation 2.8) or 

and equation with an exponent between 1 and 2. 

As we remarked in the introduction, there are two approaches 

in determining the necessary constants C and k . They are 

laboratory and field tests, the simplest field test being the push-

pull test. Before discussing the theory of the push-pull test, we 

will first present the laboratory measurement techniques we have 

employed. 

3.0 LABORATORY MEASUREMENTS OF ADSORPTION PARAMETERS 

Adsorption measurements on granular sediments associated with 

uranium ore bodies are slightly different from those for coal. We, 

therefore, discuss them under separate headings. 

3.1 Uranium Core Samples 

As previously mentioned, we will use the ammonium ion to 

illustrate the procedure. 

Measurements are made on core material from the aquifer. 

Samples are taken from permeable lithologies which will be in con­

tact with lixiviant during mining. It is important to exclude 

impermeable shale units, as these will not be in effective contact 

with the lixiviant. The core samples are lightly ground where 

necessary to disaggregate the sample. Next, the material is satu­

rated with NH, by treatment with IM NH,CO, solution and then 

4 4 3 

cleaned of excess ammonium salts by repeating washing with dis­

tilled water, using centrifugation followed by membrane filtration 

to retain solid phases. If the samples contain much gypsum or cal-
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Some difficulties were encountered with insoluble carbonates 

of lead and cadmium forming. Considerable scatter was also 

observed. Nevertheless, certain trends were noted for sub-milli­

meter scale particles. Lead and cadmium were strongly adsorbed 

(k, ~ 100). Mercury exhibited a k, of about 40, while selenium 
d d 

was not adsorbed. The dependence of k, decreases approximately 
d 

linearly with increasing particle size (Drever, Murphy, and McKee, 

1980). This was in agreement with our expectations for k to be 

proportional to the specific surface area which has the dimensions 

of 1/length. Time dependent problems were noted. 

In view of these problems and the uncertainty of projecting 

the coal results to the field, we are advocating the use of the 

push-pull test. This will, hopefully, provide a guide and scale-

up procedure in translating laboratory results in the field. 

4.0 INTERPRETING THE PUSH-PULL TEST 

The results of a push-pull test can be satisfactorily 

explained on the basis of a simple ion exchange model that assumes 

no mixing or dispersion (plug flow). The volume injected from the 

surface holding pool is termed a pore volume. In the examples 

given below, the pore volume was divided into 10 cells (the number 

is arbitrary, depending on the amount of resolution required; 

results based on 20 cells are almost indistinguishable from those 

based on 10 cells). As each increment of solution to fill a cell 

volume is Injected (or extracted in the "pull" part of the test), 

the solution in each cell is displaced into the next cell. Within 
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always working in the low concentration range where the distribu­

tion coefficient is approximately constant. This is the limiting 

slope region in Figure 3. 

Cores from granular sediments in the previous case readily 

disaggregate to a definite size distribution. Beyond this point, 

considerable effort is required to reduce the grain size further. 

Coal, on the other hand, is characterized by fractures on various 

scales. The choice of particle size is somewhat arbitrary and 

limited by convenience and available equipment. Currently, the 

approach has been to begin with sub-millimeter particles and 

progress to the centimeter size scale in order to study the 

effects of various particle sizes. j. 

Adsorption characteristics were studied by preparing an 8% 

weight suspension of a limited range of particle sizes in a ground­

water sample. The groundwater sample was prepared in Che labora­

tory from its previously determined composition. Aliquots of a 

standard solution of a given trace element were added to the 

suspension. After equilibration, an aliquot of solution is removed 

from the suspension and analyzed for the element of interest. The 

suspensions were continuously stirred throughout the experiment. 

As a control, 100 ml of groundwater was treated and analyzed in 

exactly the same manner as the coal suspension. The concentration 

of adsorbed metal can be calculated from the difference between 

the concentration in the control and coal experiments. This con­

centration can be used to calculate a distribution coefficient 

for each element between coal and groundwater. 
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containing 650 ppm ammonia as ammonium carbonate-bicarbonate were 

injected into a single well. This is the "push" part of the test. 

Next, 52,500 gallons (200,000 liters) were "pulled" or pumped from 

the well. The ammonium iron concentration was periodically 

measured. The same wells employed in the push-pull test were also 

used to obtain the core and groundwater samples. As mentioned in 

a previous section, a composite sample was gathered from the 

permeable core sections. This was done to duplicate the material 

injected fluid would most likely contact. 

4.1 Push-Pull Test //I 

Laboratory values for Che cation exchange capacity and dis­

tribution coefficienc or limicing slope were 4 meq/100 g and 3, 

respectively. Using Chese values in the model, we obCained Che 

comparison between field data and calculations based on laboratory 

data shown in Figure 4. A best fit in this instance resulted 

without the necessity of history matching by adjusting parameters. 

The fit in Figure 4 was obtained in two stages. In the first pore 

volume produced, the ion concentration of the stronger ammonium 

solution was Included in the groundwater concentration G of equa­

tion (4.1). Thereafter, only the concentration of cations in the 

natural groundwater was used. 

Another interesting feature of the push-pull tests is that 

the bulk of the atmnonla does not attain the full extent shown in 

Figure 2. The radius (R) given in Figure 2 refers to the distance 

from the well that non-adsorbed species would propagate. The true 

situation is shown In Figure 5. In this figure, we note that the 
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each cell, concentrations are assumed to be uniform. Equilibrium 

is assumed to be reversible and rapid compared to the rate of 

water movement. 

The distribution of NH, between solid and solution in the 1th 
4 

cell after the nth Increment of solution has been injected is given 

by 

Y M. 

C-Y. ex G. - M. *• ' 

i,n i,n i,n 

where the symbols are the same as in equation (2.5) with the sub­

scripts changed to correspond to the cell model. The material 

balance equation for NH, is 

V, - Y. , ,, = -Tv^-T- (M/. TX -- IX - M. ) (̂ -2) i,n i,(n-l) (l-<ti)p (l-l), (n-1) l,n 

((j) is the porosity and p the grain density of the sediment) and 

for the total cations is 

G. = G,. ,. , . . . (4.3) 

i.n (i-l),(n-1) 

Equations (4.1), (4.2), and (4.3) are solved simultaneously for 

each cell for each increment of solution pumped into or out of 

the well. The predicted concentration of ammonium in water 

pumped from the well as a function of volume pumped is then com­

pared with field data. Since "plug flow" is assumed, the result 

does not depend on the assumed geometry (one-dimensional, cylin­

drical, spherical) of the pore volume underground. 

As an example of the procedure, we will discuss two specific 

push-pull tests conducted on in-situ uranium properties in 

Wyoming. In both cases, 4,000 gallons (15,000 liters) of water 
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Fig. 5. Calculated distribution of dissolved ammonia after 
Injection of 1 pore volume. Parameters are In Fig. 4. 

From Figure 4, a concentration of 10 ppm is attained when 

30,000 gallons have been pumped. Superficially, it would appear 

as if 30,000/4,000 or 7.5 pore volumes are required to lower the 

concentration to 10 ppm. However, restoration is occurring by 

sweeping the smaller volume. The number of pore volumes passing 

through the small volume is, therefore, enhanced by the ratio 
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Fig . 4. Push-pul l r e s t o r a t i o n : comparison of f i e ld data (c rosses) 
wich predicCion based on l abora to ry measurements 
(CEC = 4 meq/100 g, kj = 3 ) . Concentrat ion of ammonia 
In jec ted = 650 ppm. 

bulk of the ammonium ion l i e s within .25 pore volume of the subsur­

face m a t e r i a l contacted and corresponds to a d i s t ance of .5R. This 

i s the major reason the push-pul l t e s t has been mis in te rp re ted in 

many recent t e s t s . As an i l l u s t r a t i o n , consider the number of 

pore volumes required to r e s t o r e the groundwater Co 10 ppm of 

ammonia. 
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1/.25 = 4. The actual number of pore volumes required to restore 

10 ppm is then 4 x 7.5 or 30 pore volumes. In an actual well field, 

the number of pattern pore volumes would be greater owing Co Che 

different lengchs and arrival times of various flow paths. The 

path with lower response times would restore sooner than longer 

flow paths. The longer paths would, therefore, be rate controlling 

and result in the number of pattern pore volumes larger than 30. 

4.2 Push-Pull Test ill 

For this case, the cation exchange capacity determined in the 

laboracory was 4 raeq/100 g. The limicing slope was found Co be 10. 

Results calculated from laboratory data as shown in Figure 6 did 

not compare well with field data, particularly in Che low concen-

CraCion range. To obtain a better match, a series of type curves 

were prepared by varying Che parameCers as shown in Figure 7. The 

best fic was obtained with C = 4 meq/100 g and k, = 2. 

It is apparent from the type curves in Figure 7 that k can 

be determined fairly precisely, but, under the conditions of Chese 

particular tests, the CEC cannot be determined with any confidence. 

This is a consequence of the ammonia distribution underground 

shown in Figure 4. If the CEC is large, the injecCed ammonia will 

all be close to the injection site, and one "pore volume" will 

correspond to many pore volumes of the volume Chat is actually 

saturated. If the CEC is small, the injected ammonia will spread 

out farther, and one "pore volume" will correspond to fewer pore 

volumes of the volume that is saturated. This pore volume effect 

almost exactly cancels out the effect of CEC changes on the push-
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pull recovery curve. In order to determine CEC from the push-pull 

test, it is necessary to use a high enough concentration of 

ammonium ion in the injected solution to saturate (or almost satu­

rate) all the sediment contacted by the injected solution. The 

pore volume effect discussed above no longer operates, and the 

recovery curve is sensitive to changes in CEC (Figure 8). For 

problems of trace element migration, as in in-situ coal gasifica­

tion, it is often not necessary to know the CEC. The important 

adsorption parameter is k . 

From these examples, several lessons are apparent. First, 

they stress the necessity of confirming laboratory predictions in 

the field. Secondly, they demonstrate that reliable values can 

only be obtained if the pull or pumping portion of the test is 

run for approximately 10 pore volumes. If pumping had continued 

for only two or three pore volumes, we might have concluded that 

this agreement in Figure 6 was close enough. Thirdly, if it is 

necessary to measure-the in-situ CEC, a high concentration of the 

adsorbing species must be present in the injected solution. The 

appropriate concentration is best estimated on the basis of 

laboratory CEC determination. 

5.0 SUMMARY AND CONCLUSIONS 

We have addressed the problem of verifying laboratory measure­

ments using the simplest possible field experiment, namely, the 

push-pull test. A number of reasons were listed as to necessity 

of field verification. It was concluded that coal adsorption 
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Fig. 7. Predicted recovery curves for push-pull test. Concentra­
tion of ammonia injected = 550 ppm, porosity = 0.30, grain 
density =2.6 g/cm^. The discontinuity at 1 pore volume is 
caused by the change in total ion concentration from the 
value in the spiked solution to the groundwater value. 
CEC values are in meq/100 g. 
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measurements presented the greatest uncertainty owing to a lack of 

knowledge concerning Che actual in-situ area exposed Co fluids. 

The laboratory measurement techniques used by us were briefly 

described for both uranium and coal. Central to our approach is 

the determination of the adsorption isotherm. This method is 

superior Co column CesCing where Che study is performed with one 

given inlet concenCraCion Chereby obtaining only one point on the 

entire adsorption curve. We noted that disaggregation of the 

uranium aquifer sample produced a fairly definite particle size. 

The good agreement with laboratory and field measured adsorption 

properCies indicaCed Chat no slgnificancly additonal surface area 

was exposed in the disaggregation process. However, the distribu­

tion coefficient in the dilute region did not always agree with 

the field result. 

In coal, a trend in the behavior of k, with particle size was 

observed. An inverse dependence of adsoprcion properties upon 

particle size was established. However, it was not clear whether 

the results could be extrapolated to blocks on the scale of a meter 

or so. Even then, it would be quite difficult to establish Che 

surface area contacted without adequate field testing. Further­

more, it was uncertain whether the surface behavior of broken 

pieces was similar to the naturally exposed surface area adjacent 

to high permeability paths in-situ. For these reasons, we were 

led to the push-pull test to verify results and to aid in scaling 

laboratory to field results. 

Concerning the push-pull test, we listed two examples from 
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our work on in-situ uranium properties. No examples were 

available from coal properCies. The Cwo cases listed were from 

Wyoming. In the first case, excellent agreemenc was obCained 

between field and laboratory values. The agreement in the second 

case was racher poor with the distribution coefficient, k,, dis­

playing a large discrepancy. We noted chaC Improper inCerpreCa-

Cion of the push-pull test would lead to a severe underestimate of 

the number of pore volumes required to restore the formation. 

This was due to the bulk of a strongly adsorbed soluce remaining 

close Co Che well in a volume V which is slgnificanCly less than 

volume injecCed V . The number of pore volumes CransmlCCed Chrough 

V is larger by ratio 

(V/V,)V 
1 a 

where V is the volume of fluid pumped to reduce the concentration 

to Che level of inCeresC. 

We conclude ChaC che push-pull CesC is a viable Cechnique 

for comparing laboratory to field adsorption values. Furthermore, 

the type curve method can be used in Che absence of laboracory 

values Co obCain in-situ formation values. 
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ABSTRACT 

Uranium and vanadium in sandstone-type deposits of the western 
United States apparently have been transported to their present environ­
ment from external sources by low-temperature aqueous solutions. In 
this paper an attempt is made to interpret the characteristics of aqueous 
solutions capable of transporting significant quantities of uranium and 
vanadium through continental sedimentary rocks, and the changes in these 

1 Publication authorized by the Director, U. S. Geotogical Survey. 
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characteristics that might result in precipitation of uraninite and other ore 
minerals in concentrations of ore grade. On the basis of present knowl­
edge, the transportation environment is shown to be that of weakly alka­
line, moderately reducing ground water, with an average or larger than 
average concentration of dissolved carbonate species (HjCOa 4-HCO«"-f 
COi~). Precipitation is induced by reduction, probably by carbonaceous 
material or hydrogen sulfide, or both. Uranium is transported niainly in 
the form of the highly stable uranyl dicarbonate and tricarbonate com­
plexes. Precipitation results from reduction of hexavalent aqueous 
uranium species to form uraninite, reduction of tetravalent vanadium to 
form montroseite, and fixation of uranyl ions by combination with potas- ' 
siuni ions and quinquivalent vanadium to form the mineral carnotite. 

INTRODUCTION 

STUDIES over the past several years iiave shown that the complex mineralogy 
of the sandstone-type uranium ores is the result of the oxidation of an 
originally simple mineral suite (18, 37). Apparently, the minerals of this 
primary suite were precipitated simultaneously from aqueous solution long 
after deposition of the enclosing sediments (27, 30, 34, 35). In any giyen 
deposit the primary minerals are few, the common ones being uraninite, 
UO2+1, coffinite, U02(Si04) i .x(OH)4i , montroseite, V O ( O H ) , vanadium 
silicates, pyrite, chalcopyrite, bornite, chalcocite, calcite, quartz, and gypsum. 

It is noteworthy that in these minerals the elements are in the lowest 
valence states characteristic of natural occurrences. Indeed, it has been 
demonstrated that the conditions under which the primary minerals can co­
exist at equilibrium in an aqueous medium at low temperatures and pressures 
are near the most strongly reducing environments attainable (18). This 
relation has led to the postulation that the presence of ore is the result of 
precipitation largely induced by reduction processes; a view bolstered by the 
widespread occurrence of woody materials replaced by ore minerals, and by 
the important ore occurrences reasonably ascribed to the reducing effects of 
hydrogen sulfide (26). 

Coleman (11), in a summary of criteria suitable for the estimation of 
the environment of precipitation of the ore minerals, arrived at a temperature 
of the order of 100° C, and a pressure of the order of a few hundred atmos­
pheres. This temperature estimate has been substantiated by the recent 
work of Breger and Chandler (7) , who investigated the temperature depend­
ence of extraction of humic constituents from coalified wood in mineralized 
horizons. Thus deductions based on low temperature and pressure chemistry 
are relevant to the actual process of ore formation. 

Whatever the source of uranium and vanadium, all workers are in agree­
ment that in numerous instances these elements had to be carried long 
distances (a mile or more) through the pores of the host sediments before 
deposition occurred (18, 27, 36). These sediments are characteristically 
lenticular continental sandstones and mudstones. Quartz, mica, and feldspar 
are common minerals of these rocks and there is a variety.of clay minerals, 
including chlorite, montmorillonite, mixed layer mica-montmorillonite, and 
kaolinite; 

Kirv^^Wimu^^.^jfA - " • ^ . • • ^ - "VT 
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The problems of ore-element transportation and deposition can be stated 
in the following questions: 

1. In what aqueous environments, within the range of natural conditions, 
can all the ore-elements be transported siniuHaneously at some reasonable 
concentration ? 

2. If such environments exist, are they compatible with conditions ex­
pected during transportation of waters through the pores of the host rocks? 

3. What changes in environment, induced by local variations in the nature 
of the host rocks, can be expected to lead to precipitation of the ore mineral 
suite? ^ . 

Our attempts to answer these questions must be looked upon as a pre­
liminary study. In our present state of knowledge we can hope only to 
delineate sets of conditions that are favorable for the transportation and 
deposition of ore elements, and then to test these conditions against actual 
occurrences. We emphasize the degree of solubility of uranium and vana­
dium in the presence of other ions common in subsurface waters in order to 
elucidate possible modes of ore-element transport. This simplifies the treat­
ment of stability relationships among the insoluble ore minerals, which are 
of widespread occurrence, by eliminating the need for consideration of soluble, 
locally distributed minerals. Our approach is to begin with a discussion of 
uranium solubility in pure water, and then to assess the effects of addition 
of other constituents. 

U-Oj-HjO SYSTEM 

Relations among uranium, oxygen, and water have been summarized by 
Garrels (19) and by Deltombe, de Zoubov, and Pourbaix (13). The only 
solid phases expected to occur stably in the presence of water and 
variable concentra'tions of oxygen are uraninite, U02,.i, and schoepite, 
U02(OH)2-H20 , which spontaneously dehydrates when exposed to the 
atmosphere (10). Natural uraninites apparently maintain the cubic UO2 
structure for x values up to 0.6 (8) . UaOg, easily prepared in the laboratory, 
has not been found in nature (16) and is probably metastable. Thermo-
chemical data are available only for stoichiometric UO2. Figure 1 shows 
schematically the composition relations among UO2, U02(OH)2-H20 , 
O2, and H2O, and shows that the composition of uraninite in the presence 
of hydrogen and water is UO2, but that for conditions sufficiently oxidizing 
to permit the coexistence of U02(OH)2"H20, its composition is UOo.o-

Stability ranges of U02(OH)-,-H20 and stoichiometric UO, are shown 
as functions of oxidation potential (Eh) and hydrogen-ioii activity (pH) in 
Figure 2. However, a good deal more information than is shown in Figure 2 
can be gleaned from Eh-pH diagrams that portray thermochemical considera­
tion of the solubility of uraninite and schoepite. This involves the calculation 
of the activities of all the ions in the system, in equilibrium with whichever 
solid phase is stable under specified Eh and pH conditions. For the details 
of such calculations the reader is referred to the papers of Garrels (19) and 
Deltombe et al. (13). Deltombe et al. and Garrels considered only three 
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FIG. 1. Composition diagram' showing probable relations among uraninite, 
schoepite, water, oxygen, and hydrogen at 25° C and 1 atmosphere total pressure. 
Percentages are molecular. Hydrates of composition lying between UOs and 
U02(0H):-H=0 are not considered. 

ions, UOo*-, U^* and U(OH)* ' . Uranium is present in the hexavalent state 
in UO2*- and in the tetravalent state in JJ** and U(pH)*^ . Figure 3 shows 
the relationship of these ions to schoepite and uraninite and to the additional 
hexavalent uranium species, HUO4" and U 0 2 ( 0 H ) * . Thermodynamic data 
for HUO4" and U02(OH)+ were derived from Gayer and Leider (24) and 
Bjerrum et al. (4) respectively. 

It should be pointed out that for Figure 3 and for ensuing diagrams it is 
not, in general, possible to reach any selected Eh-pH value within the framer 
work of the simple system .under discussion. The addition of one or more 
components is necessary to reach selected Eh-pH values. The assumption 
is that the additional components will not disturb the diagrammed equilibriuni 
relationships, and in simple, dilute systems such is usually the case. We 
return-to a more critical discussion of this point in the section on correlation 
with natural ground waters. 

In Figure 3 unbroken lines drawn between the stable solid phases and 
the fields of the ions indicate that total ionic activity of dissolved uranium 

" < . " . 
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species in equilibrium with either solid phase is 10"^. In other words, iri the 
presence of uraninite or schoepite (whichever is s table) , total ionic activity 
is fixed at 10"" for the E h and p H conditions shown by the solid lines. Along 
these lines tlie solid phase is no longer stable if total ionic activity is less than 
10"°; all uranium is in solution. In the fields shown for the solid phases 
total ionic activity in equilibrium with that solid phase is less than 10"", while 
in the areas diagrammed for the ions total ionic activity must rise to a value 
greater than 10"° before either uraninite or schoepite can be precipitated as a 
stable phase (Fig. 2 shows the stable solid phase) . A dashed line repre­
senting a total ionic activity of 10"" in equilibrium with the stable solid phase 
is included in Figure 3 to give the reader an idea of the activity gradient 
involved. A family of contours, parallel to the 10"" and 10'* contours, could 
be drawn to represent other values of total ionic activity in equilibrium with 
the solid phase. There are discrete E h - p H conditions for which most of the 
uranium in solution is tied up in one ion; therefore, lines drawn between ions 
show conditions for which the activities of the two ions are identical. 

The foregoing discussion is based on the conventions of E h - p H diagram-
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FIG. ' 2. (Left) Equilibriuni diagram of the U-O—H,0 system at 25° C and 

1 atm. Stability ranges of solid phases are plotted as a function of hydrogen-ion 
concentration and oxidation potential. 

FIG. 3 (Right) Aqueous equilibrium diagram of the U-Or-H-.O sy.stem at 
25° C and 1 atm. Fields of solid phases and dissolved species are plotted as A 

•function of hydrogen-ion concentration and oxidation potential. Boundaries of 
solid phases at total activity of uranium-bearing ions = 10"° in unbroken lines, and 
at total activity = IO-" in dashed lines. 
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ming de'veloped by Pourbaix (31). It must be clearly recognized that the 
solubility areas, labeled with the ion that is their chief contributor, do not 
represent stoichiometric solubilities, but rather are areas in which the solu­
bility is at least the value shown for thermodynamic equilibrium between 
solid phases and ionic activities. True solubility exceeds that calculated by 
a factor that depends on total concentration of all ions.(ionic strength) and the 
degree of completeness of our knowledge of the ions which must be considered. 
In this system not all aqueous species have been considered, for a number 
of polyuranate complexes have been reported (4) . Thermodynamic data 
or equilibrium constants reported for these species are in poor internal agree­
ment. Nevertheless, it is clear that the polyuranate complexes are not suffi­
ciently stable to alter significantly the relationships shown in Figure 3 ; their 
total effect is to increase slightly the solubility of schoepite over that portrayed 
in Figure 3. 

Figfure 3 shows that in the U-Oj-H^O system uranium is soluble only 
in acid or distinctly alkaline solutions and that the chief contributing ions in 
acid solution are the UO,''" and U 0 2 ( 0 H ) * species, with small fields of the 
U** and U(OH)*^ ions also present. HUO^" is the main contributor to 

, uranium solubility in alkaline solutions. 
No species are shown below the water breakdown line, that is, for Eh-pH 

values at which the partial pressure of hydrogen exceeds one atmosphere. 
The assumption is that any reducing agent sufficiently powerful to reduce 
water and produce hydrogen at pressures of -.one atmosphere or greater 
(such as the U*^ ion) reacts with an excess of water to produce a more 
highly oxidized species. 

The field shown in Figure 2 as "UO," should be, as shown in Figure 1, 
a field of a solid changing in composition from UOj at the water-hydrogen 
boundary to UOj.g at the uraninite-schoepite boundary. In the absence of 
thermochemical data for UOj+r we have assumed that only UO^ is present. 
This places the uraninite-schoepite boundary at its lowest possible position on 
the Eh scale; tlie boundary between UOao and schoepite may be as much as 
a tenth of a volt higher, but parallel to the boundary shown. Our procedure 
gives uraninite its minimum stability, - and somewhat overemphasizes the 
strength of the reducing agents necessary for its precipitation. . 

At any rate, we can conclude that nearly pure water is a poor transporting 
agent for uranium, except at pH values of about 5 or less. • As will be seen 
later, such pH values are incompatible with the geologic occurrences of the • 
ores. . . 

U-Oj-HjO-COs SYSTEM 

Essentially pure water is not to be expected in subsurface waters that are 
in intimate contact with rock minerals. Examination of analyses of ground 
waters reveals that dissolved CO,, in one form or another, is an important and 
ubiquitous constituent. The range of COj content is large, but values of 
100-300 ppm are common, whereas values of less than 10 and more than 
10,CKX) ppm are uncommon. 

Carbon dioxide markedly increases the solubility of the solid uranium 
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phases previously discussed. Bullwinkel (9) has studied its effects theo­
retically and experimentally, and concludes that the solid phases involved in 
the U-Oj-HjO-CO, system are uraninite, schoepite, and rutherfordine, 
UO2CO3. The dissolved species, in addition to those already considered, are 
[U02(C03)2-2H20]-= and [UO„(C03)3]-*. These complexes are hereafter 
referred to as UDC (uranyl dicarbonate complex) and UTC (uranyl tri­
carbonate complex) respectively. We have computed the free-energy of 
formation values of rutherfordine, UDC, and UTC using the data of Bull­
winkel (9) and the recent A F ° / of schoepite given by Deltombe et al. (13). 
The equilibrium constant for the dissociation of UTC to UDC plus car­
bonate, reported by Blake and others (5) , is in good agreement with that 
reported by Bullwinkel (9) . 

The U-Oa-HjO-COj system may be considered from two standpoints, 
either open to an externally controlled Pcos. or closed, with a fixed amount 
of CO; in the system. An Eh-pH plot with Pcoa equal to the partial pressure 
of CO2 in the atmosphere is useful for portraying surface weathering condi­
tions. However, atmospheric CO2 has limited access to percolating ground 

I waters, so it is more realistic to consider such waters as constituting a closed 
system in which a fixed addition, or periodic additions, of COj proportionate 
among various COj-bearing species according' to an Eh-pH characterized 
environment. In such a closed system Pco, is variable, a function of pH. 
The total of the activities of all COj-bearing species is constant for any addi­
tion of CO2 reaching equilibrium. This constant is referred to as SCOj. 

Details of the calculations required in constructing the diagrams presented 
here are given in the Appendix. 

Open System.—Relations among uranium-bearing solid and dissolved 
species as functions of Eh, pH, and a P062 value of 10"?" atm. (the partial 
pressure of COj in the atmosphere) are shown in Figure 4. The general 
Eh-pH-Pco2 diagram is shown in Figure 5 (Fig. 4'is a cross-section of Fig. 
5 at Pco: = 10"^" atm.) As in Figure 3, unbroken contours between'ions 
and solid phases represent a total activity of dissolved uranium species of 10'", 
while dashed contours represent a total activity of IO"*. For clarity, 10"* total 
ionic activity contours are omitted in Figure 5. In Figure 4 and thereafter, 
formulas designating fields for solid phases are underscored. 

Comparing Figures 4 and 5 with Figure 3 shows the marked effect of 
CO..., even at low partial pressures. Whereas Figure 3 is composed largely 
of areas indicating fields of solid phases, Figures 4 and 5 are dominated by 
areas of dissolved species. Uranyl carbonate complexing causes a wide field 
of solubility to exist under oxidizing conditions at essentially all pH values. 
The field of schoepite, U 0 2 ( O H ) 2 - H , 0 , as an instiluble compound is alniost 
entirely eliminated, and although rutherfordine, UO2CO3, does appear as a 
new phase, it occupies a minor part of the diagrams. For a given tempera­
ture, the schoepite-rutherfordine transition depends only on activity of water 
and Pco,. Assuming that 0^,0 = L Garrels (20) has shown that the equi­
librium Pco; between these two phases is very close to the partial pressure 
of C O J in the atmosphere. . . 
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FiG. 4. Aqueous equilibrium diagram of the U-Or-HjG-CGi system at_25° C 
and 1 atm., and with Pcd constant at 10"^* atm. Boundaries of solid phases 
are drawn for total ionic activity of 10"" (unbroken lines) and 10"* (dashed lines). 
Formulas designating fields for solid phases are underlined. 

Note that in Figure 4 a field for rutherfordine is' only defined for a total 
activity of uranium bearing, ions of IO"*; there is no field,for this mineral 
when total ionic activity drops to 10"". Thus, in a weathering environment 
the concentration of uranium in solution must be around 10"° moles/liter 
or greater before rutherfordine can be precipitated under the most favorable 
pH conditions (around pH 6.0). 

In acid, oxidizing solutions uranium is transported as UOj*^ and 
U 0 2 ( 0 H ) * , in neutral solutions as UDC, and in alkaline solutions as UTC. 
Not only does addition of COj tend to. eliminate schoepite, it causes the field 
of uraninite to diminish. As Pco, increases in the system stronger and 
stronger reducing agents, are required to remove uranium from solution as 
uraninite. 

Closed System.—The complexing effect of CO^ on uranium is also vigor­
ous for those conditions where the total amount of CO, (SCO,) in the system 
may be regarded as fixed. In Figure 6 SCO, is taken as 10̂ ^ (that is, the 
sum of the activities of all ions that contain CO,, including UDC and UTC, 
is 10"^). This corresponds to a modest 44 ppm CO, in solution. Uranium, 
as.UDC and UTC, is soluble in a wide range of environments. The small 
field of rutherfordine (again defined only for total uranium ion activity of 
10"*) indicates the restricted conditions under which this mineral forms. 
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Schoepite is soluble under all but very alkaline conditions when uranium ion 
activity is 10"*. It has no field of stcibility when aqueous uranium drops 
to 10"". The expansion of the U T C field, at the expense of the U D C field, 
under mildly reducing conditions is interesting. Recalling that the total 
amount of carbonate is fixed, it is obvious that the activity of carbonate and 
bicarbonate must increase as the uranyl carbonate complexes begin to break 
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FIG. 5. Aqueous equilibriuni diagram of the U-Os-FLO-CO; system at 25° C 
and 1 atm. PcOr is the third coordinate. Boundaries between solid pha.ses and 
dissolved species are drawn for total ionic activity of 10"". 
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down under reducing conditions. The increased activity of CO3"- and HCO3"' 
is reflected by an increase in the UTC/UDC ratio, as can be seen from the 
following reaction: 

U02(C03)2-2H20-= -t- CO3-' = U02(C03)3-^ + 2H2O 

The uranyl carbonate complexes are stable enough to tie up considerable 
concentrations of uranium under slightly reducing conditions. 

SCOj is raised to 10"^ in Figure 7, thus enlarging the dominant areas 
of UDC and UTC. Increasing SCOj extends the area of UTC relative to 
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FiG. 6. Aqueous equilibrium diagram of the U-O2-H2O-CO2 system at 25° C 
and 1 atm., and with SCOi = 10"'. Boundaries of solid phases are drawn for total 
ionic activity of 10"" (solid lines) and 10"* (dashed lines). 

UDC because UTC contains more carbonate. Conversely, the field of UTC 
disappears entirely when SCOj falls to 10"' *. The upper boundary of the 
uraninite field in equilibrium with the uranyl carbonates is noticeably lower in 
Figure 7 than in Figure 6. - • 

The trends discussed for Figure 7 are continued for Figure 8 where 
SCO2 is 10-'. 

Equilibriuni between carbonate species, water, and graphite is ignored 
in Figures 7 and 8 because it is generally irreversible. The effects of organic 
matter, hydrocarbons, and other reducing agents on the solubility of uranium 
is considered in a subsequent section. It is curious to' note that in spite of 
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the increase in CO,, the field of rutherfordine remains the same size, although 
it does move to slightly more acidic conditions. The reason for this behavior 
is that the activity of UOj*^ in equilibriuni with rutherfordine decreases with 
increasing SCOj at exactly the same rate that the activity of UDC in equi­
librium with rutherfordine increases. Actually, the field of rutherfordine 
increases very slightly at the expen.se of UO,. 

All the relations discussed for the closed system are pictorially summed 
.in Figure 9 with 5C0 j the third coordinate. All boundaries between solid 
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FIG. 7. (Left) Aqueous equilibrium diagram of the U - G T - H J O - C G J system 
at 25° C and 1 atm., and with SCG, = 10"=. 

FiG. 8. (Right) Aqueous equilibrium diagram of the U-Gr-HjG-CGj system 
at 25° C and 1 atm., and with 2CO. = 10"'. . . 

phases and ions in solution are shown for a total activity of uranium-bearing 
ions of 10"". , 

In short, then, the most noteworthy effect of adding COj to the U - 0 , - H 2 0 
system is .to increase enormously the solubility of uranium. 

. V - O j - H j O SYSTEM 

The vanadium-water system has been studied by Garrels (17), Deltombe, 
de Zoubov, and Pourbaix (12), and Evans and Garrels (14). The 'V-Oj-
HjO diagram computed by Evans and Garrels (14) is shown in Figure 10. 
As the solid phase-ionic activity contours represent a total ionic activity of 
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FIG. 9. Aqueous equilibrium diagram of the U-Gj-H:0-CG= system at 25° C 
and 1 atm. 5CGj is the third coordinate. Boundaries of solid phases at ionic 
activity = 10"* only. 

10'- for dissolved vanadium'species, the solubility of vanadium is quite marked 
under any type of oxidizing conditions. The fields of the solids, V^O^, V , 0 4 , 
and V2O3, decrease with decreasing ionic activity. A comparison of ionic 
species in the diagrams presented by Evans and Garrels (14) and Deltombe 
et al. (12) reveals differences in interpretation of the hydration and poly-
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merization states of the ions, but these differences are of very little importance 
in this study. 

U-V-K-0,-ir,0-CO, SYSTEM ' 

The addition of vanadium and jiotassium to the U - 0 , - H , 0 - C O , system 
can now be discussed. No new ionic complexes are introduced. Carnotite, 
K2(U02),V,Og-l-3H02, is the only new and well-defined solid phase that is 
insoluble, although a number of soluble solid phases are known. Mention 
will be made below of the rather widespread, but poorly defined, mineral, 
rauvite. No measured value of A F ° ; of carnotite is available, however, we were 
able to compute a value from experimental solubility determinations conducted 
by Marvin and Magin (Marvin, R. F., and Magin, G. B., written communi­
cation). Data resulting from these experiments are not sufficiently accurate 
to permit a rigorous free-energy calculation, nor is such a calculation essential 
for the purpose of this paper. Instead, the lowest possible free-energy value 
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FiG. 10. (Left) Aqueous equilibrium diagram of the V-Gr-Hi6 system af 

25° C and 1 atm.; after Evans and Garrels (14). Boundaries between solid phases 
and dissolved species are drawn for total ionic activity of 10"=. The formulas 
designating fields of solid phases are underlined. 

^FiG. 11. (Right) Aqueous equilibrium diagram of the V-Gs-FLG system at 
25° C and 1 atm. Ionic nomenclature is from Deltombe et al. (12). Boundaries 
between solid phases and ions in solution are drawn for total ionic activity of 10"' 
(unbroken lines). Dashed lines represent ionic activity contours of the HjVGr 
ion. 
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was chosen consistent with Marvin and Magin's determinations. Thus, the 
field of carnotite shown in ensuing diagrams is the largest possible. 

Briefl)', calculations were made in the following manner. In pure water 
(devoid of CO2) at a pH of 7.0 carnotite has a solubility of 3 X 10"' moles/ 
liter at 25° C. Assuming that ^: 

K2(U02)2V208-3H20 + 4H+ = 2K+ -f- 2LJO2+- -\- 2H2VO4- -|- 3H2O. (1) 

The concentration of each of the ionic species is 2 X 3 X 10"' = 10""-° moles/ 
liter. As the solubility of carnotite in pure water is very low, concentration 
can be equated with activity. The activity gradient of UOj*^ in equilibrium 
with schoepite is two orders of magnitude change per unit change in pH.' 
At a pH of 7, and in the absence of COj, the activity of UO,*- in equilibrium 
with schoepite is 10"**. At this pH, however, most of the soluble uranium 
is present as U02(OH)*. The activity of this ion in equilibrium with 
schoepite should be 10" -̂̂ °. Marvin and Magin's data, though, indicate that 
in pure water, carnotite slowly hydrolyzes to a colloidal hydrated uranium 
oxide, which suggests either schoepite is somewhat more stable, or U 0 2 ( 0 H ) ^ 
less stable, than previously considered. The latter seems more probable. 

The equilibrium constant for the reaction given by (1) is: 

Ka = 
(K+)^(U02+')' (HaVO^-)^ 

(H+)* • 
(2) 

Substituting ionic activities and assuming that if auoj*' rises above 10~'* 
carnotite, rather than schoepite, will be stable (to give a minimum 
I ^ P f cnrnotito/ • 

K, = I O - " ' . (3) 
Since 

A7̂ °rcaction = i^^ln K„ = - 1.364 log Ka ' (4) 

A F \ = 18.6 Kcal. (5) 

The free-energies of all products and reactants are known except for carno­
tite. 

^ ' renction ^^ ^ * products ^ * rcactanta \ 0 } 

AF°/carnotite = " l,294(-l-0 to -|-5) Kcal. (7) 

A rough check on this value was provided from data given by Barton (3). 
Barton assumes V4O12"* is the vanadium ion causing precipitation of carnotite. 
Barton's experiments consisted, in part, of a determination of the time re­
quired to precipitate carnotite from a concentrated solution containing KjSO,, 

2 Calculations on this and the following pages concerning carnotite stabilit>' are made on 
the basis of the HjVO," ion of Deltombe et al. (12) rather than the V,0,i~* ion of Evans and 
Garrels (14) because this choice enormously simplifies such calculations. While this procedure 
may be criticized for seeming to perpetuate a less probable interpretation of vanadium chem­
istry, careful comparison of the two interpretations shows that for neutral, alkaline or reducing 
conditions it makes no difference which interpretation is used in deriving carnotite stability. 
The scheme of Deltombe et al. (12) does give carnotite a slightly greater range of stability 
in acid environments than does that of Evans and Garrels (14). 
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Na<(UO,) (COa)^ and Na'VO.,, at various pH values. We obtained the 
approximate pH value of such a solution just saturated with carnotite by 
extrapolating precipitation time to infinity. Concentrations were modified 
by estimated activity coefficients. As the extrapolation was only an approxi­
mation, we derived a free-energy value for carnotite which lies in the range 
between -1288 and -1293 Kcal. 

The question of carnotite stability relative to that of other solid phases 
in the system is resolved by a comparison of the activity of the common ion, 
either UO2*" or HjVO^", in equilibrium with each solid phase at a specified 
Eh and pH. The activity of the common ion is not only a function of Eh 
and pH, but also depends on the activities of the other two ions involved in 
the precipitation of carnotite. In this study carnotite stability is shown on 
the framework of the U-Oj-HjO-SCOj system and potassium and vanadium 
are added to this system in such a way that K* = 10"' and total activity of all 
vanadium-bearing ions (2V) = 10"'. In ground waters, an activity of 10"' 
for K'̂  is quite reasonable. The SV value given is high, but it may have 
been achieved locally during the time of ore deposition on the Colorado 
Plateau and has certainly been achieved in subsequent leaching and oxidation. 
SCO2 is varied between 10"' and 10"'. Contours representing the activity of 
HjVOj" in equilibrium with the various oxides of the V-Oj-HjO system are 
show in Figure 11. These contours are drawn on the basis that the sum of 
the activities of all vanadium ions is 10"'. 

Assume, for purposes of illustration, a pH of 4.0, an Eh above -t-0.'38 volts, 
and a SCO, value of 10"', so that either carnotite or rutherfordine, UOjCOg, 
(Fig. 6) is the stable solid. The activity of K* = 10"' and the activity of 
H,y04" = 10"'* (Fig. 11). From equations (2) and ( 3 ) : 

(U02+^)= = 
(10- ' ^ ' ) (lO-")^ 
(10-30)2 (10-3'')2 

UO2+2 = (lO-'os)* = . l 0 - 8 « . 

(8) 

(9) 

Comparing this activity of U02*^'with that of UOj*^ in equilibrium with 
rutherfordine under the above conditions, from Figure 6 (anos*^ = 10"*'), 
indicates that carnotite is the stable phase. Based on similar calculations, 
(see Appendix), Figure 12 was drawn for SCO; = 10"'. Solid phases 
are numbered, with carnotite occupying the lion's share of the diagram. 
"Montroseite" (Fig. 12) represents synthetic, crystalline V2O3, for which 
thermodynamic data are available. A free-energy value for true montroseite 
(VOOH or VjOj-HjO) would enlarge the diagrammed field of "montrose­
ite" slightly. Areas indicating a certain degree of solubility, shown stippled 
on Figures 12, 13, and 14, are based oh total activities of 10"* for uranium-
bearing ions (2U = 10"*), 10"' for vanadium-bearing ions, and 10"' for K*, 
indicating that 40 ppm of potassium, 51 ppm of vanadium, and 24 ppm of 
uranium are carried in solution. The weight percent ratio of vanadium to 
uranium in solution is 2 /1 , a value approximating the general ratio of these 
elements.in many parts of the Colorado Plateau. 
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Note that in Figure 12 the only solubility indicated is under quite acid 
conditions. 2 C 0 , is increased to 10"- in Figure 13 where a further area of 
solubility is shown to occur for a mildly reducing, neutral to alkaline environ­
ment. Increased solubility under these conditions is due to the increased 
activity of the uranyl carbonate comple.xes in equilibrium with carnotite and 
uranifiite. . Vanadium in this environment is transported in the tetravalent 
state (Fig. 10). A hypothetical solution carrying the amounts of potassium, 
uranium, and vanadium given above would thus precipitate carnotite if sub­
jected to oxidizing conditions. Uraninite and one of the tetravalent vanadium 
minerals, haggite or doloresite, would form if the solution were acidified. Para-
montroseite is presumably metastable and.forms by oxidation of montroseite 
(14). Uraninite and montroseite would be precipitated if the solution had 
access to a distinctly reducing environment containing either carbonaceous 

. material or HjS. 
A 2CO2 value of 10"^ is reasonable for natural ground waters. For ex­

ample, a series of spring and well water samples taken across the southern 
part of the Powder River Basin in 'V\^yoming (W. N. Sharp, written commu­
nication) show total alkali values, as HCO3", varying from 175 to 320 ppm. 
These values approach the 2CO2 = 10"- value of 440 ppm. The pH of these 
waters is around 8.0, varying from 7.6 to 8.4. Should these waters be sub­
jected to slightly reducing conditions, they would be capable of carrying 
considerable vanadium and uranium in solution. 

The carnotite "curtain" continues to rise, and the UO, field to shrink in 
Figure 14, where SCOj = 10"\ The ionic strength of solutions containing 
this much CO2 precludes the equality of activity and molarity, hence the 
amounts of uranium, potassium and vanadium actually carried in solution 
are somewhat greater than given above. 

DISCUSSION WITH REFERENCE TO THE ORES OF THE COLORAOO PLATEAU ' 

The portions of Figures 12, 13 and 14 which indicate the Eh-pH condi­
tions necessary for aqueous transport of uranium and vanadium should be 
critically examined from two standpoints: 

1) correlation with natural ground waters. 
2) the environment of ore precipitation from such waters. 

Correlation with Natural Ground Waters.—Considering the distance of 
migration of ore solutions on the Plateau, and the absence of intensive wall-
rock alteration there, it is very unlikely that the ore solutions were sufficiently 
acid (pH 3 or less) to satisfy the acid requirements for aqueous solubility 
shown in Figures 12, 13, and 14. ' . • 

Solutions characterized by those areas of Figures 13 and 14 which show 
solubility as a function of UDC and UTC have already been mentioned 
as having characteristics in common with some natural ground waters (neu­
tral to alkaline, mildlj' reducing, moderately large amounts of COj). None 
of these characteristics is at variance with the cominonly assumed aqueous 
environment of ore deposition on the Plateau. The effects of other ionic 
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species commonly found in subsurface waters and the associated problem of 
electrostatically balancing a large excess of HCO3" and CO3"" ions remain 
to be discussed. 

Significant additions of new ionic species into solutions of the U - V - K -
0 2 - H , 0 - C 0 2 system requires evaluation of three possible phenomena. 
First, such introduction may cause a reaction with existing ionic species to 
precipitate new insoluble solid phases (we are not concerned here with the 
soluble ones). Secondly, new ionic complexes, characteristic of definite Eh 
and pH conditions, may be formed, thus causing an increase in solubility. 
Lastly, even if the first two effects do hot occur, any addition of new species 
increases the ionic strength of the solution. This effect is not shown on our 
diagrams, inasmuch as they are drawn for thermodynamic solubility (activi­
ties). Increasing the ionic strength causes solubility, in moles/liter, to 
exceed calculated thermodynamic solubility. Most subsurface waters are 
sufficiently dilute (concentration of major species less than 0.1 molal) so that 
true and calculated solubilities are approximately equal. 

Specifically, subsurface waters containing notable uranium, vanadium, 
potassium and CO, will certainly also contain significant amounts of at least 
several of the following: sulfate, chloride, sodium, calcium and magnesium. 
No insoluble phases are formed as a result of addition of SO^"- and Cl", but 
these ions will form complexes with the uranyl and uranous ions. The uranj'l 
sulfate complexes, U02(S04)2"- and U02( 504)3"*, are stable only for pH 
values less than 3.5, while the uranous sulfate complexes, U(504)3"° and 
U(S04)4"*, form under even more acid conditions (29), hence the importance 
of such complexes in most natural waters is negligible. From the work of 
Ahrland and his associates (1, 2) it is clear that uranyl and uranous chloride 
complexes have stability ranges very similar to their sulfate analogues. 

The cations, Na*, Mg*-, and Ca*-, must be appealed to for electrostatic 
balance in natural solutions. Ca*° can be quantitatively considered with the 
following limitations. For calcite: 

CaCOj = Ca*° -\- COf"" 

From the thermochemical data of Latimer (28) : 

Ka = (Ca") (COj"^) = 10-'-'= 

(10) 

(11) 

If 2CO2 — 10'^ O"̂  10"\ maximum Oca+» values in solution can be calculated 
with the aid of ocos-" determined for the construction of Figures 7 and 8 
(see Appendix). If SCOj = 10"°, calcium ions can electrostatically balance 
all HCO3" and COj"^ ions in solution if the pH is no higher than about 7.5; 
if 2CO2 = 10"', the highest pH is only about 6.0. Similarly,' dolomite or 
magnesite would control the arhount of magnesium ions that could be carried 
in solution. 

Although no solubility data are available for tyuyamunite, Ca(U02)2V20s" 
SHjO, we suppose that it is one or two orders of magnitude more soluble, 
than carnotite. If such is the case, Ca.*° activities of 10"° to 10"' would suffice 
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to give a stability field for tyuyamunite similar to that of carnotite in Figures 
12-14. 

Rauvite, xUOj-yVjOj-zHsO, is fairly widespread on the Colorado 
Plateau. Apparently y is somewhat greater than x (14). Two analyses 
reported by Frondel (16) show about 2.7 percent CaO each, but it is not 
known whether calcium is an essential constituent of rauvite. Low pH and 
moderately large concentrations of pentavalent vanadium should theoretically 
favor the formation of rauvite rather than carnotite or tyuyamunite. Indeed, 
Barton (3) has found that rauvite, rather than carnotite, is precipitated from 
acid solutions of pH 1.5-2.0 and 0.01 molar in uranium and vanadium. The 
association of rauvite with navahoite, V205-3H20, at Monument Valley (38) 
suggests that where aqueous pentavalent vanadium is sufficiently concentrated 
in an acid environment for the formation of navahoite, then rauvite is stable 
relative to carnotite or tyuyamunite. As the formation of rauvite appears 
to be restricted to acid, oxidizing environments it is unnecessary to consider 
further the stability of this mineral within the framework of a mildly reducing,-
neutral-alkaline ground water. 

Na* is the most likely choice to balance a large excess of anions. The 
addition of Na* to the systems discussed above produces no insoluble min­
erals, hence Na* can balance the solutions electrostatically over the entire 
Eh-pH range of interest. 

The net effect of the addition of those ionic species common in natural 
ground waters to the neutral-alkaline solutions of the type indicated in Fig­
ures 13 and 14 is that the boundaries between solid phases and solution 
remain valid as drawn (no significant complexing with SP4"° or Cl" for these 
pH conditions) and that sufficient quantities of the cations, Ca*°, Mg*°, and 
especially Na*, can be carried in solution to electrostatically balance all the 
anions present. Accordingly, part of the area of solubility shown in Figure 
13 is particularly compatible with subsurface waters because of its pH values 
and reasonable COj content (440 ppm). The narrow Eh range of the solu­
bilities shown definitely suggests that ore deposition is characterized by certain 
redox potentials and indicates the desirability of evaluating activity gradients 
for this area of solubility. This evaluation is shown in Figure 15 where the 
increment of decreasing total ionic activity is an order of magnitude and 
2CO2 = 10"°. Shaded lines in Figure 15 thus represent solid phase-solution 
contours for a total activity of uranium-bearing ions equal to 10"', and total 
activities of 10"* for K* and vanadium-bearing ions. Five ppm vanadium, 
•4 ppm potassium and 2.4 ppm uranium can be carried in solution under condi­
tions indicated by the shaded lines. The conditions for solubility indicated on 
Figure 13 are shown here with dashed lines. For an Eh-pH characterized 
environment varying from the shaded to the da.shed lines, vanadium solubility 
may increase from 5 to 50 ppm, potassium from 4 to 40 ppm, and uranium 
from. 2.4 to 24 ppm. 

Einnronment of Ore Deposition.—In Figure 15 ionic activity contours for 
ions in equilibrium with carnotite .are more widely spaced than contours 
for ions in equilibrium with uraninite and montroseite, indicating that the 
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stability of carnotite is much more sensitive to decreasing amounts of uranium 
and vanadium in solution than is the stability of uraninite or montroseite. 
Indeed, if the activity of potassium, uranium and vanadium ions should each 
drop to 10"°' carnotite would completely disappear from Figures 13 and 15, 
whereas uraninite has a sizeable field of stability under such conditions (Fig. 
7). Such values, reasonable for uranium and vanadium, are distinctly low 
for potassium, but even if K* is raised to 10"', the field of carnotite stability 
is very small. 

Consider a potential ore solution migrating slowly through pore spaces 
in the host rock under thousands of feet of sediments. Such a solution would 
almost certainly be devoid of significant oxygen. Redox potential would be 

FIG. 15. Aqueous equilibrium diagram of the U-V-K-G:r^H,0-CG2 system at 
25° C and 1 atm., and with SCO, fixed at 10-°. Boundaries between .solid phases 
and solution are fixed for 5U = 10"', 2V = 10"*, and 2K = 10"" (shaded lines), 
whereas dashed lines represent solid phase-solution boundaries for 2V = 10"', 
2 K = 1 0 - ' and 2U = 10"*. 

poorly buffered. Since carnotite is stable over a wide range of Eh and pH 
conditions its formation would be most critically controlled by the amounts 
of uranium, vanadium and CO, in solution. 

.Migration through pockets of carbonaceous material or areas of entrapped 
HjS would, of course, make the solution Eh more reducing. Two likely 
redox potentials are shown in Figure 15 by lines c-c' and s-s'. L inec-c ' 
represents a calculated equilibrium potential belween graphite and aqueous 
carbonate species which is analogous to an equilibrium potential between 
carbonaceous material and carbonate species. Line c-c' was calculated for 
2CO2 = 10"°, but the change in potential is only' 15 mv. when SCO, is 
altered by a factor of 10. Line s-s' shows the redox potential of equal con-
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centrations of S04"° and sulfide ions as calculated by Garrels and Naeser (22). 
Migrating solutions at 25° C containing S04"° and encountering gaseous H2S 
would reach a potential visry close to this line independently of the amount of 
sulfur species in each phase because of the very steep activity gradient involved 
for each aqueous sulfur species away from line s-s'. 

Betv\'een pH 6 and pH 10 both potentials are very close to the bottom of 
the area designating solubility in Figure 15. At 25° C and 1 atmosphere 
pressure the reducing environment indicated by these potentials is sufficient 
to precipitate uraninite and montroseite if solution concentration is about 
0.5 ppm or higher for uranium and 2 ppm or higher for vanadium. Natural 
uraninite precipitated in such an environment, however, is probably closer 
to UOj.o than to UOj indicating that the saturation concentration of uranium 
is somewhat less than 0.5 ppm because U0,.o is more stable and therefore less 
soluble than UO,. An environment of rising temperature should not signifi­
cantly reduce the effectiveness of HjS and woody material as precipitation 
agents for uraninite and montroseite from natural solutions. Rafalsky (32) 
heated uranyl sulfate solutions with aluminum sulfide in closed silica ampules 
and found that at 150° C the concentration of soluble uranium in the presence 
of uraninite is 1.6 ppm. At 125° C Miller (29) noted about 1.2 ppm uranium' 
in solution after precipitation of uraninite by HjS. It thus seems likely that 
the Plateau uraninite was deposited from solutions that contained a minimum 
of about 0.5 ppm uranium. 

It is noteworthy that the uranyl carbonate complexes become increasingly 
unstable above 120° C. Rafalsky's data (32) indicate that uranium solu­
bility in carbonate solutions diminishes by a factor of about lOOx between 
100 and 200° C and that the decrease in solubility is slight between 100 and 
120° C but becomes much greater above 120° C. A similar temperature 
range (120-215° C) was used in Miller's experiments (29) and the resulting 
decrease in uranium solubility was found to be one order of magnitude. 
Neither author offers any data for uranium solubility in carbonate solutions 
between 25 and 100° C, but Rafalsky's work between 100 and 120° C suggests 
that solubility is either fairly constant in the 25-100° C-interval or may even 
rise to a maximum somewhat under 100° C. Increased HjS pressure (up to 
9,000 Ibs/sq inch) also decreases uranium solubility, according to Miller (29), 
but its total eflfect is small. 

The foregoing considerations lead to a consistent pattern of aqueous 
transport and deposition of ore elements on the Colorado Plateau. The 
ubiquitous spatial and temporal relationship of uranium and vanadium ore 
minerals points to a common origin and transportation medium for these 
elements. Although this common origin cannot be pinpointed, it seems likely 
that in late Cretaceous or early Tertiary time, perhaps even earlier, a heavy 
load of overlying sediments forced uranium- and vanadium-bearing solutions 
out of sediments rich in volcanic ash, such as the Chinle Formation of Late 
Triassic- age and the Brushy Basin Meniber of the Morrison Formation of 
Late Jurassic age (36). These solutions, comparable to the type discussed 
in the previous two sections of this study, migrated through pore spaces and 
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permeable channels in the Shinarump Member of the Chinle Formation or 
the Salt Wash Member of the Morrison Formation, where they undoubtedly 
encountered reducing environments with concomitant ore precipitation (see 
Jensen (26), p. 611-615, for a more complete discussion of this point). 
These environments may have been pockets of carbonaceous material and/or 
H,S, or even Hj which may have been locally produced by the reaction of 
H2S with FcjOj. Gaseous hydrogen will precipitate uraninite and montroseite 
from very dilute solutions. 

By the end of Cretaceous time the thickness of the stratigraphic column 
atop the Salt 'Wash Member in the Uravan' district was nearly the same as 
that above the Shinarump Member in northeastern Arizona, a thickness of 
about 6,000 feet (L. C. Craig, oral communication). Normal geothermal 
gradients across this thickness during the time of ore-solution migration 
would mean temperatures around 75° C. This is well below the temperature 
(120° C) at which the uranyl carbonate complexes begin to break down./ 
Of course, a deeper depth of burial, or-higher geothermal gradients, might 
have produced temperatures in excess of 120° C in the vicinity of the migrating 
solutions, in which case uraninite should precipitate as a result of decomposi­
tion of UDC and UTC. Because this control of ore formation, unlike those 
given earlier, is selective towards uranium, there is no reason for uraninite 
so formed to be found in association with trivalent vanadium minerals, sulfides 
or carbonaceous material. Lack of such ore on the Plateau supports the 
hypothesis that temperatures in the environment of ore deposition were not 
above 100 to 120° C. 

Formation of Coffinite and Vanadium Silicates.—Ore deposition has many 
ramifications that are not discussed here, such as comparison of precipitation 
conditions for locally abundant copper, molybdenum and selenium minerals 
of the Plateau with those precipitation conditions given here for uranium and 
vanadium minerals. Siich a comparison would make an excellent future 
study (many of the pertinent thermochemical data are known for 25° C). 
Some remarks about the stability of coffinite, U(Si04)i_x(OH)4j, and the 
vanadium silicates are appropriate because of their widespread occurrence as" 
primary minerals on the Plateau. No thermochemical data are available for 
these minerals. 

Coffinite and uraninite are the only known minerals from the Colorado 
Plateau in which the dominant uranium is in the -f4 oxidation state, and 
their intimate association indicates mutual low solubility under reducing con­
ditions (21). The uraninite-coffinite equilibrium may be written: 

U(Si04),.x(OH)4^ = UO2 + (1 - x )S iO , -1- 2xH,0 . (13) 

' At a given teniperature and total pressure, equilibrium between the solid 
phases is a function of the activity of water and aqueous silica. In high-
temperature hydrothermal veins and in pegmatites reaction (13) goes to the 
right. The environment of ore deposition on the Plateau must'have. been 
such that reaction (13) went either way, depending on small fln-.;0 and a-.si02 
fluctuations. Descriptions of corroded quartz grains in impregnated .sand-
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stone and nearby secondary quartz overgrowths (33, 39) indicate a liquid 
phase that hovered around quartz saturation values. 

As coffinite is rapidly altered under oxidizing conditions (21), it seems 
probable that in the presence of excess quartz coffinite occupies much the 
same position as uraninite in the Eh-pH diagrams previously shown. 

The vanadium silicates of the Plateau ore deposits are the vanadium mica 
(roscoelite, K(Al,V)2(Al,Si3)Oio(OH,F)„), and vanadium-bearing clays 
(chlorites and mixed layer montmorillonite-micas and montmorillonite-
chlorites). Several workers (15, 23, 39), emphasizing the pronounced chemi­
cal and mineralogical similarity between mineralized and nearby barren clays, 
have concluded that most of vanadium clays originated by replacement of 
octahedrally coordinated aluminurn by vanadium in preexisting clay minerals. 
Roscoelite and some of the vanadium clays probably precipitated directly 
from solution (15). 

The presence of montroseite at those localities on the Plateau where 
roscoelite is abundant (6) suggests that, at low temperatures and moderate 
concentrations of K*, Al and -1-3 vanadium, roscoelite has a field of stability 
similar to montroseite on Figures 12-15. Apparently, a decreasing V / U ratio 
is accompanied by a relative decrease of roscoelite and increase of montroseite 
in primary vanadium ore (39). Abundant clay minerals in both types of 
ore (high roscoelite or high montroseite) indicate that soluble K, Al, and Si 
do not change noticeably as the V / U ratio fluctuates and that the formation 
of roscoelite is probably more sensitive to decreasing concentrations of -F3 
vanadium than is montroseite. 

Most of the vanadium in the mineralized clays is tetravalent, even in 
oxidized ore (15, 23). This observation has led to the suggestion (Garrels 
et al., (23)) that the vanadium was transported in the tetravalent state in 
the ore solutions. Reasoning based on available thermochemical data (Figs. 
13-15) supports the notion that vanadium was tetravalent during transport. 
However, if this reasoning is correct, an equally fundamental question re­
mains ; namely,- why should only those clay minerals in ore deposits contain ' 
-f4 vanadium? Barren clay minerals a few inches from mineralized clays 
contain only one tenth as much vanadium as the mineralized clays (15). 

.This selective substitution of octahedral Al by -|-4 vanadium is especially 
puzzling as the ore solutions probably migrated considerable distances (27, 
36). We conclude this paper by speculating a bit on this question. 

First, -f3 vanadium may replace octahedrally coordinated aluminum'more 
readily than does -f 4 vanadium. If this is true then most of the vanadium 
was originally emplaced in the clay minerals in the trivalent state. The Eh 
values of the sulfide-sulfate and carbon-carbonate redox potentials which we 
believe control primary mineralization (lines s-s' and c-c' of Fig. 15) require 
most, but not all, of the aqueous vanadium at these potentials to be trivalent. 
The association of vanadium clay minerals with montroseite, as in the Uravan 
district (33, 39) and with roscoelite and montroseite, as at Placerville and 
Rifle (6) , also implies trivalent aqueous vanadium at the site of clay minerali­
zation. The intimate association of roscoelite with the vanadium clays is 
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particularly suggestive of original -1-3 vanadium in the clays, for Hathaway 
(25) has shown that completely transitional mixed layering occurs between 
pure roscoelite and randomly interstratified roscoelite-montmorillonite clays. 

From her study of the present oxidation states of vanadium in selected, 
mixed-layer roscoelite-montmorillonite clays in partially o.xidized ore, Foster 
(15) concludes that the vanadium was originally emplaced in the 4-4 state. 

•Foster (15) argues that assuming that all vanadium was originally trivalent 
leads to abnormally large negative charges for the sum of the tetrahedral and 
octahedral layers of the clay minerals. Foster assumes, though, that none of 
the vanadium is lost in the theoretical oxidation of vanadium in these clays to 
the -f4 state. The increase in stability of aqueous ionic species bearing -t-4 
vanadium compared to those containing -l-3 vanadium (cf. Fig. 2 in Evans 
and Garrels (14)) suggests that oxidation of vanadium from the -t-3 to -1-4 
state in clays would be accompanied by a modest loss of vanadium to solution. 
If,the clays described by Foster were to lose only ten percent of their vanadium 
during theoretical oxidation the total negative charge of the tetrahedral and 
octahedral layers would be reasonable for mixed layer roscoelite-montmoril-
lonites (about -0 .90) . 

Clearly, analyses are needed of the oxidation state of vanadium in 
vanadium days closely associated with unoxidized assemblages. 

A second hypothesis, put forward by Roach and Thompson (33) to ex­
plain the presence of vanadium clay in otherwise unmineralized sandstone 
at the Peanut Mine, states that these .clays originated from tetravalent 
vanadium made available during oxidation of primary vanadium minerals. 

A third, but less plausible, method for selectively, replacing Al*' by V** 
within the clay minerals of the ore deposit appeals to relatively impermeable 
boundaries, such as festoon surfaces, to detain migrating ore solutions for a 
sufficient length of time for replacement to occur. Replacement by tetra­
valent vanadium presumably occurred away from local "hot spots" of car­
bonaceous material. The released aluminum might eventually react with 
aqueous potassium, silica, and trivalent vanadium (available nearer car­
bonaceous material) to form roscoelite. 

/ 
SUMMARY 

1. Eh-pH diagrams at 25° C were constructed with the aid of published 
thermodynamic data for the U - 0 , - H , 0 and U - 0 , - H , 0 - C O , systems. 
Uraninite, UO,+i, and schoepite, UO,(OH)„-H._,0, are the only solid phases 
expected to be stable in the presence of water and variable concentrations of 
oxygen in the system U-O2-H2O. The addition of CO2 to this system 
causes formation of stable uranyl carbonate complexes and a significant in­
crease in the solubility of uraninite and schoepite. 

2. Following a rough calculation of the free-energy of carnotite, Eh-pH 
diagrams of the U - V - K - 0 , - H , 0 - C O , system were drawn for various values 
of total carbonate (SCO,). These diagrams show stability fields for carno-' 
tite and other uranium and vanadium solid phases, and indicate the conditions 

i::KJ^ssJKm»'tt,J—v^t. •»!• • « a u j » " 
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necessary for vanadium and uraniuni solubility. One set of conditions was 
found to indicate solubility in a mildly reducing, neutral to alkaline environ­
ment containing fairly abundant CO,, and thus is comparable with some 
natural ground waters. 

3. Analysis of solubility controls indicates that increasing CO, increases 
solubility. Oxidizing conditions cause carnotite to precipitate from solution 
while more reducing conditions cause montroseite and uraninite to form. 

4. The possible effects of other ionic species commonly found in natural 
ground waters were investigated within the Eh-pH framework of aqueous 
transport in the U-V-K-O2-H2O-CO2 system. No significant changes in 
such transport were found. Sodium and, to a lesser degree, calcium and 
magnesium can balance electrostatically the concentrations of HCO;,", C03"°, 
arid other anions in solution. Activity gradients showing varying transporta-

. tion conditions were presented. 
5. In the presence of excess quartz the field of coffinite stability is probably 

very similar to that of uraninite. With favorable conditions (moderate con­
centration of its constituent elements) the field of formation of roscoelite 
should approximate that of montroseite. 

6. Carnotite stability is very sensitive to changes in ionic activity rather 
than changes in Eh and pH (except for distinctly reducing conditions) ; 
its precipitation is critically controlled by the amounts of uranium, vanadium 
and CO2 in solution. The reducing environmefit provided by ore-solution 
migration into carbonaceous and/or H,S rich areas was shown to be sufficient 
to precipitate uraninite and montroseite from dilute solutions at 25° C. 
Temperatures above 120° C might be sufficient to precipitate uraninite from 
the postulated ore-bearing solutions because of the breakdown of the uranyl 
carbonate complexes. Sulfides, carbonaceous material and trivalent vanadium 
minerals would not be expected to occur with uraninite formed in this way. 
The lack of such ore is interpreted as supporting evidence for a depositional 
temperature of 120° C or less. 
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A P P E N D I X 

This Appendix was prepared for those readers who desire the details of 
construction of the Eh-pH diagrams here presented. An introduction to 
the methods of Eh-pH diagramming, based on the use of free-energy data to 
calculate equilibrium constants, is given by Pourbaix (31). AH free-energy 
values used in our calculations have been taken from Latimer (28) except as 
noted below. The values for uraninite and schoepite are from Deltombe 
et al. (13), while those for rutherfordine and the uranyl carbonate complexes 
are from BuHwinkel's data (9) corrected for the recent AF°/ of schoepite given 
by Deltombe et al. A value for HU04~ was calculated from the published 
equilibrium constants of Gayer and Leider (24). Bjerrum et al. (4) tabu­
late six fairly consistent constants for the dissociation of U02(0H)+ at 
25° C. We averaged these and so obtained a A F ° / of U02(0H)+ at 25° C. 
The value for carnotite was derived in the text. Free-energy values for the 
vanadium oxides are taken from Evans and Garrels (14), whHe that of 
HjVOi" is from Deltombe et al. (12). All free-energ>' values pertinent to 
the construction of the diagrams presented in this paper are listed in Table 1. 

T A B L E 1 

F R E K - E N E R G V V A L U E S FROM T H E E L E . M E N T S , AT 25° 

A T M O S P H E R E T O T A L P R E S S U R E 
C AND 1 

.-\queous species 

H-O 
H+ 
O H -
H , C O , ° 

• H C O J -

co,-
K+ 
H s V O , -
UOs** 

u*« U(OH)*» 
U O K O H ) * 
H U O , " 
U 0 2 ( C O , ) j - 2 H : 0 -
U0-.(C03),-< 

AFV.CKcal) 

- 56.69 
0.0 

- 37.6 
- 1 4 9 . 0 0 
-140. .SI 
- 1 2 6 . 2 2 
- 67.46 
- 2 4 8 . 8 
-2.36,4 
- 1 3 8 . 4 
- 1 9 3 . 5 
- 2 8 7 . 4 
- 3 1 7 . 6 
- 6 3 0 . 0 
- 6 4 8 . 0 

Solid phases 

UO2 
U 0 2 { 0 H ) . - H , 0 
UOjCOa 
V503 
V J O , 

ViOs 
ICs(U02) iVi08-3H20 

&F°t (Kcal) 

- 246.6 
- .398.8 
- 385.0 
- 271.0 
- 381.0 
- 344.0 • 
- 1 . 2 9 4 . 0 

u-Oa-HzO-Pcos DIAGRAMS 

The following equations are pertinent: 

CO^Cg) + HsOO) = H2CO3 

H2CO3 = H-)- -I- HCO3-

HCO3- = H+ -I- CO3- -

UO(C03)2-2H20— = UO2++ -I- 2CO3—- -f 2H2O 

U02(C03)3''- = UO2++ -I- 3CO3—. 

(1) 

(2) 

(3) 

(4) 

(5)' 
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The thcrmodyiinniic equilibrium constants for reactions (l)-(5) are as 

H2CO3 
follows: 

Poo 2 

(HC03-)(H+) 
H2CO3 

(C03~)(H-^) 

10-

= 10-6-'8 

HCO3-

(U02++)(C03—)' 
U02 (003)2 •2H20-

(U02++)(C03—)' 

= 10-" 

= 10-

U02fC03)3*-
= 10-

(6) 

(7) 

(8) 

(9) 

(10) 

For a fixed Pco2, H2CO3 is calculated from (6). For a given pH value 
CO3— can be calculated from equations (7) and (8). Next, all ions con­
taining uranium are considered to be in equilibrium with schoepite. 

or. 
U02(OH)2-H20 + 2H+ = UO2++ + 3H2O 

UO2++ 
K , = (H+)2-

(11) 

(12) 

Hence, U02"'"''' can be calculated from stipulated pH values by (12). Lastly, 
.activities for the uranyl carbonate comple.xes can be derived from equations 
(9) and (10) with the aid of CO3 and UOa"*"*" values calculated above. 

If Pcoz is high enough, rutherfordine (UO2CO3) is the stable he.\avalent 
uranium solid phase rather than schoepite. 

U02(0H)2H20 -t- C02(g) = UO2CO3 -I- 2H2O 

1 
Ka = 

CO2 

(13) 

( H ) . 

When Pcoj is 10"^' the two solid phases rutherfordine and schoepite are in 
equilibrium. For Pcoj values higher than this, UO2+"'" must be determined 
from CO3 values (above) as follows: . " 

UO2CO3 = U02-*-'- -I- CO3— (15) 

(U02-^+) (CO3—) = IO-"". • (16) 

For reducing conditions uraninite becomes the stable solid phase. 

UO2 -I- 3H2O = U02(OH)2-H20 + in-*- -t- 2e (17) 

UO2 -f CO3— = UO2CO3 -f 2e. (18) 
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Employing the Ncrnst equation for equations (17) and (18): 

0.06, 
rch = li° -Jr log (H-̂ )'-' (19) 

.. f 
t-. 

SI I 

'(I 

„ 0.06, 
Eh = £ ° -h - ^ log 

1 
(C03-r)-

(20) 

E° for each reaction is evaluated from free-energy data. Depending on the 
Pco! value under consideration, either (19) or (20) is chosen. If Pcoj 's less 
than 1 0 " ' ' the Eh-pH boundary between uraninite and schoepite is found by 
substituting pH values in (19). For Pco, greater than IO"'* the ruther-
fordine-uraninite boundary-' is established by substituting the CO3-- values 
derived from equations (7) and (8) in equation (20). In each case the 
solid-solid boundary has a linear slope of 60 mv/pH unit. In the UO2 
field then: 

UO2 = U02'*-^ -f- 2e ' (21) 

Eh = £ ° - | - ^ l o g ( U 0 2 ^ ) . (22) 

002"^ is calculated from (22) for arbitrarj' Eh values (U02"*"*' is not pH 
dependent in the UO2 field as expressed in (21)). UCD and UTC activities 
are then calculated as before; these ion activities are now both Eh and pH 
dependent. 

U-O2-H2O-2 CO2 DIAGRAMS 

Equation (1) is no longer applicable since Pcoj is variable. Equations 
(2)-(5) and, hence, (7)-(10) are used, but note that now, after selecting 
arbitrary pH values, CO3 cannot be solved from equations (7) and (8) 
because there are three unknowns. Since 2 CO2 is fixed, the following 
e.xpression is used. 

2 CO2 = H2CO3 -t- HCO3- -f CO3— + 2U02(C03)2-2H20— 
-f- 3U02(CO,)3''-. (23) 

Rewrite equations (7)-(10) so that ionic activity sought is a function of 
U0++2and CO3—: 

(CO3—)(H+) 
HCO3-

H2CO3 = 

IQ-in.n 

.(HC03-)(H+) (CO3- -)(H-^)^ 
10-6.88 

U02(C03)2-2H20— 

U02(C03)3"- = 

IQ—16.69 

(U02++)(C03—)^ 

(U02++)(C03—)^ 
10-24-2 

(24) 

(25) 

(26) 

(27) 

•"*«i; wujf"*Fi»5^u"«im, jH.i"tt*iT'j«3ca 
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If U02(OH)2H20 is the stable solid phase, UO2++ is fixed for arbitrary 
pH values. Equations (24)-(27) are substituted in equation (23) which is 
solved for CO^T' using the desired 2 CO2 value. Equation (23) is best 
solved by ajiproximation as it is a Ihird-ordor equation. Remaining ion 
activities are then determined using (24)-(27). 

Equation (16) is used to determine the UO2CO3 — U02(OH)2-H20 
boundary. 

lO-io-'i 
U02+-^ = CO3-

(16) 

Substitute this expression for \30-i^ in equations (26) and (27). As above, 
substitute (24)-(27) in equation (23) and solve for CO3 . Finally, use 
th isCOj— value todeteimine U02'''^ in equilibrium with rutherfordine from 
(16). if this value for U02'*^ is less than 002"*""*" in equilibrium with schoe­
pite for a given pH then UO2CO3 is the stable solid. The boundary between 
the two phases (U02'̂ "'" values in equilibrium with each are identical) is 
dependent on both 2 CO2 and pH, but not on Eh. 

The rutherfordine-uraninite and uraninite-schoepite bounding equations 
have been given ((17)-(20)). The uraninite-schoepite boundary is not 
dependent on C02. Use the CO3 values obtained from (23) and (16) for 
establishing the uraninite-rutherfordine boundary. 

Ionic activities in equilibrium with UO2 are cumbersome t o determine 
when 2 CO2 is fi.xed. UO2"*"''" values for (26) and (27) are derived from (22) 
for arbitrary Eh values. Substituting (26) and (27) in (23) indicates that 
CO3— is both pH and Eh dependent. Activities for each ion must be cal­
culated on a point-by-point basis in the field of stability of uraninite. _, 

U-V-K-O2-H2O-CO2 DIAGRAMS 

Carnotite stability must be considered in relation to both uranium and 
vanadium solid phases. 

K2(U02)2V208-3H20 -F 4H+ = 2K+ -f- 2UO2++ 
-f ^HaVOr -F 3H2O (28) 

(K+)2(U02-^+)'(H2VOr)^ 
(H+)" 

= IO-''-'. (29) 

For any Eh-pH value, the activity of H2V04~ is taken from Figure 11 (see 
text). K+ = 10-^ and U02'*"*" values are taken from the results of calcula­
tions for the U-O2-H2O-2 CO2 diagrams. When these values, for the 
particular Eh and pH in question, are inserted in the left-hand side of equa­
tion (29), carnotite is the stable solid if the value of the left-hand side of the 
equation exceeds 10~"-'. Carnotite is not stable relative to the other ura­
nium and vanadium solids if the left-hand side of (29) is less than 10-"-^ 
Equation (29) is thus used as a criterion for determining at specified Eh and 
pH conditions, whether caronitite is or is not stable relative to the combina­
tion of the stable uranium oxide (or carbonate) plus the stable vanadium 
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oxide plus potassium hydroxide. The solid-solid boundaries for Figures 
12-14 are drawn for those Eh-pH conditions where the left-hand side of (29) 
is equal to IO"" ' . 

Keeping 2 CO2 constant, equations (23)-(27) remain applicable: 

2 CO2 = H2CO3 -t- HCO3- + CO3— 
-I- 2U02(C03)2-2H20— + 3U02(C03)3''- (23) 

HCO3- = 

H 2 C O 3 

(co,-
10-

(C03-

-)(H+) 
-10.31 

-)(H+)2 

1 0 -

(24) 

(25) 

in 

U 0 2 ( C 0 3 ) 2 - 2 H 2 0 - - = 
(U02-^-^) (C03 

I O - - " " 

UOs (003)3^- = 

Rearranging equation (29): 

(U02-^-^)(C0,—)' 
10-2 

U O 2 = [ 
( 1 0 - ' ^ ' ) ( H 

( K + ) 2 ( H 2 V 0 cy\-

(26) 

(27) 

(30) 

U02"'"'' values from equation (30) are substituted in (26) and (27), and ion 
activities in equilibrium with carnotite are determined in the manner 
described above. 
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TWO-STAGE COUNTERFLOW LEACHING OF COPPER-NICKEL BESSEMER MATTE 

UDC 6 6 9 . 2 4 3 : 5 4 1 . 1 3 5 . 6 

L. A. Sinev and V. F. Borbat 

Separation of copper and nickel is beco­
ming more urgent because of expanding met­
al production based upon copper-nickel 
sulfide ore processing. This work gives re­
search results on selective leaching of Ni 
frora Bessemer matte at atmospheric press­
ure in sulfate-chloride solutions. 
Leaching was conducted of Bessemer matte 

samples containing C%): 47.37 Ni, 34.04 Cu, • 
0.82 Co, 2.96 Fe, and 21.89 S. For subse­
quent processing the copper should be kept 
entirely in the residue from leaching , but 
the Ni and Co should pass into the solution. 
Direct current application in the leaching 
process Celectroleaching) was tested for 
this purpose, the optimum process character­
istics being t = 90''C, lig:sol ratio (3.5- ' 
-4.0) :1, T = 80 min, Sg = +0.5 V, [H2S0Jin 
= 190 g/lit, and iHClJin = 80 g/lit. Graph­
ite impregnated with naphthalene was used as 
the insoluble anode; the cathode material 
can be titanium, stainless steel, or copper. 
Fig. 1 shows the kinetics of the electrolea­
ching process. 

The copper sulfide concentrate contains 72% 
Cu and 0.5% Ni. Calculation of the rational composi­
tion and x-ray structural analysis showed copper pres­
ent as chalcocite and covellite. Ni and Co extraction 
into solution in this operation is 98-99%; the solu­
tion Cu content does not exceed 0.2-0.3 g/lit. The so-
lation contains tg/lit): 50-60 Ni, 2.2-2.6 Co, and 6-8 
Fe. Part of the sulfur which is combined with nickel 
in the initial Bessemer matte passes into the residue 
as part of the redeposited covellite, the remainder 
being eliminated as hydrogen sulfide. The platinum 
group metals are almost entirely in the sulfide residue. 

Electroleaching yields high-grade' copper concentrate. 
However, solutions from this operation contain up to 
2.3 g-eg/lit of free acid and are not suitable for sub­
sequent processing. To obtain the. minimum free acid in 
these solutions, research was conducted to develop a 
schedule for leaching fresh Bessemer matte with acid 
nickelferous solution. The process of leaching nickel 
sulfide with a solution containing (g/lit): 50 Ni^+, 70 
C1-, and 98 SOj- with a high rate of mixing and blow­
ing the pulp with air is characterized by very rapid 
consumption of free acid. After 1.5 hours of leaching, 
the final solution acidity is 0.15 g-eq/lit and the 
copper content doesn't exceed 30 mg/lit; the nickel 
concentration is 100-120 g/lit. 
A two-stage counterflow leaching scheme for Bessemer 

matte CFig. 2) was proposed on the basis of the re'̂  
search. The end products are a high-grade copper sulfide 
concentrate in which the platinum group metals are con­
centrated and a slightly acid nickel-cobalt solution 
containing 6-8 g/lit Fe and no more than 0.02-0.03 g/lit 
Cu.. Both leaching operations are conducted at 90"C and 
at atmospheric pressure. There are no platinum metals 
in the solution, because the solution is saturated with 
hydrogen sulfide in both operations. According to preliminary data, leaching time in 
each of the two operations is assessed at 1.5 hr. 
Technical and economic evaluation of the scheme in the version with nickel solution 

evaporation, nickel sulfate calcining to the lower oxide, and reduction of the oxide 
to nickel powder by the State Nickel Industry Research and Design Institute showed * 
that expenditure on production of a ton of commercial nickel was 400 rubles less than' 
in the existing technology. % 
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TESTING A SOLVENT-EXTRACTION METHOD FOR PRODUCING COPPER AND NICKEL SULFATES 

UDC 669.334.9:66.061.5 

Kh. I. Baikenov, A. V. Stryapkov, S. E. Dyusembaeva, L. S. Borodina, 
and E. A. Simkin 
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Copper and nickel were separated by solvent extraction from copper' production solu­
tions with naphthenic acids in an installation containing two two-stage counterflow 
extractors of mixer-settler type in the copper (nickel) extraction stage, one two-
stage extractor of the same type in the metals re-extraction stage, a system of tan)cs, 
a crystallizer, a Nutsch filter, rotameters, and pumps. The technology was perfected 
with sulfate production solutions containing, g/liter: 50 - 60 Cu, 30 - 40 Ni, 
10 - 15 As, 0.5 - 1.0 Fe, and up to 80 - 100 H2S0^. To improve subsequent filtration, 
the solutions were diluted prior to solvent extraction to a basic constituents content 
of "̂  20 g/liter and neutralized with dry soda to pH 4.0 - 4.2. The arsenic-iron cake 
was removed and the filtrate was treated as initial solution and used for extraction 
of metals. 

It was established in the course of the tests that the best results were achieved 
by using a counterflow process. 
A IM solution of distilled naphthenic acids in kerosene was used as the extractant. 

The filtrate was fed into the first mixing chamber and the extractant into the fourth. 
The capacity of the apparatus reached 120 liters/hr in terms of total phases, and 
the 0;A ratio was 1.5:1. A 6% solution of soda was fed into each mixing chamber in 
the extractors in order to maintain pH 4.5 - 4.8 in stages I - II (5-25 liters/hr) 
and pH 4.8 -5-0 ( 0 - 5 liters/hr) in stages III - IV. When the process is operated 
in this way the raffinate contains < 0.01 g/liter Cu. Nickel was extracted in a simila: 
way, the ratio of the phase flows reaching 0;A (0.5 - 1):1. Copper and nickel were 
re-extracted with 7% sulfuric acid solution at an 0:A ratio of (10 - 12):1. The 
copper re-extract, containing 80 - 100 g/liter Cu, was evaporated and allowed to 
crystallize to. produce copper sulfate in accordance with State Standards for products 
of the highest grades (A) . The nickel re-extract, containing 80 - 100 g/liter Ni 
and < 0.1 g/liter Cu, was treated by cementation with nickel powder, evaporated, and 
allowed to crystallize to produce nickel sulfate. The organic phase was washed with 
one volume of water and returned to the extraction process. 
All the discharged solutions which had been in contact with the organic were acidifies! 

and allowed to settle in a tank, after which they were in accordance with the require­
ments of maximum permissible concentrations for dissolved organic. 

•V-Td 
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THE SCIENCE OF BUSTING 

by 

Stephen R. Winzer,, Victo'r I. Montenyohl and Andrew Ritter 
of Martin Marietta Laboratories 

Baltimore, Maryland 

ABSTRACT 

Thirty-seven open pit productipn blasting operations have been monitored us­
ing high-speed cameras running between 500 and 70OO frames per second. Analysis 
of the resulting films reveals irregularities in timing including sequencing er­
rors and crowding (holes firing leŝ ' than 8 ms apart), confirming results of- lab­
oratory testing of ms delay blasting caps (Winzer, 1978). Where blasting parame­
ters are otherwise, constant and within recommended guidelines (stemming, spacing., 
burden, etc.), timing problems dominate the overall performance of the blasting 
operatipn. Model tests in layered Homalite 100, desiĝ ned to simulate joint or 
bedding planes in rock., indicate the importance of the stress waves generated by 
th'e explosive in developing the crack network which is ultimately responsible for 
the fragmentation seen In the resulting niuckpile. These mechanisms are strorigly 
supported by high-speed film studies at Piriesburg, Maryland. Experiments in con­
trolling relief in deep, shots (where depth approaches the lateral extent of the 
bench blasted) using borehole geometry and hybrid initiation systems (electronic 
timer and pyrotechnic delays) were carried out. The results suggest that the 1 
ms/-ft. ot burden guideline dievelop̂ d by Bergmann et al., 1974 is too short, and 
that much longer 'times are necessary to optimize fragmentation and muck digabili--
ty. Longer times are found to reduce noise, vibratioiv, and flyrock, 

INTRODUCTION 

Much has been written over the years on blasting- problems. These works range 
from "how to" articles in trade jourhals, through engineering studies carried out 
at specific sites to address specif ie problems, to baisic research carried out in 
the laboratory. The principle difficulty with many of these' studies has been the 
often tenuous relationship betweeri laboratory studies seeking tb understand the 
Illustrations and figures at. end of p.aper. 



fundamental mechanism of fragmentation of relationships between burden and spac­
ing or timing, and use of the results of these efforts in field situations. Un­
derstanding the different parts of the development of a production blast is se­
verely hampered by the speed at which the event takes place. Because of these 
difficulties, most attempts to study the operation at production scales rely on 
qualitative or semi-quantitative evaluation of the resulting muck. Not only are 
such evaluations difficult to carry out, but they do not allow separation of the 
components of a blast (timing, pattern, delay sequence, explosive, etc.) in order 
to identify the principal contributions of each to overall performance. 

During the past three years, we have developed a system for high-speed cine­
matographic monitoring of production blasting operations. Use of high-speed cin­
ematography for recording blasting operations is not new; some work has been done 
as far back as the early 1950's (Blunt, 1953; Patterson and Forsyth, 1956; 
Frantti, 1958; Blair, 1960). However, its systematic use as a research tool and 
as a tool for evaluation of production operations has been restricted. During 
the past three years, we have monitored thirty-seven production quarry blasting 
operations, using a variety of patterns, initiators, and explosives, in sedimen­
tary, crystalline igneous, and metamorphic rocks. The analysis of these motion 
pictures, taken at framing rates of 500-7000 per second, coupled with laboratory 
studies in flawed transparent polymers and rock carried out by researchers at the 
University of Maryland as part of a joint NSF sponsored research project, reveal 
several important factors which affect overall performance of the blasting opera­
tion. Of these, the most important are timing, fragmentation mechanisms, relief, 
and structural control. This paper will discuss the evidence generated by our 
high-speed cinematographic studies as it bears on the above factors. 

TIMING: KEY TO CONTROLLED BLASTING 

The importance of delay initiation of borehole detonations in a bench blast­
ing operation has been recognized since the introduction of ms delay initiators 
in the mid 1940's. In the 1950's, high-speed cinematography had recorded consid­
erable variation in firing times of non-electric relay connectors (Frantti, 1958). 
Since that time, a number of discussions of optimum timing have appeared in the 
literature (Cf. Bergmann e^ al.. , 1974; Hagan, 1977). Discussions such as Berg­
mann's stemmed from tests of single rows of small-diameter blastholes drilled in 
large blocks of stone. Timing was achieved by using measured lengths of detonat­
ing cord which gave instantaneous detonation of the borehole column. From this 
work, Bergmann e^ ad •, 1974, concluded that a delay interval equal to or somewhat 
greater than 1 ms/ft. of burden would provide optimum fragmentation. Approaches 
such as that of Hagan, 1977, and Andrews, 1975, used data like that developed by 
Bergmann £_t aĵ . , 1974, and empirical testing of different delay sequences in the 
field to develop general patterns and approaches to timing of production blasts. 
There are two problems with these approaches. First, Bergmann's approach neg­
lects mass effects from multiple row shooting (the effective burden tends to in­
crease as the shot progresses rearward from the free face), and it does not deal 
with the fragmentation mechanisms operating during a production blast (the ef­
fects of joints, bedding planes and the like on the development of the crack pat­
tern). Second, empirical approaches such as.those of Hagan, 1977, and Andrews, 
1975, do not include a method of evaluating the actual times at which the holes 
in their patterns fire. 

One of the first results of our high-speed monitoring of production shooting 
was the discovery that considerable irregularity existed in the firing times of 
the boreholes in the various patterns that we monitored. These irregularities 
manifested themselves as deviations from the nominal firing times up to and in­
cluding actual reversals in the firing of initiators one or more periods removed 



the overall performance of the shot. But on other occasions where this pattern 
was used, as much as 1/3 of the shot contained oversize pieces and proved hard to 
dig, due to sequencing and crowding errors in the higher peripd caps. 

Another example of the problems caused by timing errors is given in Fig. 4. 
This, series of photographs, part of a high-speed film running at about 3000 
frames/sec, shows the effect of combined ca,p error and error in a mechanical se­
quential blasting machine. Fig.. 3a-G gives the 'drill pattern and the delay pat­
tern achieved by using a Gomblnatlon of period 6-14 DuPont caps and a.Troj'an type C 
timer set to fire a t 10 ms intervals. The pattern, a 6 1/2' x 13' staggered, us­
ing 3" holes on a 34' bench, is designed to develop as a flat V. The timing,, 
even for the nominal firing times, is somewhat irregular. The highrspeed film 
sequence clearly shows several holes which fire early and are, thus, unrelieved. 
The net result, of this timing irregularity is flyrock, with concomitant noise and 
vibration.i Noise from shot's such as these produces complaints, and the firing of 
unrelieved holes can be expected to produce increased ground vibrations. In vir­
tually all such cases, the unrelieved holies prpduce flyrock, some of which can 
travel for hundreds .or even thousands of feet. 

In summary, then, accurate timing, must be considered imperative in producing 
consistent blasting results and in reducing noise, vibration, flyrock, backbreak, 
and poor fragmentation. In the overwhelming majority of cases that we have stud­
ied in detail (37 productipn shots.), poor performance can be directly related to 
t̂iming; prpblems. Timing* problems tend to overwhelm other blasting parameters; 
however, some evidence pertaining to pther important factots in designing success­
ful blasting patterns can be derived from the high-speed work. 

FRAGMEMTATION MECHANISMS AND -STRUCTURAL CONTROL 

Rock is a heterpgeneous medium, a fact often ignored in blasting practice. 
All rocks contain a. varl'ety of visable discontinuities and flaws, including map­
pable features such as joints, bedding planes, faults, and the like. In addition 
to these, any other contrast in density will contribute to initiation and propa­
gation of cracks. Such contrasts include boundaries between dissimilar grains 
(i.e., quartz-feldspar), bpundaries between similar or .Identical minerals with 
different crystallographic orientations, filled cracks,, recemented bedding planes, 
etc;. Early studies of rocks subjected to meteorite impact reveal shock and 
stress-wave damage associated with all of the above factors (Dence, 1978; Kieffer, 
1971, 1975; Ahrens -and Rosenberg, 1968; French ?and Short, 1968), 

General discussions df rock fragmentation by explosives have concentrated on 
the development of a radial bprehple crack-network., pressurized by gases emanating 
frpm the borehole (Cf. Lang.efprs and Kihlstrom, 1963; Ash, 1973.; Porter and Fair­
hurst, 1971;- Kutter and Fairhurst, 1971). Reflected stress waves have been con­
sidered to be a minor cbntrlbutor to the overall blasting process. Although the 
cb'ntrib.atiori to overall bro'akage by large-scale disc ontinu if ies is aGknowledged 
(Gf. .A'sh.j 1973), most fragmentation models proceed from ekperiments carried out 
in homogeneous polymers like Piexiglaŝ s or Homalite 100i 

It has been shown by Dally et̂  al̂ .,, 197'5, that ih homogeneous Homalite 100 and 
Plexiglass models the cracks ace; formed radial to the borehole, and that only up 
fo 12 crackS' propagate any distance from the borehole. Reasoning from such obser­
vations and applying, them literally to field practice, one might expect to find 
generally large pie-shaped fragments in a muckpile fpllpwing a production blast. 
As examination of muckpiles from production blasting reveals, such pie-shaped, 
fragments are rar.e or abseht. Ash, 1973, gets around this problem by introducing 
a theory of flexural beam betiding, wherein the rock mass is handled as a beam 



anchored at collar and tbe. This rock beam bends putward in response to expand­
ing borehole gases and fails along its length in tension. 

New work in Homalite models with InduceH flaws, joints, and bedding planes 
simulating thpse found in rock bear on the problem of fundamental fragmentation 
mechanisms (Dally and Fourney, 1977; Barker and Fourney, 1978; Fourney et̂  aĴ ,,: In 
prep). Their work indicates that the importance of the stress wave has been se­
verely underestimated. In essence, explosively loaded flawed Homalite models in­
duce crack propagation by interaction of the stre.ss waves with- the flaws induced 
into the model. Initial tests, with small flaws routed in the surface of the 
Homalite models, resulted in considerable enhanGemeht of fragmentation at the 
same; explosive loading (bally and Fourney., 1977). Later work indicates that 
stress waves reflected or refracted from layered media induce cracks to propagate 
at the layer interface (Fourney e_t al, „ in prep.). 

In both cases, two fundamentally impprtant observations- can be made; 1) the 
cracks are initiated and caused to propagate solely by thte interaction of stress 
waves, specifically in.models with small isolated flaws the tensile tail of the P 
wave and the leading edge of the shear wave; and 2) in flawed, nonlayered homo-
lite, barrier branching of propagating, radial cracks caused by interaction of the 
propagating crack with the reflected stress wave and activatiô n of flaws by the' 
stress waves are the principle fragmen tation mechanisms.. Near the borehole, ra­
dial cracks: dominate; remote from the borehole, crack networks from initiated 
flaws dominate. In layered media, the radial crack network is suppressed, and 
cracks initiate at the layer bpundaries and propagate into the layers. The re­
sults of the work in flawed Homalite models have been confirmed in rpck (Holloway, 
personal commun., 1978). • 

•These studies, where coupled with high-speed cinematographic observation of 
prpduction bench blasting, shed new light on arguments pertaining to fundamental 
fragmentation mechanisms. Fig. 6 is a schematic diagram of the principle struc­
tural features of the Chambersburg limestone at Pinesburg Quarry, Maryland. 
High-speed filming of production quarry blasting at Pinesburg reveals production 
of large boulders from the middle and lbwe°r pprtions of the face.. These boulders 
are defined by the joint sets and bedding planes evident in the quarry., To ex­
plain their production, i-t is instructive to look at model blasting tests in lay-
e'red Homalite 100 (Fig. 7). These models were designed to identify fragmentation 
mechanisms in layered media, analogous to jointed or bedded rock. In the model 
shown here, layers of Homalite 100 were cemented together with Eastman 910 adhe­
sive to simulate a tight joint or a cemented bedding plane (Fourney e;t aJ^. , in 
prep). The three photographs In Fig. 7 show the develop ing cirack network in a 
layered model test,. Note the absence of a radial crack network and the decreas­
ing number of cracks formed in layers further outward from the borehole. What 
this model illustrates is the development of a crack network, which defines the 
resulting fragmentation, as a result of stress wave interaction with simulated 
joints and bedding planes. The fragmentation further, from the bprehole is coars­
er due to attenuation of the stress waves from crossing successive planes and 
from .distance. 

Fig.. 8:a is a schematic block diagram developed from high-speed footage df a 
production blast at Pinesburg, Maryland, that shows how the results pbtained from 
the layered model tests relate to full-scale blasting. The major ;struetural fea­
tures at Pinesburg are dipping strata, rolling over by 80° from west to eas.t, and 
two approximately orthogonal vertical joint sets, one nearly perpendicular to the 
face, and Pne intersecting it at a very shallow angle (Mbntenyohl, 1978). Two 
formations are quarried here, th'e Chambersburg, and the St, Paul, 



The originally thin bedding in tVie Chambersburg has b'een recemented by low-
grade metambrphism, resulting In blocky beds up to 4' thick. The blasting pat­
tern used at Pinesburg in the Chambersburg formation is a single, row of hole's, 
6 1/8" in diameter,, drilled on a burden of 17-18' and a spacing of H'. The 
bench height is about 40', and most shots are decked. The initiatlpn system used 
is the Nonel Prtmadet noiseless trunkline system, using a #3 (75 ms) cap in the 
bottom and a ^4 (100 ms) cap in the upper deck, located directly above the deck­
ing. ANFO (Atlas) is the principle explosive, with cartridged ANFO or slurry 
used in wet toes or in wet holes. In drier holes, where seeping water might be a 
problem,, the ANFO is loaded in plastic sleeves. The delay system initially used 
relied on 17 ms surface connectors to achieve the overall delay pattern; later 
shots used 42 ms cpnnectors. 

Examination of high-sp,eed films from three productipn blasts in the Chambers­
burg formation.yielded similar results, regardless of delay sequence (Fig. 8b). 
The schematic diagram in Fig. 8, drawn from the high-speed footage, -presents a 
graphic picture of the face and an interpretation of what we feel Is a logical 
explanation of what has occurred. The spacing of the primary joint set parallel 
or subparallel to the face is 6-11'; thus, two to three such sets will be crossed 
on going from the boreholes to the free face. 

Reasoning from the work in layered models done by Fourney e^ al., in prep, 
we can expect the P wave and the leading edge of the S wave to initiate and pro­
pagate cracks perpendicular to the subparallel joint plane, as well as the other 
joint plane and the bedding planes. As the stress waves cross these planes 
(where they are not open), they will be both reflected and attenuated. As the 
distance from the borehole Increases, and the number of planes crossed increases, 
the number of cracks initiated decreases, and they do hot propagate as far. The 
net result is an increase in block size towards the face, manifesting itself in 
the production o,f large .boulders defined by the free face, bedding planes, and 
the vertical joint, sets-, especially the last set of joints which are subparallel 
to the face. 

We feel that the performance oi production blasting at Pinesburg is strong 
evidence supporting the fragmentation mechanisras revealed by the tests conducted 
in flawed and layer-ed Homalite models by Dally and Fourney, 1975; Barker and 
Fourney, 1978; and Fourney e^ 4!̂ . , in prep. 

RELIEF: CONTROL TKLROUGH TIMING AMD BOREHOLE GEOMETRY 

Proper relief is probably the single most important parameter in production 
blastingi and, at present, one of the more dirficuit to control on a day-to-day 
basis. .Relief is accomplished through two prirnary factors in the. de'sign of a 
bl.ast, the burden as drilled and the timing of the sequence of detonations of the 
bpreholes. In practiee, both approaches are used together, but often without 
knowledge of the actual relief developed in the' shot.. One of the best studies of 
relief through timing was that of Bergmann £t 5!̂ ., 1974.. they-established, 
through studies of sihgle row blasts in Targe rock blocks, a relationship, of 1 ms/ 
ft df burden for the optimum delay time betveen individual boreholes and the. free 
face. These delay relationships have been used by many- blasting engineers to de­
sign delay patterns, especially for use with the sequential blasting machines. 

One of the more- succes'sful examples of manipulation of relief through bore­
hole geometry is the Swedish wide-space technique developed by Kihlstrom, 1973 
and Bhandari, 1974 a, b. This method invplves radically altering the S/B ratio 
of a drilled pattern while keeping the S x B constant, The result is a pattern in 
which a. very shallow burden with an extended spacing is "used, S/B ratios range 



from.3:1 to 8:1. 

We hav.e tested the delay and borehole geometry methods, .singly and in com­
bination, and monitored the results using high-speed clnetnatography. The results 
of this work bear- on attempts to control relief and on the amounts of relief nec­
essary tp produce the desired results. On'e of the principal obstacles to control 
of relief in present-day production shooting is the irregularity of the initia­
tors discussed in. the first section of this report. 

The proble.m of insufficient relief caused by initiator .irregularity' occurs, 
in shots where only caps are used to achieve the delay sequence, and in shots us­
ing a hybrid system such as an electronic timer and electric blasting caps, or 
surface non-electric delay connectors and downhble delay caps. As discussed in 
Winzer, 1978, both crowding (adjacent caps firing less than 8 ms apart) and.se­
quencing errors are likely with presently available initiators. When these prob­
lems occur in a shot, they disiturb the developing pattern and almost always re­
sult in less relief for some portion of the shot. Examples of this behavior were 
given in Figs. 4 and 5 of the production blast in Ferguson, Iowa. 

The relief in the Ferguson shot, based on the difference in time between 
nearest adjacent boreholes, is about 8 ms/ft between rows arid 1.5 ms/ft between 
adjacent holes. The relief measured to the echelon portion of the V is 9.1 ms/ 
ft. Anaiysis of the high-speed films from this shot reveals variations in this 
figure from as little as 0.15 ms/ft to 13.3 ms/ft between rows, and 0.4 to 10.8 
ms/ft betueen adjacent holes in a row. Fig. 4 shows the results of these varia­
tions. Where timing errors are large, includi'ng seqiiencing errors, the effective 
burden on the hole in question can change .from 6 1/2' to as high as 18 1/2'. The, 
result of this change is that the direction of best relief is to the top of the 
bench; thus, the hole is relieved by breaking upward. The resulting vertical mo­
tion can be supersonic (mainly gases and small rocks. Including the stemming), 
and the immediate result is both noise and flyrQck, Over, the peripd of develop­
ment of the shot, these errors show iip in differential motion of the burden. Be­
tween-row errors tend to translate thoughout the ppr.tion of the shot in which 
they occur because the overall forward motion of the burden, is slowed down by the 
initial error. Even ,i;f the remainder of the rows go off near their nominal times, 
they fire into slow moving or stationaxy burden. 

An example of the prdblem of differential acceleration of the burden is 
quite clearly shown in Fig, ga, b, and c. In this shot, a 3 rpw pattern is used. 
Hole diameter is 4 1/2", burden is 10' and spacing is 12' a.nd the bench height is 
44'. In this shot, the first row o.f hples is drilled, on an angle tP attempt to 
get the toe burden equivalent tP the crest burden, a problem caused by excessive 
backbreak from previous' shdotirig ('Fig-. 9a). The actual firing times ̂  derived 
from the high-speed film, a r e shown on the right-hand side of the figure. Notice; 
the last three holes: in the =secphd row. These "holes should have fired at 150, 
175,̂  and 200 ms. respectively. Because they fired early, the front row, even 
though lightly burdened, has not had time to move (Fig, 9b), and the second and 
third rows pile up pn this side of the shot. F.ig. 9b shows this as; swelling 
(center pf photo), and motion which is actually towards the rear of the shot 
rather than away from the face. Motion at the opposite end is outward (extreme 
upper right corner), as the timing here is close to the nominal, arid thus this 
portion of the shot is well relieved. Rapidly moving rock at the face is caused 
by light burden from spme of the angled hole's albhg the front row. 

Another ;aspect Pf the relief problem which we see in the films relates to 
the amourit of time between rows in deep shots (shots with generally more than 4 
rows). Fig. 10 represents a wide-space blasting pattern designed after Kihlstrom, 



19.73, and tested in Kansas on a llmestorie bench. The pattern consists of 10 rows 
of 4" diameter holes., 21' deep. The first and last rows are drilled on an 8' 
burden with a 10' spacing, while the middle 8 rows are drilled on a 5' by 20' 
burden and spacing with a S/B ratio of- 4:1. The shot was delayed in an echelon 
opening from one end with the delay sequence achieved using a REO sequential 
blasting machine and DuPont ms delay electric caps in periods 3-8. The timer in­
terval was set for 42 ms. Working on the basis of minimum distance, between rows 
of holes going off nominally 8 ms apart, the result is a flat echelon with a de­
lay of 14 ms/ft measured on the echelon. Examina.tion of the high-speed films of 
this shot revealed considerable vertical mPtipn develpping as the shot progressed 
backward, culminating in the highest vertical velocities on the rear row of holes. 
this was recognized as a relief problem, and the. counter was tp attempt to in­
crease the relief in the shot by increasing the' interval. 

A second shot was tried. This one differed slightly from the first, as the 
borehole size was increased to 4 1/2". The new pattern, shown in Fig. 11, is on 
the same size bench, but the bur'den and spacing are ll'x 13' (rows 1 and 7) and 
6' X 26' for rows 2-6. The S/B ratio work's out to 4*33:1 for rows 2-6, the 
timer interval was increased to 58 ms, which gives an interval of 15.3 ras/ft pf 
burden measured in the same manner as the first shot. This increase in time re­
sults from a decrease in the angle between the echelon and the face. Fig. 12 
shows two frames taken at about the same time in the shot development for each of 
the two shots. In the 58 ms shot, it is clear that there is considerably less 
vertical motion along the rear rows and a decrease in the amount of flyrock pro­
duced overall. It is also clear from the photographs that considerably more re­
lief could be tolerated in this shot. 

Thesei and several other films we have analyzed, suggest that the L ms/ft 
burden guideline is too short. Even in single, row shots, we have seen fragmenta­
tion and muckpile digability improve as we go from 1.5 ms/ft to 3.8 ms/ft (mea­
sured between bbreholes), and we have shot as high as 15.3 ms/ft in 7 row shots, 
with need for more relief. We notice that, with the echelon type pattern, we can 
shoot a three row •shot with excellent results using 10 ms/ft between echelons, 
but when the depth is increased to. 7-lD rows, 15 ,ms/ft is not enough. This dis­
crepancy suggests, that another factor must, be considered- From our analysis of 
high-speed films, this factbr would appear to be differential burden motion 
caused by the increase in mass of rock to be aGCelerated as one goes back into a 
deeper shot. 

The problem can be diminished by increasing the interval between rows when 
using a sequential blasting machine or by. skipping periods between rows, but one 
rapidly ends up with the situatipn where the interval between the front rows be­
comes too long, with its incident increase in noise frpm lightly burdened holes 
or cutoffs by differential movement of the- burden. What is really needed is an 
increasing, interval as one goes deeper into the shot, and we intend to experiment 
with this type of machine in the future. 

COHCLUSIONS 

We have filmed and analyzed 37 production quarry blasts using a variety of 
16 mm high-speed motion picture cameras, at ffaming rates between 500 and 7000 
per second. We find that the principal obstacle to consistent,: controlled pro­
duction blasting is the variability of currently available initiators, both elec­
tric and. non-electric. Timing errors, resulting from shifts, in the mean firing 
time from the manufacturers' nominal firing times, and increasing scatter in fir­
ing times around the means at the longer delay times, result in flyrock, back-
break, tight muckpiles, and production of oversize. Such errors can be expected 



to enhance vibration prdblems-and nois.e through firing of unrelleyed holes. 

Analysis of high-speed films lends support to "fragmentation mechanisms de­
fined in flawed and layered Homalite models by Dally ahd Fourney, 1977; Barker 
and Fourney, 1978; and Fourney et al., in prep. The results of our analysis of 
these films to date suggest that the role of stress waves in fragmentation Is of 
considerably greater importance than previously suspected. Our work also indi­
cates that currently used guidelines fpr determining relief may not hold for mul-
ti-rpw production blasts, and that much longer betiween-row delay times-may be 
necessary to optimize fragmentation and muck digability and minimize flyrock and 
backbreak. 

The influence of major structural discontinuities on fragmentation, alluded 
to by Ash, 1973, and by Larson and Pugllese, 1974, are confirmed, and the manner 
in which they contrpi the prpductipn of oversize developed from combined, model 
tests in layered Homalite and high-speed cinematography of bench blasting in 
carefully mapped limestone.. 

Cpnsiderable work remains to be done to fully quantify the results reported 
here and to establish, on a firmer basis, the .relationships between shot design, 
actual delay sequence, and. the prpduction of vibration and, airblast. Control of 
these factors will be pf increasing importance as more and more operations of 
which blasting is a part find themselves in close proximity to residential and 
commercial structures. It becomes increasingly imperative that research be car­
ried out in these areas in a manner which, as fully as possible, quantifies all 
parameters involved. 
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Figure 1. Sequence of high-speed photograp 
production blast at Moline, Kans 
periods 3-S, and' the REO sequent 
sired delay sequence . Period 6, 
closest CO the camera. Firing t 
film, with the arrow pointing to 
in the mean firing times of this 
c'rowdinig of 'period 6 „ 7,, and 8 c 
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;: mariufacturer' s period 7 and 8 caps and 
aps- are the cause o.f the. reversals and 
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'Figure '2. Firing- tliGes for some holes in the Moline, Kansas, production shot., 
Tiie diagram is dratm in perspective as though seen through the camera 
which took the high-speed film shown in Fig. 1. Note the sequencing 
errors in rows 1 and 6, and the crowding in row 4. All the initiators 
in these hole's are either period 6, 7, or -8 (150, .175, ,or 200 ms). 
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Figure 3. Muckpile and face characteristics of the Mo 1-1 fie, Kansas, production 
shot. A few large pieces can be seen in this; portion of the muckpile; 
.their occurrence correlates with the sequencing errors found in this 
part Pf the shot. Backbreak, was cdnfineU. to the sectipn (the last 1/3 
of the shot) where the .period 6-8 initiators were located. 
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Figure 4c 

Figure 4. High-speed motion picture fobtage .from Ferguson, Iowa. The film is 
running at about 3000. frames/second. In this sequence., three holes can 
be seen to fire early. All three are two or more rows back from the 
free face, and are;, thus, completely unrelieved. Vent velocities seen 
here are more than 1400 .ft/sec and are, thus,, supersonic, contributing 
to noise. "The net result of the 'er-roTs seen, here is flyrock and noise. 



Figure, 5a 

Figure 5b 



Figure 5c 

Figure 5. Drill pattern and delay sequence for production blasting pattern at Fer­
guson, Iowa. The drill pattern is a 6 1/2 x 13', staggered, using a 3" 
hole. Bench height is ~34'. Delay sequence is obtained by using a com­
bination of a Trojan type C timer and ms delay electric caps, periods 
6-14. Nominal firing times are given in Fig. 5c. 
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Figure 6b 



.Figure 6c 

Figure 6. Structural schematic of Pinesburg Quarry, Chambersburg Limestone. Dip 
of strata increases to the east. Joint planes shown actually run at a 
very low angle to the face, with a second set of vertical joints 90" to 
it (almost perpendicular to the face). 
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Figure- 7. Blasting tests in layered Homalite 100. This series of three high­
speed photographs taken with a Cranz-Shardin multiple spark gap camera 
shows the development of a crack network by interaction of stress waves 
with layer-type discontinuities. These discontinuities simulate joints 
or bedding planes. Note the suppression of the radial borehole crack 
network and the fact that cracks propagate by the energy contained in 

, the stress waves alone; there is no gas pressurlzation. The crack den­
sity decreases with distance from the borehole and with the number of 
planar discontinuities crossed. 
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Figure 8. 

Figure 8b. 

Structural schematic of the Chambersburg Limestone Pinesburg Quarry, in 
the first few hundred milliseconds following initiation of the explosive 
(Fig. 9a). This schematic is made frora high-speed footage of the disin­
tegration of the face (Fig. 9b) and illustrates the contribution of 
joint and bedding planes to the development of oversize blocks at Pines­
burg. 



ACTUAL 
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- MS 

Figure 9a. Cutaway diagram of three row blasting pattern. Left hand side shows 
the vertical borehole pattern, with the first row angled to improve 
tce burden. Due to the irregular nature of the face, light burdened 
holes occur along the first row. Right hand side shows actual firing 
times as deterinined from high-speed films of the shot. 

Figure 9b. Frame from one of the high-speed films taken of the shot shown in 
Fig. 9a. Tills frame, from the 500 frame/second camera, is taken 
about 300 ms into the shot, sorae 60 ms after the last hole has fired. 
See text for details. 
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58 ms 

Figure 12. High-speed motion pictures of wide space blasting patterns, Moline, 
Kansas. Both photographs are taken about the same time in the event, 
The uppermost photo is of the shot using a 42 ms timer interval; the 
lower used a 58 ms interval. Note the reduction in vertical motion, 
especially along the rear rows of holes. 
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benefit eadi other and share tlieir achievement.s in the region of sclcniun 
developments and in the practical a.spects of tlie treatment ot mineral r « 
material . Perbonal contacts between the delegates help to strengthen (h« 
friendship between nations. 
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Nu-lr.̂  Ihc development of the lochnolof^v-for Ihe l);iclcrinl Icnchint; of meLnls 
,...,,•- .luhborn copper-zinc pi-oducts speci;.I .-.Uention was p.nid to Oie production 

^ tifilns of micro-organisms active under Uie leaching conditions. The initial 
!..;i.;.'imr>- str.nin of the T ferrooxidans mici-oorganisni" reduced its activity by 
v.-\S't wlUi increase in Uie copper content of Uie solulion from 1.5 to lOg/litre 
(rfff 42-68/bwith increase in tlie zinc conteni from 8 to 44g/l i tre. The micro-

l.rii.-.i.-nis were adapted to the extremal condition.^ of bacterial oxidation of the 
UDCU'>^-"-'''"''^'^-'^' copper-zinc products by pj-eliniinaiT conlimious culture on Oie 

•• -iiu.itcd substrate with a gr.idual increase in Uie densih^ of the pulp, with 
Technology of the tank method for microbiological leaching of complex f -TS r̂ 'concentration of up to 5g/litre .niid a zinc, concentration of up to 20 g/ 
copper-niciael materials f' '" ''" ""^ solution. In this way a production strain of T ferrooxidans was 
. floirfd which was active at copijer and zinc concentrations two or more times 
S I Pol'kin, E V Adamov, V V Panin, and S I Kazintseva (Moscow InsUt-.i. « ' « " ' * ^''ose to which Uiey were adapted. The ma.n characterisl ics of Uie 
of Steel and Alloys) ,'"'•' ' ' ^^ra tory s train of Oie bacteria and Uie production strain after adapta-

!,i; irc given in table 1. 
i 

Zinc production in Oie USSR i.s realised mainly from difficult to concen-.ni *•' f'̂ ''" f'•""y^e presented data, the labn,;iiorv st.-nin of the bacteria is 
jpiMr-zinc aixl polymeUillic ores from the Urals, Kazakhstan, and othe: i-r-'"c-'"".V inferior in all its mam technological parameters to Uie bacteria 
eposits having a comple;: material composition, fine impregnation cxter/;.!"*™" •'"'°*" adaptaUon (Uie production strain). Uic use of which makes it 

copiM 
depos 
to emulsion-type impregnation of the minerals , and an increased content -.1 
secondaiy suliJhides and oxidized copper minerals, which help to activaic ; 
zinc blende and pyrile; Uiis interferes with Oie selectivity in the flotatior' 
copper-zinc ores . The most complex are Uie metacolloidal copper-zinc y.-̂  
which hardly undergo selective flotation at all ; the zinc is extracted to th' 
extent of 80-85% into the copper concentrate, which contains up to 10-I3"t 
zinc, impairing the technological characteris t ics in Uie smelting of Uie c/, 
concentrates with significant or complete loss of zinc, cadmium, and olht: 
accompanying metals. 

• ible to intensify the bacterial oxidation process and considerably reduce 
r,« IcngUi of the leaching pioce.ss. 

.k. wo showed, Uie properties of Uie initial slrain of bacteria are restored 
Sr culture of Oie .adapted culture in a medium will, ferrous iron not contain-
« InhibUing metals. It is probable that the resistance of natural s t rains of 

U micro-organisms to copper and zinc ions is determined genetically i e 
»::7 liie potential characterist ics of the organism are realised during the ada'p-
fion process without change,in its genoU'pe. We also found Uiat the adsorp-

•<i h'Tlf h 'H^ microorganisms increased in Uie cultures of Oie b.acteria 
Copper-zinc ores or collecUve concentrates having a complex materi.il r '• ̂ ^ "-I" heen adapted to Uie concentrate leaching conditions. Whereas Uie 

position, containing copper sulphates and secondary sulphides, having a " ;'"•"'•'""' , ™'^^" '̂ f̂ '̂  adsorbed on Uie minerals and Uie free cells p res -
fine mutual impregnation of copper and zinc sulphides in the pyrite, andrtt •.', .'"f ! ° f̂  , ^u • ̂ ^ ^'-''cterial oxidation of sulphide concentrates is 
ing extremely fine grinding (to 100% finer than 30;i) can be treated etfectl" -'•'"snea alter l-5h with Uie adapted strains of T ferrooxidans, wiUi Uie 
by hydrometallurgical methods with the use of Oiiobacteria. In addition lo' ;_^''^^° ^ r^.^^ " l '^ equilibrium is established only after 120-300h (from 
and underground leaching of copper and oUier metals Uie technology of iSit -'P'euon of Oie adaptaUon period to Oie moment of intensive oxidation of 
meOiod for Oie microbiological leaching of metals from dUficultly proecs' ;, . , , ' " ' ' ' y ' ^"J'^ P""̂ "̂  ^Sam confirms Oie need and importance of adsorp-
ores and various sulphkle-containing materials is being vigorously devel-; '"•'"' ""^ adjipted microorganisms on Uie minerals during Uie bacterial lea-

The microbiological niethod makes it possible to open up finely imprcgn.!' 
sulphide minerals and gold, effectively to remove harmful impurities sue 
arsenic, to extract nietals selectively from complex ores and concentra:' 
and to dissolve and extract native gold. 

.,l̂ !.-'.g process. 

.-.order to stTidy Ois relationships governing Oie .idsorption of the micro-
.•XAmsms on Oie surface of Uie substrate we used direct (phase-contrast, 
. .iliicicence, and electron microscoiy) and indirect (manometric .and el^c-

The technological scheme which we proposed for Oie flotation-bacterial- --"- '" 'caJ) nieUiods of investigation. The ;iclivily of the microorganisms 
hydrometallurgical treatment of stubborn metacolloidal ores involves col)' .LJH '."'"f^ ^^ ̂  manometric method, since Uie bacterial oxidation of 
tive copper-zinc flolation to produce a concentrate containing 9-ll%Cu .in: l'.';"'"" '^/''•s to the absorption of oxygen, die amount of which is directly 

selective isolaUon of the metals from tho :|' '!^-"|'fna' to Uie time and depends on Uie activity of the bacteria. The adOD-
• inivity coefficient K., represents Oie number of microlitres of oxygen 

ll-15%Zn, bacterial leaching, .. _. ..... _ . , 
terial solutions, and flotation of the copper concentrate from Oie cake .»!'•' 
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Investigation ol the effect of the length of interaction between the micro­
organisms and the concentrate on the adsorption strength of tlie cells showod 
Uiat the adsorption strength depends on tlie length of contact between the cells 
and the concentrate particles. With unprolonged contact (up to Ih) the bac­
teria are weakly adsorVied on the concentrate and are easily washed off. Hen 
Oie activity coefficient ot the initial bacterial-mineral suspension was 2.8M1 
min, and that of Uie concentrate which had been washed from the bacteria*!, 
reduced to 0.67jil/min, i .e . , by four times. As leaching proceeds and the 
cells develop, Oieir stronger attachment to the sulphide minerals occurs. AIi 
24h contact the activity coefficient of the bacterial-mineral suspension is 3.0 
min, and that of the concentrate washed from Oie bacteria is reduced by onlv 
1.8 times. 

The "free" microorganisms, which during leaching amount to about 20̂ t ol 
their total number at a concentration of 10' cells/ml, consist of potentially 
physiologically active cells, the presence of which in the solution is due to 
exchange adsorption both en' •• ;.ed (due to the action of mechanical factors a.-d 
primarily intensive agitation) and essential (due to the physiological state o! • 
the bacteri.!). The obtained results show that the adsorption of the micro­
organisms on Uie surface of the minerals is a very important and essential 
stage in the development of the oxidation processes in sulphide minerals. 
Apart from the realisation of a production culture of bacteria, an essential 
condition for successful leaching is lo maintain the microorganisms in Oie 
active state, and Uiis is achieved by strict observance of the optimum para­
meters of Uie process. 

i into the effect of the mineral composition of Uie produc 
• -. .1— „..!„ ,h„ nnrticle size of 

, Table 1: Characteristics of the strains of the T.ferrocKldans bacteria 

Parameters 
Laboratory 

strain 
Production 

strain 

Number of cells in 1 ml 
Activity In oxidation of Fe»+ % 
Activi^ coefficient of microorganisms 

in Oie oxidation of sulphides In con­
centrates Ml Oa/mln 

Concentration of copper suppressing the 
activity of cells by 30-40% 

Concentration of zinc suppressing the 
activity of cells by 30-40% 

10" 
100 

0.1 

1.5 

8.0 

10̂  
300 

2.0-3.5 

15.0 

100.0 

Our investigations into the eueci uj uic ....... -- . 
being treated, the acidity and density of Uie pulp, the particle size of the irjj 
product, the aeration conditions, and other parameters on Oie technological j 
characteristics of Oie leaching process and on Oie activity of the microoreurl 
isms made it possible to establish the following optimum technological para ' 
metei-s for die bacterial leaching of metals from stubborn copper-zinc mat­
erial: 1) Particle size of initial material 88-100% of tlie -44)i class,dependi 

- . . - : J . I f^„,v,p- JKqoUd-liquid ratio of Uie pulp 1:5-1 

of the sulphide minerals but even intensifies it. It is possible Oiat the silver 
Interacts with organic substances released Iqf the microorganisms or with 
reduced sulphur compounds, which appear during the oxidation of sulphide 
minerals. By control and regulation of the above-mentioned technological par-

^imeters it was possible to extract up to 90-92% of the zinc and cadmium and 
jup to 25% of copper into solution after 72h during the continuous leaching of 
copper-zinc materials. The variation In the composition of the bacterial solu­
tions in the Pachuca tanks during direct-flow leaching (each Pachuca repre­
sents one leaching step) of copper-nickel materials is characterized by the 
Jala given in table 2, As seen from the presented data, selective leaching of 
line and copper is observed during the leaching of copper-zinc materials. This 
can be explained by the selective oxidation of the sulphide minerals present 
uthe poly mineral mixture, due to electrochemical processes which occur 
in Oie complex bacterial pulp. 

î ' tt Is known that the mechanism of the electrochemical oxidation of a mixture 
.„.. . , . 2> solid-liquid raUo ol Uie puijj I-J-1 i sulphide minerals can be explained by the theory of microgalvanlc cells or 

on the content of raetacolloidtU forms, j j fi()0-700mV; 4) acidity of pui( by the Uieory of local cells, according to which the specific potential differ-
3) oxidation-reducUon potential of Oie medwm^Du^^^^^ .̂̂ ^ 
2.0-2.5pH units; 

(nee which exists between the anodes and cathodes gives rise to the passage of 
5) agitation and f"^'•*°" °^^*f,,?^_e Q/ microorganisms adijieetrlc currents, forcing the anode to dissolve. During the joint presence 

6) tne US6 Olat-Uitui _^^ ^ *i.,;J..j !__!__• t _ » _ _ _ ! i . » ^ j i e » L « J _«.! 1 A.i _ t _ tA i J - Ll _* n 0 1-1 -0% with carbon dioxide; o) "'*:"="' "^i^ ha'Jine a high oxidizing activiilud contact of minerals with different oxidation potentials the oxidation of the 
ted to the concentrate leaching conditions ara "*; ^^ ^^^eters, as establis nlneral with the higher potential is retarded, and that of the mineral with the 
under the extremal leaching '=0'«l''''°2rf\n useToecial nutrient media or to aA,wer potential is accelerated. 
by our investigations, '^ef. ^^ "° "!^"i'° ide jn o « * " '° ^^' '^^°^ "''""^ *'"' sulphuric acid and divalent iron '"^^^ ° " ^ ; „, " ner-zinc materials. The microbiological oxidation Of polymlneral mixtures goes In the same dir-
terial oxidaUon processes m the treatment oi c vi^ ^̂ ^̂ ^̂  ̂  electrochemical dissolution, but the process is greaUy accelerated 

» » » «,» invpstieated concentrate and to its u the presence of bacteria. We showed that during the bacterial leaching of 
Owing to the large silver content of tne ' " j " . | ĝ̂ , j,,g effect of Oils elem nixlures of sphalerite with chalcopyrite, sphalerite with pyrite, sphalerites 

high toxicity for the microorganisms we "? | ^j ̂ ^ leaching or copper J»iih various degrees of isomorphous subsUtutlon, and collective copper-zinc 
on the activity of the bacteria ar^ ""^ Tpplof no to 100 a/ton in the initial c<<«ncentrates there is a possibility ol intensive electrochemical oxidation pro-

It was established that with a content " i f bacterial leaching and at fusses, due to the electrochemical characteristics of the sulphide minerals 
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Table 2 : Characterist ics of Oie 
zinc concentrates 

, bacterial soluUons in the leaching of copper- [i (airly wide range. 

During bacterial leaching of the metal from copjier-zinc products witliout 
.jiitrol of Oie acidity the pll of Uie medium changes (rom 2.3-2.5 in Uie first 
Pachucas to 1.2-1.3 in Uie later ones, and die axidation-reduction potential 
I (he solution changes from 300-400 to 800-850 mV. Such sharp fluctuations 
in Ihe oxidaUon-reduc tion characterlsUcs of the solutions and their acidity 
leads to a reduction in Uie activity of the micro-organisms and the leaching 
;.-ite by 2-10 t imes. 

By our invesUgations- it was shown that the highest activity in the micro-
r..T>anisms in all the leaching steps (activity coefficient 3.05-3.2 n l /min) is 
laserved when a pH value of 2.0-2.5 is maintained over the whole leaching 
;<riod (fig.3), and this corresponds to an oxidation-reduction potential of 
<'J0-700iiiV. At higher potentials the decrease in Ihe activity of Uio niicro-
.irgnnisms is probably due to interruption in tlie energy exchange of Oie micro­

organisms. 

The bacterial solutions after leaching of copper-zinc materials have a com-
(le.x composition; up to 3-7 g/1 of copper, 18-120g/1 of zinc, 5-10g/l of iron, 
i.Td 0.10-0.15 g/1 of cadmium accumulate in the solution. After bacterial lea-

ing, therefore, the raetals mustbe extracted to produce standai-d conimer-
f sphalerite in the bacterul^al products. In spite of Oie fact that not more than 25% of copper is extrac 

present in Oie mixtures. The ele«"^'^^^^^'^3^^"J'y °̂ pH2.3, whereas tlie poic^^d inlo Oie solutions under the opUmum leaching condiUons, its use has ind ind US­
UI significance. In lump and uraierground leaching practice the removal of 
iffcr from the bacterial soluUons is largely realised in cementation equip-
unt with the production of cemented copper. The use of zinc dust for the 
paratlon of copper and cadmium from zinc sulphate solutions is also known, 
our Investigations Oie cementation of copper from the bacterial solutions 

IS realised both wiOi iron filings and with zinc dust as precipitant. The use 
is conceii- j( linc dust as cementing agent gives better technological characterist ics and 

Uie extraciioiplies it possible to eliminate the additional introduction of iron into the sol'u-
of 

solu-
I:M after 1-3 min amounts to 95% with a content of 88% in the cemented cop-
«:. In addition, cadmium is extracted into the cemented copper to Oie extent 

alitt ' 15%, and its content amounts to 3%. In order to eliminate the effect of t r i -
ini >.tni iron ions on the cementation of copper it was precipitated in Oie form 

I :̂ e hydraxide at pH 3.0-3.1. 

^0 ution ^ r U s from 430 mV at pH L ^ t o - u . . . v " - " - 3 — ^ .^ pH2.3. Over 
tial of chalcowrlte amounts ô 600 n ^ at PH^. ^^^^.^ ^j chalcopyrite is 
tTe whole invesUgated range of P" " ' ^ . f ^^ ' . f ' ^ l a i e r i t e . and this shows Oia. 

ective leaching ol^inc^ _ ^^^^ _^^^^^^ .̂ ^̂ ^ solution, ^^^^^^fbacterial o.xui4in. which complicates its subsequent treatment. WiOi the consumption 
ction of zinc without f"' dust in Oie stoichiometric ratio Oie extr.action of copper from the sc 

the 

S'cr^cJ^rltMJ^muKi^of ^ - d py-. 
reased to *' • r 1 icotwrite sphalerite, »','*o«ler to separate the zinc from the bacterial solution we investigated I 

nHummic calculations of Uie stability ol ciw c w ^i^.j.oorganisni» Mbibillty of its precipitation .as zinc hydroxide and zinc sulphide and also 
Thermoayna ^'^^.15 in Uie region of Oie *c"vity o' ^^^^ ^ .̂̂  jici-Uentration of the soluUon in zinc to concentrations suitable for electrolysis . 

" ' ^ " ' .S ' i h i t durlnu bacterial oxidation sphalerite ana cn ^^y^ oxidation d'-'K-my precipitation of Oie zinc in tlie form of Oie hydroxide by a 10% solution 
^*'^„n«micallv ui^table but are kinetically statJie,i.e^^^^^^^^ ^^^ ^^ .̂̂  „ ..^,^.j^„, ^ . ^ ^ ^^ ^^ ^ 5_g g ^^^^ ^^ ^ ^ obtained gypsohydrate precipitates 

. o^rur sDontaneously in. the absence °f " f^ j " ' ' - ' " i | „ of sulphide mir.eri :.:,uming 25%Zn, 0.1%Fe, and 0.01%Cu. Such material can be used as Uie raw 
m,Llvnamic^elationships characterist ic °; ."/,« ™ ,°icroorganisms, ani i i^r .al for zinc works arri can be treated by Oie Waelz process, but It is a 
modynaraii. ^^^ geochemical activity 01 "»; ^ UieriiiodyM:4uty low-grade material . During precipitation of Oie zinc wiUi sodium hydro-

W ° i f e c t X kinetics of Oiese processes, ^"^"^^p/^f the medium) v̂ r> mv.ititt NaHS, which Is a waste product from Oie chemical industiy.zlnc 
J ? J a S s ( ^ w ; t i o n - r e d u c t i o n potential 
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1 : 

I . I . • • cn t:,cifrn ie obtained with an extraction rate of 98-99%. sulphide contaimng 50-55%Zn is o b ^ n e a wiu pH2.0-2.5 amounti 

cates its subsequent utilisation. 

we also investigated t » - P O - i ' ^ ^ ^ J ^ ^ ^ S ^ J . ^ S T l n ^ ' s ^ t S e l o f ^̂ ^̂ ^ 
trated in zinc «"1^°"' '^»"'"K'"Ore "lan W ô ^ ^^^^^.^^^ ^^^^ 
by electrolysis . This was achieved by recycling par concentration 

cementation of Oie copper. ' ^ ' ^ ^ ^ ^ f ^ l ^ ' l ^ ^ ^ r ^ S X ' ^ r . the activity of 
of zinc in the soluUon amounted to 71 ^ " ^ ^ ^ ^ ^ ^ ^ with the attain-
Uie microorganisms or deterioraUon in *f^^^'^.™|"f " " e l e c t r o l y s i s Oie recy 
ment of Oie required minimum «=°"^/"//^=^f"^^''^"ept ĉ ^̂ ^̂ ^ maximuJcopper concentrate 
eie was r e d u c ^ . a i ^ * e zi:x • oncetra^^^^^ , p , „ , , ,„ 

Results from flotaUon of copper from cake after the Ieaching of 
copper-zinc concentrate 

Prtxiucts 

to leaching after neutralization to pH2.5. 

During the bacterial leaching of c°"«=«ve copi^r-zinc concentra^^^^^ c j 
per content of the leachlngcake i s ^ " ' ^ ! * ^ ^ ; , ' ^ ^ ^^J^^^To i m p r ^ r t h e quallt, 
Sp to standard witti respect to copper ^ ° " ^ " * - . . ^ ° ™ " c a k e we proposed a pn 
of Oie copper concenteates obtained from " ^ ^ ] f ^ " ^ ^ ^ ^ ^ ^ f ^ ^ P a g e n t condlil: 
cess for flotaUon of the copper sulphides " " ^ ^ ^ f . ' J ^ ^ ^ o ^ a c U v a t e d chare J 
l.SkgAon sodium sulP^ide. SOgAon bujrl aerofkit 2 0 0 & J ° " f ; j ^ ^ , i , e d in an 

(table 3). 

Tailings 
Coke after leaching 

Yield 

41.5 
58.5 

100.0 

Content 

Copper 

19.4 
1.64 
9.0 

Zinc 

3.22 
0,79 
1.8 

Extraction 

Copper 

89.5 
10.5 

100.0 

Zinc 

74.3 
25.7 

100.0 

to standard witti respect '°J°PP^,^^^^"^"e ieaching câ ^̂ ^ a pr 
lie copper concentrates obto "^ f̂  ^ ^ ^ y^g following reagent condlil: rjt,ie 4: Technological characteristics of the combined scheme for treatment 
,s for flotaUon of ^ ^ ^ . ^ ^ ^ ^ J ^ f ^ ' ^ " ^ i aeroflot, 200 gAon acUvated charcc ^j stubborn metacolloidal copper-zinc r -
kgAon sodium sulphide, 80 gAon o " ^ ^ ^ J The f lot^ion is realized in an *̂ *̂  
1 fln„/tnn nf nine Oil on the initial material , m e iioiaiion « i 

The developed technological scheme - - ' ^ l i ^ " ^ ^ ^ ^ S h ^ ^ e'te^h 
ment consisting of a se r i es of P"^'|"'=.f « f J^'^'^^^e t^ere V t a „^^ ^ ' i" ' '^ ' 
nological -^haractensUcs (t.able 4 in f^ ^ ^ ^ f ^ . ^ ^ . ^ ^ S e m e Oie overall 
opUmum process Par^meteis . Thus, in tne a J products amounts to 
extraction of copper, z»n<=. ?'^,<=f " " ' " ^^^S t i aTTopSr -z inc concentrates 
92.0, 90.0, and 89% respectively rom the » f ' ^ ^ ° P J " ^ ^ ' " e c o n o m i c calculi 
85.0 88.5, and 85.8% f.-om Oie »niUal ore A technical and eco 

Copjier-zlnc con­
centrate 

Cake after BL 

ores and concentrates. Q̂ .̂  

Products 

I 

Yield 

Copper 

33.8 
20.3 

8.4 

0.8 
3.8 

66.2 
100 

Content % 

8.59 
10.59 
23.0 

88.0 

0.78 
3.15 

Zinc [Cadmium 

12,65 
2.1 
3.761 

99.8 
1.3 
4.7 

0.062 
0.01 

2.34 

U.O'Jf. 
0.022 

Extraction % 

Copper 

92.1 
68.2 
61.1 

23.9 

15.0 
100.0 

Zinc 

90.8 
9.1 
6.8 

81.7 
11.5 

100.0 

Cadmium 

91.8 
10.2 
4.2 

81.6 

14.2 
100.0 
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Xanthate and 
aeroflot 100 g/ton 
'cresol 80 g/ton 

Crindmt, 

Col lec t ive copper 
z lnc_no£a£lon 

Lime 8 kg / ton . 
cyanide 0.25 kg/ ton 

Copper-2inc 
concentrate 

l ime 

r^ppor f l o t a t i on 
-pH 10-T2 

V.p»ci t tonsof i ron 
^ pH 3.0 

h 7\ T 
V - . ^ 

pH 

Fig. 3 
Effect of the pM of the oiedium on the extracUon of 
zinc d) and copper (2) during bacterial leaching of 
collecUve copper-zinc concentrates. 

UDC 622.7 

ygtfon chaEaclejisticajot-sulph^te^reducliig twcterla In the treatment of ores 

Copper 
concentrate Ta i l ings 

F i l t r a t i o n / Cake . 
r S o l u t i o n H /depoBlt / 

I'FeCOH),/ 

Cementation of 
copper and cadmium 

IS Solozhenkin, L L Lyubavina, L F Samokhvalova and V S Pupkov (Insdtute 
I Chemistry, Academy of Sciences ol Oie Tadzhlk SSR) 

llttcroorganisms are being used more and more widely in various branches 
nchnology. The thiobacteria Thiobacillus ferrooxidans are used for the 

. tMngof copper, arsenic, uranium, and a series of oUier metals^)'). Sul-
ui-reducing microorganisms are also widespread in nature. The Desulfo-
B:lo-desulfurlcans type Is most representative of this class of bacteria°). 

! )t complete cells of sulphate-reducing bacteria rapidly reduce sulphate, 
oiulng Oie molecular hydrogen: 

E l e c t r o l y s i s of 
..inr nr deposi t ion 

Copper-cadmium 
cake Cathode zinc 

the U'eatmentof stubborn metacolloidal 

.SO?- — S»- + 4H8 0, 

r H + 4Ha — HS" + 4Ha0, AF 46410 cal 

Fig.l Technological scheme for U.V 
copper-zinc concentrates wiOi the use of bacterial leaching 

nfles of enzymes (energy transfer agents - electron donors and acceptors 
k> part In the reacUon). Peck proposed Oie following scheme for Oie reduc-
U oi sulphate*) 

ATP sulphurylase •APS reductase Cytochrome Ca 
sulphite reductase 

iy-ite APS Sulphite Sulphide 

•;» ATP Is adenosine triphosphate and APS Is adenosine phosphosulphate. 

•'•* hydrogen sulphide formed on account of the reducUon of gypsum, sulp-
' »iiers, and ttie organic substances of effluents by bacteria are used for 

Fig.2 I j.fjduction of sulphur. Sulphate-reducing bacteria are used for the puri-
The pxtractton of zinc (I) and copper (2) aur'-i j^j^ ^j effluents from heavy-metal caUons by Oie formation of ttie corres-
ine ex » ^^ _ _, „„„„„„«« poorer-i.'*^;,^ njetal sulphides'). However, investigators have paid little attention (h; bacterial leaching of collective c^P^r 
concentrate. Experimental commons. Som 
liquid ratio 1:5, temperature 280C,pHl.'3 
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I 
to Uie use of sulphate-reducing bacteria as reagents in Oie flotation or ores. 
The present investigation was undertaken in order to fill ttie existing gap aw! t" 
to find meUiods tor the wide utilisation of Oiese bacteria in tho treatment ol I 
ores. 

The flotation was carried out in flotation machines of ttie mechanical type 
with a cell volume of 25 and 75ml. The particle size of Uie mineral was 

- .. ~»^imonta we used samples weighing between 1 and 3g, 
'.-._ij„„ rnmnarative 

Table 1: The relation between the number of bacterial cells and the amount 
of hydrogen sulphide released 

In the experUTients we^u..^- l̂ as^^during floUition 
jlphide, 

Comparative 
a cumulative culture 

Length of development of CCB (days) 

Number of ce l l s , 10» In 1 ml of 
solution 

Amount of free HaS m g / l 

1. 

1.2 

30 

2 

95 

170 

3 

140 

450 

4 

230. 

501 

5 

180 

487 

6 

160 

430 

wells) and ^^^^JJ ĵ̂ a t̂lon. The cumulative ^ " " " ^ "^tg^s medium was used lc j^ips governing the flotation of suljAide minerals and with Oie use of ttie work-
V r v r n v ^ u z molybdenum-tungsten deposit. B ^̂ ^̂ ^̂  ^̂ ^ CCB w.as dil mg equations^*) It w.as esLabllshed Oiat Uie ratio of CCDS"- ions present in 
I 11 re ol Uic CCD under laboratoiy co"" J .g„^ medium, in which Unlet^j solution and Oie critical concentration has an effect on Uie floatability of 

t l ill , large volume we used <..• ''"Pj;",;;, „/,.ouon seed')lwas used as scute ,,iena, chalcopyrite, and pyrite. The results are shown in fig.2. For all 
A . ( waste product fi-om th. •..eatmeiit oi co ^^^^ Investigated minerals log (^p /^ ; ) h.as a specific value, ch.-u-acteris-dusl ia waste pr 
of carbon. 

i.eatmei 
llic of Uie sulphide mineral, below'̂ whicii maximum flotation is observed. The 

. .u * «,» mnxlmum number of bacteri. ,f(ycal concentraUon of Uie CCB sulphide ion is considerably lower Uian for 
established «?»**?.["JTcached on *e lourth daj^^ium sulphide^=^. 

The depressing action of the CCB depends on the nature of Uie sulphide min-
rals. Initially, with short contact wiOi the CCB, the flotation is improved on 

YfTi'̂ M^̂ ^After development for four days "^^V^l"({Station of the minerals i-pccount oi tne suipniaisauon oi tne sagntiy oxiaizeo suriace oi uie minerals, 
i!Tn<T solution of Uie reagent and was "=^° ' between Uie number ol ^ ,„̂ ^̂  furtiier treaUnent extensive depression of Uie sulphides begins. The 

working b ^̂ ^̂ ^ ^̂  U^ere is a correia j^^sed. ume effect is observed in Oie flotaUon of oxidized minerals. Witii a CCB con-
r^fprial cells and Uie amount of hydrogen suipn BimpUon rate of 15 mgA (in Ŝ ") cerussite improves its floatability by 20-28%, 
''''̂ *̂ '® ' . J nn sulohide water from wells No.i! ,̂ iie extensive depression Is observed if the CCB consumption rate is increa-

. .u« ovnpriinents we also used "y'''"°S^" ! . „ ' - which has a hydrogens ^̂  to 20-25mg/l. The floatability is reestablished after thorough washing of 

?^'^1rfn°orttie°electrochemical PO*̂ "̂ ^̂ ^̂  °^„'^ried o"t \ i th rigid control ojlon Q̂ ^ basis of Uie high effecUveness of the reaction of ttie CCB sulphide ion 
1 h X water and sodium sulphide ^^^^ " ^ ^^ minerals is shifted to tk-ij, u,e surface of Oie sulphide minerals experiments were carried out on its 

*̂*i h X Ion The electrochemical potential ui Oian wiUi Uie use ol so ,5 ĝ a desorbent of xanUiante coatings from Oie surface of minerals. By 
"*" X P side more strongly with Uie "f̂ f °' i „ i „ ^ i c a n t layer of hydroxii iermodynamic calculations it was shown Uiat the oxidaUon of hydrogen sul-
ium sulphide. This is due to ttie Ia_ct̂ )̂î \̂ ^"„'"ed and ttiis improves tiie su^^e by Uie reaction 
negative side moix: o-.̂ — .̂̂  

• •} . This is due lo ttie fact that 
is formed on the minerals when the CCB is used, and this impnjvc^ 

' '^^ ~-'«'H»M1 minerals compared with sodium sulphide 
bac te r l ' ^^"^ SidTsTtlon-ii deoxidized minerals + 20a =H,SQ., AFo =-170.8 

c h a r a c t e r i s t i c s o^. ^"^f_\g a function of Uie various u^^g ^j ^ jo^e^ r^tg U,an oxidation of sodium sulphide by Uie reaction 
flotation of sulphide " ' " " f "^^ural hydrogen sulphide i>i 

-centrations of sulphidejon K r n a ; S c o p y " S ^ . ani anUmonite, is,redjsa,S . 20 , = NaaSa , ^F^ ^ - . - =-216.18 
nrt rCB) The depression wi &»—•••-/ .^..-e of bacteria, and this is due ti 

^ '^ ,1 «ffPcUvely wiUi Uie cumulative cui™r« during the developmei ^^ decrease in toe concentration of S'" and SH" ions in ttie flotation pulp 
more Ciici. J ,_UIJ<» tnn«!. WhlCn a r e IClCtt.^ , , 1.1-„-,'''•'•\ •.,.:^i iU- /-t^n _.j.i 1.- < il i_ il i_ ! - ; _ ; 1: - . . i -uj j 

The depression of galena. 

% more cit^ww ^ 
presence of hydrosulphide lons, wim-u »»-
tiie CCB and retain their stability under ttie flotation condiUons 

On tiie basis of tiie reli* 
Experiments were carried out on ttie flotaUon of sulphide minerals with 
us concentrations of Oie CCB and butyl xanttiate. Or " -* "-- «ii 

ous 
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^̂ •taining the CCB will be lower than in the pulp containing sodium sulphide. 
i* desorption of xanthante from the surface of sulphide minerals by toe CCB 
Iherefore more effective toanwito solutions of sodium sulphide. 

273 



w T The obtained relationships were checked in Uie separation of an artiflctaJ 
mbcture of minerals consisting ot galena and sphalerite and also a mbtture oi'Table 2 
molybenlte and chalcopyrite (table 2). Wlto Oie opUmum reagent regime Uie f 
extraction of galena into the lead concentrate after bacterial treatment with d 
bacterial content of 23.7 • lO" cells in 1 ml of Oie CCB amounts to 83.63%, n^ 
toe extraction of sphalerite under toese conditions is 4.48%. In control tests 

Dependence of the selective separation of a mixture of molybdenite 
and chalcopyrite (1:1) on the length of bacterial treatment 
(chalcopyrite -125+63ii- mni..i-«—•*- "" • 

selective separation of .toe lead-zinc concentrate was not observed ). 

The desorption of toe xantoate from toe surface of toe minerals was realin 
by toe following metood. The mineral was floated wito toe opUmuni xanlhai* 
consumption rale. The f roto product was collected In a test lube, treated m 
various amounts of CCB, and filtered. The solutions were analysed by spec 
trophotometi7 to determine toe xantoate content. The mineral was toen sub̂  
jected to a secondary flotation (table 3). The CC,B Is an effective desorbeni 
for toe xantoate from toe surface of toe minerals. 

The use of sulphate-reducing bacteria as sulphidiser for sulphide-oxide It̂  
ore made it possible to Improve the technological characterist ics^*). Att̂ .tj 
State Institute of Nonferrous Metals senior scientific worker L A Glazunov 
undertook an investigation into Uie use of sulphate-reducing bacteria in the 
flotation of oxidized copper-molybdenum ore from toe Almalyk deposit. T>.( 

Length of 
Bacterial 
treatment 

min 

-125+63p, molybdenite -63^<J^J 

Yield of mineral % 

results showed toat in toe ore flotaUon cycle toe CCB can totally replace sJible 3 : The effect of toe deet« nf ^ 
sulphide wltoout reducing the technological character is t ics . toe minerals on toelrffn^fl!! ^'' '^?.' '°' ' ' ^ xantoate from toe si.rfa,.^ ^ 

meir flotation wito various CCB consumption rates 
I n v e s t i g a t i o n of t h e m e c h a n i s m of t h e r e a c t i o n of suipy 

i o n s w i t h t h e s u r f a c e of m i n e r a l s - b y m e a n s o i s p i n - l a b ^ 
r e a g e n t s ( R a d i c a l s ) by t h e E S R M e t h o d . The investigaUond 
radical-labelled sulphide minerals by electron spin resonance makes ItpcJ 
to obtain information on toe state of toe free-radical fragment, which In iJ'O'icentraUon 
depends on ttie structure and environment of toe mineral in toe region ol c/ 
added label ). The 4-(p-chloromercurybenzoate)-2,2,6, 6-tetramethy! 
plperidin-1-oxyl radical, toe spin-label analog of dietoylamlnophenylmerci 
acetate, toe syntoesls of which was realised In ' " ) , was used In toe work." 
reagent exhibits specific sorption on toe surface of sulphide minerals and! 
stable compounds wito toe sulphur atoms of toe mineral . The ESR spectri 
recorded on an RE 1306radiospectrometer at liquid nitrogen temperature f 
Samples of toe sulphide minerals spin-labelled wlto toe radical were obo: 
after flotation or treatment of Oie natural and artificial minerals with wau 
alcohol solutions of toe radical at various cpncentrations in distilled waic 
The minerals were separated from toe water, washed tooroughly wlto wa'j 
placed after natural drying in a tube, and InvesUgated by toe ESR meOiod. 
ESR spectra of toe radicals are extremely sensitive to rotational moblllir 
toe frequency of collision in toe investigated systems. 

of CCB in 
S"- mg/l 

The ESR spectrum of the radical in toluene represents a triplet (fig.3al 
Increase In temperature toere Is an Increase In toe Intensity of toe ESR i 
a narrowing of toe lines, and gradual equalisation of Oie component interj '• _ ....vo m uie KSH 
and this is due to an increase in toe frequency of rotation of the radicals. •* ("g.3c). The amplitude of Oi pc^ ' 
toe case of insignificant sorption of toe radical on toe surf.ace of toe mini -lof toe radical on the mim. i 

lUnJed triplet ESR signal is observed (jfig. ab). Wito increase in toe degree 
J wrption toe local concentration of toe radical increases , and tois leads to 
•;«ieniiig of toe lines in toe ESR spectrum, and a sinelei on*..* • 
4 I I I - . . . - l „ - / • " • a singlet spectrum 
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The variation of toe ESR spectrum as a function of temperature makes It 
possible to establish toe various conformational transitions In toe sorption 
layer. Fig.4 shows Oie temperature dependence of toe change in toe rotation 

ol the radical sorbed on lead, bismuth, and mercury sulphides. 
"phides had a considerable active surface, and 

with a radical consumption rate of 50 mg/l a retarded triplet ESR spectrum 
was observed on toelr surface. The rotation parameters were calculated by 
toe metood given In toe llteratui-e'"). 

y 

frequency ,̂. ...- . „ - , - . 
The artificially obtained sulphides had a 

To study toe elfect of toe structure of toe microenvlronment on toe rotatloni 
Iffusion of toe radical we used toe effective energy (£.Sg££), which are relaui 

i lion rate from 0 to 450 mg/l toe local concentrations of Oie radical sorbed on 
•̂ e artificial blsmuto and mercury sulphide increased from 0 to 0.15 mole/ 
litre, and toe average distances between toeni decreased to 20 A. On galena 
1 distance of 20 A between Uie spin labels is reached even wito a radical con-
cjmptlon rate of 100 mg4, and this is due to the smaller specific surface area 
li the mineral compared wlto toe artificial sulphides. Wlto increase in toe 
;adlcal consumption rate toe ESR spectrum changes from triplet to singlet, 
tnj tots Is due to toe increase in toe local concentration of toe radical and to 
M possibility of spin-spin exchange between the closely situated labels (In 
!he oi'der of 7-10 A). 

diffusion — 
by toe Arrhenius-Ey ring equation: 

y - H exp - j ^ exp • UT 
The frequency of rotation of thf radical does not depend on temperature over 
a wide range. The close to -.iMo AEefi: and AS f̂f values are an indication o) 
toe fact toat the radical forms a stable sorption layer (matrbt) not sensitive 
to fluctuations in temperature 

ottp WIR stt^ tun; m i i i j y .iiiu u i v iiiui c i:v<iii|x:iiiive wiui uie i iyurugmi luiis , in an aiKailr 
î u ... ooto- of ^orntion of toe radical on toe surface o\"'^"?°*J;,„^,!J, tedium toe Intensity of toe ESR spectra of toe radical decreases greaUy, .i 

• . ? t t i f 5) Wi h n^roase in toe concentration of f " l P » ' l ' ' V ° f . f 3 , * ; X ' d '̂̂  " ^ ' " ' « « ^ considerable Increr^e in toe sorption of hydroxide ions aiid ied ffie-S)- win »"" I ^̂ ^̂  Indicates an inci-ease in toe soiP"on" V.̂  ^^^^^^^^ ^̂  ^^ radical. 

The flotation and toe sorption of toe radical on toe surface of pyrite were 
uiresUgated as a function of pH ffig. 7). The pyrite was first treated wito sod-
uni sulphide and CCB and toorouglily w.ashed from unfbced S'- ions. A sample 
us Oien treated with butyl xantoate (concentration 200 mg/l) and wlto Oie radl-
a\. Flotation was realised at specific pH values. Under Oie conditions of opti-
sum floatability of toe pyrite its suriace is saturated by S'" ions more rapidly 
luring treatment wlto CCB toan during treatment with sodium sulphide. This 
jevWentiy due to toe fact toat to toe first case Oie sulphide ions are fbced 
core firmly and are more competitive wlOi Uie hydrogen lons. In an alkaline 

and 

toe ESR spectra increases, and Oiis Indicates an inci-eitsc m u.̂  ^-.^ , 
radical. Wito furtoer increase in toe concentration of sulphide lons toe Intew 
sity ot toe ESR spectra decreases a little, and toe-rotation frequency of Uie ' 
radical remains constant in the order ol v =6-10'' sec"^. The rotation fre- , 
quency of the radical sorbed on toe cerussite which had been treated wlthCCa"'"='"sions 
was approximately five times less toan toe rotation frequency of toe radical 
sorbed on cerussite which had been treated wito sodium sulphide wlto equh>j 

r . ! r r S e m » < S £ j . X e cjr^^^^^^ 
radical is attached more firmly in toe case 
ulative bacterial culture. 

1.It was shown toat sulphate-reducing bacteria are more effective sulphldl-
Krs for toe oxidation Of minerals toan sodium sulphide. The technical and 
Konomlc expediency of using a bacterial culture in the flotation ol ores was 

Unum ores. 
'l.The high effectiveness of toe bacterial culture as a suli^ldiser and depres-
Hr is due to hydrolysis of hydrogen sulphide wito toe release of toe hydrosul-h ' r l ical on IhJ iiyui-uiyoia ui iiyuiugeii suii^iiiue wiui uie r e i c a a e ui uie 

dOWnlle lU i m e . _ _ ,^ l „ H,a n n n r o n l n 

on 
tion of toe line due to toe characteristics 
ent equal to 4212 Oe • 1/ mole 

< collective sulphide concentrates and, in particular, for lead-zinc and copper-

selectively attached to toe surface of toe minerals 
compounds wito toe sulphur atoms, was used for 

U lirst time. It was shown toat the nature of toe sulphide film differs wito 
rtip radicalil""'"^"' °^ *^ mineral by sodium sulphide and by toe bacterial culture.lt was 

A r̂,r̂ t̂  toe dependence of toe average distances between me rau ,„abllshed toat toe distance between toe labels sorbed on toe metal sulphides 
Iî » .oral concentrations of toe radical, given in toe V^rature ), we - ^ ^j^^^^j^ amounts to 7-20 A. The distance between toe labels varies, depen-

n ^ the a v e r ^ r d S c e s between toe centres of toe spin-labelled reagenu ^^ ^^ ^^ concentration of toe radical sorbed on toe surface, 
glassy soluUons at 770K. 

i»*i»n Wlto Increase in toe radical consuni 
The obtained data are shown m fig.6. Wlto increase | 
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Fig . l 

t j ^ 

Concer.crn 
(c) as a fu: 

Flotation of galena (a), chaIcoiA'rite ('J), und •.latinioiiite 
lion ot Oie depressor consuunitioii rnlr : I) Sodium sulphide; 2) liyc 
gon sulphide water; 3) CCB. 

u 

(0 

Fi . ' . l 

1.0 

The aepewlence of log i- on 1 / T for toe radi­
cal (concentration 50 mi;/1), !:orhed on bismuUi 
(1), lead (2), and mercury (3) sulphides. 

Fig .2 
The effect of toe ratio of S '" ions present in Oie solution and the r: 
ical concentraUon on flouition; 1 •• Galena; 2 - chalcopyrite; 3 -
pyrile. Concentration of butyl xanlhuto (m/ l ) : o - 0.05-10"' &-
1.33.10-*, D - i . o u - i o - ' , • - 2.CG.10-', A - s . aa . i o -* . 

0 200 1,00 
Concentration 

and CCB i n S' 

m 
of Na, 
~mg/l 

Fig.5 

The dei^endence of the intensity of toe 
ESR spectra (1,2) and toe rotation 
frequency of Oie radicals ( l ' ,2 ' ) sor ­
bed on cerussite previously treated 
with sodium sulphide (1,1') and CCB 
(2,2'). Concentration of radical 
50 mg/l. 
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Concentration 
r ad ica l mg/l 

Fig. 6 , 
The variation of toe intensities of toe E 
Ip^clraof toe radicals sorbed on toe 
S e e of bismuto (D and mercury (2) 
su phides and galena (3) and J^e distan­
ces belween toe labels respectively 
a ^,2',3') on the concentration of toe 
radical. 

Fig.7 

12) A A Abi-amov: Theoretical principles of toe optimisation of selective 
flotation of sulphide ores . Nedra, Moscow 1978. 

13) AMGoden : Flotation. Gosgortekhizdat, Moscow 1959, p. 342. 
!4) R D Kupeeva et alia: Obogashchenie Rud. Irkutsk 1977, (5). 158. 
15) P M Solozhenkin et alia: Material a)iii)wsition and coiiccntratabillty of 

mineral raw material. Moscow 1978, p. 29. 
16) G I Likhtenshtein: Spin label metood in molecular biology. Nauka 1974. 
171 A N Kuznetsov: The spin probe meOiod. N.auka, Moscow 1976. 
18) A L Buchachenko et alia: Stable radicals. Khimiya, Moscow 1973. 
ID) D I Kogan et alia: Tsvetnye Metallv 1978, (2),70. 
20) A N Kuznetsov e t a i i a : Chem.Phys. LeU., 1971, (12),103. 
21) A I Kokorin et alia: Measurements of distances between imioxyl spin 

labels as a metood for studying Oie structure of macromolecules and 
solid solutions. Preprint of Uio Institute of Chemical Physics. Chono-
golovka, 1976. 

UDC 622.7 

The flotation of pyrite (1) and toe fp^^ip^tion oj water and aqueous solutions hy flotoflocculation metoods 
variation in the _intensitiej of-the^. 

i.SN Khavskii and V V Tokarev (Moscow Institute of Steel ami Alloys) 

Relerences 

1) s i Pol'kin etaiia 

2) 

3) 

ESRTig;a{;(2.3)a^t^- |Uf- ies 
of rotation ot toe radical (2 ,J I. 
sorbed on pyrite whicli had been 
nreviouflly treated wlto sodium 
S l i d e f2.2') and CCB (3.3'),as 

function of pH. 

p.<,ceedings of Nlnto International Congress on 

Prague 1970. 

[Summary 

.\teUiods based on toe flotation principle are used tor Oie purification of efflu-
leni.s and solutions. The flotoflocculatlon nieOiod Involves making the surface of 
s-jsî ensions water repellent by means of water-soluble high-molecular ixily-
:;ers containing various functional groups and subsequent flotation ot Uie par-
r.iles in counterflow equipment of toe column type. Special devices are used 

disperse toe gas in toe purified soluUon, and toe rroto product. In whicii 
c suspension is concentrated, is removed. The process makes it possible 

G I ' i S a S ' ^ t ^ a : ^ [ . r ^ l J of microorganisms 
toe leaching o(^ remove solid and organic substances continuously from Uie solution. 

Investigations showed toat suitable high-molecular collector reagents are 
^ ;aer-KOluble polymers wito a molecular weight higher than (3-5) • 10* , whi 
pduce the surface tension of toe water by not less than 1% at concentrations 

and geochemical activity o icuer-soluble polymers wito a molecular weight higher than (3-5) • 10* , which 

4) 
5) 

6) 
7) 
8) 

9) 

10) 
11) 
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meUils. Nauka, Moscow 1972. 
S A sokolova et alia: Physiology 

teria. Nauka, Moscow . .jgg2^26,67. , , jjiufb O.Sg/m''. Polyvinyl alcohol and its aldehyde derivatives, poly oxy e toy lene, 
N D K®y®'=;., ^"^^j'Via. Metoods for purification of industrial ^ modified protein substances are effective and have been used successfully 
A N lly»^®^2"°^, - Alma-Ata 1972,8,p.228. .jr ihe flotoflocculaUon purification of toe suspensions of neg.atively charged 
Tr.Kazmekhaiwora, ^ .̂̂ 01 j^ev. , 1966,30,732. « , 32 articles in .acidic and alkaline media. In media which .ire close to neutral 
1 R Postgate et a "a . ._^ ^^^^ TadzhSSR.XiX, / " ' " ' J; ' ' jUonic polyelectroly tes, which are adsorbed preferenUally on the particles 
I I iMiihavina e t a i i a . uoni.n.^'^ ._.„=„ „„rt iia mineral and tnerni* • '_A_:_- _ ' _ « - - . : . . - , . . . , . . ,,ccr^ .:. .i...^ 1..:̂  , • . .j . ._,..:-i basin and its mineral 
K M c i i S ^ n a f Dushanbe artesian !< itie suspension, are effective. In toe USSR the meUiod has found industrial 

fji' in certain hydrometallurgical processes for toe high purificaUon of min-
:il suspensions instead of control filtration and for toe purification of efflu-
i:ts from rolling processes. It has been tested on semi-industrial and indus-
•lal scales for the purification of aluminate solutions in toe production of 
Ijniina, for toe collection of precipitated copper, and also in water prepara-
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USING ELECTRODES WITH EXTENDED SURFACES IN HYDROMETALLURGY 

UDC 669.21/23.054.7 -•'•'% 

A. I. Maslii, A. P. Zamyatin, V. K. Varentsov, V. M. Krapivin, 3 
and Yu. I. Frolov -^ 

The Institute of Physical Chemistry and the Machine Tool Institute of the Siberian ' .";> 
Department of the USSR Academy of Sciences have developed multicell uniflow electro- •' 
lytic cells with separated cathode and anode spaces and two versions of electrode with v: 
extended surfaces suitable for the extraction of gold and silver from sulfuric acid '-•-.{ 
thiourea and alkaline cyanide solutions. The first version (Fig. la) uses plate ,•̂• 
cathode units made from titanium plates [1] placed perpendicular to the anode and %' 
separated by washers so that a gap is left between neighboring plates for the solution ̂t 
to pass through. .^ 
Experience in the use of plate cath- - ^ 

ode for gold extraction from thiourea 
solutions showed them to be highly 
efficient, even when the ratio of 
plate width to the distance between 
them is 80-100 [2]. The unit shown 
in Fig. la has an intrinsic volume 
of 3.4 dm' with a cathode surface of 
•̂  5 m and a weight of i- 7 kg. A cell 
(Technical Specification 48-22-33-74) 
with ten of these units takes up < 
1 m of floor space and can process 

-l̂-

^ 

-=« 
Fig. 1. Electrodes with extended surfaces: 
a - plate cathode unit; b - cathode unit 
using carbon-graphite material. 

• : & : 

up to 5 m' of auriferous solutions per 
day at a current load of 500-700 A 
(with 99% gold extraction), i.e., 
15-20 times more than a cell with flat 
electrodes. Cells of this type have 
been operating successfully since 
1971 in the electrolysis section of 
the ion-exchange installation at the 
Lebedinskoe Gold-Extraction Plant [3]. 
An even higher degree of electrode 

surface extension can be achieved by 
using fibrous carbon-graphite mater­
ials as the electrode [4]. These 
materials are manufactured by heat 
treatment of viscous base and take 
the form of various kinds of felt, 
fabric, thread, and the like depend­
ing upon the nature of the base [5]. 
Carbon-graphite materials are stable in aggressive media, have a fair level of electrical 
conductivity, and have a very extensive surface. ....{ 

The problem' of evaluating t;he carbon-graphite material surface available for an effec-' 
tive electrolysis process has not yet been studied sufficiently, but as a first approxi­
mation it can be regarded as equal to the lateral surface of the threads. The surface 
will be 0.2 m^/g for threads to 10 p in diameter, which is several orders of magnitude 
higher than the figure for titanium plate cathodes and indicates the potential benefits 
of using carbon-graphite materials as electrodes with extended surfaces. 

The cathode unit in which an extended surface is obtained by using carbon-graphite 
materials (Fig. lb) consists of a central chamber with a layer of carbon-graphite mater­
ial (the cathode proper) clamped to its perforated side walls. The solution to be 
processed is fed inside the cathode unit and is electrolyzed as it passes thirough the 
pores between the carbon fibers. Comparative operation of plate cathodes and of cathode 
units with carbon-graphite materials in the process of gold extraction from thiourea 
solutions showed that, with identical overall dimensions, the latter gives 3-4 times 

l/ 
-^^—^—_^^___^——^.^—^——^ '<• 
1 ••'3? 

The work was directed by R. Yu. Bek and had the direct participation of T. A. Lavrovays« 
A. G. Zelinskii, and G. N. Sorokin. .j. 
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Fig,, 2. Various sta-
,ges in carbon-base 
filling with the 
cathode deppsit; 
a,- initial; b -
partly covered by 
metal; c - ent^irely 
filled with gold. 

, • 

u ^;* 

• I " i f 

'X%2 

r~. "̂ — 1 
* c, ' • o~ 

• 

. 

^ N . p. 

o \ 

^re output (and eonsequeritly Have 
•j working surface which is 3-4 

. times more effect ive) . Electrbly-
tic cells with 10 such unitiS' have 
Seen in operat:ion sirice ;1973 at one 
of the enterprises of the Yakutzo-

•iptp Group. When VVP-66-95 carbon 
fiber felt:* ( total weight of mater­
ial per ce l l 0.6-0.8 kg) and a 
current load of 500 A are us eti, 

•the capacity of the ce l l in terms 
of reclaimed solution reaches 15 
.c'./day. .Improyements have iriow 
brought e Iec t r 6 ly t i c e e 11 capac i t " 
tjp to 20-25 .m̂  /day" without a s'ub^ 
stantia'l increase in overall d i -
censibns. There are real possibi­
lities of producirig much more 

; power fill ce l l s based upon th is 
••'design, with capacities of 10,p; and 
'" ipbO m.'Vday. 

Another important feature of carbon-graphite material. 
"cathodes is that they can be. used to. deposit a much greater 
anount of metal per unit of electrode Weight without the de'. 
posit peeling off or crumbling, in the .proeess qf electro­
lysis t'he carbon fibers., which are fv, 10 p in diameter in 
the initial state, are gradually covered with irietal (Eig. 
2 ) . . In these circumstances 20-30 kg. of gold are deposited 
on 1 kg of carbon-graphite material, I.e., the weight of 
the base itself- accounts for 3-5%.^ It Is also interesting 
to note that the speed of metal extraction from solutioh 
reinains practically unchanged right up to the point of 
caolescence of the individual fibers into a monolithic de­
posit (fig.. 3) , The. only change is when the base is filled, 
toa large exterit with metal, when its hydrodynamic resis­
tance- to t:he flow of solution increase's sharply and the 
capacity bf the ceil falls. 
Thus using carbon-graphit'e: ma^terials as electrodes with 

eixtended surfaces^ for the electrolytic .extraction of ..metais 
, from dilute solutions permits considerable acceleration of . 
the extraction process and also ylel.ds' a coricentxat'ed 

• finished product in the first stage:. Various methods', have 
-been, devel.oped for removing the metal frdin carbon-graph ite 
' materials and regeneratin.g the base,, and it, has been shown 
'that i:he, efficiency of carbon.^graphite materials remains 
:practically unchanged even after ten regenerations. As' re­
gards the extraction o„f precious metals, how'ever, it is ecbridmi'cally more advantageous 
:to use the carbon-graph ite materials once; this greatly simpilifies tihe subs eguetnt'product, 
• finishing operatioris. The industfial assimilation of this technGlogy. for gold extraction 
~,rr6m production solutions at on.e> of the enterprises has yielded anriua*l, savings of ̂  25,0000 
rubles compared with chemical deposition. This technique will beepme feasible for 
the: extraction of other metals as the dndustrlal 'prdduction of carbon-graphite materials 
.>:increases and their cost is ebrrespdndingly reduced. 

; : ^ | i ^ : ; , . . • • R E E E R E N G E ' S 

" A u ' 

2S 
kg/rn' 

iff 

Fig-, :3', Relatlohship 
of capacity of an 
electrolytic cell W 
with a 35-fold re­
duction in the. gold 
concentfatipn of 
the solution to the 
amount df deposited 
metal QA^ P®^ unit 
of visible elect­
rode surface; 
0> 9 - various cells. 

fH-i, •'•̂ ®̂ ' A. X, Maslii, I. F. Baryshnikov;. et al, Ihyentors' Cert, No. 34 9753, 
otKrytiya, Izobreteniya, Promyshlennye .Obraztsy,, Tovafrhaya .Znaki, 197 

Maslii:, N. P.. Poddubnyi, R. Yu'! Bek, and T. A, .Lavrova, Izvesti 

3. A 

A. I 
Otdelenlya Akad. Nauk SSSR, Seriya Khim 

I . Maslii, R. Yu. Bek, 
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USING ION EXCHANGERS TO REMOVE NICKEL FROM CADMiUM SULFATE. SOLUTIONS 

UDC 6 6 9 . 7 3 : 3 : 6 : 6 . 0 7 , 4 . 7 

I . P . T u l e h k o v , . E . P. , K a z a n t s e v , L , V. B o g a t y k h , a n d ± . V. S a m b o r s k i i 

R e s u l t s p f N i c k e l S o r p t i o n 
E x p e r i i o e n t s w i t h C e r t a i n 
R e s i n s ' ( s t a t i c c o n d i t i o n s ) 

s t a r t i n g s o ­
l u t i o n . g / 1 

1 

In 

1J5,6 

124,5 

' 33,2 

Cd 

0,004 

0,006 

224.5 

Nt 

0,588 

R e s i n 

ANKB-l 
ANKB-T 
AKKB-10 
KB-2X7P 

3nR 
asT 

O.Wi 

1.57 

•49i<3r 

mtvsrie. 
ANKF-3G 

,a2o,. 
324 
2 
3 
4 

2 
1 3 
[ 4 

303 
324 
491 

. ' PC 

0,-382 
0,367 
0.529 
0,485 
0,264 
0,204: 
0,396" 

0,602 
O.KO 
0,529 
0,455 
0,323 
0,459 
0,323 

:0,839 
1,12 
0,S6T 
.1103. 
; i ; i 4 
0.96 

!0;3 
11,05 
3.0 

,5 .2 
16.3 
19,4 
9;6 

,2,8 
2^0 
6,6 

10,2 
16.9 
10,2 
16,9 

36-r6 
22,5 
33,0 
27;o 
31,5 
30,5 

C I k^ i S III 12 « IS-

Ysqln/Vres. 

Output curves for nickel 
sorption from cadmium 
electrolyte contairiing 
(S-/liter) : 1. 5 Ni , 190 

1 - 4 ; 2 - 308'; 3 - .491 
Gr; 5 - A»KB-1 (1-5 
ion exchangers). 

Finding 'a method, of ̂ reinoving nickel from cadmium solutions is a matter of extreme 
urgency, A series of ibri-exchangers coritainirig aminocarboxylie and carboxylic. grbii-
pirigs (ANKB-10, ,KB-2> x. 7P.) , aminophosphoric groupings' (ANKF-IB, ANKF-3G) , and amino-
hydrazine groupirigs (No. .2 , 3,, 4, 308,. 320, 324, 491) were tested-, to extend the 
range of ion exeha'ngers for nickel sorption. The latter resins were; produced only in 
experimental batches; ANRB-1 and ANKB.-7 were also tested, for eoraparisori. 

The prerimiriary ex^ 
perimehts on nickel 
sorption were under-
static conditions^: 
lop ml of the .indust­
rial solution used to 
produce ,zinc. sulfate, 
or for electrolysis 
of cadmium were brought 
into contact with 2 g 
of resin (converted to 
dry.weight) .and mixed 
with a mechanical mix­
er for 4. hours at 5:5+ 
^a'C and pH = 4.. The 
results of- these expe­
riments (see Table) 
shoyJed that '̂h:e. resins 
with aminphydrazine. 
groupings had better sorption capacity for nickel 
ions tRan the' other exchangers t'ested. 
EkperimentS'. urider dynamic conditidns were con­

ducted with 30,8, 4, 49,1, and 491Gr*, and ANKB-l 
(see Big) .: The initial solution was cadmium elec­
trolyte with pH = 4., Sorption conditiohs were: 
resin weight 20 g.,, t = 55°e, rate of solution 
throughput 6.5-1-0 ml/(min'cm^) i The resin was 
washed with distilled water (2 volumes to I vpl-
•ume of resin) . Sulfuric acid at a cdndentratiori 
df ip.O g/liter at 55-70°C arid with a solution 

- . . speed of 0.5 ml/imin-cm ) was used for aesorptidh. 
• If 500 mg/liter is taken as the: breakthrough, 

which guarantees production of metallic cadih'ium, contairiing <0,. 0013% Ni, one volume of 
resin can purify three, {resin 4) or seven (resin 491) volumes of solution, whereas 
ANKB-1 sorbs the same amount df nickel f-rdm- only, two volumes, of .solution. .Capacity in 
these conditions was 26 mg: Ni/g for resin 491 but only 7 mg Ni/g for AHKB-l. Resin 
491 Gir has the- same capacity as ANKB-I-* but with greater mechanical and osmotic 
_strength. 
Three volumes of 2N :H ̂ SO t, per volime lOf iresin are reguired to wash Put the nickel 

from ANKB-1. aridj491Gr., whereas l.p-l.-5 yolumes are sufficient for the 4,308, and 
491 aminohydrazine .resins. Go'nsequently, the maximum nickel concentration in the 
*ich batches'o'f eluate from resin 491 was > 12 g/liter, as compared with about 5 
g/iiter f rom ANkB'-l. 
The investigations established the possibility .of using resins containirig amindhyd-

-Sazi-ne groupings for removal of nickel from cadmium-production, solutions. 

V, A. Leits^^in-participated in the work. 

The resiri is mahufactured in "granulated" form' (strong c'ylind'ers 3-.4 mm' long and 
i.5-2 mm in diameter)-. 
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UNDERGRDUND LEACHING OF SULFIDE GOPPERiNICKEL ORE 
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V;. A; Sedel'nikbv, R, S. Vqrpnova,, A. K. Rozeht'al', Yu,. V, Koronelli', 
and Ya'.. A. Vladlmirpy 
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Due to the heed to expand the raw-material base for the cppper-nickel industry, 
there is practical interest in studying prpcess of leaching LovriPbzerskii copper-nick­
el ores. Me lanb-mesocr at ic norites were, the technological ore sample.- The ore v*as 
impregnated, and nodular veined. The sulfide minerals are-pyrrhotite, pentlandite, 
and. chalcopyrite., . The cdntent of basic cdiSpPrierits is: 0..9% Ni, 0.5% Gu, 18-45.% Ee, 
0.04% Co, 7.40i S, 39.-18.% SiO,̂ :, 3,.. 04% CaO, ,15.12,% MgO, arid 5.32% AiiOj. 
To per form the tests (flowsheet shown, in Fig".) an ore batch ('30 ̂ t) was separated 

into two parts. Onfe part was Crushed tp -30 mm*;, the granulometrlc composition of the 
second part corresppnded to the level Achieved at. the: deposit after explosive crushing. 

Ore' samples 1 and 2 were leached at, 50° and̂  ZO'C respectively. -Total laboratory and 
enlarged test time was, 5 years. The leaching inethod was developed in preliminary lab­
oratory tests . The crushed-ore reactor was fii led. with a, weak sulfuric-acid solutioti 
(12.-15 g/1). After a l-hoiar acid-ore contact, the solution was poured offhand the ore-
was dried fpr 24 hours i'n two reactors at 20-50''C. All operations were then repeated,.-
until a solution was dbtained with a cpncenfratidn of 0 .,5 g/1 Ni,. 

The" drying period, when the. bre'was found -in. a moist-air sta:te. Was mbst suitable for 
decompositibn of the metal sulfides by the combined ieffect p f the: siî  oxygen, the lohs 
of. oxide' iron and sulfuric acid. Ths results of laboratory tests at 5.0"G' showed that 
under these conditions one can extract up to. 97% Mi and 8 0%. Gu to the solution; with a 
continuous stabie' non-ferrpus metals, extraction to solution, one would obtain at least 
an up tb 70% extraction, level;. , 
The degree of metal extrac'ti'pn to solutipn (Q, I:), ' '" "". 

depending bn the Teaching time; {.x-t days) , is des­
cribed by the power furiction:' 

. . •• Q = aT,b;^ 

on this curve there are several sections with diffe­
rent value's for .empirical cpefficients a and b. :AS a 
rule, 3 were the: maximum number of se'ctibns,. 
The preserice df t h e .:f irs.t section, can "be -explained 

by rieagent interaction with the oxidized forms of the 
components and the sulfid'e- inclusions located- on sur­
faces of piece. The seco.nd intermediate sectipn cpv~ 
:ers a -conventionally 'sma-ll distance, .in time - of an 
order of. several days. The third sec'tion is determ­
ined by the establi'she'd. l'eac,hing schedule and is of 
greatest interest since, it permits extrapolation-pf 
the period nee'deS for Gomplet-e ex.traction. This sec-
•fiph shoWs .reagent interaction with sulfides inside 
ore pieces-. Morebver, the prpc,ess rate is- determined 
by the diffusiprt properties of eompdneritsi. Using the 
fbriQula tp exttapplate up tP 70% extraction shows 
that the folLowing 'peripas of time are. required to 
attain this extraction level (in years): at 5C°G, 
2.4 for nickel and 1.9 for copper; at •2.0.''C, 8,4 for 
nickel and 10.4 for copper 

It was established, that le.aching is possible- for 
the pieces pbtained following eo'nve'ntipnal explosive 
crushing; the pfdce'ss rate here however would be about 
2.5" times; less than -for the most favorable' size (<30 
mm) , Metal-leaPhirig, rate, determined as .a time deriva-

^^^^= dQ \ b-

depends on the' process duration; therefore", to'obtain 
solutions with- identical Gomppnerit cpntents at the end 
pf' all the leachihg cycles., other' ponditions beirig -eg-
ual-,' one' wp:uld. have to extend the cycles in prppohtion 
to the course of the prPce.ss. 
The original sulfuric-acid content deij;:ermines three factors whtch aire important 1°^ 

the process.: the ̂ duratipn of the cycle, the metal's, coribentraction in the solution, ar-s 
the reagent'ciDnsumption per ton of 'nickel extracted t.o the solution. Each sulfuric 
add cbncerit:ratibn, no matter how long the cycle', corresponds ti3 a specific inaxin>î _ ̂  
m'etal content in the solution which can be achieved in the leaehing process in. a gi''** 
cycle. By altering the originai sulfuric-acidi concentration one can also regulate 

' m i 

Layout of a u n i t for 
l e a c h i n g copper-r i ick-
e l o r e : 

1,, 2 - r e a c t o r s , 1800 
mm in: idiam.. , B m 
h i g h ; 3 , 4 ~ pressure 
and, Go i r ec t i ng - tanks , 
4 m̂  i n c a p a c i t y ; 5 -
1 m' t ank ,for su l fu r ­
i c a c i d ; 6 - hea t ex­
c h a n g e r ; 7 - e l e c t r i c 
a i r h e a t e r ; 8 - piimRs; 
,9 - .flow m e t e r s ; 10 
- thefiribcoujple sock-^ 
e t s . . 
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{jie iron content of a solution -- a very important factor for its 
ce.it. 
During the process of ore leaching at 50°G, about 90,000 liters 

obtained with average contents of 0.53 g/1 Ni, 0.073 g/1 Gu, 0.017 
o/l fe; at 20°G, 50,000 liters of solution were obtained with aver 
0.48 g/1 Ni, 0.015 g/1 Go, 0.05 g/1 Gu, and 3.4 g/1 Fe. Following 
of the tests, the solution contained 1-5 g/1 H2SO1,. 
When leaching ore at 50°G, the average acid consumption was 24 g 

extracted to solution; at 20°C, it was 28 g/1. 
The obtained data can be used when planning the experimental sys 

leaching for the deposit. According to calculations made by the a 
dcrground leaching to work the deposit can lead to considerable re 
ting and capital costs as well as reductions in the cost of commer 
the level obtained when using traditional technology. 

subsetjuent treat-

of solution were 
g/1 Go, and 1.23 
age contents of 
leaching, in most 

per g of nickel 

tem of underground 
uthors, using un-
ductions in opera-
cial nickel below 

-4 
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and sulphates that would inter-
ith the subsequent lime-purifica-
tep. Some additional acid is 
j by catalytic oxidation of SOg 
(the aeration step. The quantity 

J formed is .usually adequate to 
dissolve any residual mariganeous 
oxide ia the leach pulp by reaction. 

After aeration, the pulp, which has 
a pH.of 1.5 to 3.5, is neutralized to a 
pH of about 5.5 by adding a hydrated-
lime slurry to precipitate alumina, 

. . « - : • ' ' . - _ • • • 7 ' ' % ' - : - , < - ' ' ' • - - ; l - - . ' - ; - • • • •- ; • . - . - • - , . - • 

silica, iron,',':phosphorus,' zinci and 
other dissolved impurities. The partly 
neutralized pulp then is filtered, and 
the cake is washed to recover purified 
pregnant liquor. Quicklime then is 
added to the liquor to precipitate the 
manganese as the hydroxide, which 
regenerates the calcium dithionate ac­
cording to the reaction: 

MnS20e+Ca(OH)2-»Mn(OH)2 
. . +CaS208 

. The manganese hydroxide precipi-^ 
tate.is filtered, washed, and dried and"2'̂ i|! 

. then is sintered or nodulized to give a 
fenrograde product assaying 63 to 
66% Mn. The calcium dithionate is 
recycled for leaching additional ore, 
according lo REPORT OF INVESTIGA­
TION 5508, "Operation of a Dithio­
nate-Process Pilot Plant for Leaching 
Manganese Ore from Maggie Ganyon..v?M 
Deposit, Artillery Mountains Region,.^^-
Mohave County, Arizona". •;• "̂ '̂  

if--

fi .i-r--

Copper Recovery Flowsheet 

U.S. Bureau of M ines Segregat ion Process 

Pi lot Plant , Tucson, A r i zona 

' • - . ' - - - - ' . - l - l ^ l . r : . -1_ 

., Ore, salt, coke and-waler 

^ 'Make-up water 

. i t T - . - V - ' ' . . i . 
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FURNACE 

t 
CONSTANT 
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I I 
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... Tailings' 
I -..• 
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,- i -, 
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Underflow ' Overflow 
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Redrawn tromJUS^B.M. Report of investigation 5501. 

biSM (charts Segregation Frocess • 

If-
EXTENSIVE BENCH and pilot runs of 
the old Mineral Separations Ltd.'s 
Segregation Process show that do­
mestic low-grade ores can be made 
to respond successfully. Scale-up by 
the Bureau of Mines researchers who 
did the work suggests that a 1,000-
tpd fumacing and flotation opera­
tion could treat a mixed oxide-sul­
phide or a straight oxide ore for 
$2.85 .to $3 a ton,' depending on 

9 8 . ' - ' • • • 

whether coal (lower cost) or coke is 1957). However, on 5% Cu ores at .?.'i«^l 

used for the reduction. 
On a 1% Gu ore at. 88% re­

covery, the cost per pound would be 
about 16c in a concentrate contain­
ing about 26% Cu. This is too high, 
since straight oxide or sulphide' can 
be floated and smelted for 5. to 7c 
per lb in a large-scale, 25,000-tpd 
plant (according to Arbiter in 
"Oxidized Copper, Part HI", March 

' the same recovery, the concentrate 
producing cost would drop to the 2- ^ 
to 3-c per lb range. • - ' ' .$^^ 

The Bureau of Mines work was •?.-̂ 3sjfj: 
reported by Carl Rampecek, W. A. : ' )^4^ 
McKinney and P. T.. Waddleton b -'i^M'.' 
REPORT OF iNVESTioA'noN 5501, ^^p^3 
"Treating Oxidized and Mixed Oxide- •'•^^^X 
Sulphide Copper Ores by the Segrega- . '-̂ j 
tion Process". The authors, at the 

Engineering and Mining Journal—Vol.lSOJfo.ll 
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SIZE OF. THE SALT IS NOT IMPORTANT 

o -

1 
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o Siliceous ore ot 700° C 
• Calcareous ore at 750° C 
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"Bureau's Tucson center, have clone an 
exceileiit j o b i h recording" and report­
ing the behavipr of som.e;pf the mpre . 
important-prbc'ess variables as shown 
iff the diagrams presented here. • 

.. Estimating the Cost V 
The Bureau men estimate crushing, 

grihding'and flotation costs at $1.65 
a ton" and . roasting or segregation' 
costs at $1.50 to $1.65 per ton at 
1,000-tpd.' "Depending on how "the 
roast was ground, recoveries ranged 
from --70 to J92.4%-V Process -tailings 
ran from- 0.28 to 0.77%..Cu. The 
Bureau sugg'eSls'. 2.'5-miIli6h-'Btu' toil , 
as- a rough heat requirement figure;-
Salt content by weight is 1 tp 2 % ; 
coke or coal needs are vi t 6 ' l % . Iri 
the continuous' pilot plant experi-; 
ments, the ore samples'.were ground" 
minus 100 mesh (76 to 8 3 % minus 
200 mesh). Two runs had feed as­
says of 1.52% and 2.4% Cu and pro­
duced 27.1% and 26.15% Cu con­
centrates respectively on 88.2% and 
87%.Cu recoveri.es after segregation 
and flotation. Flotation reagents were 
lime, K-amyl xanthate, Reagent 404 
and methyjisobuytl carbinol. Silver 
and gold recoveries iri the second 
run Were aboul 3 5 % . " -

The copper segregation process in­
volves healing oxide ore \vith a caf-

Redravn trom US.B.M. Report of Invesligalion 5501 

bonaceous reducing agent and a-
chloride'at"700 to 800° C fo produce 
metallic copper which can be leached 
with ammonia-ammonium carbonate.' 
or floated with sulphide collectors. 
Such a concentrate must be refined 
by electrolysis and/or smelting—it is 
not a marketable product as such.. -._ 

_." The first indications of such a proc­
ess were uncovered at Sagasca, Chile_ 
in 1923-1924 when an ore ' was 
roasted at 700° C with coal, and the 
copper reduced and segregated rather 
than simply reiduced in .place;"..Ex--
amination of the ore led to the con­
clusion, that-halide " in ' the ore-was 
resjJOnstble for the peculiar behavior 
and the Segregation Process, better " 

.knowii as" the Mineral Separations 
Process, was bom. 

T r i s d a n d P r o v e d 

. The process was tried twice in 
Africa in the 1920's. Mineral Separa­
tions built a plant in Southern 
Rhodesia. Union Miniere de Haut 
Katanga built one in the Congo. These 
two were successful, producing cop­
per concentrates on better than 85%' 
recovery. After short plant runs, the 
plants were closed due to a variety 
of rea'sons^mechanical • problems, 
process irregularities and economics. 
Other methods were in vogue at the 

November 1959—Engineering and Mining' fournal 

time and segregation died out. 
The process essentially is one in­

volving the reaction of a chloride 
with water and clays in the ore at 
700 to 800° C to produce HCl which 
then reacts with the oxides: 

4NaCl -I- AlsOj • 2Si02 • 2H2O — • 
4HClt-l-Na4AijOs'2SiO, 

: CuO + 2HCI • CuCIjf + H,Qt : 
. '2CuO+4HCl • -

Cu.Clj -I- 2H.0 -I- Cljt 
; • 2CuSiO,"2H50 -1-4HCI—*' . 

CujClj -1- eHjOt -1- Clit -f SiO, 
. 2CuSiOj• 2Hj6 •¥ CI, -. 

. CusCI, -I- 4H:0t + 2SiO, 4- 0,t 

The chloride may also be^provided 
as-chlorine or hydrogen chloride-gas 
with equal success. After thechloride 
is formed, the reducing atmosphere 
provided .by the carbonaceous ma­
terial at the 700 to 800". C' reaction 
temperature completes the reaction, 
producirig kidneyyshaped globules of 
copper, carbon and gangue. Many re­
actions are involved: •• .„-..-.J;. -

O-f H5O <- c o t + Hst-- . 
CuCI, -I- HjO «- CuO -+ 2HCIt' 
CusCI, H-HjO-—>-Cu.0-f2HCIt 

" CuO -1- CO - r - Cu°-fCOst 
CuO-1-H. •C«°-fH50t 

• CUJO -f- CO *: SCu'-Jr COjt .- • -
~ • ' CO, -I- c — 2Cot .•:^^>"'- - ''h --" 
:"" . CusCl, + C-1-H;0 ^ ^ ^ .'."•• • ' 

.. . , 2Cu°-f 2HClt 4^C0t-
:;..„.r 2Cu,Cl2.-h C-H 2H5O ^^ c.;- • •;.;. 

' .': ".'... 4Cu°.-^ 4HClt. + CO,t -
..' .. CuCJ, -H .a-+--H,Q.:r^ n^. -• -KV .'A-.. 
::-••••' . 7 - c«°-)- 2HGlt -f c o t 

2CuCl2 + C -t- 2H,0 • 
•„. .. ^ : . - : . . SCu'-i- 4HCIt -1- CO^t 

- Segregation is never complete and 
some copper is reduced in place as 
small particles which would require 
extra fine grinding to liberate for 
flotation. The globules are minus 65-
mesh particles, fragile and easily 
broken on a vibrating screen. Flota­
tion recovers the concentrate for 
smelting-refining. The Bureau is to be 

•congratulated for their efforts, for the 
data presented here, for reviving in­
terest in a process that may enjoy a 
revival in a time of high demand for 
copper buoyed by modem techniques 
and sound mechanical equipment. 
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BESEABSH INSTITUTE 

Underground Viewing System ÊRTH SCIENCE UB. 

Objective 
Permit visual inspection 
of underground cavities 
from the surface. 

Approach 
A closed circuit TV 
camera and a 35mm still 
camera are lowered down 
a borehole, and remotely 
operated. 

How It Works 
A platform holding the 
cameras, and other equip­
ment is lowered on a 
graduated cable until the 
depth of interest is reach­
ed. Then a quartz lamp 
and the TV camera are 
turned on. The television 
picture is monitored at the 
surface and recorded on 
video tape. 

Areas of special in­
terest are photographed 
with a 35mm still camera. 
These photographs con­
tain more detail than TV 
images because 
photographic film is 
capable of higher 
resolution than a TV 
transmission. 

The still camera is 
equipped with a shutter 
release/wind mechanism 
that is activated from the 
surface. A strobe light can 
be used with the still 
camera, but the illumina­
tion from the quartz lamp 
is usually bright enough 
to produce good results 
with 400 ASA film. 

Cameras and auxiliary 
equipment suspended from 
tripod above a 12-inch 
ID borehole. 

Illumination for the TV 
camera is provided by the 
single 650 watt quartz 
lamp. The TV camera used 
has a light correction 
range of over 10,000 to 1. 
As shown in the 
photograph, the quartz 
lamp is mounted on a 
platform above the still 
camera and the TV 
camera. 

A hand operated winch 
mounted on a tripod is us­
ed to lower the platform 
into the borehole. The 
platform can be rotated 
horizontally in either direc­
tion through 360°, to 
stops. It is driven by a 3.3 
rpm motor controlled from 
the surface. 

A dry airstream is 
directed onto the camera 
lens to prevent fogging. 
The air is piped down to 
the camera through 3/16 
ID plastic tubing con­
nected to an air com­
pressor tank on the sur­
face. 

In addition to the 
suspension cable and the 
air tubing connections 
there are two electrical 
cables connected to the 
platform mounted 

This document was prepared by the Bureau of Mines. Neither the United States Government nor any person acting on behalf of the United States 
Government assumes any liability resulting from the use of the information contained in this document, or warrants that such use be free from privately 
owned rights. 



components. Alternating cur­
rent to power the platform 
rotation motor is transmit­
ted to the system through 
a 18/8 SO neoprene cable. 
Both the d-c power sup­
plied to the TV camera 
and the video output 
signals from the TV 
camera are transmitted 
through a single R6-59/U 
coaxial cable. All com­
ponents of the system are 
available off-the-shelf. 

Test Results 
This underground viewing 
system was successfully 
field tested during 
borehole uranium mining 
and backfilling operations 
at Rocky Mountain Energy 
Company's Nine Mile 
Lake site in Natrona 
County, Wyoming. (At that 
site a cavity was ex­
cavated using the Bureau 
of Mines borehole mining 
system described in 
Technology News No. 56.) 

Inspection using this 
viewing system, revealed 
that the borehole mined 
cavity was: saucer 
shaped, 50 feet wide at 
the maximum width, and 
20 feet high at the center. 

Inspection also revealed 
that the roof of the cavity 
remained stable over a 50 
foot span. Distances were 
estimated by noting the 
position of pipes that 
were lowered into vertical 
holes drilled down to the 
cavity. Pictures, taken 
later during backfilling of 
the cavity, demonstrated 
that a slurry jet effectively 
emplaced fi l l , both 
through air and under 
water. 

An underground survey 
system having self con­
tained range finding and 
similar, more flexible view­
ing is now being 
developed. This work and 
development of 
underground viewing 
systems is done at the 

Bureau of Mines Twin 
Cities Mining Research 
Center. Mr. Walter G. 
Krawza built the viewing 
system. 

Patent Status 
I 

The United States Depart­
ment of the Interior is not 
applying for a patent on 
this development. 

For More 
Information 
A bill of material, draw­
ings' and application 
notes are available for 
persons having a possible 
useJ To receive this 
material and answers to 
questions write to: 

Technology Transfer 
j Officer 

Twin Cities Mining 
I Research Ctr. 

Bureau of Mines 
P|.0. Box 1660 
Twin Cities, MN 55111 

Size of cavity is estimated by reference to 
white pipes lowered through boreholes. 

After partial backfilling, light colored sand fills 
the cavity almost up to the shelf that runs 
around the rim. 
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THE USE OF FLUORIDES IN HYDROMETALLURGICAL PROCESSING OF SCHEELITE CONCENTRATES 

ODC 669.27 il^^!???!^^ ®? SIMH 
N. N. Rakova 

scheelite concentrate. 

Improvements to flowcharts have assumed greater urgency because of the increased 
scales of hydrometallurgical processing of tungsten and tungsten-molybdenum material 
with various compositions. 
The autoclave-soda process of breaking down both standard scheelite concentrates 

and various low-grade tungsten intermediate products has now become widespread in 
industrial practice. 
The process has a number of disadvantages (high reagent consumption, large quanti­

ties of waste solutions, many stages, large amounts of recirculating products, and 
so on); this leads to the necessity for improvements within the framework of the 
existing process (seeking new reagents, using solvent-extraction and sorption proc­
esses, and new equipment) or for the development of essentially new process versions 
(acid and acid-solvent extraction processes, chlorination, etc.). 
An examination is made in the present review article of the possible ways of proc­

essing scheelite concentrates using fluorides' (ammonium and sodium fluoride), and 
of the effect of fluorine upon the processing of sodium tungstate solutions. 
Utilization of Fluorides in Breaking Down Scheelite Concentrates. The process of 

scheelite decomposition by fluorides is based upon an exchange reaction, resulting 
in the production of sodium (ammonium) tungstate solutions and calcium fluoride 
precipitates: 

CaWO, -f- JMfFsyMf.WO. + CaF,. ( 1 ) 

where Me is Na or NHi,. 
Using ammonium fluoride to break down scheelite concentrates substantially re­

duces the extent of the flowchart (See Fig.). The autoclave decomposition operation 
yields ammonium tungstate solutions, from which crys­
tals of ammonium paratungstate can be isolated by the 
accepted routines. This excludes the operations of 
sodiiom tungstate solution processing, precipitation of 
artificial scheelite, production of tungstic acid, and 
a number of others. The calcium fluoride precipitates 
which form are a valuable by-product which can be used 
to produce hydrofluoric acid and fluorides, and also as 
a flux in the metallurgical industry. 
Shceelite concentrates are completely (98-99%) decom­

posed by solutions of ammonium fluoride in an ammonia 
agent at~ 200° C and with a reagent consumption of 175-
200% of that theoretically necessary for reaction (1). 
The speed of concentrate decomposition depends upon 
many, factors, including the origin of the concentrate. 
Tyrnyauz molybdenvim-bearing scheelite concentrates de­
compose completely in 2-3 hr, in contrast to concen--
trates which do not contain molybdenum which require 
5-6 hr of treatment. 
The decomposition of scheelite concentrates with am­

monium fluoride solutions is limited to concentrates 
with a low molybdenum content, because methods for separating tungsten and molybde­
num in ammonia agents have not been worked out [1]. 
The use of sodium fluoride for breaking down scheelite concentrates has a number 

of advantages over the use of soda. Sodium fluoride is a more effective reagent; 
the equilibrium constant of the scheelite-sodium fluoride reaction at 225° C is 
24.5, as against 1.56 for the scheelite-soda reaction under the same conditionst2]. 
This was subsequently confirmed by comparative laboratory studies of the condi­

tions of scheelite concentrate decomposition by solutions of sodium fluoride and 
soda. At 225° C (x = 2 hr) the extent of tungstate extraction into solution is 
99.5% when the concentrate is treated with sodium fluoride solutions and 81.9% when 
treated with soda; reagent consumption is 180% of that theoretically necessary for 
the reaction. It should be noted that raising the temperature to 280-300° C intensi­
fies the process of decomposition and makes it possible to cut the treatment time to 
5 min; tungstate extraction into solution is 99.8% [3). 

NH„F-»NH^OH 

* j^utoclffve decompoaition 

JUsaoniuiD tun'gs- Calcium f l u o -
t s t a s o l u t i o n 

T 
r i d e r e s i d u e s 

Cvapn. & c r y s t a l n . of 
ajnnonluiD p a r a t u n g s t a t e 

Amaonium pa ra tungs ­
t a t e c r y s t a l a 

For u s e • 

1 
Mother 
.liquor 

T Tungsten r egenera t ion 

Flowchart for processing 
scheelite concentrates 
using ammonium fluoride. 

'The work is being directed by A. N. Zelikman. 
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In view of the adoption of solvent-extraction of tungsten from sodium tungstate 
solutions, the effect of fluorine upon the course of the process is of some interest. 
It has been established (see Table) that the presence of fluorine in the solution 

leads to a sharp drop in the tungsten distribution ratio j. from 420 in solutions 
which do not contain fluorine to 8.6 with an initial fluorine content of 5 g/liter. 

At the same time the fluorine 
Relationship of Tungsten and Fluorine Extraction (e) distribution ratio increases 
and Distribution Ratios (D) to Solution Composition substantially in the presence 

of tungsten; the mutual in­
fluence of fluorine and tung­
sten can be explained by the 
formation of W02F^-* or 
WOsFs"' type compounds in the 
aqueous medium. 
The presence of fluorine in 

the solutions also has an ad­
verse effect upon the reex­
traction of tungsten. Whereas 
> 92.6% W passes into the reex­
tract in the absence of fluo­
rine after two contacts be­

tween the extract and 10% NHa (org : aq = 2 : 1), after extraction from solution with 
an initial fluorine content of 5, 10, and 15 g/liter the extraction of tungsten from 
the organic phase into the reextract falls to 88, 80, and 75% respectively. Thus the 
reduction in tungsten extraction in solvent extraction-reextraction processes, even 
when the solution fluorine content is comparatively low (5 g/liter), makes prelimi­
nary purification of the solution to remove fluoride ions essential. 

In i t i a l . 
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