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Abstract The Bureau of Mines and Cyprus
Mines Corp. conducted s cooperative research
program to investigate the in situ léaching
potential of copper ore along the fringes of the
open pit 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-inch-
diameter blastholes were spaced 14 feet apart
and drilled to depths ranging from 185 to 224
feet. A total of 51,500 pounds of ANFO was
detonated with an average of 56 feet of stemming
in each hole. Core drilling, permeability
testing, and water circulation tests were used
to evaluate the results of the blast.

Introduction

The Johnson mine, located 17 miles west of
Willcox, Ariz., is oparated by Cyprus Jchmson
Copper Co., a division of Cyprus Mines Corp.
This oxide copper deposit is mined by open pit-
heap leach methods, and the leach solutions are
treated by solvent extraction and electrowinning.
About 4,000 tons of ore are mined to produce
25,000 to 30,000 pounds of cathode copper each
day. The grade of the deposit averages about
0.5 pet acid-soluble copper.

The projected life of this mime 1is about
another 8 years depending on mining costs and
the price of copper. In situ leaching is being
considered by Cyprus in combination with heap
leaching or as a final phase for this operation.
The Bureau of Mines entered into a cooperative
agreement with Cyprus in June 1976 to investigate
the 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 interest to the mining industry, and the
results can be applied to other similar mining
operations.

A program of core drilling and permeability
testing was begun to establish the initial
characteristics of the ore. The ore being con-
sidered for in situ leaching at the Johnson mine
is above the water table, which is located about
600 feet below the surface. In-place testing
showed that permeabilities ranged from 50 to
less chan 10 millidarcys (wd) as one proceeded
away from' cthe pit in the down-dip direction.
These permeability values indicated that blasting
would be required for successful leaching and
that solution containment should not be a problem.

A test blast, based on previous Bureau research
(1, 2, 3, 4, 5), was designed to fracture an
area for water circulacioa tests and hopefully a
pilot in situ leaching test. This paper presents
the details of the August 1977 blast and the
preliminary evaluation of the blast results.

Johnson Mine Deposit

A cross section through the Johmnson mine
deposit looking northwest 1is shown in figure 1.
The present pit, along with the proposed final
pit limits, 1s shown. The test blast area was
56 feet below the surface and extended from 185
to 224 feet deep. The metashale ore is in the
lower member of the Abrigo formation and is
underlain by the Bolsa quartzite. The principal
copper nineral in the lower Abrigo is chrysocolla
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. with minor amounts of malachite and azurite.

The impervious Bolsa quartzite is about 150 feet
thick in the area. The Johnson mine operation
haa been previously described (§).

The physical properties of the Johnson aine
ore as determined from laboratory tests on drill
core samples are listed in table 1. The rock
has very low tensile strength (24 psi), a
porosity of 11 pct, and permeability of 1.7 md.
Field permeabilities were higher, ranging from
5 to 50 md, because of fluid flow through natural
fractures which are not present in laboratory
test specirens.

Test Blast

Figure 2 shows the test blast design.
Thirteen 9-7/8-inch-~diameter blastholes were
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 the northeast
and. The pattern was elongated because it was
felr that solutions would tend to flow aloung
bedding plane fractures and migrate down dip.

* Blasthole depths ranged from 185 to 224 feet,

and a constant stemming height of 56 feet was
maintained. Blastholes were drilled with an
air-flushed rotary system. Six of the blastholes
were surveyed for deviarion, and the maximum
hole deviation was only 3 feet. A total of
51,500 pounds of ANFO was loaded into the 13
blastholes. The blast was 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 cwo 0.4-pound cast
primers, for protection against cutoffs, two
cast primers were placed at the top of the
powder columm with an 18-msec delay to the top
primer. A summary of the test blast data is
listed in table 2. A powder factor of 2.2
1b/ton (for ore im the powder column zone only)
fractured about 19,700 tons of ore, assuming a
4-foot overbresk. Ore in the stemming region
was aot included in the 19,700-ton estimace.
The powder factor was higher than that normally
used in bench blasting but was considered nec-
essary to bresk ore in a confined situatiom.

Blast Results

Topographic surveys wera run before and after
blasting to determine elevation increases on the
surface (figure 3). The surface rose over a
broad area with significant displacemeant along a
north-south-trending fault. Because of the
unusual geometry of this blast and resulting
surface rise, no attempt was made to calculate a
swell facror. However, a volume increase at the
surface of 1,500 yd3 was produced.

The core and permeability test holes are
shown in figure 4. The core holes were drilled
with water only and no drilling mud to minimize
plugging of the formarion. Table 3 lists the
data for the preshoc and postshot core holes.
The postshot core was very highly fractured with
only 23 pct of the core recovered and an RQD of
2 pct. Most of the core recovered after the
shot came from the stemming region or inm the
area below the blast. Figure 5 shows core



recovery versus depth for the two core holes.
The powder column region is very obvious from
the postshot core hole recovery.

Constant-head permeability tests (7) run
before and after blasting are listed in table 4.
These permeability test holes are shown in
figure 4., Preshot permeabilities ranged from 15
to 43 md, while postshot values ranged from 180
to 8,500 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 ia table 5. Blast vibrations were
recorded with a portable three-component seis-
mograph. Figure 6 shows peak particle velocity
versus scaled distance for the data listed in
table 5. Vibrations from the test blast were
higher than vibrations from pit production
blasts at similar scale digtances but were
generally within the scatter of the productien
blast data. The test blaat produced vibratiom
levels of 2.0 to 4.0 in/sec at mine surface
facilities such as the truck shop, office, and
solvent extraction and electrowinniag plant.
These levels were not high enough to cause any
damage to surface facilities.

Initial water 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 this test 300,000 gal of water was in-
jected at 35 gpm in an attempt to f£ill the
bottom of the fractured zome. However, very
little water was observed in the 224~foot-deep
IH-3 hole. The water may be escaping from the
fractured zone along the Bolsa quartzite contact,
or the IE~3 hole may not be deep enough and
insufficient water was injected to £111 all the
void spaces created at the bottom of the fracture
zone. Further testing may involve deepening the
observation hole; if that fails, a program of
grouting along the ore-quartzite contact will be
considered.

Conclusions

The test blast at the Johnson mine was con-
sidered a success in terms of fracturing the ore
body and creating permeability for in~place
leaching. Blast vibration levels were not high
enough to damage surface mine facilities or
cause annoyance to neighbors. The major problem’
with this test blast in ore above the water
table is ensured solution containment. Prelim-
inary water circulation tests did not build up
significant water levels at the bottom of the
fractured zone. A deeper recovery wall hole and
a grouting program are being considered.
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TABLE 1. - Physical propetiies of Johnson mine ore

aumber
Property Value of
tests
Compressive strength, psi 2,800 12
Tensile strength, psi 24 10
Young's modulus, psi x 105 8.9 12
Specific gravity ' 2.34 22
Density, tona/yd? 1.97 -
Porosity, pct 11.4 12
Permeability, od 1.7 11
Sonic welocity, ft/sec 12,000 —
TABLE 2. - Test blast summary
Quantity Value
Number of blastholes 13
Blasthole diameter, in 9-7/8
Blasthole spacing, ft 14
Range of blasthole depths, ft 185 to 224
Average blasthole depch,.ft 209
Average subdrilling, ft 7
Total drilling, ft ' 2,717
Explosive ANFQ
Average powder column depth, ft 202
Average stemming, ft 56
Average powder column length, ft 146
Average explosive/hole, 1b 3,960
. Average loading density, lb/ft 27.2 -
Total explosive, 1b 51,500 .
Powder factor, 1lb 2.2 i}
Assumed overbreak, ft 4
Ore volume, yd . 9,850
Ore weight, tons 19,700
TABLE 3. - Drill core data
Quanticy Value
Preshot Postshot
Total recovery, pct 87 23
Recovery > 1 inm, pct 79 10
RQD, pct 51 2
Average size > 1 in, io 4.1 2.3
50 pct passing, in 3.9 < 0.5

78-A5-12



4,

TABLE 4. - Constant head permeability measurements

test blast area

78-AS5-1l2

Location Description Permeazzlicy,
PRESHOT
CH-1 NX core hole 15
BH-9 9-7/8-{n blasthole 43
BH-7 9-7/8-in blasthole 35
POSTSHOT
IH-1 60 ft deep, 6-3/4-1in air rocary. 8,500
up dip
IH-2 188 ft deep, 6-3/4-in air rotary, 1,500
up dip .
IH-3 244 fr deep, 6-3/4-1in air rotary, 180
down dip .
TABLE 5. - Blast vibration data
Charge Charge Peak
Distance, weight weight dii:ii:e particle
Shot Date ft total, per delay, ft/lbllé velocity,
1b 1b ) in/sec
1 05-24-77 1,270 6,850 6,850 15.3 1.4
2 05-26-77 1,450 10,750 5,400 19.7 .0
3 05~31-77 490 15,500 6,825 5.9 2.4
4 08~12-77 . 850 15,500 . 3,750 13.9 1.0
5 08-16-77 420 6,900 6,900 5.1 2,2
6 08-17-77 1,850 4,850 - 2,425 37.6 .28
Test blagsc  08-18-77 780 51,500 19,950 5.5 - 4.7
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THE BACTERIAL LEACHING OF URANIUM
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Bacterial leaching of uranium oves in the Elliol
Lake arvea has been used as a production method
since 1962. Minor amounts weve vecovered from

mine walers priov 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 occurying
autotvophs of the Ferrobacillus-Thiobacillus
group. The solubilized uvanium is then dissolved
with watey or acid solution and pumped to surface
for treatment. Recovery of ammonium diuvanate
from the vesulting acid mine water is cayried out
in a conventional uranium ion exchange plant. The
method produces uvanium at low cost from aban-
doned or caved wmine workings. Recovery of

thorium and vare earths by the same method is
limited only by market conditions. K

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

68

‘ness dipping from 5°to 2 maximum of 40°.

,Afrequently mtergrown with anatase or rutile,

* stitutes 5 to 10% of “the ore, and minor pyrrhotite,

_ pillar with 65 to 80% extraction.
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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 A

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.
pebble conglomerate beds from 6 to 40 ft in thick-
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,

uraninite, some mona21te, and minor coffinite and”
thucolite. The sulfides are pyrite, which con-

chalcopyrite, and galena.® Mining is by room and

"As the oré body was’ exposed by hining, 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 amount 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-
70baczllus Thiobacillus group were later iden-
tified.®
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The ore bodies are extensive quartz f
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Bacteria of this group are unicellular organ-
isms, 0.25 u in diameter and 1y 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
air. Optimum conditions for growth are a pH
range of 1.8 to 3.5 and temperatures of 25to 40°C.
Outside these limits, 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 are sensi-
tive to metal ion concentration, but can be bred to
high tolerance levels if the concentration of ions
is increased gradually.

Several chem1ca1 changes take place in the

leaching actlon Under ordinary conchtxons,pyrlte
is slowly oxidized to ferrous sulfate and sulfuric
- acid:. g . e

.2FeS; + 102 + 2H:Q = 2FeSO4 + 2HsS0s .

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

4FeSO4 + Oz + 2H2804 = 2 Fea(SO4)s + 2H0 .

The reactlon appears to be strongly catalyzed
by bacteria.® Ferric sulfate will attack pyrite to
form more ferrous sulfate by the proposed reac-
tions:

FeS: + Fez(SO4)s = 3 FeSO4 + 28

2S + 6Fe2(SO4)s + 8Hz0 — 12FeSO, + 8HS0,

These reactions may also be catalyzed by
similar strains of bacteria. Researchers at Ken-
necott’? claim experimental evidence of bacteria
-that will act directly upon pyrite, producing ferric
sulfate and an excess of H.SO,.

Uranium, which occurs in the insoluble tetrav-
alent state, is oxidized to the soluble hexavalent
state in ferric sulfate solutions by ferric sulfate,

. U0z + Fe;(S04)s — U0-504 + 2FeSOa

4prov1ded the ferric- to ferrous ratio is kept h1gh
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 treatment-of mine water was
primarily 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 methods.
Various types of sprays were tried, as well as a
fast, high-pressure (80 to 100 psi) washing with
hand-held hoses. The fast, high-pressure washing
NUCLEAR APPLICATIONS
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" effective.

‘absende of bacteria was only 10%

MacGregor BACTERIAL LEACHING OF URANIUM
of stopes on a cyclical basis proved the most
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 1bs/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 rate
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
-3-in. + 4-mesh sample gave an extraction of only
54% in the same period of time. Extraction in the
Tests during
stope washing at Stanrock indicated a 75% re-

. covery of uranium in the fines on the first wash. ®

The effects of nutrient on bacterial leaching has.
also been investigated. The smndard ‘9K form-
ula’’ has the following composition®®: .

g/liter
Ammonium sulfate 3.0
Potassium chloride 0.1
Potassium acid phosphate 0.5
Magnesium sulfate 0.5
Calcium nitrate 0.015
Ferrous sulfate 44.2
Sulfuric acid 1.0 cm®
Distilled water 1000 cm®

Although controlled laboratory tests 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 re-
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 nutnent
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 carried on con-
tinuously since December 1962. Economic values
are still being obtained from some stopes washed
15 to 18 cycles. Beginning in late 1966, a pro-
gressive decrease in recovery was noted, espe-
cially in- stopes containing lower grade ore.
Stopes giving consistently poor recoveries are
dropped from the washing program. Withdrawal
of stopes from cyclical washing has gradually
reduced the extent of washing activity.

69
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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 penetration of at”™ ~

least an inch or two. Stanrock’s production from

leaching at over 650 000 lbs UsOg 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 amount 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 washmg 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 1% 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.

Floodmg 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 high-pressure hosing, is pumped

70

by stainless steel secondary pumps to a settling
sump (Fig. 1). Water 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 neutrahz-—.
ing the water before pumping. .
Treatment of the water on surface uses a sec--.
tion of the .conventional mill. Mine .water. dis- -
charges on surface into a 90- X 12-ft rubber-lined;
thickener tank that acts as a surge tank for the:
clarifiers. After clarification, the water 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 <
columns 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- 7.
itation, where the pH is increased to 7.0 with am- g
monia to precipitate the uranium as ammomum
diuranate or yellow cake. This yellow cake, con- "~
taining 80% U0, is filtered, dried, and packed in-
drums of 500 lbs. -
-Barren-. solution from- ion ‘exchange is réturned -
underground by the plastic lines previously men- -
tioned. At some time in the future, it is proposed -
to bleed off a portlon of the barren solution to -
prevent a buildup of metal ions that might 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¢/1b in the first year of operation,” and subse-
quently were lowered to < 25¢/1b 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

NUCLEAR APPLICATIONS VOL. 6 JANUARY 1969




MacGregor BACTERIAL LEACHING OF URANIUM

STAINLESS STEEL

2-in.PLASTIC LINES
TO SHAFT 8BOTTOM

TRANSFER PUMP

1 sume 3 000ft of 6-in PLASTIC LINE
. STAINLESS STEEL UNDERGROUND
J CLARIFIER ' MINE PUMPS FLOODING AND
50001t of 6in. WASHING
. -RUBBER-LINED PIPE 4 SUMP r
FUTURE - ' -
BLEED TO MINE WATER pH 2.4 sfoges
TAILINGS OR U308 0-1400-15 g/ liter
Thoz. + 3500-11 VERTICAL
R503. HEAD TO SURFACE
RECOVERY
— ] SECONDARY PUMPS
e/'z/g/-m/vce AND GRAVITY FLOW
. [
. HIGH~GRADE SOLUTION 4 .
5 9/liter U308 FE 7] U308
BARREN SOLUTION ppin ppto
0.0001 g/liter ¥ 30g Y .. Y R
+ThOp. + Rp03 pH 2.0 NH3 k) NH3 L) o |
1 FILTER ORYING PACKING
- |~ 500-16 DRUMS

80% uUg0g - -
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Fig. 1.

costs have averaged $3.50/1b. 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 from
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
NUCLEAR APPLICATIONS

VOL. 6 JANUARY 1969

Flow sheet.

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

The mechanisms of bacterial leaching are still
relatively new and not fully understood; further
research will undoubtedly result in improvements
in operating and cost-saving techniques.
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UNDERGROUND MINING
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An all new rig for Magmont shaft would have cost twice as much as new and used pa,ts" !

Companent part New Up-graﬂed Cost
Engines: (3@ $30,00080).,.... $ 90,000.00 - $.80,000.00
Deaveworks:.........oueeeoe. — 320, OﬂD.ﬂg 23,000.00
Mud pumps :

1=1,000...... e, 60,000.00 - 60,000.00

1— 850.......... e — T - —_
Power transmission. . R ~ 20,000,00 20,000.00
Substructure. .......... e N 15,000.00 15 ,000.00
Derrlck..........,,......;..x. 3000 00 3000 00
Blacks; hook; efc.............. 40 000,00 . 40,600.00
Miscellaneous: . .. ... PR ’ 5;0@}].‘00 5, 000 0o
Drill string_.................. 134 000 00 — 134 000.00
Choke manfold (10,000 psi).... 25,000.00 — 25,000.00

- Tatal..... [, $343,000.00  $63,000.000  $412,000.00
SUBJ
MNG
TCOL ,Ioop, a proposal by Kennecott CoPper Corp.

mc Energy Comshission, would provide for a
ullmn «contained 20—klloton _puclear blast and
Ining expenment at its: Safford, Ariz., copper:
porpriyry. If the project is approved by Congress and
proceeds as planned,. it should go .a long way in proving .
or dtspm\rmg the feamblhty .of miclear blasting for the

f low-grade. deposit for
g the blast, the recovery
y using solution. récovery

: i; W¥ d access dnfts below the

i eat & pregnant .solution: would
‘be pumped to the surface precipitator (see E/MJTNovem-
ber 1967, p 116)

Some compansons of the nuclear shot’ with other big
blasts in mining indicate that. more rock has been broken
with conventional blasts than the: estimated 1:3-million
tons that the proposed 20-kiloton nuclear device would
break. Other production 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) International Nickél Co.—Frood miné—3. 25-m1]110n
tons with 464 tons of powder.
~ 2) Climax Molybdenum—1.25-million tons in, 2 glory
hole blast with 208 tons of explosives.

3} Minnesota taconite mine—broke 1.3-million tons
using 850 tons of high energy sIurry (Hercules Powder
Co, Teport),

(F The cost of leaching U.0. in stopes and pumping solution to the surface

The econoniic advantages. of mlcroblologlcal processmg
have given npew life to some -mines and, in other cases,
will alléw the leaching of low-grade ore. (see E/MJ, Octo-
ber 1967, p 75). At Stanrock Uranium Mines Ltd.; Stan-
rock, Ontario, Canada, ‘the use of bacteria leachmg pro-
v1ded the answér to the question of “how to stay in busi-
ness,” in the face of skyrocketing costs by conventional
mining methods .

The high-pressuie’ washifig of stopes at Stanrock, begin-
ning in 1963, increased productxon from 27,100 b of
U0y in 1962 to 105:300 16 in 1963, Uramum recovery:
from mirie water at'that tiitie was. 7% of total productlon‘

Between July -and October of 1964, mining costs in-.
creased to $5:09 per Ib of Us(.'l'B recovered This allowed
only 41¢ per lb profit. As a result of the high costs the
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‘entire mine 'was, converted to bacteria operation at Ibﬁ
end .of October 1964. By the summer of 1965; bactefial -

Allnew 7
Engmes {3}
Drawworks. .

1._
Powear transmissian. ;
Substructure
Deriick.

Mlscellanenus -auxiliary equlpment
Drill stnng

T PO

...-..........-.........".‘.;‘ ................

Ee e

Cost estimates for Project Sloop™ =
Phasa 1 . .
Field start-up and nitial suppoit facilities
Pre-shot sampling holes )
Site safety studies ’
Total Phase l.......... S T R Zan

3?50 Ell g
Phase 2 ) - T |
Project start:up and suppart fam[ltles ' i 5
Rehabilitation of existing workings

Scientific program.and explosive’ diagnostics A
Emplacement hole . i
Emplacement, stemming B
Operational suppert -
Communications-

Post-shot drilling, re-entry and lestlng
M:scellaneous construction
Engineering inspection : SR |
TOtRl PRASE 2. e e e et 85,7508 < 8

Phase 3
Underground re-entry and rehabllltalwn

T TR

Leach solution and recovery system

Post-shot sample and sofution input hales

Underground process piping and pumping system L&
Copper predipitation plant T
Process water supply k]

Leach plant ‘operating costs—orie year
Public and industrial safety manitering

Project evaluation : - [
Tolal Phase 3,..,.. .. e e e e n an e ead : .........;—..‘&&575-'@" b
Total Project Sloop.....:... ... O Ty, 513,175 o

leaching was credited with lowering production costs 14 ;
$3.30 per Ib of U,0,. Heating of mine intake air durisg-. -

the winter added 50¢ to total U,0; costs. The couvemm .

resuilted in a 50¢ per Ib U0, ditect savings in chemicals

-and pump maintenance supplies:

Stanrock is recovering 15,000 to 16,000 ib of U,0s .
monthly from' 1,200 stopes having an average fldor ard " s
of 6,000 sq ft each, : 4

To eliminate the need of neutralizing mine soluuoﬁ- .

10 carrosnon—res:staut matenals in Lhe mme solution circst .. g;&
l

316 stainless steel pump components, rubber-lined- sel

tion lines in the shaft, and plastic distribution lines were

installéed in the mine,

E/M]—Tune, 1563
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sociation, which occurred in the plasma, is maintained.
According to equilibrium phase diagrams, the zirconium
oxide phasc should contain 3-5% silica, but the lonarc
process produces a zirconia containing only about 0.5%
sifica. "This phenomenon is thought to be the result of
ultra-high temperature and rapid cooling. After plasma
treutment, sodium hydroxide is used to leach out the
silica (Fig. 4). Depending on the number of leaches,

UKIVERSITY OF UTAN
RESEARCH INSTITUTE
EARTIH SGIENCE LAB.

virrious grades of zirconia runging up to 99+ % purity
are produced.

Plasma processing may also be applicable to many other
materials, such as complex silicate or oxide mincrals, The
upgrading of ilmenite to rutile, the dircet reduction of
iron ore, and the chlorination of various ores (in a chlo-
rinc plasma) are only a few of the possibilities that have
been suggested.

Trends in chemical processing and hydrometallurgy

Developments in hydrometailurgical approaches to min-
crals processing continued to receive the lion's share of
rescirch throughout 1971, This trend became more pro-
nounced during the year for a number of reasons: pro-
duction cutbhacks at copper smelters unable to meet poliu-
tion repulations: smelter closures in the zine industry,
and reduced shipments of sulphide concentrates—cspecial-
Iy to the Japanese, who have their share of domestic
problems in complying with pollution control requirements.

R&D in copper hydrometallurgy keeps growing

The copper industry, more so thun others, continues
1o focus its efforts on developing pollution-free hydro-
metaiturgical processes for metal recovery.

Here is a brief rundown of recent developments:

e Haver and Wong, at the US Bureau of Mines
(USBM), have reported on a new study for the use of
fervic chioride as a leaching reagent lor chalcopyrite. In
this method, copper coneentrates are leached at relatively
low temperature and atmospheric pressure with  ferric
chloride solution.  Copper is recovered by cementation
with iron, and clemental sulphur may be recovered or
removed from the leach residue by solvent extraction
with  perchlorocthylene.  The ferric chloride solution s
recovered and recycled. The sulphur-stripped leach residue
may then be cyanided to recover precious metal vilues,
Recoveries of 9996, of the copper values have been ob-
wined, together with 70.5% of the sulphur in clemental
form.

o Another USBM development is a process to leach
oxide copper ores with chelating agents. Bauer and Lind-
strom report that a solution of the trisodium salt of ethy-
lenediamine tetra-acetic acid (EDTA) is highly eflective
in leaching copper from ores containing large amounts
of calcite or dolomite. (Acid teaching of these high-
carbonate ores is usually not feasible because of excessive
acid consumption.) In studics on an oxide ore from Utah
contuining 409% calcium carbonate, 3.7% copper and
1.9% zinc, copper was recovered as the hydroxide by
lime addition and the EDTA solution was recycled.

e Inspiration Consoliduted Copper Co., in collaboration
with rescarchers from the University of Arizona, has de-
veloped a new process for chalcopyrite concentrates. The
technique invotves dissolution ol (h® sulphide in an acid
solvent at atmospheric pressure and 95°C, and copper
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separation from iron, followed by copper rccovery via
clectrowinning. The process is said to be applicable also
to the winning of zinc and nickel from their sulphides.

e At the industrial level, there has been further ex-
pansion of proven chemical processing routes for copper
ores. Nchanga Consolidated Copper Mines announced
plins for the world’s largest metallurgical liquid ion ex-
change plant at Chingoly, Zambia. Power Gus Corp. is
designing the plunt to produce 12 million b per month
of copper from a leach liquor flow rate of 15,000 gpm.
This represents an tmpressive scale-up in the size of tacil-
itiecs from the first commercial liguid ion exchange plani
for copper, that of Ranchers Exploration and Develop-
ment Corp. Ranchers’ plant at Miami, Ariz., now in its
fourth year of operation, currently produces copper al
a monthly rate of about | million Ib. Liguid jon exchange
technique has also been used in a unigque operation com-
bining pollution control and mectal recovery at the Ei Puso,
Tex., plant of the SEC Corp. This plant wreais a copper-
nickel stream from a copper refinery containing about X0
grams per liter of copper and 25 gpl of nickel. Copper
is separated by liguid jon exchange using General Mills'
LIX-64N® reagent, and the copper is then clectrowon
after the loaded organic is stripped (Fig. 1). Afier pH
adjustment ta remove iron and aluminum, nicke! is sim-
ilurly separated by liquid ion exchange and clectrowinning,
Daily production rate is 4,000 b of copper and 1,000 1b
of nickel.

® An innovation in copper electro-refining has becn
introduced at the Mufulira copper refinery in Zambia,
After cxtensive pilot  investigations, periodic  eurrent-
reversal facititics will be put in the refinery exiension
duc on strecam in 1973, This permits cell operation at
considerably higher levels than conventional current den-
sities (up to 30 amp per sq t) with considerable savings
in capital investment.

Nickel and cobalt developments

Hydrometallurgical developments in nickel processing
have generally represented expansions of current proven
technology. Marinduque Mining and Industrial Corp. lor
example, has announced the successful completion of an
I1-month pilot plant test run on laterite nickel ore from
the Surigno Mincral Reservation in the Philippines,
Sherritt Gordon Mines Lad. Tacilities at Fort Saskaiche-
wan, Canada. During this pcriod, 18,000 Ih of nickel
wus produced from 5,000 tons of Surigao ore utilizing

173

' SUBJ
TCPH

oo

j




e

e i e S ETR

T e TE
B s

oy

o e

[

-

e e s~

>

mMining Guidebookj

-
COPPER-NICKEL COPPER COPPER CCS CELLS
FEED SOLUTION EXTRACTION STRIPPING (6 IN PARALLEL)
______ -~ ————— — .
L f Cu~LOADED ORGANIC Cu-RICH ELECTROLYTE ;
NH, —_—
RAFFINATE
Cu-STRIPPED ORGANIC 34 Cu-SPENT ELECTROLYTE
o5 T T/~ =TT
Ny COPPER
CATHODES
Ni- LORDED ORGANIC
‘‘‘‘‘ T TN WATER
CCS CELLS

iRON & {4 1N PARALLEL)

ALUMINUM

IMPURITIES Ni- RICH ELECTROLY TE }

(NH,),50, Ni-STRIPPED DRGANIC Ni-SPENT ELECTROLYTE |
e e e —_— . e — — — J—

SPENT SOLUTION NICKEL . NICKEL NICKEL
10 EVAPQRATION POND EXTRACTION STRIPPING CATHODES

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

the Sherrit Gordon process.  Nickel recovery is said to
be 82.2% on feed assaying 1.33% nickel during one
28-day run. Sherritt will assist in construction of a nickel
refinery and has licensed Marindugue to use its hydro-
metallurgical processes for the recovery of nickel and other
metals from laterites,

In another related development, PT Pacific Nickel has
apnounced that it will ship 12,000 tons of laterite nickel
ore from Indonesia to Sherritt Gordon's demonstration
pilot plant for process test work.

In o somewhat similar project. jointly sponsored by
American Mcetal Climax Inc. (Amax) and Socicte Miniere
et Metallurgigue de Penarroya SA. bulk samples of lat.
critic nickel from deposits in New Caledonia are shipped
10 the Amax Extractive Maetalurgical Laboratory at Gold-
en. Colo. (Fig. 2). Certain slurry pumpings and other
tests at Golden have been performed with satisfactory
results, and Turther pilot testings are being conducted to
determine the cconomic feuasibility of nickel and cobalt
recovery on a commercial scale.  Amax, which recently
purchased the Port Nickel refinery in Braithwaite, La.,
is also conducting pilot plant studies to evaluate refining
improvements at Port Nickel.

Nickel recovery via leaching and solvent extraction

Details of the copper-nickel matte process used by Fal-
conbridge at its Kristiunsand, Norway, nickel refinery
reveal an interesting chemical processing technigue cou-
pled with extensive use of a digital computer control
systiem 10 provide the plant with a high degree of auto-
matic operation. Copper-nickel matte, shipped from
Canada, is leached with concentrated hydrochloric acid
to afTect only the nicke) sotution in the primary leaching
operation. This permits a neat separation of nickel from
copper, cobalt, and precious metals. The nickel solution
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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.

is purified by a two-stage solvent extraction process, which
removes first the minor amounts of iron dissolved in the
leach, and then any cobalt and copper present. Afier
crystallization of nickel chloride (rom the purified solution,
99.7+ % nickel metal is recovered by hydrogen reduction
of the oxide produced by thermal decomposition of the
chloride salt. Copper is recovered from the hydrochioric
acid leach residue by a combination of roasting, sulphuric
acid leaching, and clectrowinning.

The high strength of the hydrochloric acid used (275
gpD) is such that Falconbridge can carry out the lcaching
operation at fairly low temperature (70°C) and  aimos-
pheric pressure, thus overcoming the need for high-pres-
sure cquipment required in other processes. The com-
puter is used for overall control functions as well as
supplying an automatic printout at the end of cach shift
ol key average readings and a solution balance.

Winning metal values from ocean nodules

Hydrogen chloride is also the solubilizing reagent used
in a process Tor winning metal values from ocean nodules
announced by Decpsea Ventures Inc., Gloucester Point,
Va., a Tenneco Inc. subsidiary. This company is piloting
the recovery of nickel, cobalt, copper. and mangancse
from occan nodules obtained from a site in the Pacific,
which typically anatyze 26-279% manganese, 1.3% nickel,
1.0% copper, and 0.2% cobalt. The pilot plant, desigoed
to process about 80 Ib per hr of nodules, involves hydro-
chlorination of dricd and crushed nodules with hydrogen
chloride gas in a multihearth furnace at temperatures
above 120°C to convert the metal oxides into their water-
soluble chlorides. After countercurrent water leaching 10
dissolve the chlorides, the pregnant leach liquor is sepa-
rated from the solid residue by filtration. Separation of
nickel, cobalt, copper, and mangunese values is done by
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three separate liquid ion exchange steps, leaving the
manganesc in the final solution. Mangancse chloride is
then recovered by crystallization, and manganese metal
can be produced by one of several conventional routes.
The reagent used in the liquid ion cxchangc step is an
unidentified proprictary substance dissolved in a kerosine
diluent.

Ultimate recovery of nickel, copper and cobalt values
is by conventional elcctrowinning cells.

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

As far as commercialization is concerned, Deepsea
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 protess for the sulphatizing 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 watcer-soluble forms for
subscquent recovery. The process involves the feeding
of a mixture of green concentrate and precaicined 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, while rendering the iron insoluble as ferric oxide.
Iron sulphate formation 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 countercurrent-leaching with water.

mMining Guidebookj

New alumina process

An interesting process for production of alumina from
a formerly valueless aluminum-containing mineral, alunite
(sometimes known as alum stonc) has been developed by
workers at the University of Guanajuato in Mexico. Alu-
nite, a hydrated potassium sulphate, KAI,(OH),(SO,),,
has not heretofore been of commercial significance as a
source of alumina due to its low AlO, content (25-39%
in US deposits), especially when compared with the only
other aluminum ore, bauxite, which generally contains
50-55% Al,0,.

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 reactor, is reacted with ammonia gas (o
break down alunitc into ammonium and potassium sul-
phates in solution, together with a slurry of alumina and
silica. After filtration, the mixed sulphate solution is 1aken
to a crystallizer to produce a byproduct fertilizer. The
alumina-silica filter cake is repulped and reacted with
SO, gas at a temperature of 80°C to form a soluble acid
aluminum sulphite.

After the solid-liquid separation, alumma—conhnmng
sludge is pumped to another reactor and treated with
sulphuric acid to solubilize the balance of the aluminum
values as alumihum sulphate. Insoluble silica and other
impuritics arc filtered off and the two solubilized alumina
stecams ar¢ combined in a fourth reactor. As this mixture
is boiled, SO, gas relcased 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 impuritics re-
main in solution. After thickening and filtration, alumi-
num sulphate is recovered and calcined to yicld alumina
and sulphur trioxide for acid production and recycle.

Electro-oxidation technigue for gold

Gold hydromectallurgy advanced in 1971 when USBM
published details of a process it had developed 10 over-

Orgonic phose Aqueous phose

Cly
C Liquid ion {Copper) | & Copper
. 1Qu " v .
Nodutes —» Crus{unq. i Reoctor }—s Leoching |—»q Filtrolion -e{ exchange (Nickel) Stripping -> Electrolytic - Nickel
drying se ; (Cabalt) cells
poration i~» Cobalt

HCI H,0 Solid residue
(silicates and

iron oxides)

b lonsetective |

organic compounds
in kerosine

Crystallization

Reduction |—s Manganese

Other metal
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Fig. 2—Metals recovery from ocean nodules in this hydro-
metallurgical route, developed by Deepsea Ventures Inc.,
begins with a hydrochlorination Step at 120° C to convert

manganese,- copper, nickel and cobalt into water-soluble
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chloride compounds. lLeached 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 “carbonaccous™ gold ores.
The ores studied originated from various locations in
northern Nevada. The process developed involves an
clectro-oxidation treatment of the ore prior to cyanidation,
to cither destroy of render innocuous the organic com-
ponents present in the ore feed—thus permitting the gold
to be recovered by the conventional cyanide process. Pre-
treatment technigue involves the addition of sodium chlor-
ide to the water-pulped ore and in-situ generation of
sodium hypochtorite in the slurry using a plate-type graph-
ite-gruphite clectrode system.  Oxidation of the organic
compounds by the sodium hypochlorite results - in an
improvement in gold recovery from 0.018-0.096 oz per
ton without electro-oxidation, to better than 0.27 oz per
ton on ores assaying 0.3 oz, gold per ton. The optimum
addition rate of sedium chloride is about 10% relative
to the weight of ore processed. At this sodium chloride
level, power consumption per ton of ore is about 70 kwh.
Brine from the barren solution is recycled to the clectro-
oxidation cells, thus minimizing reagent consumption.

Electro-oxidation for molybdenum and rhenium

The clectro-oxidation technique has also been examined
by USBM to solubilize mectal sulphides. At the Reno
Metullurgy Research Center, studies 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 concentrate obtained as a byproduct of porphyry
copper ores were 959% and 979, respectively. These
results were obtained by electro-oxidation in a 10% brine
solution at 30°-40°C, with power consumption in the
range of 16 to 24 kwh per Ib of molybdenum extracted.
Since present techniques for molybdenum-rhenium: con-
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centrate processing arc all pyrometallurgical, requiring the
handling of sulphur oxides as byproducts, clectro-oxidation
shows great promisc as a new candidate in mineral proc-
cssing.

Uranium from phosphate by SX

Workers at Oak Ridge National Laboratory have an-
nounced the development of a new solvent extraction
(SX) process to recover uranium from wet-process phos-
phoric acid produced from Florida phosphate rock. This
material commonly analyzes 90-200 mg of U, O, per liter,
and at present day production levels of acid, scveral
thousand tons of byproduct U,O, arc potentially available
from phosphoric acid. The new process reagent cosls
are estimated to be less than $1.00 per b of recovered
U0, and the solvent extraction reagent is said to consist
of a mixture of 0.5 Molar di(2-cthylhexyl) phosphoric
acid and 0.125 Molar trioctylphosphine oxide in an ali-
phatic diluent.  Qverall recoveries of 95% of uranium
have been obtained with a purity of 97+9%.

Progress in leaching methodology

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

Scveral pilot operations were reported  during 1971,
among which arc Kennecott's in-situ copper leaching op-
cration at its Nevada Mines Div. in the Robinson Mining
district in castern Nevada. The site chosen for the pilot

E/MI—lune, 1972



study was a worked-out open pit, the Kimbley pit. A
bench some 250 ft abovc pit bottom was sclected and
five holes 9 in. in diamcter and 40 ft decp 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 acid into the test arca,) After an cxamination
of the Now pattern through the structure had been made
by meuans of a tunnel drifted 175 ft beneath the bench,
suflicient information was obtained concerning flow and
liquid distribution to develop a pilot plant opceration near-
by. This project involves leaching of a mineralized area
cast of the Kimbley pit said to contain some 5 to 6
million b of copper in place. If successful, the opera-
ton will have saved stripping some 7.25 million tons of
the over-burden which caps the mincralized zonce.
Developmient of technigques for practical microbiological
leaching of sulphide concentrates continues to make prog-
ress. Once of the leuding exponents of the technique, the
British Columbia Rescarch Council of Vancouver, Can-
ada, outined o proposed copper sulphide concentrate

The Pinjarra alumina refinery, built by Alcoa of Australia
Ltd. 55 mi south of Perth, Western Australia, was officially
opened on May 3. Its initial capacit‘y is in excess of 200,000

E/MI—lune, 1972 '
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leaching process ulilizing a bacterium named 7hiobacillus
ferro-oxidans to solubilize the copper. The feasibility
study for a plant to process 100 tpd of chalcopyrite pro-
poses the use of 20-sq-ft x 16-ft-deep agitated concrele
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,
together with minor amounts of nutrients nccessary for
life-support of the bucteria,  Since studies have shown
that the rate of leaching is inversely proportional to parti-
cle size of the concentrate, the pregnant liquor (25-28
gpl Cu concentration) and unrcacted material are sepit-
rated and the residual concentrate is sent to o regrind
circuit and then huck to leaching. Sludge formed con-
taining minor clements such as gold, silver, and molyb-
denum s thickened and the copper sulphate solution s
transferred to conventional clectro-winning cells.  Operat-
ing costs are estimated at 6¢ per Ib of copper produced
for a 100-tpd plant and about 4¢ per lb of copper at
a 1,000-tpd level.

1
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mtpy. Nearly 30% of production from the new Pinjarra
refinery will be sold to Japan; some alumina will also go
to customers in the Middle East.
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Taking a new approach to the study of chemical

reactions in a well-known process, Asarco researchers have

uncovered valuable dataina . . .
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RESEARCH INSTITUTE
EARTH SGIENCE LAB.

'”i'he"%r"manalysis of Gopper Segregation

EDWARD MARTINEZ

lthough the copper segregaﬁon 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 disseminated in the ore. The unusual
behavior of the copper, which caused it to miigrate
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 tc reducing agent may vary
somewhat, but in general 0.5% to 1.5% sodium

chloride and 0.5% to 1.09, coal or coke have been .

mixed with the ore. Less than stoichiometric
amounts 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-
perted in the literature have proposed reactions
to explain the mechanism of the process.*” There
appears to be general agreement that water is 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 metalhc 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 + SiO, -+ H.O = Na.Si0, + 2 HCI

SME Member EDWARD MARTINEZ is o Reseorch Engineer at
the Central Research Laboratories of American Smelting and Re-
fining Co. in South Plainfield, N. J.

MINING ENGINEERS

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 + AlO,'2 SjO.-2 H.O = 4 HC1 +
Na,ALO; 2 SiO,

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 HC1 = CuCl: + 2 H,O 4+ CL

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

Cu.Cl. + H.O = Cu.O + 2 HCl
Cu.0 + CO = 2 Cu + CO,
CO.+C=2CO

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 Cul: + C + 2 H:O = 4 Cu + 4 HCI1 + 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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mixtures. Heating rate was 5°C per min; nitrogen was streamed through furnace tube.

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 5°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 CuQO-2
5i0,'H.O, 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 NaCi
decreased the peak height and lowered the tem-
perature of the thrysocolla exotherm noted at §80°C
(Fig. 1). The ptﬁer 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: Chrysacolla
and wood charcoal, to which eithér 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 850°C is the result of the volatilization and
reduction of the copper chloride. A similar but less

Fig. 3:—Afticrophotographs of charcoal-copper concentrates from segregation tests run in TGA.
with chrlysocolla, wood charcoal, and salt (Fig. 2) showing results with NaCl and MgCL. The
istribution with CaCl, was similar to that obtained with MgCl.. The white phase 5 cop-

copper d
per; the gray and black portions are charcoal.

MINING ENGINEERS

pronounced break in the weight loss curve was ob-
tained at about this same temperature when mix-
tures 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 -+ 65 mesh frac-
tions, which all weighed approximately 250 mg. The
MgCl, and CaCl. tests assayed 489, and 469 copper,
respectively, compared to 38% for the NaCl run.
Polished briquettes of the 465 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

300X
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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 rélatively 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, thé copper also
formed on the surfilcé with MgCl..

The microphotograph (magnified 300X) of the
copper obtained with NaCl shows that it appears
to extiend 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 obtdined 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.-2H.0. Examination with a stereoscopic
binocular microscope revealed the presence of a pale
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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-

N eI
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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
$80°C may indicate the extent of the chloridizing.
The peak height and temperature of the exothel.rm
were decreased by the addition of NaCl, but with
MgCl. the exotherm was completely elifninated.
The TGA of the chrysocolla-salt mixtures each
showed a break in the weight loss curve at approxi-
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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.

b 0
3
b3 .
=~ Ny (dry) 7myg)
[}
%
Q
N . I 9mg
~
% Welght In MG 2mg
w cu0 MeCl € O
X fo) 251 — 200 200
\ (o) 251 200 200 200

tc) 251 200 200 —

fo) 251 200 200 —
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Fig. 5:—TGA 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 passed through Anhydrone to remove water
vapor.
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One of the postulated
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 in an ore. The
products of this reaction are a sodium silica.te and
hydrochloric acid. The mechanisms proposed 1.n.volve
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% 1o 2% salt and silica in
highly siliceous ores, good segregation is po_ssi.ble.z in
ores containing very little SiO.. Therefore, it is 1m-
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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ABSTRACT

Underground goal ga51f1cat10n is. a process which should be
considered as a competitor om an gconomic bagis with ghaft mining
of coal: ‘However, not &1l coal seams and locations are- «wwviable
candidates for the application of this technology. The important
fdctars in sité evaluation, including coal propernries, geolpgical
condicions, and bperatihg~éaraméters, 48 well as. the economics of
underground coal pasificaction, are discussed. Specific reference
to' the Saviet éystem of undefground gasification is given.

INTROBUCTION

Underground coal gasificatibd (UCG) has 'as its objeccive the
‘}2covery‘of the energetic a@fid ghemical content of coal without
bining. A gaseous mixture composed of nitrgg?n, oxyeen, and
steam in varfahle proportions is introduced in a ceal seam pre-
pared £6f gasification; combustion and gasification reactions
otcur in.gitd. The products, carbén monoxide, carbon dioxide;
hydrogen, watef vapor, methane, nitfogeh dnd other hydrocarbons
are. obtained in a readily isable férm for the.production of elec~
tric. power or the manufacture of chemicals.

In .situ coal gasification is a process whitﬁ should be con-

sidéred as a competitor on an econcmic bagis with shaft mining but

got with surface mining. The successful application of this method

would provide z low Btu ,gas (100-300 Btu/SCF) which can be readily
tleaned For sulfyr compounds and at the same time eliminate many
75 ’
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76 ' FDGAR

of the health, safety, and environmental problems associated with
conventional deep mining of coal. The in situ method also has the
pocentiai to recover the energy from 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
grrived 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 al.l

‘TECHNICAL FEATURES OF THE RUSSIAN UCG SYSTEM ,

Tﬁe 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- production. 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 inéure
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 procéss is usually only recommended for so-
" called "shrinking" coals, such as found in the western United

States. The second step is to increase the permeability of the
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air path by burning pért of the coal, using an approach called
reverse combustion or backward burning. Reverse combustion in-
volves the.idjéction of the oxidant blast in a direction counter-
current to the movement of the combustion front; this method is
conérasted 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 from the coal and allowable operating
préssures.are two of the important reasons why backward burning is
utilized for permeability enhancement prior.to application of for-

ward cembustion. In forwvard burning, volatiles ar? produced ahead

of the combustion front; these volatiles are cooled with the
product gases and begin to condense at about 150°¢, according to
Soviet experience. However, in backward burning the volatiles must
pass through the flame front, thus cracking many of the components.
The volatiles then pass through the path of high permeabiliry
already created, which minimizes the porential of plugging. This
path of high permeability also allows operation at 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 preséuge 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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'reésdp for establisﬁing the reaction at the bottom of the seam iy
to prevent the:flame front from movidg fo the top of the seam. -
Liguids (watér and pyrolysis products) would tend to Torce the
reacpion upwards if the permeshle path were establisﬁéd in a
higher position «in the seam. Once a';hannel is allowed to ferm
écross the~cop‘bf the' séal, the slagged coal ash‘ténds to sedl the
hottdm- of 'the chamel, prevénting further combustion of coal. THi3
can résult in very poor tesource utilizavién. Bacause of the
liguid moverent and collection, gasification in the mpdip divection
is preferred over thi& downdip direction.

The: Soviets uged a linddr well pattern: where two rdwé af
wells are simultaneouslv linkeéd priov to the gasification process.
They also sequenced che«operatidns sétthat;a consistent heating
value Qgs;produﬁed. Once the product gas reaches & léw heating
value, as }i inevitably will -2f some point in thé opératiom, - that
ppbductionfhole»ié‘cappéd off and the product gas isithen forcéd
to pass through,fhe seam 'to the next production berehole, some 75
-féet awdy. This new path has alrgady -beeh prepared bv previous
drying dnd backward burring operations. Schematies of this

-appreach have beén presented by Elderzl

‘RECENT FIELD TESTING RESULTS

The most advanced field test in theé U.S. is befng operated by
the Laramié Enérgy Research Center of ERDA ‘af Havna, Wyoming on
sub-bituminels coadi. Over a four month period in 1974, an .average
yiéld of 130 Bru/SCF was produced: frem a two hole (inlet/outlet}

- system. The linked vertical borehole mefhod waSaused,vand forward
Burning was fgund uaworkable without prigr backward burning; due
o tars"plqggidg up. the porous: media. Estimates of coal récovery
efficiency ranged from 30 to 50 per cent for theé 30-foot .seam. &

:gecond Hanna experiment was pérformed in 1915; and over 38 days

»k
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élie heating value averaged 152 Bru/SCF¥ (higher héating value).
The Russian percolation design for UGG was esséntially used in
fhis test, The- UEC system was operated at relatively high flow

and production rates compared to previous tests, which aided in

‘the High yields (Fischier and Schrider’). ‘The test was’ terminaged

before the cgmbustion front reéached the production well. A typical

composition for the product éas i§ shgegn in-Table 1, and for the

-purposes of comparison, the compogition from a surface gas, pro-

;ducér (Lurgi) is -also shown.

TABLE 1

Typical Gas Yiglds (Water-Freg) from In Situ -and
' Conventional Gasifiers

Lee Lorgl
Hydrogen ’ , : 18.6 23.],
Méthane _ ' 3.6 4.1
Witropen and argon . T47.5 $2.1
Carbon monoxide ©16.5 15.1
Carbon dioxide _ : 13.1 15.1
Hydrogen sulfide . 0.1 0.1
Ethame + ‘ o . 0.6 0.6
Highér heating value, BtufSCF 161.0 175.0

It is also of interest ré ¢aléulats the thermal efficiency of
this UCO test facility and compare it withi résults from.a Lurgl
these data are shown in Table 2.

gasifier; The nhérmqueﬁfiEiency

is defined as the heating value of the "cold" gas: recovered

‘divided by the heatifig 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




‘test, since no significant gas leakage was experienced.
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(cold gas) is significantly higher than that for the Lurgi system
(83Z vs. 63%). One reason for this is that the Lurgi gasifier 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. gasifier. Other advantages to the UCG system include the
natural insulation provided by, the overburden, which yields lower
sénsible heat losses than for the cooling system used in a conven-
tional gasifier. The process heat from a Lurgi gasifier 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
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 conventional
in  coal 100.0%| in  coal 96.2%
" (no air preheating or
steam injection) steam 3.7
(air 250°F) 0.1
. 100.0%
out produced gas (cold) 82.9%{ out produced gas
tars and oils 5:0 - (dry, cold) 62.6%
sensible heat 7.0 si;gég;e heat 10.3.
(512°F) ( )
_hot ash 2.1 steam 1.9
heat loss to rock 3.0 bottom ash (combus-
100.0% tion + sensible) .1
dust, fines 3.2
tar and oils . 12.9
water jacket 3.4
agitator cooling 1.5
ambient losses 3.1
100.0%

EVALUATION OF IN SITU COAL GASIFICATION : 81

Typical efficiency data for a Russian commercial system are givgn
i{n Table 3, showing a cold gas efficiency more comparable to con-
ventional gasifiersb. Note. that nearly ten per cent heat losses
occur due to leakage; this figure is characteristic for steeply
dipping seams. Gasification of horizontal seams exhibited less

leakage, on the order of three to five per cent.

TABLE 3

Thermal Balance of the .Gasification Process in Generator 5a-b In
Seam IV Interior (9m.Thickness) at Yuzhno-Abinsk from
January 12, 1961 to January 31, 1961

Calorific value of the gas Q = 1300, to 1196 kcal/m>
GCas Leakage = 10%. 3

Gas water content.= 290 g/m 9
Relative blast intensity = 17 m /hour per m

1 - Heat of combustion of the dry gas = 69.97%

‘2 - Heat of combustion of leakage gas = 7.8%

3 - Heat content 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 = 0.17%

8 - Losses to the surrounding medium = 7.3%

9 - Heat content of the dry coal 1
10 - Heat content of water in the coal . 0.1%
11 - Heat content of dry air blast J

&~

12 - Heat content of water introduced = 0.5

(Kreinina)

FAVORABLE TECHNICAL FACTORS FOR UCG

A number of factors which ate conducive to application of UCG

from a technical standpoint can be identified. In general it 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 hampercd by their location. The utilization of
Wyoming coal will depend upeon development of suitable schemes for
production oﬁ syqthetic natural gas through UCG or in the produc-
tion of petrochemicals such as ammonia or methanol. More effi-
.cient long distance transmission of electricity may also stimulate "
development. N

The technical criteria for the successful utilizacion of a
coal by UCG are listed bglow. These criteria can be grouped into
three categories: those 'dealing with characteristics of the coél,
those dealing vith the overburden and other geoldgical considera-
tions, and those based on desirable operating conditions for the

process.

Shrinking Coal

MostIWQstern coals are shrinking coals in that they do not
expand upon heating; this is extremely important in terms of main-
taining a higﬁ flow rate at low pressures throughout the coal bed.
For example, as these coals ave heated, cracks open up and the
structural integricy.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 cohfining 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

g
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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
the flow characterfstics through the bed. The ;emoval of water by
drying with heated air causes the coal permeability to increase,
for example, from 10 miilidarcies 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 m&intained in the syvstem for
high sweep eff?ciency and that the coal be suSceﬁcible to gasifica-
tion. Lower rank coals are alréady partially oxidized; hence
their gasification rates are higher.at low temperature. Minimum
temperatures for burning vary from 1100°F (lignite) to 1350°F
(sub-bituminous) to 1550°F (bitumiﬁous). ‘

The next three factors deal with the.geology of the system.

It should be recognized that there are some trade-offs involved in

each of these factors.

Thick Seams

Data from Russian opetations indicates that the 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 the 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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FIG. 1: Effect on Seam Thickness and the Specific Water Inflow
into Gasification Zones on the Calorific Value of Gas:

Obtained by Underground Gasification

Source: Gregg et al.l

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. 1In 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

(se8 p1o2) Aous1dT133e frwaayl

Adr injection rate

Efficiency with

Thermal

jection Rate for Various Water Influx Rate

in Cold Gas
water infl o (W, <’ <
ux rate (U1 w2 N3)

2: Typical Variation
Air In
W

FIG.
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than 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 Wvoming have operated at nearly optimun
water influxes, thus allowing that test to realize extremely_high
yields (as high as 175 Btu/SCF) ané high thermal efficiencies.
However, tests in the same location six months later experienced
much higher water intrusion rates and hence lower product gas
heating values (and thus thermal efficiencies). For extremely

wet seaﬁs, it may be that gasification with oxygen is warranted
simply as a way of minimizing the water intrusion rate relative to
the gasificarion rate. Use of oxygen rather than air will result
in higher gasification rates, and it is expected that water influx
rate will be iﬁdependent of the gasifying medium.

The water influx is also important from an environmental
standpoint. In most underground systems, there is significént
ground water, which, during gasification, intrudes into the scam.
Therefore the possible environmental  impact of subjeciing this
water to high temperétures and organic products from the gasifica-
tion reaction must 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. 1In the gasifier, these organic materi-
als are cracked to ochér hvdrocarbons in the reaction zone and
collected at the production well. The quantity of tars and oils
collected during UCC 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; %ncreases in water influx'and gas leakage
can result from the collapse of the roof. On the other hand, rtoof
collapse is desirable from thé standpoint of having a thermally

efficient operation, thus filling in any voids in the in situ
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gasifier. This is because the presence of void space underground
éncoérages the phenomenon of oxygen bypassing, in which carbon
monoxide is oxidized to carbon dioxide. This results in a decrease
in the 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 oﬁ blast and gas from the
in situ generator, or to a>higher influx of ground water.

According to SkafaS 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. Tﬁe 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 and gas flow consfant (Figﬁre
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 the roof rocks during their-collapse. As a result, part of
the gasified space is filled with rock rubble which divert the gas
flav; 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 fragmentation 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),
vhen 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

g g i
d g el

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

 Rocks.

Surface subsidence is not desirable, but in unpopulated areas,

this 1s not a serious problem. The scale of subsidence depends

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

depths below the surface should exhibit some surface subsidence

Gasified Space without Considerable Breakdown of these

EVALUATION OF IN SITU COAL GASIFICATION . ) 89

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
the negative effects caused by water influx, as shown érEViously
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 contamindtion by organics. On the_other hand, low preséures
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—
tiency. The allowable pressures are a function of the depth and
hydrostatic pressure at that point. Pressures must be élevated
above 300 psi before significant amounts of methane can be.prq—
duced through gasification (this does not rule out production of
methane.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
use of the gas, e.g., if it is to be burned in a gas turbine, the
83s pressure can be an important determ%nant of conversion from

thermal to electrical energy.
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Maximum Sweep Efficiency

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 Qid not leave any coal underground deliberately. Another
factor ﬁo gonsider here i; the recovery per hole drilled, i.e.,
what is the region of influence for a given set of 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 recerry of 83 per cent resulted, while for
a 40 meter 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.l). 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 usedl 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 Wescern.lignite. Possibly the most 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)

Proximate Analysis Ultimate Analysis

Carbon 44.9%

"Fixed carbon 27.2%

Ash 11.7% Hydrogen 3.47

Water 25.4% Oxygen 13.2%

Volatiles 34,5% Nitrogen 2%

Sulfur 1.2% Sulfur - 1.2%

Heating value 7500 Btu/lL 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 this removal -
of water results in a lowering of the temperature of the exit gas.
Thérefore, the thermal efficiency of in situ gasificatioﬂ 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 comp&nedts.in lignite are also reasonably'high_com-,
phrgd to other U.S.:coals; houéver, ten. per. cent ash does not pose
any particular problem f;om the standpoint of underground gasifica-
tion. Usually the ash of Western coal; does ‘have 'a relatively low
ash fusion point, and thus it is expected that some of the ash will
be slagged during gasification due to the high temperatures
involved.

fhe Russians found that coa}s 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 spaée 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 éatisfy 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 héating value of this particular lig-
nite, an apparently low percentage of sulfur actially corresponds
to a somewhat higher value on tﬁe 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
(HZS) 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 evidence 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

EVALUATION OF IN SITU COAL GASIFICATION

A recent study (Edgar et a1.6) 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 Timmerhaus7 has been used
for preliminary cost estimates. This proéedUre involves ratios
of total capital ihvestmepts 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 ana a six foot coal seam). Oper-
ating cost of linkage is basically the power charge for air com-
pression. The pressure required fot 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
injectién horizon up to the surface and sufficient pressure is to
be applied to permit air flow through the wet seam. The total
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 compouﬁds are produced.AlThis 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 hydrocarboﬁs 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. 1In UCG pyrolysis
. generally occurs downstream'from gasification, and ;He pyrolysis
products are essentially additive with gasification. Pyrolysis can
thus enhance gas heating values by as much as SQlBtu]SCF.

In the ultimate or atomic analysis of Western coal, one
important factor is the per cent oxygen. If should be recognized
that the lignite described in Table 4.confains a rather high per
cent oxygen, which is indicative of its;high reactivit& as well as
the fact that it is already partially oxidized and extremely sus-—
ceptible to further oxidation or gasificatibn. 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 ana 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 than

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 plantc.
There appear to be several modes of utilization for low Btu
gas produced by UCG:
(l)‘ Direct combustion to produce electricity: Projected
improvements in gas turbine generators (combined
cycle) would yield efficiencies approaching 50%
(compared with 377 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 feedstock: Much of the petrachemicél industry
now requires liquid petroleum or natural éas as a
starting point for the manufacture of chemicals. ‘The
low Btu gas could serve as a basic building block for
the production of organics. .Gasification with pure

oxygen is a nece;sity in this application.
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A recent study (Edgar et al.e) 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
generaciné 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 Timmerhaus7 has been used
for preliminary cost ‘estimates. This procedure involves ratios
of total capital invés:ments to purchased process equipment costs,
using past gxperience with theée ratios. The accuracy of these
estimates varies ffom 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 éharge 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
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 ghe operation field for thicker seams.
The capital investmwent 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, depeﬁding 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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units is based upon the air flow rates used in the Hanna field tests.

The compresscr 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
53 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
$5.5 million to $97 million, depending upon thé depth of diilling
and the seam thickness. Working capital is‘as§umed'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
the delivery of clean low Btu gas from UCG is on the average about
$200 million. Note that this capital investment is much lower
than that required for comparable surface gasification plants.

The trade-off in this case is the higher operaciqg costs per year,
dua to drilling costs. ‘

Figure 6 shows the projected cost in cents per million Btu of
a clean low Btu gas (hydrogen sulfide and particulates remcved) as
2 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 driiling costs. It is apparent from the
figure that for undergrouna coal gasificati&n 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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enhancement in economic recovery potential is offered by in situ

- gasification. A key assumption in the development of these curves

is the borehole spacing of 75.feec by 75 feet, which is that
normally used in the Russian operations. It is obviously desirable
to maximize the borehole spacing, since the amount of energy re-
covered per hole drilled is the most significant economic factor

in underground coal gasification. A number of other economic

. 8,9,10,11
studies

on underground coal gasification have been.per-
formed and are in general agreement with the above data.

Other assumptions made in the econbmic analysis include a
gasification efficiency of 60 per cent and a contact efficienby'of
80 per cent, thus -giving an overall resource recovery of 48 per
cent. This means that 48 per cent of the latent energy available A
in the coal underground is recovered in the form of a low Btu gas.
These data are representative of the Russian commercial operations.
The heating value of the gas produced during undergfouﬁd coal gasi-
fication is directly related to the thermal efficiency of the pro-
cess and varies with the moisture content, heating value, and
volatile content of the coal gasified, water influx, and gas

leakage, as discussed earlier.

ENVIRONMENTAL ASPECTS OF UCG

In situ gasification overcomes many of theé objectionable en-
vironmenta} features of strip and deep mining. As previously
mentioned, the sulfur in the lignite is prihcipally converted to
hydrogen sulfide, which is readily removed from the product gas
stream. Pollution by solid waste is reduced, since inert ash
material is left underground. Massive excavation of the overburden
is avoided, although the close well spacing does create some sur-
face damage. On the other hand, UCG does present water pollution

problems in the subsurface enviromment.
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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 fféed during gasification include ghenols, tars, ammbnim
and sulfur compéunds. Russian field data has indicated the presence
of these compounds in produced water' from the gasification area,
especially in steeply dipping seams. Howeﬁer, littxe is known at
this time about the potential accumulation o{ pollutants under-
ground. ’

Important hydrologic parametérs in site evaluation include
transmissivity, hydraulic conductivity and gradient, water
chemistry, sand grain size and sorting, and porosity. Regional
areas where water productivity (transmissivity) and mobility
(hydraulic conductivity) are relatively low appear to be attract?ve.
A hydrologically ideal site is characterizedAby 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 Arilling 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
,hydrauiic conductivity of channel sands parallel to regional. flow
vary directly with thickness. Thick, coarse-grained, areally
extensivé channel sands are foun@ in the Wilcox. Transmissivities
range from 30 to 2,000 m3/day/m; conductivities 1 to 20 ma/day/mz:
Average ground water velocities, calculated using Darcy's law
divided by porosity, range érom 0.3 to 49 m per year. Obviously,:
values at the low end of the ranges cited are desired for aquifers

subject to the greatest impact from gasification, that is, those
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immediately overlying lignite. At the maximum velocity, the most
mobile toxic species would take 200 years to travel 10 km.

Yegua sands are thinner, finer—gréined, Foorer sorted, and
less areally extensive. Because permeability in unconsolidated
sediments is largely a .function of grain size and sorting, Yegua
permeabilities are considerably less than those of the Wilcox.

For these reasons the Yegua is only locally an.aquifer. From-a.
nydrologic standpoint, therefore, Yegua lignite is superior to
Wilcox lignite for gasification. Overall ground water produétivity
and mobility are low for the Yeéua. Lower mobility means pollutants
would be localized énd more easily treated. Furthermore, because
the Yegua has some strike oriented elements, ground water movement
is further restricted. In sands normal to regional flow, movement
is greatly impeded and there is much less flushing by fresh water.

It should be emphasized that there is very little quantitative
data on the generation of ﬁollutants underground'and‘the potential
c¢ispersion of the various species present. 'The potential of
natural cleanup by the subsurface and dilution of the pollutaqts
by ground water is still unknown. Therefore, procedures for the
a priori environmental evaluation of potential UCG sites are still
ill-defined. . -
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IN SITU HIGHLIGHTS

THE VAIL CONFERENCE ON IN-SITU LEACHING OF URANIUM

D. A. Shock
233 Virginia
Ponca City, OK 74601

A significant conference on in-situ uranium leaching qés héld
August 24-27, 1976, at the Ménor Vail Lodge; Vail, Colorado, under
the joint sponsorship of the AAPG, SME, and SPE. Approximately
100 attendees gathered to hear and discuss the followingnpapers:

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

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

3. Potrer, R. W., III, and Brooks, R. A., "The Geological and
Geochemical Parameters Affecting In-Situ Leaching of Uranium
Deposits."” )

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

5. Mche, C. R., and Hanson, M. E., "Predicting and Controlling
Fluid Movement During In-Situ Uranium Extraction."

6. Sissler, F. D., "Geomicrobiological Leaching Processes for
Uranium Ores."

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

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

Buma, G., "Case History of In-Situ Leaching Field Testing."
10.
Ore Body."
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aggd ‘ The Gabon and Congo Basins Salt Deposits
TGCB y P. A. C. bE RUITER
}‘ “ | Abstract

<

. The Lower Cretaceous salt deposits of the Gabon basin and 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 sait
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

‘oceanward 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 clastics 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 clastics 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 clastics 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.
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Fic. 3. Stratigraphy of the Gabon sedimentary 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
m}f_ters of continental clastics were deposited during the rift
phase. -
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F16. 2. Outline of the Cameroun-Gabon-Angola salt basin.
The shape of the depth contours of the oceanic basement
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F1c. 5. The Gamba Formation in the Gabon basin. The
unit represents the first postrift deposits. The upper part of
the Vembo Member is transitional toward the overlying Salt
Formation, but restricted conditions set in earlier (oil shales).

Ces.

[ ot ]

K2

-

. mma cadeoiiN debibd San LA Py s o M- T -

i




P

GABON-CONGO SALT DEPOSITS ‘ 421

ENE

coast
Magyumba

m Salt, salt domes
< Gamba Fm.

2000
4000

6000

50- 100 @ ——m——————»
r A

Fr6. 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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Fic. 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.
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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 bottoni 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 new 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-
Cenomanian carbonates (Madiela Formation of
Gabon) and Cenomanian to Recent clastics. A major
regional break is recorded at the base of the Miocene.
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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 part 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-
baréné horst and the Gamba horst are examples of
such reactivated horst blocks. '

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 Vembo Shales were deposited the area was re-

markably flat. This Vembo Shale consists of dolomitic"

shale, dolomite, and, toward the top, layers of an-

car
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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 saft 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 (15%) of
carnallite (KCl-MgClz-6H>0). Moreover, in sev-
eral wells the extremely soluble bischofite (MgCl,-
6H,0) 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
(CaMg:Clg-12H.0). 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
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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 different 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.

end of salt deposition. The lower part of the Madiela
Carbonates (Albian) is largely composed of re-
stricted marine dolomites which céuld 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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F1c. 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. i
the hole size. The very severe washouts, beyond the The inverse cycle unit can be correlated over a large
measuring capacity of the caliper tool, indicate salts part of the Congo basin.
_ of significantly higher solubility than carnallite. The , The uppermost salt unit consists of halite at the
‘) data on known salt minerals, as given by Lotze base, overlain by shale, anhydrite, and dolomite and
i (1957), for instance, seem to leave only bischofite or is a cycle of decreasing solubility (Fig. 10). The
v tachhydrite as possible contenders. Belmonte et al. first marine microplankton are found above the high-
(1965) and Lambert (1967) mention the occurrence ‘est halite occurrence but below the last anhydrite bed.
N of bischofite from core data and this lends support to  Fully marine conditions took over gradually at the
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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 different 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.

SOUTH CONGO ANGOLA
GABON .
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Fic. 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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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 sait of the Congo basin is
very rich in carnallite; the in situ reserves of potash
and magnesium are estimated to be several hillions 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 alt 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 K2O content is 18 percent. It
is thought to contain mineable reserves of 17 million
tons K,O. Layer 3, some 10 to 20 m below 7/8, has
an average thickness of 3 m and its K,O 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
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annum of KO could be maintained for 35 years,
'aIlowmg for a high (60%) percentage of losses dur-
ing mining and treatmg operations. The’ target of
500,000 métric. tons™ per aniium, 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 unfavorable and variable and their
dip higher and more unpredictable than had been de-

duced from the exploration and appraisal drillings.

The following production levels have been ob-
tained :

1969 66,900 metrlc tons KCI
1970 © - 205,049 oo
1971 ' 429 736 v
1972 . 473 Jgmn o oo
1973 . . 463,911 A
1674 - .475, '279' ” "oow
1975 ) 461, 892' " oo
1976 435131 v oo
1977 (hrst half only) 172,934 rooon
Total. 3,184,603 " "

The very expensive mechanical production method,
coupled with the ‘relatively low market, price: that
counld be realized, has resulted in a poor economical

return. The mine has run continuously at a foss: .

only during one year have the operating costs been
recovered from the proceeds,

After extensive studies it was considered attractive
to attempt to mine carna]hte 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
miné. would, together, compensate for the more ex-
pensive treatment needed to 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 boring of ‘one of the car-
nallite trial galleries, a few drops of water appeared
through the roof of the gal]cry 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

dnd most of the subsurface €quipment were lost. The.

decision was taken to abandon the-project.

R
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simple copper and gilver cyanides are formed

lver. On the surface of gold, however, only

nide*?). Fairly thick films of
c investigation and the cor-

on the surface of copper and si
4 film of gold axides was found®?). Potentiostati
responding calculations confirmed these data & and the active passivation of
gold in the cyarade solution by oxygen. For silvér a scheme of successive

stages was proposed with the formation of the oxide and simple cyanide, and
this supplemenis the Bodlaender equation and makes it possible to determine
certain details of the mechanism and the stoichiometry of the reaction prod-
ucts on the surface of the metals being dissolved was also demonstrated for .

zinc}) and for alloys of palladium with silver®®). It has a very strong effect
in the cyaniding of gold, el ilities of 'intensifying

iminating one of the possibilt
the process by vigorous agitation, From this emerged the subsequent direc-
{ion of investigations into the processes involved in-the dissolution of gold:
rehes for other oxidizing agents which do not passivate its surface;
¢) searches for additives which could weaken

tions showed that certain oxidi-
make it possible to eliminate

a) Sea
1) searches for other solvents;
the unfavourable eifect of the films. Investiga

zing agents, such as potassium ferricyanide,
the passivation of the surface of the gold completely *®). Gold dissolves actively

in agueous solutions of halogens and of chlorine in particular”). Although
films of intermediate product (halides of monovalent gold) are also formed

in this case, they ave readily soluble in un oxcess of the halide ions, and

the dissolution of the metal occurs undev diffusion control even with very
strong agitation and has a higher rate than during cyaniding. Replacement

of the cyanide by acetone cyanohydrin (ACU) makes it possible to lessen the
passivating action of oxygen appreciably 1) on account of the fact that the
decomposition product of ACH, i.e., acetone, hag some depassivating action.
The advantages of ACI in the extraction of gold from stubborn ores were com
firmed at the Irkutsk State Scientif ic-Research Institute of Rare and Nonfer-

rous Metals?®).
Investigation of the dissolving properties of thiourea 2°) showed that an oxi-
dizing agent such as ferric lons is required for gold and silver in aqueous
solutions of this reagent. The passivation of the gold 1is somewhat weaker in
the thiourea process than in the cyanide process; it starts at 300 rpm for
gold and at 380-540 rpm for its alloys with silver. The oxidation of thiourea
by ferric ions does not lead to its loss, since formamidine disulphide is a
fairly active oxidizing agent capable of reacting with gold in the presence of
an excess of thiourea. The advantages of thiourea compared with cyanide as
a solvent for gold are as follows: The process occurs under kinetic control
with more vigorous agitation, it is possible to create a higher concentration
of the oxidizing agent (ferric ions), the reagent is less toxic and cheaper
than cyanide, and finally thiourea is less sensitive to certain cyanlcides.lt
is, however, less suitable for the dissolution of silver than of gold, since
continuous films are formed on the surface. Thermodyanic calculations
showed that it is possible to transfer silver into solution without thiourea
on account of the o idizing potential of terric ions alone 21), Ferric salts
are a little inferior to cyanide in the dissolution rate of silver, and at 25°C
the rate constants are equal to 5.9+10°7 for sodium cyanide and 4.6 10-7
litre /cm?- sec’®. rev /2 for ferric salts, but the dissolution rate can be
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A third way of improving the dissolution of gold is to stydy the effect of the
composit@o'n of the solution on the rate of the process. It whs necessary 't.o Our investigatic ng 2°
find conditions where the dissolved components would prevent the formaiion reduce the gold di ) showed that increaseq concentrati
of too compact passivating films on the surface of the gold. (10~ -10-2 2~ fon /Sl??x%:)uggp;zt:j ::éyustrongly, and very g“: c"gnsczllﬁ!;idg ion
. . . i : : e surfa ations

Investigation of 92‘3 effect of thallium (I) ions on the dissolution of gold in 52?3;53;’1")%3 difoSIOn region up 480 rpm, Thc: r‘:fe f;li 8'0‘1d and keep the
cyanide solutions *°) showed that in their presence the boundary for the trans. gated c°mp0un§sl°"]r ;‘:degy Plumbite is the same z¢ wt‘u?l;l: 2{) the .dems_s“’“‘
ition to the kinetic region is shifted from 150 to 410 rpm, i.e., the passiva- investigated in tw ilect of xanthates on the cyanidi or nvestl-
tion of the surface of the gold is reduced appreciably. The passivation is also | |4 dissolution: l;))"e"sm"b‘: a) Xanthate treatment of u’]‘g of gold has been
lessened in the kinetic region and, particularly, with vigorous agitation {the addition of xant;x ' gelssoluti_on of the disc in g cyanide so? disc, Washing,
maximum dissolution rate in the presence of ﬂ!a.l}iUIll ions is 3.4-3.9 times dises in dilute soa;:ti ). During lesolution of previously x:u:?," with the
higher than without tpgm) and also when axygen i$ blown through the solutions, | showed up clearly b“’l’zsw?{hcglamde uu? negative effect of menx::ﬁ- ttrea_ted
l.e., under the conditions of the mc.)sst active p:\sgivntmn, where the rate tmum dissolution ;"ue nerease in the concentration of ¢ hate films
increases by three times to 2.4 -10°° g-atom /cm® - sec. The favourable effect | o140 had 2 diffe;‘eni :;?re !'ugh_er than for the clean discs ;'(?"['llge tthg max.
of thall'mm salts depends little on the .amount, a.nd the addmgn of 4-5gto 1t of agitation did not have a ect; th.h low concentrations of Cy.:lni‘de :Jﬂ e in
of ore is sufficient. At the concentrations in which the reactmg components rate increases but co lc; 1 appreciable effect; with high concent ‘e Intensity
are present gold is more noble than thallium and its cementation cannot occur.] o higher the co nslderably less than in version (a) and onations the
Consequently, the mechanism of the depassivating action can be explained by | ment of the dise neentration in the solution, With PNElim:il pecomes lower
me gdsorption of tpall}um fons on the surface q[ the gold (like organic depas- xanthate in the s(?l:t\yith !he Presence of O"LY very low co:ciz'}’txaqmate treat-
sivators) or by oxidation of thallium (I) to thallium (III} on the surface of the , under diffusion cont xoln (in the order of 10~ g-ion/litre) ﬂ‘el;)ratlons of

rol even at 1000 rpm. Con rocess occurs
: sequently,
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- gold with the formation of T1 (OH), fwhen air is blown through the solution fes
AG° =-17kcal/mole) and by disiraxtegration of the gold oxide film. Our exper- condx_nons. Xanthate can be an active d ¥  under favourable
the diffusion region, and can even 'uteepz:,ssxvator, keeping the process in
alter the stoichiometrie equation
< for the

. iments confirmed the passivating action of copper in cyanide solutions ?6) wit: fold dissolution reactiq )
- low concentrations of cyanide, but if the cyanide concentration exceeds the of oxygen, i.e R, which in its presence occurs with f i
‘- copper concentration by approximately 25 times, the transition of the proces » 1+ €., according to the secongd stage of the B ull reduction
' from diffusion to kinetic control is shifted from 150 to 620 rpm. The passira- odlaender equation,
tion of the surtacg of the gold in the region 91‘ low copper-.cyanid.e rat%os is elfective than Xanthates . g
"~ due to the formation of {ilms of CuCN, and its depassivating action with an ¢ 5 solution and of 1 € negative effect of thejr excess i
increased cyanide-copper ratio is accompanied by blockage of the active increased intensity of agitation 1 Concentration
centres and by destruction of the monolithic oxide film on the surface of the | Is less appreciable *°),

gold.
1 ;
. During the cyaniding of amalgamation tailings tetracyanomercurate can be od of pine oil. Th“sr_ the investigations have shown that i >
. found in the solutions. In cyanide solutions mercury is more noble than gold, depassivating oh : a.the 1nvestigated
T and according to our determinations *°) their standard potentials at 25°C art | 4y renane B aracteristics are determined by the rati
-0.3725 and -0.543V. Conseguently, mercury will be deposited on the sur- “gent concentrations, and the mechanism involl nae
: face of the gold, and this was confirmed by the experiments, During invest-{ g4 the gold ves. blockage
X gation??) it was found that the concentration of the mercury in the Solution )
) plays a major role; in the region of low concentrations (1.0"’ -107 g-lonflitd g, 00 alloys of nob] .
o an appreciable depassivating action is observed, and at high concentrations | Ajjoys of gold with ; metals and their chemical compound v
1 full amalgamation of the surface and a very strong reduction in the gold dis-| ropp0 . a3y palladi Sllver and copper®? s palladium with 'S ‘”elrg investigated;
' solution rate are observed. However, the most important consequence of | 14 sHVEr’teu ?dm?swith_silver”)_- silver and golg silver l)‘; silver and
depassivation is the shift of the boundary for the transition from diffusion urides™); silver and copper sulphig?as Sy gams 1), gog
; to kinetic control from 150 to 800 rpm, and this makes it possible to obtain | Tp, Presence of sij ).
. high gold dissolution rates. The mechanism of depassivation by mercury Y3 Of sllver in the alloy with gold assisted th )
T, involves blockage of the active centres of the gold by the deposited mercury | sveq ¢ 1100 rpm, 1 and in the translimiting region unde diS‘SOIu.tlon of gold
4 and the creation of sections for unobstructed approach of the reagents and wing the dissolhuﬁ?ﬁf‘ﬁm’" of gold-coppe r alloys gaveexi‘nc:g,{:::?n control
ened alloys, {n which there are ng results,
no chemicyl
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compounds, the action of conper additions was similar lo the action of siiver
thighly depasslvating). During the dissolution of annealed alloys, in which
according to other methods of jnvestigation intermetaliic coppounds AuCu g:,?g ::f;pf{c;t:til:‘and;nemlic silver; the rate constant is lower, and agitatio
and AuCus must be formed, the Kinetic method of investigaiidn confirmed © e dissolution rate. ! acon
the presence of these compounds (@ ereat reduction in the dissolution rate The i
A e nvestigation of sil .
with 25 and 50atm.% of gold). ; ? ver telluride hessit
, % of gold) p:exlly.l iTr;ttai dissolution rate depends g:\ t.he: gl:ceem?:astti;?\t‘;‘; its'\e:; dtpeme com-
The positive effect of silver on the dissolution rate was also observed durir :nfeﬁ;ftyrgf an%t;fi%lon' but its limiting concentrations are too i:é\h :ndont.llfem
dissolution of silver-palladium :ukzys8 in cyanide solutions with the observanct| prelimiting rggion él‘:rélgssﬁzats thetradte in the translimiting region. In the
in particular, of the Tamman law . on rate decre i in ter
p 1 w (1/8) .wre, and in the translimiting region it incregiiz Wli:\u:;\ctrreassenm' tempera-
H ] 5 . . an . R
;E::ﬁiem:é?uzlossczlunon rates are proportional to the pressurergfu(l;;g r: glon
and gold amalgama and their composition, supplemented by investigation of | | jox is smalle n( o the first power, and in the prelimiting region meyg "
the dissolution rate of mercury in cyanide colutions °%). The effect of varlable] 4 only in merpr?:fx:;}:iimatel% 2/3). Reduction in the alkalinity reduc}t)aosw&z
. i : n
factors (the in}ensity of gg\l&tiﬂnl, the concentration of cyanide “f’f’ oxygen, 1es in two characte ristic 'golf‘eti on. The reason for all these contradictions
the alkalinily of the solution, ihe temperature, and the composition of the mation and th s e dissolution of silver telluride, i.e, the for
amalgam, i.e., gand? phases and liquid amalgams) on the rate of passage |y, e comms‘it{’;"p‘;"t‘es of oxidized films on its surface and t’he.v;;n;::iom-
of silver into the solution was jnvestigated. The most interesting was the varis ;o1id phase § n of the solid phase. The oxidation of the surface of n
ation in the composition of the solid phases - silver passed Into solution con- | cooion | e ncreases with increase in temperature in the preli‘mfuo the
side_rably more rapidly than mercury, and the _amalgam was gradually deple- mlckex.- ;e&&c‘:lmu“:def,i‘“e"cy of cyanide the film becomes thickernag d
ted in silver. The investigation confirmed the Murphy diagram, but the homo-{ prcess of ¢ _gg e dissolution rate. In the translimiting region 'tn
geneily limits of the chemical compounds and the conditions for their synte- | giccotution yr“::; 3} :}:l:;flasebm temperature gives the Oppositegeffet:- r;;;n
sis were determined in ddition. ) p m becomes h i ! !
wer ' a " ! g‘f‘;_‘“ﬁ\g effect is greatly reduced, a:dgh;x‘; tgf:céfsfgt::mmn rate,' its
Gold amalgams were studied by similar methods (the effect of variable fac-3, nt;cly‘:estgfdgf\lswp control. By electron diff raction andn}%?iaf r%ri?f pseudo-
tors on their dissolution rate and the phase diagram of the amalgams, inclv- | ruently and t]eesohd phase it was established that dissolution);ccu rfu;txon
ding one which had been kept for 8 years). On the basis of X~-ray analysis it lowing Scheme‘u f\°m¥081tion of the solid phase varies according tor?h nfcon-
was shown that the composition of the amalgams is considerably more cOm- |yer anqd tellurh':m zg;xd em"’f\gs Tff: —AgTe. Analysis of the solutions fo‘x3 s(;:-
; : terature. eir ma i o h " Sii-
plex than indicated.in the literature stablish that the third stage, | :madtigziﬁfggf,";?"ﬁ n';:me it possible to
e gTe, is the slowest.

The amalgamation of the surface of the gold greatly reduces its dissolution
}-ate ip cyanide solutions. Q{\ its surface lilquid amalgams are formed simila:| Goid telluride is encountered i ) ‘
in their kinetic characteristics to concretions of gold with x:ock, wetted by 1d it belongs to " n ores in the form of the mineral calaverit
mercury which has not reacted chemically with the gold. Dissolution of !¢ |oound in cyanide gg;’ ;ular}y stubborn minerals. The dissolution of this coe’
liguid amalgams in a special kinetic region and their mercury-like charactel{ orc on its rate is “t ons is very complex, and the effect of individual fac ™
give _iew possibilities for intensifying the extraction of gold {rom them by tnetic control: m:odtgha]raqterlstic either of purely diffusion or of p"rez} -
cyanide treatment, since the rate of passage of gold into sotution does not  {.» me concentrati solution rate in the prelimiting region depends bog,
ipcrease with increase in the intensity of agitation or with increase in the sancentratio r? on (,)f C)fanide and on the pressure of oxygen; the limiti
cyanide and oxygen concentration and temperature. Solid and, particularly, iyq of a‘itatr;oo cyanide is very high, and the rate is indepenc’lent of thl ing
. stale amalgams dissolve cox}sider:\bly more readily than liquid amalgams  ,epion; gthe di:s;?uﬁznp::i:rzmng region and dependent in the translim?\ti?\;en-

put more slowly than metallic gold in the kinetic reglon. wr‘?ber of revolutions of the d?ginx?:is:dut‘: :!")zwss:r(:)foi oxyg:!n and on the
ntion i r ess 5, -
ulation indlcry, o pr::;;‘g;fs in the prelimiting and translimiting regions aig ?ais'l ﬁ;e acti
y identical; the alkalinity of the solution has a uniquereﬁfeaigf
ct (an

Of great theoretical interest wis an investigation into the cyaniding of silve:

e

s We studied silver sulphide and telluride. Thermody namic cale

1 N {* tes little probability of theedissoluuon of silver sulphide in cyanide solutions }, 0o T e dissoluti
il Rl without oxygen (K = 2.10"%). In its presence the process occurs in the exis- |, ssolution rate with low cyanide-con : :
% 1:9-10™° litre/cm® « :\tm1 3. gec, tmonstrates the complex and stepwise character ofct?\r;t;igzgss)s. ?l:\ldut;:fs
1]

ting kinetic region: v = kK-S C-PJ?; Koge ™ vas

o K 4 keal/ mole. Oxidation of Uie sulphide sulphur 0CCUr O the reactiot 'y, ,ggfgf;;igebglgf;;im?ts-  The reason for these complications lies in
ry of the reaction depends on th A

e concentration

surface {the dependence of the rate on P&’). The obtained relationships mahm @ ¢
xygen in the solution. With a defi
. clency:

it possible to conclude that argentite {s a more stubborn mineral! in metaller

£ 578

’ -
AuTe, +4CN~ +1.50; + 60H™ = 2Au(CN); + 2Te"™ +2Te0}™ + 3H, O

L B N e B id
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and with an excess,
2AuTe, + 4CN + 4,50, + 60H™ = 2Au{CN)z + 4TeOZ + 3H;0

The oxygen required for 1 g-atom of gold varies from 0.75 to 2.25 moles,
depending on the composition of the solution, on its temperature, and on the

intensity of agitation. The "interchangeability" of cyanide and alkali is most
interesting: Comparable dissolution rates can be obtained with low alkalinity
and a high concentration of cyanide or with a high concentration of alkali and
low cyanide. However, the dissolution rates of gold from the telluride at pH1:
and at 25°C with air blown through the solution are 400 times lower than the |
dissolution rate of metallic gold in the kinetic region. ways of intensifying tht
process have been given in the literature’)

elemental chlorine, was inves
ding of gold telluride>®).
he rate of extrac tion of
lower than during cyar

The possibility of the use of another reagent,
tigated in connection with the low rates of the cyani
Under acceptable conditions for practical purposes t
gold by hydrochlorination was approximately 15 times
iding.
lcines from the chloride
trates and various interme-
ete. Silver can be ext-y
but cyanide is expensiv

most often contained in the ca
roasting of particularly stubborn ores and concen
diate products from metallurgical processes, wastes,
racted from such types of raw material by cyaniding,
in short supply, and toxic and reacts vigorously with many compounds which
accompany silver. Other solvents for silver chioride were therefore investi-
ated: Thiosulphate, an agueous solution of ammonia, thiourea, sodium chk
ide®”). We only give the final resu investigations, i.e., ther

constants of the reagtions { 250C (they all occur under diffusion control),
Kk - 10° litre/em? - sec’/?.rev’/?: Sodium cyanide 0.68; sodium thiosulphate 0.5
0.60; sodium chloride 1.06. Fr

aqueous solution of ammonia 0.12; thiourea
an be replaced by a different réagent, the

these data it follows that cyanide ¢

choice of which deperds on the character of )
ination of metallic silver, which is of interest for the dissolution of silver-

pearing gold, was also investigated.

Silver chloride is

The behaviour of chalcocite and covellite in cyanide solutions was investigs
ted. Chalcocite dissolves in cyanide solutions under diffusion control. In tt
in the solution the copper and sulphur pass into solution iz

absence of oxygen
the stoichiometric ratio 2:1); in the presence of oxygen with low concentri

tions of cyanide only hall the copper passes into solution, and a new covelli
phase is formed. (The rate of passage of copper into solution decreases wit
time as the film of covellite is formed). The behaviour of covellite is simi%
to that of chalcocite; inan oxygen-free solution of cyanide it dissolves cor
gruently, and in the presence of oxygen the sulphur remains undissolved 2%
a retarding film is formed on the surface. The difference from chalcocite
lies in the fact that the dissolution of covellite occurs under kinetic cont
By special tests the stoichiometric equation of the reaction, which explains
the structure of covellite, was established:

312

CuyS;+ TCN- =2Cu(CN;™ +8™ +SCN~
(The formula .
Cu.S: Cu, 8, does not change the stoichiometry of th
e reaction).

The investigationsh
_ 4 owed that some i iti
dissolutionof gold i Toan e e the ol
P, silfe ! (;ri}c)iuadlum (s_'ilver, copper), and ot?lle:?':,;iztse accele.rate o
of gold und sive e (m oxidiry' , tellunu.m, sulphur}. It is very impo o oution
O s oot (con:égsag;nt in relation fo.the commsigo:t;n:}mto chqose o
ntensity of agitatio rationof reagents, alkalini lon, ¢ g Prase
e o aeat if:‘ 3 écs)t-igfut:de rinany me thods for iso!at%zfos&l:;;g%ﬁ:;p?rature,
O o ated, i.e., cementationwi 8@ tation
stability of cyaiitgéscby organic sulphydry! reagent: > 9)‘ zlixnc b ot o vt
stability of eyan proct:}mplexes of gold and silver (Kg= 1.1 'sl;(ajx,_t&of MRS 2

ss occurs in thediffusion regiona.ccordiﬂ.‘;at’;‘jt.!1 S o

he equation

1gC = 1gCo- (k"S- n*/? /2,303 V)

{direct discharge of th 5 .
The effect of the e anion without dissociation into i ;
gated. The exmricslzzigir?;ign o fgg; cyanide, °"Ygen,lt:nilo'?;£g;‘ie3} ‘OPS)'
silver. In addition the joi was 93% of the theoretical ¢ as investi-
. . joint precipitati tical for gold and 87%
cyanide solutions s pitation of gold, sil o tor
were investigz?tr:i aTnc;h;:: &?&m eifect on the cha'lralc‘t,::l’s&::’: g?%}::r from
the complex cyanide usion coefficients of i > process
- s of gold and sil potassium cyanide and
tigations was undertake silver were determined** of
. into the oxidizabili ned""). A cycle of i
solutions*®). Here th n oxidizability of sulphide mi e of inves-
' S ) e complex steplik phide minerals in alkali
occur with considerable kinetic plike character of thes ; ne
) h netic compli e reactions, which
was obtained between th complications, was dete :

- e oxidation r rmined. A relationshi
perature, and the conce rate and the pH of th shp
i . andc ntration of o of the solution, the tem-
ism of oxidation was xygen (proportionality to Ry?
lor c1 1 proposed, and the nonapplicabi ?), a mechan-

calculations of such reactions was dem::?;)tlezclzt?dll}g of thermodynamics

Since amalgamation i
n is an effective
ores and conce . method for the ex 3
carried out intx:‘ tt;?;e:rglcgssqu;;’b%; of cases, a seriesn;citrlnggs?igiig:smm
the advantages of ki - They made it possibl i was
srement of {\;:ettlf\:; l::tic methods of investigation com;a‘fe:s‘?glwh clearly
tme and required tl‘legciz'qusuc'l fl‘esearches were carried ou‘t”(o:- tt,lle lfl?eas-
making it poss ation of the necessa e e first
g it possible to put f[orward a series of ;)éwmleh::)li-le(:.l'geilg(:mmrﬂlus'
al ideas.

l'der to sts bli e p e hy(ll'{)"le.allul‘gy ()]
lH 0 esta sh ﬂle Uleo ti
r cal rlnciples of th
‘nble lnet.lls t.he ;lctlv‘ty prOductS Of a serles of thell Wol ly SOluble com-
» ) e dlSSOCldtiOll constants Of the COmplexes etc d
p)u“ds ul ’ . were eter"llned

A XeUieW Of ilerStlgatIOHS car Iled out by the lotatl“g dlSc meﬂlod showed
s ﬂdvalltag'es ill ﬂle illves'l alio" ()‘ a se l'ieS Of "le()[’etl(:a] l)r{)hle"l in hyd-
g
S

rometallurgy and the -
4 co i
‘epartment of science. ntribution which Soviet scientists have made to this
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Some aspects of the mechanism of the action of combinations of various
reagents in froth flotation

VI Melik-Galkazyan (Kursk Polytechnical Institute)

From flotation practice it is known that specific combinations of reagents
intensify the process and make it possible to obtain better characteristics

in the separation of minerals than is possible with the use of reagents of one
class. In this connection a large number of investigations have been devoted
at various times to the problem of determining the mechanism of the reaction
of reagent combinations. Since the action of reagents with ions or molecules
having heteropolar nature depends significantly on their orientalion in the
usorbed layer and it is not possible to establish the character of this orien-
ation by a direct method on the surface of a solid, investigators have resor-
ted to indirect methods, 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 method 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 concept the Chinese 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 commercial operations:

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 of the
1SL process and briefly discusses key
subsurface engineering functions as-
sociated with well pattern design and
operation.

While flow characteristics of a de-
{)osit are of prime importance, the fol-
owing information is also needed:
Depth, ore grade, total contained
metal, ore thickness, flow conductiv-
ity (permeability),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 operation, takes these factors

Uranium
recovery

T

U308 gt —]

Static fluld pressuce

&

Chemical
make-up

N

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, und 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 faci?ity.

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 of an oxidant and a complex-
ing agent in an acidic or alkaline

medium.

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

-enriched solution is collected for

transport to the surface.

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

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

As these factors reveal, ISL in-
volves the technical disciplines of pe-
troleum enginecring, ore deposit
geology, and hydrometallurgical
processing,

Wellfield Design

Just as mineral engineers use
drilihole information to plan a con-
veational mine, in situ engineers use
similar information to design a well
field. A thorough knowledge of de-
posit geology and reservoir properties
is required. Early application of
pressure transient testing, such as
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drawdown and injection tests,
(Davidson, et al, 1978) will determine
native reservoir properties before
they are altered by subsequent tests.
Also useful are chemical tracer tests to
study subsurface flow.

Boundary wells are necessary to
monitor changes in the external
wellfield environmentand sometimes
to contain wellfield leach solutions.

The central issue in wellfield de-
sign is the time profile of the produced
uranium concentrations (Fig. 2). A
time ¢, is required to overcome
groundwater dilution of the enriched
uranium contained in the pores of the
well field. At some later time t,,
uranium depletion in the flow path
between injection and production
wells causes a decline in both pro-
duced uranium concentrations and
total wellfield uranium production. At
time t;, addition of more wells within
unused portions of the ore body are
required to maintain efficient overall
production.

Fig. 2—Time 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 cementing, as well as those
stresses caused by the rock formation
(such as squeezing clay zones and
sand movement). Most uranium de-
posits are within 457 m of the surface.
For those relatively shallow depths,
firms often specify polyvinyl chloride

164 FESRUARY 1980

(PVC) casing (ASTM). This material

resents some difficulty because its
E)w 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 greater depths where 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
deeper than 1524 m. Coinbination
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 Portland cement (ASTM,
1970), API cements (Smith, 1976), and
additives are readily available. For
afplications in acid solutions with pH
of 2 or less, epoxy cement can be used.
A good cement job is as necessary as
%ood casing and will prevent casing
ailures due to lack of support. Neither
the casing nor the cement can be
changed after installation, and repairs
are time consuming, difficuit, and
costly. .

Sand Control

Maintaining wellbore integrity is
an important operational considera-
tion. Sand movement can cause well
collapse or severe permeability im-
pairment. Design systems relating to
many different 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 en{z,z\ged in an in situ
mining activity is taced with design,

installation, and operation of a system
to dissolve and transport metallic
ions. Fluids capable of dissolving
uranium minerals are also often capa-
ble of corroding conventional
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-fressure 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
‘?stems to inject two-phase fluids (gas
ispersed in liquid). If a multiphase
fluid is employed, the most difficult
problem is maintaining a homoge-
neous dispersion of the two phases.
through the injection interval. This
Froblem has been addressed in patent
iterature, and effective procedures
have been demonstrated (Hsueh, et
al, 1978; Huff and Moynihan, 1978).

Chemical Interactions With
We!lﬁeld Design

Chemical requirements for leach-
ing uranium are twofold: (1) use of an
oxidizing agent, unless minerals are
all oxidizes 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 +6 state. Current in situ leach-
ing operations use hydrogen peroxide
or oxygen as an oxi(;:mt. Both behave
in a chemically similar fashion—
peroxide, on contact with minerals in
the rock, decomposes to oxygen and
water. Ifinsufficient 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). Approximately

Table 1—Oxidant Types

Type Adventagos
Oxygen (0,)

Hydrogen peroxide

(H,00) wellbore

Chiorate (CI03)

Least expensive ($0.18 per pound), based
on ore-reducing capacity in Texas

Oo not have to handie gas and liquid in

Do not have to handle gas and liquid in
welibore: no free gas exists in formation

Disadvantages

Hand!le gas and liquid in well from surface
to formation; may have free gas in forma-
tion that can vent vertically or reduce leach-
ing rate

More expensive than oxygen (about $2 per
pound); decompases to oxygen on contac!
with rock, thus behaves like oxygen in (or-
mation

More expensive than oxygen (about $2 per
pound); end product of oxidation is CI-,
which mayinteriere with surface extraction
plant and is corrosive to stainlgss steel;
sodium form may lead to clay sweiling and
permeability reduction; potassium form
may be more expansive
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Table 2—Solvent Types

Type
Sulfuric acid (H,$0.)

Afkaline carbonate system

Advantages

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

Maintaing pH control with minimal
rgck;mteraclion: may mobilize less
selenium and arsenic

Disadvantages

Reacts with rock to increase pH of sotu-
tion between weils: may liberate
selenium and arsenic; may plug pro-
duction wells with gypsum

NH,* torm ieads to enviranmental con-
cen; Na' form may swell clays and
damage permeability; may plug pro-

“ 4

wells with caicite or g ]
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of carbon dioxide gas: molybdenum in
solution can intertere 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
(CO,) or sulfate (SO,). The former cor-
responds to an alkaline solvent, the
latter to an acidic solvent.

Choice of a solvent is related to the
ability of the 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 compo-.
sition of produced fluid.

Chemical Reactivity of Uranium
Minerals ‘

The rate of solubilization of
uranium is likely to be affected by
combinations -ofyoxygen 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 und formation pressure cause
free oxygen gas to form 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 CO, concentrations will
increase reactivig', but they also will
increase the tendency to precipitate
gypsum {CaS0,) and calcite (CaCQ,).
Reactivity effects must be balanced
against potential {)ermeability 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

MINLS ENOIHEERING

which free oxygen gas forms. This free
gas increases the resistance of liquid

ow in the rock (by reducing permea-
bility). The productivity of the well
unit (the product of flow rate and con-
centration, expressed in pounds per
day of metalg) 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
flow rate 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 gs € ‘sts in the
formation, uneven ffow‘s 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
free gas is present in the deposit to
insure that an oxidizing condition can
be reachzd within the well pattern.

Free gas can segregate vertically inan
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
system. Pa&ters 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 O, Migration
’ * ’ {’ Injection
point
‘ r [ ] L °
L]
~
0, Migration
} TYTTITTTITIY, INCREASING Oy INJECTION
N T IION - REDUCES PERMEABILITY
tete et ettt ., ~ INCREASES CHEMICAL AND
T AT AT S, OPERATING COST
St ls - EXCESS GAS MAY INTERFER-
WITH LEACH
0, Migration
(XX XN DECREASE WELL SPACING
7L ~ INCREASE IN WELLS
o e, ~ MAY NOT PROVIOE TIME FOR
S . OXYGEN TO REACT

Fig. 3—Compensating for vertical gas migration.
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Some problems in the determination of the comparative effectiveness of capital investments in non-ferrous metallurgy

$ R Alimkhodzhaev (Tashkent Polytechnical Institute - Department of Economics

Summary

In non-ferrous metallurgy the production efficiency
is closely related to the rational utilisation of minerals
during their recovery and subseguent processing, since
the losses of useful minerals are siill high. Al the present
time the losses of individual non-ferrous metals in all
departments, including losses in mineral extraciion, vary
in the range of 20-25%. In order lo improve the utilisation
of mineral resources it is necessury to take account of the
level of losses of useful minerals when making technical

and Organisation of the Mining Industry)

UNIVERSITY OF UTAH
RESEARCH INSTITUTE
EARTH SCIENGE 148,

A method for determination of the economic
ness of new techniques and new technology in non-ferrous
metallurgy is exiumined. Various technological schemes
for the treatment of an ore containing various amounts of
extractable components are discussed with the aim of im-
proving the rational utilisation of raw material und increa-
sing the extraction of the useful components.
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decisions.
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@dynmnics and kinetics of the dissolution of nickel oxide in sulphuric acid solution

yeﬁ

E M Sergievskaya and 1 A Vorob'eva (Muscow Institute of Steel and Alloys = Department of Uw Metallurgy of Heavy

Non-Ferrous Melals)

Nickel oxide is one of the possible forms in which nickel
is contained in roasted zinc concentrate. The present ar-
ticle, therefore, gives data on an investigation inio the
thermodynamics and kinetics of the dissotution of nickel
oxide in sulphuric acid solutions at elevated temperatures
and concentrations of sulphuric acid in the solution.

In order to determine the possibility of the realisation of
reactions between nickel oxide and sulbhuric acid solutions
we calculated the Gibbs energies at 25YC. - The duta for the

culculation of the thermodynaniic funclions were taken from
the reference litevature, For the change in the Gibbs enerygy
of the reaction

NiOy, + H280, = * 5805 + HO
we oblained a value AG%g4 = -19.Tkeal, which shows that
the dissolution of NiO in sulghuric acid solution is possible.

The calculated value for the equilibrium concentration of
sulphuric acid is vanishingly small value
[(NisO J[H:0] 0.07-0.93

K T1.14.10°°

[+

(HaSO, Jeq = =0.5°107*"

where: Ny;so,= 0.07 and Ny, = 0.93 are the mole fractions
of NiSO, and H, 20 in the solution.

A dynamic method was used for investigation of the dis-
solution rate of nickel oxide. From nickel oxide of ana-
lytical grade we prepared briquettes, which were sintered
at 500°C. The briquettes were covered with an acid-
resistant varnish, leaving a working surface 5.66cm® in
area, The dissolution rate in a given time interval, rela-
ted to unit surface area (mg/cm?- min), was determined
by measurement of the concentration of the cation of the
dissolving oxide in the solution.

During the experiment the sulphuric acid concentration
in the solution remained practically constant, and the var-
iation of the dissolution rate could therefore occur either
on account of diffusion of the reagent or the reaction pro-
ducts or on account of the rate of the chemical reaction
itself al the interface.

In a1l the experiments the rate of movement of the solu-
tion amounted to 40cm®/min, and the length of the experi-
ments was 2h, The nickel in the solution was determined
by polarography. The effect of temperature and of the
concentration of sulphuric acid in the sotution on the dis-
solution rate of nickel oxide in sulphuric acid was 1vesti-

280

gated . The experiments were carrvied out at 60, 70, 80 and

90°C with a sulphuric acid concentration of 0.72mole/I in

the solution.

"

mq,/.;'.’n:Z ‘min
oLt
Q36
Fig.1 The dependence of the
028 . .
dissolucion rate of
20 . nickel! oxide on tem-
perature. C =
p a5
on2 y 0.72m0171. ¥250
0.0a.
] 60 10 80 t °c

The results from the experiments are shown in fig. 1. The
dissolution rate of nickel oxide depends to a large degree on
temperature and varies according to a curve which increa-
seg with increasc in temperature particutarly from 80 to
90°C.

The dissolution rate constants of nickel at various tem-
peratures were calculated with atlowance for the activity
coefficients of the acid given in the table. The dissolution
rate constunt of nickel oxide also depends on temperature,
From the data in the table we calculated the coefficients A
and B of the Arrhenius equation k = AT B and determined
the activation encrgy (E) for the dissolution of nickel oxide.
As a result we obtained A) B and E values of 11 656, 34.0,
and 23.3kcal/mole respectively. The lemperature coeffici-
ent of the dissolution rate of nickel oxide in the range of
60-90°C is 2.6.

W
mg/cmz-min
Q.24
Fig.2 The dependence of the
0.20 dissolution rate of
nickel ‘oxide on the
Q16 sulphuric acid concen-
cration in the solution.
0.42 Temperature 70°C.
0.08 !

. .
03 072 10 C mole/l



:;)

tf

Yhe
Hoon

o
Je

hed
de,
1}

el -

©n-

sion.

¥
§
}
N
§
!

S

‘1

i
}

.

e

s e ot =¥ o o 2. at

——

RS S

2N e

W e

T et .

Rt e S

— ey v ——— - o

e

K snaai e Tl

The dependence of the rate constant for the dissolution
of nitkel oxide in sulphuric acid on temperature

o¢ y « mg/em? K

60 0.10! 0.041 20563
70 0.094 0.143 113
80 0.084 0.209 ° 39459
90 0.078 0.526 376

The values of the activation energy for the dissolution of
nickel oxide and the high value-of the temperature coeffici-
ent show that the kinetics of the dissolution process in sul-

Effect of iead compounds on the behaviour of indium in zinc sulphate solutions

phuric acid are controlled by the rate of the true chemical
reaction at the interface. The dependence of the dissolution
rate of nickel oxide on the sulphuric acid concentration in
the solution was studied at 700C with sulphuric acid concen-
trations varying between 0.36 and 1.5mole/]l. The results
are shown in fig. 2. The variation of the dissolution rate of
nickel oxide with the sulphuric acid concentration is cur-
vilinear, and an increase in the dissoiution rate is observed
with increase in the sulphuric acid concentration in the sol-
ution. It is clear that the factor which controls the dissol-
ution of nickel oxide in this case is the rate of the hetero-
geneous chemical reaction at the interface.

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

UDC 669.536
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M V Kravets and E V Margulis (North-Caucasian Mining-Metallurgical Institute - Department of General, Physical

and Analytical Chemistry)

The existing technology for the extraction of indivm from
zinc raw malerial involves the leaching of Waelz oxides
with sulphuric acid solutions., Here up to 30% of the indium
contained in the Waelz oxides remains in the leaching re-
sidue (the lead cake)'}, It has been noted that during the
leaching of indium-containing intermediate products with
sulphuric acid increase in the lead content of the materials
reduces the extraction of indium in the solution®).

In this connection, in the present work we studied the
effect of lead compounds on the behaviour of indium. During
a check on the suggestion about adsorption capture of indium
by lead compounds the authors started from the fact that
under production conditions adsorption occurs on the al-
ready formed surfaces of the lead compounds: PLGC; 4PDG -
PbSC , ; 3PLO - PLSC, ; PbSO, . The synthesis of the known
lead oxosulphates was realised in accordance with published
recommendations®). A series of solutions containing 100g/1
Znznso, and 50g/1 of In with pH values of 0.0, 0.3, 0.7, 1.0
and 1.3 were thermostated at 20, 50 and 90°C. On the attain-
ment of the given temperature in the solutions a sample of
lead oxosulphate from the ahove-mentioned series was added
in the quantity required for the creation of a solid-liquid
ratio of 1:5. After holding at the given temperature for 20
min with vigorous stirring the solutions were filtered, and
their indium contents were determined. In none of the in-

Refining of aluminium alloys of the Al1-Si-Cu system from iron

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 3.2% Pb and 0.006% In respectively at 92-95°C with an
initial sulphuric acid concentration of 160-180g/1 and a solid-
liquid ratio of 1:10, the 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
with the lead cakes.
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An increased content-of deleterious metal impurities and
of iron, in particular, is observed in alloys obtained from
secondary raw matérial (GOST 1583-73). A characteristic
feature of alloys of the AK5M2 and AK5M7 types of the
Al-8i-Cu system without modifying additions is their satis-
factory casting characteristics. The phase composition of
alloys of the AK5M2 type®) in the casting state is as follows:
Si + Mg;8i + CuAl, + AlSiMnFe + a-solid solution. The
W(A1,MgsSi Cu,) phase may form on cooling. Alloys of the
AKSMT type are distinguished by their increased copper-con-
tent,

The present article gives the results from laboratory in-
vestigations into the refining of cast aluminium alloys of the
AK5M2 and AK5MY7 type from iron by filtration through a
volume filter ®) consisting of a layer of granu)ated salt NaCl]
and heat-treated aluminium filings. ‘

During the experiments the aim was to determine the
effect of the following factors on the degree of purification
of the alloys from iron (the final content of iron in the alloy
C) and on the yield of the filtrate (o)_: filtration temperature
of the alloy t; the initial'iron content of the alioy Co; the
ratio of the amount of manganese to iron p; the height of
the filter layer H; the metallostatic pressure over the fil-
ter h; the weight of filtered metal m. The experimental
procedure and the treatment of results have been described
before ), : '

Approximating functions for the final iron content of the
alloy C and the yield of usable filtrate ¢ were given in the
literature®), A comparison of the data calculated by means
of the published formulae®) and the experimental data is
given in the table. '
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:ions are not motivated i

wral form and, therefore,
The effcct of the linear Q on the decay of a spherical shock wave in a solid, as cal-

culated by Lagrangian finite difference techniques, is determined by a study of the

partial differential equations approximated by the diffcrence equations. It is shown that

“the computed solutions approach an asymptotic form determined by the linear @ terms,

and the decay law imposed by the linear Q is given. Finally, it is suggested that the

and E. Rubin for helpful physncs of the weak decaying st.xock problem xr}drcatc (h:}t the numepcal linear @ nceds
. 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 decaying spherical shock wave in a solid. A particular examaple
currently under investigation is the accurate calculation of surface spallaiion
or Initial Value Problems,” resulting from the detonation of a contained nuclear explosion. The velocity of the
spall is twice the particle velocity of the incident shock wave, hence the deter-
minatjon of spall velocity depends on accurate calculation of particle velocity.
In adai'{'_i_on to military applications, accurate calculation of decaying shocks in
solids is necessary for such technologies as the nuclear explosion stimulation of gas
and oil wells.

A characteristic of an explosion contained by a solid, almost always the earth,
is that the pressure and particle velocity decavs rapidly with increased distance
from the detonation point. Thus, not far from the explosion, the material response
of the medium is nearly linear in the sense that the convective terms in the Fulerian
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 ditference approximations to the differential
equations of motion, huve been used to calculate shock waves in solids [1-4]. These ;
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188 VIECELLY

programs integrate the following Lagrangian equations of motion in two spatial
dimensions with axial symmetry:

%‘=—%§£—+%%’—;—2 %%‘—FL’;’;—’-’.—J&R 0
R Bt - S N ©
oz = 1 5+ 5%) ®
L | ©)
%%—=v. ‘ ' )

Here R is the radial coordinate, Z is the axial coordinate, u is the radial component
of velocity, v is the axial component of velocity, ¢ is the time, p is the density,
P is the pressure, Gy and G are the components of gravitational acceleration,

Tr , 7z and 75 are the deviatoric stresses, and g is the shear modulus. The equation
of state is usually in the form:

P=f(@),@=p£_1. . (®)

The density of a zone in the finite-difference 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. Yicld and
failure are incorporated by altering the stresses 75, 75 , 7z, 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 unaltercd and the pressure is
computed from

P = k8, , )

' ‘where & 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
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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 ““pscudo-viscosity” introduced by Von Neumann

(see Rxchtmyer {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

Cop(dx) (a“) -g-; <0 .
0= o (10)
0 -5; >0,

where p is the density, C, is a constant of the order of one, and Ax is the size of the
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 O but a fairly typical example in onc $patial dimension is

Copl(Ax)? (-Z%) Cyp dx (a“) L

ox
Q= (1)
0 . 0
—Cipe dx (a;) 'a?u>°

where C, is a constant, « is the compressional sound velocity, and 4x 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 diflerential equations. If one defines the viscosity coefficient n = C,px dx
and takes the limit 4r— 0, 4R — 0, 4Z — 0 while holding » constant, the
difference equations approach the differential equations for the Voigt-Kelvin
model of a viscoelastic solid. In practice, one almost always operates with a value
of C, such that 5 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 diffcrence
cquations approach very closely the solutions onc obtains for the differential
equations with dissipation terms added. '
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‘ 190 VIECELLL

The intent of this paper is to provide a gquantitative understanding of the 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 rather 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 lincar Q implies an
inverse three-halves power decay law.

-

ASYMPTOTIC SOLUTION FOR THE SPHERICAL SHOCK WITH LINEAR 0

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

u__ _10P+Q—12—0n) ]a(TRZ+QRZ) 2rp + 712+ 20+ Q2

- + -
ot P 2R P YA PR 12
and
1P+ Q—712—0z) | 1%7pz+ Qrz) | Trz+ Qrz
a " p oZ + p oR + pR ’ 13
* where 5, 7z, and Tz are the deviatoric stresses and the Q, Oz, @, and Qg;
are given by
2y, 0u O u :
0= (x-z %) o
_ 29 ov ou u ~ .
0:=F {25z~ 3k — &) a3
' eu |
Qrz =1 (ﬁ + —5§), . ‘ (16)
e 1 2uR
2=z +rom); (7
7 = Cypa {dxD, ()]
A = Cypa (dx). ‘ (19)

Here {4x) is the characteristic mesh length and C, is an input constant. In a
two-dimeansional calculation {4x) is determined from a weighted average of the
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distances between the mesh points defining a zone. In one-dimensional calculations
{dx) is just the width of a zone. Although 7 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 Egs. (3-5, 14-16, and 17)
and, in turn, substitution of these equations and Eq. (9) into Egs. (12 and 13)
results in a pair of linear partial differential equations for the Lagrangian dis-
placements 4R and 4Z. 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

' 4 4y
k+ — . : A4+ -
e Sl N A P Sl R
or? P ré or or P re or arot J°
The radial displacement is then given by
ar= -2 | @)
The velocity potential is given by
G
so that the particle velocity is given by.
- _ 74
Y= "% . 23)

In deriving the basic differential equation corresponding to the spherical shock
problem with the linear @, 1 have taken the coefficients % and A to be constants
while, in fact, they usuvally 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 7 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 carly times
is that of a small cavity expanding at constant velocity. This boundary condition is

satisfied if the solution approaches the form

=20

(29)

in the neighborhood of the origin. To solve for the asymptotic form of the decaying
spherical shock with linear Q, put ¢ = /1/r and substitute into Eq. (18) to get

R .
e T g
where
. k+dp .
oQxr =
P
and
A+t
y =
P

Taking the Laplace transform H of A with respect to time gives

*H

or?

2
s2H — sA(0) — A(0) = o2 +v '561—2.{‘9}1 — A(0)}.
Since the material is initially at rest, 4 and A are identically zero, thus

H=0.

‘221'1;[—(&2ivs)

The solution, which decays to zero as r — 0, is
H(r, s) = A(s) exp{—rs(o® + vs)~1/3},
The Laplace transform of the boundary condition at r = 0 is
L{dot} = dos™.

Therefore, the transform of the solution is

H(r, s) = $os~® exp{—rs(a® + vs)7/%}.

(25)

(26)

@7

02)

(29)

(30)

@3N

(32)
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Taking the time derivative of the solution corresporids to multiplying the
transform of the solution by s, since A(+0) = 0, therefore the transform of A is

F(r,5) = o5t exp{—rs(a? + vs) 213, (33)

The inversion may be performed easily when
[ £+
%> b

corresponding to the asymptotic limit to give the velocity potential

0, 1) = Ajr = 2 11 + etz V), (34)
where |
r= °;—' —1 35)
and
o= % . (36)

Therefore the solution for the particle velocity is

u= 21+l Vo) + @+ D(2) " exp(—or]. Q)

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
¢ = 1.6 X 108 cm3sec™?, v = 7.5 X 107 cm?sec™!, « = 2.3 km sec™?, and
t = 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. Thesc arc the density
and Poisson’s ratio, which [ 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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Fic. 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 axis 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 of the 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; thereis 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 ¢, 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 Egs. (18), (19), and (27) one can see that beyond 550 m the zone
size and the parameters v and « 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 m
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.
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Fic. 2. Normalized 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 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 @ is given by the particle velocity plot in
Fig. 2. The TENSOR finite-diftercnce results are indicated by the small crosses
and the asymptotic solution by the small circles. The numerical calculation simu-
lated the explosion of a 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 shéar strength of enly a few kilobars, hence severe plastic
flow occurrcd. In additién, the numerical simulution inclnded overburden and

several different layers of earth and rock materials,; so that the.portion of the shock

propagating vertically passed through a density -and strain energy gradient. It is

ot necessary to go further into'the details of the numerical run except to note that:

the average values of & and v were 3.12 %' 10 cm sec™! and 1.85 X 107 cm® sec™,
respectively. These values were tised in evaluating the analytical solution. The plot
‘shiown in Fig: 2 was takei along a radius, which extended vectically to the surface,
located at 1280 m. The failure ‘of the numerical solution 10 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 4ll of the.nonlifiearities, and inelastic behavior in the
source region the resulting blast Wave is in close agreement with the predicticis of
the asymptotic linear theory.

The devélopment and discussion has been based on a forntulation of the linear @
‘which is active in both compression and expansion zones, however many investi-
gators simply turn the linear @ off in expansion regions. maintaining that there
should not be a dissipative mechanism there. An analytical solution for this type
of linear O might be derivable by perturbation methods, but I was nét able to doit.
To examine- this, case, the first problem (the run showh in Fig. 1) was rerun with
the @ terms set to zero-in expansion-regions. Figure 3 is a duplicate of Fig. 1 with
the addition of the run with thé @ turned off in expansion. It can be seen that this
ron is the same as the first éxcept in the-expansion region where-the reméval of the
linear '@ has intioduced .an oscillatory perturbation. The decay ‘rate for the .run
with the @ turned off in expansien was observed to follow aninversé 1.5 power law.
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Fis. 3. - Duplicate of Fig. 1 with the'addition of a run wit};'theﬂlincar {2 set-to zEro in expansion
regions. Data points from this run are indicatéd by the:sofid dots. The time is 0.35 sec.
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The intent of-this work has been to gain a theotretica! understanding of the linear

- Qand its effect on a weak blast pulse in a solid. The originators of the quadratic.Q

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 Ratural to suppress viscosity effects everywhere except
at a stiock. One of the main reasons for the subsequent development of'the linear 0
is thie fact that-unless some kind of linear damping i% included.in the calculation
of weak decaying waves the solutions quickly become:obscured in.a hashwork of
short wavelerigth noise. The idea that viscosity must be suppressed except at the
shock- front has persisted thiough the development of the linear @, first in
apphcauons togases 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 dynamiés. In the latter case
viscous effects can usually be ignoted except in shocks or thin boundary layers.
In the former case, at some point in the décay of ‘the shock pulse, the physu:al
attenuation mechanisms come to hiave 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 transition region thickens until theré is no recognizable
shock, just a smoothly varying attenuated sound ‘pulse. In solids and earth
matenals ‘this point may be very near the site of the explosion. For example, the
sshock fronts from large nuclear wpios:ons in Nevada Tuffs (a kind of compacted
partmll_y fused volcanic ash) are spread over &s much 4§ several hundred meters by
the time the front has traveled a kilometer. It is.at this finite-amplitude sourid wave
stage that numerical hoise becomes a problem unless suppressed by some kind of -
linear damping mecharnism.

Inpractice the solid mechanics programs cannot.compute purely elasticresponse
because the calculations must always be made with a finite: number .of zones.
In the ¢aseé of decaying explosion waves what they do caleulate is*the: response for -
a type of Voigt solid, but with viscosity coefficignts that depend on purely numerical
parameters. The fact that some type of vis,coéjty is' required for an adequate
physical model of décaying. shocks suggests. that the use of the linear ¢ could be
made more-rational, This could be done by makitigit correspond exactly to some
physical model of damping, -rather than have'it depend on zone size and shape,
and whether or not the.zone s in expansion or compression. The &asiest thing to do-
is to thake the linear @ correspond exactly to the Voigt model by keeping the O
on in'both compression tind expansion and by making the coellicients. x and Ain
Eqgs. (14-17)input viscosities.

It is-evident from the preceeding results that the'amplitode and shape of the blast.
pulse are strongly influenced by a lincar.Q, so that the spall velocity is also strongly
affected. 1t is, therefore, useless to attempt to caleulate spall veloéities in weak
decaying sheck problems without first n,.p.]am_ng. the linear ¢ 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, with 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

o M~?}fj_°: \/—%—e-«'dfgl?. | (39

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 of an 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 abnormally large for numerical smoothing, it should stiil 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 ~ CoA RSP, ) (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

for the unshocked material. As a result the shock pulse undergoes as additional

‘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 lincar Q is essentially a Voigt viscosity but with nonphysical
- viscosity cocflicients 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 thc traditional linear Q finite difference programs ever
converge to the asymptotic solutions for purely elastic response ? Obviously, by
making the difference interval smaller one reduces the artificial viscosity coefficients

proportionately, bu
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one makes the differc
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proportionately; but this will not affect. the dsymptotic decay rate since it is

independent of the magnitude of the viscosity coefficients. No inatter. how ‘small
one makes the difference-interval there s still a finite viscosity term in the equations;
This paradox can be resolved by conmdermg a simple example. In one spatial

dimension the planar -response of a Vo:gt solid. is governed by Eq (25) The .

Green’s funétion for a source at thé ‘origin is obtained by solving Eq. (25) with a.
source at the origin having a delta fuhction time dependence. The solution for the
Green'’s function is

G(x,tOt)—v exp[2 .'r'—'r)z] (40)

where 4, is a constant and = is the retarded time. The spatial variable ¥ has been.
used instead. of » since planar rather than sphetical geometry is béing considered.
The response. for any kind of time: dependence of the source. if,(~') is.then given by
¢ofivolution with the Green’s function

Plx, 1) = 1—/’% J'_: ho(7") expl—B(r — 7)) dr’; (1)
where ' : o

[ . ﬁ = Oénl (EVX)

To make the cxampfe as simple as possible consider a rectangilar time pulse of
width 2a. Then the solution is

—.,j:_; J.; exp(—pE?) df = \/vf‘ﬁ f

Then, at the center of the pulse, the-amplitude is

(r+a)VE o
exp(—y%dy.  (42)

'ﬁ(jx; ;

(r=a)VE

aVE , - o
v exp(—y?) dy. . (43)

—av'F

'!‘n'= A;‘[

For large 8 corresponding to small x this reduces'to

=i (RN 5E ) @
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If the material response were purely -clastic tlic rectangular pulse would simply
maintain its shape and amplitude. In the visco-¢lastic cuse the pulse maintains.its

shape and armplitude during the 1mtnl stages of travel, .except for a very slight
-rounding at the edgés. Then there is a iransition stage in-which the pulse changes

shape and its-amplitudé begins to”decay. Finally, the asymptofic state is reached;
the pulse shape assumes Gaussian form und the amplitude becomes inversely
proportional to the square root of the range. How these different stages. arise is
edsily understood by referring to the convo]ut:on mtenml 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. Convolution with ihé
rectangular pulse simply reproduces theé rcctangular pulse. When the range. is:
sufficiently great the width of the Green's. funétion becomes. comparable to the
width 6f the initial rectangular source pulse. Convolution then strongly ‘alters the

' shape and amplitude of the initial pulse. Finally, at very great range the Gaussiai

Green’s. funiction beécomes much wider than the initial rectangular pulse. Convo-
lution of the-two functions then simply réproduces the Green’s. function except for
change of amplitude scale.

Thie viscosity » appears in the solution Eq. (40)as a s¢ale factor multiplying the
range x. Thus, the effect of reducing the viscosity: is to delay the onset of the
asymptotic stage. By making the viscosity vanishingly small, the range at which the
asymptotic stage begms canbe made to approach’ infinity, This behavmr explams
why solutions obtained from numerical calculdtions with the traditional linear Q
will €onverge to, elasticsolutions in the limit of vanishingly small difference interval,
Unfortunately, practical computer calculations must be made with a finite mesh
interval, usudlly’ large, perhidps no-smaller than about 5¢ &/ the width of the purely
elastic disturbance, In decaying wave caléulations, the'transition to the asymptotic
stage occurs well within the ranges of interest'for practical choices of Zoning,

Finally, it should be noted that the linear @ will affect thé calculdtion of other:

types of decaying waves:specific:to solids. Inparticuiar, solids can'support Raylé¢igh
waves that propagate along a ‘free’surface rather than through the bulk of the'solid.
In the case of purély elastic:behavior and a finite size source, these: waves have an
amphtudc proportional to the inverse square root of* the range; however, the
traditional linear @ programs calcylate amplitudes that are observed to be
proportional to the inverse first power of the range: The results that have been
obtained for stirface waves will be: pubhshed in a sgparate paper or fhade avallable
in the form.of-a laboratory report. ~
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TREATMENT OF
MANGANIFEROUS SILVER ORES
FOR RECOVERY OF SILVER
IN VIEW OF

CHANGED PRECTOUS METAL ECONOMICS

By

Clement K. Chase
Senior Metallurgical Engineer
Mountain States Research & Development
Tucson, Arizona

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 1s 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 1luster, 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 fol-
lowed by amalgamation, hyposulfite leaching, and
the Patio Process were used from the 15th centu-
ry until the beginning of the 20th century when
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 wineralogical 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 1liberation.
Such fine grinding has been uneconomic 1in the
past.

HISTORICAL PERSPECTIVE

In the past, many otherwise interesting sil-
ver deposits have lain untouched 1in 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) 1is the type where
the silver 1s 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-gighted 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. Argeato-jarosite
best).

ores. (Difficult at

7. Silver ores with sulfide
(Suitable for flotation).

manganese.

POSSIBLE EXTRACTION METHODS

There are several approaches to the problem
of silver recovery from manganifercus 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.

l. 580y leach, followed by thorough washing,
liming to a suitable pH, and standard cya-
nidation. [18]

2. Chloride oxidation roasting followed by
cyanidation or amalgamation. [68]

3. The venerable Patio Process — a combination
of treatment with copper sulfate plus
sodium chloride, followed by amalgamation
for recovery of the silver.

4. The Washoe pan amalgamation process. :
(All processes using mercury today are
environmentally difficult).

5. The Kerley thiosulfate leach process. This
process is sald to be effective for problem
ores containing high percentages of
manganese, copper, arsenic, tellurium,
etc., or combinations of the above. The
process 1s 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. Flotatlon 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 Kilddn

At Cia. Minera Kildln 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
(14 oz. silver per short ton) in a gangue
assaying 4 to 5% manganese. The New York sil-
ver price during this operating period was
under 45¢ U.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-
tide 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 B86%. 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:

Au Value/MT Ore

Time Period Ag Value/MT Ore

1937-1944 $ 2.00
1980 34,00

$ 6.43
286.00

The costs of roasting do not appear as
heavy as they did 40 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 1940's 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 attractlive today.

The Segregation Process

The Segregation Process was originally a
method for treatment of oxide copper ores but
was proved by tests to be sultable 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 1in 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 1in
attempting to reduce the copper with coal, the
copper was TYeduced and then wmigrated 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 reallty
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%Z by flotation in a concentrate
assaying 68% copper.

Union Miniefe 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.



Ak joujt 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 1s 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:w

tive methods for recovering silver from man-
ganiferous ores: the sulfur dioxide leach, the
oxidizing salt roast, the segregation process,
and Thio Tech's thiosulfate leach. The segre-
gation process has been demonstrated sas being
suitable for manganiferous silver ores by R.D.
Groves and by operations on the Berenguela ore.

Fresnillo, Mexico S0y 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 S0j-leached pulp
was limed and joined with the other ground ores
for cyanidation.

Candelaria - Modern Heap Leaching for Silver

A modern heap leach is 1in operation at the
Candelaria Mine near Hawthorne, Nevada. The
operating general partner 1is 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:

AgoS + 2NaCl + 205 —p— 2AgCl +
NastA

AgCl + 2NaCN ——p— NaAgp{(CN), + NaCl

Chloridizing Leach:

AgCl + 3 NaCl —~— Na AgCl, (soluble in
excess brine)

Chemistry of Manganese Removal From Tie-Up With

Also MnO; + 507 —— MnSO,
(somewhat pH dependent)

MnOy + 2503 + 1/205 + Hy0 ——3m
MnSO, + HyS0,

(The generated HyS04 helps to dissolve
divalent Mn).

MnO + HzSO[‘ —_—— MI'ISO(' + H20

(also soluble in HZSOA is the iron portion
of jarosite).

Fey0y3 + 3H9S0, ——— Fey(S0,)3 +

38,0

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
chagpoal 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 NajyS as suggested by Reno USBM to precip-
itate a silver sulfide product. Use of this
method has been held back by poor settling and
filtration 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 regard
to the Segregation Process (reducing chloride
roast) since these references are difficulr 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 Eimon's paper has a rather complete and
excellent geologically-oriented bibliography
appended.
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PATENTS, SEGREGATION PROCESS

U.S. Patent 1,234,426, July 24, 1917,
Vermaes Process.
U.S. Patent 1,232,216, Aug. 3, 1917,

Caron Process.

Brit.*Pat. No. 250,991, J. C. Moulden and
B. Taplin, 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
CaCl, to effect vteduction of copper
oxide to metallic copper. Copper may be
leached out after cooling or recovered by
gravity concentration.

Brit. Pat, No. 255,961, J. C. Moulden and
B. Taplin, May 2, 1925. Heat treatment
as in (1). Copper separated from treat-
ment by froth flotation after grinding
and screening, if required.

Brit. Pat. No. 264,584, E. Edser and B.
Taplin, Oct. 21, 1925, Oxidized ores
containing lead, silver, antimony or bis-
muth can be similarly treated. If
CaC0y 1is present in ore, pyrites and
chlorides, such as those of Mn, Fe or Cu,
may be added.

Brit. Pat, No. 300,701, T. J. Taplin and
B. Taplin, July 19, 1927. The procedure
described in (1) is modified. Ore 1is
partly reduced by reducing agent with
halogen present and then treated to an
oxidizing step for a short time, after
which the reduction-halogenation is
resumed. If native copper or copper sul-
fide is present in ore, the treatment may
commence with an oxidizing step.

Brit. Pat. No. 318,314, T. J. Taplin and
B. Taplin, June 5, 1928. Gases evolved
during segregation treatment can be
recovered by scrubbing with water and
returned to process. Cases can be
scrubbed and treated with CaCoq or
other material to form halides of Ca, Cu,
Mg, Mn, Fe, etc.

uU.S. Pat. 1,679,337, J. C. Moulden and 8.
Taplin, July 31, 1928. Similar to (1).
Temperature for segregation lower than
melting point of copper, but sufficilently
high to cause reaction (suitably 500° to
700°C). Mix ore with 2 = 2.5% of reduc-
ing agent and up to 0.5% NaCl or other
halide like CaCl,, MgCl,, Ca¥F,,
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 H,50, or HCIl.
Chlorine cor HCl1 gas can be used after
ore-coal mixture is at operating temper=—
ature.
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Brit. Pat. No. 321,213, H. Lavers and B.
Taplin, August 2, 1928. Adaptation of
(2) in which a mixed sulfide-oxide 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. .

Bricr. Pat. No. 348,024, T. J. Taplin,
January i, 1930, Ore subjected to sul-
fating roast or other material containing

CuSO; can be treated by segregation
process.

U.S. Pat. No. 1,865,153, T. J. Taplin,
June 28, 1932, Similar to (8). Found

that segregated copper from copper sul-
fate 1is sulfided to a considerable
extent, especially on its surface. This
effect 1is believed to be due to the
sulfur-bearing gases evolved. Mixed
oxlde-sulfide ores can be treated by
first applying a sulfating roast.

Brit. Pat. 387,713, T. J. Taplin, Febru-
ary 13, 1933, Ore is passed downward
through a multiple hearth heating furnace
whereln it 1is 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, Bi, and Sb reduced by
segregation to charge.

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 1in rotating tubular furnace
from which air 1is excluded. Product is
crushed and subjected to froth flotation
to recover gold and copper.

U.S. Pat. No. 3,148,974, C. Rampacek,
September 15, 1964. A two-stage process
is described consisting of an

indirect-fired stailnless 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 1s
neither too highly oxidizing nor reduc~
ing. 1If 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.

U.S. Pat. No. 3,834,89, Eisel, 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 1is by
flotation.

11
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RELATED PATENTS

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.

H. Mino. Use of ammonium chloride.
Patent Showa 39.30021, December 1964.

Jap.
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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

National Science Foundation
Washington, D.C. 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 pertinent 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.

1
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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:

e Size and shape of the deposit
e 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.

"IIT1 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 o0il and mining companies
and other related companies. Four of these consultants are presently
available and will provide significant input: Neil Campbell (Pacific
Northwest and Canada), W. C. Peters and Kenyon Richard (Tucson), and
Charles Park (Staﬁford_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,

WBB/1mh
Enclosures

Approved:

. .

DS W
David A. Johnsbn, Director
Radio Physics Laboratory

¥ve Director
nces Division

kéctronics and Radio Sc

Sincerely,

7 T
William B, Beattx_—_~q_vzlw

Senior Geologist
Radio Physics Laboratory
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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 sensing 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 electromagnetlc
sounders

ACADEMIC BACKGROUND
A.B. in physics (1954), California State University (San Diego);
tvo 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



“WILLIAYM B. BLATTY, SENIOR GEQLOGIST
RADIO PHYSICS LABORATORY
ELECTRONICS AND RADIO SCIENCES DIVISION

Specialized professtional competence

Geophysical exploration and geological research; mining engineering
and development; general resource appraisals and worldwide economic
studies for metals, industrial minerals, and hydrocarbons

Representative research assignments at SRI (since 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 professional and business experience

Company agent for Honolulu 0il 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 & Refining and Southern California Edison Co.

Aecademic background

B.S. in mining engineering and geology (1937), University of Washington

Repreéentative publications

"Hellbent for Bentonite," given at Eleventh Forum of Industrial Min-
erals, Kalispell, Montana (June 1975)

"Japanese Steel Industry Dominates Outlook for Western 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

Professional associations 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)

March 1976



“ROGER S. VICKERS

Senior Physicist
Radio Physics Laboratory
Electronics and Radio Sciences Division

-

SPECIALIZED PROFESSIONAL COMPETENCE
Subsurface remote sensing; laser spectroscopic studies; optical tech-
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

PUBLICATIONS .
Many journal and symposium papers, project and technical reports

PROFESSIONAL ASSOCIATIONS AND HONORS
European Society of Exploration Geophysicists; Institute of Physics
(London); Institute of Glaciology (Cambridge)
I-R 100 award recipient, 1976

May 1977
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.Proposal for Research No. ERU 77-350

TARGET ORE BODIES FOR SOLUTION MINING

Contractual Provisions

1 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 Provisions of any contract resulting from this proposal.



" SRI International
( : Proposal for Research No. ERU 77-350

COST ESTIMATE

Personnel Costs

Project Supervision, 20 man-hours at $15.30/hr
Senior Geologist, 505 man-hours at $12.81/hr
Research Analyst, 160 man-hours at $8,10/hr
Secretary, 40 man-hours at $4,59/hr

Total Direct Labor (Schedule A)
Payroll Burden at 31.5% (Schedule B)
Total Salaries and Wages

Overhead at 90% of Salaries and Wages
(Schedule B)

G&A at 21% of Salaries and Wages
(Schedule B)

Total Personnel Costs

Direct Costs

N

Travel (Schedule C)
Communications (Schedule E)
Consultants (Schedule F)
Report Production (Schedule D)

Subtotal

Support Cost at 3,6% of Direct Costs
(Schedule B)

Total Direct Costs

Total Estimated Cost

Fixed Fee . .

TOTAL ESTIMATED COST PLUS FIXED FEE

1 December 1977

$ 306
6,469
1,296

184

$8,255
2,600

$1,841
300
3,000
776

$5,917
213

$10,855
9,770

2,280

$22,905

$ 6,130

$29,035 -

2,000

$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 ' $ 243
1 trip to Salt Lake City/Denver at $233 233
1 trip to Tucsor{, Arizona at $172 ' 172
1 trip to Washington, D. C. at $424 424
Subsistence, 2 days at Vancouver at $58/day ' $ 116
© 3 days at Spokane at $30/day 90
3 days at Salt Lake City at $30/day 90
2 days at Denver at $30/day 60
2 days at Tucson at $30/day 60
3 days at Washington, D.C. at $42,50/day 128

Car rental, 15 days at $15/day 225 -
) Total $1,841

Air fares are,baﬁed on prices established in the Official Airiine
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.

4



SCHEDULE D--REPORT COSTS

These rates have been submitted to DCASMA-SF for review and accept-
ance.

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 5126
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 telephoﬁe
- 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 4 750
Mr. Kenyon Richard, 3 days at $250 750
Mr. Charles Park, 3 days at $250 750

Total $3,000

10
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CONOCO'S SECOND SOUTH TEHRS
IN SITU LERCH PLANT WILL PRODUCE
450,000 LB/YR OF YELLOW CRKE

Michael P. Sassos, Associate editor

i Despite a depressed uranium market, in which spot prices for

U;0; have dropped to about $25/lb, the Trevifio project, ,

Conoco’s second in situ lcaching 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
1b of yellow cake. -

Conoco’s solution mining method utilizes the fact that the
roll front uranium mineralization 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 impermcable zones prevent the
downward migration of the leachate.

Delineation of the Treviiio orcbody 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 pcrmeabnhty, 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 Fcbruary 1980. A total of. 46,000 Ib of U;04
' were produced during its first year of operation.

. Conoco's Trevino uranlum 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.

URANIUM MINERALIZATION

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

(1dealized cross section of a roll-type uranium )

deposit ;
Explanation
Hematitic core Ore-stage uranium
FE===3 Alteration envelope Ore:stage pyrite

Impermeable zone

4 777,
Redox interface

Impermeable zone

Roll front

Source; Granger and Warren, 1974.
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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):

WELL-FIELD PREPARATION

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 uranium mineralization, the
casings are selectively perforated. o -

Twenty monitor wells are used for periodic sampling and
testing of the 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 gascous 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 Ib/in2, 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

€&NU ocToBER 1981




forms stable uranium tricarbonate. The pregnant leach solu-
tion is then pumped to the surface for uranium recovery in
the plant.

THE TREVINO PLANT

At the plant, pregnant lixiviant first passes through three
ion exchange columns loaded with resin beads, which seléc-
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 clution.

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% U;O;. The slurry will be trucked to Kerr
McGee’s enrichment plant in Oklahoma for processing.mm

REFERENCES

1) Eargle, D.H,, K.A. Dickinson, and B.O. Davis, “South Texas Uranium
Deposits,”. AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS BULLETIN,
vol. 59, No. § (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 Economic
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tion wells around a single production well).

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 Deposits, in Formation of Uranium Ore
Deposits,” Vienna, International Atomic Energy Agency (1974), pp 185-
200. .
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Connecting plpes feed solutions to tanks in the processing plant.
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THE PUSH-PULL TEST
A METHOD OF EVALUATING FORMATION ADSORPTION PARAMETERS
FOR PREDICTING THE ENVIRONMENTAL EFFECTS ON

IN-SITU COAL GASIFICATION AND URANTIUM RECOVERY

J. TI. Drever and C. R. McKee
In-Situ Consulting, Inc. and The -University of Wvoming
Departments of Geology and Petroleum Engineering
Laramie, Wyoming 82071

ABSTRACT

The 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.

The major problems in applying laboratorv 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

181
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low concentration (kd). 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. 1In the first case, excellent agreement was observed between
the values estimated from the field test and the values measured in
the laboratory . 1In the second case, the value for kg 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 field.

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
SlOQer 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. Absorptionvinvolves 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
the laboratory and field situations. However, contaminants will
leach from the burn zone into the larger-scale fractures. Labora-
tory 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 fractures? 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 approaqhes. 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. Llayout 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, = CXZ‘ Y1

1 1 P +Y2 =C (2.3)

where C is the cation exchange capacity of the solid in meq/kg.

For the same reason, the sum of M1 and Mz must be a constant

=G 2
M+ M2 G (2.4)

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
1 1
= K' = . (2.5)
C—Y1 ex G Ml

Although laboratory measured values of Kéx 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 Kéx 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 éroundwater
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 the
basis of these results. If the laboratory prediction %%d 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

Ton exchange involving two monovalent cations can be described
by a mass-action equation (Garrels and Christ, 1965; Hill, et al,

1978)

a a

1 L 1 ,
(;;) solid = Kex (a?) liquid (2.1)

where a represents an activity and Kex 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
il =k (2.2)
2

where X represents the mole fractions on the solid and M the con-
centrations in solution in equivalents/kg. Kéx , 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 X1 and XZ' However, the variation appears to be within the
error or OJ; experimental measurements of Kéx' Since electro-
neutrality must be satisfied for exchange sites, we have

Xl + X2 = 1.
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kd-is equal to the limiting slope of the exchange curve at low
concentrations (the dashed line on Figure 3). Although kd is used

rather than Kéx 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 kd and C, we obtain

Yl Ml

=k .
l—Y1/C d 1—M1/G

(2.7)

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 NHZ is
divalent, for example Ca++, equation (2.5) should have the form

2

v 2
NH4= ' (ve, ] .

C-Y ex -+
NH, c—[m{A]

(2.8)

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. 1In all cases, a simple

linear equation (equation 2.5 or 2.7) fitted the data as well as,
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tion.

ammonium ion from a sedimentary uranium property is given in Fig-

ure 3.

work since it is a problem cation in in-situ uranium processes as

well as an unavoidable by-product of coal gasification (Hill, et

A typical example showing the adsorption characteristics of

We will use the ammounium ion as an example in our present

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,

coefficient at low concentration, kd’ by the equation

ADSORPTION ISOTHERM FOR NH,
AND SOLUTION

K'
ex

The exchange constant is related to the distribution

(2.6)

BETWEEN FORMATION

189

400" \miminG SLOPE=8
X
1 CEC=20 Meq/Kg
= 300 KEY
a X  MEASURED
- —— APPROXIMATE FIT
=
o
200
+te
T
z
100
o 1 1 1 1 1 1
o 100 200 300 400 500 600 700
NH; (sol) (ppm)
Fig. 3. Typical adsorption curve showing relationship between

ammonium adsorbed on sediment and ammonium in solution.

Solution was an artificial groundwater, Na+ = 173 ppm,
Ca2+ = 122 ppm, K+ = 10 ppm, Mg?* = 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 Rusenberg and

Clemency (1973). For measurement of Kéx and k,, approximately six

d

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 NHQ

adsorbed on the sediment versus NHZ in solution (Figure 3) is

+

4 concentrations, and k, is calculated

generally linear at low NH q

from the slope of the linear portion. We have observed limiting

slopes or distribution coefficients in the range of 2 to 10.

N

Cation exch;nge capacities have ranged from 0.2 - 7 meq/100 g. 1In
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 +2 valence state with

the exception of selenium which was +6. For these elements, we are



PUSH-PULL TEST 191

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

a
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

emp loyed.

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,
theretore, 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 disagpregate the sample. Next, the material is satu-
rated with NHZ by treatment with IM NH4C03 solution and then
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

(kd ~ 100). Mercury exhibited a k, of about 40, while selenium

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 kd 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



PUSH-PULL TEST 193

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. .

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 the labora-
tory from its previously determined composition. Aliquots of a
standard solution of a given trace element were added to the
suépension. 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 #1

Laboratory values for the cation exchange capacity and dis-
tribution coefficient or limiting slope were 4 meq/100 g and 3,
respectively. Using these values in the model, we obtained the
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 ammonia 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 NHZ between solid and solution in the ith

cell after the nth increment of solution has been injected is given

by
Yi n Mi n
—_—2 . = i ———2
C-Y, Kex G, - M, (4.1)
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 NHZ is

Y M, ) (4.2)

_Y' =—-L—(M_ -
i,n i,(n-1)  (1-4)p " (i-1),(n-1) i,n
(¢ is the porosity and p the grain density of the sediment) and
for the total cations is

G (4.3)

1,0 " (-1, (-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, sphericai) 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-pull restoration: comparison of field data (crosses)
with prediction based on laboratory measurements

(CEC = 4 meq/100 g, kd = 3). Concentration of ammonia
injected = 650 ppm.

bulk of the ammonium ion lies within .25 pore volume of the subsur-
face material contacted and corresponds to a distance of .5R. This
is the major reason the push-pull test has been misinterpreted in
many recent tests. As an illustration, consider the number of
pore volumes required to restore the groundwater to 10 ppm of

ammonia.
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Fig. 6. Push-pull restoration: comparison of field data (crosses)
with prediction based on laboratory data (CEC = 4 meq/100 g,
kq = 10; solid line) and "best fit" values (CEC = 4 meq/
100 g, kg = 2; dashed line). Concentration of ammonia
injected = 650 ppm.
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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 to the
different lengths 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 #2

For this case, the cation exchange capacity determined in the
laboratory was 4 meq/1l00 g. The limiting slope was found to be 10.
Results calculated from laboratory data as shown in Figure 6 did
not compare well with field data, particularly in the low concen-
tration range. To obtain a better match, a series of type curves
were prepared by varying the parameters as shown in Figure 7. The
best fit was obtained with C = 4 meq/100 g and kd = 2.

It is apparent from the type curves in Figure 7 that kd can
be determined fairly precisely, but, under the conditions of these
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 injected ammonia will
all be close to the injection site, and one "pore volume'" will
correspond to many pore volumes of the volume that 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-
gate) 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). TFor
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 kd.

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 = 650 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 the actual in-situ area exposed to 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 to column testing where the study is performed with one
given inlet concentration thereby obtaining only éne 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
properties indicated that no significantly 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 kd with particle size was
observed. An inverse dependence of adsoprtion 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 the
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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Fig. 8. Predicted recovery curves for push-pull test. Concentra-
tion of ammonia injected = 2%, grain density = 2.6 g/cm3,
porosity = 0.30. Concentrations in first pore volume are
off scale. CEC values are in meq/100 g.
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our work on in-situ uranium properties. No examples were
available from coal properties. The two cases listed were from
Wyoming. 1In the first case, excellent agreement was obtained
between field and laboratory values. The agreement in the second
case was rather poor with the distributién coefficient, kd’ dis-
playing a large discrepancy. We noted that improper interpreta-
tion 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 solute remaining
close to the well in a volume Va which is significantly less than
volume injected Vl. The number of pore volumes transmitted through
Va is larger by ratio

(v/vl)va

where V is the volume of fluid pumped to reduce the concentration
to the level of interest.

We conclude that the push-pull test is a viable technique
for comparing laboratory to field adsorption values. Furthermore,
the type curve method can be used in the absence of laboratory
values to obtain 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 Directdr, U. S. Geological Survey.
©o13r
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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 (H.CO; + HCOs +
CO,—-). Precipitation is induced by reduction, probably by c.xrbonaceous
material or hydrogen sulfide, or both. Uranium is transported mainly in
the form of the highly stable -urany!l 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- ~
sium ions and quinquivalent vanadium to form the mineral carnotite.

INTRODUCTION

StupiEs over the past several years have 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 given
deposit the primary minerals are few, the common ones being uraninite,
UOQz,;, coffinite, UO2(Si04)1.x(OH)4x, montroseite, VO(OH), 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 chemlstry
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 characteristical]y
lenticular continental sandstones and mudstones. Quartz, mica, and feldspar
are common minerals of these rocks and there is a vanety of clay minerals,
including chlorite, montmorillonite, mixed layer mica-montmorillonite, and

_kaolinite:
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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 simultaneously 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—0,~H,0 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 concentrations of oxygen are uraninite, UQ,,,, and schoepite,
UO2(OH)2-H0, which spontaneously dehydrates when exposed to the
atmosphere (10). Natural uraninites apparently maintain the cubic UO;
structure for x values up to 0.6 (8). U3Og, easily prepared in the laboratory,
has not been found in nature (16) and is probably metastable. Thermo-
chemical data are available only for stoichiometric UO,. Figure 1 shows
schematically the composition relations among UQ,, UO;(OH).: -H,O,
O,, and H:0O, and shows that the composition of uraninite in the presence
of hydrogen and water is UO,, but that for conditions sufficiently oxidizing
to permit the coexistence of UO2(OH),-H;O, its composition is UOa .

Stability ranges of UO,(OH),-H,O and stoichiometric UO, are shown
as functions of oxidation potential (Eh) and hydrogen-ion 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

b
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- dons, UO,**, U* and U(OH)*%. Uranium is present in the hexavalent state .
in UO,* and in the tetravalent state in U** and U(OH)*®. Figure 3 shows
the relationship of these ions to schoepite and uraninite and to the additional .~ .-~
. hexavalent uranium species, HUO,- and UO,(OH)*. Thermodynamic data . -
. - for HUO,~ and UO,(OH)* were derived from Gayer and Leider (24) 'and T
- . Bjerrum et al. (4) respectively. -

kS

" It should be pointed out that for Figure 3 and for ensuing diagrams itis =~
not, in general, possible to reach any selected Eh-pH value within the frame- . S
AR N 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 equilibrium -~ =~

b relationships, and in simple, dilute systems such is usually the case. We .
return-to a more critical discussion of this point in thé section on correlation Tt
TR . with natural ground waters. '
, In Figure 3 unbroken lines drawn between the stable solid phases and

M . 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, in the
presence of uraninite or schoepite (whichever is stable), total ionic activity
is fixed at 10-® for the Eh and pH conditions shown by the solid lines. Along
these lines the 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 Eh-pH 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 Eh-pH diagram-

o = o e ot
—r T : Y HANRS MU T g
]
:
]
osl 4 as}- | —
'
H
i
os - 11 . ' q
U0 -
- u0,0m
H Schoepite
oat . Schoeoite 4 oal H UO0,(OH)p Ha0 A
'
U0, (O], - H,0 '
a.2 - o2

£€n
°
(veins)

i
CEN Lenltny
)

Uroninite

&
~

e

-0.4

-o8f-

=06

-asl. -08

o . " P B " s . _‘ s L TR Y 1 s
7 D ) G i : 2 Sy 6 1 8 ] 2 14
P Wity N
g

B
on unin

Fi1c: 2. (Left) Equilibrium diagram of the U-O—H,O system at 25° C and
-1 atm. Stability ranges of solid phases are plotted as a function of hydrogen-ion
concentration and oxidation potential. :

Fic. 3 (Right) Aqueous equilibrium diagram of the U-O~H.O system 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-hearing ions = 10-9 in unbroken lines, and
at total activity = 10~ in dashed lines. .

.
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ming developed 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_(tonic 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.

Figure 3 shows that in the U-O,—H,O system uranium is soluble only
in acid or distinctly alkaline solutions and that the chief contributing ions in
acid solution are the UQ,** and UO,(OH)* species, with small fields of the
U*t and U(OH)** jons 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 spec1es

The field shown in Flgure 2 as “UQ,” should be, as shown in Flgure 1,
a field of a solid changing in composition from UQ, at the water- hydrogen :
boundary to UQ,, at the uraninite-schoepite boundary In the absence of
thermochemical data for UQ,,, we have assumed that only UQ, is. present.
This places the uraninite-schoepite boundary at its lowest possible position on
the Eh scale; the boundary between UQ, 4 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—0,~H,0-C0, 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 CQ,, in one form or another, is an important and
ubiquitous constituent. The range of CO, content is large, but values of
100-300 ppm are comumon, whereas V'llues of less than 10 and more than
10,000 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-O,~H,0-CO, system are uraninite, schoepite, and rutherfordine,
UQO,CO,. The dissolved species, in addition to those already considered, are
[U0,(CO;),-2H.0]* and [UO,(CO,;),])*. 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 AF°, 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
reporteéd by Bullwinkel (9).

The U-0,-H,0-CO, system may be considered from two standpoints,
cither open to an externally controlled Pgg,. or closed, with a fixed amount
of CO, in the system. An Eh-pH plot with Pgo, equal to the partial pressure
of CO, in the atmosphere is useful for portraying surface weathering condi-
tions. However, atmospheric CO, has limited access to percolating ground
waters, so it is more realistic to consider such waters as constituting a closed

" system in which a fixed addition, or periodic additions, of CO, proportionate

among various CO,-bearing species according’ to an Eh-pH characterized
environment. In such a closed system Pgo, is variable, a function of pH.
The total of the activities of all CO,-bearing species is constant for any addi-
tion of CO, reaching equilibrium. This constant is referred to as =CO,.

Details of the calculations required i 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 Pgg, value of 10-34 atm. (the partial
pressure of CO, in the atmosphere) are shown in Figure 4. The general
Eh-pH-Pgo, diagram is shown in Figure 5 (Fig. 4'is a cross-section of Fig.
5 at Pgo, = 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 10-%. 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, UO,(OH),-H,O, as an insbluble compound is almost

- . entirely eliminated, and although rutherfordine, UO,CO,, 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 Pgo,. Assuming that ag,o = 1, Garrels (20) has shown that the equi-
librium Pgo, between these two phases is very close to the partial pressure
of CO, in the atmosphere.
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F16.'4. Aqueous equilibrium diagram of the U-O~H.0-CO. system at 25°C
and 1 atm., and with Pco. constant at 10-*4 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 10-4; there is no fleld, 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 precxpltated under the most favorable
pH conditions (around pH 6.0).

In acid, oxidizing solutions uranium is transported as UO,** and
UO,(OH)*, in neutral solutions. as UDC, and in alkaline solutions as UTC.
Not only does addition of CO, tend to, eliminate schoepite, it causes the field
of uraninite to diminish. As Pgg, increases in the system stronger and
stronger reducing agents, are required to remove uranium from solution as
uraninite. : v

Closed System.—The complexing effect of CO, on uranium is also vigor-
ous for those conditions where the total amount of CO, (2CO,) in the system
"may be regarded as fixed. In Figure 6 SCO, is taken as 10~ (that is, the
sum of the activities of all ions that contain CO,, mc]udmg 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.sm:{l]
field of rutherfordine (again defined only for total uranium ion activity of
10-*) indicates the restricted conditions under which this mineral forms.

0
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Schoepite is soluble under all but very alkaline conditions when uranium ion -~ ‘,
activity is 10, It has no field of stability when aqueous uranium drops ) :
to 10-%. The expansion of the UTC field, at the expense of the UDC field, -
under mildly reducing conditions 1s 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

. 1o oo
) ?

B ’ o0 .

F1c. 5: Aqueous equilibrium diagram of the U-O~H.0~CO: system at 25° C -
and 1 atm. Pco: is the third coordinate. Boundaries between solid phases and
dissolved species are drawn for total ionic activity of 10-5.
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dowrn under reducing conditions. The increased activity of CO;-? and HCO,~
is reflected by an increase in the UTC/UDC ratio, as can be seen from the
*. following reaction:

LIOz(COa)z'ZI'IQO-2 + CO;2 = UO2(C03)3~‘ + 2H,0

" The uranyl carbonate complexes are stable enough to tie up considerable

concentrations of uranium under slightly reducing conditions.

3CO, is raised to 102 in Figure 7, thus enlarging the dominant areas -

of UDC and UTC. Increasing 2CO, extends the area of UTC relative to
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Fic. 6. Aqueous equilibrium diagram of the U-O~H.0-CO, systeni at 25° C -

and 1 atm., and with SCO, = 10-3. 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 2CO, falls to 10-*%. The upper boundary of the

uraninite field in equilibrium w1th the uranyl carbonates is noticeably lower in -

Figure 7 than in Figure 6. .

- The trends discussed for Flgure 7 are continued for Figure 8 where )
"3CO, is 107

Equxhbrmm between carbonate species, water, and graplute is 1gnored.

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 CQ,, 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 UO,*? in equilibrium with rutherfordine decreases with
increasing SCO, 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 expense of UO,. _
All the relations discussed for the closed system are pictorially summed

in Figure 9 with 3CO, the third coordinate. All boundaries between solid
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Fic. 7. (Left) Aqueous equilibrium diagram of the U-O-~H,0-CO, system
at 25° C and 1 atm., and with 3CO. = 10-2.

Fic. 8. (nght) Aqueous equilibrium dxagram of the U-0O~H.0-CO, system
at 25°C and 1 atm,, and with 3CO. =10 . .

phases and ions in solution are shown for a total activity of uranium-bearing
ions of 10-¢. | .

" Inshort, then the most noteworthy effect of adding CO, to the U-0O,-H,O
system is to increase enormously the solubility of uranium.

. V—0,~H,0 SYSTEM

The vanadium-water system has been studied by Garrels (17), Deltombe,

de Zoubov, and Pourbaix (12), and Evans and Garrels (14). The V-O,-
H,O diagram computed by Evans and Garrels (14) is shown in Figure 10. -

" As the solid phase-lomc activity contours represent a total ionic activity of -
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F1c. 9. Aqueous equilibrium diagram of the U~O~H.0-CO. system at 25° C

and 1 atm. 3CO, is the third coordinate. Boundaries of solid phases at ionic

activity = 107° 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,0,, V.,O,,

and V,0,, 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,~H,0—C0O. SYSTEM

The addition of vanadium and potassium to the U-O,-H,O-CO, system
can now be discussed. No new ionic complexes are introduced. Carnotite,
K,(UO0,).V.04-1-3HO,, 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 AF°; 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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F1c. 10. (Left) Aqueous equilibrium diagram of the V-Or~H.Q system at’
25° C and 1 atm. ; after Evans and Garrels (14). Boundaries between solid phases
and dissolved species are drawn for total ionic activity of 10~2. The formulas )
designating fields of solid phases are underlined. '

Fre. 11. (Right) Aqueous equilibrium diagram of the V-O~H.O system at
25° C and 1 atm. Tonic nomenclature is from Deltombe et al. (12). Boundaries
between solid phases and ions in solution are drawn for total ionic activity of 10-3

. (unbroken lines). Dashed lines represent ionic activity contours of the H.VO,-

_ion.
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was chosen consistent with Marvin and Magin’s determinations. Thus, the
field of carnotite shown in ensuing chagrams 1s the largest possible.

Briefly, calculations were made in the following manner. In pure water
(devoid of CO,) at a pH of 7.0 carnotite has a solubxhty of 3 X 107" moles/
liter at 25° C. Assuming that 2:

K2(UO:):Vo0s-3H,0 4 4H* = 2K+ + 2UQO,* + 2H,VO,~ + 3H.0. (1)

The concentration of each of the ionic species is 2 X 3 X 10°7 = 10-%*2 moles/

liter. As the solubility of carnotite in pure water is very low, concentration.

can be equated with activity. The activity gradient of UO,*? 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 CO,, the activity of UO,*? in ethbrmm
with schoep:te is 10-%4. At this pH, however, most of the soluble uranium
is present as UO,(OH)*. The activity of this ion in equilibrium with
schoepite should be 10-5%**. 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 UO,(OH)*
less stable, than previously considered. The latter seems more probable. -
The equilibrium constant for the reaction given by (1) is:

(K+)2(UO,+2)2 (H.VO )2
(H#)+

K, = (2)
Substituting ionic activities and assuming that if ayo,** rises above 10784
carnotite, rather than schoepite, will be stable (to give a minimum
AFOI cnrnotite):

K, = 10-13-7. (3)

Since )
AFCenction = RTIn K, = — 1.364 log K, B C))
AForcnction = 18.6 Kcal. K ) (5)

The free-energies of all products and reactants are known except for carno-
tite.

AFOreaction = AFObroducts - AFIOrcact.xmtu (6)

AFOI earnotite — — 1,294(+0 to +5) KC&]. ' (7)

A rough check on this value was prov1ded from data given by Barton (3).
Barton assumes V,0,,"* 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 K,SO,,

2 Calculations on this and the following pages concerning carnotite stability are made on
the basis of the H,VO,” ion of Deltombe et al. (12) rather than the V,0,;~ 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 mterpretatxon 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,(UQ,) (CO,); and NaVO,, 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 {rce-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 UO,** or H,VO,", 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-O,~-H,0-2CO, 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) =103, In ground waters, an activity of 10-2
for K* is quite reasonable. The 2V 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.
3CO, is varied between 10-* and 10*. Contours representing the activity of
H,VO, in equilibrium with the various oxides of the V-O,-H,O 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 +0:38 volts,
and a 3CO, value of 10-%, so that either carnotite or rutherfordine, UQ,CO,,
(Fig. 6) is the stable solid. The activity of K* = 10-® and the activity of
H,VO,~ = 10-% (Fig. 11). From equations (2) and (3):

N (10-13-7) (10~4)4
(UO,+2)? = (10-39)2(10-34)2 (8)

UO,* = (10-165)1 = 10845, 9)

Comparing this activity of UO,** with that of UQ,*? in equilibrium with
rutherfordine under the above conditions, from Figure 6 (ago,*? = 1047),
indicates that carnotite is the stable phase. Based on similar calculations.
(see Appendix), Figure 12 was drawn for =2CO, = 103. Solid phases
are numbered, with carnotite occupying the lion’s share of the diagram.
“Montroseite” (Fig. 12) represents synthetic, crystalline V,0,, for which
thermodynamic data are available. A free-energy value for true montroseite
(VOOH or V,0,-H,0O) would enlarge the diagrammed field of “montrose-
ite” slightly. Areas indicating a certain degree of solubiility, shown stippled
on Figures 12, 13, and 14, are based on total activities of 10~* for uranium-
bearing ions (U = 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 ratlo 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. XCQ, is increased to 10-* in Figure 13 where a further area of
solubility 1s shown to occur for a mildly reducing, neutral to alkaline environ-
ment. Increased solubility under these conditions s due to the increased
activity of the uranyl carbonate complexes in equilibrium with carnotite and
uraninite. . 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, higgite 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 H,S.

A 2CO,.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 Wyoming (W. N. Sharp, written commu-
nication) show total alkali values, as HCO,", varying from 175 to 320 ppm.
These values approach the ZCO, = 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 UQO, field to shrink in
Figure 14, where 3CO, = 10-*. The ionic strength of solutions containing
this much CO, 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 COLORADO 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 reqmrements for aqueous so]ubllxty
shown in Flgures 12, 13, and 14.

Solutions charactenzed 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, mildly reducing, moderately large amounts of CO,). None
of these characteristics is at variance with the commonly assumed aqueous
environment of ore depositiori on the Plateau. The effects of other ionic

N
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species commonly found in subsurface waters and the associated problem of
" electrostatically balancing a Jarge excess of HCO,~ and CO, - ions remain
to be discussed.

Significant additions of new ijonic species into solutions of the U-V-K-
O,~-H.0-CO, system requires evaluation of three possible phenomena.
First, such introduction may cause a redction 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 not 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 uranyl
sulfate complexes, UO,(S0,),? and UO,(SO,),™, are stable only for pH
values less than 3.5, while the uranous sulfate complexes, U(S0,);"* and
U(S0,),, 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:

CaCO, = Ca** + CO,42 (10)
From the thermochemical data of Latimer (28):
Ko = (Ca*?) (CO;%) = 10-8-38 (11)

If 2CO, = 10~ or 107}, maximum @g,+ values in solution can be calculated
with the aid of acoy» determined for the construction of Figures 7 and 8
(see Appendix). If 2CO, = 10-% calcium ions can electrostatically balance
all HCO,- and CQO,2 ions in solution if the pH is no higher than about 7.5;
if 3CO, = 10, the highest pH is only about 6.0. Similarly, dolomite or
magnesite would control the amhount of magnesium ions that could be carried
in solution. ) .

Although no solubility data are available for tyuyamunite, Ca(UQ,),V,0,"
5H.0O, we suppose that it is one or two orders of magnitude more soluble,
than carnotite. If such is the case, Ca*? activities of 102 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, xUQO,-yV,0,-zH,0, 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, V,0,-3H,0, 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 SO,2 or CI- for these
pH conditions) and that sufficient quantities of the cations, Ca*?, Mg*?, and
cspecua]]y Na*, can be carried in solution to electrostatically balance all the
antons 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 CO, 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
3CO, = 102, Shaded lines in Figure 15 thus represent solid phase-solution
contours for a total activity of uranium-bearing ions equal to 1075, 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 dashed lines, vanadium solubility
may increase from 5 to 50 ppm, potassmm from 4 to 40 ppm, and uranium
from 2.4 to 24 ppm.

Enuvironmmment 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

C
0. T S T T T T T T —
i
11
o ) [
Paramontroseite Cornotite 1
Sands_ 1
-0.1 Ruther fdrdine ]
S -0.2 AN -
. SN | |
- ~
SN by
£ -0.3 \\\ 7
w N \\ | i
i Uraninite QNN l
~ -0.4 oninite ~ N~ _ 4 I
and ) ~—_—— J
. Montroseite i T
-0.5p
-0.6 ﬂ
Sl
-0.7 ! 1 TR I 1 L ; :
: 2 : 4 [ 4 8 10 12 ¢ 14
pH units

-F16. 15.  Aqueous equilibrium diagram of the U-V-K~0~H.0-CO. system at -
25°C and 1 atm., and with 3CO. fixed at 10-2, Boundaries between solid phases |
and solution are fixed for ZU =10-3, 3V =10, and 3K = 10-* (shaded lines),
whereas dashed lines represent solid phase-solution boundaries for SV = 10-3,
K =10"% and 3U = 10-4. :

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
H,S would, of course, make the solution Eh more reducing. Two likely
redox potentials are shown in Figure 15 by lines ¢’ and s-s’. Line ¢’
represents a calculated equilibrium potential between graphite and aqueous
carbonate species which is analogous to an equilibrium potential hetweer
carbonaceous material and carbonate species. Line c—c' was calculated for
3CO, = 10"%, but the change in potential is only” 15 mv. when ¥CO, is
altered by a factor of 10. Line s-s’ shows the redox potential of equal con-
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centrations of SO,* and sulfide ions as calculated by Garrels and Naeser (22).
Migrating solutions at 25° C containing SO,~? and encountering gaseous H,S
would reach a potential very 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".

Between 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 UQ,,; than to UQ, indicating that the saturation concentration of uranium

is somewhat less than 0.5 ppm because UQ, 4 is more stable and therefore less
soluble than UO,. An environment of rising temperature should not signifi-
cantly reduce the effectiveness of H,S and woody material as precipitation
agents for uraninite and montroseite from natural solutions. Rafaisky (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 H,S. 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 100x between
100 and 200° C and that the decrease in solubility is slight between 100 and
120° C but bécomes 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 H,S pressure (up to
9,000 Ibs/sq inch) also decreases uranium SO]ublllty, according to Miller (29),
but its total effect 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 Member 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 H, which may have been locally produced by the reaction of
H,S with Fe,O,. 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 (I.. 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. i

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. Such 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(SiO,), x(OH),,, 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. i

Coffinite and uraninite are the only known minerals from the Colorado
Plateau in which the dominant uranium is in the +4 oxidation state, and
their intimate association indicates mutual low solubility under reducing con-
ditions (21). The uraninite-coffinite equilibrium may be written:

" U(Si0,),x(OH)x = UO, + (1 — x)SiO, + 2xH,0. (13)

© At a given temperature 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 ¢n.0 and agio.
fluctuations. Descriptions of corroded quartz grains in impregnated sand-
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stone and nearby secondaty 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(ALV),(ALSi)O,,(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 aluminum 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 +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 decrecase 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 decreasmg concentrations of +3
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 *
+4 vanadmm? 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, +3 vanadium may replace octahedrally coordinated aluminum’ more
readily than does +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~¢’ 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 +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 oxidized ore, Foster
(15) concludes that the vanadium was originally emplaced in the +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 +4 state. The increase in stability of aqueous ionic species bearing +4
vanadium compared to those containing +3 vanadium (cf. Fig. 2 in Evans
and Garrels (14)) suggests that oxidation of vanadium from the +3 to +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 reasonablé for mixed layer roscoehte montmoril-
lonites (abOut -0.90).

Clearly, analyses are needed of the oxidation state of vanadium in
vanadium clays 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-O,-H.,O and U-O,-H,0-CO, systems.
Uraninite, UQ.,,s, and schoepite, UO,(OH),-H,O, are the only solid phases
expected to be stable in the presence of water and variable concentrations of
oxygen in the system U-O,~-H,O. The addition of CO, to this system
causes’ formation of stable uranyl carbonate complexes and a sxgmﬁC'mt in-
crease in the solubility of uraninite and schoepite.

2. Following a rough calculation of the {ree-energy of carnotite, Eh- pH
diagrams of the U—-V—K-O_—H_O—CO_ system were drawn for various values
of total carbonate (3CQ,). These diagrams show stability fields for carno--
tite and other uranium and vanadium solid phases, and indicate the conditions
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necessary for vanadium and uranium 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~O,-H.,0-CO, 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,-, CO,™,
and 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 lonic 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 CO, in solution. The reducing environment 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 bredkdown 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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APPENDIX

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). All 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 Bullwinkel’s data (9) corrected for the recent A F?; of schoepite given
" by Deltombe et al. A value for HUO,~ 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 UQO,(OH)* at
25° C. We averaged these and so obtained a AF°, of UO,(OH)* 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), while that of
H;VO. is from Deltombe et al. (12). All free-energy values pertinent to
the construction of the diagrams presented in this paper are listed in Table 1.

TABLE 1

FREE-ENERGY VALUES FROM THE ELEMENTS, AT 25° C anp 1
ATMOSPHERE ToTAL PRESSURE

Aqueous species AF®s. (Kcal) Solid phases AF°r (Keal)
H:0 — 56.69 voO, — 246.6
H+ 0.0 UO:(OH)+- H:O — 398.8
OH- - 37.6 UQG.COs - 385.0
H:COs° —149.00 Va0, - 27110

© HCOs™ —140.31 V04 — J81.0
CO,— —-126.22 V305 — 344.0,
K* — 67.46 K:(UQ2)2V10s- 3H0 —1.294.0
HoVO,~ —248.8
UOQ.*+ —~236.4
U —138.4
U(OH)*s —~193.5
UQO2(OH)* —~287.4
HUOs~ ~317.6
UO:(COs)2-2H:0 —630.0
UO:(CO3) s~ ’ —648.0

U—0g—H20—Pco, DIAGRAMS

The following equations are pertinent:

CO:(g) + H:0() = H.CO, )

H,CO; = H* + HCO,~ ' @)
 HCOy = H* + COf- @3)
UO(COy)z-2H,0-~ = U0t + 2CO,~— + 2H,0 (4)

UO(COp)s= = UO#+ + 3CO5—. )

h s>
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The thermodynamic equilibrium constants for reactions (1)-(5) are as
follows:

H2C03

Por 0 | ©
%‘%{%ﬁlﬁ = 10~ 2
Ug(()éga))i?};:(;)—z— - ‘ ©
SO

For a fixed Pcoz, H:COj is calculated from (6). For a given pH value
CO;=— can be calculated from equations (7) and (8). Next, all ions con-
taining uranium are considered to be in’'equilibrium with schoepite.

UO;(0OH),-H;0 + 2H+ = U0+ 4+ 3H,0 (11)
or, .
UQ,++
K, = W . : (12)

Hence, UOs** can be calculated from stipulated pH values by (12). Lastly,

activities for the uranyl carbonate complexes can be derived from equations

(9) and (10) with the aid of CO;~~ and UO,** values calculated above.
If Pco, is high enough, rutherfordine (U0O.CQ;) is the stable hexavalent
uranium solid phase rather than schoepite.

UOz(OI‘I)szO + COz(g) = UOzCOa + 2H20 (13)

1 .
K, = 5—. 14
o, (19).

When Pco, is 10728 the two solid phases rutherfordine and schoepite are in
equilibrium. For Pco, values higher than this, UOz*+ must be determmed
from CQ; — values (above) as follows

UO,COs = UOs™ + COm= (15)
(UO:++)(COy~—) = 107184, -~ (16)
For reducing conditions uraninite becomes the stable solid phase.
UO, + 3H;0 = UO,(OH);-H.0 + 2H* + 2e 17)
UO; + CO;~— = U0,CO; + 2e. ' (18)
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Employing the Nernst equation for equations (17) and (18):

0.0
Ih = [° + "2—6 log (H)? (19)
006 1
Eh = E° + > log (COr o) (20)

E® {or each reaction is evaluated from f{ree-energy data. Depending on the
Pco, value under consideration, either (19) or (20) is chosen. I Pco, is less
than 10738 the Eh-pH boundary between uraninite and schoepite is found by
substituting pH values in (19). For Pco, greater than 10738 the ruther-
fordine-uraninite boundary is established by substituting the CO;~— 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 UQ,
field then: :

.0
Eh = E° + 02-—610g (UOs*+). (22)

UO,** is calculated from (22) for arbitrary Eh values (UO;** is not pH
dependent in the UO, 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—0gHy0—2 CO2 DIAGRAMS

Equation (1) is no longer applicable since Pco, is variable. Equations
(2)-(5) and, hence, (7)-(10) are used, but note that now, after selecting
arbitrary pH values, CO;~~ cannot be solved from equations (7) and (8)
because there are three unknowns. Since T CO; is fixed, the following
expression is used.

z C02 = H2C03 + HCOa- —+ COa—; + 2U02(C03)2'2H20_—
+ 3UO:(COz) . (23)

Rewrite equations (7)—(10) so that ionic activity sought is a function of

UO+ts and CO;——:
(€O (HY)

.Hcoa- =" jgom (24)
™
UO4(COs)s-2H,0-~ = (UO“B_(ZE?”"_).Z (26)

UO,(COs) - = (UO2T3_(§?“_—)3. @n
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If UO,(OH).-H0 is the stablc solid phase, UO,** is fixed for arbitrary
pH values. Equations {24)-(27) are substituted in equation (23) which is
solved for COs~ using the desired ¥ CO, value. Equation (23) is best
solved by approximation as it is a third-order equation.  Remaining ion
activities are then determined using (24)-(27).

Equation (16) is used to determine the UO,CO; — UO,(OH),-H.0
boundary.

10164 ’
UQ,+t = 663?: (16)

Substitute this expression for UOy*t in equations (26) and (27). As above,

substitute (24)—(27) in equation (23) and solve for CO;~—. Finally, use °

this CO;~— value to determine UQ.+* in equilibrium with rutherfordine from
(16). If this value for UO,** is less than UO,*+ in equilibrium with schoe-
pite for a given pH then UO,CO; is the stable solid. The boundary between
the two phases (UO.** values in equilibrium with each are identical) is
dependent on both £ CO; 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 CO,. Use the CO;~~ values obtained from (23) and (16) for
establishing the uraninite-rutherfordine boundary.

lonic activities in equilibrium with UO. are cumbersome ‘to determine
when 2 CO;is fixed. UOq** values for (26) and (27) are derived from (22)
for arbitrary Eh values. Substituting (26) and (27) in (23) indicates that
COj3;~ 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—0g~H20-CO2 DIAGRAMS

Carnotite stability must be considered in relation to both uranium and
vanadlum solid phases.

]\2(UOQ)2V2O&'3H20 + 4H+ = 2K+ + 2U02++ )
+ 2H,VO, + 3H,0 (28)
(KH)2(UO,**)2(H,VO,— )2

H+)4 10187, (29)

For any Eh-pH value, the activity of H,VO,~ is taken from Figure 11 (see
text). K* = 1073, and UO;*+ values are taken from the results of calcula-
tions for the U-O,H:0-Z CO, 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 1037,  Carnotite is not stable relative to the other ura-
nium and vanadium solids if the left-hand side of (29) is less than 10-13-7,
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 10-1-7.
Keeping £ CO. constant, equations (23)-(27) remain applicable:

: > COp; = H.CO3 + HCOy~ 4+ COy—-
+ 2U02(C03)2‘2H20—_ + 3UO2(C03)34— (23)

: HCOy~ = —*——-—(COI’(;:,Z.S#) (24)

- Haco, = (O 29

- U0(COy);-2H,0-= = TOTICEDTT) (26)

(. U0s(COs- = UODCOT) @)
§i : . | Rearranging equation (29):

L e

3
-
e e e S

UO.** 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 K
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R
Separation of copper and nickel is beco- ks
ming more urgent because of expanding met-~ & & I R :J
al production based upon copper-nickel &1, |® < I/Ar 2 )
sulfide ore processing. This work gives re- u_ﬂq- ] ]
search results on selective leaching of Ni = 8 )UK( L2 2
from Bessemer matte at atmospheric press- N | ‘\J“L> :
ure in sulfate-chloride solutions. 5453— % L £
Leaching was conducted of Bessemer matte -1 /, J// \\7 :
samples containing (%): 47.37 Ni, 34.04 Cu, - 51 / Ak
0.82 Co, 2.96 Fe, and 21.89 S. For subse- 10F79 i x b’ s 1A I
quent processing the copper should be kept "1 Z B K
entirely in the residue from leaching , but i y / /i ;
the Ni and Co should pass into the solution. ¥ra’t S VN D oo e iy
Direct current application in the leaching g} ¥ -
process (electroleaching) was tested for gL oL 1
this purpose, the optimum process character- ¢ & € m{”,', " W??i
istics being t = 90°C, lig:sol ratio (3.5- - ) i
-4.0):1, T = 80 min, g5 = +0.5 V, [H280.]in Fgg. 1. Elec:roleachln% kinetics of.
= 190 g/llt, and [HC1llip = 80 g/lit. Graph- essemer matte in sulfate-chloride
ite impregnated with naphthalene was used as solutions: <
the insoluble anode; the cathode material 1-3 - extraction (e) of Ni, Co, and
can be titanium, stainless steel, or copper. - Fe into solutions, respectively; .
Fig. 1 shows the kinetics of the electrolea- 4 - residual acidity K; 5 - solu-:
ching process. tion Cu content; 6 - ?a° 2
The copper sulfide concentrate contains 72% ‘tnitial converter matte "
Cu and 0.5% Ni. Calculation of the rational composi- " Alr
tion and x-ray structural analysis showed copper pres- !
ent as chalcocite and covellite. Ni and Co extraction “*d"}"" f‘”cm"'ﬁzs
into solution in this operation is 98-99%; the solu- —
tion Cu content does not exceed 0.2-0.3 g/lit. The so- ' Pdltration T“””‘"]
lution contains (g/lit): 50-60 Ni, 2.2-2.6 Co, and 6-8 | o
Fe. Part of the sulfur which is combined with nickel Suifide cake Solution
in the initial Bessemer matte passes into the residue HCL, H, 80 #
as part of the redeposited covellite, the remainder . ? -
being eliminated as hydrogen sulfide. The platinum ‘Blectroleaching |yi, co exeractim
group metals are almost entirely in the sulfide residue. Pe depositics
Electroleaching yields high-grade' copper concentrate. H,8 V Bulp T
However, solutions from this operation contain up to : __J |Ni=Co-Fe cake]
2.3 g-eq/lit of free acid and are not suitable for sub- | Nickel solutid
sequent processing. To obtain the minimum free acid in . . :
these solutions, research was conducted to develop a Piltration with wash | gpvaporation™:
schedule for leaching fresh Bessemer matte with acid 3 iieis
nickelferous solution. The process of leaching nickel 31&_::- ELointnat
sulfide with a solution containing (g/1it): 50 NiZ+, 70 .. N1S0. érys
Cl-, and 98 SO2- with a high rate of mixing and blow~ g:nz‘;:&ﬁ:e talliaation
ing the pulp with air is characterized by very rapid H,50,
consumption of free acid. After 1.5 hours of leaching, L%]“
the final solution acidity is 0.15 g-eq/lit and the Copper plant ;
copper content doesn't exceed 30 mg/lit; the nickel ‘ o
concentration is 100-120 g/lit. ’ . _ Calcining o
A two-stage counterflow leaching scheme for Bessemer ‘ ¥
matte (Fig. 2) was proposed on the basis of the re~ Gages  Reductios |
search. The end products are a high-grade copper sulfide .
concentrate in which the platinum group metals are con- L—-ﬁ.’,iﬁ;;," ﬁ:ﬁgﬁ

centrated and a slightly acid nickel-cobalt solution .
containing 6-8 g/lit Fe and no more than 0.02-0.03 g/lit Fig. 2. Proposed flowsheet
Cu.. Both leaching operations are conducted at 90°C and for Bessemer matte pro-
at atmospheric pressure. 'There are no platinum metals cessing. g
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 operatlons is assessed at 1.5 hr. x
Technical and economic evaluation of the scheme in the version with nickel solutlon.
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

SUBJ
UDC 669.334.9:66.061.5 . .1, MING
o TSEM
Kh. I. Baikenov, A. V. Stryapkov, S. E. Dyusembaeva, L. S. Borodina,
and E. A. Simkin o,

Copper and nickel were separated by solvent extraction from copper production soly-
tions with naphthenic acids in an installation containing two two-stage counterflow . In col
extractors of mixer-settler type in the copper (nickel) extraction stage, one two- .7 Physi
stage extractor of the same type in the metals re-extraction stage, a system of tanks, an autoc
a crystallizer, a Nutsch filter, rotameters, and pumps. The technology was perfected aufferir
with sulfate production solutions containing, g/liter: 50 - 60 Cu, 30 - 40 Ni, . soncent:
10 - 15 As, 0.5 - 1.0 Fe, and up to 80 - 100 H:SO.. To improve subsequent filtration, sulectiy
the solutions were diluted prior to solvent extraction to a basic constituents content +7 extre
of ~ 20 g/liter and neutralized with dry soda to pH 4.0 - 4.2. The arsenic-iron cake The p1
was removed and the filtrate was treated as initial solution and used for extraction sowder f
of metals. B 3.6 Fe?

It was established in the course of the tests that the best results were achieved ) 5277 lea
by using a counterflow process. oy L In the

A 1M solution of distilled naphthenic acids in kerosene was used as the extractant,’ , wurface
The filtrate was fed into the first mixing chamber and the extractant into the fourth, 15 reduc
The capacity of the apparatus reached 120 liters/hr in terms of total phases, and iewding

the O;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 - 3 liters/hr) in stages III - IV. When the process is operated
in this way the raffinate contains < 0.0l g/liter Cu. Nickel was extracted in a similas .
way, the ratio of the phase flows reaching O;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 - 1CC 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 acidifiel
and allowed to settle in a tank, after which they were in accordance with the require-
ments of maximum permissible concentrations for dissolved organic.
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ABSTRACT

Thirty-seven open pit production blasting operations have been monitored us-
ing high-speed cameras running between 500 and 7000 framés per second. Analysis
of the resulting films reveals irregularities inm timing including 'sequencing er-
rors and ¢rowding (holes firing less ‘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 guldellnes (stemming, spacing,
burden, etc.)}, timing problems dominate the overall performance of the blasting
operation. Model tests in layered Homalite 100, designed to simulate joint or
bedding planes in rock, indicaté the importance of the stress waves generated by
the explosive in developing the crack network which is ultimately responsible for
the fragmentation seen in the resulting muckpile. These mechanisms are strongly
supported by high-speed film studies dat Pinesburg, Maryland. Experiments in con-
trolling relief in deep shots (where depthapproachestbe lateral extent of the
bench ‘blasted) using borehole geometry and hybrid dinitiation systems (electronlc
timer and pyrdtechnic delays) were carried out. The results suggest that the 1
ms/ft. of burden guideliné developed by Bergmann et al., 1974 is too short, and
‘that much longer 'times are necéssary to. optimize fragmentatlon and muck digabili--
ty. Longer times are found to reduce noise, vibration, and flyrock.

INTRODUCTION

Much has been written over theé years on blasting problems. These works range
from "how to" articles in trade journals, through engineering studies carried out
at specific sites to address specific problems, to bagic research carried out in
the laboratory. The principle difficuley with many of thése studies has been the
often tenuous relatigonship between laboratory studies seeking to understand the
Illustrations and figures at. end of paper.




‘components of a blast (timing, pattern, delay sequence, explosive, etc.) in order

fundamental mechanism of fragmentation or 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

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 et 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 et al., 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 et al., 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




L

8-
i

- unrelieved holes can be expected to produce increased ground vibrations. In vir-

 and poor fragmentatlon In the overwhelming majority of cases that we have stud-

i
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 errers in the higher period caps.

Another example of the problems caused by timing errors is given im Fig. 4.
This, 'series of photographs, part of a high-speed film running at about 3000
frames/sec, shows the effect of combined cap error amd error in a mechanical se-
quential blasting machine. Fig. 5a-c gives the drill pattern and thé delay pat-
tern achieved by using a combination of period 6-14 DuPont capsandaTrojan type C
timer set to fire at 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 nmominal firing times, is somewhat irregular. The hlgh speed film
sequence clearly shows several holes which fire early and are, thus, unrelieved.
The net result ef this timing irrégularit¥ is flyrodék, with concomitant noise and
vibration. Noise from shots such is these produces complaints, and the firing of

tually all such cases, the unrelieved:hqles produce flyrock, some of which can
travel for hundreds or even thousands of feet.

In summary, theén, accurate timing must be considered fmperative in producing
consistent blasting results and in reducing noisé, vibration, flyrock, backbreak,

ied -in detail (37 production shots), poegr performance can be direetly related to
timing problems. Timing problems tend to overwhelm other blasting parameters;

however, some evidence pertaining té other important factotrs in designing success-
ful blasting patterns can be dérived ffom the high-speed work.

FRAGMENTATION MECHANISMS AND ‘STRUCTURAL CONTROL

Rock is a heterogeneous medium, a fact often ignored in blasting practice.
All rocks tontain a. variety of visable discofitinuities and flaws, including map-
pable features such as joints, bedding planes, faults, and the like. In -addition
to these, any other contrdst in density will contribute to initiation and propa-
gation of cracks. Such contrasts include boundaries between dissimilai grains
(i.e., quartz-feldspar), boundaries between similar or identical minerals with
different crystallographic orientations, filled cracks, recemented bedding planes,
etc.. Early studies of rocks subjected to metecotite impact reveal shock and
stress-wave damage associated with all of the above factors (Dence, 1978; Kieffer,
1971, 1975; Ahrens and Rosénberg, 1968; French :and Short, 1968). )

Generdl discussions of rock fragmentation by explosives have concentrated on
the development of a radial borehole crack netwerk, pressurized by gases emanating
from the borehole (Cf. Langefors 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 contributor to the ©vérall blasting précess. Although the
contribution 'to overall breakage by large-scale discontinuities is ‘acknowledged
(Cf. .Ash, 1973), most fragmentation models proceed from ekperiments carried out
in homogeneous polymers like Plexiglass qor Homalite 100,

It has been shown by Dally et al., 1975, that in homogeneous Homalite 100 and
Plexiglass models the cracks are Ecrmed radlal to the borehole, and that only up
to 12 cracks propagaté any distance from the borehole. Reasoning from such obser-
vations dnd applying them literally to field practice, one might expect to find
generally large pie-shaped fragments in a muckpile following a production blast.
As examinatien of muckpiles from production blasting reveals, such pie-shaped
fragments are rare or absént. Ash, 1973, géts ardund this problem by introducing
a theory of fléxural beam bending, wherein the rock mass is handled as a beam




anchored at collar and toe. This rock beam bends outward in response to expand—
ing borehgle gases and fails along its léngth in ten&ion,

New work in Homalite models with induced flaws, joints, and bedding planes
simulating those found in rock bear on the problem of fundamental fragmentation
mechanisms (Pally and Fourney, '1977; Barker and Fourney, 1978; Fourney et al., in

| prep). Their work indicates that the importance of ﬁhe,stress wave has been se-—

verely underestimated. In essence, explosively loaded flawed Homalite models in-
duce crack propagation by intéraction of the stress waves with the flaws induced
into the model. Initial tests, with small flaws routed in the surface of the
Homalite models, resulted in considerable enhancement of fragmentation at the
same. explosive loadlng (Dally and Fourney, 1977). Later work indicates that

‘stress waves reflected or refracted from layered media induce cracks to propagate

at the layer interface (Fourney et al., in prep).

In both cases, two fundamentally impértant observations can be mader 1) the
cracks are initiated and caused to propagate solely by the interaction of stress

waves, specifically in. models with small iselated flaws the tensile tail of the P

wave and the leading edgé of the shear wave; and 2) in flawed, nonlayered homo-
lite, barrier branc¢hing of propagating radial craecks caused by interaction of the
propagating crack with the reflécted stress wave and activation of flaws by the
stress waves. are the principle fragmentation mechanisms. Near the borehole, ra-
dial cracks dominate; remote from the borehole, ecrack networks from initiated
flaws dominate. In layered media, the radial crack network is suppréssed, and

cracks initiate at the laver boundaries and propagate into the layers. The re-
sults of the work in flawed Homalite models have been confirmed in rock (Holloway,

personal commun., 1978).

These studies, where coupled with high-speed cinematographic observation of
production bench blasting, shed new light on arguments pertaining to fundamental
fragmentation mechanisms. Fig. 6 is a schematie 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 lower portions of the face. These boulders
are defined by the joint sets and bédding planes evident. in the quarry. To ex-
plain their preduction, it is instructive to look at modél blasting tests in lay-
gred Homalite 100 (Fig. 7). These models were designed to identify fragmentation
mechanisms in ldyered media, analogous to jointed or bedded rock. In the model
shown here, layers of Homalite 100 wére cemented together with Eastman 910 adhe-
give to simulate a tight joint or a cementéd bedding plane (Fourney et al., in
prep). The three photographs in Fig. 7 show the. developing crack nétwork in a
layered model test. Note the absence of a radial crack network and the decrieas—
ing number of cracks formed in layers further outward from ‘the botehole. 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. Thée fragmentation further from the borehole is coars-
er due to attenuation of the stred§s waves from crossing suctessive plapnes and
frem distance. -

Fig. 8a is a schematic block diagram developed from high-speed footage of a
production blast at Pinesburg, Maryland, that shows how the results obtained from
the layered model tests relate to fill-scale blasting. The major 'structural fea-
tures at Pinesburg are dipping strata, rolling over by 80° from west to east, and |
twa approximately orthogonal wvertical joint sets, one nearly perpendicular to the
face, and one intersecting it at a very shallow angle (Meontenychl, 1978). Two

formatibné are quarried here, the Chambersburg and the St. Paul,




The originally thin bedding in ttié Chambersburg has been recemented by low-
grade metamorphism, resulting in blocky beds up to 4' thick. The blasting pat-
tern used at Pinesburg in the Chambersburg formation is a single row of holes,

6 1/8" 4in diameter, drilled on a burden of 17-18' and a spacing of 11'. The
bench height is about 40', and most shots are decked. The initiation system used
is the Nonel Primadet 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 weé't toes or in wet holes. In driér holes, where seeping water might be a
problem, the ANFQO is loaded in plastic sleeves. The delay system initially used
relied on 17 ms surface conmectors to achieve the overall delay pattern; later
shots used 42 ms connectors. ‘ ,

L}
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Examifiation of high-speed -films from three production blasts in the Chambers-
burg formation. yielded similar results, regardless of delay sequence (Fig. 8b).
Thé schematic diagrdam in Fig. 8, drawn from the high-speéd footage, -presents a
graphic picture of the face and an interprétation 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 et 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 subparallél joint plane, as well as thé other
| joint ‘plane and the bedding planes. As the stress wavgs-qross these planes
(wheré they are not dpen), they will be both .reflected and attenuated. As the
distance from the borehole increases, and thé number of planes crossed increases,
the number of cracks initiated decreases, and they do not propagate as far. The
net result is an increase in block size towards the face, manifesting itself in
the production of 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 of productien blasting at Pinesburg is strong
evidence supporting the fragmentation mechanisms reveéaled by the tests conducted
in flawed and layewed Homalite models by Dally and Fourney, 1975; Barker and
Fourney, 1978; and Fourney et al., in prep.

ﬁ

RELIEF: CONTROL THROUGH TIMING AND BOREHOLE GECMETRY

Proper relief is probably the single most important parameter in production
blasting, and, at present, one of the more difficult to contrel on a day-to-day
basis. Relief is accomplished through two primary factars in the. design of a
blast, the burden as drilled and the timing of the sequence of detonations of the
boreholes. In practice, 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 et al., 1974. They .established,
through studies of single row blasts in 1arge rock blocks, a relatlonshlp of 1 ms/
ft of burden for the optimum delay time between individual boreholes and the free
face. These delay relationships have been used by many blasting engineers fo de-
sign.delay patterns, especially for use with the sequential blasting machines.

One of the more successful éxamﬁles of manipulation of relief through bore-
hole geometry is the Swedish wide-space technique developed by Kihlstrom, 1973
and Bhandari, 1974 a, b. lThis method inveolves radically altering the §/B ratio
of a drilled pattern while Keeping the S x B ceounstant. 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 have ‘tested the delay and Borehole geometry methods, .singly and in com-
bination, and monitored the results using high—-speed cinematography. The results
of this work bear on attempts to control reliéf and on the amounts of relief nec—
essary to produce the desired results. One of thé 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 problem of insufficient relief caused by initiator .irregularity occurs
in shots where orly caps are used to achieve the delay séquence, and in shots us-
ing a hybrid system such as an electtonic timér and electric blasting caps, or
surface non-electric delay connectors and downhole delay caps. As discussed in
Winzer, 1978, both c¢rowding (adjaceént caps firing less than 8 ms apart) and se-
quencing errérs are likely with presently available initiators. When these prob-
lems occur in a shot, they disturb 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 reli&f in the Ferguson shot, based on the difference in time between

| nearest adjacent boreholes, is about 8 ms/ft between rows and 1.5.ms/ft between
adjacent holes. The relief measured to the echelon portion of the V is 9.1 ms/
ft. Analysis 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 betweén rows, and 0.4 to 10.8
ms/ft between adjacent holes in a row. Fig. 4 shows the results of these varia-
tions. Where timing errors are large, including sequencing 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 beést relief ‘i§ to the top of the
bench; thus, the hole is relieved by breaking upward. Thé resulting vertical mo-
tion can be supersonic (mainly gases and small rocks, including the stemming),

and the immediate result- is both noise and flyrock. Over the period of develop-
ment of the shot, these érrors show up in differential motion of the burdem. Be-
tween-row errors tend to translate thoughout the portion of the shot in which
they occur because the overall forward motion of the burden. is slowed down by the
initial error. Even jf the remainder of the rows ge off neat their nominal times,
they fire inte slow moving or stationary burden.

An examplé -of the problem of differential acceleration of the burdenm is
quite clearly shown in Fig. 9a, b, and ¢. In this shot, a 3 row pattern is used.
Hole diameter is 4 1/2", burden is 10' and spacing is 12' and the bench height is
44'. In this shet, the first row of holes is drilled on an.angle to attémpt to
get the toe burden equivalent to the crest burden, a problem caused by excessive
backbreak from previous shooting (Fig. 9a). The actual firing times; derived
from the high-speed film, are shévm on the right-hand side of the figure. Notice
the last three holes: in the -second 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 mgve (Fig., 9b), and the second and
third rows pile up on this side of the shot. Fig. 9b shows this as swelling
(center of photo), and motien which is actially ‘towards the rear .of the shot
‘rather than away from the fiace. Motion at the opposite end is outward (extreme
upper right corner), as the timing here is close to the nominal, and thus this
portion of the shot is well relieved. Rapidly moving rock at the face is caused
by Iight burden from some of the angled holes along the front Tow.

Another aspeet of the Telief problem which we see in the films relates to
the amount of timé between rows in deep shots (shots with generally more than 4
rows). Fig. 10 represents a wide-space blasting pattern designed after Kihlstrom,




1973, and tested in Kansas on a limestore 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 §/B ratio of 4:1. The shot was delayed in an echelan
opening from one end with the delay -séquence achieved using a REO sequential
blastlng 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 echclon with a de-
lay of 14 ms/ft measured on the echelon, Examination of the high—speed films of
this shot revealed considerable vertical motion developing 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 thé counter was to 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, shovm in Fig. 11, is on
the same gize bench, but &he burden and spacing are 11'x 13' (rows 1 and 7) and
6' x 26' for rows 2- 6 The §/B ratio works out to 4°33:1 for rows 2-6. The
timer interval was increased to 58 ms, which giveés ani interval of 15.3 ms/ft of
burden measured in the same manner as the first shot., This increase in time re-
sults from a décreasé in the angle between the echelon and the face. Fig. 12
shows two frames taken at about rhe same time in the shot development for each of
. the two shots. In thé 58 ms shot, it is clear that there is considerably less

vertical motion along the rear tows and a décrease in the amount of flyrock pro-
duced overall Tt is also clear from the photographs that con51derably more re-
lief could be tolerated in this shot.

These, and several other films we have analyzed, suggest that the 1 ms/ft
burden guideliné 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 boreholes), 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 eghelon type pattern, we can
shoot a three row shot with excellent results using 10 ms/ft between échelons,
but when the depth is increased to 7-10 rows, 15 ms/ft is not enough. This dis-
crepancy suggests. that another factor must be considered. From our andlysis of
high-speed films, this facter would appear to be differential burden motion
caused by the increase in mass 6f rock to be accelerated as one goes back into a
deeper shot.

The. problem can be diminished by increasing the interval betwién rows when
using a sequential blasting machine or by skipping periods between rows, but one
rapidly ends up with the situation where the interval between the front rows beé-
comes too long, with 1ts ‘incident increase in noise from 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.

CONCLUSIONS

We have filmed and ‘analyzed 37 production quarry blasts using a variety of
16 mm high-speed motion picture cameras, at framing rates between 500 and 7000
per second. We find that the principal obstacle to consistent, controlled pro-
duction blasting is the variabpility of currently available initiators, both elec-
tric and non-électric. 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 érrors can be exXpected
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.and Fourney, 1978; and Fourney et al., in prep. The results of our analysis of

- actual delay sequence, and the production of vibratien and alrblast Control of
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Figure 1.

Figure Lc

Sequence 6f high-speed photographs, taken at 2700 frames/second, of a
production blast at Moline, Kansas. This shot used electric initlators,
periods 3~8, and the REO sequential blasting wachine to achieve the de-
sired delay sequence. Period 6, 7, and 8 initiators aré in the holes
closest to thé camera. Firing times of some of these holes are on the
film, with the arrow peinting to ‘the hole which has fired. Reversals
in the mean firing times of this maiufacturer's period 7 and 8 caps and
crowding of ‘period 6, 7, and B caps are the cause of the reversals and
crowding seen here in the field. These errors produce the cratering
seen in the left portion of Fig. lec.
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| Figure 2.

Figure 3.

T 3 7- 7 " l
RING TIMES

B g R

Fitring times for some holes in the Moline, Kansas, production shot.
The diagram is drawn in perspective as though seen through the camera
which took the high-speed film shown in Fig. 1. HNote the sequencing

errors in rows 1 and &, and the crowding in row 4. All the initiators

in these holes are either period 6, 7, or 8 (150, 175, or 200 ms).

Muckpile and face characteristics of the Moliae, Kansas, production
shot. A few large pieces can be seen in this portion of the muc¢Kpile;
their occurrence correlates with the sequencing errors feund in this
part of the shot. Backbreak was confined to the ‘section (the last 1/3
of the shot) where the period 6-8 initiators weré located.




ure 4a

Fig

Figure 4b




Figure 4c¢

Figure 4. High-speed motion picdture footage from Ferguson, Iowa.
running at about 3000, frames/second. In this séquence, three holes can
be seen to fire early. All three are two or movre rows hack 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 nolse. ‘The net result of the errors seen here is flyrock and noise.

The film is
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Figure 5.

e
‘ - 220 - 24008
TWUU170 150 180 180 200, 220
J 260 240 220 210 230 250. 270 290
310 .290 270 250 260 280 300 320
- 380 '360.340 320 310 330 350 370 "3%0

430 410 390 370 350 380 380 400 420

800 480 480 440 420~410 430 450 470 490 |
12 550 580 510.480 470 450 460 480 500 520
%600 600 580 $60° S40 520 510 830 $50 570 ¢!

RATED FIRING TIMES

FERGUSON
_BLASTING PATTERN

Figure 5c¢

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.




Figure 6a

Figure 6b




Figure 6.

Figure 6c

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 pressurization. The crack den-
sity decreases with distance from the borehole and with the number of
planar discontinuities crossed.
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Figure 8.

YT T

n

Ty

PO AL

- aremr e
MR

B

A, - -
o P T AT T B

Structural schematic of the Chambersburg Limestone Pinesburg Quarry, in
the first few hundred milliseconds following initiation of the explosive

(Fig. 9a).

tegration of the face (Fig. 9b) and illustrates the contribution of
joint and bedding planes to the development of oversize blocks at Pines-

burg.
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This schematic is made from high-speed footage of the disin-
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Figure 9a.

Figure 9b.

18 49 130
- 74 153

68 136 173

106 178
13 234 .
116 ‘

ACTUAL
FIRING TIMES
~ MS

Cutaway diagram of three row blasting pattern. Left hand side shows
the vertical borehocle pattern, with the first row angled to improve
toce 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 determined from high-speed films of the shot.

Frame from one of the high~speed films taken of the shot shown in
Fig. %a. This frame, from the 500 frame/second camera, is taken
about 300 ms into the shot, some 60 ms after the last hole has fired.
See text for details. '
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Fipgure 10.

Widespace blasting pattern, Moline, Kansas.

Timer
i
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75 Nominal Firing Time (ms)
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2 2 48 48 ans an 498 498 523 523 548 52x130x 21 = 1192 tons
50 3 3 4 4 5 5 6 6 7 7 8 348 50 holes at 108 Ib/hole = 5400 lbs

| explosive (4.5" holes)
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$3 4 5 @ 6 ® 7 ® 8'\58'\
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Figure 11. Wide space blasting pattern, Moline, Kansas. This pattern differs from that shown in Fig.

10 in that the relief measured on the echelon is 15.3 ms/ft rather than 14 ms/ft.




Figure 12,

58 ms

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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The regular convening of international Congresses (every two o three vind )
is a very impourtant event for expertis from all countries. Scientists mgiy o 90 the dC\'ClOIllllexyl of the technology for the bYacterial leaching of metals
benefit each other and share their achievements in the region of scienyey; |/ fubbarn copper-zinc products special attention was paid to the production
developments and in the practical aspects of the treatment of mineral rzv ¢ ti52!08 of micro-organisms active under the feaching conditions. The initinl

material. Personal contacts between the delegates help lo strengthen e §<% 7401y Strain of the T ferrooxidans microorganism reduced its activity by
©-1%% with increase in the copper content of the solution from 1.5 to 10 gAitre

friendship between nations. g o A .
£_or ”/M"‘If XM&@ edt tr 42-68% with increase in the zinc content from 8 (0 44 g/litre. The micro-
. (O wqraisms were adapted to the extremal conditions of baclerial oxidation of the
{9 ZS o ; /\/3 uDC a1 ;_gmumlloxdnl copper-zinc products by preliminary continuous culture on the

e stizated substrate with a gradual increase in the density of the pulp, with
-ger concentration of up to 5gAitre and a zine, concentration of up to 20 g/
*wv wnthe solution. In this way a production strain of T ferrooxidans was
auired which was active at copper and zine concentrations two or more times

S 1 Pol'kin, E V Adamov, V V Panin, and S I Kazintseva (Moscow Instit=n veding those to whi‘ch they were at!aptcd. The maun characterisites of the
mzal Iaboratory strain of the bacteria and the production strain after adapta-

of Steel and Alloys) Ten are given in tahle 1
4‘-( 3 : ) .

Technology of the tank method for microbiological leaching of complex
copper-nickel materials

Zinc production in the USSR is rcalised mainly from difficult to (.'()nccnf:r‘ A1 seen frnfn thq prgsente_d data, the laboratory sicain of the bacterin is
copper-zinc and polymetallic ores from the Urals, Kazakhstan, and othe: wficantly inferior In all its main technological parameters to the bacteria
deposits having a complex material composition, fine impregnation exten!. rutned after ad“}"““"" (the production strain), the use of which makes it
to emulsion-type impregnation of the minerals, and an increased content  po*¢DIC t0 intensify the bacterial oxidation process and considerably reduce
secondary sulphides and oxidized copper minerals, which help to activate * pe iength of the leaching process. ’
zinc blende and pyrile; this interferes with the selectivity in the flotution +
copper-zinc ores. The moust complex are the metacolloidal copper-zinc o
which hardly undergo selective {lotation at all; the zinc is extracted to ¢
extent of 80-85% into the copper concentrate, which contains up to 10-15% 1
zinc, impairing the technological characteristics in the smelting of the ¢7;
concentrates with significant or complete loss of zinc, cadmium, and othe:
accompanying metals.

A« we showed, the properties of the initial strain of bacteria are restored

r cgllyu.re of the adapted culture in a medium with ferrous iron not contain-
¢ Inhibiting me'tals. It is probable that the resistance of natural sfrains c;f

* -'nicrotorg:_imsms to copper and zinc ions is dete rmined genetically, i.e

3 the potemlag characteristics of the orcanism are realised during tt;e 'ad.'{ "
tion progess without change,in its genotvpe. We also found that lheaadsorp-‘ P
l!:‘.:-. capacity of the microorganisms increased in the cultures of the bacteria
Copper-zinc ores or collective concentrates having a complex material & ,'lfh had been adapted to the concentrate leaching conditions. Whereas the
position, containing copper sulphates and secondary sulphides, having a v j,”v“b““m between cells adsorbed on the minerals and the free -celis pres-
fine mutual impregnation of copper and zinc sulphides in the pyrite, and nd»,’j_l'}r}.m: solution during the hacterial oxidation of sulphide concentrautes is

ing extremely {ine grinding (to 100% {iner than 30u) can be treated effeciiw{ "’ ished after 1-5h with the adapted strains of T ferrooxidans, with the

by hydrometallurgical methods with the use of thiobacteria. In addition m!‘:‘f nlme_d strains this equilibrium is established only after 120-300h from

and underground leaching of copper and other metals the technology of the L-ﬂp 'euo‘n of the a}daptatmn geriod to the moment of intensive oxidation of
method for the microbiological leaching of metals from difficultly proces:§ .u{usllmte). This once again confirms the need and importance of adsorp-
ores and various sulphide-containing materials is being vigorously devel-; »*4;:3 the adapted microorganisms on the minerals during the bacterial lea-
The microbiological method makes it possible to open up finely impregna 322 process.

sulphide minerals and gold, effectively to remove harmful impurities suc’
arsenic, to extract metals selectively from complex ores and concentrair!
and to dissolve and extract native gold.

x‘ 0((?01‘ to study the relationships governing the adsorption of the micro-
..?;:nx§'llls on lhe surface of lh'e substrate we used direct (phase-contrast
I:-v:-.-r:xﬁcac.ence, and elgct:ion nnf:ros_col?y) and indirect (manometric and eléc-

- m]lcal') methods of investigation. The aclivily of the microorganisms
.ll.‘ d‘c(crmmed by a manometric method, since the bacterial oxid::Lion of
:‘l_;?hlr.le‘s leads to thg absorption of oxygen, the amount of which is directly
B:;x:.;ll::gnal tofttlfe'txme and depends on lhe aclivily of the bacteria. The adop-
l“w'. 1 ty coe icient K, represents the number of microlitres of oxygen
' rbed by 2 millilitres of the bacterial suspension per minute.

A

The technological scheme which we proposed for the flolation-bacterial:
hydrometaliurgical treatment of stubborn metacoiloidal ores involves colM
tive copper-zinc flotalion to produce a concentrate containing 8-11%Cu ax
11-15%Zn, bacterial leaching, selective isolation of the metals from the:
terial solutions, and {lotation of the copper concentrate from the cake afl
bacterial leaching (fig.1).
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) Table 1: Characteristics of the strains of the T.ferroaxidans bacteria

Investigation of the effect of the length of interaction between the micro-

organisms and the concentrate on the adsorption strength of the cells showed

thal the adsorption strength depends on the length of contact between the celle

and the concentrate particles. With unprolonged contact (up to 1h) the bac- Parameters Laboratory P roduction

teria are weakly adsorbed on the concentrate and are easily washed off. Her strain strain

the activity coefficient of the initial bacterial- mineral suspension was 2,801

min, and that of the concentrate which had been washed from the bacteria wa] Number of cells in 1 mi

reduced to 0.67 u1/min, i.e., by four times. As leaching proceeds and the Activity in oxidation of Fe®* % 10° " 108

cells develop, their stronger attachment to the sulphide minerals occurs. Al Activity coefficient of mic o 100 ) 300

24h contact the activity coefficient of the bacterial-mineral suspension is 3.04 in the oxidation of sul Mgooriganisms

min, and that of the concentrate washed from the bactéria is reduced by onlv| centrates pl O;/min phides in con-

1.8 times. ) : Concievri\tration of copper suppressing the 0.1 2.0-3.5
act -

The 'free'" microorganisms, which during leaching amount Lo about 20% of Concengaotio‘:le:)lfszl;{)cagum% i 1.5 15.0
their total number at a concentration of 10° cells/ml, consist of potentially ! activity of cells by 30_28;,“5 ng the .
physiotogically active cells, the presence of which in the solution is due to ° 8.0 100.0
exchange adsorption both ent ved (due to the action of mechanical factors azf

primarily intensive agitation) and essential {due to the physiological state d
the bacteria). The obtained results show that the adsorption of the micro-
organisms on the 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 to maintain the microorganisms in the
active state, and this is achieved by strict observance of the optimum para-

meters of the process.
Our investigations into the effect of the mineral
e aeration conditions, and other parameters on the technological

product, th

characteris
isms made it possible to establish the following optimum technological para-

meters for the bacte rial leaching of metals from stubborn coppe r-zinc mat-

composition of the producy
peing treated, the acidity and density of the pulp, the particle size of the iri

of the sulphide minerals but even i i

X ntensifies it. It is possil
t’r;:e:cz;ec:;ssz‘it;nl organic substances released by the micl:)x?oorzzugl;tstgi :1ilt‘!’1er
reduced § pr t‘l:!‘; ::Jm‘pou’éxds, which appear during the oxidation of sulphide
Bt ons posr:iblae tor:xg\t‘::::‘to:po{o m;) agzo;e-mentioned technological par-

1 -92% of the zinc and
:g ptge ff?i :‘f: (g‘);)&ex; allnto solution after 72h during the continiouscilg;:x‘:nmg%?d
copper-2n Pachux; tsa.m'(l‘he variation in the composition of the bacterial solu
tons in the Pad ate s during direct -flow leaching (each Pachuca repre- i
e it tab?g g p) of copper-nickel materials is characterized by the
tinc and copper is ol‘)sg:vi?ieguf:i%';tt:: !greshtintedfdata, i et o
aching of co -

can be explained by the selective oxidation of t{gle sulpx;\l;:; ;ii::;ﬁ;e;glsse}"{his

tics of the leaching process and on the activity of the microorgari the pol i
y mineral mixture, due to elect
rochemical processes which o
ceur

in the complex bacterial pulp.

erial: 1) Particle size of initial material 88-100% of the -44p class, ependid It Is known that th
e mechanism of the electrochemic
al oxidation of a mixture

on the content of metacolloidal forms; 2) solid-liquid ratio of the pulp 1:5-1

d
sulphide minerals can be explained by the theory of microgalvanic cells or

3) oxidation-reduction potential of the medium 600-700mV; 4) acidity of pully the theo
ry of local cells, according to whi
ch the specific potential diffe
re

2.0-2.5pH units; 5) agitation and aeration of the pulp with air enriched to

0.1-1.0% with carbon dioxide; 6) the use of a culture of microorganisms 4
ted to the concentrate leaching conditions and having a high oxidizing activit

under the extremal leaching conditions. with these parameters, as establis
by our investigations, there is no need to use special nutrient media or to

sulphuric aci
terial oxidation processes in the treatment of copper-zinc materials.

d and divalent iron from outside in order to develop active bac

tace which exists between the anode
s and cathodes gi
' 4 ves ris
ll!;c::)(;i:t :cutr:fents;, forcing the anode to dissolve. Dfring the ?oti(::tu;)igges:; ge of
minerals with different oxidation potentials the oxidation ofethe

al w ‘t e h‘ he ten al lS i i
tl !‘eta!'ded, and t-hat Of t.he ll\llleral Wlul (he .

“le mic! Oblological QXIdaﬂOﬂ of [Dly g
"‘hlelal n‘lxtures oes ln ule same dl!'

Owing to the large silver content of the investigated concentrate and to its |11 the presence of ba i
cteria. We showed that durin
g the bacterial leaching of

high toxicity for the microorganisms we investigated the effect of this ele

aixture
s of sphalerite with chalcopyrite, sphalerite with pyrite, sphalerites

} |- ity Oi the bacteria ald an the klnetlcs O[ th 1 achlng - p
o cO ml ”jl various de rees o isolnol pho S ub u uthll ollec lve copmx -Zi C
e le g f us 8 S t ) and [ ll t n

zinc. It was established that with a content of up to 100 g/ton in the initial
centrate, silver passes partly into solution during bacterial leaching and at
centrations of 10-12 mgAitre not only does not suppress the bacterial oxida
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uCe"tx ates ﬂlele is a p0551bility 0! illtellslve eleCtxocherni‘:al 0X1da.ti0u pIO'
lsses! due to the eleCt‘OChenlical cl‘a‘aCte!istics Ot the s“lphme “li“elals
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Table 2: Characteristics of the bacterial solutions in the leaching of copper-

!‘ fairly wide range.
zine concentrates

e e e e R -
SIS

buring bacterial leaching of the metal from copper-zinc products without

sutrol of the acidity the pll of the medium changes [rom 2.3-2.5 in the [irst
Leaching steps Pachucas tg 1.2-1.3 in the later ones, and the oxidation-reduction potentinl
2 4 the solution changes from 300-400 to 800-850 mV. Such sharp {luctuations
) 1 the oxidation-reduction characteristics of the solutions and their acidity
Parametlers 3 4 5 teads to a reduction in the activity of the micro-organisms and the leaching
1 2 sate by 2-10 times.
o —————— 2.6 2.0 By our investigations it was shown that the highest activity in the micro-
690 720 [.~vanisms in all the leaching steps (activity coefficient 3.05-3.2 ul /min) is
pH v 4.75 6.2 7.7 |wwserved when a pH value of 2.0-2.5 is maintained over the whole leaching
B — \ U ) 0 |:eriod (ig.3), and this corresponds to an oxidation-reduction potential of
fron (ll) ,'g.’,‘ 9.3 16.9 22.8 |40-700 mV. At higher potentials the decrease in the activity of the micro-
lzl:::‘u (" /.;“’ \ 259 3.7 | 4.45 Lrganisms is probably due to interruption in the energy exchange of the micro-
A ul: 7 =, - 0.1? frganisms.
((:;ag;:iugl g/l 100 10° 190
Amount of bacteria, cells/ml

The bacterial solutions after leaching of copper-zinc materials have a com-
. iy O
Activity coefficient of mic

3.06 \ 3.13 3.03 3.06 [jlex composition; up to 3-7g/1 of copper, 18-120gA of zinc, 5-10 g/ of iron,
organisms pl/min . ’ ‘ ’ o 0.10-0.15 g/1 of cadmium accumulate in the solution. After bacterial lea-
4 1

wing, therefore, the metals must be extracted to produce standard commer-
\ lerite in the bactemtul prodt;lxcts. 112 spite :; the;hfact that notl motx;e than ils% of copper is extrac-
< i ixtures. The ele reas the potended into the solutions under the optimum leaching conditions, its use has indus-
present ’L’aﬁzs"?:ot; 430 mV ai pH 1.5 to 230 mV aty;"égo-:’r;l\‘,vﬁ pH 2.3. Over f:ul significance. In lump and underground leaching practice the removal of
s-omnionh'llcopyrite amounts to 600 wmV at pH1.5 ar tential of chalcopy rite is }opper from the bacterial solutions is largely realised in cementation equip-
tial 0‘ gle. investigated range of pH the glectro.d;-‘nligrne and this shows that gent with the production of cemented copper. The use of zinc dust for the

the w1170_450 mV higher than the potgntla'l of sph Sphﬂe’rite in the given sysugeparation of copper and cadmium from zinc sulphate solutions is also known.
t,hus; opy rite is more resistant to oxx_datlon f-h"ut\ gl ¢u“: selective bacterial e our investigations the cementation of copper from the bacterial solutions
o lyeqults agree well with experimental da! ‘lte As seen [rom fig.2, sei-pis realised both with iron filings and with zinc dust as precipitant. The use
These res { the collective copper-zine concentral | leaching of this concen- ¥ rinc dust as cementing agent gives better technological characteristics and
leatg:;emli'?ching ;)f zinc oceurs during the l:acstsll:&on awhereas the extractio: akes it possible to eliminate the additional introduction of iron into the solu-
ec » o of the zinc passes nto ’

trate, and up to 2% of

: - than 20-25%. During the bacterial oxid :_n, whic'h compliqatgs its subseq.uent treatmeqt. With the consumption of
of copper into solution is not mghﬁl h‘a":)n the extraction of zinc without « dust in the s_tomhlometric rguo the extraction of copper from the solu-

i { cleiophane containing 2.72% of 11 o7 6. whereas the extraction of B:cs dter 1-3 min amounts to 95% with a content of 88% in the cemented cop-
uonlo‘ ment of the solution umountedwl() ] :3/0» der the same conditions R ln addlt'ion, cadmium is extracted into the cemented copper to the extent
;.?lll)ca(‘ﬁ)lll yarmatite containing 10'1,""‘(:;;:‘(,)\?‘3“ of mixtures of marmatite F %9%%, and its conlent amounts to 3%. In order to eliminate the effect of tri-
2 o0 ¥ 2 bacteria ‘ .

a!]:;)ugﬁiotsyif:}eo.(ll)‘;l; l'.lllllfdu(;‘f' E\Krlmntile and pyrite the exty
and ¢ y

clion uf zine infuent iron jons on the cementation of copper it was precipitated in the form
‘ ze hydroxide at pH 3.0-3.1.
reased to 80 and 99% respectively.

ility of chalcopyrite, sphalerite, 'sorder to separate the zinc from the bacterial solution we investigated the
odynamic calculations of,u_’e stabilily tivity of the microorganisms l»ulbiuty.of its prec1p1tgtxor} as.zlnc hydroxide a.nd zinc sulphide and also
Tt.\erm'd yt.ion products in the region of the ac! d chalcopyrite are thei-bicentration of the solution in zinc to concentrations suitable for electrolysis.
their ox;hit during pbacterial oxi@auox} sphalerlﬁ ani 6. their oxidation diegiing precipitation of the zinc in the form of the hydroxide by a 10% solution
showed mically unstable but are kinetically Sm’~e.'.o(;ré;;|\isms. The muin 2 slcium oxide at pH 7.5-8.5 after 1h we obtained gypsohydrate precipitates
e spontaneously in the absence of th ml,t;dqtion of sulphide mirers¥raining 25%Zn, 0.1%Fe, and 0.01%Cu. Such material can be used as (he raw
r‘;?édoyc::,;ic relationships charactifx‘lsll‘cd‘?‘f\ ':geo(; mé microorganisms, und Baerial for zinc works and can be treated by the Waelz process, but it is a
R acuv :
dolno;;::él;\ %l?edl‘:irr::tgi::%igﬁ)::: x;;xl"gz:-esses, although the main therm
only

odyna:dty low-grade material. During precipitation of the zinc with sodium hydro-
i tential and the pH of the medium) vary $6fide NaHS, which is a waste product from the chemical industry,zinc
idation- reduction potential ¢
parameters (ox
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sulphide containing 50-5
The optimum consumption rate of sodium hydrosulphide at pH 2.0-2.5 amouny
to 105-110% of the theoretical consumption on the precipitation of the zinc.
As seen, a rich zinc product with almost complete extraction of the zinc is

5%Zn is obtained with an extraction rate of 98-99%%. l

)

produced by this technique for the precipitation of zinc. However, a significay) fable 3: Results from flotation of copper from cake after the leaching of
ea g

disadvantage of the method is the high consumption of sedium hydrosulphide,
and this leads to the accumulation of sodium ions in the solution and compli-

copper-zinc concentrate

cates its subsequent utilisation.

We also investigated the possibility of producing bacterial solutions concen. 1 Conosent Extraction
trated in zinc and containing more than 70 gA of zinc suitable for treatment Product Yield © %
by electrolysis. This was achieved by recycling part of the solutions after 8 A
cementation of the copper. Thus, after threefold recycling the concentration
of zinc in the solution amounted to 71 g/l without a reduction in the activity of Copper Zinc Copper Zine
the microorganisms or deterioration in the leaching kinetics. With the attain-
ment of the required minimum concentration of zinc for electrolysis the recy-
cle was reduced, and the ziw.c _oncentration was kept constant. The maximyzsCopper concenirate 41.5 19.4 3.22 '
concentration of zinc which we obtained amounted to 120 g/l. The spent elec- | lailings 58.5 1'64 0'79 89.5 74.3
trolyte after electrolysis can be used to reduce the pH during the cementatior) Cake after leaching 100.0 9.0 1 10.5 25.7
of copper and cadmium from 3.0 to 1.5, and the remainder can be returned : -8 100.0 100.0

to leaching after neutralization to pH2.5.

During the bacterial leaching of collective copper-zinc concentrates the cop

per content of the leaching cake is increased by 1-2%, but this product is not

up to standard with respect to copper content. In order to improve the qunmﬂ'

of the copper concentrates obtained from the leaching cake we proposed a pr

cess for flotation of the copper sulphides under the following reagent °°"d“’1"xble 4: Tech i
Y : nological characteristics of the combi
ned scheme for treatment

1.5kg/ton sodium sulphide, 80 g/ton butyl aeroflot, 200 g/ton activated charct
and 80 g/ton of pine oil on the initial material. The flotation is realized in as

of stubborn metacolloidal copper-zinc ores

alkaline medium at pH 10-12 with lime as medium regulator. The use of suc
a [lotation regime made it possible to obtain a copper concentrate containing
19.4%Cu from a leaching cake containing 9%Cu with an extraction rate of 89.

{table 3).

The developed technological scheme was tested on a pitot plant scale In eqs

ment consisting of a series of Pachucas with 3 litre capacity each. The tech-
nological characteristics {table 4) in the steady state were obtained with the

optimum process parameters. Thus, in the developed scheme the overall

extraction of copper, zinc, and cadmium into standard products amounts to

92.0, 90.0, and 89% respectively from the initial copper-zinc concentrate 01 Copper concentrate

85,0, 88.5, and 85.8% from the initial ore. A technical and economic calcul
tion demonstrated the high economic effectiveness of the method of bacterial
leaching in a combined scheme for the lreatment of metacolloidal copper-2i

ores and concentrates.

268

Content % Extraction %
Products Y(g[d raction o
) Q
Copper|Zinc Cadmium |Copper| Zinc {[Cadmium
Copper-zinc con-
centrate 33.8] 8.59(12.65 0.062
. . . . 92. .
(ake after BL 20.3{ 10.58] 21| v.01 ss.; ggf ;Jtl;g
% ‘ 8.4] 23.0 3.7 - 61.1 6.8 4.2
p p‘;:cr cadmium
take 0.8} 88.0 -
Caliode zine 3.8 - |[99.8 2.4 238 81.7 oo
O:glngs 662 078 1.3| vove | 150 11.5] 142
100 3.151 4.7 0.022 100.0 1100.0 100.0
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Copper-Line concentrs S Effect of the pH of the medium on the extraction of
concent Savcerii Teaching M oacnin zinc (1) and copper @) during bacterial leaching of
oH2-T.5 SiL = 1:4-5 ! & i collective copper-zinc concentrates.
12h
Dewaterin )
/;;:;&—_\‘folutifm ’ /‘2% UDC 622.7
. iyt iron .
Copper flotation bepos1tio0 :,ﬁ 50 , fration characteristics_of sulphate-reducing bacteria in the treatment of ores
o . aLon char ——
-12 .
st 10 .§ ¥ Solozhenkin, L L Lyubavina, L F Samokhvalova and V S Pupkov (Institute
Copper Tailings Filtra Chemistry, Academy of Sciences of the Tadzhik SSR)
concentrate

Solut

Cementation o§
copper and cadmium

tion Cake
Ton deposit
Fe(OH),

1| croorganisms are being used more and more widely in various branches
xchnology. The thiobacteria Thiobacillus ferrooxidans are used for the

pevaterin i
Deposit Solution i

¥ .
Electrolysis of
2zinc or deposition ‘

pH 1.5

juhing of copper, arsenic, uranium, and a series of other metals®)?), Sul-
¢-reducing microorganisms are also widespread in nature. The Desulfo-
:lo-desulfuricans type is most representative of this class of bacteria®),

complete cells of sulphate-reducing bacteria rapidly reduce sulphate,
sizing the molecular hydrogen:

J‘,Sof' — S"+4H30,

COPPer-cadmium
cake

g =,

T L

vt

a

S

o b

5 Fig.2

& L ;"—:-—‘—- The extraction of zinc (1

? : the bacterial leaching of

' L—‘ liquid ratio 1:5, tempera
@ 8 N % h
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cathode zinc

i f stuhborn metacolioidal
cal scheme for the treatment O )
Fig1 E:;:’:-l:%rl\c concentrates with the use of bacterial leaching.

: Solid-
. Experimental conditions:
concentrate pe LAl oG pH 1.7 ey

] Soluble

o +H + 4H, — HS™ + 4H;0, AF = - 46410 cal

urles of enzymes (energy transfer agenfs - electron donors and acceptors

part in the reaction). Peck proposed the following scheme for the reduc-
2 of sulphate®)

Cytochrome C,
sulphite reductase

—————  Sulphite

ATP sulphurylase -APS reductase

YA —————s  APS ————3 Sulphide

‘a:z ATP is adenosine triphosphate and APS is adenosine phosphosulphate.

‘¢ hydrogen sulphide formed an account of the reduction of gypsum, sulp-
vaters, and the organic substances of effluents by bacteria are used for
i*duction of sulphur. Sulphate-reducing bacteria are used for the puri-
0 of effluents from heavy-metal cations by the formation of the corres-
“g metal sulphides’). However, investigators have pald little attention

) and copper @) dur".:’
collective copper-I:
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flotation or oresx‘m)le 1: The relation between the numbe
e existing gap and ' of hydrogen sulphide released r of bacterlal cells and the amount

the treatment of

to the use of sulphate- reducing pacteria as reagents in the
The present investigation was undertaken in order to fill th
to find methods for the wide utilisation of these pacteria in

!
3
‘

Length of development of CCB (days) 1 2 3 4
, 5 6

]
.
L ores.
3‘ 1
i ; The flotation was carried out in {lotation machines of the mechanical type
4 with a cell volume of 25 and 75ml. The particle size of the mineral was Numbe
! \s we used samples weighing petween 1 and 3g, solutif;.:f cells, 10* in 1 ml of
1.2 95 140 230. 180 160

-125+634. In the experimen
while observing solid-liquid ratio of 1:25 during flotation. Comparative

{lotation tests were carried out wilh sodium sulphide, @ cumulative cullure

of bacteria (CCB), and hydrogen sulphide water both of natural origin @romj o oint of

wells) and obtained artificially by saturating water with hydrogen sulphide « of free Hy S mg/1 30 170 4

a specific concentration. The cumulative culture of bacteria was isolated { 50

the Tyrnyauz molylxlenum-tungsten deposit. Postgate's medium was used {9

the culture of the CCB under laboratory conditions”). When the CCB was dil ::(:p:qsgfier "i{lg the flotation of sulphide minerals and wi

ted in a large volume we used ne improved nutrient medium, in which lnter) o SOl':lﬁ(?nS ) it was established that the ratio of C g’ “h?‘h’e use of the work-

dust {a waste product from th. :.eatment of cotton seed ' )jwas used as 80U q)ap, chﬂ'uand the critical concentration has an euectBS ions present in

of carbon. three i'nvee;uf;;zgi:ﬁ;nimlgyme' The results are showx?li‘nu;;3 fl;al;;bili[y of

tc of the sulphide mineigll, :)Zfio‘\sz\;t/\isgﬁ) has a specific Valuel,:.cl;u‘:crtgils
maximum f{lotation is obs‘e ‘ " '

rved. The

tritical concentration o
 Riagaciatty f the CCB sulphide ion is considerably lower than for

501 487 430

By direct counting it was established that the maximum number of bacter
in the cumulative culture of 220 .10° cells/m! was reached on the fourth d

In this period up to 400 mgitre of water-sotuble hydrogen sulphide had lor
which corresponded to a tenth of the solubility of hydrogen sulphide in wate
(0.1 M). After development for four days the CcCB represented the finished

working solution of the reagent and was used for flotation of the minerals 2
ores. As seenfrom table 1, there {s a correlation between the number of

bacterial cells and the amount of hydrogen sulphide released.

The depressing actio.
D n of the CCB d

rals. Initiall i epends on the natu . .
ccount of theyéui‘ght?df::gg:%';tﬁ: wll_mhthe CCB, thef l?tac;!iot:(;ssrrlxﬁ‘)\;gseg“n-

with further tre e slightly axidized surfac ; on
ame effect is obse:::le;‘r: Elxtﬁﬁg; dep;eSSion of the Su&ehgeg];e’g;:: “}rlﬁé
. mption s on of oxidized mi :
n sulphide water from wells No. N exm""";t&:fdls mg/l (in §°°) cerussite impmvesm;;e{lals' With a CCB con-
Andygen, which has a hydrogen s{ed 1o 20-25 epression is observed if the CCB oatability by 20-28%,
phide content of up o < ol irgys dopres ;ng/) The floatability is l‘eeStablishedc:fltlsumpnon rate is increa-
tigation of the \s with CCB, hydroy sed minerals with water. er thorough washing of
sulp\f@e water, and sodium sul'phide were carried oqt with r_igid g:om.rol dYon the basis of the h
sulphide ton. The electrochemical potential of the minerals 18 shifted t0 9n e gurfa ofe igh effectiveness of the reactio
negative side more strongly with the use of the CCB than with the use of 5% a5 5 deso::e t the sulphide minerals experimemg Svfe'ihe CCB sulphide ion
jum sulphide. This is due to the {act that an msngmhcan! \qyer of hydroxid ermody nami nt of X:{nﬂlante coatings from the surf re cax_*rxed out on its
is formed on the minerals when the CCB is used, and this improves the S ide by the rl:a:;?}culahons it was shown that the Oxid::iid Imt:nerals. By

ion n of hydrogen sul-

phidisation of the oxidized minerals compared with sodium sulphide.
N3 S

jstics of sulphate-reducing bacter aq * 20, = H,80,, 2&F, =-170.8

Fig.1 shows the flotation of sulphide minerals as 2 function of the various
centrations of sulphide ion (sodium sulphide, natural hydrogen gulphide wi
and CCB). The depression of galena, chalcopy rite, and antimonite is reddy, g 420, =
more effectively with the cumulative culture of bacteria, and this is duetd 2~ Na;SQ,, 2F, =-216.18
presence of hydrosulphide ions, which are released during 'the %gyflopmed The decrease in th :
the CCB and retain their stability under the flotation conditions ).  1aining the CCB £ ;fg:elf;t;:uc:;z of isa- and SH" fons in the flotation pul
%2 desorptio r than in the pulp containi . Ip
 teceto xl?e ni’ogi’zéi;letthw from the surface oipsmp,%:‘"mgi:e"d;;lsm sulphide.
ctive than with solutions of sodium Sulptrme by the CCB

camem. oo —

Bt

ar . maie en

Flotation character
Ycurs at a .
lower rate than oxidation of sodium sulphide by the reaction

Experiments were carried out on the flotation of gulphide minerals with
ous concentrations of the CCB and butyl xanthate. On the basis of the rel
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The ubtained relationships were checked in the separation of an aruﬂcl:uT
mixture of minerals consisting of galena and sphalerite and also a mixture gg«Table 2: Dependence of the
molybenite and chalcopyrite (table 2). With the optimum reagent regime the [ and chaleopyrite (ﬁﬂlecave Separation of a mixture of mo}
extraction of galena into the lead concentrate after bacterial treatment withy (chalcopyrite -125 .61) on the length of bacterial treatme ?ybdem.
bacterial content of 23.7-10° cells in 1 ml of the CCB amounts to 83.63%, ay *634, molybdenite -6340p) n

the extraction of sphalerite under these conditions is 4.48%. In conirol tests
selective separation of the lead-zinc concentrate was not observed ). Length of Yield of mineral %
nacterial ral
The desorption of the xanthate from the surface of the minerals was reauJ reatment Experimenta]
by the following method. The mineral was floated with the optimum xanthaty min Chalcopyrite . conditions
consumption rale. The froth product was collected in a test tube, treated w; Molybdenite )
various amounts of CCB, and filtered. The solutions were analysed by spec ;
trophotometry to determine the xanthate content. The mineral was then sub 0 88.7 .
jected to a secondary flotation (table 3). The CCB is an effective desorben:| 10 74.4 91.5 Butyl xanthate 18
for the xanthate from the surface of the minerals. 20 51.2 . 3319 pine ofl 30,0 g/tong/ton.
30 . CCB6.5mg ’
The use of sulphate-reducing bacteria as sulphidiser for sulphide-oxide It} 40 fg;’ 87.7 8.5 mg
ore made it possible to improve the technological characteristics*®). Atuyg 60 8.0 86.7
State Institute of Nonferrous Metals senior scientific worker L A Glazunov : . 87.1 Flotation time 3 min

undertook an investigation into the use of sulphate-reducing bacteria in the

flotation of oxidized copper-molybdenum ore from the Almalyk deposit, Ti
results showed that in the ore flotation cycle the CCB can totally replace qftble 3: The effect of

sulphide without reducing the technological characteristics.

Investigation of the mechanism of the reaction of sulp

ions with the surface of minerals -by means of spin-lab

reagents (Radicals) by the ESR Method. The investigationd .| Chalcopyrite Galena Pyrite Antimonite

-radical-labelled sulphide minerals by electron spin resonance makes it pc

to obtain information on the state of the free-radical fragment, which in ngeoncentration w® R

depends on the structure and environment of the mineral in the regionof t{ o CCB in o o &R 8 Be a2

added label *°7*7). The 4- (p-chloromercurybenzoate)-2,2, 8, 6-tetramethyl] $>~ mga (= S § g g c a: e:
piperidin-1-oxyl radical, the spin-label analog of diethylaminophenylmerc s | = B g 3 8 S o
acetate, the synthesis of which was realised in '°), was used in the work.] & ) g & & B ° B
reagent exhibits specific sorption on the surface of sulphide minerals and!y ,35 -3 :ﬁ a s | ¢ g o
stable compounds with the sulphur atoms of the mineral. The ESR spectng_____ A (<] ;5 g x S
recorded on an RE 1306radiospéectrometer at liguid nitrogen temperature i . & R
Samples of the sulphide minerals spin-labelled with the radical were obmy U 88 9 9

after flotation or trcatment of the natural and artificial minerals with wauj 0.4 75 16 0 5 86 11 89

alcohol solutions of the radical at various concentrations in distilled waeq{ 0.8 50 28 255 38 65 33 | 62 25
The minerals were separated from the water, washed thoroughly with wad 1.2 38 55 g 68 39 58 | 35 Sg
placed after natural drying in a tube, and investigated by the ESR methodj 1.6 18 75 95 12 8| 1 74
ESR spectra of the radicals are extremely sensitive to rotational mobiliy 2.0 5 95 - - 0 98 6 30
the frequency of collision in the investigated systems. — - - - - . i

ard i
wrpegotnnt;’)lleetlo}iill% cs(:gnal is observed (tig.3b). with incre
adening of the . o r;;e;‘tr%tlon of the radical Increases, and thi
Uig..'!c). The amniy e ESR Spectrum, and g singlet's t m !eads .
e of the ESR signal characterises It))?: ;:g-t:: 81!) z?)b
. rp_

The ESR spectrum of the radical in toluene represents a triplet (fig.3al
increase in temperature there is an increase in the intensity of the ESRi
a narrowing of the lines, and gradual equalisation of the component inter
and this is due to an increase in the frequency of rotation of the radicals.
the case of insignificant sorption of the radical on the surface of the min§s

ase in the degree
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The variation of the ESR spectrum as a function of temperature makes it

tion rate from 0 to 450 mg/l the local concentrations of the radical sorbed
Y itions in the sorption ] o
. i the various confoy mational trans
- - possible to establish

%ie artificial bismuth and mercury sulphide increased from 0 to 0.15 mol

in the rotation .15 mole/
layer. Fig.4 shows the temperature depe“.denc:hmat::: r;}:aar?:wnsulphides. itre, and the average distances between them decreased to 20 A. On galena
frequency of the ‘:ady:al sorbed on :‘ez:‘d, 2;8“12;8;“18 active surface, and 1dlstt:;nce oft 20A getween the spin labels is reached even with a radical con-
The artificially obtained sulphides had a e etarded triplet ESR spectrum sump OI;I rate of 100 mgA, and this is due to the smaller specific surface area
with a radical consumption rate of 50 mtgﬁon  rameters were calculated by 4 the mineral compared with the artificial sulphides. With increase in the
was observed on their surface. The rota P sdical consumption rate the ESR spectrum changes from triplet to singlet,
the method given in the literature 20), - \ud this is due to the increase in the local concentration of the radical and to

) of the microenvironment on the rotallorj':e possib‘i)lfit%' ‘l):J i};in—spin exchange between the closely situated labels (in
t of the structure . he order - .

di’f&:i‘:ﬁifmﬂe\ee[::;ical we used the effective energy (£S,¢g), which are reh\T

o Avrhenius-Eyring Qe o The flotation and the sorption of the radical on the surface of pyrite were

S _AE R wvestigated as a function of pH {fig. 7). The pyrite was first treated with sod-
_kT B5.11 oxp Tmihl wm sulphide and CCB and thoroughly washed from unfixed S*- ions. A sample
v = ¢XPRT RT temperature over "% then treated with butyl xanthate (concentration 200 mg/) and with the radi-
The frequency of rotation of the radical does not depend on :arlﬁndicationd al. Flotation was realised at specific pH values. Under the conditions of opti-
a wide range. The close to =¢i0 LE. ¢ and 88,5 Val“?:“i:.ix) not sensitive | =™ floatability of the pyrite its surface is saturated by S°~ ions more rapidly
1 fact that the radical forms a stable sorption layer (md wring treatment with CCB than during treatment with sodium sulphide. This
menactuqtions in temperature. sevidently due to the fact that in the first case the sulphide ions are fixed
to fluctus - the surface of cerussite was st 20T flrmly and are more compeltitive with the hydrogen ions. In an alka!lne
The character of sorptioq of the radical cg\on of sulphide lons the intensity ngdi;:;;li thf intensltyi of ml?l EiSR sp'ef:tria of the rad.ical decrefxsgs grenf.ly, and
jed (fig.5). With increase in the coinc;er:jt'xg\tes on Increase in the sorption of filsl :::eef:fcmns dg;a le nerease in the sorption of hydroxide ions and
s enGes. < ics t d splace e ical,
the ESR spg&tl{‘a i&:l;'e?:::e’q.slgdir?‘t;e concentration of sulphide lons the I“&::“‘ P " radie
r;l? icoz;l .th?;ZSRu;};\ectra decreases a little, and thg— rot;ttilon;::qr‘;igg’o:he_
iagical remains constant in the order of v ;tes\;;:\?chsﬁgd been treated with CCyCorclusions
dical sorbed on the ceruss i
e ap o:og;fn;?ely five times less than the rotation freQuer;Ciigi gfﬂ:ﬁ‘f‘i I.It was shown that sulphate-reducing bacteria are more effective sulphidi-
W:Sbigpon cerussite which had been treated with sodlum SUBY U2 R B Turs for the oxidation of minerals than sodium sulphide. The technical and
s "t concentrations of sulphide ions. This is convincing € tire and that the |'°Romic expediency of using a bacterial culture in the flotation of ores was
lt;gt the sulphide {ilm formed on thethceruszi(t)ef ctl;fefe!;?n:;_ :JatrZate 4 with the cd gl:monstrated for the case of the flotation of oxidised lead and copper- molyb-
: hed more firmly in the cas aum ores.
radtiical;:.citet?fa‘l culture. 1.The high effectiveness of the bacterial culture as a sulphidiser and depres-
ulative wr is due to hydrolysis of hydrogen sulphide with the release of the hydrosul-
ide fon, which acts more effectively on the surface of the mineral.
).The bacterial culture is an active desorbent of xanthate from the surface
the minerals. It is recommended as a selective reagent for the separation
1 collective sulphide concentrates and, in particular, for lead-zinc and copper-
tolybdenum concentrates. :

{.A spin-labelled reagent, selectively attached to the surface of the minerals

) tions of the radical on %t
3! meters and the local concentral on |
\'lx‘:i‘zgeﬁcfn?st;xoenrg?r:‘:rals depend largely on the.concentratiors\ giti &Z ;gg::‘::]l”
f | concentration of the radical was detex:mmed by mean B o in the s
t;)\:avaria'tion of the width of the downfieldblme o;cthe Egl:esgeis T et
i ¢ the radical &H = 8Ho + AL, W h
(t)ir:J:nh :f ct?xgc;‘:':?nt?gl;x:tic centres, &Hg is the constant contribution to the w

N P its
¢ the line due to the characteristics of the radical itself, and A is a coeff vith the formation of stable compounds with the sulphur atoms, was used for
2nt e:ual to 42 ¥ 2 Oe -1/ mole. t¢ lirst time. It was shown that the nature of the sulphide film differs with

petween the radicasftatment of the mineral by sodium sulphide and by the bacterial culture. It was
From data on the dependénce of the avelrag{e :;sit:’:f\isliteratu re 2Y), we ob ntablished that the distance bitween the lahels sorbed on the metal sulphides
i the radical, g1V ! |
on the local concentrations of

‘- labelled reagents «d minerals amounts to 7-20 The distance between the labels varies, depen~
ned the average distances between the centres of the spin-labe g4 minerals amounts 1o 7-20 4. The distance between the Lab
glassy solutions at T70K.

. n
The obtained data are shown in fig. 8. With increase in the radical cons r-"
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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,
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- ﬁ
lytic cells with separated cathode and anode spaces and two versions of electrode with .
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 solutlon
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
“ 5m and a weight of ~ 7 kg. A cell
(Technical Specification 48-22-33-74)
W1tP ten of these units takes up < -
1 m° of floor space and can process
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

v:{‘s:-\.' 4 o .%‘ .

L e
L Ay

using fibrous carbon-graphite mater- Fig. 1. Electrodes with extended surfaces:
ials as the electrode [4]. These a - plate cathode unit; b - cathode unit
materials are manufactured by heat using carbon-graphite material.

7 v

e

ygﬁ X

treatment of viscous base and take
the form of various kinds of felt,
fabrlc, thread, and the like depend-
ing upon the nature of the base [5].
Carbon-graphite materials are stable in agoressive media, have a fair level of eJectrxc&
conductivity, and have a very extensive surface. -
The problem of evaluating the 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 u 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. 1lb) 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 through the
pores between the carbon fibers. Comparatlve operation of plate cathodes and of cathods
units with carbon-grazhite materials in the process of gold extraction from thiourea
solutions showed that, with identical overall dimensions, the latter gives 3-4 times

I

Grdre,

The work was directed by R. Yu. Bek and had the direct participation of T. A. Lavrovayh
A. G. Zelinskii, and G. N. Sorokin.
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' _'  Ancthér important feature of carbon-graphite material. %?1qr;~54177;{~\9

" caolescénce of the individual fibers into a monollthlc de-

-:capac1ty of the cell falls.

- finished product in the first .stage. Various methods: have

TSVETNYE-METALLY. / NONFERROUS® METALS : 4l

3
sore output (and consequently have
-a working surface which is 3- 4

¢ rimes mOre effective). Electroly~
tic cells with 10 such units- have
Keen in operation since .1973 at one
of the enterprises of the Yakutzo-
“loto Group. When VVP-66-95 carbon
fiper felt* ({total weiglit Jf mater-
.jal per cell 0.6-0.8 kg) and a

" cirrent load of 500 A are used,

" the capacity of the cell in terms

Fig., 2. Various sta-
ges, in carbon~base
filling with the
cathode deposit:

a - initial; b -
partly COVered by’
‘metal; o - entlrely
fill€d with gold.

‘brought- electrolytic cell capacity
up to. 20-25 m? /day-without a sub-
stantial increase in overall di-.
"mensions. There are real 90551b1—
lities of producing much more

'3powerfu1 cells based upon this

“design, with capacities of 100, and -
-1000 m?/day.

we

" cathodes is: that they can be used to deposit a much greater
amount of metal per urit of electrode welght without the dé-
Jposit peeling off or crumbling. In the process of electro- s
_lysis the carbon fibers, which are s 10 u in diameter in
“the initial state, are gradually covered with metal (Fig.
2). In these circumstances 20-30 kghof gold :are depos;ted j R 20 L
v’on 1 kg ¢f carbon- graphlte materlal i.e., thé& weight of QAu.icg/mz
the base itself accounts for 3-5%. It is also interesting
to note that the speed of metal éxtraction from solution
remains practically unchanged rlght up te the p01nt of

&)

“:,sri “‘"./hf
PN
-+ Ty

=
o

Eig. F. Relationship
of capacity of an
electrolytlc cell W
with a 35-fcold re-
ductioh in the gold

- concentratlon of
the soluticn to the
amount of deposited
metal QAu per unit

of visible elect-
rode surface-

0; @ - various cells.

posit (fig. 3). The. only .change is when the base is -filled
to'a large extent with metal, when its hydrodynamlc resis-
‘tance- to the flow of solution increases sharply and thé

. Thus using carbon-graphite materials as -elettrodes w1th
extended surfaces for the-electrolytic extraction of metals

cfrom dilute solutions permits considerable acceleration of .
the extraction process and also yields a condéntrated

‘been developed for removing the metal ‘from carbon- qraphlte

”afmaterlals and regenerating the base, and it has been shown

'that the efficiency of carbon—graphlte materials remains

;practically unchanged even after ten regenerations. As re-
,Qards the extraction of précious metals, however, it is economically ‘more advantageous
'to use the carbon- graphlte materials once; this greatly simplifies the subsequent product:

; ?flnlshlng opérations. The industrfial assimilation of this technology for gold extraction
.-from productlon solutions at one of the énterprises has yielded anfiual, savings of 250000
*..-fubles compared with chemical deposition. This technique will become feasible for
. the:extraction of other metals as the dindustrial production of carbon-graphite materials

aincreases arid their cost is correspondlngly reduced.
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uzhe mater;al was developed at _the All-Union Electrocarbon Component Research Instit-
-_ e under the’ direction of A, I. Baver,
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USING ION EXCHANGERS TO REMOVE NICKEL FROM CADMIUM SULFATE SOLUTIONS

UDC 669.733:66.074.7

I. P, TuIEhEOV}uE\ I. Kazantsev, L. V. Bogatykh, and I. V. Samborskii

Finding a method of .removing nickel from cadmium solutions is a matter of extreme

.urgency. A series of ion-éxchangefs containing amlnocarboxyllc -and carboxylic. grou-
pings {ANKB-1Q, KB= 2 x. 7Y, aminophosphoric. groupings (ANKF-1B, -ANKF-3G}, and amino-
hydrazlne groupings (No. 2, 3, 4, 308, 320, 324, 491) ywere tested. to extend the

range of ion, exchangers for nickel sorption. The latter resing were produced only in
experlmental batchés; ANRKB-1 and ANKB~7 were also tested, for comparison.
The prellmlnary ex-

.
Results of Nickel Sorption periments on nickel N5 3L
sorption were under ¥
Experlments with Certain static conditions: p
Resins {static condltlon§¥ 100 w1 of the .indust- ;
starting so- 'ﬁ"‘ o rial solution used. to 1
lution, 9/1 N e e R produce zinc. sulfate. -
Resin \Du’ o8RG ot for eléctrolysis Ll
“In cd. Wt EBEL"gEH of cadmlum were brought i 2 4§ . fﬂv 2 W %
— into cohtact with 2 g Ysoin/¥res.
1356 [0,004 | 0,588) ankp-1 |0:382) 10,3 of resin (converted to Gutput curves for nickel
AN el 5 dry weight) .and mixed sorption from cadmium
‘Ke~2%7E. 0,485].5,2° with & mechanical mix- " electrolyte containi
308 %? %J er for 4 hours at 55% {(z/1iter): 1.5 Hi, ngg
iﬁa: 0308 00 +2°C and pH = 4. The 1 - 4; 2 - 3087 3 - 491
Tesults of thesé expe- Gr, 5 = ANKB-1 (1-5
T ] riménts (see Table) ion exchangers).
124,510,008{ 0,861 ijgg Dieoal 28 shovied that the fesins
320, |0.529] 6.6 with aminchydrazine.
324, %g% i%g . group1ng5 had better sorption capacity for nickel
§ 04591 10.2 ions tHan the other exchangers tested.
4 0,323| 16,9 Experlments urider dynamic conditieons were con-
; ) i Gucted with 308, 4, 491, and 491Gr*, and ANKB-1
" mazloagisr] 2 0,830 36:6 (see Fig). The initial solution was cadmium elec-
’ o 3 1,42 | 22,5 trolyte with pH = 4, Sorption conditions were:
&B ?%E gig resin weight 20 g., t = 55°C, rate of solution
324 (i14 | 2135 throughput 0.5-1.0 ml/{min-cm 2y . fThe resin was
491 0,96 | 30,5 washed with distilled water {2 volumes to 1 vol-
‘ ume of re51n). sulfurlc acid at a concdentratioh

of 100 g/liter at 55-70°C. ahd with a solution
speed pf 0.5 ml/Lmln ‘ems ) was used for desorption.
I1f 500 mg/liter is takKen as ‘the. breakthrough,
which guarantees production of metallic cadmium contaihihg <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 of nickel from only two volumes. of solution. Capacity in

:gise conditions was 26 mg Nl/g for resin 491 but only 7.mg N1/g for ANKB-1. Resin
Gr has ‘the. same capacity as ANKB-1, but- with greater mécharnical and osmotic
.Strength.. :

¢ Three volumes of 2N H;SO, per volume of Fesin are reguired to wash out the nickel
from ANKB-1. and 491Gr, whereas 1.0-1.5 volumes are sufflclent for the 4,308, and

491 aminohydrazine resins. Consequently, the maximum nické) cencentration in the

Tich batches 'of eluate from resin 491 was > 12 g/liter, as compared with about 5
9/liter from ANKB-1.

The 1nvestlgatlons established the possibility of using resins containing aminchyd-
.;321ne groupings for removal of nickel from cadmlum—productlon gplutions.

VV. A. Lejtsin participated in the work.

The resin is manufactured in. "granulated“ forw (strong cylinders 3-4 mm'long and
‘-5~2 mm in dlameter}.
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UNDERGROUND LEACHING OF SULFIDE COPPER~NICKEL ORE

UDC [669.24+669.3]:66.061

Vi A: Sedel'nikbv, R, S. Voronova,. ﬁ ¥. Rozéntal', Yu. V. Koronelliy
and Ya. &. Vladimirov

‘Due to the need to expand the raw-material base for the copper-nickel indistry, ) j
there is practical interest in studying process of leaching LOVnOOZErSkll copper- nlck- f=)
el ores. Meland-mgsocratic norites were the téchnoloyical ore sample. The ore wWas gg
impregnated and nodular ve;neu. The sulf;de minerals ate-pyrrhotite, pentlandite,
“and. chalcopyrlte . The content of basic components 15' 0. 9% Ni, 0.5% Cu, 18.45% Pe,
0.04% Co, 7.40% 5, 3%, 18% 8i0#%, 3.04% Cald, 15. 12% MgO, and 5, 82% Alz20s.
~ To perform ‘the tests {flowsheet shown. in Fig.) an ore batch (30 ) was separdted
into two parts: Oné part was crushed to -30 mm; the granulometric composition of the
second part corresponded to the level achleved at. the deposit after explosive crushing,

Ore samples 1 and 2 were lesached at 50° and 20°C respectively. Total laboratory and
enlarded test time was 5 years. The leachlng ‘method was ueveloped in preliminary lab-
oratory tests, The crushed-ore reactor was £illed .with & weak sulfuric-acid solution
(12-15 ar/l}. ‘After a 1- heur ac1d -ore contact, the solution was poured off :and the ora:
was dried for 24 hours In two teacdtors at 20- 50°2C, All operations were then repeated |
until a solution was obtained w1th a concentration of 0.5 g/1 Ni,

The drying perlod, when the. oFe was found 1g a moist-air state, was most suitable for
decompos;tlon of the metal sulfides by the combined effect of the air oxygen, the ions &
of oxide 1ran and gulfurié acid. The results of laboratory tests at 50° C showed that
under thesé COndltanS ‘ohe can extract up to. 97% Ni and 80% Cu to the solutlon with a

., continuous stable non-fer¥ous metals. extraction to solution, one would obtain at least
an up to 70% ‘extracticn level.

The degree of metal extraction to sglution (Q. ),

g iy

LEEEHRI :
JANLESN HOLYISIY

L S

dependlng on the legching time {x; days}, ig des- i

cribed by the power functions L
Q = ath; - g

on this curve there are snveral sactions with diffe- v 7

rent values for emplrlcal coefxlclents a and b. &As a '

rule, 3 were the maximum number of seé&tidns. P

The presence of theé . first sectien can bhe explalned & .

by reagent interaction w1th the oxidized forms of the

components and the sulfide inglusions lgcated on sur-—

faces of piece. The second interfediate séction cov-

ers a conventlonally Bmall distange. in time - of an

order of several days. The third section is déeterm-

ined by the -established. leachlwg schedule and is of

greatest interest since. it permits extrapolatlon of i

the period néeded for cémplete extractlon. This sec- H

‘tion shows reagent interaction with silfides inside i

ore pileces., Morenver, the prdcess rate is determined

b aiffusi ) t .

fgrégfa ég gx+?§p§r§€er&ﬁegoogo%OQEE?gggfonuséﬂgwéhe Layout of a unit for

that the following peripds gf time are requlred to " leaching copper-nlck-

attain this extraction level {in years) at 509G, . €1 pre:

2.4 for nickel apd 1.9 for copper; at 20° C 8.4 for 14 2.— reactors, 1800

nickel and 10,4 for copper mm in diam,, 8 m g

It was established. that leaching is possitle for high; 3, 4 - pressure ;

the piéces obtalned following conventional explosive én@;chregtingftanks. )

crushing; tHe process rate here ‘hewever would be dbout 4 m’ in capacity; 5 -

2.5 times less than for the host favorable size {<30 1l m tank for sulfur'

mm) . Metal-ldaching rate, determined as .a time deériva- i¢ aeid; 6 - heat ex- |

Eive: : o changer; 7 - electric .
49 = ap Tb_ l air heater; 8 - pumps;  §
dTt . B . , 9 - flow meters; 10 $

depends on the’ process duration; thérefore, to'obtain ~ thermdcounple sock= :

solutions w1th identical component conkents at the end ets. )

of all the leachihg tycles, other condltlons béing -eq-

unal, one would have to extend the cycles in preportion

‘to the course of ‘the process.

The original sulfuric-acid contént determines three factors which are important for
the process: the «duration of the cycdle, the metals contentration in the solution, ai&
the readent’ consumptlon per ton of niékel extracted to the solution. Each sulfuric
.acid ¢éoncentration, no matter how long the cycle, corresponds to a specific max imus
metal content in the solution whiéh can Be achieved in the leaching process in a gives
cycle. By altering the original sulfuric- ac;dfconcentratlop one can also regulate

=
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the iron content of a solution -- a very important factor for its subseyquent treat-
nt.

enurlng the process of ore leaching at 50°C, about 90,000 liters of solution were

obtained with average contents of 0.53 g/1 Ni, 0.073 g/l Cu, 0.017 g/1 Co, and 1.23

g/l Fe; at 20°C, 50,000 liters of solution were obtained with average contents of

0.48 g/1 Ni, 0.015 g/l Co, 0.05 g/1 Cu, and 3.4 g/l Fe. Following leaching, in most

of the tests, the solution contained 1-5 g/1 H,SO,..

when leaching ore at 50°C, the average acid consumption was 24 g per g of nickel
extracted to solution; at 20°C, it was 28 g/1.

The obtained data can be used when planning the experimental system of underground
jeaching for the deposit. According to calculations made by the authors, using un-
derground leaching to work the deposit can lead to considerable reductions in opera-
ting and capital costs as well as reductions in the cost of commercial nickel below
the level obtained when using traditional technology.
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and sulphates ‘that would mter-
th the subsequent lime-purifica-
tep. Some additional acid is
| by catalytic oxidation of SO,
Jthe aeration step. The quantity

formed is usually adequate to
dissolve any residual manganeous
oxide in 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,

" silica,

iron,’ ‘phosphorus, ' zinc;,  and
other dissolved impurities. The partly
neutralized pulp then is filtered, and
the cake is washed to recover purified
pregrant 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:

MnSOOs—f-Ca(OH)o——) M n(OH)g
. +CaS:0s ) i

’

The manganese hydmxnde precnpl-
tate is filtered, washed, and dried and"’
_then is sintered or nodulized to give a
ferrograde product - assaying 63 to
66% Mn. The calcium dithionate is
recycled for leaching additional ore,
according to REPORT OF INVESTIGA-
TION 5508, “Operation of a Dithio-
nate-Process Pilot Plant for Leaching
Manganese Ore from Maggie Canyon..
Deposn Artillery Mountains Reglon
Mohave County, Anzona” .

)

) . " Copper Recovery Flowsheet :
- U S. Bureau of Minés Segregation Process
Pdol Plant, Tucson, Arizona

-~ LR

. Ore, salt :oke und waler

i Mol(e-up waler R

P .. OPTIMUM

~:’_.-“~ 2R

701

SEGREGATION
FURNACE

CONSTANT
HEAD TANK

DRAG CLASSIFIER

Copper Recovered, Percent

o Siliceous ‘ore-10%

coke and 05% salt '
ore- 05% coke and IS% salt =

Temperature, °C N O

600

700

{4x60 in.),
sand] . .+ 40t @ Calcareous
2. yme e 30
T ) [eAlL MiLL (18x36 in | 500
iy BLRAL cmssmea 16x60 m )] 00
IR _”i_ Overﬂow Sond
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-Rougher concentrate

©7 "7~ [ROUGHER FLOTATION (5 colls! ]
e ‘r
Tailings

;O Silceous Jore ot 700° ]

a2
(@]

CLEANER FLOTATION '

[THICKENER (5x3 # ]

e {unit) .
~._- .F SR 1 . Underflow
- Tailings™ * ~ Copper )

- __concentrate’  Discard

Copper Recovered, Percent:

(84
Q

.. Colearéous dore at 700°.C
o Calcareous ore gt 750°°C

. :

* Overflow

D
[¢]

- & Calcarecus ore at 800°.C |

| | ool

Time i Minutes

USBM Charts Segregahon Process

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 furnacing and flotation opera-
tion could treat a mixed oxide-sul-
phide or a straight oxide ore for
$2.85 .to $3 a tom;, depending on

98

. EXTENSIVE BENCH and p:lot runs of :
" the old Mineral Separations Ltd.’s

- plant

20 -

30 40 50

0 - 10

whether coal (lower cost) or coke is
used for the reduction..

.On 2 1% Cu ore at 88% re-
covery, the cost per pound would be

.about 16c in a concentrate contam-.
ing about 26% Cu. This is too high,

since straight oxide or sulphide can
be floated and smelted for 5 to.7¢
per b in a large-scale, 25,000-tpd
(according to Arbiter in
“Oxidized Copper, Part 111", March

R Engmeermg and Mmmg ]oumal——VoI 160 N o. II

umwsnsm' OF m‘v
RESEARCH! msm"f,;, ¥
ERARTH %&%NGE m Bl

" the same recovery, the concentrate =
-producing cost would drop to the 2-
to 3-c per lb range.
The Bureau of Mines work was‘
reported by Carl Rampecek, W. A. :
McKinney and P. T. Waddleton in .23t
REPORT oOF INVESTIGATION 5501, . =E&y
“Treating Oxidized and Mixed Oxide- : %
Sulphlde Copper Ores by the Segrega— -




=~ duced 27.1% and 26.15%

»Bureau S Tucson center have done an

m the dlagrams presented here.

\N -

Eshmafmg the Cosf

" “The Bureau men estrmate crushmg,
grinding”and fiotation costs at $1.35

-"costs at $1.50 to $1.65 'per-ton at
+1,000-tpd”" % Depending on ~ how “the
- from:-70 - t0::92.4%: -Process--tailings
Bureau- suggests: 2:5-million “Btu " ton’.
as a rough -heat reqmrement figure:
Salt content by weight is-1 10 2%;
" coke. or coal needs are ¥%: t6°1%.

minus 100 mesh (76 to 83% minus
. 200 mesh). Two runs had feed as-
says of 1.52% and 2.4% Cu and pro-
Cu con-
centrates respectively on 88.2% and
:87% .Cu recoveries after segregation
and flotation. Flotation reagents were
- lime, K-amyl xanthate, Reagent 404
and methylisobuytl carbinol. Silver
. and gold recoveries in the second
“run were aboutl 35%: e

The copper segregation process in-

>+, volves heating‘dxidc ore with a car-

o kY
DI S

" excéllent job in recording dnd report—'
_ipg the behavior of some:of the.more .
important-process variables as shown’

a ton- and .roasting or segregation -

- roast was. ground, recoverres ranged -

ran from-0.28 to '0.77% ..Cu. The -

In
the continuous - pilot” plant - experi-’
7 “-ments, ‘theore" samplés”.were "ground

-

derau'n from US.B.M. Rep.orl of lm'esligdlion 5501
_bonaceous reducmg agent and a
* ‘chloride at"700 to 800° C fo produce
metallic copper which can be leached -

Wllh 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, Chrle

than simply -reduced in place:.Ex-<
amination of the ore led to the con-

and the. Segregation Process, better

" .known "as’ the Mineral Separatlons

I’rocess, was bom

. Tr|°d and Proved

. The process ‘was tried twice in
Africa in the 1920s. Mineral Separa-
tions built a plant in Southern
Rhodesia. Union Minjere 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 ' redasons—mechanical - problems,
process irregularities and economics.

Other methods were in vogue at !he'

“

v November 1959—Engmeenng and Mmmg IoumaI _. ) L , Lo

in " 1923-1924 when " an ore” was _
roasted at 700° C with coal, and the
copper reduced and segregated Tather.

- clusion: that-halide ‘in":the: ore” was
" responsible for the peculiar behavior -7:°

- )
SIZE OF THE SALT IS NOT IMPORTANT Y I
:&)IOO_ ; §|OO = - = l o ; . e : ‘
& : A. & 9o gk ~ 2. h
b v—.f:;q - o - —l 1, i ;
= 70 ’ b A, < 7 ' i
5 - o Batch segregation - & o Siliceous ore of 700° C . Al
. . . a 0 )

§ 60}~ e _Continuous segrg?ojhon ‘ 860 0- Calcareous ore ot 750 C . " ‘ |
Lo 1 [, ] Mesh Siee [ L Mesh Siag IR |
g0 = - 3 o —T0028 26 20 0] . [

— —~ '\‘_ time and segregatron died out. ii

T - The process essentially is one in- - {{

©© ... COKE PARTICLE SIZE MUST BE CONTROLLED volving. the teaction of a chloride .

100 o with water and clays in the ore at A
p 700 to 800° C to produce HCl which .

: o then reacts with the oxides: . - M
£ 0 - T . (4NaCl + AlO, 25i0,* 3H.0 — LN
< R B S 4HCI? + Na,Al:Os* 25i0, - 11
T | - CUIl oL n] L Tcuo #2HC— CuCkt + HOt 4 G

¢ 380k : \ e 2Cu0‘+4HCl—> - o noe Bl
S TS . : Cu:Cl; + 2H,0 + Cl:p
T N \\. © 2CuSi0s* 2H,0 + 4HCl—",
S o Siliceous dre ot 700° C—10% coké and 05% salt’ 1T - ZC“S(‘:O‘CfH_;_O4§ 8}’1—2’5 o + oa
o] e Colcareous “ore ot- 700° C~05% coke and 15% solt . Ust-le e =
" .60[= : T+ : - : — The chlorlde may also be‘-prowded
R % AN A . .~ 77"}~ as-chlorine or hydrogen “chloride-gas
- - IV B Mesh- Sizel B " | with-equal success. After the chloride
: . . ] .
. 500' l(;O 28 55 20 G is- formed, the reducing atmosphere

provided by the carbonaceous ma-

" terial at the 700 to 800° C-reaction
" temperature completes the reaction, .-
_producing kidney-shaped- globules of =

.copper, carbon and ganoue Many re-
actions are mvolved

C+ HiO — COt 4 H:L .
CuCly + H,0 — CuO + 2HCH
CuyCls + HyQ — Cu:0 4+ 2HCI
. 7 CuO + CO—— Cu’+COA -
’ CuO + H: — Cu°+ H,Ot ~
Cu:0 + CO — 2Cu°+ COzT
CO; + C—— 2CO1 ., »v
CUzCl: + C + H*O ——' - ‘
Y TR 21-rc11 ot
2Cu:Clz + C:4 2H.0 —: 2o - -
S 1o o 4HCl1 + CO,T
CuCl:+C + HO -z, i 2 1,
.- . Cu+ 2HC1T + CO?
> 2CuClz + C + 2H,0 —
: .. 2Cu°+ 4HCIT + COst

kst

Lt

_ Segregatron 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 modern techniques

- and sound mechanical equipment.

- 99



http://recoveri.es
file:///vith

T@@m@ﬂ@@w ez

@ma@mm-amm@

mmmﬁmnymm&m@ﬂ‘

@gmm@mm@?

&)mml@&a;' _@f)ﬁfﬁm @@m&m

No. 63, March 1979

Underground Viewing System

: i The still camera is
ObJeCtlve equipped with a shutter
Permit visual inspection release/wind mechanism
of underground cavities that is activated from the
from the surface. surface. A strobe light can

be used with the still

camera, but the illumina-
ApprOaCh tion from the quartz lamp
A closed circuit TV is usually bright enough
camera and a 35mm still to produce good results

camera are lowered down with 400 ASA film.
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 Cameras and auxiliary
capable of higher equipment suspended from
resolution thana TV tripod above a 12-inch
transmission. ID borehole.

@mmm@}
‘mﬁ@@i

v ERSITY OF UTAN
gssmmu INSTITUTE
EARTH SCIENCE LAB.

HNlumination 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 beha!f 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.)

Size of cavity is estimated by reference to
white pipes lowered through boreholes.

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 fill, 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
Cmes Mining Research
Center Mr. Walter G.
Kraw]za built the viewing
system.

Patent Status

The Umted States Depart
ment of the Interior is not
applylng for a patent on
this development.

For More
Informatlon

A blll of material, draw-
mgsl and apphcatlon
notes are available for
persons having a possible
use. To receive this
material and answers to
questlons write to:
Technology Transfer
Officer
Twin Cities Mining
Research Ctr.
Bureau of Mines
P,O Box 1660

Twin Cities, MN 55111

|
After partial backflllmg, 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

URIVERSITY OF UGTAN
UDC 669.27
. RESEARCH ENSTWUTE

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, + 2MeF5Me, WO, -+ CaF,, (1)
where Me is Na oxr NH,.
Using ammonium fluoride to break down scheelite concentrates substantially re-
duces the extent of the flowchart (See F1g ). The autoclave decomposition operation
yields ammonium tungstate solutions, from which crys-
Scheelite concentrate. tals of ammon%um paratungstate can be 1solat§d by the
accepted routines. This excludes the operations of

NH,F * NH,OH sodium tungstate solution processing, precipitation of
- nutoclave decomposition - artificial scheelite, production of tungstic acid, and
r==é=======j a number of others. The calcium fluoride precipitates
: - . - which form are a valuable by-product which can be used
- iun fluo- .
e g8 e vesiducs - to produce hydrofluoric acid and fluorides, and also as
‘*[ 1 a flux in the metallurgical industry.
Evapn. & crystaln. of  For use. Shceelite concentrates are completely (98- 99%) decom-
ammonium paratungstate posed by solutions of ammonium fluoride in an ammonia
[____1 L____1 agent at . 200° C and with a reagent consumption of 175~
] ot 200% of that theoretically necessary for reaction (1).
Aﬁg:h:}y‘:gﬁ“nga' ug:': The speed of concentrate decomposition depends upon

many. factors, including the origin of the concentrate.
Tungsten regeneratios  TYINYauz molybdenum-bearing scheelite concentrates de-
B compose completely in 2-3 hr, in contrast to concen--

Flowchart for processing trates which do not contain molybdenum which require
scheelite concentrates 5-6 hr of treatment.
using ammonium fluoride. 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 conditionsi{2).

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 (1 = 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].

!The work is being directed by ‘A. N. Zelikman. o
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In view of the adoption of solvent-extraction of tundsten from sodium tungstate
solutions, the effect of fluorine upon the couxse 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; from 420 in solutions
which do not contain fluorine to 8.6 with an. initial fluorine content of 5 g/liter.
o : ’ At the same time the fluorine

Relat@onsyip of Tungsten and Fluorine Extraction (g) distribution ratio increases
and Distribution Ratios .(D) to Solution Composition substantially in the presence
Inieial Equilibriun content, g/liter ?f tungstgn;lthe mutua(]i. in-
cont ) T 1 -

tees qu, Phase | arganic pha . uence o uorine and tung
T2 RO =P 'f Swr % ep % Dy Op sten can be explained by the-
wo.,| » . wo, | Fil WO, |ipwye.p : ' formation of WOF,~? or

WO3F:~% type compounds in the

9,1] o 0 0,12| — 4%0 - 6 g%g o8 gg e agqueous medium.
49,1} 51 1,25 [ 510,46 0 4,54 |1, , , . ' The presence of fluorine in
4 4 4,2 .
4%" {8 2.'3 85 %'36 39_16 2'?‘ 2,88 8.7 3?:0 2 lo,sg the solutions also has an ad-
verse effect upon the reex-
Note: Organic phase (0.p): 108 {vol.) TAR (70% basic substance) and 2)% : traction of tungsten. Whereas

octyl alcobol kerosene. Phase volums ratio orgiaq = 1:l, PHeg = 3. P:W
is the molar ratio. - .

> 92.6% W passes into the reex-
tract in the absence of fluo-

- rine after two contacts be-
tween the extract and 10% NH; (org : ag = 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.
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