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Ttie leaching of sinter cake is one of the basic processes in the production of 
aluraina from nephelite raw material, so-that the control of the process is a matter 
of vital importance. 
To solve this problem, a control subject with a settled raw material processing 

technology (see Figure) was selected in the leaching department of the Achinsk 
Alumina Combine hydrometallurgy shop. 
The purpose of control is to produce stable concentrations in terms of AI2O3 and 

102 K 
a stable caustic ratio a(a = -7-=- 7- , where A and K are the concentrations of AI2O3 

0 ̂  A 

•nd K20ct» g/liter) in the.overflow from the tubular leacher. A mathematical model 
for the statics of the process was created, embodying the principal of a materials 
belance in terms of the control subject flow constituents. 
The sinter is leached with a circulating solution which is a mixture of soda-alkali 

folution and concentrated wash water from the thickener filters. The circulating 
tolution is prepared in a separate circulating solution unit and is distributed to 
t,he tubular leachers. The separate materials balances for the tubular leacher and 
the circulating solution unit were reduced to a single materials balance for the 
whole control subject. 
The tubular leacher materials balance per ton of sinter is represented by the fol-

Icving equations. '' 
Aluminum oxide balance: 

'°<^A-Tlfc-^(^t-V.>'^»= (Vt-V,);l. 

Total alkali balance: 
Jli^Hi 

" ^ T o b To3 + <^» - ^•'''^» = (^T - v,).v. 

(1) 

(2) 

Alkaline carbonate balance: 

(VT-1',)K,-P(V,-V,)K. =(VT-V,)1'. (3) 

Symbols: 
••3 and n3 are the percentage extraction of AI2O3 and KaOtotal respectively into the 

tuijular apparatus overflow; 
S is the degree of causticization; the proportion of total alkaline carbonate con-

'crted to caustic alkali; 
VT is the flow of circulating solution into the tubular leacher, m^/ton of sinter; 
V3 is the amount of circulating solution (m^/ton of sinter) going into the rod mill 

*'ith the slime from the tubular leacher; 
3) and nj are the respective percentages of AI2O3 and K20total i'̂  *̂ he sinter; 
.f»i» Ni. and Y^ are t^e respective concentrations (g/liter) of AI2O3, K20total' ^"^ 
•iî aline carbonate at point i, i = 1, 2, 3, and 5; 

'». N, and Y are the concentrations of Al^O-,, KjÔ -rn-ai , and alkaline carbonate at 
point 4. ' T:ocai 

The amount of circulating solution going into the rod mill with the slime is calcu-
•«ted as follows: 

V3 = 0.74R. - Vn, 

ll̂ f̂e R̂  is the liquid-to-solid ratio of the mill pulp and V^ is the flow of circula-
'•ng solution into the mill, mVton of sinter. 
r n"*'̂  following relationship exists between the concentrations of AliOi, K^Ototal. 
J ct snd alkaline carbonate: 

Y = N - K, 
(3a) 

.^1'. 
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where K is the concentration of K205,t. 
The materials balance is represented by three equations, because three basic indices 

characterize the properties of the sinter (extraction in terms of AI2O3 and K2O and 
the degree of alkaline carbonate causticization) and the stripping properties of 
solutions also have three indices (the concentration of AI2O3, K20^,^., and K20total) • 

The materials balance for the circulating solution unit is described by the follow
ing equations: 

For AI2O3: 

V,/li-fM>=(^i+''«)'^»- (.4) 

We o b t a i 
. f t e r equa 
.ccount of 

For K 2 0 t o t a l : 

For a l k a l i n e c a r b o n a t e : 

v,yv,-hv,w.=(Vi+*'«)'v»-

Vl + Yl + VjYa = (Vl -̂  V2)Y5 

(5) 

(6) 

In (4) - (6) Vl and V2 are the flow rates of soda-alkali solution and wash water 
respectively, m^/hr. 

Since the relationship Vi : V2 = q mainly affects the caustic ratio in the overflow 
from the tubular apparatus and V^ (the circulating solution flow rate per ton of sinter! 
mainly affects the AI2O3 concentration in the overflow from the tubular apparatus, -. 
q and V T were chosen as the controlling influences to produce stable AI2O3 concentra
tions and a stable caustic ratio a in the overflow from the tubular leacher. Since 
VT = Vl + V2, . ,„. 

l + i -

After substituting Vx, Vj, and V2 into equations (4) 

A,g-i- A, 
9-f-l • 

g + i • 

I 

After designating the yield of AI2O3 and K20total ̂ '^9' 
discharge from the tubular leacher Pa = 0.1 ai£3 and p^ = 
equations (4a) - (6a) into equations (1) - (3) we obtain 
tical conversions: 

( 5 ) , and (6) we o b t a i n : 

(5a) 

(6a) 

from 1 t o n of s i n t e r i n t o the 
0 .1n iE3 and s u b s t i t u t i n g 

t h e f o l l o w i n g a f t e r mathema-

( A - A , ) 

(•v-'V.)^-~n 

9 - f - l -h{,A-A,) -—^rr = Pa-

<J-h 1 - Pn-

1 — 
V'(<7-1- 1) 

(7) 

(8) 

(9) 

Wash water 

Thus, Pa, PIT and 
trolling influences 
values of An and 

I'.ff-I-V. 
8 were obtained with the con-
q and V^. To obtain the necessary 

assumed that the extractions v„^„^- „.. ..„ 0 it is --... 
from the sinter into the overflow will remain as 
before, Pa/ Pn' ̂ ^d g, with new values for the control
ling parameters qg and V-jo. This means that the same 
disturbances which operated in the preceding control 
session will operate in the control subject in the 
next control session. 

However, Pa, Pn' and 8 are adjusted on receiving the 
chemical analysis of the tubular apparatus overflow 
after each control session in. terms of those chemical 
analyses and flow rates which resulted in an overflow 
of the specified quality. Hence one may write the 
following on the assumption of previous pa, Pn, and 
8 values for the next session: 

. goLt̂ To - V,) IA » \ ̂ °''To 'H i v TO — 'a (10) 

Diagram showing the 
c o n t r o l e x e r c i s e d 
ove r t h e composi
t i o n of t h e ove r 
flow from t h e t ub 
u l a r l e a c h e r : 

1 - u n i t f o r t he 
c i r c u l a t i n g s o l u 
t i o n ; 2 - t u b u l a r 
l e a c h e r ; 3 - rod 
m i l l . 
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. Ic-.̂ --

, Ko(?<,-f 1) 
= P. 

(11) 

(12) 

Ke obtain the following mathematical model for control of the leaching process 
after equating the left-hand parts of equations (7) - (9) and (iO) - (12) and taking 
account of (3a) and (3b), after making certain conversions: 

(4) 

(5) 

[(^o-^.)g.-f^o-^.) ^ 2 + \ ' = l (A-A, ) t i -^A-A, ]^^^^ :p^ , , 

((.V. - A'.)?o + .V„ - -v.] ^ - ^ * - = [(-V - .V.)? + -V - A',1 ̂ i ^ , ' • 

(13) 

where 

(6) 

(5a' 

(6a' 

» (.v-/()(g-f i)[(.v.-/(.)?-^-v,-/c.l 
l ( N , - K , ) q - \ - N , -

2̂ . 
Tol-Ao'^o-

The mathematical model is represented by a nonlinear system; of equationswhich is 
solved by the heuristic method and by Newton's'method.; A program was created accord
ing to the algorithm described below using the mathematical model, in which the 
heuristic method of solving this sytem of equations was programmed. The program was 
written in mnemonic code for the M-2000 computer. 
The control algorithm is as follows. The controlling effects are adjusted once in 

2 hr. The results of the latest chemical analyses and those values of controlling 
effects q and VT for which the latest tubular leacher overflow analyses were obtained, 
as well as Ag and ag, are fed into the computer. Equation system (13) is solved, i.e., 
our mathematical model is solved relative to the new unknown controlling effects qo 
and VTO.. The controlling effects are adjusted by means of the new :qo and VTQ values. 
In the course of the next 2 hr the flow rates which occurred in the operation of 

the control subject during the 2 hr. are collect'ed and the procedure for finding qj 
and VTO is repeated. The leaching process is controlled in this way. 
A series of statistical data on the operation of the control subject and the process 

workers, as well as a series of chemical analyses for.the subject, were collected to 
check the mathematical model. The reverse piroblem was solved from these data: the 
values, of Ag and ag in thetubular apparatus overflow were calculated according to the 
chemical analyses and to the relationships which the process workers maintained on 
the basis of their personal experience. A series of Ag and ag values was worked 
through in this way, and then these calculated Ag and Og values were compared .with 
those actually occurring in the tubular apparatus overflow. It was calculated by the 
Student criterion that the calculated values of AQ and ag did not differ significantly 
from the actual values in the tubular apparatus overflow. 
In 1974 the proposed control algorithm was put into pilot operation in the shop 

<3irect, and the effectiveness of the system which had been developed was confirmed. 
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ABSTRACT . 

Schooner, a nuclear cratering detonation, provides experimental 

verification of scaling theory which shows that so far .xs genera

tion of seisinic motions is concerned, a cratering detonation can 

be considered as a contained detonation.buried at a relatively 

shallow depth. 

Comparison of the seismic data observed from Schooner and 

other cratering and contained detonations at Nevada Test Site 

shows several basic differences in the characteristics of the 

ground motion. The shallow depth of burial of the cratering 

detonation causes the seismic energy efficiency to be significantly 

diminish,ed relative to that of an equivalent yield contained det

onation. The spectral composition of the ground motion generated 

by a cratering detonation is characterized by a lower amplitude 

level and a shift to the low frequency end of the spectrum. The 

general deficiency of high frequencies causes the peak vector 

particle velocities and accelerations -to be lower than mean values 

predicted on the basis of experience with equivalent yield con

tained detonations. The peak vector particle velocity correlates 

almost exclusively with the surface wave mode time window for 

cratering detonations. The level of peak vector particle accelera

tion and velocity recorded from a cratering detonation att instrument 

•vixi-
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sites located on alluvium is signifi::antly reduced, relative to 

that of equivalent yield contained detonations, as a consequence 

of the lower seismic energy efficiency and the reduced high fre

quency spectral composition. 

The Schooner detonation provides data which will be useful 

in the prediction and analysis of future nuclear cratering det

onations . 
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CHAPTER 1 

INTRODUCTION 

1 .1 GENERAL BACKGROUND 

As part of the continuing Plowshare program, Project Schooner 

was a nuclear cratering experiment conducted by the Atomic Energy 

Commission to develop excavation technology through peaceful uses 

of nuclear explosives. Extension of this technology is essential 

to the planning of such proposed nuclear excavation as a sea level 

canal across the American Isthmus. Five previous cratering events 

at the Nevada Test Site (see Figure 1-1) are listed in chronologi

cal order below, along with a brief description of their respec

tive environments. 

9 Danny Boy took place in the basalt caprock forming Buck-
board Mesa, Area 18, NTS 

• Sedan was a relatively large-yield event in the thick 
alluvium of Yucca Flat, Area 10, NTS 

• Palanquin was detonated in a rhyolitic flow on Pahute 
Mesa, Area 20, NTS 

• Cabriolet was about 3,000 feet from Palanquin and shared 
the same environment 

• Buggy I was a row-charge event featuring 5 simultaneous 
and equally spaced detonations in the basalt caprock of 
Chukar Mesa, Area 30, NTS 

• -

• I • -. 
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Figure 1-1, Area Map of Nevada Test Site Showing the Location of 
Schooner Relative to Five Other Nuclear Cratering 
Detonations and Four Nuclear Contained Detonations 
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Other nuclear and high explosive cratering experiments 

. have been conducted, but because of their specialized nature, 

they are not incorporated in this study. 

1.2 SCHOONER EVENT-ENVIRONMENT AND TECHNICAL DATA 

The Schooner experiment consisted of the detonation of a 

minimum-fission nuclear device with a yield of 31+4 kilotons. 

The explosion took place at a depth of 355 feet in a layered tuf

faceous medium of Area 20, Nevada Test Site, on December 8, 1968, 

at 0800:00.149.6 (PST), 1600:00.149.6 (GMT). The emplacement 

hole was U20u. at geodetic coordinates: 

Longitude W 116°33' 57.1419" 
Latitude N 37°20'.36.3187" 

and Nevada State Coordinates (Central Zone): 

•N 9-44,010,09 
E 529,300.50 

In this area of Pahu.te Mesa, relatively flat-lying ash-flow 

I 
tuffs of Tertiary age crop out at the surface and display a thick- j 

ness greater than 450 feet at the Schooner site. The surface ' ! 

topography is relatively flat with surface ground zero at an i 

elevation of 5562.4 feet MSL. The nearest fault occurs about 

2,000 feet from the crater. The water table is at a depth of , 

\ approximately 1,300 feet in Pahute Mesa drill hole No. 2 

(Figure 1-2) which is located some 860 feet northwest of the 

Schooner site. 
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Figure 1-2. Generalized Geologic Map of the Schooner Crater 
Site, Pahute Mesa, Nevada 



The crater resulting from the Schooner experiment was char

acterized by the following dimensions and volumes (Tewes, 1969): 

Radius of apparent crater (R_)... 129.8 meters 426 ft, 

Maximum depth of apparent 
crater ( D-^).. 

Average apparent crater lip 
crest height (H , ) , 

63.-4 meters 

13.4 meters 

Radius o f apparent lip crest 
(Ral) • 

Radius of outer boundary of 
continuous ejecta (Rg^).,., 

208 ft. 

44 ft. 

Lip volume, apparent (V^^) 

Crater volume, apparent (V ) 

147.2 meters 483 ft. 

539 meters 1768 ft. 

2,0^9,000 cubic meters 

2,745,330 cubic yards 

1,745,000 cubic meters 

2,282,870 cubic yards 

1.3 RESPONSIBILITY OF ERC IN PROJECT SCTIOONER 

Environmental Research Corporation, under contract to the 

Nevada Operations Office of the U. S. Atomic Energy Commission, 

is responsible to the Office of Effects Evaluation for providing 

ground motion evaluations of selected nuclear events. Our re

sponsibility in Project Schooner was to provide the Office of 

Effects Evaluation with the following: 

'• I 

i ( 

./ 1. An instrumentation plan designed to document ground 
motions, utilizing available instruments. 

/ 
/ 
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2. Predictions of ground motion at each proposed instrument 
station for instrument calibration. 

3. processed seismic data (corrected ̂ seismograms, Band-Pass 
Filter (BPF) spectra, etc.). 

4. Post-shot analysis of Schooner seismic data to determine 
relationship to predictions and data from other crater
ing experiments. 

1.4 OBJECTIVES OF THIS REPORT 

The objectives of this report are summarized as follows: 

© To deterraine the amplitude and frequency characteristics 
of ground motion from the cratering event Schooner. 

o To relate these results to the development of reliable 
techniques for predicting the ground motions from cratering 
events, utilizing theoretical and empirical scaling concepts. 

Analyses related to these objectives are presented in detail 

in the chapters which follow. Chapter 2 contains descriptions 

of the instrumentation employed for the Schooner experiment and 

a discussion of the processed data utilized in the analysis. Peak 

ground motions are discussed in Chapter 3, and are compared with 

predicted values and data from past cratering events. The fre

quency content of seismic waves from Schooner is investigated and 

compared with seismic data from the-Cabriolet cratering event at , 'j 

common stations. Theoretical scaling of amplitude spectra to sim- i 
i 

ulate the effect of depth of burial for cratering and contained ; 

nuclear detonations is applied and analyzed. 

1-6 
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In Chapter 4 t h e a m p l i t u d e and f requency c h a r a c t e r i s t i c s of 

e l a s t i c wave t y p e s g e n e r a t e d by Schooner a r e d e t e r m i n e d and com-

pared with s i m i l a r d a t a from o the r e v e n t s . 

Reasonab le e s t i m a t e s of t he r a d i a t e d s e i s m i c e n e r g i e s from 

c r a t e r i n g and c o n t a i n e d e v e n t s a r e de t e rmined by p r o c e d u r e s s e t 

f o r t h in Chapter 5 . A l s o t h e s e i s m i c e f f i c i e n c y of t he Schooner 

even t i s a n a l y z e d and compared with t h e e f f i c i e n c y d e t e r m i n e d -\ 
I 

from c o n t a i n e d e v e n t s . ; 

The b a s i c c o n c l u s i o n s of t h e v a r i o u s a n a l y s e s a r e summarized 

i n Chapter 6 . 

/-



CHAPTER 2 

DATA ACQUISITION AND PROCESSING 

2 . 1 INSTRUMENTATION 
* 

The instrumentation plan for Schooner was designed with the 

following objectives in mind: 

1. To obtain seismic data at points of interest to document 
the ground motion characteristics of Schooner. 

2. To provide data for direct comparison of Schooner ground 
motions with ground motions from other cratering and con
tained events. 

3. To generate a representative seismic data sample to use 
for predicting the ground motion characteristics of 
future craterir.g events. 

The U.S. Coast and Geodetic Special Projects Party (USC&GS) 

deployed the 17 velocity instruments which recorded the Schooner 

event (see Figure 2-1). Of these 17 velocity meters, 14 were 

L-7's and 3 were NC-2i's (King, 1969). These instruments recorded 

three orthogonal components of particle velocity on magnetic tape. 

Seismic data recorded with the NC-21 velocity meters were 

processed and corrected for frequency response by ERC. Only the 

data recorded with the NC-21 velocity meters required a correction. 

for frequency response (Table 2-1 shows the frequency range of 

2-1 
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SCALE: 1"= APPROXIMATELY 30 MILES 

^ VELOCITY INSTRUMENT ON HARD ROCK 

A VELOCITY INSTRUMENT ON ALLUVIUM 

Figure 2 - 1 . Map of Sou theas t e rn Nevada Showing Nevada Test 
S i t e and Schooner Ins t rument S t a t i o n s 
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T a b l e 2 - 1 . FREQUENCY RANGE OF RECORDED GROUND MOTION DATA 

to 
I 

Instrument 
Type 

'NC-21 . 

L-7** 

Frequency Range (Hz) 
of Instrument Response 
Low 

1.0 

0.1 

High 

45* 

24*** 

: 

Frequency Range (Hz) 
of Ground Motion after 
Instrument Correction 

Low 

0.4 

0.1 

High 

45* 

34*** 

••̂ Varies with filter setting 

'•<"*No instrumentation correction applied; filtering applied to eliminate noise 
outside frequency range of interest 

•***Liniited to 34 Hertz by tape speed 



ground motion data recorded by each instrument). Also, particle 

acceleration and displacement seismograms were derived from the 

velocity data by differentiation and integration with respect to time, 

Locations of the Schooner instrument stations are shown on 

Figure 2-1 and a summary of station environments, instrument type, 

and distances is listed in Table 2-2. 

2.2 PEAK VECTOR GROUND MOTIONS 

Peak values of particle acceleration, velocity and displace

ment were determined for each component. In addition, the peak 

value of the resultant vector was obtained to determine the ab

solute value of particle motion recorded at each'station. The 

resultant vector magnitude is calculated by analyzing simultane

ously the three components of motion as a function of time. The 

peak resultant vector is the largest instantaneous value of the 

square root of the sum of the squares of the amplitudes of the 

three components. 

PM (t) = yZp(t)2 + Rp(t)2 + Tp(t)' 

where 

PM 

Zp(t) 

Rp(t) 

Tp(t) 

peak resultant vector 

value of vertical component 

value of radial component 

value of transverse component 
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TABLE 2 - 2 . SUMMARY OF SCHOONER INSTRUMENT STATIONS 
YIELDING RECORDS PROCESSED BY ERC 

Station 

Area 12 Camp 

Beatty 

Beatty #2 

ETS-2 

E-MAD 

CP-1 

NRDS Admin. Bldg. 

Tonopah Church 

Tonopah Motel 

Indian Springs 

Alamo 

Alcimo 

Squires Park 

SE-6 

Frenchman Mountain 

Kingman, Arizona 

Station 
Abbreviation 

2 

BHR 

BAL 

ET2 

E-MAD 

CP-1 

NRD 

- TCH 

TMT 

SE-2 

ALA 

AHR 

SQP 

SE-6 

. 462 

KAR 

Station 
Environment 

Hard Rock 

Hard Rock 

Alluvium 

Alluvium 

Alluvium 

Hard Rock 

Alluvium 

Hard Rock 

Alluvium 

Thin Alluvium 

Alluvium' 

Hard Rock 

Alluvium 

Alluvium 

Hard Rock 

Hard Rock 

Instrument 
Type 

L-7 

L-7 

L-7 

L-7 

L-7 

L-7 

L-7 

NC-21 

NC-21 

L-7 

L-7 

L-7 

L-7 

L-7, NC-21 

L-7 . 

L-7 

Slant 
Distance 

(km) 

39.3 

51.2 

51.7 

61.1 

63.9 

64.4 

67.6 

99.4 

99.2 

119.3 

124.0 

124.0 

181.8 

187.3 

189.7 . 

340.0 
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The recorded peak values of each of the three components 

of velocity anS the peak particle velocity vector are tabulated 

in Tables 2-3 and 2-4 for alluvium and hard rock stations respec

tively. Arrival times and the period of the peak particle velocity 

are also given in these tables^ Values of the derived peak vector 

particle accelerations and displacements are given in Tables 2-5 

and 2-6. The symbol notation used in the tables is as follows: 

Instruments 

L^7 = Mark Products Velocity Meter 

NC-21 = Na.tion-al Geophysical Cpmpany Velocity Meter 

Componen ts 

2 = vertical 

R = radial . "' 

T =, transverse 

V = resultant vector 

Peak .Arrival Times .; , . 

Arrival times are from shot time except when given in paren- '..-• 

theses which indicates time after first motion. ' 

r:-
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TABLE 2 - 3 . PEAK SURFACE VELOCITY RECORDED AT STATIONS ON 
ALLUVIUM 

S T A T I O N / 
INSTRUMENT 

COMPONENT DISTANCE 
( k m ) 

F I R S T 
ARRIVAL 

TIME 
( s e c ) 

PEAK 
VELOCITY 
(_c m / s e c ) 

TIME 
OF 

PEAK 
( s e c ) 

PERIOD 
( s e c ) 

B e a t t y 
( L - 7 ) 

E T S - 2 
( L - 7 ) 

E-MAD 
( L - 7 ) 

NRDS 
Adm. B l d g . 
( L - 7 ) 

T o n o p a h 
M o t e l 
( N C - 2 1 ) 

A l a m o 
( L - 7 ) 

S q u i r e s 
P a r k 
( L - 7 ) , 

S E - 6 : 
( L - 7 ) 

S E - 6 
( N C - 2 1 ) 

Z 
R 

• T 

V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
N / S 
E/W 

V 

Z 
N / S 
EA? 

V 

51 .7 

6 1 . 1 

6 3 . 9 

67,5 

9 9 . 2 

1 2 4 . 0 

1 8 1 . 8 

1 8 7 . 3 

1 8 7 . 3 

9 
9 
9 

1 1 
1 1 
1 1 

12 
12 
1 2 

1 3 
1 3 
1 3 . 

2 2 . 
2 2 . 
2 2 . 

3 3 . 
3 3 . 
3 3 

9 5 
9 5 
9 5 

5 5 
5 5 
5 5 

6 5 
6 5 
6 5 

3 5 
3 5 
3 5 

_ ^ 

- -

6 5 
6 5 
6 5 

0 5 
0 5 
0 5 

_ 
-

• -

4 . 0 6 x 1 0 - 2 
6 . 0 3 x 1 0 - 2 
3 . 5 8 x l O " ^ 
6 . 8 4 x 1 0 - 2 

4 . 9 6 x 1 0 - 2 
5 . 3 2 x 1 0 - 2 
7 . 6 1 x 1 0 - 2 
8 . 1 4 x 1 0 - 2 

4 . 5 5 x 1 0 - 2 
4 . 7 6 x 1 0 - 2 
6 . 9 7 x 1 0 - 2 
8 . 3 7 x 1 0 - 2 

5 . 8 8 x 1 0 - 2 
• 1 . 0 1 x 1 0 " •'• 

6 . 8 5 x 1 0 - 2 
1 . 0 5 x 1 0 " ^ 

9 . 6 8 x 1 0 " ^ 
1 . 4 7 x 1 0 - 2 
2 . 1 4 x 1 0 - 2 
2 . 3 0 x 1 0 " ^ 

1 . 2 2 x 1 0 " ^ 
2 . 2 6 x 1 0 - 2 
2 . 5 7 x 1 0 - 2 
3 . 2 8 x 1 . 1 - 2 

1 . 6 4 x 1 0 - 2 
3 . 0 0 x 1 0 - 2 
4 . 3 2 x l O " 2 
4 . 3 4 x 1 0 - 2 

2 . 6 4 x 1 0 - 2 
5 . 5 9 x 1 0 - 2 
5 . 1 0 x 1 0 - 2 

3 3 . 9 5 
4 8 . 2 7 
2 9 . 9 8 
4 8 . 3 3 

2 6 . 2 3 
2 5 . 0 8 
4 2 . 1 2 
4 2 . 1 3 

4 9 . 4 8 
2 9 . 2 0 
5 0 . 1 7 
4 5 . 3 5 

5 3 . 8 8 
2 9 . 2 3 
2 9 . 0 0 
2 9 . 2 8 

( 4 7 . 2 2 ) 
( 1 5 . 2 4 ) 
( 1 9 . 7 9 ) 
( 1 9 . 8 6 ) 

2 3 . 8 5 
5 8 . 1 3 
4 3 . 4 3 
4 1 . 2 0 

7 7 . 2 5 
6 3 . 9 5 
6 4 . 9 9 
6 5 . 0 7 

( 9 2 , 5 8 ) 
( 6 4 . 0 8 ) 
( 3 4 . 0 8 ) 

1 . 1 0 
1 . 5 6 
1 . 4 5 

';--

1 . 5 5 
0 . 6 6 
1 . 7 0 

- -

1 . 4 5 
1 . 2 8 
1 . 9 2 

- -

1 . 4 5 
0 . 8 2 
0 . 7 3 

- -

1 . 7 7 
0 . 5 3 
0 . 5 3 

- -

0 . 7 0 
0 . 8 2 
0 . 6 5 

- -

1 . 1 2 
2 . 4 2 
1 . 7 4 

- -

1 . 4 2 
2 . 1 5 
1 . 1 5 

7 .02x10 -2 ( 4 0 . 9 0 ) 

1 .16x10-2 ( 3 9 . 1 2 ) J l . 7 3 

2 .05x10-2 ( 3 3 . 9 0 ) 
2 . 1 6 x l 0 " 2 ( 3 3 . 9 5 ) 

1.33 
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TABLE 2 - 4 . PEAK SURFACE VELOCITY RECORDED AT STATIONS ON 
HARD ROCK 

S T A T I O N / 
INSTRUMENT 

COMPONENT DISTANCE 
(km) 

F I R S T 
ARRIVAL 

TIME 

PEAK 
VELOCITY 
( c m / s e c ) 

TIME 
OF 

PEAK 
( s e c ) 

PERIOD 
( s e e ) 

2 
(L-7) 

Z 
R 
T 
V 

39.3 10.35 
10.35 
10-35 

3.33x10-2 
4.54x10-2 
3.80x10-2 
5.06x10"2 

51.12 
33.81 
26.02 
3:2.80 

1.48 
1,75 
1;48 

Beatty 
(L-7 ) 

CP-1 
(L-7) 

Z 
R 
T 
V 

Z 
R 
T 
V 

51.2 

64-. 4 14.31 
14.31 
14. 31 

3.19x10-2 (38.02) 
4.30x10-2 (37.48) 
2.95x10-2 (34.57) 
4.72x10-2 (37.47) 

2,57x10*2 
3.61x10-2 
3.81x10-2 
4.51xlO-2 

36.94 
43.96. 
46.05 
46,06 

1.63 
1.6G 
1.43 

1.30 
1.53 
2.47 

Tonopah 
Church 
(NC-21) 

SE-2 
(L-7) 

Z 
R 
T 
V 

Z 
R 
T 
V 

99.4 

119.3 20.75 
20, 75 
20.75 

l.lOxlO-2 (48,15) 
1.38x10-2 (15.23) 
2'04x10-2 (19.80) 
2.13x10-2 (19.83) 

8.17x10-3 22,29 
1.07x10-2 75.27 

-3 9.03x10 
1,14x10-2 

46.02 
75.29 

2. 15 
0. 75 
0.58 

0.56 
1.70 
0.87 H 

Alamo 
(L-7) 

Z 
R 
T 
V 

124.0 22.95 
22.95 
22.. 95 

1.50x10-2 
2.03x10-2 
2.35x10-2 
2.49x10-2 

2 3 . 7 8 
4 1 . 2 0 
5 6 , 3 5 
5 5 . 6 6 

0 . 7 6 
1 .22 
1 .18 

— 

462 
(L-7) 

Z 
R 
T 
V 

189.7 31.85 
31.85 
31.85 

5.25x10-^ 
3.50xl0-'^ 
6,00x10-3 
6-88xiO~3 

66.26 
66, 46 
63,46 
63,55 

1.44 
1.33 
1.08 

Kingman 
(Arizona) 
(L-7) 

Z 
R 
T-
V 

340. G 57.65 
57.65 
57.65 

1 
1 

93x10 -3 137.52 
39x10-3 128.88 

1.26x10'-^ 110.72 
2.02x10 -3 137.53 

3.07 
1.95 
1.27 
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TABLE 2 - 5 . DERIVED PEAK ACCELERATION AND DISPLACEMENT 
AT STATIONS ON HARD ROCK 

STATION/ 
INSTRUMENT 

COMPONENT DISTANCE PEAK 
( k m ) ACCELERATION ( g ) 

PEAK 
DISPLACEMJ5NT ( c m ) 

2 
(L-7) 

Beatty 
(L-7) 

CP-1 
(L-7) 

Tonopah 
Church 
(NC-21) 

SE-2 
(L-7) 

Alamo 
(L-7) 

462 
(L-7) 

Kingman, 
Arizona 
(L-7) 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

39.3 

51.2 

64.4 

99.4 

119.3 

124.0 

189.7 

340.0 

1,05x10" 
1.30x10 
1.27x10 
1.47x10" 

-4 
-4 

9.69x10 
1.42x10 
1.78x10 
1.87x10" 

-4 
-4 

1.07x10" 
1.10x10" 
9.31x10 
1.19x10" 

1.27x10 
1.56x10 
1.81x10" 
2.19x10 

2.96x10" 
2.56x10 
3,28x10" 
3.92x10 

-5 

-4 
-4 

-4 

-5 

-5 

1.24x10 
9.15x10" 
9.42x10 
1.51x10 

-5 

8.88x10 
1.48x10 
7.92x10 
1.83x10 

8.21x10 
1.11x10 
7.24x10" 
1.21x10" 

-3 
-2 

-2 

-3 
-2 

6.86x10 
9.62x10" 
1.40x10 
1.56x10 

3.36x10 
2.85x10' 
3.36x10 
4.14x10' 

-2 

-3 

-3 

2.15x10 
3.36x10 
3.06x10" 
3.61x10 

-3 
-3 

-3 

2.20x10 
3.96x10 
5.00x10" 
5.97x10 

-3 
-3 

-3 

1.44x10 
1.06x10 
1.50x10 
1.62x10 

-3 
-3 
-3 
-3 

-5 

4.95x10 
4.20x10 
3.75x10' 
7.80x10 

-4 
-4 

-4 
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TABLE 2 - 6 . DERIVED PEAK ACCE!,ERATI0N AND DISPLACEMENT 
fsr STATIONS ON ALLUVIUM 

STATION/ 
INSTRUMENT 

COMPONENT . DISTANCE PEAK PEAK 
(km) ACCELERATION ( g ) DISPLACEMENT (cm.) 

B e a t t y 
(L~7) , 

ETS-2 
( L - 7 ) 

E-MAD 
( L - 7 ) 

NRDS 
•Adm, B l d g . 
( L - 7 ) 

Tonopah 
M o t e l 
(NG-21) . 

Alamo 
( L - 7 ) 

. ' 

S q u i r e s 
P a r k 
( L - 7 ) 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 
T 
V 

Z 
R 

,. T 
V 

Z 
R 

• T 
V 

Z 
R 
T 
V 

5 1 . 7 

6 1 . 1 

6 3 . 9 

6 7 . 5 

9 9 . 2 

1 2 4 . 0 

1 8 1 . 8 

5 . 3 0 x 1 0 
6 . 9 1 x 1 0 
5.41x10 
7.61x10 

- 4 
~4 
-4 

4 . 6 9 x l O ~ 
6 . 8 3 x 1 0 - ' 
4 . 7 9 x 1 0 " ' ' 
T . a i x l O " ' 

1 ,41x10^ ' ' 
2 . 6 0 x l 0 ~ ' 
2 . 6 9 x 1 0 
2 . 8 3 x 1 0 - 4 

1.18x10 
2.33x10 
3.20x10 
3.52x10 

1.04xip 
1.80x10 
2,13x10 
2,20x10 

_4 
- 4 
- 4 
- 4 

- 4 
- 4 
- 4 
- 4 

( C o n t i n u e d , on f p l l o w i n g p a g e ) 

2 - 1 0 

L*i*f—..,..,—fcjk>^ 

9 . 0 5 x 1 0 " 
1 . 5 6 x 1 0 " 
8.52x10 
1.72x10 

- 2 

1.25x10 
1,23x10" 
l,P3xl0" 
2.16x10' 

1.08x10' 
1.13x10 
1.93x10 
2.18x10" 

-2 

-2 

1 . 4 7 x 1 0 
2 . 0 2 x 1 0 
1 . 3 3 x 1 0 
2 . 2 6 x 1 0 " 

-2 
- 2 
- 2 

3.55x10 
2.66x10" 
3.60x10 
4,22x10 

- 3 

- 3 

2 , 4 0 x 1 0 
5 , 1 6 x 1 0 
4 . 8 0 x 1 0 
5 . 6 4 x 1 0 

3 . 8 3 x 1 0 
9 , 3 4 x 1 O 

-3 
- 3 
^3 
- 3 

1. 
1, 

18x10 
19x10 

- 3 
- 3 
_2 
^2 

-

' I 

- I . 

^i<fa 



TABLE 2 - 6 , DERIVED PEAK ACCELERATION AND DISPLACEMENT 
AT STATIONS ON ALLUVIUM 

( C o n t i n u e d ) 

S T A T I O N / 
INSTRUMENT 

COMPONENT DISTANCE PEAK PEAK 
(km) ACCELERATION ( g ) DISPLACEMENT ( cro) 

S E - 6 
( L - 7 ) 

S E - 6 
( N C - 2 1 ) 

Z 
N / S 
E/W 

V 

Z 
N / S 
E/W 

V 

1 8 7 . 3 

1 8 7 . 3 

1 . 6 2 x 1 0 
3 . 9 0 x 1 0 " 
2 . 8 9 x 1 0 " 
4 . 1 1 x 1 0 " 

5 . 7 0 x 1 0 " 

1 . 1 2 x 1 0 " 

- 4 6.67x10 
1.69x10 
1.28x10 
1.72x10" 

-3 
- 2 
-2 

2.44x10 

5.20x10 -3 
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2.3 BAND-PASS FILTER SPECTRA 

Band-pass fll.ter,ing of a seismr̂ g.iram is a technique devtsloped 

to analyze the peak particle velocity recorcjed tcor.i nuclear eyents . 

as a function of .frequency. The three coinpo•Tents o.f particle 

velocity of a sersraograTO are individually-passed through twalve 

narrow band-pass filters to obtain information relating to the 

frequency content o.f the seLsraic signal. The peak amplitude of • " 

the output from each filter is plotted as a function o;-: the 

center frequency otf the .filter and the points are cdnnected, 

giving a con.t inuous curve called the BPF spect cum. 

Band-pass filter spectra fr.om the Schooner event are shown 

on Figures 2-2 thro.ugh 2-5, Superpos'sd on each, graph is the mean 

BPF spectrum typically measured at that distance from a contained 

NTS event of the yield o.f Schooner. The mean BPF spectrum shown 

is based on frequency, yield and distance dependent regression 

equations deriyed from" band-pass 'filter' data observed from 20 under

ground nuclear deton.ation.-si at Nevada Test Site. The data sample 

contains apprpximately 2,400 spectral amplitudes over the frequtncy 

range 0.4 - 11.3 Hz. The distance and yield ranges of the data 

are 40 - 200 km and 16 kt (yield of Rex) -̂  825 kt (yield of Greeley), 

respectively, Thus^ the BPF spectrum defined by these equations 

represents a good approxiroatioh of the average spectral composi

tion observed froin contained Nevada Test Site detonations. 
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CHAPTER 3 

ANALYSIS OF SCHOONER DATA 

3.1 PEAK AMPLITUDE DATA 
* -

Multiple regression analyses, utilizing a large quantity of 

peak amplitude data recorded from 99 contained nuclear events 

detonated on the Nevada Test Site, have resulted Un statistically 

based regression equations (Murphy and Lahoud,, 1969). These, 

equations a_re currently being used tq predict the mean peak re

sultant vector ground motions expected, from nuclear tests. A 

corresponding d̂ ata sample- is not yet available for cratering 

events. Although only limited cratering data are available, it 

is now established (Klepinger and Mueller, 1969 and Chapters 4 

and 5 of this report) that the amplitude and spectral char-acter-

istics of ground motions from cratering events, as well as seismic 

efficiency, are quite different from that of contained events. 

In an effort to define these differences, Klepinger and 

Mueller (1969) performed a regression analysis on the peak ampli

tude data sample from the. Cabriolet, palanquin, Sedan, and Danny 

Boy cratering events. The results of this analysis, and the 

analysis for contained events, discussed above, are compared with 

Schooner results on Figures 3-1 through 3-6. These figures show 

3-1 
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Schooner peak resultant vector particle motions recorded at 

alluvium and hard rock sites as a function of station distance. 
* • • 

Superposed on these data points are the predicted values of 

peak particle motions' made on , the basis of the 99 event data sam

ple and the cratering event data sample. ./The following obse'̂ 'va-

tions are .made on the basis of these data: • . 

Schooner peak vector particle inotions recorded at both 
hard rock and alluvium sites; exhibit lower amplitudes 
than the particle motions predicted on the basis of 
contained events (with the e^cception of SE-6) . This 
is consistent with previous experience (Klepinger ahd 
Mueller, 1969). 

Previous experience (Klepinger and Mueller, 1969) 
indicates.a tendency for ground motions generated by 
cratering events to attenuate faster at hard rock 
stations than cor.rGSpo'nding ground motions from con
tained events. However, peak vector particle velocities 
from Schooner (Pigure 3-2) appear to decay at about the 
same rate predicted on the basis of. an equivalent yield 
contained e'vent. 

Predictions of peak: motion based on equivalent yield con
tained events appear to be conservative estimates of -the 
ground motion levels expected for cratering events. Ad
ditional cratering event data are required, however, to 
establish a sound.statistical and physical basis for pre
dicting cratering event peak particle ground mptions. 

3.2 • AMPLITUDE-FREQUEKCY DATA ; ' ' 

; The objectives of this section are twofold: 1) to examine 

the frequency content- of' the ground -motion resulting from cratering 

and contained nuclear detonations in order to deterraine any sig

nificant and consistent patterns existing between the two types of 

3-0 
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explosions, and 2) to evaluate the observations within a self-

consistent theory on the scaling of the amplitude spectra of '-, 

underground explosions. Td accomplish these objectives, param

eters influencing the seismic signals must be minimized such 

that comparisons' of the amplitude spectra are effectively com

parisons of the sources. Therefore, it is necessary to eliminate, ,, 

as far as possible,, transmission path variables, station site 

variables, and source media effects. 

The. contained nuclear detonations Knickerbocker, Duryea and 

Rex, were di.2tonaLed within the ir,iinedi..3te. locality (10 km) of 

Schooner (Figure 1-1). These contained detonations were executed 

in rhyolite. Common stations instrumented for these detonations 

are given in Table 3-1, Comparisons of BPF at these common 

stations for the various everits, scaled to the Cabriolet yield 

of 2.3 kt, should therefore, indicate any general pattern exist

ing between cratering and contained shots. 

Scaling of the Band-Pass'Filter (BPF) spectrum, which is an 

• approximation of the Fourier amplitude spectrum, is normally ac-

complish'^d by applying frequency-dependent yield scaling exponents, 

These exponents are statistically derived from a large number of 

underground isxplosions, the major portion of which arc buried at 

a set* scaled Septh of 350 to'450 (scaled depth i:S the ratio, depth 

yT-:^-"-
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TABLE 3-1. SLANT DISTÂ iCES OF COMMON STATIONS 
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STATIpN,' 

:sE-6 / ';';v • 

Alamo 

Tonopah Church 

Tonopah Motel 

cp-r:-

.Schooner 

187 ,3 km 

•'•^12414 km 1 

9 9 , 4 km 

9 9 . 2 km 

6 4 . 4 km 

C a b r i o l e t 

. 182«0 km 

1 2 3 . 0 km 

1 1 1 . 0 Itm 

1 1 l . Q km 

5 7 . 0 km 

EVENT 

Kn i c k e r b o e k e r 

1 7 5 . 0 km 

1 2 0 . 0 km 

1 1 2 . 0 km 

112.G km 

Duryea 

1 7 0 , 0 km 

1 1 6 , 0 km 

1 1 6 , 0 km 

4 8 . 0 km 

Rex 

173iO km 

1 1 2 . 0 km 

1 1 2 , 0 km 
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of burial/cube root of yiald). Therefore, the erapirical scaling 

niT-iy be considered, as a fair approximation, to be scaling at a 

set scaled depth; although, it has been found theoretically that 

the yield exponents are also yield and depth dependent (Mueller, 

1969) Schooner, Knickerbocker, Duryea and Re,>< BPF spectra were 

scaled to 2,3 kt {Cabriolet yield) by ust? of the statistical ex

ponents, described abov*;. Each spectrum is then appropriately 

scaled to the Cabrioict depth of burial, Knickerbocker and 

Duryea aro buried at a nocraal scaled depth .while Rex is slightly 

overburied. The depth of burial for Cabriolet is 171 feet. 

;,:•;..;> T(i^r 

Comparisons of the BPF spectra from; cratering and contained 

expto^^ions {Klepinger and Mueller, 1969 and Figures 2-2 through 

2-5) indicate that the level and frequency content arc different. 

The spectra from the cratering events are generally somewhat 

lower in Biagnitude and the dominant energy cent ent is shifted to 

lo^er frequencies. The observation that the spectrin are differ

ent i s n ot an u nexpe c ted result, since cr a te ring an d eo nt a i n ed 

events are exijlicitly different. The fundamental questions are 

in what respects arc fhey different arid how can this be formulated 

Into a quantitative theory. The answers require a consideration 

of the elastic wave production mechahism and the parameters in

fluencing this mechariisiQ, < 
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A theory using the solution of a spheriGally symmetric forcing 

function acting ir̂  ah infinite homogeneous medium has been developed •-

into a general scaling law of the amplitude spectram for underground 

explosions ^̂ f̂ eil(̂ r, 1969). The analytic, development takes 
- -* ' .. 

into account source parameters such as medium type and device depth of 

burial. For a particular medium, the elastic radii of two events 

of arbitrary yield and depth of burial vary as 

\̂ 2) \hl/ \W2/ 

1/3 
(3-1) 

where a, and B2 are the elastic radii; i.e., the radii where the 

material behaves elastically, hĵ  and h2 ^re the depths of burial, 

and W^ and W2 are the .yields of events 1 and 2, respectively. 

The parameter ri is tbe distance exponent of the shock pressure 

(or velocity) in the inelastic region. Also, the seismic 

efficiency defined as the proportion of initial energy 

(E) reaching the radiation zone of the elastic region {b = E/W), 

for a particular medium, scales as '. : ' . 

2-3/n 
(3-2) 

'\ 
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for arbitrary yields and depths of burial. The scaling of the ' 

elastic radii, alone, determines the relative shape of the ampli

tude spectra, whereas the elastic radii in conjunction with the 

depths of burial determine the level of the spectra. For the 

rhyolite- and tuff (Schooner) media in which these events were 

detonated, n was taken to be 2.4, the value observed for granite 

(perret, 1963). 

1 • '•; 

.' t ' •-.• 

The BPF amplitude spectra of Schooner, Cabriolet, and the 

average spectra of the contained detonations, Knickerbocker, 

Duryea and Rex, (scaled to the Cabriolet yield and depth of 

burial by the theoretical scaling law) at the distant stations 

SE-6, Tonopah Church, Tonopah Motel and Alamo are shown in Figures 

3-7 to 3-10. Also shown is the average of the empirically scaled 

spectra for the contained detonations. This average speetruia 

corresponds to the spectrum of a norriial 2.3 kt contained detona

tion. In all cases the theoretically scaled spectra from the 

three contained events lie closer to the Schooner and Cabriolet 

spectra than the empirical curves; in some cases the agreement 

is excellent. " • 

Two basic conclusions, follow. First, as far as the seismic 

motion is concerned, the nuclear cratering detonations Schooner 
' " . - ' . . " ' • ' 

and Cabriolet may be considered as contained explosions buried 
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at relatively shallow depths of burial using presently available 

theoretical techniques. The relationships between seismic ef

ficiency, elastic radii and depths of burial (Equations 3-1 and 

4 

3-2) adequately account for the differences in amplitude spectra 

between the contained events and tho cratering events. Physically, 

-th''.i, suggesTS that most of the energy that goes into the forma

tion of elastic waves is coupled into the ground before the fire

ball breaks the surface with a subsequent sudden release of energy 

to the atmosphere. This description is physically sound, for the 

shock wave which is the precursor to the elastic waves is liberated 

into the ground at tbe end of the vaporization phase. (The vapor

ization cavity ''.s of the order of a few meters for a one kiloton 

shot.) Thus, raost cf the energy going into the elastic region 

is independent of the cavity expansion after the vaporization 

phase. Thus, as far as the elastic region is concerned, a crater

ing event may be considered to be a contained event buried at a 

relatively shallow depth, with depth of burial controlling the 

seismic efficiency. 

... ,. 

t | ' « 

ii? 

•I ' • 'I 

•.•:\ 

l'''i 
I t 

II 

The second c o n c l u s i o n i s t h a t fo r two ever i t s of t h e s ane y i e l d 

i n t h e same medium, t h e dominant s p e c t r a l a m p l i t u d e of t h e e v e n t 

w i t h t h e s h a l l o w e r d e p t h of b u r i a l o c c u r s a t lower f r e q u e n c i e s . 

T h i s i s e v i d e n t from E q u a t i o n ( 3 - 1 ) where t h e e l a s t i c r a d i i s c a l e 
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inversely to the ratio of depths of burial for equivalent yield 

and 
-;• - ) : i i> \ - '"' '' 

^2 ~ \hi/ 

l/n (3-3) 

-V. 

./• 

and the frequency of the dominant energy portion of the amplitude 

spectrum varies inversly with a. Thus at smaller depths of burial, 

ths amplitude spectrura is a.nifted to lower frequencies. This charac

teristic m̂ ŷ be noted in the spectra for Schooner and Cabriolet, the 

two detonations with the shallo\<r depth of bu.rial. The tuain observa

tion is that the high frequency content of cratering events is 

considerably reduced relative to that of contained events while 

the low frequency content is only slightly reduced. This physical 

result probably has an influence on the characteristics of the 

peak ground notions observed from cratering detonations. In par

ticular, it appears that the correlation of peak ground motions 

and elastic wave types inight be affected differently for crater

ing and contained detonations due to the differences in the ampli

tude spectrura. Also, the resultant amplification of high fre

quency body waves (Davis and Murphy, 1967) by low velocity surface 

layers should be affected; although, the basic physical effect of 

the layered system should be independent of a change from a nuclear 

cratering detonation input energy source to a nuclear contained 

detonation input energy source. 

c 

1 
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Chap te r 4 w i l l d e s c r i b e some of t h e c h a r a c t e r i s t i c s of t he 

c o r r e l a t i o n of t h e peak ground motion and e l a s t i c wave t y p e s 

g e n e r a t e d by t h e Schooner d e t o n a t i o n . 

/ 
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CHAPTER 4 

y\MPLITUDE AND FREQUENCY CHARACTERISTICS OF 
ELASTIC U/AVE TYPES 

The primary objective of this chapter is to determine the 

correlation of the amplitude and frequency characteristics of the 

ground n/.otion generated by Schooner with elastic \\;ave mode win

dows (P, S, and surface) and to compare the correlation with results 

obtained from similar analysis of other cratering and contained 

events. 

4.1 IDENTIFICATION OF ELASTIC WAVE TYPE WINDOU/S 

Figures 4-1 and 4-2 illustrate typical particle velocity 

seismograma recorded at Beatty (HR), Nevada and Frenchman Moun

tain, Nevada from the Schooner detonation. The radial-vertical 

component product waveform is displayed as the oottom trace on 

each jT'^ismogram. Inspection of the seismogram and the component 

product waveform permits the P, SV, and Rayleigh waves to be iden

tified (Sutton et al., 1967). 

Figure 4-3 illustrates the first arrival time as a function 

of distance from the energy source for three nuclear detonations -

Schooner, Cabriolet (cratering detonations), and Benham (contained 

detonation). These are located on Figure 1-1. Cabriolet and 

Benham travel time data were added because the three detonation 

4-1 
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I Figure 4-1 Particle Velocity Seismogram Recorded at Beatty (Hard Rock), 
Nevada - Schooner Event 
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i Figure 4-2. Particle Velocity Seismogram Recorded at Frenchman Mountain, Nevada -
Schooner Event 
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points are fairly close together and the Schooner data sample 

alone is inadequate for analysis. <- • 

The first arrival times can be approximated fairly closely ' 
4 

by two straight line segments. The first, in the distance interval. 

0-144 km, indicates a propagation velocity for Pg, the direct wave, 

of 5.9 km/sec. The second, in the distance interval 144-400 km is 

based on limited data but suggests a propagation velocity of about 

7.7 km/sac for Pn, the P wave critically refracted from the Moho-

rovicic discontinuity. Data such as this and the two velocity 

values are typical of the results of other investigators such as 

Diment.'et al. (1961), Stuart, et al. (1964), and Hill, et al. (1967) 

obtained at the Nevada Test Site (NTS). These values of velocity and 

•'•', the value of 144 km for the critical distance indicate a NTS crustal 

model with a thickness of 26.2 km. 

/ • On the basis of travel time data and the radial-vertical com

ponent product waveforms, the time history of a typical seismogram 

can be divided into three time windows: , . 

1. A P wave window (beginning with the first arrival and 
extending to the first S wave arrival). 

2. A S wave window (beginning at the first S wave arrival; 
• i.e., at a time about 1.7 times the first arrival time, 
and extending to the onset of the surface wave train). 

J'" 

y 

3. A surface wave window (beginning with the onset of the 
long period surface wave to the end of significant motion 
on the seismogram). - ' 

4-5 

/ 



'' • T h e s e wave mod<i t i m e windows a r e n e c e s s a r i l y g e n e r a l i z e d -. 

/ and v a r y i n l e n g t h a n d c o m p l e x i t y a c c o r d i n g t o f a c t o r s s u c h a s : 

1) t h e d i s t a n c e o f t h e s t a t i o n from t h e s o u r c e , 2 ) t h e g e o l o g i c 

> l a y e r i n g a t t h e r e c o r d i n g s i t e , and 3 ) t h e many c o m p l e x g e o l o g i c a l 

a n d g e o p h y s i c a l p a r a m e t e r s o f t h e e a r t h ' s c r u s t wh ich i m p r e s s t h e i r 

s i g n a t u r e u p o n t h e p r o p a g a t i n g w a v e s . The P wave t i m e window, f o r e x a m p l e , 

c o n t a i n s a t l e a s t t h e d i r e c t w a v e , t h e wave c r i t i c a l l y r e f r a c t e d f rom t h e 

M o h o r o v i c i c (M) d i s c o n t i n u i t y a n d t h e r e f l e c t i o n from t h e M d i s -

c o n t . i n u i t y i n an o r d e r wh ich d e p e n d s upon t h e s o u r c e - t o - s t a t i o n d i s 

t a n c e r e l a t i v e t o . t h e M d i s c o n t i n u i t y . 

.-' 4 . 2 CORRELATION OF PEAK PARTICLE VELOCITY AND ELASTIC WAVE MODE 

TIME WINDOWS 

E a c h o f t h e p a r t i c l e v e l o c i t y s e i s m o g r a m s r e c o r d e d f rom 

S c h o o n e r was a n a l y z e d t o d e t e r m i n e t h e c o r r e l a t i o n b e t w e e n t h e 

p e a k v e c t o r and t h e p e a k h o r i z o n t a l p a r t i c l e v e l o c i t y w i t h wave 

mode t i m e window. T a b l e 4 - 1 l i s t s t h e r e s u l t s : o f t h i s a n a l y s i s . 

, ' , • , - . 

! Both the peak vector and the peak horizontal particle velocity 

. ' • • ' • 

correlate with the surface wave mode time window at all Schooner 

' . stations except Frenchman Mountain and Alamo. The peak horizontal velocity 

values occur most often on the transverse component of the seismo-
^ ' ' . . . , ' • 

, g r am. . 

'••.•• The peak vector and the peak horizontal particle velocity 
J . - ' . t • 

- . • . ' • / ( • ' ' ' . • ' ' • ' - . 

\ .^i o b s e r v e d a t s e i s m o g r a p h s t a t i o n s w h i c h r e c o r d e d t h e C a b r i o l e t 
y ' I ' 

...'fT'' 
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I 

RECORDING 
STATION 

2 

Beatty 

CP-1 

Tonopah Church 

SE-2 

Frenchman Mountain 

Kingman (Arizona) 
' 

Beatty 

ETS-2 

E-MAD 

NRDS (Admin. Bldg.) 

Tonopah Motel 

Alamo 

Squires Park 

SE-6 -

DISTANCE 
(km) 

39.3 

51.2 

64.4 

99.4 

119.3 

189.7 

340.0. 

51.7 

61.1. 

63.9 

67.6 

99.2 

124.0 

181.8 

187.3 

STATION 
GEOLOGY 

Rock 

Rock 

Rock 

Rock 

Rock 

Rock 

Rock 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

WAVE MODE WINDOW WHERE 
PEAK VECTOR PARTICLE 
VELOCITY OCCURS 

P Wave S Wave 

X 

X 

Surface 
Wave 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

WAVE MODE WINDOW AND CQ-l-
PONENT WHB.RE PEAK HORIZONTAL 
PARTICLE VELOCITY OCCURS 
P Wave S Wave 

X(T) 

Surface 
Wave 

X(R) 

X(R) 

X(T) 

X(T) 

X(R) 

X(R) 

X(T) 

X(T) 

'X(T) 

X(R) 

X(T) 

X(T) 

X(T) 

X(N/S) 

TABLE 4-1. CORRELATION OF PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VELOCITY WITH WAVE MODE 
TIME WINDOW -- SCHOONER EVENT 

;•• • 1 : " 5 . 
I . t - : ^ 
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d e t o n a t i o n , a 2 . 3 k t n u c l e a r c r a t e r i n g e x p e r i m e n t , were i d e n t i f i e d 

and c o r r e l a t e d w i th thie t h r e e wav.-:; mode t i m e w i n d o w s . The r e s u l t s 

a r e g i v e n i n T a b l e 4 - 2 . Au o b s e r v e d f o r S c h o o n e r , b o t h t h e p e a k 
i 

v e c t o r and t h e peak h o r i z o n t a l p a r t i c l e v e l o c i t i e s c o r r e l a t e 

p r i m a r i l y wi th t h e s u r f a c e wave mode t ime window. 

Peak v e c t o r and h o r i z o n t a l p a r t i c l e v e l o c i t y v a l u e s were 

d e t e r m i n e d on seismograms r eco rded from Benham, a 1,100 k t c o n 

t a i n e d n u c l e a r d e t o n a t i o n , i n o r d e r t o c o r r e l a t e t h e peak p a r t i c l e 

v e l o c i t y and v;ave mode t ime windows for a c o n t a i n e d e v e n t . The 

r e s u l t s a re shown i n T a b l e 4 - 3 . I n t h i s c a s e , t h e peak p a r t i c l e 

v e l o c i t i e s r e c o r d e d a t s e v e r a l s t a t i o n s ( B e a t t y , Tonopah, and 

NRDS s t a t i o n s ) c o r r e l a t e with t h e P wave t i m e window i n s t e a d of 

t h e s u r f a c e wave t ime window. At o t h e r s t a t i o n s , t h e peak p a r t i c l e 

v e l o c i t i e s c o r r e l a t e w i t h t h e s u r f a c e wave tirae window, a s no t ed 

f o r Schooner and C a b r i o l e t . 

I n s u f f i c i e n t d a t a a r e a v a i l a b l e a t t h i s t ime t o e s t a b l i s h a 

p h y s i c a l b a s i s for t he c o r r e l a t i o n be tween p e a k p a r t i c l e v e l o c i t y 

and t h e s u r f a c e wave mode t irae window f o r c r a t e r i n g e v e n t s . P e r h a p s 

t h e b a s i c d i f f e r e n c e i n - t h e a m p l i t u d e spec t rum of c r a t e r i n g and 

c o n t a i n e d e v e n t s ( i . e . , t h e s h i f t of t h e dominan t energy t o t h e 

low f r e q u e n c y end of t h e spec t rum f o r c r a t e r i n g e v e n t s ) e n h a n c e s 

t h e s u r f a c e wave gene r a t iori: "mech an ism more f o r c r a t e r i n g d e t o n a t i o n s 

4 - 8 

M « v > ' « ^ M v J A-KacW^b ^ 



I 
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RECORDING 
STATION 

CP-1 

SE-1 

Tonopah Church 

Q-25 

Tonopah Motel 

Alamo 

SE-5 

SE-6 

DISTANCE 
(km) 

57.0 

81.0 

. 111.0 

82.5 

- 111.0 

123.0 

163.0 

182.0 

STATION 
GEOLOGY 

Rock 

Rock 

Rock 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

WAVE MODE WINDOW WHERE 
PEAK VECTOR PARTICLE 

VELOCITY OCCURS 
P Wave S Wave Surface 

Wave 

X 

X 

X 

X 

X 

X 

X 

X 

WAVE MODE WINDOW AND CO^PONENT 
WHERE PEAK HORIZONTAL PARTICLE 

VELOCITY OCCURS 
P Wave S Wave 

•-

Surface 
Wave 

X(T) 

X(R) 

X(T) 

X(R) 

X(T) 

X(T) 

X(R) 

X(N/S) 

TABLE 4-2. CORRELATION OF PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VELOCITY WITH WAVE MODE TIME 
WINDOW -- CABRIOLET EVENT 



I 

RECORDING 
STATION 

2 . 

Beatty 

Tonopah Church 

SE-2 

Frenchman Mountain 

Kingman (Arizona) 

Beatty ' 

ETS (Dewar) 

E-MAD 

NRDS (Admin. Bldg.) 

Tonopah Motel 

Alamo 

Squires Park 

SE-6 

DISTANCE 
(km) 

27.9 

43.9 

114.1 

105.0 

175.0 

320.0 

44.8 

.46.7 

49.4 

•53.1 

114.1 

116.8 .; 

167.0 

172.7 

STATION 
GEOLOGY 

Rock 

Rock 

Rock 

Rock 

Rock 

Rock 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

Alluvium 

WAVE MODE WirroOW WHERE 
PEAK VECTOR PARTICLE 

VELOCITY OCCURS 
P Wave 

X 

X .. 

X 

X 

X 

X 

X 

S Wave Surface 
Wave 

X 

X 

X 

X 

X 

X 

X 

WAVE MODE Wir-X)OW AND COMPONENT 
IVHERE PEAK HORIZONTAL PARTICLE 

VELOCITY OCCURS 
P Wave 

X(R) 

X(R) 

X(R) 

X(R) 

X(R) 

X(R) 

.S Wave 

« 

.Su:jface 
Wave 

X(R) 

X(R) 

X(R) 

X(T) 

x(n) 

X(R) 

X(T) 

X(N/S) 

TABLE 4-3.. CORRELATION OF PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VELOCITY WITH WAVE MODE TIME • 
WINDOW — BENHAM EVENT -.'" i 
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t h a n f o r c o n t a i n e d d e t o n a t i o n s . A d d i t i o n a l s t u d y o f d a t a frora "." 

b o t h c r a t e r i n g and c o n t a i n e d d e t o n a t i o n s i s r e q u i r e d t o e s t a b l i s h 

t h e b a s i c p h y s i c a l r e l a t i o n s h i p . A l s o , a s more g r o u n d m o t i o n d a t a 

f rom n u c l e a r c r a t e r i n g d e t o n a t i o n s a r e o b t a i n e d , t h e a m p l i t u d e o f 

p a r t i c u l a r wave modes ( e . g . , t h e d i r e c t P and S waves c r i t i c a l l y 

r e f r a c t e d and r e f l e c t e d from t h e M d i s c o n t i n u i t y ) w i l l b e d e t e r m i n e d 

a s a f u n c t i o n o f y i e l d and s o u r c e - r e co r d i n g s t a t i o n d i s t a n c e a n d 

c o m p a r e d w i t h s i m i l a r d a t a f rom c o n t a i n e d n u c l e a r d e t o n a t i o n s ( H a y s , 

1 9 6 9 ) . 

4 . 3 DETERMZNATICT^ OF FREQUENCY CHARACTERISTICf. OF ELASTIC WAVE 
MODE TIME WI^DOWS 

Two f r e q u e n c y a n a l y s i s t e c h n i q u e s , B a n d - P a s s f i l t e r (BPF) 

and t h e F o u r i e r t r a n s f o r m , w e r e u s e d t o d e t e r m i n e t h e f r e q u e n c y 

c h a r a c t e r i s t i c s o f e l a s t i c wave mode t i m e windows o f p a r t i c l e 

v e l o c i t y s e i s m o g r a m s r e c o r d e d f rom S c h o o n e r . 

F i g u r e 4 - 4 shows t h e BPF s p e c t r u m o f t h e r a d i a l p a r t i c l e 

v e l o c i t y o b s e r v e d a t two s e i s m o g r a p h s t a t i o n s , B e a t t y ( h a r d r o c k ) 

and E T S - 2 ( a l l u v i u m . ) S u p e r p o s e d o n e a c h s p e c t r u m a r e s p e c t r a 

o f t h e t h r e e wave mode t i m e w i n d o w s . I n s p e c t i o n o f t h i s f i g u r e 

l e a d s t o t h e f o l l o w i n g c o n c l u s i o n s : - " 

1 . The p e a k r a d i a l p a r t i c l e v e l o c i t y r e c o r d e d a t B e a t t y 
, \_ correlates with the surface wave mode time window. The 

' peak radial particle velocity recorded at ETS-2 correlates 
with the S wave mode time window, being slightly greater 
than the response of the surface wave mode time window. 

t 
4-11 
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Figure 4-4, Band-Pass F i l t e r Spec t ra of Wave Mode Windows 
Measured On the Radial Component of P e a : t i d e 
Veloci ty , S t a t ions Beatty (HR) and ETS-2, Nevada 
- Schooner Event 
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- 2. The individual contribution of the three wave mode win-. 
' ;". dows to the pieak radial particle velocity observed on--t-he 
' /. seismograms is a function of both wave mode window and . 

/. :.. frequency. That i s , the surface wave mode v;indow contri
bution to the radial particle velocity occurs at a dom-

/ ' inant frequency of about 0.8 Hz at Beatty and 1.2 Hz at 
' ETS-2. The P wave mode time window contributes the smal

lest radial particle velocities at a dominant frequency 
of about 1.2 Hz and 4 . 5 Hz respectively for Beatty and ETS-2. 

Figure 4-5 illustrates the radial component of particle 

velocity recorded at five hard rock sites . These stations, with the 

'.,_ exception of Beatty, are approximately in-line with the Schooner 

••• j source, and are distributed over a total distance range of 340 

'' '.'' kn . The' wave mode tirae windows are identified on each radial 

/ :; component waveform. 
"'. i l • • 

i i 

The smoothed Fourier amplitude spectra of each of the three 

. i; wave mode windoivs illustrated in Figure 4-5 are shown in Figure 

4-6. These data support the following conclusions: 

The surface wave mode tirae window contributes the peak 
Fourier amplitude on the five seismograms, as noted 
earl ier . 

Considering the three amplitude spectra of each individual 
station, the frequency, of the dominant energy varies as a 
function of the wave mode window. That i s , the peak arapli-
tude of the P wave mode window spectrum occurs at a higher 
relative frequency than the peak amplitude of the other 
two wave mode spectra. The peak amplitude of the surface 
wave mode window spectrum occurs at the lowest relative 
frequency. This phenomenon is related to the well known 
fact that the three elastic wave types propagate with 
different ivave velocities and, consequently, ;different 
characteristic frequencies. 

4-13 
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EVENT: SCHOONER STATION: 2 
COMP R A = 39.3 Km 

-O-̂  SURFACE WAVE 

EVENT: SCHOONER STATION: BEATTY (HR) 
COMP R A = 51.2 Km 

f\/-vr.—^ 

• 

I . s . SURFACE WAVE 

EVENT: SCHOONER STATION: CP-1 
COMP R A = 64.4 Km 

S SURFACE WAVE 

^MAA^JVVV^'VA^VV'^V-'v.-/»-'>~---~^~rAJ\/\/V^V^^ 

EVENT: SCHOONER STATION: FRENCHMAN MTN ' 
COMP R A = 189.7 Km 

EVENT: SCHOONER STATION: KINGMAN 
COMP R A = 340.0 Km 

10 SECONDS 

SURFACE WAVE 

Figure 4-5. Radial Component of Particle Velocity Recorded 
at Five Stations Located on Hard Rock - Schooner 
Event 
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4-15 



V 

\ 
V I 

/ 
1 

In summary, the spectral characteristics of the wave mode 

time windows for Schooner are similar to those observed for 

contained events (Hays, 19 69) with one exception, the apparent 

dominance of surface wave energy for Schooner. Additional 

analysis is required to extend this observation to all cratering 

events. 

4 , 4 FREQUENCY DEPENDENT AMPLIFICATION 

Amplification of seismic motion at recording stations located 

on alluvium has been noted since the early days of seismology. 

Haskell (19 53), Hannon (1964), Davis and Murphy (1967), Murphy 

and Davis (1969) and a number of others since 1930 have shown 

that the shallow low velocity layers of the earth's crust act as 

a filter with respect to the seismic energy arriving at a seismo

graph station and significantly affect the ground motion. 

The transfer function o.f the layered system is a complex 

function which has been shown to involve several variables (Davis 

and Murphy, 1967): 

1. The elastic wave type (P, S, Rayleigh, Love) 

2. The angle of incidence of the incident wave 

' : / • . • " ' " - • ' . . . 

."4.-.' 3 . The p h y s i c a l param.e ters ( t h i c k n e s s , d e n s i t y , r i g i d i t y , 
I .. . .. co .mpress iona l and shea f -wave v e l o c i t i e s ) of t h e l a y e r e d 
• . sys tem and t h e u n d e r l y i n g r o c k . 

\ - . ; 
4 - 1 6 
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In actual practice, only the amplitude term of the transfer: 

function is used to calculate a frequency dependent amplification\i;<(̂ fi, 

factor for the layered system. 

A practical procedure to determine the frequency dependent 

amplification of a layered system to a seismic input generated 

by an underground nuclear explosion is to use the seismograms 

measured at adjacent stations; one located on hard rock and the 

other on alluvium (or a low velocity surface layer). The basic 

assumption is made that the input at the base of the alluvium 

layer is the same as the output measured at the hard rock station; 

therefore, the amplification factor can be determined by dividing 

the Fourier amplitude spectrum of the seismic energy measured at 

the alluvium site by the Fourier amplitude spectrum of the seismic 

'•y energy measured at the hard rock site. The time history of the 

seismogram is divided into P, S, and surface wave mode windows, as 

described in 4.2, and the ratio of the Fourier amplitude spectra of 
'"i-~. 

corresponding wave mode windows is taken to determine the araplifica-

, tion factor as a function of a particular incident vjave type, 
r . -

• .̂ S e i s m i c m e a s u r e m e n t s a t t h e p a i r of s t a t i o n s a t Tonopah, Nevada, 

a r e w e l l s u i t e d f o r an a n a l y s i s o.f t h i s t y p e . The Tonopah Motel 

s t a t i o n i s l o c a t e d on a p p r o x i m a t e l y 30 f e e t Of u n c o n s o l i d a t e d f i l l 

; o v e r l y i n g d a c i t e . The Tonopah Church s t a t i o n , l o c a t e d abou t 600 
y ' . - . . 

I I 

.''' 
(• feet away, is on the same material which underlies the Motel station. 
/; . . - - - . 
/•/" Thus, it seems reasonable that the outrjut measured at the Church 

It I -
. '' •' station is identical to the input at the base of the fill at the 
] Motel station, 
/ • " . • • - . ' • 

.! • 4-17 
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F i g u r e 4 -7 i l l u s t r a t e s t h e r a d i a l ccraponent o f p a r t i c l e 

v e l o c i t y r e c o r d e d a t t h e two Tonopcih s t a t i o n s from t h e Schooner 

e v e n t . The wave mode ti-»ne windows a r e i d e n t i f i e d on t h e f i g u r e . 
4 

F o u r i e r a m p l i t u d e s p e c t r a f o r each of t h e wave mode windows 

of F igu re 4 -7 a r e shown in F i g u r e 4 - 8 fo r t h e two Tonopah s t a t i o n s . 

The s p e c t r a of b o t h s t a t i o n s e x h i b i t peak a m p l i t u d e s a t a p p r o x -

V~ i m a t e l y 1.3 Hz for t h e P wave window, 1.4 Hz for t h e S wave 

window, and 0 . 5 Hz for t h e s u r f a c e wave window; however , t h e s p e c 

t r a l c o m p o s i t i o n a t o t h e r f r e q u e n c i e s i s d i f f e r e n t . F i g u r e 4-9 

shov;s t h e a m p l i f i c a t i o n f a c t o r a s a f tone t i o n of f r e q u e n c y f o r each 

o f t h e t h r e e wave mode windows. The a m p l i f i c a t i o n f a c t o r i s g r e a t 

e s t fo r t h e P wave window, b e i n g a f a c t o r o f 10 a t 7 . 5 Hz. Ampl i 

f i c a t i o n f a c t o r s o f 8 a t 8 .5 Hz a n d 4 a t 6 .2 Hz a r e o b s e r v e d foar 

t h e S and s u r f a c e wave windows r e s p e c t i v e l y . The t h e o r e t i c a l 

a m p l i f i c a t i o n f a c t o r f o r t he P and S wave windows a r e s u p e r p o s e d 

fo r r ieferance on t h e c o r r e s p o n d i n g c u r v e s i n F i g u r e 4 - 9 . Q u a l i t a 

t i v e agreement be tween o b s e r v a t i o n and t h e o r y i s no ted showing 

t h a t t h e a m p l i f i c a t i o n due -to t h e l a y e r e d system i s i n d e p e n d e n t o f 

whether the i n p u t e n e r g y s o u r c e i s a c r a t e r i n g or a c o n t a i n e d 

n u c l e a r d e t o n a t i o n . Lack of ag reemen t be tween o b s e r v a t i o n and 

t h e o r y i s r e l a t e d t o . t h e f a c t t h a t t h e t h e o r e t i c a l model c o n s i d e r s 

a s i n g l e i n p u t p u l s e a t t h e b a s e o f t h e l a y e r e d sys t em, whereas 

t h e observed P wave (o r S wave) window c o n t a i n s s e v e r a l p u l s e s ' 

' V . 

\ 
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EVENT: SCHOONER 'STATION: TONOPAH MOTEL 
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Figure 4-7. Radial Component of Particle *icity Recorded at 
Tonopah Church and Tonopah Motel, .ier Event 
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Schooner Event 
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(such as the direct wave, the critically refracted wave from the 

Mohorovicic discontinuity, and the reflected wave from the 

Mohorovicic discontinuity). 

Table 4-4 shows the comparison of the peak vector motions 

recorded at the Tonopah Church and Tonopah Motel stations from 

Schooner with the peak motion expected on the basis of the Nevada 

Test Site prediction equations (Murphy and Lahoud, 1969). Note 

that the peak particle vector motions recorded at Tonopah from 

Schooner are lower than the levels of motion expected on the basis 

of average NTS.experiencej with the exception of the peak particle 

velocity recorded at Tonopah Motel which is only slightly higher. 

This observation is contrary to NTS experience, because the measure

ments at Tonopah Motel from contained detonations are nearly al

ways higher than the average-predicted values. 

STATION 
MEASURED PEAK VECTOR MOTION 

A c c e l e r a -
t i o n ( g ) 

V e l o c i t y 
( e r a / s e c ) 

D i s p l a c e -
m e n t ( c m ) 

PREDICTED PEAK VECTOR MOTIO^J 
A c c e l e r a -

t i o n ( g ) 
V e l o c i t y 
( c m / s e c ) 

D i s p l a c e -
m e n t ( c m ) 

T o n o p a h C h u r c h 

T o n o p a h M o t e l 

1 . 8 7 x 1 0 - 4 

2 . 8 3 x 1 0 - 4 

2 . 1 3 x 1 0 - 2 

2 . 3 0 x 1 0 - 2 

4 . 1 4 x 1 0 - 3 

4 . 2 2 x 1 0 - 3 

7 . 0 x 1 0 " * 

1 . 6 x 1 0 - 3 

5 . 0 x 1 0 - 2 

1 . 2 x 1 0 - 2 

1 . 3 x 1 0 " ' ^ 

3 . 6 x 1 0 - 2 

•TABLE 4 - 4 . CCMPARISON OF MEASURED AND PREDICTED PEAK VECTOR P A R T I C I £ 
MOTIONS AT TONOPAH CHURCH AND TCNOPAH MOTEL, SCHOONER EVENT V :.'•' 

\ 
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An e x p l a n a t i o n fo r t h e lower l e v e l o f peak v e c t o r p a r t i c l e .~-

mot ions r e c o r d e d a t t h e Tonopah s t a t i o n s from Schooner i s r e l a t e d 

t o d i f f e r e n c e s i n t h e s e i s m i c s p e c t r a l c o m p o s i t i o n for e q u i v a l e n t 

y i e l d c r a t e r i n g and c o n t a i n e d e v e n t s and t o t h e d e c r e a s e d s e i s m i c 

ene rgy e f f i c i e n c y of c r a t e r i n g e v e n t s a s compared t o normal con

t a i n e d e v e n t s . Chapte r 5 w i l l compare t h e s e i s r a i c ene rgy e f f i 

c i e n c y of Schooner wi th o t h e r unde rg round n u c l e a r d e t o n a t i o n s . 

4-23 
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CHAPTER 5 

SEISMIC ENERGY EFFICIENCY 

The objective of this chapter is to determine the amount 

of energy from underground nuclear explosions which goes to form 

elastic waves in the far-field radiation zone. This subject has 

been studied by other investigators for nuclear events, notably by 

Carder, et. al . (1958 and 1961), Berg , et. al. (1964), Lowrie and 

Mickey, (1965) and Trembly and Berg, (1966). 

The approach taken in this study is to develop the analytic 

solution of the spherically symmetric Sharpe's problem into an 

energy equation. The parameters appearing in the equation are 

evaluated through a self-consistent method within the theory. 

In principal, once the elastic radius and pressure function act

ing at t:ie elastic radius are determined, the seismic energy can 

be calculated with this model. ' ' 

5.1 THEORY AND ANALYSIS 

The displacement potential for wave motion produced by a 

spherically symmetric exponential pressure function acting in an 

ideally elastic medium has been derived by Sharpe (1942) and can 

be stated as 

5-1 



4, = a p o 

. p r . [ ( a j^ /x /2~- a ) 2 + w2^J 
( % 1 ) 

( - n r - w i r / V ^ r , ,— 
<-e . + e ( 1 / V 2 - ot/w^) s i n w. T + c o s (ja..T 

for T :̂  O 

= 0 for T < O 

where t h e p r e s s u r e f u n c t i o n a c t i n g a t t h e e l a s t i c r a d i u s ( r = a ) , 

i . e . , t h e r a d i u s a t which t h e medium behaves e l a s t i c a l l y , i s 

'f.i - a r . , 
p = p e for T ^ 0 ( 5 - 2 ) 

for T < o . 

x-3 
.̂  i 

'/ i 

I . 

..A 

- / • ' ' • • 

p i s t h e p e a k p r e s s u r e , " or i s t h e decay c o n s t a n t = 1 / T Q , T ^ i s 

t h e t ime for t h e p r e s s u r e t d decay t o p e V ''" i s t h e r e t a r d e d 

t i m e = t - ^—-—^ , a; = 2 V 2 c / 3 a , c i s the c o m p r e s s i o n a l v e l o c i t y , 

r i s t h e r a d i a l d i s t c i n c e from t h e s o u r c e , . p i s t h e d e n s i t y of t h e 

medium, and Lame's c o n s t a n t s , X and /x, axe assumed e q u a l ( P o i s s o n ' s 

r a t i o = 0 .25 ) . From t h e d i s p l a c e m e n t p o t e n t i a l <f), t h e d i s p l a c e 

ment in t h e medium can be d e t e r m i n e d e a s i l y from t h e r e l a t i o n s h i p 

u = -— , where u i s t h e d i s p l a c e m e n t . The decay t i m e , T_., 
or o . 

5 - 2 
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is assumed proportional to the elastic radius, a. The decay con

stant may then be written as a = 1/T = ka; , where w = c/a. The 

parameter k, in general, may be a function of the shot point 
• 

parameters, but, as will be shown later, is not expected to be 

very sensitive. With the above substitution, the displacement 

may be calculated to be 

u = 

-k(u T - 2 . ^ r / 3 

(3-3k+9kV4) V 2(3-3k+9k^/4) 

( (f sin (a,̂ r + d^) - -^^^^ sin ioi-̂ T + 6.^-6^) (5-3) 

where 

e, = tan -1 
l-3k/2 

e^ = tan"^ V2~ 

Particle velocity, v = hu/bX, is 

3P. 
-kcô r 

V = ape < r ) | 2'<(. X) ̂ 3_3^^ 

-2a) T/3 

(3-3k+9kV4) V2(3-3k+9k2/4) 

V 3 " (|) sin (t«*iT+fl̂ -̂ )̂ - 2 sin (a>̂ T + »̂ -2(9 ) (̂  (5-4) 
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It is to be noted in equation (5-4) that the velocity has a l/r 

and 1/r dependence. The far field radiation zone consists of ̂. 

the l/r term only, since the l/r term becomes negligibly small -

at large distances. The far field part of the velocity may thus 

be written as 

• \ . -kOi^T 

V ff 

3p £ /a, 3,2 

(3-3k+9kV4) 

-2a)o'̂ /3 
V 2 e sin(co^T+e^-2e2) 

V(3-3k+9kV4) 

(5-5) 

The instantaneous kinetic energy density corresponding to 

the fair field is l/2 pv,, . Assuming spherical divergence, the 

total seismic energy (assuming that the total energy is twice the 

kinetic energy) is ~ 

/ 

JO 

E = 4Tir2 pc / ^ff^ d t ( 5 - 6 ) 

1-
where r ? a . For convenience, r i s chosen t o be a . Thus, 

5-4 
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E = 47ra pc 

00 

dt (5-7) 

r = a 

Substitution of equation (5-5) in equation (5-7). and integrating 

gives the seismic energy. 

E = 

2 3 

2/x K (5-8) 

where 

K = 
12k-^-4k^+16 

4 2 
9k +8k +16 

and fJ- is the modulus of rigidity. This expression determines the 

seismic energy input at the elastic radius of underground explosions, 

assuming that most of the motion is radially compressional at that 

radius, which is a good approximation for tamped nuclear explosions 

(Perret (1968b) ) .. 

For a step function, k = O, giving a K value of 1, and the 

radiated energy is simply . 

•'.] 
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^STEP FN ~ 2HL (5-8a) 

which is a result that Latter, et.ai. (1961a), have obtained for 

the case of a step function. 

In order to evaluate the energy expression (equation 5-8) , 

determinations of PQ, a, k and \i. are required. It is assumed that 

the medium "on the large" has low tensile strength and that the 

limiting pressure, p , is therefore in the neighborhood of the 

overburden pressure (Latter, et.ai., 1961, a and b; and Kisslinger. 

1963), in order to keep the medium from going into tension and 

propagating cracks. Poisson's ratio is taken to be 0.25 and n is 

thus equal to c2 p/3. 

A determination of the elastic radius, a, can be obtained 

from the amplitude spectra of the particle velocities. The 

Fourier transform of the displacement for Sharpe's problem at a 

distance r, has been obtained by Latter, et.ai. (1959), as 

^ pa / i iw\ c^ ' 
z(w) = 5 7 (-̂  + 7-) — i •• 2 -̂̂ ) 
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where w is the angular frequency, (3 = (X+2̂ i,)/4|J., p is the Fourier! 
'•;•'••.''•-'; 

transform of the pressure function at a, and the other quantities 

have been previously defined. 

4 

For r » c/u) , t h e a m p l i t u d e sp>ectrum of t h e d i s p l a c e m e n t i s 

Z\ = 
acoc 

' ^ ' ^ M ^ o ^ - P " ^ ) •" i^o'^ 
(5 -10) 

and the amplitude spectrum of the velocity is simply 

v = (0 zl 

The F o u r i e r t r a n s f o r n of t h e e x p o n e n t i a l p r e s s u r e f u n c t i o n i s 

P = a+lw 

l> 
and _; 

IP) 
>/ a2-»o)2 

5-7 

I III I ' l i ' i i i i n I I ' • . r i . r r r i lT i i ' ' - - " "'- „ ^ ^ .. r . , i . . k . - . ^ . ^ . - i i i i r -- i«i» I " ^ — 1 ^ ' ' ' ' ' ^ ' ^ . r t T - . i V i M r . . 1 m 



I 

/ 

V 

The ve loc i t y cunplitude sp>ectrum then becomes, with the sub

s t i t u t i o n a = ko^. 

-1 _ fE2 . ' .: 0)2 
" ' ^ - ^ ^ ' [p2a)^(^V_2^^^^^^2.^4,^^2l2p, ,2^^^^^4^2,^2^^6j l /2 (^-^^) 

Taking the derivative of | v| with respect to co and equating to 

zero, gives the dimensionless -equation 

p̂  M " - (.a..p.3,,, (̂ _ny 2k^ = 0 

(5-12) 

W Q = c/a 

which specifies the extreme points, lOjjj, of the velocity amplitude 

.< spectrum. Figure 5-1 shows a plot uf WJ„/WQ versus k, for a 

Poisson's ratio = 0.25 (p = 0.75). Note that equation (5-12) only 

"'_'__ applies in the far field. Thus, if the frequency of maximum ampli

tude lies around 2 Hz and c = 5 km/sec, r » c/cOm or r » 400 m • 

-ensures that the observation distance r, lies in the far field.. In 

y practice, to determine an elastic.'vadius from equation (5-12), a 

value of k and Wj,, are needed. If there is significant shear and/or 
> 

\ ., surface wave motion, the frequency of maximum amplitude is determined 

from the compressional wavewindow (i.e., the time window on the -

5-8 
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seismogram which is predominantly composed of longitudinal motion) " V':T .,.. 

since this model only holds for compressional waves. Although the ob- • 

servation distance must be in the far- field, it must be small with 

respect to the differential attenuation effects of the earth. 

This would be a function of the dominant frequency content of the 

compressional waves. 

X 

In order to evaluate the constant k, equation (5-12) and the 

relation a = kto are used to give the relationship 

fer •<' ̂  <^p-') ( ^ ) ' '̂ - Cf f 2 = 0 (5-13) 

I .• 

•/ 

F i g u r e 5-2 shows a p l o t of k v e r s u s (oij^j/a) , f o r a P o i s s o n ' s r a t i o 

of 0 . 2 5 . I t i s seen t h a t f o r a c o n s t a n t r a t i o of (w^j/a) , k i s 

cons taui t fo r a p a r t i c u l a r P o i s s o n ' s r a t i o . In g e n e r a l , k i s t o 

be c o n s i d e r e d a f u n c t i o n of the s h o t p o i n t p a r a m e t e r s . However, 

k i s no t e x p e c t e d t o va ry s i g n i f i c a n t l y , s i n c e t h e r a t i o {ta^/a) 

which i s p r o p o r t i o n a l t o decay t ime of the p r e s s u r e p u l s e a t t h e 

e l a s t i c r ad ius /dominc in t p e r i o d of s e i s m i c mot ion s hou ld no t vary, 

s i g n i f i c a n t l y . ' . • . 

The p a r a m e t e r k can be e v a l u a t e d f rom.a combina t i on of f r e e -

f i e l d d a t a and f a r f i e l d s e i s m i c d a t a . The f r e e - f i e l d d a t a g ive 

a d e t e r m i n a t i o n of a., and s e i s m i c d a t a d e t e r m i n e s tOj^. 
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5.2 EXAMPLES OF SEISMIC ENERGY EFFICIENCY COrvn'UTATIONS : 

The seismic energy efficiency was deterninod foe four con---. :̂  

tained nuclear detonations (Shoal, Salmon, Boxcar, and Benham), a ' 

decoupled nuclear detonation (Sterling), and the nuclear cratering 

detonation (Schooner). These six events provide an adequate data 

sample, since they encompass a wide range of yields and physical 

conditions. Details of the computation performed for each detona

tion are given below. 

Salmon. For the Salmon event (described in Table 5-1), free-

field measurements from Perret (1968a) indicate a T̂ ^ = 20 msec, 

which gives a - 50/sec. The band-pass filter spectra which are ap-. 

proximations to Fourier amplitude spectra from the compressional 

wave windows of stations 10-South (18 km) and 20 South (31 km) 

are shown, in Figures 5-3 and 5-4. Radial horizontal and vertical 

components o.f particle motion are shown. The frequency ox 

maximum amplitude, fj^, is estimated^to be about 4 Hz. This gives 

a value of K<^,^/a) of 0.50, and, from Figure 5-2, a k value of 3.20. 

Figure 5-1 gives the relationship Wĵ ^ = 1.61 W Q , from which the 

elastic radius can be evaluated, a = l-i-̂-'iH . Using a compressional 
^ m ' 

velocity of 4.67 km/sec gives a_ - = 299 meters, which 
Salmon ' 

corresponds to a peak shock pressure of -370 bars (Perret, 1968), 

The overburden pressure is 130 bars, which indicates that the 

limiting pressure P Q = 370 bars is 2.06 times the overburden 

pressure.. Inserting these numbers into equation (5-3) for. the 

seismic energy gives a seismic efficiency (seismic energy/ 
initial energv av.-iilable) of 5.8%. 

• • " - • ' . , -- •• 5 - 1 2 

m in " -' ' -
• T ^•—--^- g - - - . - • • - - ' . ^^ - - - i tin ' ' - I i r " { . . , f . ^ ' . - - . . m j i . iiirnff**^j^-^-^'*^-^>"''-««'^'>-^ •"'•fTCtiSA 



S*?T»' 
^^!|Pl^#^J^-i!g!^ii^iii^i^|^^ 

TABLE 5 - 1 . RESULTS OF SEISMIC ENERGY CALCULATIONS 

I 

M 

Ul 
I 
H 
W ' 

Event 

Shot Location 

Type . . 

Yield (kt) 

Depth of Burial 
(ft) ,.. 

Scaled Depth 
(ft/kt^/3) 

Medium 

Density(gm/cc). 

Overburden 
Pressure (bars) 

Compressional 
Velocity (km/sec) 

f/(Hz)' 
.1 

Seismic Energy 
Radiated (kt) 

Seismic Energy 
Efficiency (%) 

Shoal 

Sand Springs 
Range, Nevada 

Nuclear 
Contained 

12.5 

1205, • 

519 . 

Granite 

2.55 

92 

5.55 

2.5 

2.3x10'^ 

1.8 

Salmon 

Tatum Salt 
Dome, 
Mississippi 

Nuclear 
Contained 

b.3 

2716 

1552 

Salt 

2.2 

180 

4.67 

4.0 

3.1x10-^ 

5.8 

Boxcar 

Pahute Mesa, 
Nevada 

Nuclear 
Contained 

1200 

3822 

354 

Rhyolite 

2.1 

237 

3.84 

0.75 

5.5x10"-^ 

4.6 

Benham 

Pahute Mesa, 
Nevada 

Nuclear 
Contained 

1100 

4630 

447 

Tuff 

2.25(av.) 

311 

3.66(av.) 

0.8 

6.7x10^ 

6.1 

Schooner 

Pahute Mesa, 
Nevada 

Nuclear 
Cratered 

30 

353 

107 

Tuff 

2.23 

236 

3.41 

1.25 

9.5x10-2 

0.32 

Sterling 

Tatum Salt 
Dome, 
Mississippi 

Nuclear 
Decoupled 

0.38 

2716 

3751 

Salt 

2.2 

180 

4.67 

36.0 

3.14x10"^ 
(1.3x10^^ 
ergs) 

6.008 
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Shoal. For the Shoal event (described in Table 5-1), free-

field measurements from Weart (1965) give an average T of 70msec--

and a = 14.3/sec. The spectra (Perret, 1967 and Weart 1965) 

are not very definitive. They giv-a. an estimate of fĵ  between 2.0 

•and 3.0 Hz or approximately 2.5 Hz. Thus, Wj„/a is 1.13 and k is 

1.22. From Figure 5-1,. ŵ , = 1.35 COQ, and using a compressional 

velocxt 'y of 5.55 kni/sec gives aci,Qg,i = 477 meters which corre

sponds to a peak shock pressure of about 145 bars (Weart, 1965) 

Overburden pressure is about 92 bars, and the limiting pressure 

is 1.58 times as great. Evaluation of the seismic energy gives a 

seismic efficiency of 1.8%. Trembly and Berg (1966) found a 

seismic efficiency of 0.7% from experimental observations of the 

Shoal event. Their theoretical model gave a seismic efficiency 

of approximately 2% in the southwestern quadrant. Also, they 

determined an average elastic radius of 510 meters which is com

parable with the value of 477 meters determined here. 

In general, to determine an elastic radius without free-field 

measurements, a value of k between 1 and 4 is appropriate. Using 

an average value of the ratio/ — 1 from Figure 5-1, gives the re

lationship a = 1.5 c/^ja 1^3%. Although this uncertainty can be 

tolerated in determining the elastic radius, it would lead to a 

considerably larger uncertainty in the seismic energy, since the 

elastic radius appears as a^. Also there would be uncertainty in 

the function K appearing in the energy formula. However, this dif

ficulty caji be effectively eliminated by rewriting equation (5-8) 

• . • ' ' . •• f 

ais. -, 1 ' 

! • ' 
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E = 

2 3 

2fj. tum" "̂  fey (5-14) . ; ' / . / 

where t he f u n c t i o n K 
' 0) m 
. W-

, plotted versus k in Figure 5-5, is 

seen to be relatively insensitive to k for the values of k between 

0 and 4. Using an average value of 1.5 for the function gives 

37r p ^ c^ 
E = 5— ± 10% 

4/1 O) 
(5-15) 

m 

and p^ is estimated by the average of Salmon and Shoal results, 

i.e., 1,8 times the overburden pressure. 
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Boxcar, Benham and Schooner. As described in Table 5-1, Box

car and Benham were large yield, contained nuclear events detonated 

in Pahute Mesa, while Schooner was a nuclear cratering event deto

nated in the same area. Figures 5-6 through 5-8 show compressional 

wave amplitude spectra of the-radial horizontal components of 

particle motion at surface stations for the particular events (Box

car spectra were obtained from Hays (1969)). Equation (5-15) in 

combination with f̂ ^ and the elastic parameters was used to compute 

the seismic energies. ..Boxcar and Benham show seismic efficiencies 

of 4.6% and 6.1%, respectively, while Schooner shows a seismic 

efficiency of 0.32%. The comparison between contained events and 

the cratering event in Table 5-1 indicates that cratering events 

have significantly lower seismic efficiencies than contained'^events. 
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F igu re 5-5 The Function K Times the Cube of t h e R a t i o of the ' 
Frequency (««>j„) of Peak S p e c t r a l Amplitude and Re
sonant. Cavity Frequency (lo ) Versus the Parameter k 
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BOXCAR EVENT 

=3 

0.0 1.0 

Figure 5-6. Smoothed Fourier Amplitude Spectra of the Com
pressional Wave Window, Radial Component, Boxcar. 

Event . 
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Figure 5-7. Smoothed Fourier Amplitude Spectra of the Compres
sional Wave Window, Radial Component, Benham Event 
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SCHOONER EVENT^ 

Figure 5 - 8 . Smoothed Fourier Amplitude Spec t ra of the Compres
s i o n a l Wave Window, Radial Component, Schooner Event 
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Sterling. The Sterling event was a 380 ton nuclear decoupling 

shot detonated in the Salmon cavity of 17.4 meters radius. The V: 

pressure input at the walls of the cavity consists of a number of 

spikes oscillating about a mean pressure of about 160 bars. Band-

pass spectra at surface stations between 1 and 2 km from the event 

show a frequency of maximum amplitude around 36 Hz (Davis, 1968). 

Using the value of ('-̂jp/'̂o) ^ ° ^ ^ step pressure function (k = 0) 

from Figure 5-1 gives the relation 

1.16c 1 a = 
Wm STEP FN 

which y i e l d s an e l a s t i c r a d i u s of 24 m e t e r s . Th is v a l u e of t h e 

e l a s t i c r a d i u s i s p r o b a b l y l a r g e s i n c e t he f r e q u e n c i e s a s s o c i a t e d 

w i t h t h e ground motion were very h i g h and t h e d i f f e r e n t i a l a t t e n u 

a t i o n e f f e c t s c o n s i d e r a b l y r educed f a t 1 and 2 km. This i s o b 

s e r v e d i n t h e s p e c t r a o b t a i n e d a t 6 and 7 km where f.̂  reducf^s t o 

v a l u e s be tween 10 and 20 Hz ( D a v i s , 1 9 6 8 ) . The f r e e - f i e l d d a t a of 

P e r r e t (1968) obtai ined a t d i s t a n c e s between 166 and 660 me te r s i n 

d i c a t e f „ ' s l a r g e r thatn 40 .Hz . Th i s e v i d e n c e i n d i c a t e s t h a t t h e 

m ^ 

medium p r o b a b l y behaved e l a s t i c a l l y a t t h e c a v i t y w a l l f o r t h e 

s t e p p r e s s u r e of 160 b a r s . 

Us ing e q u a t i o n ( 5 - 8 a ) f o r t h e s e i s m i c energy, l i b e r a t e d by a 

s t e p p r e s s u r e f u n c t i o n i n c o n j u n c t i o n w i t h aoi a of 17 .4 m e t e r s 

euid P Q of 160 b a r s g i v e s a r a d i a t e d e n e r g y of 1.3x10 e r g s , and 
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a seismic efficiency of 0.0084%., Perret (1968) experimentally found' 

a mean radiated energy of 3x10 ergs which corresponds to a 

^ismic efficiency of 0.019%,-. The difference in radiated energies 

may be due to the significant shear motions associated with the 

event. The ratio of seismic efficiencies of Salmon/Sterling is 

690, or 305 if the higher value is used, which indicates a de

coupling factor between 200 and 500 in the radiated energy, as

suming that a 380 ton tamped event would have the same seismic 

.efficiency as Salmon.. 

A 

The conclusions to be drawn are that seismic energies deter

mined by the analytic procedure of this chapter are reasonable 

estimates, and tha't, in particular, cratering and decoupled events 

display significantly loiver seismic efficiencies than normal con

tained events. 

/ 

S 

/. 
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CHAPTER 6 

SUMMARY AND RECCMMENDATIONS FOR ADDITIONAL WORK 
^ • ' • • • - . ' . - " - , ' - ' 

S e i s m i c d a t a were measvared a t 17 s e i s m i c s t a t i o n s for t h e 

n u c l e a r c r a t e r i n g d e t o n a t i o n , Schooner J and were ana lyzed and com

p a r e d wi th c o r r e s p o n d i n g da t a o b s e r v e d frora o t h e r c r a t e r i n g and 

c o n t a i n e d n u c l e a r d e t o n a t i o n s . Peak v e c t o r p a r t i c l e v e l o c i t i e s 

were d e t e r m i n e d for Schooner and compared wi th n o r m a l i z e d d a t a frora 

o t h e r d e t o n a t i o n s . Measured b a n d - p a s s f i l t e r s p e c t r a from Schooner 

were s c a l e d t o accoun t for y i e l d and d e v i c e depth of b u r i a l d i f f e r 

e n c e s sind compared wi th band -pas s f i l t e r s p e c t r a obse rved frora 

c r a t e r i n g ( C a b r i o l e t ) and c o n t a i n e d d e t o n a t i o n s ( K n i c k e r b o c k e r , 

Rex , and D u r y e a ) . A p r e l i m i n a r y d e t e r m i n a t i o n o f t h e c o r r e l a t i o n 

o f t h e a m p l i t u d e and f requency c h a r a c t e r i s t i c s o f t h e ground mot ion 

g e n e r a t e d by Schooner wi th s p e c i f i c e l a s t i c wave t y p e (P, S, s u r f a c e ) 

t i m e windows was made and compared wi th t h e e q u i v a l e n t c o r r e l a t i o n 
I. 

f o r t h e C a b r i o l e t and Benham d e t o n a t i o n s . The s e i s m i c ene rgy e f f i 

c i e n c y ^of Schooner was de te rmined a n a l y t i c a l l y and compared with 

t h e se i ' s ra ic . ene rgy e f f i c i e n c y o f f o u r c o n t a i n e d n u c l e a r d e t o n a t i o n s 

( S h o a l , Sa lmon, Boxcar , and Benham) ,and one n u c l e a r decoupled 

d e t o n a t i o n ( S t e r l i n g ) . The r e s u l t s o f t h e s e a n a l y s e s p r o v i d e a d d i 

t i o n a l i n s i g h t i n t o t h e i rapor tan t c h a r a c t e r i s t i c s o f ground motion 

r e s u l t i n g frora n u c l e a r c r a t e r i n g d e ' t o n a t i o n s . 
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6.1 SUMMARY OF CONCLUSIONS 

The basic conclusions which resulted from the analyses 

described above are summarized below: 

' • $ 

s 

I 
i 

'. ;^ 

Peak Vector Particle Motion. - the peak vector particle 
velocities recorded at both alluvium and hard rock sites 
(and the derived peak vector accelerations and displace
ments) agree qualitatively with results obtained from 
other cratering events and are low relative to the mean 
value predicted for equivalent yield contained detonations 
on the basis of Nevada Test Site experience. The veloci
ties observed from Schooner range from about 0.2 to 1.3 
of the mean predicted value for alluvium sites and frora 
0.4 to 0.7 for hard rock sites. Derived accelerations 
range from 0.2 to 0.6 of the mean predicted value for 
alluvium stations and from about 0.1 to 0.5 for hard rock 
sites. Displacements range fromO.lto l.l and fromo.35 
to0.7for alluvium and hard rock sites respectively. 
These results agree qualitatively with spectral results 
on the basis of depth of burial scaling, as noted below. 

Band-Pass Filter Spectra - band-pass filter spectra ob
served from Schooner agree, when scaled for yield and 
device depth of burial, -.vith the spectra from Cabriolet, 
(cratering detonation) and Knickerbocker, Duryea and 
Rex (contained detonations). Before scaling for depth 
of burial, the band-pass filter spectra from cratering 
detonations are somewhat lower in magnitude than the mean 
spectra from equivalent parameter contained detonations 
and the dominant energy content is shifted to the low-
frequency end of the spectrum. Thus, with respect to 
seismic motions, a cratering event may be considered as 
a contained event buried at a relatively shallow depth of 
burial. The relatively shallow depth of burial causes 
the high frequency spectral composition to be considerably ' 
reduced and the low frequency composition slightly reduced 
relative to that of contained detonations. 

/Amplitude and Frequency Characteristics of Elastic Wave / 
Types - the peak vector and peak horizontal particle 
velocities observed from Schooner and Cabriolet correlate 
primarily (with tv/o exceptions) with the surface wave time . 
window. An analogous analysis performed for Benham, a 
contained detonation, does not lead to the same correlation. 

6-2 
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for many of the peak particle velocity measurements occur 
in the P wave window. Insufficient data are available at".: 
this time to explain the apparent correlation of peak 
particle velocity with the surface wave time window as 
a physical phenomenon distinctly related to cratering 
detonations; although, it appears possible that the domi
nant low frequency spectral composition of cratering 
detonations may selectively enhance the surface wave 
generating mechanism. Band-pass filter and Fourier ampli
tude spectrum analysis of wave mode time windows on the 
radial component showed that the surface wave node time 

. window contributes the peak amplitude at the lowest domi
nant frequency (about 0.5 Hz) in all cases except at ETS-2, 
the S wave mode time window contributes the intermediate 
particle velocities (at a dominant frequency of about 0.8 -
1,2 Hz), and the P wave mode time window contributes the 
smallest particle velocities at the highest dominant fre
quency (about 1.2 - 4.5 Hz) for Schooner. The transfer 
function for the shallow layered system at Tonopah, 
Nevada, derived on the basis of the seismograms recorded 
at Tonopah Motel and Tonopah Church, verifies that the fre
quency dependent amplification of the layered system is 
independent of whether the input energy source is a nuclear 
cratering or a nuclear contained detonation. However, the 
peak ^/ector particle motions (particle acceleration, dis
placement, and velocity) observed at Tonopah are signifi
cantly lower than the mean value predicted for equivalent 
yield contained detonations on the basis of Nevada Test 
Site experience. The lower level of peak particle motions 
is related to the diminished high frequency spectral com
position and to the decreased seismic energy efficiency 
of cratering detonations, as is summarized below. 

4, Seismic Energy Efficiency - the seismic energy efficiency 
(radiated energy/initial energy available) is significantly 
lower (about a factor of 0.1) for nuclear cratering deto
nations than for equivalent yield nuclear contained deto
nations. The lower seismic energy efficiency means that 
cratering detonations ars significantly less efficient 
in forming elastic waves in the radiation field, than con
tained detonations. The lower seismic energy efficiency 
is related to the shallower depth of burial for cratering 
detonations. 

On the basis of the results obtained for Cabriolet (Klepinger 

and Mueller,.1969) and for Schooner, the following guidelines seem 

\ 
J 
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reasonable for making ground motion predictions for NTS cratering 

detonations: • 

o Preliminary peak vector motion predictions can be based 
on NTS ex-perience with equivalent yield contained deto
nations for planning purposes. These predictions will be 
conservative for the relatively high frequency ground 
motions, the peak particle accelerations and velocities, 
and will need to be reduced by a factor which is relateci 
to the shallow depth of burial of cratering detonations 
relative to the standard, scaled depth of detonation. The 
correction for shalloiv depth of burial is based on a scaling . 
technique developed-by Mueller (1969). The ratio 
of the scaled depth of detonation of the event under consid
eration to another event (or set of events) at a standard 
scaled depth of burial is defined as X . From theoretical 
considerations, it can be shown that the peak vector particle 

. acceleration needs to be corrected for depth of burial by 
the multiplicative factor X^*^^ and the pscik vector particle 
displacement by XO-48. xhe peak vector particle velocity 
is corrected on the basis of the characteristics of observed 
band-pass filter spectra. The multiplicative factor appli
cable at NTS for peak vector velocities is O.S+O.SX^*^^. 

• Spectral (Pseudo Relative Velocity (PSRV) predictions for 
planning purposes can also be based on NTS experience with 
equivalent yield contained detonations. These predictions 
will be cohservative at the short period end of the spectrum, 
unless a correction for the shallow depth of burial of the 
cratering detonation is incorporated. This frequency de
pendent correction (Mueller, 1969) yields a multi
plicative constant for 'each frequency. The magnitude of the 
constant is related to ths ratio of the scaled depth of det
onation of the event under consideration to auiother event 
(or set of events) at-a-~s~t'andard scaled depth of burial. 
For cratering detonations, the correction for shallovv depth 
of burial reduces the level of PSRV at the short period end 
of the spectrum while leaving the level at the long period 
end of the spectrum essentially unchcinged. 

/ -

•• - . .«' - .. 
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6.2 RECOMMENDATIONS FOR ADDITIONAL WORK 

Useful physical insight into the characteristics of ground 

motion of a nuclear cratering detonation has been obtained by the 

analyses contained in this report. However, additional data from 

cratering detonations are required in order to extend significantly 

the ability to predict accurately the ground motion characteristics 

of nuclear cratering detonations. Future Plowshare excavation 

projects (Yawl, Sturtevant, Phaeton, etc.) will provide the basic 

data needed to achieve this goal. 

Specific recommendations of future work include the follow

ing: 

3. 

4. 

Determine the similarities and differences of the ampli
tude and frequency characteristics of ground motion from 
cratering and equivalent parameter contained detonations. 

Process and compile a representative ground motion data 
sample for cratering detonations on which to base sta
tistically derived peak amplitude (acceleration, displace
ment, and velocity) and PSRV prediction equations. 

Determine the experimental and theoretical correlation 
between wave modes, peak ground motion, and frequency 
dependent amplification for cratering detonations. 

Determine the experimental and theoretical effect of 
the physical properties of the source medium on factors 
such as the amplitude and frequency characteristics, seis
mic energy efficiency, and wave mode generation of crater
ing detonations. 
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These activities will significantly improve the physical basis 

for making predictions of ground motion for future nuclear crater- • 

ing detona'tions. 
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N&ceUe lormatioii and 'tts;role in the notatibii process^ 
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Summary 

The capacity for micelje formation is an -unciesirable charac
teristic for a collector, since i t ieads to a decrease in the 
concentration of its most flotation-acti-ve-form-(tree ions) 
in the; volume of the pulp. 

The fate of d'estruction of the micelles in, solutions b£ 
collectors of one homologous series is directly proportionsd 
to.the critical micelle'; con centration. With dilution of the 
solution, (in the region of flotation concen tra tibhs) complete 

Qoncentration pfyn'Tiritps twL means ot hetetotrophic bacteria 

destruction of the micelles of collectors contaiouig c^ -f̂ ': 
saturated radicals takes 15-30 inih or niore. Fo r . co l l ec t 

-with unsaturated radicals this time amounts to 2-5-inia_,..j. 
.. , . • i f ^ ^ m ' 
Preliminary dilution of the initial concentrate SOIU^OBI'" 

of the collectors before deUyery to the pulp aids des t i ne^ 
of the micelles and leads to increased extraction of the.ah. 
eral and increased flotation rates . The same effect is ^ -^^ 
hy the additi.onot'certain organic oxygen compounds (a tbtv 
concentrated soiutiofts of the coUectors. . .^^ 

• f-^m^ 

vDCBi2.-j.muW 

p i Andreev, S i Pol'kin, R.A Sha vlo, G I Karavaiko and 11 D Morozova institute of MineralResbur ces;'MG, Ukrainiaa '^ 
SSSR)" ' ' ,-' • • 5,ssK 

The main raw material .for the productipn of alumina is 
high grade bauxites, the reserves, of"wKich in"thfe USSR 
are limited. In the meantime considerable reservespf high 
silicon low-grade b'ausites have been proved, and, they can
not be proceissed to alumina by ttie inost effective,Bayer 
process without preUminary concentration. The directives 
of theV241h Congress of the'Gommunist Party of'the Soviet 
Ifnion-provide for a 5p-,6CJ'ri increase in alumina production 
during.the ninth five-year Plan. 

Analjfsis ol scientilic researches.into the 'concentrafion 
of low-grade bauxites leads' to the conclusion that the, 
existing' mechanical methods of concentration have low 
efficiency. The extractipn of aiuriilna in the concentrate 
rarely exceeds 65-70^-, while the: quality of the con cen-
trates'is as a rule, increased by-no mpre than 4-7%, 
Moreover, there are a series of deposits of kaolinite-
boehmite,bauxites with a high content of silica,, which 
are not concentrated at-ail, and Bieir direct treatment 
to alumina can.pnly tie. realised by an extremely complex 
.and coistly technique, by the;sintering method. 

The main reasons-restricting the pd'ssibility of>effec-
,tive concentratibn bfihi'gh-silicon baiuxites are the ex
tremely fine emulsion-fypeimpregnatipn of the nriiiierals 
of the free fp;rins;fo,,aluniLina (twehmite, gibbsite, dia
spore), in the cerhentfng'niasS of the rock and the close 
mutual intergrowth of the^minerals with.eacli pther. The 
main harmful impurity'in bauxites is.silica,- i^hich enters 
into the' compositiori 6f*'various aluminosilicates (kaolinite, 
halloysitej chlorites, etc). In the concentratipn process 
the ,SiOi must be removed -A-ith the waSte products, but ks 
a result of; this operabon a conSiderable'.part of the AlgOj 
.iS lost: 

The characteristics of the-me.phariical concentration of 
bau.xites achi.evedat the present time can be regarded 
as the best-possible, and;no;prospect can beibreseeh 
fora -substantial improve ment iri the\ effectiveness ol 
mechanical tnethckis.for the.concentration of bauxites.. 
In re cent years; in niany icpuntiries, including the Soviet 
Union, extensive researches have been carried put in the 
search for new more effective methods for ttie exti-acUoh 
of useful components f rojii ores , and the. most promising 
of the'seis bacterial leaching. 

Thiobacilli are mostly used in the bacterial leaching of 
nonierrous metals, and their action amounts either to direct 
oxidation of the sulphide" min erals or to oxidatioh of ferrous • 
sulpjiate to ferric, which is a strong oxidising agent for 
sulphide minerals: A new,direction has Ijegun to develpp 
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in bacterial hydro metallurgy. TMs in wives the leaching 
of nonferrous, rare , and iwble metails from.rocks and 
carbonate ores, by means of heterotrophic micro-organlsaM 
and the products from, theiractivtfy**). ,;, 

TKe grest part played'ty heterotrophic a t i c ro^ rg^s ina -.' 
in the brealcdownof silicate, minerals'has ijeen mentioned' 
tiy Vernadskii*),yinogradskii'>, Omelyanskii')., KrasU'nilnM^;'| 
Vdlbgdiri^), and pthers. Thus, Vernadskii came to tiie:cos... 
elusion that the disintegration of the kaolin nucleus (or i-
derivaiiyes of aluminosilicates siich as feldspars, etc.) -
can he. related to the develppment of diatomic algaie and, 
consequently,, bacteria. Sibsequently, developing these . 
ideas, Vologdin^) wrote that "these organisms split the 
kabUhmolechiie.into alumina and silica". Zajic'°) givea 
data which show thatheterotrophic micro.Torganisms are 
capable of de compo sing yarious silicate minerals. Thus, 
in.the presence, of fungi, calcium, magnesium, and zinc 
•silicates were decompNased by 94, 76 and ,96% raspectiTely, 
Bacteria, and actinomycebes,. isblated froin theiSoil, also • 
dissolved 83-87% of calcium silicate. 

% 
Aleksandrov, and Ternovskaya^^) showed tliat when mus—'-'̂  

covite and .phlogopite are treated with heterotrophic j 
bacteria-, more ttian 22% of the silica present in the 
minerals can pass'into solution. Teshich and Mariano- ; 
vich^',) give data bn itie use of heterotrophic-bacteria 
for decomposition of the alumino-siljcate core of minerals 
with release of uranium, beryllium, and manganese into -f-
sbluUph. In experiments by Silverman and Munoz") up to ĵ  
80%;ot'the titanium was leached out from granites, graiiio—i 
diorite, and quartzite in 7 days by 'means of fungi. The .ĵ ». 
rate of'the leaching of iirahium from.iiranium ore and X 
granites increase by 100 and'5 times respectively under 5 
the inf luence of ̂ lieterotrophic bacteria^). 

•m 
The organic compounds normally formed by micr^rgania* 

^are also active agshts forthe decomposition of silicate miu-i 
erals. Organi:c acidsare capable of destroying the crystal .t; 
lattices of minerals and tranaferring the metals into solutlw-, 
in. the.form of organic-mirieral salts or chelates; Thus, 
according to' data of Huang and ke'lier^^'), 0,5-5 times more 
Silicon dissbives in carbonic acid water and solntiohs of 
weakly complexinglacids and 50 times more in-sblutians 
of strongly cbmplexlhg acids compared with distilled water. 
Solutions of weakly and.strongiy complexing acids dissolve 
10_and 100 times more aluminium arid iron respectively 
than distilled'water. 

The purpose of Bie present work was to study fte possi- ? 
biiily of using certain heterotrophic t»acteria tor the disiJi- j 
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--jising of high-siUca low-grade bauxites of the Smelyansldi 
S^tbe Vislovskii deposits. The bauxites of the Smelyanskii 
^ o s i t contain 42wt.% AlaOj, 27.7 wt. % SiOj, and iron 
L^es and hydroxides. The main minerals are gibbsite 

(s iru, and kaolinite. The sample tested of bauxites from 
Vislovskii deposit contained (wt.^) 12.6SiOj, 48.4 

j^irt ^ 18FeO, and 4.4 F^Oj. The main minerals of the 
MObtes are boehmite, chamosite (chlorite), and kaolinite. 
^g prepare the culture liquid we used a dry preparation 
e£ bfttrotrophic bacteria, obtained by the method of V G 
Urksandrov on T-2 medium with the following composition 
jaj); eMgSQ,; SNaCl; FeClg (1% solution) one drop: 400 
%i£x>i 400 K^COa, phosphate fertiliser with 10% chalk, 
l c : vater, 100ml. In 100 ml of solution we used 20 g of 
^ ' d i y preparation of the heterotrophic bacteria. 

le the experiments we used 5-10 g of tiauxite. The samples 
««re placed in 200-250 ml conical flasks, 5-7 ml of boiled 

-vaKr was added, and the materials were rubbed against 
oe bottom of the flask to prevent the formation of lumps. 
A 10-15 ml portion of the culture Uquid containing the bac-
Kria was then added, and the flasks were placed in a 
•vrmostat at 28-30OC. The flasks were periodically shaken. 
Tte results from l>acterial concentration of b.iu-xites from 
ew Smelyanskii and the 'Vislovskii deposits, compared with 
Aia on mechanical concentration of the bauxites, are given 
to the table. 

ratio of AlgOj to SOj) was 10.1. According to the state 
standard GOST 972-50, such a concentrate l)elongs to bauxite 
of grade BO and can be treated successfully to alumina by 
the Bayer method. During concentration of a sample of 
tiauxite by magnetic separation in a strong magnetic field 
the obtained concentrates in the best case contained 53.2% 
AljOj and 10.1 SiOg with an extraction of only 65.3% AljO,. 
Such a concentrate corresponds to bauxite of grade B-3 
(the highest sintering grade) and can only be processed to 
alumina by the Bayer method by sintering. 

The alumina released during Ijacterial decomposition of 
the aluminosilicates concentrates in the washing waters 
and can also be extracted. In this case there are practi
cally no losses of alumina in the Ijacterial concentration 
of l»uxites. 

The data presented demonstrate the high effectiveness 
of the bacterial concentration of bauxites and the good pros
pects for the use of this method in the production of alumina, 
since not only bauxites but also other aluminosilicates 
(nephelines,kaolinites) can be broken down by means of 
bacteria with subsequent extraction of the alumina. 
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ABSTRACT 

It is well known that the variations in temperature, chemical 
reactivity, and reaction rates which are presumed to occur and 
which in some cases have been shown to occur in a leach dump or 
similar solution mining activity are difficult to duplicate or model 
on a small laboratory scale, and the degree to which such large-size 
metallurgical processes can be scaled is not well established. In 
the present investigations the design criteria and sampling methods 
for large-scale leach tests on low-grade copper waste are outlined 
and the results of studies of temperature profiles and associated 
chemical and biological activity in 185 ton (1.63 x 105 Kg) waste 
samples (approx. 10.75m ih height) are discussed. Various simple 
scaling features are presented, including drain-down characteristics 
and waste-body neutralization (of acid consuming minerals) for test 
samples of 7.0, 4 x lOS and 1.7 x 10^ Kg. Simple geometrical 
scaling laws are shown to closely describe the greater part of these 
processes. Temperature profiles in a large waste body are shown to 
be related to or correlated with bacterial activity, which is further 
shown to be related t o available oxygen (and oxygen consumption). 
Aeration of large waste bodies is shown to be correlated with en
hanced bacterial activity and leaching rates, and certain features 
of bacterial catalysis observed in the large-scale tests are corrob-
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orated by detailed laboratory studies of bacterial leaching phenomena 
.utilizing the scanning electron microscope. ' Long-terim data profiles 
showing a relationship between temperature, bacterial activity, 
oxygen consumption, arid variations in Fê "*-, Fe^'^, Cu concentration, 
pH and Eh In the waste body are presented along with the variation 
of these parameters. 

INTRODUCTION 

The importance of bacterial activity in the sulfide copper 

le?';hing process was first recognized In the recovery of copper in 

thd Rio Tinto (RazzelT and Trussel ) , and since then it has been 

convincingly demonstrated at least on a laboratory scale that leach 

solutions inoculated, with an appropriate microorganism are much more' 

effective in solubiTizing copper, frpm a mineral-bearing waste than 

y those solutions which do not contain .any measurable bacterial popu-

••.-Ration or bacterial activity. Although the evidence supporting the 

effects of bacterial catalysis Is overwhelming at the laboratory 

'.scale, 'there has been little direct evidence of the effect of 

• bacterial catalysis in Targe leach dumps and similar large-scale 

processes. While Bhappu, et al. have, for example, attempted to 

, determine the extent of bacterial activity within a leach dump, 

there have been ho detailed correlations of leach dump bacterial 
2+ 

activity with temperature profile, elemental concentrations (of Fe , 

Fe "*", and Cu) indicative of the efficiency of the copper leaching 

process; as well as oxygen available within a leach dump. As a 

result of possible temperature, concentration, and oxygen profiles 

within a leach dump, and the effect these parameters would be ex

pected to have upon bacterial activity, or the effect bacterial 

activity may have upon these parameters, It is difficult to charac-

terije such effects in a large leach dump or slmi.Tar large-scale 

/; solution mining operation by studying small-scale, laboratory column 

|J tests. There is In general a dearth of Information relating to the 

ability to scale small column leach tests to large leach dump bpera-

: tions or to model such operations, and it is difficult if not 

impossible to effectively duplicate temperature and biochemical 

reaction profiles which are expected to occur In a large leach dump. 
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In small-scale, laboratory column tests of only a few hundred kilo

grams of waste rock. 

Madsen and Groves . who recently completed a long-term, large-
3 

column (7.9 x 10 Kg) leaching experiment on a low-grade ,0.25Scopper 

(chalcopyrite) waste, co.ncluded that enhanced Teaching and leaching 

rates which occurred after aerating the waste'body were due primarily 

to bacterial catalysis. However, there were no direct observations 

of bacterial population or,acti vity within the waste body, and there 

was also no attempt to systematically evaluate the changes in solu

tion chemistry, or to determine associated variations in the waste 
4 

body temperatures with leaching time and aeration. Cathles and Apps 

have recently developed a dump leaching model which Illustrates the 

importance of air convection and temperature profiles. 

The present experiments were devised in an attempt to overcome 

some of the shortcomings outlined above. In particular, the waste 

columns tested were considered.to be representative of a small leach 

dump or unit of a large dump or heap because they were able to hold 

nearly 190 tons (1.7 x 10 Kg) of waste; having a height in the 

3.08m-d1ameter waste column of approximately to.5m, In addition, the 

test columns were designed to allow for access to the-leach solution 

as it permeated the waste,body, and for periodic sampling of waste 

particles in order to monitor bacterial population and activity at 

locations within the waste column; and thermocouples were embedded 

. within the waste body at various locations to allow the temperatures 

to be measured and corresponding temperature, profiles to be deter

mined. The application of simple scaling laws In conducting drain-

down experiments and the neutralization of an acid-consuming waste 

was also tested In the .present experimental program. Finally, 

laboratory studies of bacterial catalysis utilizing the scanning 

•eTectron microscope were undertaken in an effort to elucidate the 

detailed, nature of the associated microorganisms and their apparent 

role in the leaching process; particularly pyrite and chalcopyrite 

surface reactions (corrosion rates). 
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EXPERIMENTAL METHODS AND DESIGN CRITERIA 

The large tanks utilized in these experiments are converted 

liquid oxygen storage dewars measuring roughly 40 ft (12.3m) in 

" overall height and 10 ft (3.1m) in inside diameter. The inside 

jacket wall is a 304 stainless steel separated from the outer 

carbon-steel wall by 1 ft (0.3m) of perlite insulation. Currently 

two tanks in an array of four have been loaded with low-grade waste 

and tested for varying periods. Prior to loading, drains were cut 

into the bottom of each tank and provision for aeration made. An 

air distribution system consisting of a 5 ft. square 1 in. schedule-

80 PVC pipe with 0.125 in. holes spaced 1 in. apart was placed on 

the flat tank bottom. A Im high quartzite bed (+2") was placed upon 

the air distributor and the waste rock loaded by hand (hand placed) 

to a depth of approximately 0.3m. One tank was loaded with Kennecott 

_ Chino Mines Division (CMD) Santa Rita waste rock (~ -4") . The total 

copper was 0.362 with non-sulfide (acid soluble) copper accounting 

for 0.''14S and the balance disseminated as chalcocite and chalco

pyrite; with the chalcopyrite representing < 0.1 wt %. The pyrite/ 

chalcopyrite ratio was determined to be 10.6. The rock matrix was a 

quartz monzonite which required little detectable neutralization. 

Four access ports were cut into the sides of the leach tanks 

corresponding to irregular depths in the loaded waste body, and 

alternated at 90° from one. another along a diameter. Following the 

initial hand loading of the waste, the next 3.6m depth was loaded by 

elevator. Upon reaching the first port level, an array of instru

ments were installed consisting of a half-section pipe array to 

collect solution, a lysimeter (porous-cup collector for solution 

sampling) located in the center of the tank, and at least 2 thermo

couples near the center of the waste body; with one acting as a 

backup. This routine was continued until the waste was fully loaded 

•" and all access ports installed. The waste rock was hand loaded to a 

., depth of roughly 0.3m over the instruments installed at each level. 

: A second tank was loaded in a similar manner with Duval-

Sierrita waste (- -6") with a total copper content of 0.34% of which 

n 

0.03% was non-sulfide (acid soluble) copper, and the balance chalco

pyrite. The pyrite/chalcopyrite ratio of this rock was detemiined 

to be 4, and the matrix, unlike the Kennecott rock, contained a 

considerable carbonate concentration (- 2%) to be neutralized. In 

the loading of the Duval waste, a system of funnels (10 in. diameter) 

filled with screens and alumina balls were used in place of the pipe 

half-sections to collect solution at locations within the waste body. 

In addition, an array of gypsum moisture blocks was placed at 

various locations (at the gravel bed/waste body interface near the 

bottom and at each access port level). While in the Kennecott waste 

body, rock samples were removed periodically by augering through the 

solution collector opening at the access ports, a separate 2 in. 

fitting was provided for this purpose in the Duval tank. Each access 

port was provided with fittings to allow oxygen content to be 

measured. The top of each tank was vented through a 1 in. opening 

where oxygen content and air flow could be measured. An air com

pressor fitted with pressure control valves and a flow meter was 

used as a source of air (oxygen) through the air distributor at the 

bottom of the gravel bed. 

The solution distributor at the top of each tank consisted of a 

1 in. stainless steel shaft through a reservoir connected to the 
I 

center of an arm extending 9.5 ft. across the inside diameter, with 

1/16 in. holes in the upper side at decreasing spacing from the 

center shaft. The shaft itself was slotted to allow a permanent 

solution head in the reservoir, and was rotated with a high-torque 

motorat 1 rpm. The solution circuits normally contained approxi-

mately 5000 gal. (22.7 x 10 l ) of solution. The circuit itself 

consisted of a 10,000 gal. stainless steel holding tank (gravity fed 

from the waste column), a cascade scrap-iron launder, and an array 

of surge tanks or holding tanks between the launder and the waste 

column. 

Figures 1 and 2 illustrate the principal features of the 

instrumentation systems at the access ports,'the solution circuit, 

and overall views of the facility described above. Figure 3(a) 
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FIG. 1: Large leach tank facility and sampling and instrumen
tation design, (a) Overall v.iew of leach-tank facility, (b) Duval-
Sierrita waste-body sampling and instrumentation design features. 
Locations and arrays of moisture blocks and thermocouples are shown. 
The sampling arrays at access ports allow for the extraction of rock 
particles for determining bacterial population and activity, and 
.solution, extraction either from funnel collectors or a lysimeter. 
The lysimeter consists oi" a porous cup through which solution is 
drawn under vacuum and then expelled under pressure. Access port 1 
is shown at (1) in (a) whil-e (ac) denotes the air compressor. 
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FIG. 2: Solution c i r c u i t schematic (a) and f u l l view of 
launder and holding tanks shown in F ig. 1(a) (b) . 
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illustrates schematically the essential features of the air and 

solution distributors described a'bove, while Fig. 3(b) compares the 

drain-down characteristics for the scaled tests. Figure 4(a) and 

(b) illustrate the waste-body permeabilities throughout the waste 

column in the dry and solution-saturated states determined by 

measuring the pressure difference from inlet to outlet at constant 

flow rate. It is obvious from Fig, 4(a) and (b) that the waste-body 

permeabilities were considerably different, primarily as a result of 

differences in particle size distribution and waste body integrity. 

The variation in permeability is caused by the difference in pack

ing. The waste packed to a greater packing density near the bottom 

as compared with the top of the waste body as a consequence of the 

loading technique. 

Simultaneous with the loading and initial testing of the Duval-

.. Sierrita waste, smaller column tests were devised to function in a' 

scale test of the large-column leaching experiments. A 0.38m 

diameter and a 0.10m diameter column were loaded with 405 and 7 Kg 

of rock sized approximately on a scaled basis by multiplying the 

large tank maximum rock size (6 in.) by the ratio of the scale 

column diameter to the large column diameter. It was noted that the 

ratio column diameter/column height was smaller by a factor 2 for 

the smaller columns when compared to the large column, and this 

factor was taken into consideration when scaling the solution and 

air flow rates. The drain-down characteristics of the smaller 

columns from a solution-saturated condition were also scaled in 

terms of initial drain-down flow rate for the large column, and the 

ratio of retained fluid.to saturated fluid volumes determined. These 

data are listed for comparison in Table 1. Figure 3(b) illustrates 

the experimentally determined drain-down characteristics for the 

Duval-Sierrita waste in the large column and the smaller, scaled 

columns. 

Copper and iron analyses were determined by atomic absorption 

spectroscopy and ferrous iron (Fe ) by titration methods. Oxygen 

concentrations were determined at the large waste body access port 

n-' 

nnotor (i rom) 
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• Lorge tank (3.06 m dio.) 

• Medium column (0.39 m dio-) 

• Smoll column (O.XD m dio-) 

Aug. 27,1976 Time: 'Xrr\r%-
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FIG, 3. (a) Schematic view of the solution and air distribu
tors in the large waste columns, (b) Initial drain-down character
istics for the large Duval waste body and the associa" ••, smaller 
scaled columns. 
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TABLE 1 

Duval-Sierrita Waste Scale-Test Data 

Test Parameter Large 
Column 

Medium 
• Column 

Small 
Column 

Diameter, d (meters) 
Height of Rock, h (meters) 
d/h 
Maximum Rock Size (in.) 
Initial Drain Rate (Jl/min.) 
Initial Air Flow Rate (ji/min.) 
Initial Solution Onfluent (X,/min.) 
Retained/Saturated Solution 
Waste Body Weight (Kg) 

3.05 
9.75 
0.290 
6 
4 

17.5 
2 
0.77 ^ 

1 .7x l05 

0.38 
2.64 
0.145 
0.75 
0.20 
0.875 
0.100 
0.72 , 

4.05x10*^ 

0.10 
0.59 
0.145 
0.20 
0.10 
0.044 
0.005 
0.68 
7 

locations using a commercial oxygen meter. Bacterial populations 

in solution and in the waste body were determined by a most probable 

number method (MPN) for Thiobacillus ferrooxidans. In addition, 

laboratory studies involving both Thiobacillus ferrooxidans and a 
c 

high-temperature microbe (Brierley and Brierley ) were conducted to 

obtain quantitative evidence for bacterial catalysis and to 

determine more specifically the characteristics of bacterial attach

ment, the need fbr attachment, the site of attachment, and the 

degree of surface corrosion and the effect of bacterial catalysis on 

surface corrosion and reaction of FeSp and CuFeS- phases. Direct 

observations of bacterial phenomena and catalytic activity were made 

by systematic observations in a Hitachi HHS-2R scanning electron 

microscope operated at 25 kV, and fitted with an Ortec energy-dis

persive X-ray analysis facility. Specific sulfide phase regions and 

other mineral inclusions in the waste particles were in fact deter

mined by X-ray spectroscopy in the scanning electron microscope. 

RESULTS AND DISCUSSION 

Figures 5 and 6 illustrate some of the preliminary scale data 

and neutralization characteristics for the Duval-Sierrita waste. 

The initial inundation for the Sierrita test was made with Socorro 
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FIG. 5. pH data showing neutralization of the Duval-Sierrita 
waste rock. The efficiency of the scaling experiments is somewhat 
apparent. 

well water acidified initially to a pH of 2.0. Subsequent solution 

onfluent pH adjustments and air flow schedules are indicated in Fig. 

5. While the initial solution contained no measurable T. ferro

oxidans population, the waste body prior to solution inundation was 

observed to contain evidence of bacteria, which, as demonstrated in 

the data of Fig. 6('b) increased in the waste body during the neutral

ization period. However, temperatures even at the end of 120 days 

were not above 10°C, and the copper in solution averaged only SOppm; 

indicative of no significant bacterial catalysis or leaching. 

The Kennecott-Chino Mines waste, by comparison with the Duval-

Sierrita waste, was inundated with CMD tail-water which contained 

o 

800-

Eh 700 
(mv) 

600 

500 

400 

300 

'Al 

(a) 
30 60 

• ' • 

95" 120 

Time (doys) 

Bocterta (ceils/gm) 

120 

Time (doys) 

FIG. 6. (a) Eh data for the large and medium-scaled Duval-
Sierrita waste bodies corresponding to the neutralization period 
shown in Fig. 5. (b) Bacterial population profiles (Thiobacillus 
ferrooxidans) in the large waste body corresponding to the neutrali
zation period shown in Fig. 5. 
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•appreciable numbers (> 10 organisms/cc) of bacteria (Thiobacillus 

ferrooxidans). Unlike the Duval waste, the Kennecott waste required -

little neutralization, and slightly more than 10% of the total copper 

(as non-sulfide copper) was extracted during the initial solution 

inundation. Following the initial inundation, a schedule of solution 

cycles and aeration rates (including solution rest periods) was 

followed based in large part on the dump leaching computer model 
5 

developed by Cathles and Apps . One of the principal reasons for 

the test was to obtain experimental data to support the model pre

dictions. 

Figurfe 7 illustrates the temperature profiles, oxygen consump

tion and levels, bacterial count, and copper extracted and solution 

flow (flush) schedules for roughly the first 300 days of leaching the 

Kennecott-CMD waste body. It is of particular interest to note that 

."bacterial population, that is the population of Thiobacillus ferro

oxidans, began to decline at approximately 45°C, the upper limit for 

. known strains of the microbe (Marchlewitz and Schwartz ). While, as 

shown in Fig. 7, there is some very small 'decline in oxygen consump

tion with the decline in the Thiobacillus ferrooxidan population, 

the oxygen consumption remains high, and the temperature continues 

to increase. The maximum temperature attained within the waste body 

was 60°C, and at the final flush [not shown in Fig. 7 (#14)], the 

temperatures were dramatically quenched, and tended to stabilize 

thereafter between a maximum (not shown) of 35-40°C; indicative of 

some equilibrium condition. There was some evidence during bacterial 

sampling and analysis at the optimum temperatures that a high-temp

erature microbe was present within the rock, but no detailed evidence 

was obtained. However, it is well known that the optimum temperature 

for sulfide leaching catalyzed by Thiobacillus ferrooxidans is 35°C, 

and that biological oxidation appears to cease around 55°C (Bryner, 

et al. ). It is difficult to believe the acceleration of waste body 

heating and the associated reactions (particularly with regard to 

copper solubilization during solution flushes) could be the result of 

r 
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only chemical oxidation, and a high temperature microorganism would 

seem to be the only logical alternative. 

Figure 8 shows several examples of the flush data following 

cyclic leaching of primarily non-sulfide copper up to and including 

flush 6 (Fig. 7). It can be observed in Fig. 8, with reference to 

Fig. 7, that effluent copper increased with waste-body temperature, 
2-1- 3-f 

pH decreased, and the conversion of Fe to Fe appeared to in
crease iri the same proportion. The high proportion of Fe in the 
flush effluent, and the increase in the level of Fê "*" and the Fe"''̂ / 

2+ 
Fe ratio with progressive flushes and a corresponding increase in 

waste-body temperature would seem to be indicative of bacterial 

oxidation. Furthermore, the large difference between the Fe /Fê "*" 

ratio in flushes 10 and 12 might be due in part to the accelerated 

bacterial catalysis associated with a high-temperature microbe. 

Figure 9 shows several samples of the data for solution samples 

extracted from the various waste-body locations at access ports as 

shown in Fig. 1(b). It is of interest to compare the waste-body pH 

and Cu levels and trends with the composite data of Fig. 7. The 

temperature optimum in Fig. 7 is indeed well correlated with a 

soluble Cu maximum or increasing Cu concentrations at most waste-

body locations. 

Duval-Sierrita rock sections having a mesh size of -4 to 6 

(- 3-5mm) were randomly selected from crushed waste material repre

sentative of the various column leaching tests and polished flat on 

one side. The polished samples were washed in distilled water and 

ultrasonically cleaned. Figure 10 illustrates the dissemination of 

FeSg and CuFeSg (phase regions) within the matrix. The veinlet 

structures were generally much more characteristic of the Sierrita 

material while the separate inclusions of Fig. 10(c) were the over

whelming feature of sulfide dissemination in the Kennecott-CMD waste 

material. Rock particles-containing sections as shown typicalIv in 

Fig. 10 were placed in sterilized culture media (Berry and Murr^) 

adjusted to a pH of 2.3 in separate flasks; some inoculated with 

bacteria and others maintained as sterile controls. The high-
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temperature microbe inoculated was a Sulfolobus-like organism; 

maintained at 55°C during static leaching. Samples were removed 

periodically for examination in the scanning electron microscope and 

solution samples were withdrawn at the same time for analysis. Fig

ure 11 illustrates some examples of the results obtained. In Fig. 

11(a) and (b), the quantitative .difference in Fe^"^ and Fe^"^ is 

observed to be consistent with those observed in the data of Fig. 8 

(particularly flush 12). Furthermore, Fig. 12(a-d) clearly illus

trate the role of bacteria in catalyzing reactions at the FeS„ 
2-t- 3 + 

surfaces in the conversion of Fe to Fe as recently described in 

detail by Berry and Murr^. Figure 13(a) and (b) illustrate the 

morphologies observed for the high-temperature microbes and the 

Thiobacillus ferrooxidans. 

While Fig. 13(a) and (b) are representative of bacterial 

attachment for each microorganism, it has been found, in contrast to 

the conclusions of Duncan and. Drummond for example, that Thiobacil

lus ferrooxidans do not generally attach to the mineral surface but 

when they do attach, they attach selectively; only on FeS2, CuFeS-, 

or other sulfide (e.g. CugS) phase surfaces. This feature has 

already been demonstrated for the high-temperature microbe by Murr 

and Berry . Moreover, bacterial attachment, while it does occur, 

is neither necessary nor sufficient for catalysis. 

FIG. 7. Kennecott-Chino Mines waste rock leaching data. 
Temperature in the waste body, oxygen consumption (and levels) and 
bacterial population appear to be well correlated and indicative of 
the role of bacterial catalysis. The numbers in the graph showing 
cumulative copper extracted indicate periods of solution application 
or leaching (flushes). The initial solution inundation and drain-
down occurred at the point denoted "solution added" in the graph 
showing 02% and bacterial population. The temperature-quench effects 
of the solution flushes, particularly at higher waste-body tempera
tures, are readily observable on comparing the top and bottom 
graphs. Note that the "body" designated in the keys is the waste 
. rock. 
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FIG. 10. Examples of sulfide phase dissemination in the Duval-
Sierrita waste rock, (a) Veinlet typical of intermixed FeS2 and 
CuFeS?, (b) Cu-Fe X-ray map of (a), (c) Intermixed FeSg and CuFeS2 
phases, (d) Cu X-ray map of (c) showing CuFeSg regions in relation 
to FeS, regions. 
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FIG. 11. (a) Quantitative analysis of flask samples of Duval-
Sierrita waste showing Cu in solution and a correlation of rate of 
solubilization with bacterial population; (b) Comparison of Fê '''and 
Fe3+ levels in the same flask samples as (a). The control samples 
were not inoculated while the test samples were inoculated with a 
high-temperature, Sulfolobus-like microbe. 

SUMMARY AND CONCLUSIONS 

The results of this investigation, while incomplete, are en-
3 

couraging. Certainly the results of Madsen and Groves are 

illustrated by the present experiments, and the effect of oxygen 

concentration in the leach dump as it influences bacterial concen-
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FIG. 12. Surface corrosion of FeS2 in the high-temperature 
microbe solution at the same magnification, (a) Surface prior to 
leaching, (b) after 2 weej|;s, (c) after 3 weeks, (d) after 6 weeks. 

/~N 

FIG. 13. (a) High-temperature microbes attached selectively 
to the surface of FeSg; (b) Thiobacillus ferrooxidan on CuFeS2 
surface. Note flagellum and apparent biomatter u which the 
organism appears to be situated. 
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tration is shown to be important. The correlation of temperature, 

bacterial concentration, and oxygen profiles in a large waste body 

have been demonstrated, and the utility of large waste-body leaching 

experiments has been overwhelmingly demonstrated. While the scaling 

data presented'is incomplete, and not yet representative of the 

leaching of copper, a reasonably close correlation and overlap of 

data.has been established in the neutralization of a waste body with 

regard to solution effluent pH and Eh, There is some hope that this 

is indicative of the fact that simple scaling laws can be effective 

•in defining certain specific experimental leaching parameters. How

ever, it is doubtful that those features of leaching which are 

strongly temperature dependent can be scaled adequately unless the 

temperatures can be controlled. It would seem unreasonable to 

expect that temperature profiles such as those shown in Fig. 7 could 

•be duplicated in any laboratory column experiment. Finally, although 

the results, particularly those relating to bacterial concentration, 

. provide additional insight into the role of bacteria in the leaching 

process, they also are indicative of certain areas which can yield 

even more meaningful results. In particular, it might be suggested 

that bacterial activity is temperature limiting (Fig. 7). If this 

is indeed true, then there are clearly new directions to be followed 

in enhancing leaching rates and efficiencies, and these must involve 

more detailed understandings of bacterial phenomena. 
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CalciUatlon ot a cascade ol carbonisers tor aluminate solutions ^ ' ^ ^ lUa>\. ^ ^'-• J 

R L Dubrovinskii, LI Finkel'slilein and V N Il'inich (All-Union Aluminium .and M.ngnesiuni Institute. Achinsk 
Alumina Combine) 

UDC 669.2 

In industrial carbonisation of aluminate .solutions Ihc excess 
aluminium oxide passes into the precipitate, bul the solution 
never reaches equilibrium concentrations in the time spent 
In the stages of the cascade and always rem.nins out of equi
Ubrium when passing from the previous stage to the ne.xt 
stage. As a result of this Uiree lines must be used to des
cribe cascade carbonisation against the RjOcirb "^'aO^ 
coordinates of the RjO-AlaOj-COa-HjO system, i .e . ; Uie 
equilibrium line (111), the working line (II) of the concentra; 
tions of caustic and aluminium o.xide leaving the apparatus, 
and the working line (I) for the state of Uio .system in which neur 
tralisation of the caustic has already occurred but aluminium 
oxide has not yet separated from the solution (the line of the 
input concenti'ations). 

Analysis of the operation of the industrial carbonisation 
cascades of the Achinsk Alumina Combine (AGK) and of the 
Pikalevo Alumina Combine (PGK) (Qxamples in fig.la, b) and 

*,'t'T 

'yi'i-c.iy 

g/ l 

ing lines by the methods in the literature*)^) makes it 
possible, as shown by figs.2a,b, c, to obtain the necessary 
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M RjOcarb -W "> ^ ' 'RjOcarb. S/1 

r ig . l Concent ra t ion conel.itions ro r i n d u s t r i a l ca.-tc.-idos 
for the c a r b o n i s a t i o n o i a lumina te t i o l u t i o n s . 
a j Ten-s t age cascade^ of the I'GK; h) f o u r - s t a g e 
cascade of the AGK. 

the character of the equilibriuni line for solutions with caus
tic a Utali concentrations less than 80 g / P ) show that the. 
concentration regimes can be expressed with a practical 
degree of accuracy by straight lines having gradients Kj = 
tanai, Ka = tan a,, and K, = tan ot̂ . In the general case 
three principal technologically sound wriants are possible 
(rig.2): K,>K3>1C, (a); K,<Kj,>K3 (b); K, = K,>K, (c). The 
position of the working lines I and tl and the equilibrium line 
III in the coordinates investigated and their gradients de
termine the kinetic conditions of mass transfer')^) in the 
carboniser transfer stages. Graphical solution of the work-
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working and tlieorclical equilibrium number of transfer 
stiges, differentials, and concentrations at each stage of 
the cascade if the initial and final composition of the solution 
(degree of carbonisation) are known. 

Control ot the industrial carbonisation process and its 
regulation cannot be established by graphical methods for 
the determination of the principal parameters (concentra
tions, differentials), since the simultaneous given or com
posite variation in the composition of the initial solution 
and in the gradients requires a large number of graphical 
constructions. Solution of tlie problem in graphical form is 
even more complicated if it is necessary to optimise the 
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process or to compare various technological forms taking 
account of the carbonisation reg imes , outputs, flow ra tes , 
and number and volume of carbonisation cascade units. An 
analytic method for determination of the number of units 
and the concentration reg imes in respect of the units of the 
cascade with regard to their volume, the consumption of 
solution, and the specified output in the cascade as .a whole 
and in one unit i s examined below. 

V a r i a n t I . K,>K5i>K3-, fig.2a. Let us suppose that at 
the entry to the cascade the solution has an aluminium oxide 
concentration Cj,. In the f i r s t stage the caustic concentration 
Xo dec reases to Xj on account of carbonisation. For line I 
it is therefore possible tb wri te ; 

Co = KiX, 

X, = C o / K , 

a) 
(2) 

At the exit from the f irs t stage of the cascade the caustic 
concentration has a value Xj and a state is reached which 
corresponds to point Ci on the working line II of the output 
concentrations. In this case 

C, = K,X, (3) 

C, =K, (Co:K, ) (4) 

Writing K, / K , = m for the N-th unit of the cascade, we 
obtain 

CN = CN- , m-" (5) 

For the various stages of the cascade we obtain the following 
set of equations 

C, = Co m - 1 , C, = Com- ' 

C, = C, m ^ ^ Cs = Co m-3 

Cj = C a m - 3 , Ca = Cpm-^ 

Cfi =C.s..i m->,CN =Com-N 
(6) 

Similarly we obtain expressions for the concentration dif
ferent ia ls : 

ACN f C»i-, (1 - m- ' ) 

ACN sCom-'f*- '^ ( 1 - m - i ) 

After transformation of Eq.(6) we obtain the expression 

•-!CO/CK, 
N =. lg m 

(7) 

(8) 

(9) 

In Eq.(9) N is the number of carbonisers in the cascade 
required for separation of aluminium oxide from a solution 
with an initial concentration Co to a final concentration 
C>j(C(;) under kinetic conditions charac ter ised by the gradi 
ents of the working lines I and II. 

Calculations by Eqs. (6) .and (9) demonstrate the proximity 
of Uie actual and calculated values of Uie concentrations and 
the number of units in the cascade as applied to the gradients 
of the working lines for the carlxiiiisation p rocesses nl the 
AGK .and PGK (table). 

Cascade 

4 units , AGK 
10 uni ts , PGK 

C , s A M , 0 , 

Actual 

4.5 
4.5 
0.80 , 

Calc. 

0.83 

No. of units 

Actual 

4 
6 

10 

Calc. 

5.5 
6.5 

V a r i n n t 11. K,< K^S-K,, fig.2b. The solution is sinipli- f 
fied if the last unit of the cascade is considered f i rs t in the 
calculalion. From the conditions of s imilar i ty in Uie t r i 
angles between lines I and II: 

C, = KjX, 

C2=K,X, -»a 

Cj = K, /KaC, 4- a' = mC, •̂  a' 

F o r the N-Ui unit we will write 

CN = mQi- , + a 

For a cascade of N s tages : 

C, 
Cj = mC, +a 
Ca = m=C, + a (1 + m) 
Ĉ  = m°Ci+ a (1 +.m -i m°) 

CH = mf^-'Ci -f a (1 + m -f m ' + • • • -f m 

(10) 

(11) 

(12) 

(13) 

-:. 

N-a (M) 

The expression in brackets i s a converging s e r i e s , the sum 
of which is given by the express ion: 

"^-^ ' 1 - m 

From Eqs.(5), (6), (14),' and (15) we obtain: 

(15) • • 

CN = m^- ^C, ^ a 
l - m - ' - ' 

Trnr 
Afler transformation the calculated number of units will 
aniouni to 

CN (1 - m) - .. 

(16) 

'ri 

lg 
N = 1 

Ci (1 - m ) - a 

Igm (17) 

Dy means of Eq.(7) we obtain the following formula for Uie 
concentration differentials: 

ACN = CN - C N - , = m^-=Cc, (m - 1) -t-a] (18) 

By means of Eq.(l7) it is |X)ssible to calculate the number 
ot units in the cascade for given K, and K, and initial CM 
nnd final C, concentrations of Uie solution. 

V a r i a n t I I I . K, = Kj>K3, fig.2c. The equal gradients 
of lines I and II lead to equal concentration differentials in 
the units of Uie cascade. Consequently, the number of units 
N in the cascade is determined from the Initial CQ and final 
Cf concentrations of tlie solution and the differential AC: 

C„ - C£ 

* ' " • 

f-

N = • "S5~ as) 
Allowing one carboniser in r e se rve for correct ion of the . 
conditions: 

N =-
Co-Cf 

AC 
+ 1 (20) 

I V . R e l a t i o n b e l w e e n t h e p r o d u c t i v i t y of the 
c a s c a d e a n d t h e c a r b o n i s a t i o n r e g i m e . Witha 
knowledge ofthe concenlralion differential in one stage of thi] 
cascade ACfj and in the whole cascade (Co-Cj) and the time 
T in which this differential is achieved it is possible lo deteij 
mine the output (the carbonisation rale) f la t each stage of 
the cascade (tlf̂ ) .and in the whole cascadie (Flj): 

I t . -

flfj = A C N / T N 

Hf = Co-CN/Tf 

(21) r 

(22) 

The average time spent in one stage of the cascade is giveii 
by 

TN = V / Q (23) 
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. where Q = the productivity of the cascade in the solution 
V= the filled volume of tho unit. 

Since the volume of the s tages in the cascade is the same. 

N(V/Q) (24) 

By means of the equations discussed it is possible to obtain 
a series, of new expressions which make it possible lo com
pare various technical variants taking account of the carbon
isation regimes, Uie output, the flow ra tes , and the number 
and volume of Uie units of the cascade for equilibrium and 
nonequilibrium carbonisation. For example, for the case 
where K,>Ko: 

^ ^ C o m - . > ^ - 0 ( l - m - i ) Q ,35, 

For the case where K,<'Kj: 

raW-=[C, ( m - 1 ) + a ] Q 
nN = — ; V 

For the case where Kj = Kg : 

n„ 
(Co-Cf)Q 

(26) 

(27) 
'N- (N- f l )V 

The output in the cascade for the three cases can be obtained 
from the expression: 

C p - C t _ Q 
N V n. (28) 

To cnlcutale Ihe equilibrium carbonisation the K3 value is 
used instead of Kj , since the equiibrium line in this case is 
the line of the output concentrations. 

Conclusions 

1. By analysis of the cascade carbonisation of aluminate 
solutions from the standpoint of separatibn theory it is pos
sible to t reat the concepts of the process systematically and 
to give comparatively simple analytic expressions relating 
the carbonisation conditions, the number and volume of the 
cascade units, and the productivity. 

2, The equations can be used in the design of carbonisation 
cascades and in mathematical descript ions of the process as 
applied to the production control sys tems and in calculalion 
of the driving forces of the crystal l isat ion p rocess . 
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The size ol bubbles flowing from horizontal anodes 

A I Begunov, V N Kul'kov and I K Skobeev (Irkutsk Polytechnical Institute) 

UDC 669.70.7+621.357.1 

Summary 

The dimensions of real gas inclusions emerging from llie 
edge of a horizontal anode were investigated for the e lec t ro
chemical sysiem: Hg, Cd/CdCl , /Cl j , C . The stat is t ical equiva-

OlaO) 
lent radius of the gas inclusion emerging from the edge of the 
anode was determined Ijy analysis of a cine film. The effect 
of the angle of inclination of the sui-face of the anode to Uie 
horizontal was studied. The effect of tlie angle showed up 
particularly clearly at an angle.equal to or less Ihan 20-30 ' . 
With decrease in the angle not only the volume of a single 
ejection of the gas phase bul also the s t ructure of the gas-

containing layer varied. The flow mechanism of the gas phase 
also var ies at the same time in film-ljubble and film-type 
regimes . The transition to a pure film-type regime takes 
place at extremely smal! angles in the o rde r of 10' or less . 
The equivalent radius of the ejected gas phase inc reases wilh 
increase in the linear dimensions of the working surface of 
the electrode to a stale corresponding to the formation of a 
continuous gas film. Fur ther increase in the l inear dimen
sion does noi a l ter the equivalent volume of the emerging 
gas fi lms. The thickness of the film increases at tlie same 
t ime. The resul ts were used lo derive an equation for the 
dependence of the equivalent radius on the anode geometry. 

Release of chlorine bubbles in the e lec t ro lys is of molten sa l t s 

P V Polyakov, V V Burnakin and V N Andreev (Krasnoyarsk Institute of Nonferrous Metals) 

UDC 546.13:621.357.1:542.8 

Summary 

The movement of chlorine bulibles al a vertical anode in an 
equimolar mixture of sodium and potassium chlorides con
taining 10 wl.Si of lead chloride was investigated by cine 
photography. The flow al llie anode and the thickness of Uie 
gas-saturated Layer, the diameter of Uie Inibbles leaving the 
electrode, the frequency'of removal of the bubbles, the 
number of bubbles on the .surface of the anode and their d i s -
Irilxillon in relation to Uieir d inmeter , the a rea of the anode 
surface occupied by the bubbles, their total a rea , and the 
vertical componenl of the velocity of the bubbles were studied. 

From Uie resul ts it was possible lo evaluate the mass of 
chlorine passing into the electrolyte from Uie surface of Uie 

anode. II was found that an increase in the current yield of 
chlorine (obtained, for example, by selection of appropriate 
grains of graphite and by variation of the surface relief) r e 
duces the time spent by the bubbles in the electrolyte and 
reduces the diffusion coefficient with appropriate choice of 
melt. F rom the direct observations il follows that with in
crease in the current density and the height of the anode the 
thickness of the two-phase flow at the surface of the anode 
var ies little. However, it increases sharply at the e lec t ro -
lyte-alomosphere boundary, and this inc reases the time 
spent by the bubbles in the electrolyte and the probability 
of Uieir contact with the cathode product. By facilitating the 
passage of the bubbles from the melt into the atmosphere 
it is possible to reduce the gap between the. poles and to 
increase the height of the anode in the e lec t ro lys is cells 
without reducing the current efficiency. 

23 
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due to the elevated temperature of the brine. The down-
hole portion of this pump has since been replaced with 
carbon steel column pipe and brine-lubricated, butyl 
shaft bearings. Costwise, this approach will save consi
derable money over the long pull even though it must be 
replaced more often. The new. components are designed so 
no special equipment or expertise is needed to pull the 
pump and the Job can be done by our own people. 

One other problem which we hope is behind us but is 
beyond our control was that five inches of rain was re
corded in the solar pond area in October, 1972. This is 
the first time in recorded history there has been heavy 
precipitation in the area in October. At the time the 
ponds carried an optimum burden of brine in preparation 
for the low evaporation season through February and we 
had no place to discard spent brine so we could replenish 
the ponds with mine brine. Due to this, we went through 
almost the entire winter season with essentially no sol
ids production in the ponds and it was necessary to re
duce plant production in January, 1973 so pond solids 
production could catch up. By revising some operating 
procedures and changing some pipelines and pumping equip
ment, we feel we have adequately prepared for this situa
tion should it happen again. 

Production capability of a solar evaporation operation 
is a straight-line function with evaporation area avail
able, evaporation rate, and brine concentration. With 
essentially a fixed evaporation area we have embarked on 
an extensive test program directed at increasing the 
evaporation rate of water from brine. The use of brine 
additives such as radiation-absorbing dyes which also 
prevent re-radiation hold some promise. Brines of vary
ing depths are being monitored quite closely as this ap
pears to have a decided effect on the evaporation rate. 
Complete evaluation of this program will perhaps require 
two or three summer evaporation periods. 

Our production is projected at approxiraately 260,000 
tons per year and it now appears that our work force will 
stabilize at approximately 100 employees, considerably 
less than the ÎSO employed when mining conventionally. 

As the Texasgulf Inc. publication. The Golden Triangle, 
stated in the June-July issue of 1972, there are 100 
proud parents at the Moab Potash Operations, proud of the 
fact that they contributed to the rebirth of a mine, 
proud of their continued contribution to the viability of 
the operation, and proud of the fact they are contribut
ing to the welfare of mankind by producing one of the 
aeconMni nlant foods. Dotash. 
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Chapter 13 

CHEMICAL Constraints on In-Sltu 
Leaching and Metal Recovery 

R. S. Rickard 

AMAX Extractive Metallurgy Laboratory 
Golden, Colorado 80401 
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ABSTRACT 

Using a simple inodel, the necessary chemical conditions for 
sulfide leaching will be discussed. Also other chemical control
ling factors will be reviewed briefly. 

INTRODUCTION 

For years leaching of mineral dumps for the recovery of metal 
values has been practiced but recently leaching of ore in heaps 
or caved material as a primary method of recovery has become more 
comnion. This solution mining symposium has been organized to dis
cuss the technology that has made solution mining an accepted ex
traction method. 

The topics that are being discussed in the symposium include 
fracturing methods, solution control, and other factors all of 
which govern the success of a leach operation. Uiese papers all 
will lead to a greater understanding of the operation of large 
leaching operations. 

However, the physical chemistry operating within the dump or 
In-situ leach system will continue to be a source of speculation 
for sometime. It has already been stated ( I ) that there Is little 
understood about the fundamental chemistry of copper dump leaching 
because of the strong and complex interactions of various para-
oeter within the leach pile. Many studies have been carried out 
which clearly elucidate some point in leaching mechanisms but when 
the data is used to model another experiment, it fails completely. 



t . 

186 

f 
Solution Mining Symposium 1974 

This failure Is not due to poor observations in the first study 
but simply an unrecognized variable confounded the results when 
the second study was run. It is for these reasons that this paper 
will not try to deal rigorously with the theoretical aspects of 
the chemistry but will try to discuss some of the chemical factors 
which control leaching using the model proposed by Y. Auck and 
M. E. Wadsworth (Figure 1). (2̂ ) 

SULFIDE 
MINERAL 

GANGUE 
MINERALS 

SOLUTION 
CHANNELS 

LEACHED 
ZONE 

FIG. I. - Model of A Sulfide Bearing Rock Being Leached 

Ttie physical chemical processes of sulfide leaching, in-situ 
heap or dump, should be considered in two parts. First, thermo
dynamics which gives a measure of the equilibrium conditions pos
sible. Tliermodynamlcs can be used to determine if leaching is 
possible and the necessary chemical conditions for leaching. "Hie 
second physical chemical phenomena to be considered is kinetics. 
Kinetics, reaction rates, are a measure of the speed at which the 
system is approaching the thermodynamic equilibrium. To have a 
good leach system the reaction rates must be sufficiently fast to 
yield products In reasonable times. 

CHEMICAL THERMODYNAMICS 

In sulfide leaching the minerals must be oxidized, therefore a 
chemical system must provide suitable oxidizing power or potential. 
This oxidizing ability can be calculated using thermodynamics. 

In a classic paper Marcel Pourbaix Q ) describes thermodynamic 
calculations and presents a means of graphically displaying the 
the results of the calculations. Figure 2 shows the iron-water 
system (Pourbaix Diagram) as a function both of pH (acidity) and 
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Eh. It is the Eh (volts) which gives an Indication of the oxidation 
(or reduction) potential of a given chemical environment- By using 
the electrical equivalent It is possible by means of electronic In
struments to measure this Eh value. In their book, R. M. Garrels 
and C. L. Christ (A) give a very readable account of Eli and Its 
measurement and how these measurements can be used In mineral sys
tems. 

FIG. 2. - Eh-pH Diagram of the Fe-H^O System (25°C) (3) 

is conventially 1:71 tten as ^ '^ '"'•""'• "^^ ' ^ ^ ^ ' ^ ^ ^ 

V Fe 
+2 

^ :̂:̂ ^ ^H^":rrrh:fftn"jS5:i^^> -'̂  --— 
of metal lon in solut ion I s : ^ ^ " , P** '^""*! to concentrat ions 

^ ^ • nF ^" F i ^ . 

E = 0.771 +0 .0591 log [ ^ ) 
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Now one can measure the Eh or analyze for Fe and total iron and 
determine the Eh of the system. It only has to be determined if a 
sulfide mineral will oxidize in a solution with a given F e " by 
comparing the mineral oxidation potential with the ferric ions re
duction potential. 

The oxidation of CUjS occurs by: (6̂ ) 

CU2S + 4H2O = 2Cu''"'̂  + H2S0^ + 6H^ + lOe" 

and the oxidation potential is given by: 

E = -0.438 + 0.0355 pH - 0.0059 log (H SO,)(Cu") 

The difference in the potential can be calculated and will show that 
Fê -* lon will oxidize Cu-S as long as the Fe+3/Fe+2. ratio is greater 
than about lO" . Many diagrams of the stability regions of min
erals in solution have been drawn (4, 6, 7) and inspection of these 
diagrams will usually indicate quickly the possibility of reaction. 
Figure 3 shows the Eh-pH stability regions for the Important cop
per minerals and inspection of this diagram (which has been greatly 
simplified) shows that If the Eh is maintained above 0.5 volts and 
the below pH4 copper minerals will leach. Comparing Figure 3 with 
Figure 2 It is obvious that almost any amount of Fê -* ion present 
will leach these copper minerals. 

FIG. 3. -
Stability Regions for the Copper Minerals in the 
Cu-Fe-S-H20 System (O.IM dissolved sulfur species, 
O.OlM Cu+2, O.IM Iron Species, 25°C) (6) 
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These Pourbaix diagrams must be used with some caution. Tliey are 
based on thermodynamics and some assumptions must be made about the 
possible reactions that might occur and then the calculations are 
made and the figures drawn. Ihe first problem Is that the assump
tions made in calculating a particular diagram may be wrong and 
second no consideration is given tp the rates of reaction. There
fore, many reactions predicted may not be observed because they are 
a part of a series of reaction and they react so fast that inter
mediate products are not observed or the reaction doesn't proceed 
at all. A good review of sulfide mineral leaching reactions has 
been prepared by R. J. Roman (8^). 

It now is obvious that to leach sulfide minerals an oxidizing 
environment must be provided. Many investigators have shown that 
this oxidant must be at the mineral surface. In the leach model 
in Figure 1 the oxidant must be present at the sulfide surfaces 
in the solution channels and must be maintained for continued leach
ing. 

There are any number of oxidants that could be used but ferric 
lon and oxygen are generally the only two considered. Again refer
ring to Figure 2, line A is the potential when water la in equili
brium with oxygen at one atmosphere pressure. At any reasonable 
pressures, oxygen will have suitable oxidation power to leach cop
per sulfide minerals. 

Several articles have pointed out the role of bacteria in heap 
leaching of copper sulfides (9^, J^, l l ) . One of the prime reactions 
promoted by bacteria la the oxidation of Fe+2 to Fe+3. jt is ob
vious that by maintaining a level of bacteria in the heap, in parti
cular in the solution channels, the oxidation potential could be 
kept at a suitable level because of the continued presence of Fe"*"̂  
ions. 

OTHER CHEMICAL CONSTRAINTS 

During the leaching of sulfide ore bodies add and iron salts 
are generated by reactions such as (.8). 

4CuFeS + IOU2SO + 50^ 

4FeS2 + 6H2SO^ + 3O2 

-*• 4CuS0^+ 2Fe2(SO^)^ + 8S + IOH2O 

- - I fB^iSO^)^ + 85" + 6H2O 

2S + 30 + 2H2O 2H2S0^ 

As the relative amounts of the different minerals change so does 
the leach solution composition. Sulfide minerals will, yield sulfur 
when leached in dilute acid. Here again bacteria are believed to 
play a major role in sulfide leaching because one type of bacteria 
Is capable of converting sulfur to sulfate. This reaction clears 



p 
190 Solution Mining Symposium 1974 

mineral surfaces of sulfur and help maintain the normal leaching 
rates. 

T'he add generated is consumed in part by reacting with the sili
cates, and other gangue minerals putting alumina, magnesium and sil
ica Into solution. In this way, solution channels (Figure 1) are 
opened for additional leaching. 

Iron in solution causes several problems In heap and dump leach
ing when It builds up In concentration and the pH rises. With in
situ leaching where large volumes of solution are held In the ore 
body the iron may not be a problera. The Iron salts can precipitate 
as basic sulfates, Jarosites, and even hydroxides. As the iron does 
hydrolyze out of solution additional acid is generated. This system 
where the iron precipitates because of low add levels but generates 
acid during the reaction Is buffered. That is the solution will 
have a reasonably constant pH throughout the system and considerable 
quantities of reagents is needed to shift the pH. A typical reac
tion is: 

Fe„(SO, )- + 2H O = 2Fe(S0, )(0H) + H_SO, . 
2 4 3 2 ^ 2 4 

This precipitation occurs around pH 2.4 (10). As solutions are re
cycled Iron salts, and aluminum salts, do build up. If these salts 
are allowed to precipitate In the heap being leached they can, in 
combination with slimes (clay type minerals), produce solution bar
riers. These barriers can be large or they can occur In the small 
(microscopic) solution channels; both prevent efficient leaching. 
The precipitation of these salts can be prevented by maintaining 
sufficient add In solution. Jarosite type salts can precipitate 
In the durap at slightly higher acid concentration if suitable con
ditions are present. A monovalent cation must be present but what 
appears to be most important Is moderate temperatures (above 80 C). 
The jarosite salts can also be controlled by acid addition. 

A positive means of iron removal is needed In heap and dump 
leaching systems. Generally a bleed stream of solution is treated 
by raising the pH allowing the Iron to precipitate and this set
tled in a pond. 

Aluminum and silica salts can also create problems. Aluminum can 
generally be controlled by the iron removal system. 

CHEMICAL KINETICS 

The kinetics of in-situ, heap leaching are not well systemlzed 
as yet. Many investigators believe that at temperatures which pre
vail in a heap diffusion processes control the rate of leaching, 
(2, 12) while others believe that surface kinetics or chemical 
kinetics are important (13). To add to the confusion is the 
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uncertainty of what Is the diffusing reactant that Is controlling. 
In the high pressure In-sltu model proposed by R. W. Bartlett he 
believes that oxygen is the diffusing reactant that predominates 
In the control of the reaction (17). 

In dump or heap leaching where the pile Is allowed to rest the 
description of the controlling kinetic features becomes more diffi
cult. In a recent paper (£) the theoretical description of a dump 
by Harris (IU) has been extended Into a more comprehensive leaching 
model. In this model,the water held within the heap and how It 
drains, is reported to have a profound effect on the kinetics. As 
the dump drains the water held in solution channels becomes satur
ated in basic sulfate. The precipitate salt then becomes a diffus
ion barrier. 

SUMMARY 

The physical chemistry of leaching of sulfide bearing rock either 
In place or in piles Is a very broad and conq>lex subject. In this 
field there Is a need for a firm understanding of thermodynamics as 
well a s chemical kinetics. 

Several points were discussed In a general way. First, that the 
thermodynamics can be used to aid in developing the necessary chem
ical conditions that will allow leaching to proceed. Second, there 
are many unclear points in the chemistry of the system. For example 
what are the iron s a l t s that precipitate and under what conditions. 
Last, a very brief review of klnectic considerations in leaching 
was made. In this area much work has been carried out In the last 
several years but still the exact mechanism which controls the rate 
of leaching has not been well established. 

All is not bleak, however, great strides have been made and heap 
teaching has progressed a long way from simply pouring add on a 
pile of rocks. 
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Chapter 14 

ROLE OF MINERALOGY IN HEAP" AND IN SITU LEACHING OF COPPER ORES 

Laszlo Dudas, Herman Maass and Roshan Bhappu 

Mountain States Research and Development 
Tucson, Arizona 

INTRODUCTION 

Chemical and mineralogical constitution play a very Important 
role in the processing of ores because they dictate the method, 
cither physical or chemical, for extracting the mineral or metal, 
olmilarly, the mineralogical nature of the ore, especially the grain 
sUe of the valuable minerals, is very important in its processing. 
The fineness of the grain may be such that physical separation pro
cesses may be eliminated in preference to chemical techniques. 

In the past, very little attention has been devoted to the geo
logical and mineralogical occurrences which may be potential sources 
>r ores by both the geologlst and mineral processing engineer. On 
'lie one hand, geologists have devoted less attention to lower grade, 
:omplex mineral deposits, and, therefore, raay have inadvertently 
•'irtalled an exploration program. On the other hand, the metal
lurgists have neglected to study in detail the geological envlron-
•'•nts and mineralization of potential ores with the view of deter-
"Ining the critical parameter that could assist in economically 
;.'ocessing complex submarginal deposits. In the final analysis, a 
•iioraical processing technique converts the valuable metals to a 
' bile state under conditions similar to those which deposited 
'i^lnaHy in the host rock. The relationship between ore-genesis 
•I chemical processing Is close when the process of mineral or 
•'•ll deposition in a particular ore deposit is understood—putting 
'• metal in solution by reversing the process of deposition is re-
'•-ively easy. For this reason, some researchers and educators have 
"•" stressing the importance of ore-genesis, geochemistry, mineral 
nilibria, and ionic equilibria in studying and explaining the 
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OF LARGE SCALE N O N - C O A L Û '0*=•Pf-POUNO MiMlNr; MfTHOPS, Ri|MlNES ) 
CONTRACT REPORT 50122^5^, J A N U A R Y \ R 7 4 , PR. 455-464. 
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jberc would be no loss in weight. 

-•Jn this case tungsten would be deposited on the substrate 
gran alloy would form, however, tungsten itself is unstible 
Inthe vapour of its hexachloride (fig.3).X-rayniicro-anajysis-

,rfH* surface of tantalum samples obt-iined at 900 and i300°C 
^ not reveal tungsten, i. e . . the reaction of tanUlum with 
^ngsien chloride rapour is realised by reactions leading 

-p the formation of volatile lower chlorides of the two metals. 
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Consequently, it is not possible to obtain an alloy of tin-
Dlum with tungsten by saturation of the surface of metallic 
tantalum with tungsten from its chloride under the given 
conditions. The thermal dissociation of tungsten he.xachloride 
wider vacuum is greatly retarded at 1400°C, but "dissolution" 

• of the substrate does not occur'--). 

"The deposition rate of tungsten does not depend on the 
nature of the substrate material at temperatures alwve 
1400°C, increases according to an exponential law up to 
1700-1750OC, and passes rapidly into the temijerature zone 
where control of the process is realised by the delivery of 
the reagents to the reaction surface. Here fhe obtained 
maximum deposition rate is much lower than the rate ob-
bined during deposition of tu.ngsten in pure hydrogen with 
the same Pu-cij ralue (figs.2 and 3). This can be Unked to 
the suggestion about the difficulty of delivery of tungsten 

- - Calculation of the degree of reaction along the height of blast fumace for roasting vanadiuin slag 
'' • ^ • ' " • 

i f̂ feJV P Malyshev and T A Oralov (Chemical-Metallurgical Institute, Academy of Sciences of the Kazakh SSR) 
I ^ ^ , ' 

chloride to the reaction surface in an atmosphere of argon. 
It is evidently possible to extend the kinetic and reduce the 
diffusion region of the process considerably by replacement 
of argon by the lighter and more heat-conductive helium. 

Investigation ol tungsten deposits. Metallographic investi
gations of the tungsten deixjsits showed that they have the 
typical columnar structure of materials deposited from SUBJ 
the gas phase. Long thin crystals grow during deposition MKip 
in hydrogen. Witli a sharp reduction in temperature (dis- "'"^ 
connection of the heat supply) cracks form in the deposits CDR 
The higher the temperature, the more clearly this is ex
pressed. Cracks are not formed with a smooth reduction 
of temperatures. 

Coarse-grained deposits are formed on the substrates 
during thermal dissociation of WCL. The thermal stability 
of these de|xisits is higher nnd cracks are not formed in 
them on rapid cooling. The measured microhardness of 
the deposits lies within the limits of 406-442 kg/mm' for 
tungsten obtained by thermal dissociation, i. e , somewhat 
lower Uian in the l i terature"). 

The Jnttice constints of tungsten corresponded to 3.166 and 
3.155A for deposits obtained in hydrogen and argon. 
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%.3 'fltunmary 

' " ; A method is developed for calculating the degree of reaction 
; along the height "of a shaft furnace for the roasting of vanadium 

• slag. The method uses a graph of the distribution of tempera
tures along the height of the shaft and nonlinear multiple 

,.^''»*laKon equations obtained in laboratory investigations 

•Mr-

and having maxima with respect to the temperature and 
length of the process. 

The yield of water soluble and o.\idised vanadium in a 
continuous large-scale laboratory furnace is calculated. It 
is shown that the accuracy of the calculation Ues within the 
error limits of the macrokinetic equations. 

' j - j - i 
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, Reaction of thiocarbamide with gold cyanide during elution of ion-exchange resin 

.,V U Kuz'minykh, G A Narnov and L A Chursina (Far-Eastern Geological Institute.) 
ts-. 

The roost effective elUting solution for the desorption of 
gold cyanide from anion-exchange resins is considered to be 
"i acidic solution of thiocarbamide' ^). Here it is supposed 
*hat the following reaction takes place in the elution process: 

RAu(CN), + 2HC1 + 2Tca = RC1 ^AuTca^Cl + 2HCN (1) 

The dicyanoaurate ion, retained electrostatically, is con
verted into the cationic complex AuTcaJ, which the ion-
exchange resin cannot retain, and it therefore passes into 
solution'). However, reaction (1) only reflects the final 
result of the elution process, while the intermediate stages 
comprising the mechanism of desorption of gold from the 

:1̂ '.̂ m 



resin.lire, unknown. 

The present work gives the ires.ults •from expe rim ents on 
the processes occurring during; elution and someof the prob
lems related to the-thermpdynvimics of the reaction of tlie 
gold cyanide, complex'with tli io carb am ide; Accorriin;; to 
equation,(1), the weak hydrocyanic-acid; is formed tqgetlier 
with the gold thiocarbamide complex, and Oie de.com]ppslti6h 
of the dicyanoaurate, can consequently be controlled by 
varying tlie-pH of the solution during? elution. 

The anion-exchange, resin*AM-2B was used iri tlie experi-
rnenls. Before the- exjier ihi ents' a quantity of the reson (lOg) 
was sdturate<3 with gold in*a solution of KAu(CN)j. A 100ml 
portion of a IM sdlution of thiocarbamide was then prepared 
With the addition of hydrochloric acid to pli 1.05. The 
•acidity pf the solution-was measured by°a pH>263 instrunieilt' 
with anaccliracy up t pa hundredth of a pH unit. The resin, 
saturated with the dicyanoaurate, was agitated-with the 
eluting solution for 45h, WhilethejpH was. til eas ured and 
sarnples ol the solution were taken for analysis for gold 
content'. 

Curve a in fig, 1 shows .the variation of the pH of the 
solution with time. At the end of the/exper iment the pH of 
the solution reaches a value of 1.45-1.50 and-then decreases 
extremely srowly, althou^.a consider ableainoun tof gold 
still remains on the resiii. Gurv.e b shows the, variation :of 
the pH of thetliipcarbamide solution during agitation with 
the resin without adsorbed gold. Here aljsorption or=a cer-
tain.amotint pf oxygen also: takes place on accjount of the 
weakly basic charac terrtis tics of the resin. Thus, curve a 
th'e same time reflects the iibsorption of the acid.by the 
resin itseli-antl the neutralisation-of HCl through decom
position et toe byanide complex of gold and the tornia'tipn 
of hydrocyanic acid;. 

2AuGN-h2Tca •' AuTcaJ -^Au(GN)^. (3); 

at 

Fig . l ''^sriation-^of ,.thty pjl of fnc 
solution during e^lution. 

^Isl ' - t 'V ai.t, 

ffig. 2 shows the variation of the ratip/of the njiiount of 
gold desorbed into the solution to the amount of neutralised 
HCl with time. H i t is supposed that the desorption process 
follows reaction (lj strictly', the ratio should be equal to 
2.75. However, according to the experiniental results 
(fig. 2), this ratio varies with time and anioutits to 4.3. 
With repeated elution pf this sample of resin the Au/HGl 
ratio'am oun ted to 4.8. Tliis can-be explained by the fact 
titafthe reaction (1) takes place with,'an in ter mediate, stage, 
in which the neutral complex AuTcaiCN is,formed, •In this 
coitipound*the cyanide is still firmly attached and i s only 
removed with'volatilisation ,of the hydrocyahic:acid from 
the'solution, atid. the rate,pf this'process depends on th^ 
acidify of the solution. 

fig;"? :Vari3t-ion of the _A-ii/l!ei 
..ratio •d'u.ti'ng elution. 

I lg(--i-l)_ B.i,i 

The strength of the.bond between the cyanide, and the-gold 
thiocarbamide is demonstrated by the^fact that thepH at 
the Solution does not-increase when simple gold cyanide 
is dissolved even isy concentrated solutions of thiocarbainitle, 
i.e. the free cyanide is not released: 

AuCN + 2Tca - AuT cas CN (2) 
It could be stjpppsed that the.fbllowing reaction occurs: 

148 

However, analysis-of the sptutipn .ifter prolonged,dis- f|' 
solutioti rpt AuCN with a deficiency of thiocarV>a[iiid6'shfaweij4i 
that one mo le of AuGN passes, into solution for two moles off 

•tJjiocarbnmide, and this corresponds to the stoichiometry ?| 
br-reaction {-2). Mprebver-'if ttie; co'uiptex Au(CN)j had formic 
in the "strongly acidic mectium it would decompose with the^; 
lormation.ot a precipitate of AuCN, and this does nbt in lac^ 
occur. 'M 

The conipound AuTeaECN was isolated in the pure form % 
froiii the splution after dissolijtibn pf AuCN:in a aeficiency^ 
.of thiocarbamide by evaporation and re cry stallis ation frorn-I; 
aqueous and alcohol solutibris. The obtained precipitate, whiii 
took-the fpriii of transparent prismatic crystals, was analysei 
tor gold and silver. The amount of the precipitate used for 
analysis was 375mg (the.'anidunt corresponding to 1 mole' ol3 
thrsiipposed conipound (AuTcajGN). By analysis it was ''* 
established tliat the.precipitate; cotitained 194mg^of gold and:* 
65mg of-sulphur, which corresponds to 154mg of thiocar-.. .J 
bam ide. The residue by difference amounted to 27mg, ThesBsi 
data show that the material coniposition of-the precipitate -^ 
corresponds to the stoichiometry of the^supposed formula ^ 
AuTcaaCN. ' M 

The conipound istjlated was submitted to IR spectrosccpy.f 
The spectrum was recorded on a UK-20 spectrpphotbtneter. *? 
Tlie saniple was prepared in the-form of a tablet formed 
ufider a pressure of 8'ton/cm" frotii a mixture pt the itivest-. 
igated compounds'and pbtassiuni bjrbhiide in a ratio of 
1:300. " ,' -^ 

• ' K i ' 
I ' -

FigiSb'-shows the obtained IR spectrum. For comparison'. .' 
tlie IB spe'ctruni are gi'veti of sitiiple gold cyanide (fig. 3c) . * 
obtained under idential conditions, and jhe spectrum of.tli^ •' 
thiocarbamide complex of platihism (fig, 3a), given in the .,•'} 
literature'^). Ih tiie spectrum of the thiocarbamide complex. 
of.platinum there:is tijuch in cohiriion with the spec trum ot ' 
the il'i ves tigated cpnippund. At. the same time tlie spectruni ' 
ot the gold complex has-a perfectly clear absorption peak at 
2140cm^^ ,, which i s absent in fig. 3a, There is,.an identical 
peakiin the spectrum "of AtiCN {2240c m~'). 

yi,i!.ji: 

Tric-i'iR ,i^6cctrj of pjjtinum 
•t.-ii'o.cjirodinidfl , 'la),- iluTcra jC;V 
( t ) :and' AuC:,: c'c; . --$ 
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It is-known^) that cyanide complexes possess character
istic absorption'in the-region of 2b00-2300cm"' (character
istic absorption of the CN group). Thus the isolated compound 
contains cyanide, which also, d era ohs tra tes by the existence d 
the AuTcaaCN complex. „ 

This compound is stable in a weakly acidic medium. With 
the addition of alkali a yellow precipitate separates, and 
this.becoroes'brown on drying. The cpmpositiori ol'the pre
cipitate is not constant. Its gold content varies betweeii 52 ani 
1T7t, and its sulphur content varies bietween,10. and IS'S. Ina 
strongly acidic,tnedium the cotiipduiid AuTcaaCN eliminates 
eyanidei which cbitibinesinto HCN, Hpwever, this process 
only goes to cpnipietjon in an; open vessel, where the^HCN can 
volatilise without hindrance. This isdemonstratedby the 
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ĴdUowing exper inient. 
Ws4" ,. . , . 
'"•'solutions of AuTca'sCN, acidified to pH 1;42 and 1.14 with 
h-rdrochldric acid, were poured, intp' small^flasks, cpvered 
,^th stoppers, and kept at i i o c for a long;tim"e. Here the pH 
»ta the closed flasks, remained constant, which indicated that, 
:jfutcajCN is stable under thk giyen pH values, 

Toctotain a more detailed idea abput the reaction ot Au(CN)s 
«lth thiocarbamide we studied the process under eqiiilibriiirii 
(xinditions, i.e.; in a closed system. For thispurpose a solu
tion of KAu{eN)a was'acidified by the-add it ion of a few drops 
otHCl tp pH = 1.06, aiid a qtiantity of thiocarbamide was added, 
The solutipn waskiept for a long time-in a closed'20ml glass 
ftesSt with the surface level lihder the, stopper at 2lOC. The 

MinalpH value was measured (l.9'l), and the'gold current was 
determined jo. 1 Ig-atom/1). 

• Since it had been established in the p'fevibus experiitient 
that the AuTcaaCN forni is stable even in more acidic solu-

"••.tloiis (pH=.l,14), in the given case the reaction isj,des,cribed 
:__as follows: 

^ i,Au(CN)B+,2Tca:+H-^ Z'AuTcajGN-HCN (4) 

The equilibriutn constant of this reaction is given.hy; 

Ke 
[AuTcaaCN 1 [HCN I 

[Au(CN)^] V iHn y iTca / ] 

- -Knowing the initial (1.06) and final (1.94) pH values, we 
can calculate the amount of rie,utfalised HCl-{54,4nig), Since 
itjis extremely, diflicult.to deterhiine hydrocyanic acid 
directly under the given eqiiilibrium conditions, we cal
culated tlie HCN concentration from the amount of rieutfal-

.'ised HCl (IHGl] = T.fl-.lO'^'mole/iy. We^also calculated the 
concentration of the formed complex AuTcajCN.(T,55lO'^ 
nidle/1), -iand the remaijriing;,Au(CNk C3.4a-i0'" mole>'l). 
The thtpcarbamide cpncentration was calculated from the 

, wei^t jof, the sample less the»thipcarbamide; cornbined 
-into the complex ([Tea] = 5-10-'mple/l). On theibasis 

of the foregoing and witti regard to the fact that the 
'activity eo'effictent'tor m'onbvale'nt ions in'the given solti-
ton with an ionic strength of 0.21 is 0.78 we calculated 
the equilibrium constant; 

„ 7.55-10^^ • 7,8-10--=' „ „ , 
<̂* = :3.42;l0-^ • O.V84.l5-lQ-^ - G,7fi(S-tO-l )' =^^-

"With a kno'virledge of the eqiiilibrium constant of reactibn 
(4) it is;ppssible to estimate the dissociation constarit' of 
the complex AuTcaaCN. since: 

The KaAuCCKJT value-is S-iO'^^): KJ„CK =7,9-10-i°^) 
'and consequently: 

5-lO"^s 
K-dAuTcajCN ~ 98.5-7.9-lO- = 6.42 10-^ 

then 

^dAgTea;CN 
• dAufGN)-; 

K^K ciitCM' 

According to published data'), the potential pf the 
thiocarbamide 'cpmplex of, gold (1) .AufcaJ is 0.38V, 
i.e. theliissdciation conJstant-pf AuTca^ is 7.9-lO'^'. By 
comparison of these two constants ii.is posstole to •con
clude Uiat the compound AuTcaaCN is more statile in the-
clpsed system, and it is tiie ref ore diff icult to elute the 
gold from the resin under equilibrium conditions, as: con 
firmediby the experiments.' Since the AuTcaaCN complex 
is stable,in a weakly acidic medium., elution of the resin at 
apH greater than 1.2 is very sluggish. 

Consequently, tb intensify the desorption of the gold 
from the .resin it is necessary to create conditions for 
rapid re rii oval, of hydro cyanic'acid from the solution 
[heating of the soiutibn, -Incfeas.edXcidity, large coiitact 
surface between the solutipn and air). The'butibling of.aif 
through UJe Bolution, which considerably accelerates the 
volatilisation of HCN, is extr eni ely effective. The fprma-
tibn of the neutral cpmplex,"AuTcasGN can be used tor, 
adsorptibn elution by a thiocarbaniiae.solution with low ^ 
acidity. For this purpose it is necessary to add finely 
divided activate charcpal to,the eluting solution together ' 
with the resin and to realise the elution utider static con
ditions. As is.khown^), charcoal has'an increased.adsorp
tion activity in relation to uncharged complexes. Therefore 
the'AuTcaaCN which forms:.is readily sorbed by the, char
coal. In'addition, sorption of HCN'bccui-s', and tliis also 
accelerates the elutibnprocess. 

By experiments it was established tfi'at'theiaddition of 
fine'charcoal fo the:eluting splution in an amount-equal to 
the weight pf the r'esiri;ftiakes it pos sible to; desbrb 99,6ft 
of'the gold from the resin at the usual temperature with 
stri initial acidity of pH 1.1-1.15. Here 98.,5=̂ \ ol^the gold 
is sorbed on the ch.nr.c'oal, and I .P ; remains in solution. 
The'char coal is separated from the, resin on a 0,5mni 
Sieve. The capacity of the charcpal for gpld^'araountstp 
12.5vr, i.e: such charcbal can be iaiiled''and the; ash 
melted to-gold. The adsorV>ed hydrocyanic-acid can be 
collected if it.is.re"mo,ved from the charcoal-by heating 
to lop-isdo'c. 
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UDC 621.357.2 

Catliodic, reduction of Gilver froin silver-saturated hydrochloric acid eleetrplytes 

S S SverdioVj.N 0 Tyur.inand ,K A Karasev {Urals Polytechnical Institute - Departmetit of the Metallurgy of 
Noble Metals).' 

The cathodic ^reduction of ̂ silver from its jioorly solubl e 
chloride in contact with a metallic cathode in hydrochloric 
acid electrolytes takes place thrpugti a-stage involving dis
solution pf sliver chloride. The kinetics pf the process are 
determined by the reduction of silver from the.silver-
saturated ch Ibr Idie electrolytes. 

The electrolyte repiresents a complex equilibriimi system, 
consisting of the H+, c r , Ag-̂ , AgsCl+', AgGla" , AgCl|-, 
,aiid AgClJ • ions and.AgCltnin,. In view of the fact; thatthe 
concentration of Ag+and Ag,Cl''^ ions in the electrolyte is 
extreinely small it is necessary tb.assume the discharge 
-of a diff erence,Ebft,6f silver-confining ions at the cathode 



SUBJ 
MNG 
CESF TSVETNYE METALLY / NON-FERROUS METALS / ^ / / ; / ^ ' ^ - ^ 57 

CHOOSING AN EFFECTIVE SORBENT FOR REMOVAL OF HEAVY METALS FROM 
AMMONIUM MOLYBDATE SOLUTIONS 

UDC 669.28:661.183.1 

A. G. Kholmogorov, S. N. Il'ichev, and I. A. Yanson 

ANKB-1, the ampholyte suggested•for removal of heavy metals from ammonium molybdate 
solutions,''^ partly absorbs molybdenum, which must be washed out with ammonia before 
copper desorption (see footnote 2). The present investigation was carried out to find 

a sorbent for removing heavy metals 

re , mg/g ar-

! l ^ 

1 1 
i ' 

I 

), 
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f 
r 
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i i i 
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Fig. 1. R e l a t i o n s h i p 
of i o n - e x c h a n g e r 
s a t u r a t i o n witJi c o p 
per t o copper c o n 
c e n t r a t i o n i n s o l u 
t i o n : 1) PilAF-2 X 7P; 
2) KB-2 X 7P; 3) AMF 
op. 180'; 4) AMF-op. 
50b; 5) AMF-3 X 4P: 
6) AMF-5 X 4 ( p a r a ) . 
So lu t ion c o n c e n t r a 
t i o n , g / l i t e r : 18-20 
NHa; 80-82 Mo; 22 
SO?-; Na, K, and Fe 
ca t ions p r e s e n t . 

f S 1 s s 'Vs/Vr 

Fig. 2. Elution curves 
for copper sorption 
by ion-exchangers 
from ammonium molyb
date solution^: C/C„) 
ratio of copper con
centration in sample 
to initial concentra
tion (3.62 g/liter 
Cu); Vg/Vf) ratio of 
volume of solution 
passing through to 
volume of resin in 
column. Ion-exchang
ers: 1) KB-2 X 7P; 2) 
AI>iF-op. 180; 3) AMF-2 
y 74; 4) ANKB-1. 

(particularly copper) from ammonium 
molybdate solutions which was more 
effective than ANKB-1. 
Process solutions after ammonia 

leaching of the product from roast
ing molybdenite concentrates con
taining up to 0.5% Cu were used to 
assess the sorptive capacity of ion-
exchange resins for copper ions. A 
weighed portion of 2 g and the pre
scribed volume of ion-exchanger (20 
ml) was used in the experiments. The 
ion-exchangers were prepared by K.M. 
Ol'shanova's method' and had the 
folowing characteristics. 
1. Ampholyte-op. SO'-', based upon 

chloromethylmated copolymer, con
tained aminophosphorus groups (4.7% 
P, 3% N); average exchange capacity 
(AEC) in terms of chlorine ion 2.3 
mg-eq/g. 

2. Ampholyte-op. 180 v;as synthe
sized on the basis of porous chloro-
methylated styrene and divinylben
zene (DVB) copolymer with phosphorus 
and sulfur present (up to 7.5% S) ; 
AEC for sodium ion from O.IN NaOH 
solution 3.7 mg-eq/g. 

3. Ampholyte-2 x 7P, based upon a 
macroporous raethacrylate and DVB co
polymer, was synthesized by ammono-

lysis with ethylenediamine and carboxylation with chloroace-
tic acid; AEC for chlorine ion 5.37 mg-eq/g, swelling volumm 
2.07 ml/g. 

4. Ampholyte-5 x 4 (para) is based upon porous chloromethylated copolymer and para-
aniinophenol; AEC for chlorine ion 2.1 mg-eq/g, for sodium ion 1.5 mg-eq/g. 
5. Ampholyte-3 x 4p is a bifunctional ion-exchanger based upon chloromethylated co

polymer and m-aminobenzoic acid; AEC for chlorine ion 3.0 mg-eq/g, swelling volume 
2.2 ml/g. 
Polymerization-type ANKB-1 ampholyte and KB-2 x 7? cation-exchanger of macroporous 

structure, which is similar in chemical structure (active groups) to ampholyte-2 x 7P 
*hd ANKB-1, were taken for comparison. 
The results of copper sorption given in Fig. 1 show that AMF-2 x 7P has good sorp

tion properties relative to copper ammoniate. Its exchange capacity is not less than 
"iat of ANKB-1 ampholyte (see Table) . 

A- N. Zelikman, Molybdenum, Moscow, Metallurgizdat, 1970, 440 pages, illustrated. 

."^•G-.Kholmogorov, L. M. Kuchinskaya, M. K. Makarov, et al.. Scientific Works of the 
Siberian Non-Ferrous Metallurgy Research and Design Institute, Issue VI, Krasnoyarsk, 
1973, 55-64. ^ 

^' M. Ol'shanova, Guide to Ion-Exchange, Precipitation, and Partition Chromatography, 
5°2£ow, Khimiya, 1964, 134 pages, illustrated. 

i ^ -
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Exchange Capacity of 
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Fig. 3. Relationship 
of copper sorption 
on AMF-2 X 7P to pH: 
K(j is the distribu
tion ratio. 

Although KB-2 x 7p cation-ex
changer has an exchange capa
city for copper of 12.9% it 
cannot be reconmended for use 
in molybdenum technology, be
cause it is relatively inef
fective in practice in colunm-
type apparatus (due to its low 
exchange capacity to break
through) . 
AMF-2 X 7p is superior to 

ANKB-1, both in volumetric ex
change capacity for copper and 
in the magnitude of exchange 
capacity to breakthrough (Fig. 
2), Consequently AMF-2 x 7P is 

potentially useful in molybdenum technology because of its 
sorption capacity for copper. 
Copper sorption on AMF-2 x 7P alters little according to 

the free ammonia concentration in the ammonium molybdate 
solution; this is a valuable feature (Fig- 3). The exchange 
capacity of most ion-exchangers for copper falls substan
tially when the NH3 content of the solution rises (see foot
note 2). 

There is practically no sorption of copper by AMF-2 x 7p 

g / l i t e r ) 

I o n - e x 
c h a n g e r 

AMF-2X7P 
ANKB-1 
KB-2X7P 
AMF-Op. 180 

Exchange c a p a c i t y 

0- 0 u 

6,60 
4.16 
0,88 
7.12 

u 
0 , 1 0 

^5" 

134.0 
146.0 
129,1 
48.4 

/• 

15.4 
14.6 
12,9 
4.84 

.a V 

8,32 
7,05 
0,0 
0,0 

from hydrochloric and sulfuric acid solutions; this permits 
complete desorption of copper with solutions of these acids. Experiments have shown 
that copper is completely eluted as chloride from AMF-2 x 7P with 2-3 volumes of 2N 
HCl. Traces of molybdenum can be detected in the eluates (chloride solutions) pro
duced. 

Consequently AMF-2 x 7P can be recommended for the removal of heavy metals (copper, 
nickel, and other elements) from aitimoniian molybdate solutions. 
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ABSTRACT 

The ef fect of varying flow ra te , oxidant type and concentrat ion, 
and techniques of pretreatment 'on the- ef-fi:ctency of i n - s i t u .uranium 
extract ion has'been ^studied. These tes t s , conducted in a pacl<-ed-
tubular reactor, rev.ealed that- wi th in the range; of f low rates, studiied, 
the, uranium extracted as a function of vplu/ne in jected did not vary. 
This was in te r pre te'd to imply that tha .dissolut ion rate's were'tnass 
t ransfer l im i t ed . 

.effective oxidant than 
len 
ye. 

Hydrogen' .peroxide was found tp be a more <ef feet ive oxidant 
'siodlu/i^erchlorate., biJt peroxide rapidly decomposed to form oxyg 
and water. Tht;>'s---oxy.g.en.sattJrated teacha.nt should be as eff'Sctiy 

.I.N-SITU .'SOLUTION MIMING_0F .'SANDSTONE .URANIUM'ORES,: AN CVERVIE'.̂ ^ 

The' sa.ndstpne uranium deposits of South Texas represent a possi 

b;le major energy source. Stretching :aTong an app.rox-imately 300 tri'le 

wide band, these deposits consist mainly'of widely scattered roll 

fronts of uraniurr (IV) minerals in' loosely packed sands with some 

^ 
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uranium (V!) dejxosits in the.outcroppings. It is thought that these' 
deposits were formed by the down-dip mi.grafvoin of ground water .carry
ing uranium (VI) speci.es leached'from the host rock, Catahoula Tuff. 
When the uraniutii-be'aring waters reached a reducing zone, the uranium 
was, precipitated, forming mainly the mineral uraninite, DQ̂ . Huch 
of the uriiiiiuiti ore in the areta is low grade (< .05^ ^3^Q) ^"^ "'̂  ^^ 
depths of 100-400 feet. • 

Since 1950, various companies have- been mining some, of the higher 
grade deposits to depths of up to 200 feet using conventional strip 
mining techniq,ues.. The concomitant, surface disruption is-, of course,, 
quite extensive, and the costs of mining and transporting large 
am.o u n t s o f niaste r i a 1 to a. mi 11 p roh i b i t t he ex ten sive u t i l i z at i on of 
low grade ores'. 

A mining techiiique that may overcome these difficulties to some 
• extent and thus make more of the. South Tenas uranitjm deposits attten-
• able to. recovery is in-situ solution mining.. Thjs technique consists 
•of .pumping,a .chemical solution through the ore-body that will dissolve 
' the uranium minerals so that they may be drawn from the ore and then 
recovered from the solution. For this process to be economically 
feasible,, a low cost solution must be available that will dissolve a 
large portion of the uranium present, the uranium must be easily re
coverable from the leach solutipn, the physical attributes of the ore 
body must be such that the Teach solution can be pumped -through the. 
ore without great loss to the surroundings, and environmental hazards 
fiiust b'e avoided. 

Uranium occurs conmonly in two oxidation states, U{\/I) and U(IV). 
In the higher +5 oxidatioh state,, uranium forms m'any soluble ions, 
aniong which; are the uranyl. cation UO2 . the uranyl dicarbonate ion 
(U02(Cb3)2)^', the uranyl tricarbonate ion (UOglGOjlj)^",, and the 

uranyl sulfate-anion (LJOj{s;o.k) , Hosteller and Garrels have in
vestigated the equilibria of uranium minerals with naturaT solutions 
and found that under .oxidizing conditions, stable soluble ions exist , 
over a wide range of pli. These resuTts, suggest that in order to dis-
solve uranium minerals, one must provide an oxidizing agent to oxidize 
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U(iv) to U{VI) and'a eoijlplexing-agelit that will form stable complex 
ions with U . This can be accomplished with either an aci'd or an 
alkaline leach. 

Acid leachi.ng, tha process'used to recover uranium in many mill 
operations, c.onsis.ts of contacting the ore with concentrated Ĥ SÔ  

solutions, while mixing air or some (5ther oxidant into the-solution. 
The uranium enters into solution as a uranyl sulfate and is recovered 

by means o-f ion ex cha nge or li^uid-ljqijid extraction. This process 
recovers a high percentage of the uranium present, but could have 
some, detrimental effects if used in-situ. If a high percentage of 
calcium carbonate were pt̂ eseht (as is o-ften the case in sandstohe) 
much" acid would be,expended di,ssolving-the^ CaCO,. Furthermore, the 

2-t- ' 

•Ca present would precipitate as CaSO. thereby pltjgging, the fo,inn-
ation. Another possible side effect could- be the" destruction of 
some of the clays present and this could also cause some plugging of 
the fortnatioh. 

In alkaline leachihg, a solution of aramonium bicarbonate, NĤ HCĜ , 
and atmionium .carbonate, (NH )̂„CO,, along with an oxidizing agent is 
used to dissolve t'he uranium minerals. As in acid leaching, the uran
ium, fs- o'xidized first to the +5 sta'te. However, the 'soluble complex 
ion,, in this case, i-s-the uranyl'tricarbdnate, (LlOpfC l̂'a) '^nion. 
Oxidizing agents tha't have been used or suggested include: air, 
,pure oxygen, hydrogen .peroxide, H,0,, and sodium chTora'te, NaC10,, 
Hydrogen peî oxide is being used in most operations; however, evidence 
to be presented here indicates, that i t decomposes rapidly. 

One of the important "goals of' the present research program' is-
to establish laboratory tests which are meaningful with regard to the 
des'ign and operatipn of the- full s"cale'; field operation. The accom
plishment of th.i.s goal requires a kinetic inodel whi,ch can be inte
grated into a material balance applied to ,.a fluid 'flowing within a 
porous; medium. The results present.ed he're -demonstrate one apprpach 
to the development of a. kinetic model -and point to- some of. the pro
found difficulties which must be overcome before satisfactory results 
can be achieved. 
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KINETIC FACIORS 

The rate bf uranium dissolut ion must in some way be related to 

the accessible .or Teachable uranium remaining attached -to the substrate. 

The sitiiplest expression of th is , concept i s : 

f = -.(" w,:) (1) 

where W is the fr.iss of uraniam per mass of substrate: and W^ represents, 

that which Is not accessible. The rate constant, k , must, depend on 

a number .of factors incTuding the- oxidizing potential of the leachant ' 

and the rate of mass transfer. .Clearly, k^ must vanish as the con

centration pf oxidant vanishes'. 

If C--represents the concentration of uranium in the solution, 

-then for linear flow in "a. porous .medium: 

3t 
'3vt ax It f̂  " *' ̂ ore (2)' 

Here-<Ji is. 'the porosi ty, u is the f lux of f l u i d in the X d i r ec t i on , 

and p is the density of the ore. For the' special case of line'ar 

flow through an are bed which is short enough that the oxidant con

centration remains essent ia l ly constant, k^ is constant and the. e f f l u 

ent concentration from a bed of length , L, i s given by: 

for 1 (.3a) 

and, (W- is the i n i t i a l grams of uranium/gram of ore in the packed bed); 

C = 
p„^„ k (1 - .f) (W^ ore r ^ ' ' o WT)L 

— exp -
k. Lit 

( V p - ^^ {3b-} 

trfhere V i s the number of leachant pore volumes in jected. This ex-
P 

pression is derived neglecting axial dispersion which may, in fac t , 

be a s ign i f i can t factor in both the f i e l d and bench scale test . 
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LEACH TESTS 

General, 

The following factors were considered In designing the leach 

tests; 

(a) insuring that the ore samples we're representative of the 

ore body; 

,(b) insuring that the laboratory tests utilized field tempera

tures and pressure's; 

(c.) avoiding triechanical and chemical degratiation during sample 

preparati.pn (e.g. breakage ..of sand ,grains .and .oxi,dation); and 

(d) insuring 'that the fluids were uniformly di-..stri,bijted to 

avoid channeling withir the ore bed. 

The actual ore samples used in the present work ori:ginated in 

the Catahoula, formation, Texas. The authors are Indebted to the' 

Westinghouse Eorporation for providing these samples. 

Experimental Apparatus 

For each experiment, 100 gî airs of dry ore were carefully JDacked 

in a-brass reaction vessel which was 11 centimeters long and 2.7 

centimeters in diameter. The reaction end caps were designed sp that 

when tightened, they pressed fit̂ mly against the ore column. This 

procedure prevented particle movement -during leaching and maintained 

a uniform distribution-of fluids throughout the bed. Before each run 

the packed reactor was evacuated and fiTled with brine. The leachant 

flow was maintained constant by means of a Fltjid Meter, Inc. volu

metric pump. 

[Experimental Procedure 

Seven kilograms of ore were disaggregated and thoroughly mixed. 

Fiftf;en randpin samples were- analyzed for uranium content: In this 

way, it was established that the mixture was essentially uniform, Th 

.average uranium content was found to be 0,22 wf%. 
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The ore was tamped periodically as it was added to the reactor 

to pbtain a firm packing. Glass wool was placed at both the top and 

the bottom pf the pre column to prevent particles from entering the 

attached' piping. 

Two criteria were considered in selecting an appropriate range 

of flow rates. One possibility is to leach at rates î /hich give 'res

idence times comparable to those expected in the field. This is dif

ficult to do sihce the average residence time a'ssoci-ated with a giveri 

field operation depends bn the arrange'iiient -of wells as well as- the 

permeability distribiJtion and formatipn thickriess. These latter fac

tors are ndt generally well-defined, thereby making the estimation 

of realistic residence times difficult. Furthermore, the residence 

times are normally long, prolonging the time required for a single 

Teach test. As an example consider a "typical" situation for which 

rthe well spacing is 30 feet. For a permeability of one darcy,, fluxes 

W 5 X 10"^ cm/sec may be realistic and the t-esidence times will 

range from 40' hours upward. 

The test, velocities may-aVsci be selected to match the field 

velocities. In general, bench scale tests conducted at field vel

ocities yield guite different results than those which model field 

re5i,dence-times. Since the laboratory reactor is usually much shp.rter 

than the distance, between injection and production wells, those 

labora.tory velocities sealed to give equal residence times will be 

much smaller than the actual field velocities. Laboratory tests 

which match the field-residence times :may' be controlled by chemical, 

reaction, whereas those conducted at field r-ates may be diffusion 

controlled. The results reported hei^e were obtained using rates of 

flow comparable to those expected-in the field. 

Analytical Procedure 

A fluorometric method was used for uranium analysis. Uranyl 

ions were eittracted from aqueous sdlutions, added to sodium fluoride-
5 5 7 

Tithium fluoride pellets and the pellets fused. " ' At the 0.1 ppm 

level this method is reported to, have a relative error pf about 102; 

however, great care must be £;xerc1sed to achieve this potential. 

The ore was assayed by first digesting in a perchloric-nitric-

hydrofluoric, acid mixture and subsequently .evaporating to dryness. The 

dried residue was then dissolved in nitric acid and the resulting sol

ution analyzed usihg the fluorometric technique. 

E-X-PERIMENTAL RESULTS AND THEIR INTERPRETATIOM 

The Effect of Flow Rate 

A series bf tests were conducted using an aqueous leach solution 

having the foTlowing constant composition: 

0.2 wtX 

1.0 wt% 

H^O^ 

NH^HCO.3 

(NH^)2CQ3 5.0 wtX 

The flow rate was varied and the' atteiidant ur~anium recovery measured. 

The resul ts-are shown in Table 1. The ui^anium recove;ry e f f i c iehcy i s 

defined as that, f ract ion of the uraniuni o r i g i n a l l y pt^espnt in the ore 

which is produced in the- f i r s t 120 ml (approximately f i ve pore vo l 

umes) of leachant. 

TABLE 1 

Leachant 
Flux: 

Uranium Recovery 
Effic.ie''n'cy 

Uranium Recovery 
Ef f i c i'ericy 

Average Recovery 
Efficiency 

4.8x10'^ 
ctn/sec 

Run 1 
45.5^' 

Run 2 
57,-3X:, 

5T. 9% 

2.4x10"^ 
cm/sec 

Run 1 
48.9% 

Run 2 
41.7% 

45.3%' 

Q.5;8xl.O'^ 
cm/sec-

Run 1 
52.3^ 

Run 2-
y.o?.. 

• 52.5X. 

The Effect of Flow Rate on Recovery Efficiency 
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There -is cprisiderable variability between duplicate runs and 

the large differences in the uranium recovery efficiencies are attrib

uted to variations in ore samples. Eaeh experiment utilized 100 grams 

of sample drawn frotii the large batch of ore prepared as previously 

described. The variation shown In Table 1 suggests that 100 gram 

samples are not large enough to be representative" of the average. 

It is 'recommended that future tests employ larger samples. 

Compa'ring the recovery efficiencies at idifferirg leachatit fluxes, 

it is evi'dent that there is very little .effect of flow rate within 

the range-studiec). It is, therefore, suggested that reaction rate.: 

is not the. control 1 ing factor. Furthermore, the effluent concen

tration of uranium, when represented ;as a function of pore volumes 

of leachant Injected, appears to be independent of flow rate. This 

-can be seen by examining, Figures 1, 2, and 3. Examination of Equa

tion tSb') indicates that the dimensionless grouping of terms 

Nr 
k̂ U 

•(4) 

is independent of u. In the range of laminar flows studied, the mass 
Q, 

transfer coef f ic ient in a packed bed • is proport ional to the' f lux and 

the rat io k^/u is a constant. Thus., tn the range'' of flow rates and 

oxidant concentrations studied, the dissolut ion process is control led 

by tnass transfer and not by uranium reaction ra te . 

The theoret ical curves shown in Figures 1,, 2, and 3 were ob

tained by adjusting k L/u so that the maximum uranium colnGentration 

fs 3,600 ppm. This maxirnum value is roughly the: average'observed for 

a l l runs conducted using a peroxide concentr'ation of 0.2 wtS. 

Effect of Peroxide Concentration 

A number of experiments were carr ied out to measure the ef fec t 

of peroxide concentration on the recovery of uraniuiii keeping a l l the 

other parameter;; coi is t int . The leachant f l ux was adjusted to 4,8 x 
- 3 • ' •" 3 " 

10 cm/sec ( th is corresponds to a volumetric rate of 1.57 cm /sec c 
a residence time of apprpximately 38 minutes).. The i n i t i a l concen-

^-^'"^•^'^''•"^-rihTr' SL^..M£..-*^j^?.pjL^,,, f . ii---;,|-.,.!.v,H., , | ^ ,,; -
n'tf.f—^-*,.^'. 
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4000 

FIG. 1 

2 3 4 

PORE VOLUMES 

Uranium Concentrajlon of Effluent as.a Function of Pore 
Volumes Injected. Injection Rate: 0.57 .Pore Volumes/Hr. 

trations of ammonium bicarbonate and carbonate were maintained a't'^% 
NH^HCOg and 55t- (NH^j^CO'j. 

The peroxide used war, not stabilized in any way and above 0.3 

vt% it decomposed rapidly in the feed vessel. Peroxide concentra

tions greater than 0.3 wt% were not studied since larger concentra

tions would not normally be used in the field. Experiments showed 

that the peroxide-was not stable and'decomposed raoirilv tr, n.wn»n 
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LEACHING SOLUTION' 

l7o NH^HCOj 

5%(NH^)^C0^ 

0.2% HgOg 

PORE VOLUME'2.3.10 ml 

FLOW RATE:2.16 PORE VOLUMES/HR 

'-THEORETICAL 

EXPERIMENTAL 

2 3 

PORE VOLUMES 

FIG 2: Uranium Concentration of Effluent as a Function f j j y ^ l 
Volumes Injected. Injection Rate: 2.16 Pore Volumes/Hr. 

and water, A simple calculation shows that if 0.3 vt% perox.ide de

composes., the mole fraction of oxygen in the resulting solution is 

0.79 X 10"^. Using solubilty data, this mole fraction is seen to be 

equivalent to an oxygen pressure of roughly 468 psi, In a 200 foot 

deep deposit, the fluid pressure is approximately TOO ps-i. Thus, a 

separate oxygen-rich phase will form. This has. at least two impor

tant consequences. 

4000 

LEACHING SOLUTION^ 

57<.{NH^)2^°3 

PORE VOLUME- 24.8 ml 

FLOW RATE: 4.04 PORE VOLUMES/ 
HR. 

THEORETICAL 

EXPERIMENTAL 

F I G . 3 : 

2 3 
PORE VOLUMES 

Uranium Cpncentration of Eff luent as .a Function of Pore 
Volumes Injected. In ject ion Rate; 4.04 Por.e Vol umes/Hr, 

The presence of a gas phase near the wellbore w i l l substant ia l ly 

and progressively decrease i n j e c t i v i t y . This w i l l happen because of 

'the mutual iriterfererice to flow resu l t ing from the presence of two 

f l u i ds commi(]ciled in the pore spaces. The re la t i ye permeabil i ty to 

l i qu id is great ly reduced by the presence of a nonwetting gas phase. 
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thus, a permeability reduction should be observe.d upon injecting 

leachants- containing peroxide concentrations large enough to create 

a second oxygen-rich phase following the decomposition of peroxide. 

The presence of the gas phase may also effect the dissdlutf'oh 

rate and the total recovery. It is not difficult to imagine a part 

ofthe formation surface being prevented from contacting the fl.owing 

leachant by the presence of oxygen bubbles. 

If a leach solution containing no peroxide is injected, sub

stantial amounts of uranium are produced (Figure 4 ) . In other words, 

a significant fraction of the uranium present in the ore was LtOg. 

This oxidation presumably took place during storage. To simulate 

the response'df a given ore body to a particular leach solution, it 

' is clearly not desirable for a> portion of the ore to be chemically 

changed by pr'olQnged contact with air. Steps should be taken to pre-

• serve the sarfiples and possibly the ore shpuld be reduced before test-

ingl This was not done in the work reported here, and the feasibility 

has not been verified 

The LI(VI)" species are expected to dissolve faster than the U(IV) 

species which 'must first be oxidized. Thus, the conclusions with re-

•gard to the effect of flow rate may not apply-to a fully reduced ore. 

Jhis point needs to be investigated further^ 

The maximtjm uranium concentrati.on as a function of peroxide con

centration is shown in Figure 5. In general, it is seen that the 

maximum effluent uranium concentration-depends on the oxidant concen

tration, although the data are scattered. 

The total amount of uranium extracted as a function of leachant 

pore volume; for various peroxide concentrations is shown: In Figure 

4. It should be noted that these experiments were terminated after 

the injection of approximately 10 pore volumes. However, at this 

point the uranium Goncentration in the effluent is small (- 100-200 

ppm), but is not zero. Thus, the curves shown in Figure 4 still have, 

a small, but positive, slope after TO pore volumes. 

One experiment was carried out in which triore than 35 pore vol

umes of leachant were Injected. The results are shown in Figure. 6. 
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3000 

2 
0. 
Q. 

2 

a 2000 

u. 

LlJ 

X 

< 

~ I T" - I 1 r 

IOOO 

I I 

I 

0.17o 0 2 % 

CONCENTRATION OF PEROXIDE 

0.3 % 

FIG. 5: The Maximum Uranium Concentration as a Function of the Inlet 
Hydrogen Peroxide Concentration. 

The percentage of uranium recovery increased ve ry slowly following 

the first 18 pore volume^ and after 35 pore volumes, 75% of the uran

ium initially present had been recovered. 
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Several samples of leached ore were mixed to produce a composite 

sample and then this sample was powdered further by grinding manually. 

The powdered ore was then leached using 3 pore volumes of 0.3 wt% 

H2O2. 1 wt« NH4HCO3, and 5 wt« (NH^)2 CO3 solution. The residual 

uranium was reduced from 25 wtX to 15 wt% of the initial amount by 

this second stage of leaching. This implied that the recovery limit 

was due to the inaccessibility of the uranium. 

Several attempts were made to measure the concentration of per

oxide in the leachant effluent. However, in no case was any H2O2 

detected. Thus, the peroxide was either reduced by any one of a 

number of reactions in the upper portion of the reactor or was decom

posed. If the peroxide was reduced in the upper part of the bed, then 

the oxidation potential of the leach solution would have varied as the 

solution moved through the bed. To test this hypothesis, measurements 

were conducted to determine if different amounts of uranium were re

moved as a function of height in the packed reactor bed. The packed 

column was divided in four parts by means of filter paper separators. 

Following leaching, the residual ore in each part was analyzed. There 

was no significant difference in the uranium content of the different 

parts. This is interpreted to mean that the peroxide is ve ry rapidly 

decomposed and the oxidation at almost every point is due to 0- not 

H-O-. This raises a number of questions, some of which are related 

to injectivity as previously discussed. One point is, however, quite 

clear. There is no advantage to be gained by using peroxide as com

pared to solutions saturated with oxygen at reservoir pressure. 

Other Oxidants 

A number of other oxidants were tested and their performance 

compared to that obtained using peroxide. 

Potassium Permanganate. Two experiments were carried out. It 

was found that potassium permanganate is reduced to manganese diox

ide, which blocked the pores of the ore. The obvious conclusion is, 

therefore, that the oxidant must be selected so that its reduction 

product is soluble in the leachant. 
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NaClO,. To test NaClO^ as an oxidant, the other variables were 

maintained at their previous levels for comparison purposes. The 

flow rate was 4.8 10" cm/sec, 100 grams of ore were used, and the 

concentrations were maintained at U'NH-HCO, and 5% (NH-)2C03. It 

was found that after passing 8 pore volumes of leachant, only 35% of 

uranium was extracted. As shown in Figure 4, 38% of the uranium 

can be extracted by the same amount of leachant even if no oxidant 

is used. This means that at the concentration used, NaClOj did not 

increase the uranium recovery. Apparently, the U(VI) was recovered, 

but none of the U(IV) was oxidized to U(VI). Thus, NaClO^ is not a 

useful oxidant. 

Multistage Processes 

Several experiments were carried out in an attempt to improve 

the ultimate recovery of uranium. These experiments consisted of 

several stages as shown in Table 2. Thus, Run 1 consisted of four 

stages as indicated. The first eight pore volumes of leachant con

tained 0.3 wt% H2O2 and the following 2.64 pore volumes used NaClO^. 

The third stage involved oxidizing the ore in a hot oxygen stream at 

200°C. for 15 hours and then leaching with an oxidant-free carbonate 

solution. Finally, an acid leach was used. Other multistage runs 

are indicated in Table 2. 

The curves depicting the percentage of recovery as a function 

of the number of pore volumes of leachant'are shown in Figure 7. The 

first stages of Runs 1 and 2 employed the same leach solution con

taining HgOg (0.3 wt%). In both cases about 70% of the initial uran

ium was extracted after 10 pore volumes of leach solution. The se

cond and third stages of these two experiments were different. The 

second stage of Run 1 involved passing 2.64 pore volumes of leachant 

containing NaClO^ (0.5 wt%) and carbonate-bicarbonate solutions. No 

additional uranium was recovered during the second stage. Two possi

bilities need to be considered: (i) all of the accessible uranium 

was oxidized during the first stage; or (ii) some uranium still exists 

at U(IV), but NaClOj is not a strong enough oxidant. For the third 
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TABLE 2 

Stage 1 

Stage 2 

Stage 3 

Stage 4 

Run 1 

NH4HCO3 1% 

{m^)2<^^2 ^* 

H2O2 0.3% 

Until 8 PV 

NH^HCOj 1% 

(NH^)2C03 5% 

NaC103 0.5% 

Until 10.62 PV 

O2 at 200°C 

During 16 hrs. 

then 

NH^HC03 1% 

(NH^).C03 5% 

Until 17.13 PV 

HNO3 5N 

NaC103 5% 

Until 21.1 PV 

Run 2 

NH^HC03 1% 

(NH4)2C03 5% 

H2O2 0.3% 

Until 10 PV 

HNO3 2.4N 

NaC103 0.5% 

Until 14.4 PV 

NH^HC03 1% 

(NH4)2C03 5% 

HgOg 0.3% 

Until 20 PV 

'-

Run 3 

NH4HCO3 1% 

(NH^)2C03 5% 

NaC103 0.5% 

Until 9.2 PV 

HNO3 5N 

NaC103 0.5% 

Until.17 PV 

NH4HCO3 1% 

(NH4)2C03 5% 

NaC103 0.5% 

-

Until 22.5 PV 

NaClOg 0.5% 

H2O2 0.3% 

(NH4)2C03 5% 

Until 28.9 PV 

1 

Run 4 

NH^HC03 1% 

(NH4)2C03 5% 

NaC103 0.5% 

Until 9.56 PV 

NH^HCOj 1% 

(NH^)2C03 , 5% 

H2O2 0.3% 

Until 15.A PV 

HNO3 5N 

NaClOj 0.5% 

Until 20.40 PV 

Description of the Multistage Tests 

PORE VOLUME LEACHED 

FIG. 7: Uranium Recovered Using Multistage Processes. The Run 
Numbers Refer to the Processes Defined in Table 2. 

stage treatment, oxygen at 200°C. was used in an attempt to further 

oxidize the ore. This stage was followed by a carbonate leach. 

However, no more uranium was extracted. This means that all of the 

accessible uranium had been oxidized and the unrecovered uranium was 

• inaccessible. The last stage consisted of a mixture of HNO, (5N) and 

NaC103 (0.5 wt%). An additional 5 wt% of the initial uranium was 

recovered. 

Although HNO3 dissolved much of the CaC03, it did not expose 

much more uranium to the leach solution. This suggests that much of 

the inaccessible uranium is embedded in clays. 
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The second stage of Run 2 consisted of leaching with HNO3 (5N) 

and NaC103 (0.5 wt%). In this stage, 7% of the initial uranium was 

extracted. This was then followed by a third stage in which the 

leachant was H2O2 (0.3 wt%) and the carbonate-bicarbonate mixture. 

Only 4% of the initial uranium was extracted, again indicating that 

the treatment with nitric acid does not expose much new uranium to 

the leach solution. 

Two other multistage experiments were carried out (Runs 3 and 4 

in Table 2). The first stages of Runs 3 and 4 are the same. The 

leach solution contained NaC103 (0.5 wt%), carbonate and bicarbonate 

solutions. The recovery efficiency was 38% after passing 10 pore 

volumes of leach solution. It has been shown previously that the 

U(VI) initially present in the ore was probably recovered by this 

treatment, but the U(IV) apparently was not oxidized by NaC103 and 

is therefore not recovered. 

The second stages were different. For Run 3, the ore was treated 

with HNO3 (5N) and NaC103 (0.5 wt%). During this stage, 21% of uran

ium was extracted using 3 pore volumes of leachant.' The oxidation and 

the dissolution steps are rapid. On the other hand, during the second 

stage of Run 4, the ore was treated by H2O2 (0.3 wt%) and a carbonate-

bicarbonate solution. The increase in the percentage of uranium re

covery is proportional to the number of pore volumes injected. This 

implies that the oxidation step is not as fast as it is in the presence 

of nitric acid and that the oxidation of U(IV) could be rate controlling 

in carbonate solutions. Additional tests are required to confirm this 

point since the flow rate studies would appear to contradict this con

clusion. 

In a final attempt to recover more uranium, the third and fourth 

stages of Run 3 consisted of successive treatments with NaC103 ^^'^ "̂ "̂ ^ 

and H2O2 (0.3 wt%) in carbonate solutions. During these two stages, 

which are not shown in Figure 7, an additional 10% of the initiai uran

ium was extracted, The total amount of uranium recovered amounted to 

73% of the initial uranium. During the third and final step of Run 4, 

the ore was treated with HNO3 (5N) and NaC103 (0.5 wt%). About 5% 
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of the initial uranium was recovered in the first 2 pore .volumes of 

this leach solution. This proves that the oxidation rate of U(IV) is 

rapid in acid solution and that the HNO3 solution does not expose 

much more uranium. 

The total amount of uranium extracted in a several stage process 

using peroxide as an oxidant during the first stage shows a recovery 

efficiency greater than those using NaC103 in carbonate solutions. 

This difference may be due to differences between ore samples. On the 

other hand, a first stage process using NaC103.may have in some way 

altered the surface, resulting in smaller quantities of uranium being 

leached. Thus, using perchlorate as an oxidant may actually be det-

remental and reduce the ultimate yield. 

The conclusions which can be inferred from the multistage tests 

are as follows: 

(a) There is a definite fraction of the uranium present which 

is not readily accessible to the leach solution. 

(b) Most of the inaccessible uranium is not shielded from the 

leach solution by carbonates. It is, therefore,most likely to be 

embedded'in the clays. 

(c) The use of sodium chlorate as an oxidant may actually re

duce the ultimate amount of uranium which can be extracted. 

(d) The oxidation of U(lV) to U(VI) seems to be more rapid in 

acidic than in basic solution. 

CONCLUSIONS 

The following conclusions have been reached. 

(a) Hydrogen peroxide, which was not stabilized, decomposes 

rapidly to form oxygen. Thus, there is no advantage to be gained 

in using peroxide as compared to oxygen saturated leachant solutions. 

Sodium perchlorate is not an effective oxidant' and may in fact 

"damage" the surface, decreasing the ultimate yield. 

(b) Extensive tests were performed using hydrogen peroxide 

as the oxidant. It was found that at field rates and high oxidant 

concentrations, the dissolution of uranium is mass transfer controlled. 

For the ore tested, the uranium vield of uranium was leq? than 75%. 
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(c) Several multistage processes were tested in an attempt to 

improve the recovery efficiency. The result of these tests was to 

show that the uranium recovery is not limited by the oxidizing poten

tial of the leachant solutions, but that the unrecoverable uranium 

is not accessible to leachant. Dissolving the carbonates with acid 

did not improve the accessibility. The inaccessible uranium is, 

therefore, believed to be associated with the clays. 
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ABSTRACT 

A theoretical and experimental investigation of the elec
trical resistivity method for mapping hydraulically Induced-
fractures in a petroleum reservoir is described. An electrical 
array was designed and used to measure millivolt order changes 
in surface potentials prior to, during and post hydraulic frac
turing of a 25 ft. thick zone nominally 1950 feet deep. A h 
percent saline solution fracturing fluid was injected to provide 
a contrasting conductivity path in the previously water flooded 
reservoir. The field experiment was conducted near Bradford, PA 
on Minard Run Oil Company property by the Morgantown Energy Research 
Center, ERDA. 

Changes in potentials attributed to the fracturing process 
were observed, but without sufficient directional characteristics 
to determine if single fractures propagated in a given direction. 
Theoretical models and various interpretations of the results are 
discussed. 
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The mathematical models previously obtained for processes of sodium-aluminate extrac
tion and insoluble alumo-compound formation can be used for the synthesis of a comp
lete mathematical model of the aluminate sinter leaching process [1, 2]. 
Due to the fact that the' 

amounts of alumina and al
kali lost in the leaching 
process are not the same, 
the complete mathematical 
inodel for the process was 
synthesized separately for 
each of these constituents. 
The structure of these mo
dels and the synthesis me
thods are identical. 
Calculations given in 

this paper relate only to 
the mathematical model 
for AI2O3 extraction. Equa
tions describing the NazO 
leaching process from sin
ters can be obtained from 
the AI2O3 model equations 
by introducing the stoich
iometric coefficients. 
Mathematical models of the individual processes occurring during sinter leaching 

have been obtained with the proviso that the dimensions of the sinter particles being 
leached and the temperature and concentration of the extractant liquid are constant. 
The following method was therefore developed for using the results obtained in prac
tical calculations. 
The process was divided in time into a series of intervals (a series of zones app

licable to specific apparatus), withir which the extractant concentration and the 
temperature were assumed to be constant (Fig. 1). Calculations were made within each 
interval for sinter of multifractional composition, separately for each fairly narrow 
fraction. In this case, the AlzOa leaching process in each interval (zone) was de
scribed by a system of equations. ,j 
1. Material balance equations: 

Fig. 1. Schematic diagram of multizone uniflow lea
cher: 

Go ~ flow of constituents to be extracted coming in 
with the sinter, kg/hrj W - flow rate of extract
ant entering the leaching process, mVhr; n - app
aratus zone serial number, n = 1, 2, ...N; N.-
number of zones in apparatus; c" - concentration 
of aluminate solution at exit from apparatus; x" 
"P" = 1 is the ratio of the radius of the unleached 
• sinter particle region to the outer radius of the 
sinter particle entering the apparatus. 

..ha. 

q'n-..l ' 
r n - i . i . 

I 0 /. = n' + l. n' + 2 JVI 
1 1 n = n'. n' — 1 1 J' 

(1) 

»'here Ri is the average radius of i_-th fraction particle; rn-i,i and ^n.i - is the 
radius of the unleached region of the sinter particle at the entry to and the exit 
irom zone n; N - is the number of intervals (zones); Gi is the amount of the î -th 
fraction sinter entering the apparatus in a unit of time; W - is the extractant con-
Buaption; jjjw - the flow of alkaline solution into one of the intermediate (n.') zones 
Of the apparatus; fix^s and Ax'̂ ^ are the losses of the i-th fraction in zone n with 

i,n i,n 
•odium aluminum hydrosilicate and hydrogarnet; Cn, Cn-i, and Cg - the concentration 
f constituent to be extracted in the solution leaving the zone, in the solution ent-
^fng the zone, and in the alkaline solution; a and r\ is the total content of the con-
tituent to be extracted and its content in the form of a soluble phase. 
*• Extraction kinetics equation: 

'f^''^^''->n-i)[^<f'n-,.t~<fl.)--r{<fl-i..-<t)\.-^-^[ti^-^-(^^^^^^ 
C2) 

(l-e')V'0( 

(C-C„)(e' + e') 
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where tn-^ and tn is the total time spent by the sinter in the apparatus before enter- .' 
ing zone n and after passing through it; Dn - is the diffusion coefficient; e' and e" , 
- the porosity of the sinter and the mud; y' - the density. K 

3. Kinetic equations for AI2O3 losses with hydrogarnet: jS 

whare 9 ' ' , ( > 0 ,4 ; 

CiX--1 = 
1,13d 

" . ' "" ( 1 — 0 , 6 6 m ) / l „ . | ^ M„., - I) ( 1 ^ , . , - 9^,) + '̂( 9„^ ,. , - <P„'.,) <FL l . l ~ r n . t 
•T , . i 

3 
2 

fn . l 0 1 

i - V n . l 

* " " • fn . l 'SO. - ' : 

h , 3 . 3 9 ( e - 4 . 0 D ^ , ^ ( r t C „ - C^') {!„ - !„_ , ) f;;;^, 

"'•' ( l - 0 , 6 6 / . i ) R j ( l - e ' ) V ' a 

" " • ' " (»' + ' .">Ds,.„ ' 

where Dsi is the diffusion coefficient for silicon-bearing ions; f - the (internal) 
specific surface of the sinter; ̂ CjS ~ the decomposition constant for 0 = 2CaO.Si02; 
m - the degree of hydrogarnet saturation with alumina. 

4. Kinetics equations for AI2O3 losses with sodium aluminum hydrosilicate: 

- ^ O = Xhsin - i f f - IMn.J.'J-1) (Csi „ „ -Cs, p.„)J Zn.t: 

Zn,t = ^ ( fn-l. I - f l . l ) - ^ { < f l - l . I - fn . i ) - - { ^ n - l . t - ' i ' n , l ) + ~ { t ^ - l . , - < f l t ) ; 

-SlXv-.n^^Cj „ — "(Cj „ — C „ ) 

i—<Pn.l_ 'fn.i 
2 -2 

where ^S, n is the saturation coefficient ard Csi p,n - is the sodium aluminum hydro--j 
silicate solubility concentration in aluminate solutions. 2 
The total amount of alumina extracted in a specific period of leaching one fraction , 

is calculated on the basis of the material balance equations for the appropriate zones: 

C„.l = 1<^i(l-9'-i.,j 
V v'>9_ V yha 

(5) 

The degree of AI2O3 extraction from the î  th sii.ter fraction, after passing through 
all the zones up to n̂  inclusive is; 

Kn.l = 
On. I 
tioO, (6)S 

Similar equations for the entire mass of sinter being processed are readily obtained 
from Equations CSl and (6): 

. 1)0 2 C( (1 - v l . (7).I 

• i 
(8)V 

The following algorithm, based upon the model equations given, has been compiled .; 
for computer calculations for a leaching process in counterflow apparatus. The foll
owing were adopted as the initial values (input parameters) for calculation: the ca- , 
pacity of the apparatus in terms of sinter (so establishing the time spent by the ma
terial in each process zone), the particle-size composition of the sinter entering the 
leaching process, the physical and chemical properties of the sinter (standard extrac
tion and content of constituents to be extracted, porosity, and inside specific sur
face) , the process temperature in each zone, as well as the solution concentration at. 
the exit from the apparatus. -̂  

The following were defined in the calculation algorithm: 5 
- the values of the principal process constants for all intervals (zones) (Dn, Cs,ni 

KQ2S,n, Khs,n, and Dsi,n) according to empirical formulas based upon processing exper
imental data in 11-3]; % 

- the magnitude of ((),n,i for the î -th fraction of sinter at the exit from the leading 
zone (the magnitude of <?n-^,i at the entry to this zone ia 1). A simplified extract
ion kinetics equation can be used for approximate calculations: 

( C s . n - C „ ) D „ S t „ ) f l - i . i — < t ' . l < f i - l . f •fit (91 
. "2 3 = !Y'-(l-a)Cs,„l/?? • ^ 

- t h e amount of t h e c o n s t i t u e n t t o be e x t r a c t e d p a s s i n g i n t o t h e n e x t zone w i t h the 

•- n -

• - . i r e / 
-••-??&. 

• - i s , I 

?"oces; 
"-ond in( 

Calci 
••^y of 

The i 
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" • = - S O] 

•••• expc 
i t is 
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(3) 

(4) 

(7) 

(8) 

i-th fraction sinter according to the equation: 

^'^"•'-"rfi-i'in-i.t-'ri^y. 

- the amount of the constituent to be extracted 
which is lost as a result of incidental chemical reac
tions in the zone during leaching of the i^-th fraction 
according to equations (3, 4 ) ; 
- the degree of extraction from the i^-th fraction 

according to Equations (5) and (6). 
This concluded the calculations for the process of 

leaching from the i^-th fraction in the first zone; 
they were repeated for all m fractions of sinter. 

. 7 5 
c 
o 

n 50 

:25 

/ 

/ 

' 

s.**' 
— n=rs: •=TP-=X 

60 120 m 
Thus, m values of n,x, " T l . X , Xhs 

n.i 
and Yr xhg. 

n,i 
for the first zone were computed. 
By adding xhg., x^s , and Gn,i we obtain the total 

n, 1 n, 1 
amount of the constituent to be extracted which pas
ses to the second zone with the sinter and the total 
losses of this constituent under consideration. Equa
tion (8) was then used to calculate the total extrac
tion Yn in the first zone and the material balance 
Equation (1) was used to' 

wo 210 300 350 
T i m e , min 

Fig. 2. Comparison of ex
perimental (1) and cal
culated Al^O, extraction 
kinetics curves when 
leaching bauxite sinter 
in a percolation unit 
with a 65 tons/hr capac
ity. 

Results of Sinter Leaching 

u o * J \ 
(8 -H to 
Q.nu c 
ou-aa o 

*• 1 
oci-H 
"HC u 
< o c < u 

Sinter fractional 
composition 

Temperature 
by zones, "C 

l eading middle 
t a i l -

end 

I > 6 I , ' S 
->ii)d ~o ' » 9 

3.H.H Qju in a > 

Laboratory b a t t e r y d i f f u s e r 

0.024 
0,031 

59,8 

G5.-0 

75,0 

30,0 
28,2 

29,8 

31,2 

29,8 

100% c l . 
3 0 ? b - c l . 

. 1 0 -

. 1 0 -
. / MM I 
. 7 MM 

95 
90 

95 
90 

95 
90 

3,1 
0.1 

9,7 
7,25 

Perco l a t i on appara tus 

8,5% c l — 8-f 6 MM 
713,5% c l . — 6 4 - 3 MM 
12.5% c l . — 8 - f 6 MM 

C0% c l . — 6 - i - 3 MM 
9% c l . — 8 4 - 6 MM 

9l?6 c l . — 6 - f 3 .MM 

72—89 

83 -84 

7 2 - 7 8 

66—73 

66—68 

6 3 - 6 5 

77—87 

92 

73 -80 

0,6 

1,9 

0.8 

7,15 

4,53 

5,47 

define the solution con
centration at the entry ' 
to the first zone Cj^_j , 
Calculations for the 

next zone along the 
course of the material 
vcre made in the same 
order. The values ob
tained in calculations 
for the previous zone 
»fcre adopted as the in-
l-ial data: the constit
uent to be extracted 
resaining in the sinter 
find the losses of that 
constituent for each of 
t-he fractions considered, 
48 well as the totals of 
these and the magnitude 
of ^n-3 (output paramet
ers) . 
The algorithm was used as the basis for compili.ng a program for sinter leaching pro

cess calculations using a Minsk-22 computer. 
The adequ cy of the synthesized mathematical model for the process was ascertained by 

cOKparing the output parameters of the leaching prpcess in uniflow-type apparatus (the 
degree of A1203 extraction and changes in extractant concentration along the apparatus 
length) with the same parameters calcu.i.ated using the mathematical model according to 
«he algorithm. 
Operation of a percolation unit was used as an example for comparison. The capacity, 

the physical and chemical characteristics of the sinter, the concentrations and the 
tcsperatures along the apparatus length, and the degree of extraction and the duration 
of leaching in each zone were recorded for this purpose. 

In addition, data obtained by various workers on various apparatus with different 
routines were used to check the model. The routines differed in respect of capacity, 
">fi particle-size and phsycial and chemical composition of the sinter, and the temper-
*tuxe distribution along the apparatus length. 
Apparatus input parameters were introduced into the model as initial data; following 

^ s , calculations according to the model were made on the Minsk-22 computer. The 
process output parameter values calculated in this way were compared with the corres-
Poading parameters for the actual process. 

Calculated and experimental AI2O3 extraction kinetics curves are given in Fig. 2 by 
"^y of example. 

The adequacy of the model to the subject was assessed by reference to the standard 
rees*^i°" °^ ^^^ calculated curve from the experimental curve, by comparing the deg-

°f extraction of the required constituent at the exit from the apparatus obtained 
- experiment and by calculation.-
*t is apparent from the tabulated data that the standard deviation did not exceed 
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10* and averaged 6.9%. eompariaon of the AliOj extraction value's:'at the exit from the Si 
apparatus obtained by calculation and by experiment shows that, on average the figure 
did not exceed '̂  1,3%. ^ 
.That feind of deviation in the calculated results is permissible, having .re.gard to ' t . 

the fact that the range of •variation in. the initial parameters within which the comp- | 
arison was made was fairly wide in terms of capacity t-24-75 tons/hr.) , temperature .;% 
(62^96''C) , and,sinter physicai and chemical characteristics [the sinter :Al2 03 content H 
yaxied fro^ 23 to 32% -and .its pproaity from 15 €6 23%) . >$ 
The obtained results indicate that the synthesized mathematical mpdel has a suffi- ''A 

ciently high degree of adequacy for -actual leaching processes, This gives grounds fi 
.for recommending the model and •the method of calculation which has .been developed for" j* 
.pfacticstl use;. " '.-S: 
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A COUPLED GAS PRESSURIZATION EXPLICIT 
FRACTURE MODEL FOR OIL SHALE FRAGMENTATION 

B.C. Trent, C. Young, T.G. BJ 

Science Applications, Incorpi 

INTRODUCTION 

A problem common to all Jji situ oil shale combus
tion processes for production of oil is to provide an 
adequate void volume distribution within the rock so 
that gas may pass through during the retorting pro
cess. One method to achieve this goal Is to heave 
the earth's surface by detonating an explosive charge 
within a relatively shallow oil-shale thickness. 
This technique has been tested in the field by Geo
kinetics, Inc. in Uintah County, Utah, (Lekas, 1979). 
The void space distributions resulting from the Ceo-
.kinetlcs blasting tests have been.evaluated empir
ically, usually by burning the retorts. 

This paper presents a general explosive fragment
ation model Incorporating oil shale properties 
specific to the Geokinetics site. Modeling their 
blasting program using mechanical properties of the 
oil shale deposit as primary input can provide an In
expensive tool for optimizing blast results. 
Although an actual field experiment may involve the 
timed detonation of hundreds of explosive boreholes, 
understanding the mechanics and implications of a 
single shot hole is iraportant as much of the phenome
nology of single-hole breakage is involved in multi-
hole fragmentation. Also, the overall environmental 
impact and program cost may be significantly reduced 
due to more efficient rubblization. 

CALCULATIONAL TECHNIQUE 

The modeling efforts to study single-hole frag
mentation employed an explicit finite-difference com
puter code called STEALTH**. STEALTH (Hofmann, 1976) 
solves the equations for conservation of momentum, 
mass, and energy and is particularly well suited to 
modeling dynamic phenomena such as explosive effects 
in rock. The constitutive equations which relate in
duced stresses to observed ground motions may be as 
complicated as the data base will allow. Previous 
models of explosive oil shale fragmentation have been 
performed (Trent, et al, 1980) and an extensive pro
gram for the study of explosive stimulation of gas 
shales is presently under investigation (Barbour and 
Young, 1980). 

Rock Fracture Model 

The STEALTH sub-model which provides the details 
of the fracturing process is called CAVS (^rack ̂ nd 
Void ^train). The model is general and has various 
applications (Maxwell and Reaugh, 1980), (Barbour, 
et al, 1980). The unique aspect of the CAVS model is 
that the crack aperture (void strain) changes are 

** "^olids and ghermal hydraulics codes for ^PRI 
Adapted from Lagrange TOODY and JIE."̂ ," developed for 
Electric Power Research Institute by Science 
Applications, Incorporated under Contract RP307. 

Proceedings of the 22nd U.S. Symposium on Rock 

Hechanics: Rock Hechanics from Research to Application 

held at Mass. Inst, of Tech., June 28-July 2, 1981 

compiled by H.H. Einstein 

coupled precisely to the three dimensional stress 
tensor adjustments durirg crack opening and closing. 
Due to the extensive bockkeeping system within CAVS, 
it is capable of detersinlng the extent of cracking 
next to an explosive borehole. It has been proposed 
that cracks immediately adjacent to the shot hole 
will become filled with hot explosive reaction pro
ducts and subsequently cpea and propagate more 
readily than if these ge=es were not present. This 
phenomenon has been obssrved and studied quantita
tively in the calculaticns. While the concept of 
crack communication with the borehole (and explosive 
gasses) is relatively straightforward, In practice 
the logic could be quite sophisticated since the 
ultimate pathway of gas travel cannot be determined 
a priori. 

Fracture Internal Pressurlzation Model 

Several one-diraensioticl borehole calculations have 
been carried out which h^ve allowed the crack Inter
nal pressurization logic to be tested. The fluid 
flow and pressurization nodel when used In conjunc
tion with the CAVS tensile fracture model essentially 
works as follows: 

1) Explosive detocarion with the borehole 
initiates a compressive wave which is followed 
by a tensile rarefaction which initiates or 
propagates fract-jres in the rock. 

2) As fractures oper up adjacent to the explosive 
borehole, hot re£.;tant products are free to 
enter the fractures at a velocity which is 
dependent upon tii= crack's width and length, 
zone-to-zone preE3-are gradients throughout the 
borehole/fracture system and the viscosity of 
the flowing fluic. The viscosity can be 
defined as teirperiCure dependent to incor
porate the effecr of quenching as the 
reactants cool as ch=y contact the rock 
fracture faces. 

3) Fractures devel t rxd in calculational zones 
which "communicate" -jlth the high pressure 
fluids in the E-oriiicie are free to accept 
fluid. 

A) The effect of fl-::ii In a fracture is analogous 
to pore pressin-= effects in effective stress 
analysis in thst t?.e normal stress Is 'reduced, 
i.e. appears i&ss canpressive or more tensile, 
thereby enhancizi ;h= fracturing process. 

5) As gas penetrate:: izzzxi the fracture system the 
pressure in the borehole is reduced until 
equilibrium is .sciie-red, i.e. the excess 
volume of gas rr-wicrs is exhausted. Mass 
balance is mai:z.z£z:ied between the time depen
dent fluid av£ll.silg from the borehole and the 
fluid penetraiiri? the fracture system. 
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The term "void strain" refers to the actual 
opening of a crack within a calculational zone; A 
value of -.01 In each of the three principal direc
tions yields a volumetric void strain of three 
percent, indicating that the calculational zone has 
expanded by 3% due to crack opening (elastic or 
plastic volume charges are not reflected in this 
value). The most complicated aspect of CAVS is in 
the void closure logic since a crack must not be 
allowed to over-close and should display self 
propping. Closure times for cracks In the three 
directions are generally different and closure of one 
crack affects crack void strains In the other 
directions. Sub-cycling and re-arranging of closing 
sequences solves this problem. The addition of gas 
pressure to the model is trivial since the crack 
opening/closing logic is unchanged and only the 
effective stress is modified. After a crack has 
opened, perfect closure is not possible due to 
asperity mismatch. A jumbling or propping logic has 
been included to incorporate this effect. 

The effect of gas pressurlzation is dramatically 
illustrated in Figure 1 which shows how a radial 
crack has opened up substantially due to the gas 
pressure. In addition, more cracks are actually 
generated due to the presence of gas pressure as 
illustrated-in Figure 2. It is interesting to note 
that immediately adjacent to the borehole wall the 
effects of gas pressure appear to suppress cracking, 
however, at distances greater than 4m the extent of 
cracking Is significantly enhanced due to the 
influence of gas pressure. There is an intermediate 
zone where both calculations yield similar crack 
patterns. These results are based upon material 
properties of gas shales. 

EXPERIMENTAL DATA ON OIL SHALE 

Extensive mechanical testing of oil shale has 
taken place over the past several years. As a 
result, sufficient information is available to 
formulate constitutive models for conputer codes. 
Of particular interest in this analysis was the 
Influence of the relatively weak oil shale bedding 
plane partings and the influence of the explosive 
gas pressurlzation on initiating and propagating 
fractures along the weak bedding planes. 

OY = 31.563 (D^) 205.998 D.J. -t- 326.624 

where 

OY is the oil yield in gallons per ton 

D is the rock density in gm/cc. 

Once this expression is solved for density, the 
percent organic volume may be found by 

Vj, = 164.85 - 60.61 D.j. (Smith, 1976) 

where 

Vp is the organic volume in percent 

Dj is the rock density In gm/cc. 

Tensile Strength 

Tensile strengths parallel to the bedding planes 
of Green River Formation oil shales similar to the 
Geokinetics materials have been related to organic 
volume. Consequently, tensile strengths at this 
orientation can be evaluated through the blast 
section. However, oil shale is significantly weaker 
in the direction normal to the bedding planes. To 
incorporate this characteristic into the model, 
direct-pull tensile strength tests were performed on 
core taken from the Geokinetics site. Direct 
measurements of tensile strength has the advantage 
over Indirect raethods in that the weakest link in 
the. section tested is always measured. Indirect 
methods detennine strengths at selected depths and 
therefore do not necessarily test the weakest plane. 
Tests were performed by pulling apart .0381m samples 
which were .102m in length (Young and Pattl, 1980). 
Each sample was tested once. Approximately 14m of 
oil shale were tested. The results are Illustrated 
in Figure 3. 

The tensile strength parallel to the bedding 
planes was provided by an empirical formula based on 
Brazilian split cylinder tests. Strengths for three 
types of Green River oil shales are given by the 
following (Smith, 1980): 

Oil Yield - Density - Organic Volume Relationships 

The Modified Fischer Retort Method was used .in 
determing oil shale assays on core taken at the 
Geokinetics site (Trudell, 1979). The samples 
represented approximately 0.3m sections each and 
varied from 5 to 65 gallons of shale oil per ton of 
rock. The amount of organic matter in oil shale has 
been related to various mechanical properties, as 
indicated below. 

Since oil yields in the Geokinetics blast section 
varied from approximately 10 gpt to over 60 gpt, 
significant Impedance differences existed from layer-
to-layer. These Impedance mismatches are especially 
important to stress wave interaction from layer-to-
layer. The densities of different oil-shale grades 
may be readily estimated from oil .yield-organic 
volume relationships. Rock density has been found to 
vary with oil yield of Green River Formation oil 
shale according to the following relationship 
(Smith, 1976). 

Colorado: o^ = 14.78 - .0928 V^ 

Utah: Ot = 13.64 - .1211 V^ 

Wyoming: c^ = 23.16 - .3516 Vo 

where 

o^ is the tensile strength in MPa 

Vjj is organic content in, percent 

For this study, the representation given for the 
Utah oil shale was used. 

Elastic Constants 

Elastic constants from stress/strain measurements 
on Green River Formation oil shales have been shown 
to vary with organic matter in the rock. The 
following prediction equations developed from 
mechanical tests permit evaluation of elastic 
constants with depth, (Chong, et al, 1979). 
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E = 10.45 - .1735 V -h .3841 S X o 

-.00519 V • S - 1.883 X lO"^ S^ 
o 

E •= 12.34 - .2196 V •(- .07461 S 
z o 

- 6.82 X 10 -5 S - 9.869 X 10 ^ S* 

V = -0.04419 -t- .00385 V + .00645 S 
zx o 

V = -0.03307 -I- .00333 V -f .00480 S 
xy o 

boundaries are wall interaction (roller). Tbe oil 
shale is located 9.14m below the surface and Is 
6.10m thick. The explosive borehole was originally 
.1524m in diameter and the explosive was ANFO, which 
had an equation-of-state described by a JWL form
ulation (Lee, et al, 1973). 

The vertical zoning within' the oil shale blast 
section is spaced .3048m. A careful correlation was 
performed and it was determined that all twenty 
horizons had oil yields that fit into eight groups, 
within Jr5%. Figure 5 illustrates the grouping of 
the various layers. The following table Indicates 
the base material properties of those layers. 

where 

z is the direction perpendicular to bedding 

x,y are directions parallel to bedding 

E is elastic moduli in GPa 

V is Poisson's ratio 

V(j is organic volume in percent 

S is stress level (actual stress/ultimate 
stress X 100%) 

Under compressive loading the behavior of these 
oil shales is nearly isotropic, in spite of their 
laminar structure. Consequently, the elastic con
stants can be averaged and applied to three 
dimensions. The equations contain a stress level 
function as a percent of ultimate load. This concept 
may be useful for uniaxial loading, but there is some 
ambiqulty when the stress field is fully three 
dimensional. In addition, since within the model the 
material was allowed to yield under sufficient 
deviatoric stress, it was assumed that the stress 
level was 40%, yielding mid-range values for the 
elastic constants. 

Plasticity Model 

The elastic/plastic yield surface is strongly 
dependent upon the density (oil yield) of the oil 
shale. The yield surfaces are similar up to grades 
of 25 gpt but drop dramatically until approximately 
45 gpt at which point yielding is essentially 
govemed by the strength of kerogen which is indepen
dent of mean stress. The following formula for 
yielding has been developed, (Johnson, 1979): 

Y = Y -1- 6Y(l-e *P) 

where 

Y is the yield stress 

YQ, AY and a are parameters which 
depend on density 

p is the mean stress. 

A different yield surface was incorporated into the 
code for each different density. 

Input to the Code 

The two-dimensional axisymmetric calculational 
grid utilized is shown in Figure 4. The top 
boundary condition is a free surface and all other 

Material 

1 
2 
3 
4 
5 
6 
7 
8 

Oil 
Yield(gpt) 

9.36 
13.18 
16.75 
22.64 
34.21 
41.20 
50.48 
62.06 

Density 
(gm/cc) 

2.49 
2.42 
2.35 
2.25 
2.09 
2.00 
1.88 
1.76 

Organic 
Volume 
(percent) 

13.92 
18.44 
22.34 
28.23 
38.39 
43.88 
50.62 
58.33 

Above and below the blast section, the rock was 
assumed to have the parameters of the leanest oil 
shale, layer 1. 

The tensile strengths shown in Figure 3 were used 
for the direction normal to the bedding planes. The 
weakest strength within a given layer indicated the 
stress level to initiate the first crack in a cal
culational zone. The next higher strength had to be 
exceeded for the second crack, and so on. Strengths 
above the third crack value increase arbitrarily by 
1.05 times the last crack strength. Tensile 
strengths in the other two directions were deter
mined from the organic volume relationship presented 

, earlier. 

The averaged elastic properties and the computed 
base tensile strength parallel to bedding are 
plotted in Figure 6 based upon the equations 
already presented. From the elastic/plastic yield 
data of Johnson (1979) mentioned earlier, coef
ficients were established for the eight materials. 
The yield surfaces are plotted in Figure 7. Note 
that since materials 7 and 8 are so rich, their 
yielding is not taken from the equation but rather 
is a constant of .1 GPa based on yield strengths of 
polymeric materials similar to kerogen (Johnson and 
Simonson, 1977). 

CALCULATIONAL RESULTS 

The baseline calculation was performed utilizing 
the stratigraphic layering and tensile strength 
criteria presented earlier. The explosive, ANFO, 
has a relatively long rise time and maintains its 
peak pressure for longer times than other high 
explosives. Approximately 44 moles of reactant pro
ducts per kg of charge are produced (Edl, 1980). 

A second calculation was run in which there was a 
uniform material model i.e., no stratigraphic 
variations in material properties. For this cal
culation all properties were defined by the formulas 
for material 4 (22.6 gpt). 
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For both calculations, initial overburden stresses 
were used as Ehe initial condition and the 6.096ra 
long explosive borehole was top detonated. The gas 
pressure- In a zone adjacent to the borehole as a 
function of time Is shown in Figure 8. Gas pressures, 
further from the borehole .are fsighlficantly reduced 
because of narrower crack widths. 

Figure' 9 Is a .contour plot of gas pressure for the 
baseline case after five mllliseconas. This, is a 
sub-grid of fhe entire mesh as noted in Figure 4. 
Certain horizons have little or no gas pressure while 
others show a tendency to channel due to the non
uniform void strain distribution. Also the borehole, 
boundary is uneven due. to the inaterial layering. The 
uniform material calculation gave gas contours after 
five milliseconds as shown in Figure 10. Notice the 
relatively constant gas profile with depth and the 
unifonn expansion of the borehole wall. 

The in-plane, crack patterns fdr the baseline arid 
unlforiD cases are shown in Figures II and 12, 
respectively. The influence of tl̂ e weak b;eddlng 
plaiies is obvious. Although relatively little ten
sile fracturing' takes place near the borehole, shear-
induced cataclysmic failure is typically present in 
this area, providing finely fragmated rock. The out 
of plane (radial) cracks for the baseline case are 
showri for 3 layers in Figure 13. Very little stra
tigraphic variation iri radial cracking was noted in 
the ualform; case, 

Quasi-Static Analysis 

In order to investigate the influence of gas pres
sure at later times and to keep the computational 
costs to a reasonable limit, a tirie-step scaling 
technique was used. It is similar to .density scaling 
which iJs an artificial Increase iri density resulting 
in 3 lower sound speed and a larger time step. The 
mdmentuin effects are assumed tb be trivial. Instead 
of increasing the. density, a pseudo time-step was 
defined which was used in the equations of motion 
which allows" a more efficient variation in the 
effective scale factor (Maxwell, et al, 1978) .̂  

The baseline calculation was run in a fully 
dynamic md'de for five milliseconds until virtually 
all shock effects had dissipated frbm the reg'ion of 
Interest, Then the pseudo time-step technique was 
applied and the calculation proceeded to one_ second, 
A time history of gas pressure in an. oil shale" zone 
is shown in Figure 14 (compare to Figure 8), The in-
plane fracture pattem is shown.in Figure 15. Con
tours bf gas pressure after one second are shown in 
.Figure 16. While the bedding plane fracturing Is 
enhanced, very little increase in the radial cracking 
was observed. 

CONCLUSIONS 

Incorporation of stratigraphically varying mechan
ical properties such as density, elastic constants, 
yielding and tensile strengths can significantly 
affect the modeling for the explosive^ fracture of oil 
shale. The bedding planes are significantly weaker 
and this aspect must be Incorporated into the code. 

The explosive reactant products have been shown to 
alter the crack pattern by decreasing the amount of 
cracking near the shothole and increasing the amourit 
and extent of cracking further away. -No gas enters 

the fractured rock until about 1.0 railliseconds since 
the, stress field is still highly compressive until 
this point. The effect of gas pressure at later 
times appears to enhance the fracturing process for' 
bedding plane partings, however, the influence on 
extending radial cracks seems to be minor. Gas pres
sure effects at greater depths could be significantly 
different; 
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Figure 11. In-Plane Cracks a t SroSec Baseline Case 
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Classification and Genesis of Biogenic Sulfur Deposits 

J . C . RUCKMICK, B . H . VVlMBERLY, AND A . F . EOWARDS 

Abstract 

; Elemental sulfur occurs widely distributed in two geologic environments: basins con
taining hydrocarbons and zones of Cenozoio volcanism. A classification is suggested for 
these deposits. Essentially ali economically important elemental sulfur deposits being 
mined today are bioepigenetic replacements lof anhydrite or gypsum. These occur in two 
geologic styles: in cap rocks over salt diapirs and in stratabound deposits. However, 
all of these deposits appear to share remarkably similar origins and characteristics. They 
are formed in evaporite basins where petroleum-bearing beds underlie anhydrite or gypsum 
and occur where joints or faults permit water, hydrocarbons, and bacteria to rise into 
the evaporites. The bacteria oxidize hydrocarbons to COj, reduce sulfate ions to H^S, 
and alter gypsum to calcite. Data indicate that HoS is converted to polysulfides and 
these are oxidized to elemental sulfur by CO2 in anaerobic environments. From two to 
four barrels of oil must be consumed per ton of sulfur, thus enormous amounts of hydro
carbons are required to form large deposits. These quantities are obtained by long-
sustained artesian flushing by ground waters of areally extensive petroleum-bearing 
strata. A combination of unique structures form the plumbing systems required to con
centrate artesian flow in the evaporites and thus localize the sulfur deposits. 

UNIVERSITY OF 

EARTH SGSEUCE 

Introduction 

HUMAN sustenance and material progress demand a 
great deal of sulfur. At present the world consumes 
50 million tons annually. Most of this, about 132 
million tons, is produced as eleinental sulfur; thelre-
mainder is supplied as sulfuric acid. Of the present 
annual production of elemental sulfur, a little rnore 
than 16 million tons, or about half, is mined bylthe 
Frasch process from deposits in anhydrite or gypsum. 
Most of the balance is recovered from sour gasland 
petroleum. ( 

Although elemental sulfur deposits are widespread, 
very few are large enough to be of commercial im
portance. Until the development of the Frasch rnining 
process in 1903, most of the world's sulfur was mined 
from deposits descriljed here as volcanic and oxida
tive. Today essentially all elemental sulfur mined 
comes from bioepigenetic replacement deposits in 
gypsum or anhydrite. These occur in two geologic 
styles: in cap rocks over salt diapirs and as strata-
bound deposits in bedded evaporites. Examples of 
cap rock deposits occur in the Gulf Coast ba'sins of 
Texas, Louisiana, and southern Mexico. Examples 
of stratabound deposits occur in the Fergana and 
Amudarya depressions of Central Asia, the Meso-
potamian basin in Iraq, the Cis-Carpathian trough in 
Poland and Russia, and the Permian Basin iri Texas. 

Bioepigenetic sulfur is developed in anhjjdrite or 
gypsum by the activity of sulfate-reducing jbacteria, 
most probably the species Desuljrovibrio destilftiri-
cans. This anaerobe obtains energy through oxida
tion of hydrocarbons by the breakdown of SOr^ ions, 
releasing CO2 and HjS as waste products. Elemental H. 
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sulfur is deposited where HgS is oxidized by o.xygen 
present as excess SOr^ and CO2 in anaerobic sys
tems or by O2 in aerobic environments. In the bac
terial breakdown of anhydrite and gypsum, Ca*- ions 
combine with CO2 to forrn secondary calcite as re
placement or "biogenic alteration" of the evaporites. 

Economic bioepigenetic sulfur deposits range in 
size from appro.ximately 500 thousand tons of sulfur 
in the smaller cap rock deposits to more than 200 
million tons of sulfur in the Mishraq stratabound de
posits in Iraq (Barker et a!., 1979). Table 1 lists the 
worldwide sources and amounts of elemental sulfur 
mined during 1977. Bioepigenetic deposits account 
for more than 98 percent of the world production. A 
little more than one-third of this comes from cap 
rock deposits, almost two-thirds come from strata-
bound deposits. 

Classification 

Elemental sulfur deposits are widely distributed 
throughout the world in two geological environments : 
basins containing hydrocarbons and zones of Ceno
zoic vulcanism. During our studies of, and explora
tion for, these deposits, the following general classi
fication was evolved (and sviggestions for its further 
modification are welcomed) : 

I. Biogenic deposits 
A. Bioepigenetic 

1. Cap rock 
2. Stratabound 

B. Biosyngenetic 
Volcanic deposits 

^ 

'. '-

:, * 

/ 
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III. Oxidative deposits 
IV. Thermogenic accumulations 

Bioepigenetic deposits occur as replajements of 
anhydrite and gypsum by biogenic sulfur and calcite, 
as defined above and described in the next portion 
of the text. Biosyngenetic deposits are sedimentary 
and result from bacterial reduction of SOi"^ 
to H2S and oxidation of H2S to native sulfur by 
oxygenated surface waters in lagoonal or otherwise 
restricted evaporative or euxinic marine and lacus
trine environments. Examples are Lake l^yre, South
ern Australia, and Chekur-Koyash and Krasnovadsk 
in southeast .Asia (Ivanof, 1964). Seme authors 
have attributed a biosyngenetic origin to the Sicilian 
sulfur deposits and to the Cis-Carpathian deposits of 
Russia. However, we believe that the evidence 
indicates that these deposits are bioepigenetic. 

Many examples of volcanic extrusive, exhalative, 
and replacement elemental sulfur deposits occur in 
the Mediterranean, and around the margins of the 
Pacific Ocean in Japan, Central and South America, 
Mexico, and the western United States. Most of 
these deposits are relatively small, but! several vol
canic deposits in Japan were large enough to supply 
its entire domestic demand in past years. Consider
able attention can be paid to clas.sification of volcanic 
deposits. However, this category does not have im
portant bearing on this discussion and will not be 
developed here. 

The term oxidative deposits, as employed in this 
classification, requires special definiticin because al
most all sulfur deposits are-oxidative in that they 
occur by oxidation of H2S gas. However, a separate 
category is required to include a hroi.A class of hot 
springs and other oxidative deposits derived from 
either volcanic or biogenic sources. These deposits 
are widespread and generally small. They occur at 
the surface or at depth wherever volcanic or̂  bac
terially generated HnS is oxidized bŷ  O2, SOr^ , or 
CO2. These significant characteristits of this class 
of deposits are: (1) they are deposited in fractures 
and open spaces in many difTerent rock types, and 
(2) there is no evidence of biogenic replacement 
associated with them. Both of thes6 characteristics 
are in marked contrast to the bioepigenetic deposits, 
a distinction critical to sulfur exploration efTorts. The 
oxidative deposits in the Kara Kun sandstones of 
Turkmenia, southwest Asia, may be 
but little is known of them (Ivanof, 1 
of small oxidative deposits occur 
Thermopolis, Wyoming; near'Sulphurdale, Utah; 
and throughout the Permian Basinj of West Texas 
and New Mexico. 

A thermogenic classification is required to include 

TABLE 1. Annual World Production from 
Elemental Sulfur Deposits 

For 1977, in thousands of long tons. 

relatively large, 
962). Examples 
near Cody and 

the remarkable Lone Star Bertha R 
'̂cll in the Anadarko Basin of Oklahoma (Sec. 27, 

igers No. 1 deep 

USA 
Poland 
USSR 
Mexico 
Iraq 
China 
South America 
Italy 
Turkey 
Other 

Totals 

Percentages 

Bioepigc 

Strata-
bound 

1,890 
5,000 
2,570 

550 
200 

30 
10 
10 

10,260 

62.4% 

netic 

Cap 
rock 

4,280 

1,690 

5,970 

36 .3% 

98 .7% 

Volcanic 
and 

oxidative 

10 

30 

50 
90 
20 

10 

210 

1.3% 

Totals 

6,180 
5,000 
2,600 
1,690 

550 
250 

90 
50 
10 
20 

16,440 

100% 

T 10 N., R. 19 W., Washita County) (Kincheloe 
and Scott, 1974; Rowland, 1974). This well was 
lost at a depth of 31,441 ft by a surge of liquid sulfur 
into the hole, probably generated by oxidation of 
H2S derived from direct reactions between hydro
carbons and anhydrites of the Arbuckle Formation at 
high temperature and pressure. 

Geology and Genesis of Bioepigenetic Deposits 

All bioepigenetic sulfur deposits share remarkably 
similar origins and characteristics. They are formed 
by anaerobic bacterial reduction of gypsum or anhy
drite and oxidation of hydrocarbons in basins where 
evaporite beds are underlain bj' petroleum. Figure 1 
illustrates a generalized cross section of a cap rock 
sulfur deposit overlying a salt dome. Figures 2, 3, 
and 4 are cross sections of three ty.pes of stratabound 
sulfur deposits. In terms of sulfur genesis, the only 
significant difference between the cap rock and strata-
bound deposits is that the position of the anhydrites 
above the petroleum in the cap rocks is caused by 
diapiric rather than by sedimentary processes. In 
the salt doines, the residual anhydrite of the cap 
rocks is accumulated by solution and removal of 
halite from rock salt by artesian ground waters. 

Bioepigenetic sulfur deposits occur where joints 
and faults permit water, hydrocarbons, and bacteria 
to rise into evaporites or cap rocks. In this environ
ment, bacterial oxidation of hydrocarbons to CO2, 
reduction of gj'psum (SO*""" ) to H2S, and alteration 
of gypsum ((>*^ plus CO2) to secondary calcite is 
well documented in the literature (Davis and Kirk
land, 1973; Feely and Kulp, 1957; Ivanof, 1968; and 
others). However, there has been speculation over 
the manner of oxidation of the H2S to elemental 
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sulfur. Some authors appeal to oxidation of H2S 
by oxygeniated ground waters. However, this does' 
not seem to be supported by field evidence. Our samj 
pling and analyses of the Boling dome cap rock dej 
posits in Wharton County, Texas, and the Comanche 
Creek stratabound deposits in Pecos County, Texas, 
indicate anaerobic environments with a high concen
tration of HoS and polysulfides in the contained wa
ters. Another feature of these deposits is the abundant 
evidence of two distinct generations of both sulfur 
and calcite : (1) a colloidal or microcrystalline inter
growth of sulfur and dense gray calcite overgrown by 
(2) medium to large euhedral crystals of sulfur and 
white calcite. | 

These observations are best explained by the fol
lowing sequence of events: (1) solution and disper
sion of hydrocarbons in artesian meteoric waters 
containing anaerobic sulfate-reducing bacteria, most 
probably Desiiljovibrio desulfuricans, (2) movement 
of these waters upward through anhydrite via faults 
and joints; (3) hydration of anhydrite to gypsumland 
solution of CaSO^; (4) bacterial oxidation of the hy
drocarbons, especially the paraffinic fractions, to(C(D2 
and reduction of the SOr^ to H2S; (5) initialj oxi
dation of H2S to colloidal sulfur by excess SOr^ and 
concomittant alteration of gypsum in situ (C>t*̂  plus 
CO2) to dense calcite (CaCOa) ; (6) development of 
porosity and permeability in the altered gypsum by 
(3) , (4) , and ( 5 ) ; (7) combination of HaS,! Ca*=, 
and SOr^ to form calcium polysulfides in the waters 
in the system; (8) concentration in these waters of 
CO2 (from 4) ; and (9) reaction between thi's CO2 
and calcium polysulfides causing simultaneous pre
cipitation of sulfur and calcite crystals. j 

These reactions can be generalized by the fojlowing 
series of equations: 

CaSO^ + CH4 (-t- bacteria) -> 
H2S -h CaCOs + HlO (1) 

3H2S + SO4-- - * I 
4S (colloidal) -f 2H2O + 20H- (2) 

2H2S H- 2Ca+2 -I- 2H2O 
Ca(0H)2 + Ca(HS)2 -f- 4H+ (3) 

Ca(HS)2 + 4S (collodial) -^ 
CaSs (polysulfide) + HjS (4) 

CaSs -F CO2 -1- H2O -» 
48 (crystalline) + CaCO, + HjS (5) 

The above are presented as a suggestion of the 
general sequence of events, not the final word. The 
reader will recognize the many possible variations in 
these systems and their probable chemical coinplexity. 
The equations representing formation of polysulfides 
and subse{|uent precipitation of sulfur and calcite 
crystals were presented by Davis and Kirkland (1973, 
p. 115) in their description of the Pokorny deposit 
in the Delaware Basin, Culberson County, Texas. 

The key to an understanding of bioepigenetic sul
fur deposits lies in artesian circulation of meteoric 
ground waters. The diagrammatic cross sections 
(Figs. 1 through 4) show such waters entering the 
updip beveled edges of tilted basins, circulating down 
permeable beds in and under petroleum-bearing 
strata, and flushing hydrocarbons and bacteria up 
through joints and faults into overlying cap rocks 
and evaporites. Metabolic activity of sulfate-reduc
ing bacteria is low or nil in relatively high concen
trations of hydrocarbons. Therefore, by dissolution 
and dispersion of both hydrocarbons and sulfate ions, 
circulating artesian meteoric waters in contact with 
both hydrocarbons and gypsum provide ideal environ
ments for high levels of bacterial activity. 

Forniation of bioepigenetic deposits of economic 
size, however, requires at least one other parameter. 
The large amounts of H2S produced by high levels of 
bacterial activity must be oxidized to elemental sul
fur, A requirement for this appears to be relatively 
impermeable beds, such as shales, capping the system 
and allowing H2S long enough residence time to be 
oxidized by SOr" and CO2. Where the system 
functions without an adequate seal, large volumes of 

^ 

y 
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DELAWARE MTNS. OCHOAN ANHYDRITES 
. . RUSTLER tl2S,SPRINGS 

RFrwARrF / SALADO FIvM SHALES DOLOMITES / 
" ^ V y ^ C C A S T I L E FM.^'^'- '^"" ' ^ " ) > y Y _ ^ SULPHUR DEPOSIT 
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WATER 

BELL CANYON SANDSTONES 

( A L L PERMIAN FORMATIONS) 

FIG. 2. Delaware Basin stratabound sulfur deposit. 

gypsum can be altered to calcite containing only 
minor amounts of sulfur. The relatively barren cal
cite buttes or "castiles" in the Castile Formation of 
the western Delaware Basin in West Texas afford 
good examples of uncapped bioepigenetic systems 
(Bodenlos, 1973, p. 611-612). 

Therefore, formation of economic bioepigenetic 
sulfur deposits requires unique combinations of struc
tural and stratigraphic controls that localize hydro
carbons, artesian circulation, and the resultant sulfur 
deposits. For the cap rock deposits it is apparent 
that the structural controls are formed by the salt 
diapirs themselves, especially patterns of faults in 

the cap rocks and around the peripheries of the 
domes. Salt domes that are not extensively mineral
ized must lack one or more of the following: a supply 
of hydrocarbons, an adequate accumulation of an
hydrite artesian flushing, or overlying impermeable 
beds to seal the system. 

Structural controls of the stratabound bioepigenetic 
deposits involve either faults and joints or flexures, 
or both, and can be used to subdivide the larger 
stratabound deposits into several types. Four gen
eral variations of the larger deposits are: (1) the 
Rustler Hills, or Delaware Basin model probably in
volving only faults of modest displacement; (2) the 

sw 
CIS-CARRftTHIAN TROUGH 

CARPATHIAN MTNS. 

NE 
RUSSIAN PLATFORM 

MIOCENE TIRAS FM. 
ANHYDRITES 

TESIAN 
METEORIC WATERS 

MIOCENE BARANOW FM. SANDSTONES 

UPPER CRETACEOUS SANDSTONES 

BARANOW FM. SANDSTONES. 

CRETACEOUS SANDSTONE! 

FAULT 

FIG. 3. Tcisarov-Rozdol stratabound deposits, U.S.S.R. 
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GUZAN RANGE 

PALEOCENE ANHYDRITES 

FERGANA 
DEPRESSION 

ARTESIAN METEORIC 
• - "TER" WATERS 

UPPER CRETACEOUS SANDSTONES ond LIMESTONES QJ^ . 

FIG. 4. Shor-Su stratabound deposit, Uzhbekistan, U.S.S.R. 

Teisarov-Rozdol model controlled by normal faults 
of large displacement and, at the Rozdol deposit, by 
associated flexures along the Cis-Carpathian trough 
(in the U.S.S.R.) (Sakseev, 1973) ; (3) the Polish 
model where sulfur mineralization is formed in struc
tural highs created by horst blocks in the Cis-Carpa
thian trough (Pawlowski et ai., 1978) ; and (4) the 
Shor-Su (Fergana depression, U.S.S.R.) or Heiner 
(Permian Basin) models, principally controlled by 
anticlinal structures or by a flexure over a carbonate 
bank as in the Heiner deposits. Mishraq, the very 
large deposit in Iraq, also occurs in a prominent 
anticline and thus belongs in this later category 
(Barker et al., 1979; Lein, 1974; World Survey of 
Sulphur Resources, 1974). 

The Delaware Basin style of deposit, highly gen
eralized, is illustrated in Figure 2. One fault, of 
modest displacement is shovvn controlling the system 
in the cross section, as in the case of the smaller de
posits in this district. However, the large size of the 
Rustler Hills deposit, containing more than 50 million 
tons of sulfur, indicates a relatively unique concentra
tion of artesian plumbing and hydrocarbons, such as 
an area of brecciation where two faults intersect. Here 
the artesian system has dissolved and replaced large 
volumes of gypsum causing karstlike collapse of the 
evaporites and overlying Rustier doloinite beds. 

A cross section of the Teisarov-Rozdol deposits is 
generalized in Figure 3. The hydrocarbon and 
artesian water supplies in the Teisarov deposit ap
pear to be localized by a normal fault of relatively 
large displacement that parallels the northeast margin 
of the Cis-Carpathian trough (as described by Sak
seev et al., 1973). In the Rozdol deposit these fea
tures are controlled by a flexure related to the same 
fault (Ivanof, 1968, p. 177-251). The Shor-Su de
posit is illustrated in Figure 4 (and described by 
Ivanof, 1968, p. 33-67). The Shor-Su, Mishraq, 
Heiner, and all other anticlinal deposits appear to be 

similar in that tbe artesian plumbing and subsequent 
sulfur mineralization are localized near the crests of 
the structures by a.xial joints and fractures. 

Calculations of material balances in the reactions 
listed above indicate that a little more than two bar
rels of petroleum are consumed ;by the bacteria to 
form one ton of sulfur. Because there is good evi
dence that sulfate-reducing bacteria generally utilize 
only the paraffinic fractions, it is probable that about 
four barrels of oil would be required per ton of sulfur 
produced. Therefore, it can be calculated that some
thing on the order of 200 million barrels of oil, or 3.6 
trillion cubic feet of methane, were required to gen
erate the Rustler Hills deposit in the Delaware Basin. 

At first these amounts appear incredible, especially 
when coupled vvith the need to move hydrocarbons 
through the sites of sulfur mineralization in relatively 
diffuse form. However, such magnitudes confirm the 
essential role of the artesian meteoric vvater systems 
in explaining the genesis of bioepigenetic sulfur de
posits. The concept of artesian flushing of relatively 
large areas of petroliferous strata over spans of time 
on the order of 20,000 years or more appears to pro
vide the only feasible geologic explanation of the pro
cess. 
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INTRODUCTION 

Historical records of construction projects indicate that the ar t of grouting 
'SS recognized and accepted in the 19th century. These early grouting projects 
"nsloubtedly used suspended solids for a grouting material . 

The first chemical grout was introduced in the early 1900's. This was 
**llum silicate, used in the Joosten process, and still used in construction 
Projects today (1967). Only in the last decade, however, with the advent of 
" ^ y new and exotic mater ia ls , has chemical grouting come into its own. As 
*l»>lpment and procedures become more sophisticated, the beginning steps 
*re being taken in the development of a chemical grouting technology. 

The techniques used in the field to apply chemical grouts differ significantly 
"""n, and often a re diametrically opposed to, those which are generally used 
*»th suspended-solids grouts. Thus, it became necessary for the manufac-
^ e r s of chemical grouts to develop a technology for use with their products. 
'̂oe such research program (which is still continuing) was begun in 1956 by 

*n>erican Cyanamid Company (ACC). 
Many of the basic aspects of chemical grouting technology have proven to 
appUcable to most of the commercial chemical grouting materials currently 

"*^'able. Some of these fundamentals are detailed herein. 

^ GROUND WATER FLOW 

^*iost applications of chemical grouts are made into saturated or partially 
.«..^^*6d formations. There are instances in which dry, granular, or frac-
•»t j^-~Discuss ion open until June 1, 1968. To extend the closing date one month, a 
" * Wto*^^"^^' ' " "^ ' ^ ^"®'* **"* the Executive Secretary, ASCE. This paper is part of 
«( t^*j^%hted Journal of the Soil Mechanics and Foundations Division, Proceedings 
^rtm ' ^ ^ ' ' ' c a n Society of Civil Engineers, Vol. 94, No, SMI, January, 1968. Manu-

*Pr*^^ ^"bmitted for review for possible publication on June 20, 1967. 
tiel4g:^^"'ed at the May 8-12,1967, ASCE National Meeting on Structural Engineering, 

beatMo Wash., Virhere it was available as Preprint No. 479. 
S. j _ ''sctor, Engrg, Chemicals Research Center, American Cyanamid Co., Princeton, 

i f * ' : 
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tured formations are grouted. All such cases, however a re those for which 
the purpose of treatment is to increase the strength of the formation The 
majority of chemical grouting applications are related to water shut-oU 
rather than strength increase. , , , , ,, . 

The upper surface of subterranean water (the water table) generaUy la a 
subdued replica of the terrain. The elevation of the water table vanes locally 
with surface precipitation and weather conditions. The mass of ground water 
itself also flows in a horizontal direction toward the exposed and subsurface 
drainage channels. 

SMI CHEMICAL GROUTING 177 

FIO 1 -CONCENTRIC RINGS SHOW UNIFORM RADIAL SPREAD OF 
GROUT N̂ SATURATED ISOTROPIC SAND UNDER STATIC GROUND 
WATER 

Under large expanses of level terrain, the rate of ground-water flow U 
relatively slow, and generally of inconsequential magnitude insofar as chem. 
ical grouting operations a re concerned. In rolling or mountainous countrr, 
however, ground-water flow may be rapid enough to affect a groutmg operatla. 
unfavorably. This is particularly true if the major portion °f thejlow occun 
through a limited number of flow channels, or in formations which do not hart 
over-all 'porosity. Ground-water flow is generally rapid enough to cause prob-
lems in the vicinity of an excavation which enters the water table Even fc 
a reas where ground-water flow is normally insignificant, local conditions rf 
high flow rates may be caused by the initial injections of a grouting program. 

Thus, the movement of ground water must always be considered when planning 
a grouting job. 

Under absolutely uniform conditions (such as can be obtained in a labora
tory but hardly ever in the field), i t i s possible to obtain accurate verification 
of the theory of fluid flow in a uniform, saturated, isotropic sand. Injection of 
{rout from a point within such a sand mass would be expected to give uniform 
radial flow. Thus, the shape of a stabilized mass resulting from the injection 
of grout under these conditions would theoretically be a sphere. This is sub-
itantlally true if the grout-injection pressure is significantly greater than 
the static head, and if the stabilized volume is small enough that hydrostatic 
pressures at top and bottom of the mass are not significantly different. Excel
lent verification has been obtained many times in experiments on a laboratory 
scale and also in experiments on a field scale. 

Fig. 1 shows a vertical section through a grouted mass made In the labo-
ntory under ideal conditions. Dyes were used to trace the flow of grout, A 
total of 6,000 cu cm of grout were injected without interruption at a rate of 
500 cu cm per min into saturated, dense medium sand. The gel time was 20 
oin and each successive 1,000 cu cm was dyed a different color. The photo-
jraph clearly shows the concentric rings and these are seen to be close to 
true circles, verifying the theoretical three-dimensional uniform radial flow. 

The effects of flowing water a re illustrated by the cross section of a s ta-
aiized mass shown in Fig. 2. This injection was made in the same fashion 
%s in Fig. 1, except that ground water was flowing slowly. Note that the inner 
toocentric rings a re not much affected by the ground-water flow. This will 
jlways be true as long as the rate of injection of grout is substantially greater 
than the volume of ground water movingpastthe injection plane. If the volume 
of liquid grout stays in aplacefora considerable length of time prior to gela
tion, even a slow rate of ground-water flow can cause grout displacement and 
the attendant dilution along the grout ground-water interface. The loss of grout 
from the outer concentric rings is clearly visible in Fig, 2. It is also clear 
Cat the stabilized mass itself, while still roughly spherical in shape, is d is 
placed in the direction of the ground-water flow. 

When ground water is flowing at a relatively rapid rate, in addition to d i s -
ylacement of the grouted mass in the direction of flow, the shape of the s t a -
tilized volume will be modified to conform with the flow net caused by the 
ttroduction of a point of high potential at the end of the injection pipe. (This 
pme effect is also caused in slowly moving ground water when time lapse 
Ktween grouting and setting of the grout is very long). Fig. 3 is an i l lustra
tion of a laboratory-scale injection showing conformation of a grouted mass 
to the flow lines. In this case, approximately 3.000 cu cm of grout were in
jected during 6 min. Ground-water flow was about 4 cm per min. Even though 
tte gel time was 9 min, (only 3 min longer than the total pumping time), the 
irouted mass is displaced almost 7 in. (about 3/4 of-its vertical dimension) 
trom the location of the grout pipe. It is interesting to note that displacement 
tj about half the ground-water flow distance during the grout induction period. 

When injections a re made into stratified deposits, the degree of displace-
Bcot is related to the formation permeability and the grouted mass can take 
old shapes such as illustrated in Fig. 4. 

It is apparent then, that the major effect of flowing ground water is to dis
place the grouted mass from the location from where it enters the formation, 
lad a minor effect is to modify the first shape of the grouted mass . The de-
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FIG. 2.-DISPLACEMENT OF GROUTED MASS AND LOSS OF GROUT 
CAUSED BY FLOWING GROUND WATER 

^^2yt:Mi:f^^i^^cd%^^ 
n >-'.v̂  -^tjA^"'"-^^ 

FIG. 3.-D1SPLACEMENT AND DISTORTION OF THE NORMAL SHAPE OF A 
GROUTED MASS DUE TO GROUND-WATER FLOW AND LONG GEL TIMES I 

I 

FIG. 4.-DIFFERENT DEGREES OF GROUT DISPLACE
MENT OCCUR IN STRATIFIED DEPOSITS 

•^•*"W 

FIG. 5.-UNIF0RM HORIZONTAL PENETRATION ACHIEVED BY 
PROPER CONTROL OF MECHANICAL PARAMETERS 

.H 



gree of displacement and the shape modification arefunctions of the relatim. i j^jj^dual spheres resulting at the different pipe elevations are tangent, 
ship between the rate of ground-water flow, the rate at which grout is placed, , ^ ^ ^ ^^^^^ conditions, they could be completely isolated. The difference 
and the length of time for the grout to set , 

UNIFORM PENETRATION 

In the field, it is seldom that a pipe is driven to one depth and the entire 
grout volume injected at that one area . In virtually all grouting operationa, 
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FIG. 6.-RESULTS OBTAINED WHEN PIPE IS 
PULLED TOO FAR BETWEEN SUCCESSIVE 
INJECTIONS 

grout is injected at several locations along the length of the grout hole, Geo-
erally, this procedure is intended to result in a relatively uniform cylinder 
of stabilized material . Such results can be accomplished, as illustrated In 
Fig. 5. Nonuniform penetration can result in the shape shown in Fig. 6. Here, 

between these two grouted masses is merely one of field technique. It has 
been found by experience that if the distance the pipe is moved between suc
cessive injections of grout is less than the radial spread of grout from any 
(Be location, the stabilized mass tends to be uniform rather than-consisting 
cf tangent or isolated masses . 

The masses shown in Figs. 5 and 6 were made in uniform sands. Even 
«ten the proper relationship between volumes and pulling distance is ob-
lerved, nonuniform penetration can still occur in natural deposits, when 
ijiese are stratified. Resulting shapes can be as shown in Fig,.7, Under ex
treme conditions, degrees of permeation can vary as much as natural per-
oeabillty differences as shown in Fig, 8. Such nonuniformity has obvious 
^ e r s e affects on the ability to carry out a field grouting operation in accor-
^ c e with the engineering design. 

It would be of major value to be able to obtain uniform penetration r e -
prdless of permeability differences in the soil profile. In assessing the cause 
(or penetration differences, it becomes apparent that the grout which is in-
jKted first will seek the easiest flow paths (through the most pervious 
oaterials) and will flow preferentially through those paths. To modify this 
londition. other factors must be introduced. The only factor which can be 
ttroduced by the grouter is control of setting time. Thus, if the grout were 
tade to set prior to the completion of the grouting operation, it would set in 
(te more open channels where it had gone first, and force the remaining 
pout to flow into the finer ones. Accurate control of gel time thus becomes 
c Important factor in obtaining more uniform penetration in stratified 
leposits. 

For field conditions where ground water may be flowing, and where per 
neability differences exist between the vertical and horizontal directions due 
B either placement or stratification, better control of grout placement can 
il obtained when the grout is made to set up at the instant when the desired 
lolume has been placed. Early laboratory experiments were based on de-
eirmining what happened when the attempt to control these times accurately 
t«re unsuccessful. For gel t imes longer than the pumping times, results 
are already been described. For gel times shorter than the total pumping 
cae, it had been thought that the grouting operation would be halted by ex-
ifssive pressures at the instant of gelation. Surprisingly, however, it was 
jxnd that with ' AM-9 chemical grout (a low-viscosity polymer grout p ro-
itced by Cyanamid) pumping a grout into a formation could continue for 
jtrlods of time substantially longer than the gel t ime. 

Stabilized shapes resulting frora such a procedure are illustrated by the 
pouted mass shown in Fig, 9, The lumpy surface is typical of grouted masses 
B which the gel t ime is a small fraction of the total pumping t ime. The 
sKbanism at work during this process is not obvious from a study of the 

1 rtsults and much laboratory and field experimentation has been performed 
o explain the process . One of the most lucid illustrations of the principles 

".;i 
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FIG. 7.-NONUNIFORM PENETRATION DUE TO STRATIFICATION 

FIG. 8.-INEFFICIENT USE OF GROUT DUE TO CHANNELUNG 
THROUGH A ZONE OF HIGH PERMEABILITY 

IMH 

I 

:. 

I 

I 
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FIG. 9.-TYPICAL LUMPY SURFACE AND ROUGH SPHERICAL 
SHAPE ASSOCIATED WITH THE USE OF GEL TIMES SHORTER 
THAN THE PUMPING TIME 

FIG. 10,-CROSS SECTION THROUGH A STABILIZED SAND MASS MADE 
WITH A GEL TIME MUCH LESS THAN THE TOTAL PUMPING TIME 

.»' 



184 January. 1968 SMI 

FIG. ll.-FINAL LOCATION IN THE GROUTED MASS OF FIG. 
10 OF 1/6 OF THE GROUT VOLUME PLACED THIRD IN 
SEQUENCE 
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FIG. 12.-LOCATION OF GROUT VOLUME 

involved resulted from a group of experiments in which dye was used to de
tect the sequential location of the various portions of the total grout volume. 

THEORY OF SHORT GEL TIMES 

Fig. 10 shows a cross section of a stabilized sand mass resulting frora the 
injection of 6.000 cu cm of 10% AM-9 chemical grout into a'dense, medium 
und. This injection was made through an open-ended pipe under static ground-
titer conditions, at a rate of 500 cu cm per min. Six different-colored grout 
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FIG. 13.-DRAWING OF FIG. 10, ILLUSTRATING BY NUMBERS THE 
SEQUENTIAL LOCATION OF PORTIONS OF THE TOTAL GROUT 
VOLUME 

solutions were used, so that flow sequence could be traced. An equal-volume 
fystem was used to place the grout, with catalyst concentrations adjusted to 

I jive a gel time of 30 sec . 
This experiment verifies that until gelation first occurs, the flow of fluid 

through the soil mass is entirely in keeping with theoretical concepts. As 
pumping begins, the grout is displaced radially in three dimensions from the 
fpening in the pipe. The leading surface of the grout mass forms a sphere. 
The rate of motion of this leading edge is decreasing if the pumping rate r e -
nains constant. When gelation occurs, i t s ta r t sa tan infinitely thin shell which 

>i< 
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is the boundary between the groutand the ground water. As pumping continues, 
a finite number of channels are ruptured in this thin, incipient gel; through 
these channels, grout continues to flow as pumping continues. It is interesting 
to note that the procedure described cannot take place with a batch system, 
since it depends upon infinitely small volumes of grout reaching the gel stage 
in time succession. 

Much of the grout trapped without the initial thin shell also gels to form a 
fairly thick shell containing a finite number of open channels. The location ol 
this shell is clearly shown in Fig, 10. The remainder of the fluid grout within 
the shell is forced out through the open channels as pumping continues. At the 
point where each of these channels comes out of the initial shell into unsta
bilized soil, three-dimensional radial flow again begins. In this fashion, 
hemispheres begin to grow on the surface ofthe initial sphere. Eventually, the 
leading surface of these new partial shells of grout will gel. and the entire 
process will be repeated. 

FIG. 14.-STABILIZED SAND MASSES, SHOWING THE EFFECTS OF GEL TIME 
ON UNIFORMITY OF PENETRATION 

Since the colors show on a photograph only as shades of gray, it is noi 
possible, from a black and white reproduction, to trace the sequence of in-
jections. Even from color photographs, if the final location in the grout maai 
of one color is plotted, the results are difficult to interpret. This is illustrated 
in Fig. 11, which shows the final location on the cross section of the thlrt 
color. The difficulty in interpretation is because the location plotted also 
shows the channels used by the succeeding volumes of grout. However, if eatt 
color were plotted in sequence, cancelling out the channels through that color, 
the results become meaningful andinformative. Figs. 12(a) through 12(/) shot 
the location in sequence of the various portions of grout. As they are io. 
spected. in sequence, it can be seen that each succeeding volume of grout gels 
on the outside of a mass already solid, so that each succeeding grout mass Is 
further and farther from the point where the pipe is located. This data is sum

marized in Fig 13, The location of each color, in sequence, is shown through 
the use of typed numbers. 

The basic conclusion is that when the gel times are appreciably shorter 
than the pumping times, the grout mass forms around the pipe and grows 
larger, as pumping continues, into a roughly spherical shape with the material 
pUced last being farthest from the pipe location. 

Making the grout gel around the pipe is one of the major factors that has 
opened up a new technology in grouting. If the location of the grout pipe is 
known accurately and If the grout gel is made at that location, the location of 

FIG. 15.-STABIUZED SAND COLUMN, SHOWING GOOD UNIFORM
ITY OF PENETRATION THROUGH THE USE OF SHORT GEL TIMES 
IN STRATIFIED DEPOSITS 

the grouted mass is known. Such knowledge is, of course, necessary in order 
to design and carry out a grouting operation with precision and confidence. 

USE OF SHORT GEL TIMES 

A graphic illustration of the benefits of short gel time in regard to uni
formity of stabilization is shown by the four stabilized masses in Fig, 14. 
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These masses also illustrate the empirical procedures which result in the 
greatest degree of improvement under filed conditions. They were made at the 
same time in an artificially created stratified deposit, using exactly the same 
injection procedures except for gel t imes. In each case, grout was injected at 
a rate of 400 cu cm per min and the grout pipe was pulled 1 in. every 15 sec . 

For the mass second from the right, the gel time was 10 min. Since the 
entire grout volume was in the stratified formation for a considerable t ime 
before any of it gelled, most of the penetration occurred in the coarse stratum, 
and very little grout entered the silt strata underneath the coarse sand, even 
though the earliest part of the injection was at that location. 

The mass second from the left used a gel tirae of 30 sec. The shape of this 
mass indicates considerably better uniformity of penetration over that obtained 
with a 10-min gel t ime. 

; FIG. 18.-USE OF SHORT GEL TIMES RESULTS IN MORE UNIFORM PENETRA-. 
TION IN ADJACENT STRATA OF VARVED DEPOSITS 

The mass on the left used a 15-sec gel time. For this particular case, the 
lel time-and pulling time were equal. The grout pipe was lifted to a higher 
elevation at about the instant when the grout that had been pumped began se t 
ting up at its former elevation. Although the shape of this raass is not an exact 
duplicate of the previous one, it would be difficult to say that either one shows 
significant improvement over the other in regard to uniformity of penetration. 

The mass on the far r igh thada6-sec gel time. For this particular grouted 
mass, the grout was gelling at each elevation before half of the total grout 
Tolume to be placed at that elevation had been pumped. Significantly, this mass 
shows a greater degree of penetration into the finer materials. Experience, 
both In the laboratory and in the field, has verified that the greatest degree of 
aiilormity of penetration in stratified deposits occurs when the gel time is 
less than half of the pumping time at each vertical stage. The use of this 
•mplrical law is graphically illustrated by Fig. 15. For this injection, the 
(TOut was pumped at 500 cu cm per min and the grout pipe pulled 1 in, every 

* 
. iSb. 
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The empirical law in regard to gel times is also operative under conditions 
of flowing ground water. Under such conditions, there are two benefits that 
accrue from the use of very short gel t imes: (1) An increase in the uniformity 
of penetration and (2) a decrease in displacement and dilution of the grout. 

Fig. 19 is an illustration of the beneficial effects of short gel ' t imes when 
•sed In stratified deposits under conditions of ground-water flow. It shows the 
results of four injections made under exactly the same conditions except for 
get times. In these cross sections, only the one on the far left was made under 
the optimum conditions previously described (gel time less than half the pipe 
pulling time). Actual gel times were, from left to right, 15 sec, 1 min, 4 min, 
lad 10 min. Ground-water flow effects show up in te rms of displacement in 
the coarser s t rata for gel times of 1 min and longer. For the 4 and 10 min gel 
Hmes, displacement was great enough so as to lose the grout in the coarse 
strata entirely. Similar data has been observed in the laboratory and field 
•any times. 

Fig, 20 is another typical illustration of the fact that in flowing ground 
flier the use of short gel t imes tends to minimize or eliminated displace-
sttots. In these three masses , gel t imes were 15 sec, 1 min, and 10 min. For 
e t 15-sec gel time, it Is not possible to detect the effects of flowing ground 
filer. For the 1 min gel time, the effects of displacement are clearly seen 
Il the coarse s t ra ta . For the 10-min gel time, while much of the grout gelled, 
lit position was such as to render it useless for the purpose of establishing 
s cut-off wall. 

^k^^rD^u^^^^o^^^Hruro^^sfGE^TTEi^ 
^Ssm'TmOUGH JmCH^GROUND WATER IS FLOWING 

PIG 20 -USE OF LONG GEL TIMES IN FLOWING GROUND WATER RESULTS IN 
COMPLETE L ? ^ AND WASTE OF GROUT 

lot., inininsbetween adjacent injections in a grout pattern, ficial in getting complete joining between auj j penetration can be .jjL'ri'TtSrr;;rf^rri^r£4„^ 
on the right was made by adhering *« . " ^ ^ ^ ^ ^ ^ e o^ "^^^ ^^^ ^""""^'^ *" ^zzt, 'r .tr? rpe^^r»SfA„.... tn. ̂  
the degree of improvement is considered significant. 

GROUT CURTAINS 

Many field grouting operations have an ultimate purpose of placing a re la-
erely impermeable barr ier of considerable horizontal extent (and sometimes 
ijjo a considerable depth) in a predetermined location. Such bar r ie r s a re 
pnerally called grout curtains or cutoff walls. They consist of one or more 
tuierlocking rows of grouted soil or rock cylinders. Each of the individual 
qlinders is formed by the injection of grout through a pipe or drilled hole 
liich has been placed in the formation. Ideally, these cylinders will have 
nlatively uniform cross sections throughout their depth. 

To obtain as great a degree of uniformity as possible, it is desirable to 
pout short sections or stages of any individual hole so as to minimize the op-
jnitunity for grout to flow preferentially throughout the hole depth. The actual 
npiii or stage is related to the grout take and to the pumping capacity. If take 
to lov per unit length of hole, each stage may have to be of considerable depth 
b order to be able to operate the grout-pumping equipment at low capacity, 
«ffl takes are high, stages can be short, usually of the order of 1 ft to 5 ft. 
b such cases, stage length is often determined by economics since the cost 
jj grouting is directly related to the number of stages per hole. 

When grouting in open formations, the empirical relationships previously 
ijUtussed for obtaining optimum uniformity of penetration should be used. In 
(jitermining actual gel times it will be found that these are directly related to 
jBsping rates and to stage depth, and in most occasions, all of these variables 
asoot be predetermined with great accuracy. The initial injections of the 
jitual grout curtain a re generally used to arr ive at values or ranges of values 
jjr stage length, pumping pressure , and gel t ime. These values, too, a re 
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subject to modification during the actual grouting operation, since the place
ment of grout in a portion of the curtain often affects the acceptance of grout' 
in other parts of the curtain. 

When grouting in fine formations, whether these a re soil or rock, gel times 
are often selected so as to coincide with the pumping time for each stage, 
rather than follow the empirical relationships previously established. This 
is primarily due to the fact that in such formations, pumping-pressure 
relationships are generally severe and the selection of longer gel times 
often alleviates problems which may otherwise result due to high pumping 
pressures . 

Fig. 21 shows the results of a laboratory experiment performed to evaluate 
the results of two-row versus three-row grouting. Experience in the field, 
verified by laboratory work, indicates clearly that in linear patterns a min
imum of three rows of holes is necessary in order to approach complete cut
off. In Fig. 21. the right-hand portion of the pattern was made using two rows 
of holes. In the stratum of fine sand and silt, average penetration was not 

FIG. 21.-CL0SURE OF A GROUT CURTAIN BY PROPER DESIGN OF PATTERN, 
AND SEQUENCE OF INJECTIONS WITHIN THE PATTERN 

sufficient to cause overlapping of the gel masses, resulting in fairly largt 
open passages in this stratum. The left-hand portion of this curtain was 
grouted in the same fashion as the right, except for the addition of a thlrt 
(central) row of holes. The photograph shows clearly that the injections in tbe 
third row, having no place else to go, were forced into the opening previously 
left in the least pervious stratum. 

Even under the most ideal conditions that could be established in the labo> 
ratory, actual uniformity of penetration in stratified deposits may still lears 
something to be desired. Fig. 22 shows an attempt to make a grout curtain wiife 
a single row of holes. All of the empirical relationships previously developed 
for optimum uniformity were employed for these injections. In one strata, 
however, average penetration is quite small . In this one zone, considerable 
flow could still occur. Even though uniformity of penetration in all of the othw 
strata is quite satisfactory, this curtain as a whole does not approach com-
plete cut-off. This particular experiment clearly indicates the necessity for 
multiple rows of holes in curtain grouting. 

Fig. 23 shows another grout curtain made under laboratory conditions. This 
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FIG. 22.-OPEN CURTAIN FORMED BY SINGLE-ROW GROUTING 

M T T I R T ! ^ " ^ " ' ^ CURTAIN IN FLOWING WATER FORMED BY THREE-ROW 

.»> 
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view is the downstream face of a three-row curtain, erected in stratified de
posits under conditions of flowing ground water. Uniformity of penetration in 
the various strata can be seen to be good. The photograph shows two areas ID 
which overlapping did not quite occur. Records of this particular grouting 
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^te accurate records can often enable the predication of areas in which a 
grout curtain did not close. 

A graphic illustration of the necessity for a three-row pattern in linear 
grouting is shown by the photograph in Figs. 24 and 25. These are pictures of 
(he results of grouting in heterogenous stratification, with the use of short 

B gel times. Different colored dyes were used so that the final location of each 
jT tole could be traced. Fig. 24 is a view of the upper surface clearly showing 

:||tt( Interlocking of the various injections. It can be seen that injections frora 
center row resulted in the placement of grout on the outside of the cur-

Rolo, verifying the necessity for the third row of holes. In Fig, 25, though pen-
^itjatlon is exceedingly nonuniform, the use of three rows of holes none the 

kss resulted in a fairly tight curtain. 

FIG. 24.-UPPER SURFACE OF THREE-ROW PATTERN SHOWING INTERLOCKING 
OF SEQUENTIAL INJECTIONS 

iOtmUSTEIlll ^ ^ ^ , 

unco. .. I 

^mss^gSBSMM 

FIG. 25.-ELEVATION OF THREE-ROW PATTERN SHOWING INTERLOCKING „ 
OF SEQUENTIAL INJECTIONS 

operation indicated that the pertinent holes in the center row failed to take a 
adequate amount of grout. In addition to verifying the utility of a three-rot 
pattern, this particular experiment also pointed out that the keeping of com. 

FIG, 26.-LOCATION MAP FOR FIELD GROUTING APPLICATION 

field and laboratory experience has indicated that the spacing between the 
•ur rows of holes, and spacing between holes should be selected to form a 
l^em of squares. Grouting sequence is from one outer row to the other by 

ff jtijonals. Thus two passes complete the outer rows. The center (third) row 
•*(]f feoles is placed in the center of each previously formed square. Economics 

ually limit the spacing between holes to 5 ft or less. 
b closed patterns such as a circle or square, the geometry of the pattern 

to the effect of providing confinement. Adequate results can generally be 
stained with two rows.of holes. For these cases the outer circle of holes is 

Ipwted first, working alternate holes, then filling in the spaces. The inner 
Kfijtle of holes is offset from the outer row by approximately half the hole 

.'» 

mn 
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spacing, and holes in the inner row are placed between hole locations in the 
outer row. Sequence of grouting is to stagger holes, then fill in the gaps. 

APPLICATIONS OF CHEMICAL GROUTING TECHNOLOGY 

The use- of the empirical procedures previously discussed is illustrated 
by a well documented field grouting operation. 

The job was at Malpaso, Chiapas, about 500 miles SSE of Mexico City 
(see Fig. 26). At this location, a dam was under construction across the 
Grijalva River. Diversion tunnels had been built to expose the river bed la 
the construction area. 

Although flow in the river channel was diverted, seepage was still occur
ring through the river bed sands. When the core area was excavated to bed
rock, this seepage quickly formed a standing pool, as shown in Fig, 27. 
Pumps could not keep the area dry enough for construction purposes. 
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outer rows. The third row of holes would be located in the center of the 
squares previously formed. 

One row of holes had already been placed at about a raeter apart, during 
the attempt at cement grouting. This row of holes became the upstream row 
of the chemical grout pattern. Spacing of holes in the latter two rows was 
core closely controlled than in the upstream row. A plan view of the location 
rf holes in completed pattern is shown in Fig, 28. 

The numbers near the drill holes in Fig. 28 represent the sequence in 
ftlch the holes were grouted. It was the original intention to stagger holes 
b the outer rows, then fill in the outer rows, then do the center row on a 
tagger system. Deviations frora the ideal sequence were made in the interest 
d expediency, to avoid long delays in completing the pattern. In the center 
rw, holes were grouted several t imes; the nurabers indicate the sequence of 
e* first treatment. 

Gel tiraes during grouting were controlled l)y mechanical proportioning of 
tte catalyst. Pipes were placed by jetting through previously drilled holes. 

UPiTREAII SIDE 

FIG. 27.-PHOTOGBAPH OF DAM SITE PRIOR TO GROUTING 

A second excavation was made upstream in the hope that the upstream pod 
could contain the seepage. This left a small wall or dam between the pool*. 
This dam. 7 m to 8 m long by about 3 m wide, was capped with concrete 
about 2 m thick. Seepage, however, took place through the dam, negating Ui 
purpose. Fig. 27 shows the dam. and the two pools resulting (the distant pod 
in which the dozer is working is the core wall area) . 

Grouting the dam to form a cutoff wall was attempted, with cement. Ho*> 
ever, the limited volume of the sand mass, combined with the particle slit 
(medium to fine sand), prevented penetration. It was then decided to use chem-
ical grout, and AM-9 was selected. Since the geometry of the curtain couU 
not provide confining effects, a three-row pattern was dictated. 

Data from which to compute an in-place void ratio was not available. Ual^ 
average values for void ratios of sands, it was estimated that 25 gal per ver* 
tical ft of hole would give radial flows of 20 in. to 25 in. Accordingly, a spaclq 
of 1 m was selected for drill holes in each row. and for the spacing betweo 
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PLAN View - GROUT PATTERN 

FIG. 28,-PLAN OF GROUT PATTERN FOR GROUT CURTAIN 

Dye was used in all mixes for quick identification of leakages. Whenever 
Inkage occurred, gel times were immediately shortened. 

Records of significant factors were kept for each hole. A summary of these 
iKords are shown in Table 1. Of interest is that the total working time to 
tonplete the job was 51 hr, of which only 5-1/2 hr were actually spent pump-
lEg grout. It should also be noted that the average gel time is considerably 
itorter than the pumping time for each hole (pumping times can be found by 
ifiriding the total volume pumped by the pump rate), This relationship was 
(jiUberately maintained to improve uniformity of penetration, and keep grout 
barel to a minimum. 

Most significant, of course, in reviewing the grouting results is the fact 
jBi the job was completely successful. During the grouting operation it be-
ome possible to purap out the core wall area. After grouting was finished. 
4 became possible to dry the area completely. 

From the complete and accurate records of the field operation, it became 
fotslble to plot the most probable location of the grouted mass resulting from 
«£h Injection, By doing this, the complete grout curtain was reconstructed. 
Jl plotting the shape of the grouted mass for each injection, use was made of 
Utt following data: (1) Depth of the injection pipe; (2) number of lifts; (3) 

.'̂  
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volume pumped at each lift; (4) average radial spread of grout in sand; (5) 
proximity and shape of previously grouted masses; and (6) physical effects' 
such as external seepage started or stopped, extrusion of material from' 
other grout holes, deviations from average pressure and volume, etc. 

The use of short gel tiraes helps to insure that the grout remains near the 
spot where it entered the formation. The shape of stabilized masses resulting 
from a sequence of lifts during grouting has been established by laboratory 
tests under raany different conditions. Some of these have been discussed ta 
the earlier portion of this paper. It is felt that there is justifiable evidence for 

TABLE 1 
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Hole 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
18 
18 
19 
20 
21 
20 
22 
23 
24 

Depth 
Treated, in 

nieters 

0,80 
0.45 
1.25 
1.08 
0,50 
0.50 
0,00 
0,00 
0,00 
0.40 
1,00 
1,15 
0,25 
0.53 
0.90 
1,50 
0,95 
0.37 
0,95 
1.17 
1,17 
1,40 
0.00 
0,00 
0,62 
0.00 
0.00 
0,00 

feet 

2.6 
1.5 
4,1 
3,5 
1.6 
1,6 
0,0 
0.0 
0.0 
1.3 
3.3 
3.8 
0.8 
1,7 
2,9 
4.9 
3,1 
1,2 
3,1 
3,8 
3.B 
4.6 
OJO 
0.0 
2.0 
0,0 
0,0 
0,0 

Total 
Volume, 

in 

75 
100 
100 
100 
100 
100 
100 
100 

25 
100 
150 
150 
100 
75 

100 
125 
75 
75 

110 
40 
25 
75 

5 
100 
25 
55 

100 
30 

Number 
of 

Lifts 

3 
2 
4 
4 
2 
2 
0 
0 
0 
2 
4 
4 
1 
1 
4 
4 
3 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Maximum 
Pressure , in 

kilo
grams 

per 

centi
meter 

1,9 
1,9. 
7.7 
3.9 
3,9 
3,9 
7,7 
— 
— 
2.7 
— 
— 
5.8 
5.8 
3.9 
7.7 
— 
— 
2,7 
— 
— 
4.6 
4.6 
2.3 

13.5 
7,7 
3,9 
7,7 

pounds 
per 

incli 

25 
25 

100 
50 
50 
50 

100 
— 
— 
35 
— 
— 
75 
75 
50 

100 
— 
— 
35 
— 
— 
60 
60 
30 

175 
100 
50 

100 

Average 
Gel 

Time, 
in 

minutes 

1.5 
1.5 
1.0 
1.0 
1.0 
1.25 
1.25 
1,5 
1.5 
1.6 
1,5 
0.7 
0.7 
0,7 
— 

1,5 
1,6 
2.0 
1.3 
1.5 
— 

0,7 
— 

0.8 
— 

0.8 
0,75 
0.6 

Average 
Pump Rate, In 

l i ters 
per 

minute 

_ 
— 
25 
25 
25 
23 
42 
44 
— 
32 
25 
29 
37 
39 
27 
23 
35 
21 
21 
42 
— 
36 
— 
29 
15 
12 
27 
15 

gallons 
per 

minute 

_ 
— 
6 
6 
6 
5.5 

10 
10.5 
— 
7,7 
6 
7 
9 
9.3 
6.6 
5.5 
8.3 
5.0 
5.1 

10 
— 
8.3 
— 
6.8 
3.6 
3 
6.6 
3.6 

Mlnlmua . 
Gel 

Time, 
in 

mlnutei 

0,7 
0,7 
— 
— 
— 
— 
— 
— 
.. 
0.7 
— 

I 

>• 

I 

I 
'•I 

^ 
1 

0,1 
— ' • 
— 
0,1 
— 
0.1 
— 
0,5 1 
— 
— 
— 
— 
O.S 
0,2 
0.5 
— 
-

the shape of the stabilized masses which are constructed in Figs, 29(aL 
29(6), and 29(c), 

Figs. 29{a), 29(b), and 29(c) represent sections taken vertically throt^ 
the grout holes in the three rows of the pat tem. The sections show the ceo-
Crete cap, the two large boulders which were left in place when the cap «ai 
poured, the sand through which seepage is occurring, and rock walls saj 
bottom of the river bed. Dimensions for plotting were recorded during Qg 
drilling and grouting operation. Numbers above the cap represent the sequent*' 
in which holes were grouted. The vertical lines show the deepest penetralia 
of the g 

* 
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FIG. 3Q.-LOCATION AND EXTE.VT l o n E L D GROUT TEST PROGRAM 
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area. The dashed outlines around and within the shaded area represent for 
each hole the most probable grouted shape. These outlines were reconstructed f 
in numerical sequence of grouting, usually the criteria previously cited. 

Sections of the outer rows indicate clearly that a considerable portion o( , 
the vertical profile in the sand remained ungrouted,This. of course, was alsc 
indicated during the field operation by the records of pipe penetration. For 
this reason, it was imperative that holes in the center row reach bedrock. 
Care was taken to insure that half of them did. In several cases, specificallj 
holes 18 and 19. it was necessary to treat the hole several times, from the toj 
down, in order to be able to place a grout pipe to bedrock. This accounts foi 
the extra stabilized shapes shown for those holes. 

The open area shown within the sand mass in the center row represents i 
soil volume which the grouting records indicate as most probably stabilized 
by previous injections in the outer rows. 

The cross section of the center row has been drawn to indicate complete 
stabilization down to bedrock. This is. of course, the most desirable condi> 
tion. Its attainment is inferred primarily from the records of pumping pres-

TABLE 2 

Hole 
Number 

24 
24 
29 
30 
31 
32 

32 

Elevation, 
In feet 

12.0 
28,5 
12,0 
12.0 
12.0 

9.5 

28.0 

28:5 
44,5 
40.0 
40,0 
40.0 
28.5 

39,0 

Water Teat, In 

gallons 
per 

Rdnute 

3.24 
7,08 
6.11 
3.89 
2.49 
0,00 

0,06 

pounds 
per 

square 
Inch 

90 
90 
90 
90 
90 
90 

90 

Grout 
Volume, 

In 
gallons 

37,8 
182.5 
90,5 
47,4 
41,1 

(Test 
Hole) 

Pump 
Time, 

In 
minutes 

14 
44 
22 
23.5 
22 

Pump 
Rate, In 
gaUons 

per 
minute 

2,70 
4,15 
4.11 
2.02 
1.87 

Grout 
Take, 

in 
gallons 

per 
foot 

2,29 
11,40 
3.23 
1.69 
1.47 

Gel 
Time, 

In 
minutes 

Pumpltif 
Pres

sure, Is 
poundg 

per 
square 
inch 

16 
46/22/13 

11 
9 
9 

90 
90 

100 
100 
100 
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gnder existing ground water conditions. Of interest is the use of the second 
lest grouting program for the purpose of determining in-place void ratio. 

Following the completion of the first grout program, five additional holes 
were drilled and grouted at 25-ft intervals along the intake gallery to the 
Muthern site of the sump. The purpose of these holes was to compare grout 
acceptance in the F-14 stratum in a relatively undisturbed area remote from 
Ihe heavily cemented sinkhole area where the first test was conducted. Holes 
24 through 28 were drilled and grouted to a final depth of 44-1/2 ft in two 
itages covering the 0-14 and F-14 strata, respectively. Grout acceptance 
In these holes was more than the average acceptance in the first grout pro
gram. For this reason and since results from the first grout program were 
lomewhat inconclusive, further testing was carried out in the vicinity ol 
bole 24. The new grout pattern would also use three rows of holes. Spacing 
between the holes and outer rows, however, would be reduced to 2 ft. Maxi
mum extent of the program would be eight holes, three in each of the outer 
rows and two in the center. Grouting results were to be assessed after 
jrouting the first two holes in each of the outer rows. This would be done by 
testing the center row hole within the four grout holes. If satisfactory results 

sure and volume, coupled with location of the grout pipes in this row and fi 
the outer rows. 

Another example of the field use of the principles of chemical groutlq 
technology is taken from an ACC intercompany comraunication. This report 
deals with two grouting tests conducted for Manitoba Hydro at the site of their 
Grand Rapids Generating Station dam in Hybord, Manitoba, The purpose wu 
to establish procedures for chemical grouting in the event that seepage should 
occur during or after filling of the reservoir. 

Both tests were conducted in the intake gallery, in February and Marc4̂  
1964, The first, consisting of a three-row, 23-hole pattern, was done In a 
sinidiole area which had previously been heavily grouted with cement. Lack 
of data on void percentages, coupled with low pumping pressure limitatlou, 
resulted in placement of insufficient grout quantities for the hole spacinf, 
and, therefore, only partial cutoff. Details of the location and extent of tbt 
first test grouting program are shown in Fig. 30. 

Procedures for the second test were modified and unified on the basis d 
experience with the first test. This work resulted in a virtual total cutofl, 
and verified completely the effectiveness of AM-9 for curtain wall groutii^ 

n.4 2.3 

1.2 

1.2 

3.5 0.1 

n.4 2.3 

I 
FIG. 31.-RECORD OF GROUT TAKE PER VERTICAL FOOT OF HOLE 

were obtained, the second grouting program would be considered complete 
al this point. Details of grouting pressures and takes are shown in Table 2 for 
boles 24, 29. 30, .31 and test hole 32, 

The grout placed in the second pattern is shown in Fig, 31, in terms of 
folume placed per vertical ft of hole. The average volume per ft of hole is 
5/6 gal, more than twice the value of 3/8 gal in the first pattern. There were, 
bowever. very large differences in take between the 0-14 and the F-14 strata. 

In all respects, grouting in this second program was carried out under 
Bilform conditions of pressure testing, depth of stage, grout pressures and 
iel times. For this reason, it was possible to relate a significant decrease 
b take per hole with the sequence of grouting. This is shown clearly by 
figs. 32 and 33. which represent horizontal sections through the 0-14 and 
F.14 strata, respectively. The sections show the most probable spread of 
jrout. based on the recorded takes, and an assumed void ratio. The most 
irobable value of In-place ratio was found by trial and error plotting, as the 
maximum value which would result In substantial pattern closure. The cri-
urion of pattern closure is valid since water testing in hole 32 had verified 
ftit takes were reduced several orders of magnitude. The void percentages 

i 

.'< 



204 January. 1968 SM i 

obtained by t r ia l and e r ro r plotting were 5?o for stratum 0-14 and 20% tor 
stratum F-14. Actual void percentages would be equal to or less than those 
obtained by this method. (These values a re representative of an area rela-
tively free from disturbance due to washing and cement grouting). 

Hole 32 was drilled in the center of the grouted area and water tested at 
90 psi. Take in the 0-14 stratum was 0.00 gpm and 0.062 gpm in the F-14 
stratum. This latter figure corresponds to 0.0054 gpm per vertical ft of hole 
and a formation permeability of 1.2 x 10"*' cm per sec . (Pregrouting formal 
tion permeabilities in the test section were as high as 1/6 x 10"* era per 
sec.) 

Since hole 32 was for practical purposes ungroutable, and therefore, 
redundant in the pattern, it follows that the spacing between holes and rows 
could probably be increased without loss of efficiency. However, the effec-

FIG, 32.-TRIAL DRAWINGS BASED FIG. 33,-TRIAL DRAWINGS BASED ON 
ON GROUT TAKE ESTABLISH EXIST- GROUT TAKE ESTABLISH EXISTING FOR-
ING FORMATION VOIDS IN UPPER MATION VOIDS IN LOWER STRATUM 
STRATUM 

tiveness of the cutoff is related to ground-water conditions existing duriip 
the test period. These conditions will change as the reservoir is filled. 

CONCLUSIONS 

The high cost of chemicals, as compared with clays and cements, requires 
a different engineering approach to their use in the field as grouting materials. 
The result is the development of techniques designed to obtain the utmost 
benefit from a limited volume of grout. This can be accomplished only if the 
physical location of the grout in the formation is known with reasonable cer
tainty. The procedures necessary for proper application of chemical grouts 
a re often diametrically opposed to those which are used with suspended-
solids grouts. These procedures have, in the past decade, been assimilated 
into a rapidly growing core of knowledge, which is forming the basis for a ne» 
chemical grouting technology. 
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COPPER HYDROMETALLURGY 

A Review and Outlook 

by 

Franklin D, Cooper^ 

ABSTRACT 

Bureau of Mines study reviews current and proposed methods of 
copper from sub-mill-grade ore by leaching. The amount of copper 

L*by hydrometallurgy has increased dramatically in recent years and 
ib'ably be about 200,000 tons per year by 1970. 

INTRODUCTION 

r^u*''-^^ hydrometallurgy--the leaching of siliceous low-grade copper-bearing 
|̂ 'J?!'I *'̂ ste rock that cannot be processed economically by milling and con-
j^^Tr?8"-is an important low-cost process for recovering copper. In the 
i*;*̂ ?''! the United States is the principal user of this process, and in 

10 percent of the U.S, production of primary copper came from dump 
|ltu leaching of sub-mill-grade material. In the free world, including 
J*0 States, such leaching accounted for 150,000 tons annually, or 3 
Of the 5-million-ton total for primary copper produced in the mid-
|The production of primary copper by leaching is expected to increase 
h 1975. 

_ {̂ ^ United States, the production of primary copper by dump and in-situ 
T|^^?* sub-mill-grade material increased 359 percent from 28,531 short 

^ ..'*o to 131^000 tons in 1965. All other primary-copper production 
Ome heap and vat leaching, but principally milling and concentrating 
"Teased 122 percent from 608,737 short tons in 1946 to 1,351,734 
y^' This report reviews the methods currently in use or under study 
^̂ d States for the recovery of copper by hydrometallurgy, 

CHEMISTRY OF LEACHING 

^-%m^- sulfate and sulfuric acid slowly form when water containing dis-
lat̂fjiĵil °"*̂ acts broken rock containing pyrite. In the presence of addi-

ifc_̂. n and sulfuric acid, ferrous sulfate is slowly oxidized to ferric 
^5 eral strains of oxidizing bacteria not only thrive in high-acid 

"tist. Division of Mineral Economics, Bureau of Mines, 



copper solutions but accelerate the oxidation of sulfide minerals t 
and soluble copper and iron sulfate. Thiobacillus thiooxidans bact ** «i' 
izes the oxidation of the sulfur to form sulfides as their enerpv o ^*X 

•^hese i , , ^ 
Thiobacillus ferrooxidans oxidizes ferrous iron to ferric iron 
rial strains complement each other in that the former produces acid uk ~ 
keeps the ferric iron produced by the latter in solution. This forniR 
fied ferric sulfate, a powerful lixiviant for copper minerals. * C | ^ 

Leach solutions containing acid only can dissolve most of the oxiAm. 
copper minerals. When such minerals are leached in the absence of D V * - 4 * 

sulfuric acid must be added to the leach solution in amounts ranging , ^ 
five times the weight of copper dissolved- ^ *• 

In the presence of dilute sulfuric acid and ferric sulfate, all 
minerals are dissolved although some minerals are dissolved slowly ofr 
a rate of only 1 percent per month. 

Recent studies by the Bureau of Mines on chalcopyrite, the princioal ' 
copper mineral in most porphyry-copper mine waste dumps, show that the dt i 
lution rate increases twentyfold if chlorine or sodium hypochlorite ig « ' 
to conventional sulfiric acid leaching solutions. 

i 

FACTORS FOR SUCCESSFUL LEACHING 

The factors necessary for successful leaching follow: 

1. The materials to be leached should have a low content of acl<J 
consuming gangue and basic minerals. 

-i'^'ti-
2. The copper-bearing minerals must be in thorough contact with tlitr 

leach solution. '̂ .̂ .̂ Ait 

3. The copper in the solution filling the interstitial space must lii, 
maintained at a low concentration to speed the diffusion of the high-cc 
content solution from the voids of the rock particles. 

4. The surfaces of the particles should be sequentially wetted and i 
to increase contact with oxygen and to bring the pregnant solution froa "' 
voids of the rock particles by capillary action, 

5. The acid concentration in the leach solution should be adjust 
attain a minimum dissolution of iron while obtaining a maximum copper,! 

UNDERGROUND LEACHING 

Conventional 
,v -« 

Underground in-situ leaching is used in areas surrounded by tight 
impermeable rock to dissolve copper from fractured rock and the gob r 
after the termination of mining by block-caving or other methods. 



jtorked-out stopes in deep mines are either flooded with barren leach 
'on or are permitted to fill with indigenous acidic mine waters. Sub-
capping remaining above worked-out block-caving sites is supplied with 
ng solution distributed by gravity from ponds and drill holes. 

^Hhe pregnant solutions produced by underground leaching during a 5- to 
^^Mh-contact period are usually collected in abandoned adits and pumped to 
4taS^ ponds on the surface adjacent to the copper-precipitation equipment. 
^Sfetention of pregnant solutions in these ponds partially removes slimes. 
jifglay originating in the gob left after mining and from the mill tailings 

for the backfilling of stopes. 

e Anaconda Co. uses a flocculent and either inclined or vertical thick-
^o remove solids and colloidal matter from waters pumped from the Moun-
^n and Steward underground mines before applying the clarified mine 

<<ir8 plus added acid to the Berkeley leaching dumps. 

Project sloop 

In October 1967, the Kennecott Copper Corp. disclosed details of a pro-
made to the U.S. Atomic Energy Commission for a joint experiment called 

^t Sloop in which a low-grade copper ore deposit near Safford, Ariz., 
|be fractured by a contained underground nuclear explosion prior to 
tu leaching. 

Whe total cost of the three phases of the experiment is estimated at 
2̂ 5,000. Phase 3, a 3-year study costing $6,675,000, would use 2,600 gal-
pf leach solution each minute following underground reentry and rehabili-

*̂ gn activities. In phase 3, industrial radiological safety problems would 
Je major attention while concurrent investigations would include the 
tion of solvent extraction methods, the electrolysis of solutions of 
fccopper in sulfuric acid, and conventional smelting and electrorefining 
5s. 

Phe experiment, if approved, could result in a new mining technology in 
.̂ §|the surface is left undisturbed and the expense and large amounts of 

|involved in the conventional mining of waste material and ore are 
ited. 

f Project Sloop proves feasible, the estimated 75 million short tons of 
contained in U.S. ores averaging 0.86 percent copper could be supple-
hy another 58 million short tons of copper in minus 0,47 percent 
al. 

Estimated Costs for Nuclear Fracturing and In-Situ Leaching 

^eliminary calculations indicate that the direct average total cost for 
^̂ "̂̂  fracturing alone would be 12.8 cents per ton of ore fractured using a 
^^ device, and 55.2 cents per ton using a 10-kiloton device. It may 
î n̂omical to use nuclear fracturing and recovery by in-situ leaching for 

ŝ containing as little as 4 pounds of recoverable copper per ton of 



material. Copper production could begin in less than one-half the time 
required by conventional mining methods. 

The estimated capital expenditure for copper precipitating facility 
alone ranges from $1,000,000 for a 10-million-pound annual capacity to 
$200,000 for a 1-million-pound annual capacity. 

The estimated cost of copper production during a 10-year leaching 
tion following nuclear fracturing ranges from 17.0 cents per pound of ̂  
produced by a 10-million-pound annual operation to 24.4 cents by a l-milVJT 
pound annual operation. To these costs must be added the cost of the nuel 
fracturing of the deposit, which may range from 0.8 to 13.8 cents per POUMI 
recoverable copper depending on the copper content in each ton of ore - • 
yield of the nuclear device used. 

and ^ 

• -la-

tion 
A report issued in 1959 by the Colorado School of Mines Research PomJ-. 
included the following estimated costs related to a hypothetical slttift. 

tion for nuclear fracturing and in-situ leaching of a 450-foot-thick 50-' 
million-ton ore body:^ 1^^ 

Atomic device in place $3,500 000^^ 
50,300 feet of leach solution input holes 1,800 0%i^|^ 
Rubber-1 ined pumps and pipes 285 000' 
Installation cost 220 0001. 
Development of one shaft and 45,000 feet of lateral work.. 2,327 000 

No estimated costs were shown for the cementation equipment and it« 
Iary facilities. 'iti 

• - H i 

The complete evaluation and economics of a nuclear-fracturing and Itldk^ .. 
ing operation await the completion of a full-scale test to determine thlT 
eolation rate of solution, the copper-recovery rate, the cost of radiatlo£f 
safety measures, and the time for radioactivity decay to reach a levelf 
mitting safe leaching and copper processing. -

DUMP LEACHING 

Sub-mill-grade waste rocks overlying some copper ore deposits have 
depleted of copper by the action of bacteria, owing to gradual oxidatiof 
the sulfide-copper minerals and leaching. Much of this soluble copper 
been carried by water downwards hundreds of feet to enrich sulfide-co; 
deposits. 

The sulfide-copper content in the waste ranges from cutoff grade'tO 
at any particular mine; however, the oxide-copper content of some vasta 
be greater. ^ 

More than 60 percent of the solids produced in U.S. copper mlnea *f*̂ !Sl3 
carded either because their copper content is below milling grade or ,thg^ 

2Mining World. Atomic Blasting for Mining. V. 21, July 1959, pp. 
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j^-^enable to flotation treatment,. Host of this waste is generated at sur-
I iiĤ niines where in 1966 over 0.37 billion shacttons were added to ah exist-
"^i^ccumulation of 5 to 10 billion short tons. 

'̂ .The leaching of some waste dumps is hindered by the s-low dissolution rate 
il.iOTie iron-copper sulfide minerals and by the cementing and coaiting bf the 
^te surface by iron precipitates and clay. 

i'|A process developed at the' Keinnecott Res'e'arch Center has' won U.S. Patent 
JP,650. The process will be used to purify a portion of the solution from 

ii^precipitation plant by removing aluminum and regenerating sulfuric acid. 
^ lis removed from the other portion of the solu'tion by "a change iri ipH. The 

rified solutions are recombined to form the optimum composition for 
atracting copper from the mine waste. 

Pregnant solutions are pumped to storage ponds located near the copper 
itation equipment. In several situations, beritoni.te or plastic film has 

?used to line the bottom a,nd sides of storage ponds to jpr'everit seepage, 

*Copper recovery by dump leaching in any one year is not proportional to 
•tojcppper content of the leaGhable'sub-mi 11-grade rock placed on leaching 
''̂ "'̂ in the same year. This is because time is required for some of the cop-

...—— *..̂ .. minerals to oxidize enough to produce, a condi'tion favorable to 
Wracing, Leaching continues for many years after the last of the leachable 
W^'d iron 
*ciing., L 
•^;has been mined from ah Gperi pit 

IRln. 1964, 125,000 short tons of copper were recovered by dump leaching; 
'•(•Recovery required the processing of about 42,000 U.S. gallons per minute 
^!^llion U.S. gallons per day) of solutions averaging aibout 1.5 grams cop-
'*=0r liter (12.5 pounds copper per 1,000 U.S. gallons). 

^|n 1965, 14 large copper-leachirig operations produced pregnant solutibns 
•l^ining 1 to 12 ppm U 0^ (4 ppm average). Six of the mines, producing half 
! -̂ ,'̂ °'̂ al Leach solution, had an average grade of 10 ppm U^Og, which is 
!^J|}to 1,500 pounds of U^O^ per day. With the completion of expanded 

S~leaching operations in: the next few years, as much as 6,000 pounds of 
'a-day may be. available from these sources. 

CEMENTATION EQUIPMENT 

^ ^ ^ recently ,as' 1965 most of the conventional cernentation' (copper-
î ^̂ '̂̂ sting) equipment comprised' either gravity, rotating drom, or aGtivated 
-^P^s, most pf which had substantial labor requirements.. The colloidal-
-̂ î -̂ PPer particles precipitated in rotary drum launders added to the opera-

r-prob lems and costs.. 

d i ' 

^^^^y, s, iftj. - . -- - • , E. E. Malouf, J . _ . . , _ ^_. __ _ 
I |*^®"necOtt' Copper C o r p . ) . pH Adjusted Cont ro l led- I rbn-COri teh t , Cyclic 
i ^ j "S Processes for Copper-Bearing Rock M a t e r i a l s . 
' -̂ y 11. 1967. 

P r a t e r , and A. K. ScheLliriger (assigned 
t e n t , Cyclic 
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The Kennecott Copper Corp. recently eliminated these disadvantages 
nt of a new cementation system. Operating o ^^ Lng ej operations by the developme._ __ . ^ -̂----.....K extw. 

ence with this system demonstrated that the application of kinetic prinei* 
results in an easily filtered, 90- to 95-percent-copper product, using 1 ̂ ^ 
scrap iron for each pound of copper precipitated than in the conventionnv* 
equipment. This high-capacity system features automatic control and mei "" 
nized material handling. By use of the new continuous and self-clean 
system, 99 percent of the copper is precipitated from solutions contain*̂ ''̂ ' 
0.4 to 4.0 grams copper per liter. *'^£^ 

The Phelps-Dodge Corp. recently developed a V-trough precipitator / -
at Bisbee, Ariz., which uses sponge iron to precipitate the major portlai ** 
the copper in solutions produced by dump leaching. Scrap iron precipitW 
the remaining soluble copper and filters fine-grained cement copper f«• »k» 
partially decopperized solution. -li*̂  

The V-trough precipitator minimizes the former caking and hlindinRfc^^ 
lems encountered when using sponge iron in static launder-type preciDifn»,y 

CONSUMPnON OF IRON AND SULFURIC ACID .'P-f ̂  

The consumption of iron and sulfuric acid is a major factor affectlm ri-
cost of leaching, followed by precipitation of soluble copper by scrap.li^>, 
sponge iron. ,, ' - ^ l y i -

A high acid content in pregnant solutions increases the consumption tf 
iron in the precipitation equipment, while a high acid content in the iaac)fe% 
solutions applied on the dumps increases the consumption of acid by gjinjfft fp 
basic minerals, "i-ilii* 

Generally, during the leaching of sulfide-copper minerals in waste ' 
16 to 17 pounds of iron equivalent is precipitated on the broken solids 
each 1,000 U.S. gallons of leach solution applied. Collectively, thitiiai 
equivalent is derived from the iron used for cementation and the iron dlS* 
solved by passage of solution through the waste solids. The precipltatai,̂ . 
iron, a slimy mixture of basic ferric sulfates and ferric hydroxide, oftW|i 
contains clay, elemental sulfur, and bacteria. At some dumps, where, tbî SMi* 
solution is supplied from a covering pond, it is necessary to periodleiitjTfV 
and remove the settled slimes on the bottom of the pond to maintain itnlJCpni 
percolation. 

Acid 

Several large leaching operations use sulfuric acid produced nearty. 
waste smelter gases, whereas a few smaller leaching operations use aci4.fi* 
from elemental sulfur or pyrite concentrate. Small amounts of suspen^d^jl* 
sulfates and other impurities in the acid used for leaching are not <̂. 
objectionable. "-̂i 
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Sponge Iron 

pSponge iron is used in one cementation system as the principal precipi-
5̂ '̂ Supplemented by detinned cans as the final precipitant. However, the 
mtic beds of sponge iron become cemented and caked, and the surface of the 
»rt)b fiuickly becomes coated with copper. This prevents further contact of 
jjte'Iron with the solution. The Phelps-Dodge Corp. eliminated this problem by 
"Jê development of a V-shaped precipitation vessel so designed that the input 
«dation levitates and abrades the sponge iron particles. 

J-
iJBBased on the consumption of iron, the V-trough precipitator using sponge 
aifeis as efficient as conventional precipitation equipment using detinned 

Sponge iron is used advantageously by another copper producer for the 
-*Kli-precipitation-flotation (LPF) processing of an ore containing about 
^M^ amounts of oxide- and sulfide-copper. The resultant cement copper and 
^i^onreacted portion of sponge iron comprise a portion of the solids 
WKessed in the sulfide-copper flotation recovery circuit. 

^Sponge iron is usually produced by the consumer, using pyrite concentrate 
'•^ered from mill tailings as the feed material that is roasted to produce a 
^Cine. Reduction of the calcine yields a product containing up to 75 per-
"tt̂ stotal iron, including 35 to 50 percent metallic iron. The cost of pro-
•Wng sponge iron in a 100-ton-per-day plant in 1958 was about $13.60 per 
"•rt ton ($34 per short ton of contained metallic iron). 

._ Itl 1963, the Phelps-Dodge Corp. developed a process for producing sponge 
^̂ t-.̂ fom high-iron-content converter slag. The molten slag is granulated in 
"̂ ĉt bath and, after drying, is reduced by a countercurrent stream of 
*%nied natural gas to yield sponge iron. This product contains 55 to 60 

'tit metallic iron and up to 5 percent copper that is recoverable in the 
^^tation process. 

jpKennecott' s Western Mining Division prevents the reoxidation of the hot 
r̂ '̂ sd sponge iron by the presence of incandescent coke during its discharge 
%j, "e reduction vessel and during the cooling cycle. 

"^ ' Scrap Iron 

j ^ 5>Crap iron, having a low carbide content and a large surf ace-to-weight 
H^ » is almost universally used for precipitating copper from solutions 
ĵ ». hough it is expensive and is in short supply in some localities. Scrap 
^̂ Ĵ list be burnt to remove coatings before shredding. One Utah copper pro-
Ij^ How uses the product from a nearby plant that shreds 350 tons of steel 
. ™ In 8 hours, 

*Cjj "^oretically, 1,00 pound of iron will replace 1.37 pounds of copper in 
^j. Olution. In actual operations, 1.3 to 4.0 pounds of metallic iron are 

^^. ^or each pound of copper precipitated from solution because of the 
<^ lon of ferrous sulfate by the dissolution of scrap iron by both acid 

^̂ ric sulfate. 



Scrap iron does not reduce the copper content in 1 liter of solutio 
less than 60 milligrams unless the reactants are agitated. 

COST DATA FOR CONVENTIONAL PRACTICES 

General 

The total cost for producing copper by in-situ leaching, cementation^ 
subsequent conventional smelting and electrorefining is generally 5 to 15* ^ 
cents a pound lower than for copper produced by the conventional open-pit 
mining, milling and concentrating, and smelting and electrorefining route' 

pe?*. 
The cost of labor directly related to the leaching and cementation 

tion is about one-tenth the value of the copper recovered by this method' 

One gallon of cupriferous solution flowing continuously for 1 year airf 
yielding 1.0 gram of copper from each liter of solution (8.3 pounds from P,HL 
1,000 U.S. gallons) will supply 4,380 pounds of copper having an annual val^ 
of $1,664, based on copper at 38.0 cents per pound. The total direct cos^ *# 
leaching and precipitating copper from solution is less than 10 cents per-
pound. 

Peruvian Mine Waters •''; -

Based on a Peruvian operation in the early 1960's, the operating cost I B 
cementation only was 3.0 + 1.25/q cents per pound of copper precipitated,.•* 
where q = copper content in grams per liter of pregnant solution. This low 
cost is attributed to small expenditures for labor, power, and equipment, ti< 

lissolved iron to copper. .f«.-v j ^ a low ratio of dj 
r M 

In-Situ Leaching in Arizona 

At one U.S, operation 9,000 short tons of copper equivalent is c u r m t ^ 
produced annually by the in-situ leaching of waste rock and ore remainingstt' 
after the termination of block-caving mining. The copper is precipitated-fl* 
solution, in the form of cement copper containing 70 to 80 percent copper^^tj 
scrap iron. 'p 

The approximate costs of inputs in cents per pound of contained copper 
recovered follow: 

Labor 0.93 
Acid 3.25 
Iron 3.36 
Pumps and piping 08 
Electricity .28 

Total 7.90 

Additional expenditures to cover amortization, freight, maintenance/*! 
overhead and general expense, insurance, and taxes increase the total cost, 
of leaching and cementation to about 10 cents per pound of recovered co] 



Cost of Marketable Copper-From U.S. Dump Leaching 

Sin several operations of varied capacity the total production cost of 
tfin'ed copper, originating from the dump leaching of waste rock principally 
;3Btaining sulfide-copper minerals or of selected waste rock and sub-mill-
jjade ore principally containing oxide-copper minerals, ranges from 13 to 
21?̂  1.25/q cents per pound, where q = copper content of the pregnant solution 
J grams per liter. 

fr "These total production costs include amortization, freight, operation and 
aintenance expenses, refining and marketing, general company expense, fringe 
IflKfits, insurance, taxes, and safety. 

JKlhe production cost is near the high side of the range for one Arizona 
' operation where oxide-copper minerals mixed with calcite are leached by solu-
lods.containing up to 5 pounds of added sulfuric acid, made from Gulf States 
fieiental sulfur, for each pound of copper recovered. The consumption of 
'•ir̂ ded cans for precipitation in such an operation is often as much as 3 to 
•pounds per pound of copper recovered because of the greater dissolution of 
•JOn-bearing minerals during dump leaching. 

SOLVENT EXTRACTION OF LEACH SOLUTIONS 

Ideology 

•"I 

In recent years, much attention has been given to the production (in 
^^etable condition) of the copper extracted during the leaching of waste 
"^er minerals without recourse to cementation followed by conventional 
"̂Iting and refining. 

*, 
sJhe ideal process would include solvent extraction of the copper from 

'̂ -Content pregnant solutions followed by stripping of the copper from the 
'•'ent by a sulfate-sulfuric acid solution. This would produce an acceptable 
iron-content feed solution for electrolytic cells, preferably containing a 

*̂°uin of 10 to 25 grams copper per liter of solution, 

, The solvent should be selective for copper--but not for iron--at the 
^^^al low pH of the pregnant solution. The solvent should have low water 
,"̂ "llity and should be nontoxic to those bacteria beneficial to the leaching 
•Ĵ cess, The solvent should be stable at 0° to 80° C but not detrimental to 
^ electrolytic process. The active reagent in the solvent mixture should be 

,̂  ^^tible with a cheap diluent, such as kerosine. 

— ^s solvent extraction of pregnant solutions containing insoluble mate-
J •. ŝ not feasible even though low pH significantly decreases emulsion 

I 

•Tttati ion. 

;̂- ^ low solvent loss is important in making any product selling for less 
r_j ^1 per pound since only a few cents per pound of metal recovered can be 
\j "̂ for lost solvent. Where aqueous solutions are very dilute, this cost 
-t. °ut solvent extraction entirely because even a trace loss of solvent is 
»av 

k 
°fabl< 
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The problem of organic losses is further clouded by the lack of 

analytical method to determine how much of the costly reagent is lost h W J , 
entrainment and solution in the raffinate. Other 
subject involve the change of copper-loading capac 

questions bearing on'tK*' 
ity, the degradation Of iw 

.ion of bacteria, b e n e f | 3 
in the oxidation of copper-sulfide minerals in the waste dumps, by orBani^^ 
contained in the recycled raffinate. • • 

active compounds during long use, and the destruction of bacteria benef* ^ ' 

organic. 

Carboxylic Acids and Naphthenic Acid 

Carboxylic acids and naphthenic acid are cheap solvents for extract! 
copper from low-iron-content solutions with pH above 4.0 and 6.0, respect* 
A modified carboxylic acid, a bromo lauric acid, can extract copper at 3 t ' 
because of its raore acidic character. 

All carboxylic acids have the disadvantage that the hydrogen ions oriw 
duced in amount stoichiometrically equivalent to the metal recovered durJiM 
extraction must be neutralized. Even when using limestone, as it seems D2»I! 
ble to do with a bromo lauric acid, the cost of alkali would be unacceptakl 
when recovering copper from leach solutions containing free acid. In one^ 
investigation using naphthenic acid as a solvent, the cost of the naphtbenJe 
acid was 0.14 cent while the cost of the alkali (as caustic soda) was 5.5 
cents per pound of copper recovered. .. 

LIX-63 Reagent 

A few years ago. General Mills, Inc., developed LIX-63 reagent,* a n * 
a hydroxime specifically useful for extracting copper from solutions prodocvtf 
by the conventional ammoniacal leaching of oxide-copper ores (in closed v n . 
seis). This reagent has a low solubility in water and a high specificlty fej 
copper but, because it cannot extract copper below 3.0 pH, it is not applies* 
ble for extracting solutions resulting from waste dump leaching. . •" i 

LIX-64 Reagent "; /"̂  •'" 

More recently. General Mills, Inc., developed another reagent, a mistBr* 
of 2-hydroxbenzophenoximes, known as LIX-64. The $2,50-per-pound reagent 
diluted with nine volumes of kerosine, in countercurrent, four-stage contact 
with a typical dump leach liquor, attained a loading of 2.42 grams copper fn 
liter of solvent mixture. The raffinate contained 0,03 gram copper per lltM,. 
Copper extraction exceeded 96 percent despite the decreased extraction effi
ciency caused by a decrease of pH during extraction. " 

+ 2 Cu 
ions. 

The extractive power of this solvent mixture ranges from very stroiig i f t 
" t o nil for other metallic slight for Fe"^^, very slight for Mo+^ and V"̂ * 

In early 1967, pilot plants using 6 to 7 volume-percent LIX-64 in kM** 
sine as solvent were operating near the Bagdad, Esperanza, and Inspiratioo 

"^Reference to specific brands is made for identification only and does, not 
imply endorsement by the Bureau of Mines. 

I 

* - ' * • 
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Based on 1,000 U.S. gallons of pregnant leach solution processed, the 
ic-solvent loss at Bagdad in a system operating at 50° C was 0,139 gallon 

fftwas valued at 1,7 cents per pound of copper recovered; at Esperanza the 
^^was 0.10 gallon. 

B̂agdad Copper, in a joint venture with the Chemetals Corp., plans to make 
jŜ er powder by hydrogenating the copper-acid solution produced by stripping 
""̂ loaded solvent. In March 1967, Esperanza made its first 40-ton shipment 
^thode copper from a four-cell electrolysis installation in which only 10 

Mrcent of the copper was plated out of electrolyte containing 50 grams copper 
"^iter. 

Cost Estimates Using LIX-64 Reagent 

R̂ecently published cost estimates were based on laboratory and pilot 
HRt'studies using a solvent mixture of LIX-64 reagent diluted with nine 
•D^es of kerosine to extract leach solutions containing 1.0 to 2.0 grams 
^^opper per liter (8.3 to 16.7 pounds per 1,000 U.S. gallons). The loaded 
i^^nt was then stripped to produce solutions suitable for electrowinning. 

One estimate shows the cost of solvent extraction facilities alone as 
'̂ OOO for a plant capable of recovering 10 tons of copper per day from 

•out 2 million gallons of solution. Depreciation charges would range from 
V % to 0.70 cent per pound of copper recovered. A full-sized extraction 
>̂ ft for handling 3,300 gallons per minute of leach solution at Bagdad was 
*^ated at $1,980,000. 

Estimated operational costs, in cents per pound of copper contained in 
êed electrolyte supplied to the electrowinning section, follow: 

Solvent loss-"- 1.0-2.5 
Stripping acid .1 
Scrubbing 0- .2 
Power, 1 kwhr 1.0 

Total^ 2.1-3.8 
^0.05 to 0,12 U.S. gallon per 1,000 U.S. gallons of 

solution extracted. 
^The total cost at the high end of this range is about 

equal to the cost for the scrap iron used to precipi
tate 1 pound of copper in conventional practice where 
the consumption of scrap iron is about 1.5 pounds and 
the delivered cost of scrap iron is $50 per short ton. 

^Y'^s cost for producing cathode copper from the copper-acid electrolyte is 
•T̂ r'ated as equal to or less than the processing cost of cement copper in a 
T I ^ I operation. 
f̂  
'̂ifei ^^^ economics of the solvent extraction of copper have been stabi-
î . '̂̂  is probable that commercial plants will be designed using processes 

'̂  to those used in modern uranium solvent extraction plants. 
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Smaller copper producers are more interested in the prospects of Lly.ci , 
than are the major firms. The high cost of conventional smelting and elec^ 
refining seems to be the major incentive toward attaining an economical sol *** 
vent extraction process. 

In October 1967, Ranchers Exploration and Development Corp. announced 
plans for a commercial installation comprising solvent extraction and elect 
winning facilities. The 5,400-ton-per-year-capacity electrolytic section of 
this plant was to be installed near Miami, Ariz., at a cost of $3.5 million 
The copper-acid feed solution to be processed by this facility originates * ' 
from the solvent extraction of pregnant solutions produced by leaching ore 
loosened by ripping and placed on leaching sites. 

ION-EXCHANGE RESINS FOR COPPER RECOVERY 

Cationic carboxylic-type resins are the most promising with regard to 
selectivity and absorption capacity for stripping solutions partly decop
perized by cementation. However, these resins have the disadvantages of 
being degraded mechanically and of being fouled by iron and aluminum ions. 

MISCELLANEOUS RECOVERY PROCESSES 

Demand for Nonmassive Copper 

Sales of copper powder in the United States "in 1965 totaled 31,200 short 
tons, including 1,870 tons of flake copper alloy, and 936 tons of flake copper 
used as pigments and antifouling agents. Copper powders, selling for about 13 
cents per pound more than the massive material, are generally made by atomira. 
tion of molten metal, by the hydrogen reduction of copper oxide, and by precip* 
itation frora either acid or ammoniacal solutions. Two novel leaching processes 
described below were devised to supply some of the increasing demands for- l'.f 
copper powder and copper oxide. '.'„i 

Banner's Oxide Process 

One new test facility was being constructed in mid-1966 by the Banner ;f 
Mining Co. in Arizona at a cost of $500,000. This venture will provide operi*. 
tional data useful in the construction of commercial mills using Banner's ;|Jjfei-
oxide process to recover copper from limestone-bearing copper ores. Ore, 
ground only to 10 mesh to prevent sliming, will be processed in a 60-foot'-̂  
counterflow drum using sodium hydroxide as one of several alkaline reagents.' 
The amphoteric nature of copper allows it to react as either an electroposi-^^f 
tive or electronegative ion. As developed. Banner's oxide process can prodoc*. 
refined copper either by direct chemical processing or by electrorefining.̂ 'j'̂  

Hydrogenation Process 

Another new process employs the hydrogen reduction of a copper solution^" 
to produce copper powder or copper oxide. Since June 1966, Arizona ChemcoH>s' 
Corp. has operated a $3,350,000 plant capable of producing 8,250 tons of cpo^' 
tained copper annually in the form of copper oxide and of copper powders Bodp'̂ ^ 
briquets. 

. ,^'i '" 
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'(Copper for this plant originates in the heap leaching of oxide-copper 
p S ' Cement copper, produced by the precipitation of copper from pregnant 
alations by scrap iron, is leached in an oxygen-enriched, buffered, ammonium 
l̂î te solution.' The iron content in the leach solution is allowed to build 
4»'to 15 to 20 grams per liter to accelerate the leaching rate at 2,0 pH and 
JD^tb 200° F. The resulting pregnant solution is filtered and then auto-
^^ed at 425 psig and 250° to 280° F in the presence of hydrogen produced 
Jjaâ 'reformed natural gas. Sulfuric acid is regenerated and copper powder is 
Jned during the reduction step. Polyacrylic acid is added during autoclav-
a|fto minimize the plating of the copper powder. 

t •Estimates i n d i c a t e the fo l lowing input per pound of copper e q u i v a l e n t 
induced in a 25 - ton -pe r -day p l a n t : 

E l e c t r i c i t y kwhr. 
Heat energy Btu. 
Water gallon, 
Hg SO^ pound. 
Polyacrylic acid do. . 
Filter aid do. . 
(NH^)2 SO^ do.. 

[The estimated total cost of these seven components is 1,6 to 1,9 cents. 

L-P-F Process and Dual Process 

The L-P-F process converts copper in highly oxidized ores to metallic 
'fPer, by leaching and precipitation. The metallic copper responds to recov-
^ ^ flotation in the form of cement copper. 

0 , 3 
. 10,000 

1.0 
0.15 
0,01 

0.005 
0,05 

ft 
:,l|Ĵ ^ Dual process uses in-plant leaching followed by conventional flota-
**0̂ to recover copper from ores containing about equal weights of oxide 
^^f and sulfide copper. 
Is 
-fCrude ore, after crushing to minus 3/4 inch, is ground to minus 3 mesh 
''s separating into sands and slimes. The sands are leached with sulfuric 

. to recover most of the oxide copper and a portion of the sulfide copper. 
j^ "ashed residual sands together with added lime are then ground to minus 

,?^h, after which more sulfide copper is recovered by conventional flota-
The tailings produced during the flotation of slimes for sulfide-copper 
•̂̂y are leached in acid solution for additional oxide-copper recovery. 

*< t 
_ 'o ten pounds of burned lime i s added to each ton of leach sands processed 

a l k a l i n e s u l f i d e c i r c u i t . 
1''the 

lOxid 
and 

e copper contained in the solutions from the separate leaching of 
slimes is precipitated by sponge iron. This sponge iron is produced 

^̂ .̂ Pyrite concentrate and recovered by flotation of tailings leaving the 
.Ine flotation circuit. 

•Th 
•5at ̂  precipitated copper and the sulfide-copper concentrates from the 

lon circuit are mixed prior to smelting. 

L%;. 
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Bureau of Mines Process for Copper-Zinc Ores 

Copper and zinc occurring together in an ore can now be separated 
solvent extraction process developed by the Bureau of Mines. The proces ^ * 
eliminates costly smelter operations and provides an economic treatment f ' 
complex ores which now go unused. --^. 

• •"' M 
Ore concentrate containing copper and zinc sulfide minerals is firBV** 

calcined to remove sulfides. The oxidized material is leached with sulft«^ 
acid to dissolve the metals. The resulting solution, after partial neut ^ ^ 
zation, is added to an organic solvent comprising 75 percent kerosine 2ft 
cent active di-2-ethylhexyl phosphoric acid, and 5 percent isodecyl alcrfwa ' 
modifier. During countercurrent extraction, the zinc is preferentially ' 
absorbed by the solvent while copper builds up in the aqueous phase. Th» #* 
metals are then recovered by conventional electrolysis. '• .'^ 

Ion-Exchange Column 

A process jointly developed by the Bureau of Mines and the Kennecotti. 
Copper Corp. uses a new type of ion exchange column to extract copper airf̂ ' 
uranium from pregnant solutions produced by waste dump leaching. Uranl»%, 
concentrates produced by this process meet Government purity standards..| 

OTHER PROCESSES FOR PRECIPITATING COPPER 

General 

Copper can be precipitated from solution as a sulfide, cyanide, fhlocm 
nate, or hydroxide. However, these copper compounds are difficult to sSttlt 
and filter and also must be redissolved before the copper can be repreclp 
tated by iron. .̂^ 

Cyanide 

Five U.S. patents using cyanide-leaching techniques promise a bn 
through for producing a high-grade precipitated product frora low-grade^ 
copper-bearing materials, and solutions. The inventors of these patents 
low operating costs, small capital requirements, economical reagent r 
and a method for treating refractory ores and waste. 

f. -• 

^Hockings, W. A., D. H. Rose, and A. M. Gaudin (assigned to Copper RangaĴ Ml̂  
Alkaline Cyanide Leaching of Refractory Copper Ore. U.S. Pat. 3,224, 
Dec. 21, 1965. 

Keller, C. H. (assigned to Dow Chemical Co.). A Cyanide System For 
Mixed Oxide-Sulfide Ores. U.S. Pat. 2,390,450, Dec. 11, 1945. 

Lower, George William (assigned to American Cyanimid Co.), Cyanide Solj 
Remove Copper Films From Gangue. U.S. Pat. 3,189,435, June 15, 1965̂  

Roberts, E. S, (assigned to the Treadwell Corp.). Cyanide Treatment 
to 0.8 Percent Copper Ore. U.S. Pat. 3,303,021, Feb. 7, 1967. .. .: 

Roberts, E. S. (assigned to the Treadwell Corp.). Winning Copper Fn 
tions With HCN and SOg. U.S. Pat. 3,321,303, May 23, 1967. '^* 
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Ammonia 

Little copper is now produced by the ammoniacal leaching qf native copper 
^ ^ g t tailings. Generally, after the removal of native copper by flotation, 
^^remaining sand is leached in closed tanks by a solutioh containing free-
aKinia and: cupric ammonium carbonate. The copper is recovered by distilling 
jtt:the free ammonia from the pregnant solution, thereby decomposing: the 
t^ric ammonium carbonate to precipitate copper qxides and. liberate carbon 
Utrxide and ammonia. The carbon dioxide and ammonia are recovered in water 
:^^pduce a leaching solution for reuse. 

E l.e c t r ow i n n i ng 

The electrowinning of copper-acid solutions produces marketable copper 
^ l e regenerating sulfuric acid. Electrowinning e"quipment requires a high 
sipital investment and is eGonomically feasible only for solutions containing 
Wg^than 10 to 25 grams copper per liter. At a lower copper concentration 
J&jPresen.ce of a significant amount of iron adversely affects the current 
tfificiency owing to oxidation-reduction reactions. Electrowinning requires 
S^jlO times more ;pQwer than does electrorefining, but the additional cost 
Jaglpower is nearly offset by lower labor costs.. The electrowinning process 
Squires a minimum of .anode handling and scrap remelting because the insoluble 
^tlinonial-lead anodes often have a 10-year service life. 

Commercial Installations 

J. Ranchers Exploration and Development Corp, Gompleted solvent extraction 
Jffl^electrowinning facilities -at its Bluebird mine near Miami, Ariz., in L967, 
^̂ g,.Plant is the first of its kind Do utilize the solvent extraction of cpp-
**Etfrom leach solutions followed by back extraction of the solvent by a 
^^j^ric acid solution to produce an electrolyte from which marketable copper 
•^.yecipitated by electrowinning. 

• 1/, 

j Sri ̂ '̂  many years at .rnspiration, Ariz.j the copper Oohcentration in the 
i i^'^^^^y*-® processed by electrowinning has been maintained at the required 
I jj**^ y adding a st-rongef solution made by the dissolution of cement copper 
' iSllfuric acid. 

CCS Electrolytic Cell 

Pilot tests using the GCS cell, develop'ed by the Gohtinental Copper and 
.^t(J Industries, Inc., indicate that copper leach solutioris from the field 
^ ^ ^ ptocessed with 'a maximum current d.ensity o'f 3G to 35 amperes per square 
l^gfOf cathode surface. This is a .marked improvement over the 11- to 
i^>j pe re current density employed in coriventional copper electrowinning :cells 
^.> a mininium co.pper concentration of 25 grains per Liter is maintained in 

ii|?lectrolyte. 

•if It ^ '^CS cell produces good copper deposition even though a. large "bite" 
M& copper is removed from the electfOlyte in each pas,s. 
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To date, figures suggest that the CCS cell will produce copper for ab 

the same cost as the cementation route. Because of the continuing upswinp 
scrap-iron costs and the gradual downtrend in the cost of electricity, v̂j,! v' 
may be even lower when more nuclear-generated electricity becomes available 
the electrowinning process is expected to gain increased acceptance. •• * 

OUTLOOK FOR PRIMARY COPPER FROM LEACHING 
. i . 

Copper minerals in sub-mill-grade rock produced during current and 
open-pit-mining activities will probably contribute most of the copper pr<^* 
duced by out-of-plant leaching in the United States in the next 15 years "•• 
despite the optimism shown for the proposed in-situ leaching of an ore deMM 
fractured by a nuclear device. This statement is based on the substantial ' 
investments made since 1964 in additional dump-leaching facilities and coaew 
tion equipment utilizing the latest technology, and on a conservative predle-
tion that dump leaching will produce 200,000 short tons per year of primar*" 
copper by 1970. 

•• ' i i 
The recovery of copper from leach solutions using solvent extraction "wfii 

attain diversified commercial importance for the in-plant leaching of cdoAla. 
ores where the volume of leach solution produced will be small compared witk 
the volume produced during in-situ and dump leaching. ^ ^ 

Dump-leaching practices expected to be commonly used in the future -̂ .',. 
include-- I*i. 

1. The use of mixtures of bitumens plus mill tailings to provide itmctk 
vious bottoms under dumps. ?' 

2. The improved fragmentation of materials placed on dumps to attalO'A 
greater copper recovery in a shorter time. ' ^ 1 ^ * 

3. The steady input of air during leaching through ducts placed In pwi« 
tion while building the dump. 

4. The use of heated leach solutions. 

5. The treatment of barren solution, after copper precipitation, to^ 
remove most of the aluminum and part of the iron content before reuse of.^i 
solution for additional leaching. 

Scrap iron will continue to be the principal precipitant for reraoving 
copper from leach solutions. 

From a water-pollution standpoint, the deliberate leaching of copper«v« 
bearing sub-mill-grade materials and the recovery of copper from mine -dnSt t^ 
waters are fine examples of the effective removal of a metal that upsetŝ tllt,j 
ecology of water courses. The Anaconda Co., at a cost exceeding $12 iilll*̂ }jf 
in a 10-year period, has minimized the contamination of the Clark Fork Rî ?̂̂ -
in Montana. Waters from the mining and smelting operations are proce88e»-|* J 
produce an effluent, of neutral pH and containing only a trace of iron..;!***?••' 
success of Anaconda's pollution abatement plan is shown by the fact that.fl^ 
are caught only a few miles downstream from the water treatment plant.\aj 

t 

.^ 
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INTRODUCTION 

Hydrofracturing as a method of estimating the 
stress regime in rock has been treated theoretically 
(e.g., Hubbert and Willis, 1957; Fairhurst, 1964; 
Haimson and Fairhurst, 1967; Zoback and Pollard, 
1978) and tested in the laboratory (e.g., Haimson, 
1968; Haimson and Avasthi, 1975; Zoback et al, 1977). 
Moreover, in most published cases of field hydro
fracturing measurements the results appear plausible 
(Haimson, 1977a, 1978; McGarr. 1980; Zoback and 
Zoback, 1980). The problem is, however, that there 
is no direct way to verify field results. The far-
field boundary conditions are typically unknown, and 
no theory or model can predict the state of stress 
at a point in rock. We can obtain some indication 
of the reliability of results from the consistency 
of different measurements in the same hole, or the 
agreement between tests in adjacent holes; in add
ition, nearby geologic structures such as faults, 
dikes or folds can provide a qualitative check to 
measured stresses. These and other devices cannot, 
however, unequivocally determine whether the meas
ured stresses represent the existing stresses. One 
method for confirming the validity of results is to 
compare the stresses derived by one method with 
those independently determined by another. If the 
agreement is close and not coincidental it can be 
used as evidence that both methods appear to meas
ure real and not imaginary stresses. 

The hydrofracturing technique, which has rapidly 
developed in this country as the primary method for 
measuring stresses at great depths, has been directly 
compared with other methods in only a few cases. 
These comparisons, we believe, serve to reinforce 
the general reliability of hydrofracturing, while 
pointing out that it is not a precision instrument. 
The present paper is a report on those sites where 
two or more sets of in situ stress measurements were 
conducted and includes a discussion on the quality 
of the comparisons. The hydrofracturing technique 
used in all cases has been described elsewhere 
(Haimson. 1978; 1980). 

THE NEVADA TEST SITE (NTS) 

Chronologically, the Nevada Test Site hydrofrac
turing stress measurements provided the first direct 
comparison between results obtained by different 
methods. A total of 12 hydrofracturing tests were 
conducted in the tuff of the Rainier Mesa in the 
vicinity of tunnel complex U12n (Haimson et al, 1974); 
one test in each of the two horizontal and three ver
tical holes drilled from the tunnel to a depth of some 
25m, and seven additional tests in a 250m vertical 
hole drilled from the surface in the same general 
area. 

Figure 1 summarizes the hydrofracturing stress 
results. We note a steady increase with depth 
(taken from the top of the Mesa) of both the least 
(°Hmin) and the largest principal stresses (°Hmax). 
The measurements in the vicinity of the tunnel which 
were conducted in different boreholes (depths of 380 
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as ̂  -« 
and 410m in Figure 1) yielded similar stress values 
which also coincided with those determined in the 
deep vertical hole. This consistency of results 
from tests run in separate holes provided strong 
confidence in the values obtained. Based on linear 
regression analysis the variation of the measured 
stresses with depth is given by: 

!^'m 3= s i 

o 

^Hmin -1 + 0.012 D; °Hmax = 1 " °-°21 0 

where stresses are in megapascals and D is depth in 
meters. The vert ical stress ("y) based on the 
measured density of the tu f f is estimated at °ij = 
0.018 D. Impression packer tests indicated vert ical 
fractures oriented at N35°E, suggesting that the 
l a t t e r is also the direct ion of °Hmax-

Several years ear l ier the Bureau of Mines had con
ducted a series of overcoring borehole-deformation-
gage measurements from the same tunnel (U12n) using 
short holes d r i l l ed in d i f ferent directions (Hooker 
et a l , 1971). They obtained a complete stress tensor 
for the v i c i n i t y of the tunnel at a depth of 380m 
below the Mesa top. Table 1 and Figure 1 provide a 
d i rect comparison between the hydrofracturing and 
overcoring resul ts. Overcoring suggests that the 
principal stresses act in planes that are somewhat 
incl ined to the horizontal and ver t ica l (up to 20°). 
Hydrofracturing is insensit ive to such inc l ina t ion . 
I t is d i f f i c u l t to assess the r e l i a b i l i t y of the pr in 
cipal stress axes incl inat ions based on a few over-
coring tests conducted in several holes that v io late 
the assumption of a l l stress components being measured 
at one point. However, the overcoring horizontal and 
ver t ica l secondary principal stresses match surpr is
ingly we l l , both in magnitude and d i rec t ion , the 
hydrofracturing resul ts. Table 1 shows that the 

m X 

I 

1 
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difference in stress magnitudes measured by the two 
methods is only 1 MPa. This close agreement is 
exceptional in f i e l d tests in general, and in compar
ing results of two ent i re ly d i f fe rent methods in par
t i cu la r . Moreover, the horizontal pr incipal stress 
directions are pract ical ly ident ical (10° di f ference). 

Table 1. Nevada Test Site-Stress Comparison at 
Tunnel Level (380m depth) 

Stress Hydrofrac (HF~) Overcoring* (OC) HF-OC 
MPa MPa MPa/ 

°Hmax 9 a t N 3 5 ° E 8 a t N45°E 
(8.5 at N47°E/110°) 

o .̂ . 3.5 at N55°W 2.5 at N45°W 
™'^" (2.5 at N44°W/9r) 

(5.7 at N42°E/20°) 

1/10° 

1/10° 

1 

*Given in terms of secondary principal stresses in 
the horizontal and vertical planes with principal 
stress values shown in paranthesis together with 
their bearing and inclination from the downward 
vertical. 

Further support of our hydrofracturing results 
has come from two other sources. First, most fault 
plane solutions of earthquakes occurring in the gen
eral area of the Nevada Test Site strongly indicate 
strike-slip faulting with a subhorizontal pressure 
axis at N45°E (Lindh et al, 1973), in accordance with 
our results (Figure 1 clearly indicates a "^Hmax > °V 
> '̂ Hmin condition). Second, subsequent hydrofractur
ing tests conducted by a different group near other 
tunnels at the Nevada Test Site yielded stress values 
in the same order of magnitude as ours. The direction 
of °Hmax ^^^ again found to be close to N45°E (Tyler 
and Vollendorf, 1975). 

THE HELMS PUMPED STORAGE PROJECT 
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FIGURE 2, Variation of hydrofracture direct ion and 
stress magnitudes with depth at Helms, and 
overcoring results at 300m depth (D is 
depth in meters). 

was used for hydrofracturing tests in order to ver i fy 
the orientat ion of the principal stresses. As shown 
in Figure 2 the incl ined hole results cannot be d is
tinguished from those obtained in the vert ical hole. 

The results of these pre-excavation stress measure
ments were checked some years la ter against a series 
of overcoring borehole-deformation-gage tests conduc
ted from a d r i f t jus t o f f the s i te of the hydrofrac
tur ing test holes at the future powerhouse level 
(Sweeney et a l , 1980). Table 2 and Figure 2 juxtapose 
the overcoring horizontal and vert ical secondary pr in
cipal stresses versus the hydrofracturing results at 
300m depth. 

The Helms Project of the Pacif ic Gas and Electr ic 
Company, located in the central Sierra Nevada 
Mountains, is a 1050 megawatt hydroelectric pumped 
storage f a c i l i t y . As part of the pre-excavation s i te 
investigation and design nine successful hydrofrac
tur ing stress measurements were conducted in granite 
in two d r i l l ho les , seven in a vert ical NX size hole 
between the depths of 119 and 326m, and two in an 
incl ined hole at depths 239, and 271m (Haimson, 
1977b). The incl ined hole was 30° o f f the ver t ica l 
in the N27°E direct ion which paral lels the general 
direct ion of the hydrofractures in the ver t ica l hole 
(N25°E). Hence, vert ical axial hydrofractures in 
the inclined hole would confirm the results obtained 
in the vert ical hole. The fractures induced were 
indeed nearly ax ia l , with subvertical dips (80°SE). 
The tests in the incl ined hole increased our conf i 
dence in the results obtained in the ver t ica l hole and 
reinforced the assertion that the principal stresses 
were approximately ver t ica l and hor izonta l , with the 
maximum horizontal stress {̂ Hmax) oriented at N25°E. 
Figure 2 gives the measurements as a function of 
depth. The steady increase with depth of a l l the 
stresses can be approximated by l inear regression: 

•^Hmin 
= 3.5 + 0.006 D; °Hmax = - ° - " ^ ° -035 0 (2) 

The v e r t i c a l s t ress based on measured rock d e n s i t y 
i s V = 0.027 D. The uniqueness o f these measure
ments was that for the f i r s t time an incl ined hole 

Table 2. Helms Project-Stress Comparison at 
Powerhouse Level (300m depth) 

Stress Hydrofrac(HF) Overcoring*(OC) HF-OC 
MPa MPa MPa/ 

''Hmax 1 0 a t N 2 5 ° E 15 a t N17°E 
(15,5 a t N01°W/65°) 

-5/8° 

''Hmin 5.5 at N65°W 7 at N73°W -1.5/8° 
" (6.7 at N74°W/104°) 

8 7.7 0.3 
(7.5 at N43°E/29°) 

*Given in terms of secondary principal stresses in 
the horizontal and vertical planes, with principal 
stress values shown in paranthesis together with 
their bearing and inclination from the downward 
vertical. 

The overcoring principal stresses a re inclined up 
to 30° from the vertical. This is plausible in view 
of the mountainous terrain and considering that the 
hydrofractures were also inclined up to about 10°. 
The overcoring secondary principal stresses (Table 
2) are reasonably close to the hydrofracturing 
results with the largest discrepancy in the ̂ Hmax 
value (5 MPa). The directions of the horizontal 
stresses agree within 10°. 
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THE BAD CREEK PUMPED STORAGE PROJECT 

The 1000 megawatt Bad Creek Pumped Storage Project 
of Duke Power Company is located along the south-east
ern edge of the Blue Ridge Escarpment in the northwest 
corner of South Carolina. A 275m vert ical NQ hole was 
d r i l l e d in the Toxaway gneiss from the surface to the 
level of the future underground powerhouse. As part 
of the pre-excavation s i te invest igat ion seven suc
cessful hydrofracturing stress measurements were con
ducted at d i f ferent depths in the hole between 120m 
and 270m (Haimson, 1977b). The results indicated a 
state of rather high horizontal stresses, and a steady 
increase in stress with depth with consistent least 
horizontal pr incipal stresses, and a rather wide 
scatter in the magnitudes of the largest horizontal 
principal stress (Figure 3). The l inear approximation 
of stress versus depth for the range of 100-300m is 
given by: 

°Hmin = -3 ^ °-08 D; 

Ow = 0.026 D 

^Hmax = - 8 ^ ° - l ' ^ ' ' 

(3) 

Unlike the previous two cases, the least horizontal 
compressive stress is not the smallest overall pr in
cipal stress but rather the intermediate component. 
The negative ( tensi le) values that the two horizontal 
stresses appear to a t ta in at shallow depths may or may 
not be rea l . In general,.extrapolations beyond the 
range of depths wi th in which tests have been carried 
out is not recommended. The ver t ica l stress in 
equation (3) is based both on rock density and on 
hydrofracturing results which yielded both vert ical 
and horizontal fractures and respective shut-in pres
sures (Haimson, 1977b). The d i rect ion of °Hmax i " the 
180-270m zone was approximately N60°E (Figure 3). 

The stress results were used as the basis for 
laying out a p i l o t tunnel in to the powerhouse area. 
After the p i l o t tunnel was completed, the in s i t u 
stresses were determined again in the general area of 
the planned powerhouse using the borehole-defortnation-
gage method (H. G. McKay and R. E. Steffens, personal 
communication, 1978). Again, the results are in good 
agreement with the hydrofracturing horizontal stresses 
(Table 3, Figure 3). The least pr incipal stress is 
the subvertical component, wi th the other principal 
stresses acting at about 15° from the horizontal and 
in directions pract ica l ly iden t i ca l - to those 

E 
O 

a. 
Ul 
o 

STRESS (MPo) 
10 zo 30 

'. '.V I 1 r-

<^Hm« DIRECTION 
3 0 ' 60* I 

BAD CREEK 

OC HF 

• o 
p \A \ O 

\ \ \ 
\ ^ \ o \ 

V Mrr 

^ O 

^ - \ - \ * 

,DIR, 

0^.b,0260 

O 
1 
\ 
\ 'H - ta - ' ^o -O^o \ 

I 
I < 

N 60'E 

ol 

determined by hydrofracturing. The magnitudes of 
both horizontal secondary principal stresses are 
wi th in 2.5 and 4.5 MPa respectively from the hydrofrac 
results.but because of the high stress magnitudes 
those discrepancies are re la t ive ly small. Only the 

wrnotP t h ^ r ^ K - ' " . ' " ' ' ' ^ ' " " " ^ ^ ^ d i f fe ren t ; hoover. 
T^J l . I:^^l ^^'^ ^^ " " ' • l y the minimum principal 
overcorfn'g! ' ' ' ' ' ' " " ' accurately detennined In 

Table 3. Bad Creek Project - Stress Comparison 
at Powerhouse Level (230m depth) • 

Stress Hydrofrac(HF) dvercoring*(0C) HF-OT 
MPa MPa MPa/ 

'̂Hmav 24 at N60°E 28.5 at N56°E -4.5/4°' 
^^"^ (29 at N57°E/110°) 

OHmin '5.5 at N30°W 17.5 at N34°W -2.5/4° 
" (18.5 at N32°W/112°) 

Oy 6 11.5 -5.5 
(10 at N S72°E/15°) 

*Given in terms of secondary principal stresses in 
the horizontal and ver t ica l planes with principal 
stress values shown in paranthesis togehter with 
the i r bearing and inc l inat ion from the downward 
ve r t i ca l . 

THE NEAR-SURFACE TEST FACILITY -
HANFORO SITE. WASHINGTON 

Two sets of in s i tu stress measurements were con
ducted in conjunction with the excavation of the 
Near-Surface Test Fac i l i t y (NSTF) in the basalt of 
Gable Mountain, Hanford Reservation. Hydrofractur
ing was carried out in a 120m, NQ size vert ical hole 
near the western end of Gable Mountain. The six 
tests conducted in th is hole were part of the pre-
excavation design stage of the underground test f a c i l 
i t y (Haimson, 1979). The borehole-deformation-gage 
technique was used af ter the completion of the NSTF 
(Kim, 1980). Both methods of stress measurements were 
adversely affected by the fractured nature of the 
basalt (averaging 15 fractures per meter). 
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stress magnitudes with depth at Bad Creek, 
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FIGURE 4. Variation of hydrofracture direction and 
stress magnitudes with depth at Gable 
Mountain, and overcoring results at 50m 
depth (D is depth in meters). 
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The hydrofracturing results and the juxtaposed 
overcoring measurements at the NSTF level (approxi
mately 50m below the collar of the test hole) are 
shown in Figure 4. While the °Hmin values appear 
to increase steadily with depth "̂ Hmax is constant in 
the top 55m but increases substantially below that. 
Hence no attempt was made to fit a curve to its 
variation with depth. The stresses are approxi
mated by: 

Hmin ^Hmax = ' ' (0-"-") 

22 (55-70m) (4) 

The vertical stress was calculated based on the 
basalt density: ''v = 0.028 D. It should be noted 
that because of the large magnitude of *?Hmax it could 
not be calculated by using the field value of the ten
sile strength. The latter can be estimated from the 
pressure-time records (Haimson. 1980) only if °nmax ̂  
3 ''Hmin (i" absence of pore pressure, which was the 
case at the NSTF). At Gable Mountain °Hmax is con
siderably greater than 3 °rtnin ̂ o only the laboratory 
determined hydrofracturing-tensile strength of 
extracted core could be used (equal to 17 MPa in the 
0-55m interval, and 25.5 MPa in the 55-70m range). 
Typically, field obtained tensile strengths are con
siderably lower than laboratory ones by a factor which 
appears to vary from site to site. Hence, at NSTF we 
can only assert with some certainty that the hydro
fracturing determined °Hmax is probably an upper limit 
of the value. It is interesting to note that some 
change probably does occur at around 55m depth which 
is reflected by the large increase in the tensile 
strength, and the subsequent value of ^Hmax. as well 
as a sharp change in the °Hmax direction from an 
average of N75°W in the 0-55m range to N45°W in the 
55-70m range. A comparison between the results of 
the two stress methods is given in Table 4. 

Table 4. Gable Mountain, Hanford - Stress 
Comparison at NSTF Level (50m depth) 

Stress 

°Hmax 

°Hmin 

^v 

Hydrofrac(HF) 
MPa 

14 at N75°W 

1.5 at N15"E 

1.5 

Overcoring*(OC) 
MPa 

7 at N81°W/10r 

2 at N8°E/95° 

2 at N65°E/167° 

HF-OC 
MPa/ 

7/6° 

-0.5/7° 

-0.5 

*Given in terms of the principal stresses which be
cause of their small inclination are approximately 
equal to the secondary values in the horizontal and 
vertical planes. The inclination is given with 
respect to the downward vertical direction. 

Figure 4 and Table 4 show a good agreement between 
the two methods with respect to °Hmin magnitude, and 
a major discrepancy (2:1 ratio) for values of ̂ Hniax-
In view of the discussion above regarding the tensile 
strength such a discrepancy could be expected. The 
overcoring °Hmax ""esult is probably more reasonable, 
but additional tests may be needed to settle the dif
ference. The agreement as far as the directions of 
the horizontal stresses is again remarkable. We note 
that °Hmax direction (N75°W-N80°W) is also roughly 
parallel to the Gable Mountain axis, which should be 
expected in view of the limited width of the mountain 
and the proximity of the test hole (250m) to the very 
steep south-southwestern slope. 
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direct ion with depth at Darlington, based on 
hydrofracturing and overcoring measurements 
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DARLINGTON, ONTARIO 

The existence of high horizontal stresses in many 
of the Si lur ian, Ordovician and Precambrian rocks of 
Ontario has been well documented and recognized in 
recent years (e.g. Coates, 1964; Franklin and Hungr, 
1978). I t was with th is background information in 
mind that Ontario Hydro decided to incorporate in 
s i tu stress measurements in to the conceptual design 
and evaluation of an underground nuclear power sta
t i on . While no speci f ic si tes have been considered 
for an underground nuclear power plant , a 303m deep 
NQ size test hole was d r i l l e d for generic study pur
poses on the construction s i te of the Darlington 
Generating Station near Bowmanville, Ontario, 65 km 
east of Toronto, on the north shore of Lake Ontario. 
The test hole penetrated through 26m of overburden, 
193m of Ordovician limestone and s i l t s tone , and 84m 
of Precambrian grani t ic gneiss. An unprecedented 
follow-up to the hydrofracturing tests consisted of 
the i r ver i f i ca t ion by near-surface to shallow-depth 
overcoring measurements and by borehole TV camera 
scanning of the hydraul ical ly induced fractures. 

As shown in Figure 5 a to ta l of ten hydrofracturing 
tests were conducted, six of them in the limestone 
between 46m and 208m, and four in the gneiss (228-
300m). The top f ive tests yielded both vert ical and 
horizontal hydrofractures as well as two respective 
shut-in pressures. .This enabled, l i ke in the case of 
the Bad Creek tes ts , the estimation of the vert ical 
stress d i rect ly from the hydrofracturing results 
(Haimson and Lee, 1979. 1980). The results revealed 
two apparently d i f fe rent or decoupled stress f i e l d s , 
one in the limestone and another in the gneiss. In 
the range of 46-208m (limestone) l inear approximations 
of stress-depth behavior are: 

''rtnin = 8 + 0.004 D; o^^^^ = 12 + 0.004 D 

Oy = 2 -f 0.025 D (5) 

The vertical stress calculated based on rock density 
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is ̂ v - 0-026 D so that the hydrofracturing Oy values 
are consistently larger by about 2 MPa in the depth 
range considered. The variation with depth of both 
horizontal stresses is very small in the Paleozoic 
zone ('̂'0.6 MPa) and for all practical purposes can be 
considered negligible. The direction of °Hmax is 
quite consistent at N70°E (Figure 5). 

In the Precambrian gneiss (228-300m) a rather sharp 
increase in stress magnitudes is observed (Figure 5): 

^Hmin 
= 9 -I- 0.008 D; 

'Hmax 
= 16 •̂  0.009 D (6) 

accompanied by a change in direction, with °Hmax act
ing consistently in a N23°E direction. The transi
tion in direction is evidenced by the lowest test in 
the limestone (207m depth) which yields a '^Hmax direc
tion of N32°E. The decoupling of the stress regime 
along the Precambrian-Paleozoic contact is probably 
due to the existence of residual stresses in the 
Precambrian rocks prior to the deposition and forma
tion of the Ordovician sediments. 

The magnitudes of the Precambrian stresses have 
not been checked by an independent method, but the 
orientation of the hydrofractures were verified by 
a borehole TV camera which confirmed their inclina
tions (vertical) and strikes within an average of 5° 
from the ones determined by the hydrofracturing 
impression packer-magnetic orienting tool. 

Using a borehole-deformation-gage Ontario Hydro 
also independently conducted a series of overcoring 
stress measurements at shallow depths at a site 
about 1.6 km from the hydrofracturing test hole. 
The original tests and results which were published 
by Haimson and Lee (1979, 1980) were considered by 
Ontario Hydro as not sufficiently reliable, and a 
new set of overcoring tests in two separate vertical 
holes were conducted in 1980 at depths from 26 to 
88m (C. Lee, personal communication, 1981). The 
results are plotted in Figure 5. These tests could 
only yield the horizontal principal stresses. It 
is evident from the top three overcoring tests, at 
depths of 26-30m, that the stresses just under the 
overburden are relieved, not unlike the behavior 
observed for example at Waterloo, Wisconsin 
(Haimson, 1980). On the other hand, in the 58-88m 
zone the four overcoring tests yield results that 
cannot be distinguished from the hydrofracturing 
stresses. This holds true for both magnitudes and 
directions as shown in Table 5. 

Table 5. Darlington. Ontario - Stress 
Comparison at 70m Depth 

Stress Hydrofrac(HF) 
MPa 

Overcoring(OC)HF-OC 
MPa MPa 

°Hmax 

°Hmin 

12 at N70°E 

8 at N20°W 

12 at N70°E 

8 at N20°W 

0 

0 

Clearly this comparison is the best of all those" 
listed in this paper and no better one can be 
expected anywhere. 

STRIPA. SWEDEN 

This case history is described in detail in a 
separate paper in these Proceedings (Doe et al, 1981) 
and only the aspects directly related to the present 
paper will be repeated here. A 380m vertical NX test 
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FIGURE 6. Variation and stress magnitudes and °Hmax 
direction with depth at Stripa, based on 
hydrofracturing and overcoring measurements 
(D is depth in meters). After Doe et al, 
(1981). 

hole was drilled from the surface into granite just 
outside the perimeter of the underground Stripa Mine 
which has been used for generic nuclear waste disposal 
research. This is probably the first case in which 
the same test hole has been used for exhaustive stress 
testing both by hydrofracturing and by overcoring (in 
this case the Leeman triaxial cell technique modified 
by the Swedish State Power Board for deep measure
ments, Hiltscher et al, 1979). The averages of 16 
hydrofracturing and 17 overcoring tests have been 
clustered in Figure 6 around five depths. The hydro
fracturing results show a consistent increase with -
depth: 

OL. . = 2 -¥ 0.027 D; Hmin Hmax 3.5 + 0.04 D (7) 

The value of °v based on rock density is °v = 
0.026 D. The mean °Hm?x direction is N80°W. The 
overcoring stresses wtiich generally increase with 
depth, are less consistent and display a larger 
scatter than the respective hydrofracturing stresses. 
A quick comparison between the two sets of results 
(Figure 6) show that the overcoring vertical and 
maximum horizontal stresses are considerably higher 
than the density based ^v and the hydrofracturing 
''Hmax. There is, hov;ever, good agreement with respect 
to °Hmin magnitude, as well as the directions of the 
horizontal stresses. 

Table 6 is a comparison of results at 320m depth 
which is the depth of interest in the mine. Owing to 
the availability both of direct measurements in the 
immediate vicinity of this depth and of the general 
trend of stress- vs. depth as shown in Figure 6, two 
sets of comparisons have been made (Table 6) based on 
data from Doe et al, (1981). The agreement between 
interpolated stresses (case a in Table 6) is good for 
°Hmin. fair for °Hmax. Poor for °\i and excellent for 
^'nmax direction. However, the agreement between 
direct measurements at about 320m (case b) is consid
erably better, with each of the horizontal stresses 
differing by only 1 MPa, but with a somewhat larger 
discrepancy in stress directions (within 40°). 
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Table 6. Stripa, Sweden - Stress Comparison 
at 320m Depth 

Table 7. Summary of Stress Comparisons 

stress 

°Hmax ( ' ) 
(b) 

'̂ Hmin <^^ 
(b) 

Oy (a) 

(b) 

Hydrofrac(HF) 
MPa 

16.5 at N80°W 

18 at N76°W 

10.5 at N10°E 

11.5 at N14°E 

8.5 

8.5 

Overcoring*(OC) 
MPa 

23.5 at N67°W 

18.5 at N36°W 
(20 at incl 130°) 

12.5 at N23°E 

10.5 at N54°E 
(11 at incl 116°) 

13 

10 
(8 at inc l 34°) 

HF-OC 
MPa 

-7/13° 

-0.5/40° 

-2/13° 

•H/40° 

-4.5 

-1.5 

•Overcoring results are given in terms of secondary 
principal stresses in the horizontal and vertical 
planes, with the principal stresses, and their 
inclination shown in paranthesis. 
(a) based on linear approximation of stress-depth 

variation 
(b) based on actual test results at 326m for over-

coring and at 138, 326 and 329m for hydrofrac
turing. 

DISCUSSION AND CONCLUSIONS 

It has been said that hydrofracturing is well 
developed but poorly understood. It is perhaps dif
ficult to challenge this statement except for point
ing out that the same may be said about almost any 
other rock field test now in use. This paper cer
tainly does not add much to the understanding of the 
method; rather it is an attempt to verify whether it 
works. The inescapable answer, based on the six 
comparisons with overcoring is an unequivocal yes, 
provided we keep in mind that hydrofracturing is not 
a precision measurement device but a method of 
estimating the magnitudes and directions of the hori
zontal principal stresses in deep vertical drill 
holes. 

Analyzing the comparisons in Tables 1-6 we first 
notice that the stresses determined by hydrofracturing 
and overcoring are basically in the same "ball park". 
This approximate coincidence of results supports the 
assertion that both methods, using radically different 
approaches, estimate the same field parameter, namely 
the stress regime. Two major conclusions can be 
drawn directly from these tables: 

1. Both methods yield the same stress condition 
(<̂ V > OHmax > "Hmin O"" ̂ ^Hmax > "V > "Hmax ° ^ 
OHmax ^ "Hmin > crv)-

2. The inclinations of the overcoring principal axes 
are usually within 30° from the hydrofrac princi
pal axes (vertical and horizontal). 

Additional conclusions can be drawn either from 
Tables 1-6 or from the summary given in Table 7: 

3. The directions of the horizontal principal 
stresses as determined by the two methods are 
typically within ±10°. 

4. The magnitudes of °Hmin ^s determined by the two 
methods are within ±2 MPa. This is equivalent to 
a discrepancy of up to 30% of the hydrofrac 

•^Hmin. 

Site 

NTS 

Helms 

Bad Creek 

Gable Mt. 

Darlington 

Stripa 

''Hmin 
MPa 

1 

-1.5 

-2 

-0.5 

0 

- 2 / 1 * 

Ao 

°Hmax 
MPa 

1 

-5 

-4.5 

7 

0 

-7 / -0 .5* 

Aa/o^P 

°Hmin 

29 

-27 

-13 

-33 

0 

-19/10* 

xlOOX 

'̂ Hmax 

11 

-50 

-19 

100 

0 

-42/3* 

^°Hmax °^'--

-10° 

8° 

4° 

-6° 

0 

13°/40°* 

Aa = Hydrofrac stress - overcoring stress 
^'HF = Hydrofrac stress 
'^"Hmax Oir = The difference in °Hmax direction 

between hydrofrac and overcoring results. 
* case a/case b̂  (see Table 6). 

5. The magnitudes of ̂ Hmax as determined by the 
two methods are typically within ±5 MPa. At 
Gable Mountain and Stripa (case a) the differ
ences are slightly higher, but they are not 
typical as explained above. In terms of percen
tage of the hydrofrac ^Hmax ^^lue the discrepancy 
can reach 50i6. 

The above conclusions, we believe, provide strong 
support for the reliability of hydrofracturing. The 
almost identical results with respect to stress 
directions and the magnitudes of °Hmin ai'e remarkable. 
The larger discrepancy in the estimation of °Hmax 
magnitude is expected owing to the rather illusive 
'tensile strength' parameter which enters the calcu
lation in the hydrofracturing method. One must also 
be aware that the discrepancy may in part be due to a 
tendency to exaggerate stress magnitudes in overcor
ing by using a rock modulus based on core testing 
which is often higher than the equivalent field value. 
Still the discrepancy is tolerable in most cases and 
more importantly, in most uses. 

Hydrofracturing has been used so far in four major 
areas: in preexcavation site investigation and 
design of large underground openings, in design of 
in situ mining projects (such as oil and hot-dry-
rock geothennal energy extraction), in waste disposal 
studies, and in tectonophysics and earthquake 
research. In all these endeavors the information 
provided by deep-hole hydrofracturing stress measure
ments is, despite possible discrepancies in principal 
axes inclinations and '^Hmax magnitude, extremely 
valuable and sufficiently accurate for most utiliza
tions. 
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a series of eaqoeriments were carried out with careful con
trol of the weight of the metal and of the crucible with the 
charge before and after treatment in the furnace. 

The increase in the weight of the metal on account of -
reaction (5) (APHC ) ^ related to the amount of oxidised 
silicon (Psi) by the equation: 

is limited by diffusion of FeO in the slag. Accordingly, the 
order of the reaction in Si varies from first to zero, while 
the opposite holds for FeO. Kinetic analysis of reaction 
(5)^°) leads to the following e:q)ression for the critical con
centrations of FeO and Si, corresponding to exchange of 
the limiting stages: 
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where: 
FQ = the amount of carbon oxidised by reaction (7); 
»Ptot and APMe°= ^ ^ eaqjerimentally observed changes 

] in the weight of the crucible with the charge and 
of the metal. 

rom the Psi and Pc values it is possible to obtain the 
dation rates of Si and C by means of equations similar 
Equation (6). In these experiments three identical cruci-
'8 containing slag (38g) were placed in the fumace at 

>.e.same time, and after fusion ingots of ferro-nickel 
were added (S = 2.5cm^). They were then removed in turn, 
cooled and weighed. The results from the experiments, 
given in fig. 2, show good agreement in the results obtained 
by the gravimetric and chemical-analytical methods. The 
Vc nalues (0.04-0.35-10"*g-atomC/cm'-sec) were an order 
of magnitude lower than vsi and the values obtained with 
the absence of silicon in the metal''-^). This shows that the 
oxidation of carbon is retarded in the presence of silicon. 

The oxidation rate of the silicon Increases with its con
centration in the metal for Si< 1.5% and is almost indepen
dent of it at higher content (fig. 2). On the other hand, with 
the addition of ferrous oxide (Si = 1.5-3%) vsi increases 
proportionately (fig. 2, curve 11). This relation is less 
clearly defined only with Si< 1%. With increase in the inten
sity of agitation the oxidation rate Increases, and this 
Indicates the presence of diffusion limitations. An analog
ous conclusion was reached in°) for 25-45% SI in the 
metal. This makes it possible to explain the unique con
centration dependence of v^i by the fact that in the region 
of low silicon concentrations the process is limited by its 
diffusion in the metal and at high silicon concentrations it 

Here it is assumed that DpeO /Dsi is O.P"), d^i = 3, and 
dMe = 7s/cm'=). For 12% FeO, [Si ]„ = 0.6%, which is 
appreciably lower than the experimental value of -1.5%. 
This is prdbably due to kinetic complications which become 
appreciable when Si< 1%"*). 

Conclusions 

The results from the investigation demonstrate the con
siderable reserves for reducing the concentration of silicon 
in ferro-nickel as a result of measures reducing its degree 
of reduction and Intensifying the oxidation of silicon by 
the slag. The latter can be realised with improvement in 
the conditions for contact between the metal and slag and 
for intense convection In the phases (emulsification, 
joint release, agitation of the products with gas etc). 
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Compter ions ol t r i d e n t iiyy «" aiiraHne aluminate solutions 

M M Gol'dman, L P Ni, L V Bunchuk and S P Pivovarov (Institute of Metallurgy and Concentration, Academy of 
Sciences of the Kazakh SSR) 

(7) 

5f 

A large amount of experimental material has recently 
accumulated on the composition, properties, and structure 
of the iron-containing products from alumina production''). 
In this connection the need has arisen to determine the 
reasons for the selective formation of one or the other iron-
containing phases and the complex ions which take part in 
the formation of the solid products. Polarography, elec
tronic spectroscopy, and nuclear and electron paramag
netic resonance were used to solve these problems. 

In the present article the interaction in the NadO-ALO.-
Fe,0, •SiO,-HgO system at lOQOC is examined. According 
to modem ideas, the structure of solutions of sodium 
hydroxide i s determined by their concentration and tem
perature. Measurements of the concentration dependence 
of the spin-lattice relaxation time for the protons of water 
in alkaUne solutions makes it possible to observe how their 
structure graduaUy changes with increase in the NaOH con

centration in the solutions (removal of water from the co
ordination pairs). From these positions the complex . 
formation with trivalent iron in alkaline solutions must be 
associated with hydration phenomena, which are deter
mined by the concentration of the solution in respect of 
NaOH. 

Two regions, interaction in which leads to the formation 
of complex ions with various compositions, were distin
guished on the basisof the electronic spectra and polaro-
grams of solutions in the Na,O-Fe,0j-Hg system (figs.l 
and 2). In alkaline solutions with low concentrations (20-
200 g/1 NagO) aquahydroxoferrite ions of'the [Fe(OH)n 
(H O) . ]3"" type, to which a positive sign was attributed 
on the'basis of electrophoretic investigations, can exist. 
A coordination number of 6 i s characteristic of Fedn) 
ions, and it is therefore correct to suppose that iron ions 
in tlUs. region of solutions exist in an octahedral environ-
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meni.«uonsequenUy, the maximum at X = 365nm in the 
electronic spectra of solutions in the low-concentration 
region must be assigned to the absorption of the aquahy-
droxo complex, In which the iron has sixfold coordination. 
The shift of the maximum towards ttie short-wave region 
in the spectrum of the solution containing 300 g/1 Na O 
(flg.2, curve 6) may signify that as a result of substitution 
of water molecules by OH" groups the former are situated 
somewhat further from the central atom than in the octa-
hedra The absence of this maximum in ttie spectrum of 
a soluUon wiUi 350 g/1 Na,0 (flg.2, curve 7) is due to a 
decrease in the content of the aqua complexes inthe solution, 
i. e . , with increase in the NaOH concentration the equilib
rium is shifted towards the formation of the hydroxo com
plexes. 

The electronic spectra ot sol
utions in tfte Na]0>re20|-ff]0 
system v i th various tla^O coti-
cetitrationa (g l l l t I - 20/ 
2 - 50/ 3 - 100, 4 - ISO, 
5 - 200, 6 - 300, 7 - 350, 
8 - 400, 9 - 500, 

^ ^ 
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r i g . l Polarograms of solutions in the NajO-fejOj-KjO system. 
Na,0 concentration g l l 1 - 50, 2 - 100, 3 - 150, 4 - 200, 
5 - 300t 6 - 350, 7 - 400/ B - 500. 

A maximum at X = 340 nm is recorded In the spectra of 
concentrated alkaline solutions (400, 500 g / l NSgO, fig.l, 
curves 8 and 9). This absorptton i s due to the appearance 
of a new complex lon of iron, for which a coordination 
number ol 4 is obtained for Fe(m) t»y ttie polarographic 
method'). 

Thus, a redistribution of the relative amounts of iron 
lons in the tetrahedral and octahedral coordinations is 
observed with variation Inthe concentration of the alkaUne 
solution with Uie preferential formation of Fe(OH),* in con
centrated solutions. The composition and structure of the 
iron-containing soUd phases formed in the Vafi-Fefi^-Hfi 
system are consistent with this. In the low-alkaU region 
hydrohaemattte Fe,0 • nH,0 crystalUses, and In the high-
alkaU region sodium hydroferrlte NagO- Fe,0,- (1-2)H O 
crystallises''). The FeO, groups are characteristic of the 
hydrohaematite structure, and mainly FeO^ groups are 
characteristic of sodium hydroferrite. 

With the addition of slUca to the solution the relationships 
estabUshed during Investigation of the complex formation 
of FeCIH) In alkaline solutions are retained. According to 
data from Investigations of solutions of sodium slUcate, 
eiUclc acid Is considerably polymerised In solutions with 
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low NaOH concentraUons (50-200 g/1 Na,0) and can be 
represented by various ions*): [SijOj]'*, LaO ]*", t a ( 
. . . , [ S i „ O j , • 

In the reaction of such ions with the iron lon which exists 
under these conditions a stable iron-slUcon complex is 
formed, and this can be represented diagrammatically as 
[Fe(OHin • {H,0)g.n • SinOnl"'. In concentrated alkaline 
solutions, where the complex anion Fe(OH)~ is present 
and slUcic acid is hardly polymerised at all and Is present 
In the form of the monomeric ion [SlO.l*", the reacttoa 
takes place within the Umits of one structural group,whicii 
we represent arbitrarily as [(Fe,Si)(0H)4] ' ) . With sub-
sUtutians of such a type the electronic spectra do not under, 
go any substantial c l ^ g e . Nevertheless, the observed 
increase In the maximum is evidently due to the formatioa 
of a new complex, In which the Fe -O-S bond which forms -
Is considerably shorter ttian the Fe-O-H bond, and ths 
electronic transitions in the ion therefore become mor« 
frequent, and as a result the intensity of the absorpUoa 
Increases. 

For tiie soUd products in the MaaO-Fe^-aOaHjO systsm 
a clear relation was also detected between the phase com
position and ttie alkalinity of the medium. Thus, In spite -.^:" 
of the fact that all ttie components required for the formatte-M-
of ttie mineral aegirite (NuO* FeaO^ • 4S&0») are present \ ^ : 
in the concentrated solutions, It only crystalUses when the .-. T •" 
alkalinity of ttie solution Is low^. Clearly, the appearane* < |̂: 
of aegirite is determined by ttie presence ot the necessarf :„;.«<; 
Iron cations in ttie solution and l>y the posslUUty of the rj^' 
formation ot polymeric ions [ S i O i ] ' ' . It is known ttiat "" 
aegirite Is a chain-type slUcate, while the iron In it is 
present in an octahedral environment^. 

Sodium hydrosiUcoterrlte NaaO • FegQ, • nSlOs • mHaO witli 
variable composition In siUca crystalUses trom solnttons 
witti high alkaUnlty"). It is an orthoslUcate, I . e . , its 
structure Is based on the CSC^I group, while the iron is 
represented mainly by FeCU groups. 

It is possible witti sufficient Justification to speak ot the 
tormatton of a stable ahiminlum-lron complex L(Fe,Al)((3H\]* 
in ttie low-caustic solutions of the NaaO-AIaOj-H^ system*). 
During analysis ot the electronic spectra of solutions wltti 
ttc ° L75 and 3.73 the posslliiUty was estabUshed of the 
reaction of iron ions with aluminium ions in concentrated 
alkaUne sohitions, where Fe(OH);' ions are present. 
UnUke alkaUne solutions containing iron ions, in the spec
tra of low-caustic aluminate solutions at the corresponding 
concentrations (fig.3) there i s a new maximum at X -32Snffl, 
which in our opinion corresponds to the absorptton of the 
aluminium-iron ion. Indicative in this respect are ahunin
ate solutions with concentrations of 200 g/1 NaaO (fig.3, 
curve 3). In their spectra there are two maxima at 325 
and 365 nm, indicating the simultaneous presence at 
various lons In the solution. The first corresponds to the 
absorption of the aluminlum-lron complex, and the second 
corresponds to the absorption of the aquahydroxo complex, 
which (as seen trom ttie spectrum) does not undergo any 
changes in aluminate solutions. Consequently, the presence 
ot TeiOH); lons In the solution is necessary for the forma
tion of the aluminium-iron ion. 
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'ihe results from spectroscopic investigafion agree with 
Bie data from nuclear and electron magnetic resonance. 
In ttie ESR spectra of the low-caustic aluminate solutions 
(fig.4) and also of the soUd phases crystalUsing from them 
ttiere are two weU resolved lines with g factors of 4 and 3. 
These can be assigned^") to the tetrahedral and octahedral 
environment of the Fe(ni), and with increase in the concen* 
tration of the solution ih NaOH a large part of the iron is 
present in a tetrahedral oxygen environment The observed 
shift of the g factor in the spectra of low-caustic aluminate 
solutions can t>e explained by an increase in the energies 
of the exchange interactions between the iron and aluminium 
loos WiUi a continuous transition from paramagnetism to 
supermagnettsm and then to ferroma^etism, which is 
characteristic of iron in purely alkaUne solutions. 

S'W 

F i g . 4 
The ESR spectrum of an a lumina te s o l u t i o n 

= 350 g l l Oc " 3.7J w i t h i r o n im
p u r i t y . T = 123°K. 

SOO Oe 

Thus, physicochemical methods record th& existence of 
an aluminium-iron complex ion in concentrated low-caustic 
solutions. Aluminium-iron hydrogarnets, in the structure 
of which part of the iron in the tetrahedral groins is sub
stituted by aluminium, have been detected In the products 
from alumina production"). The reaction of FeCin) with 
hi^-caust ic aluminate sohitions is of the same type as the 
reaction with alkaline solutions. 

In solutions of the complex NagO-AljiOa-FesOs-SiC^-HaO 
system the aluminium-siUcon-lron complex was not detected. 
Ions with various compositions - either [(Fe, AlXOHitl" or 

[Fe(OH)n(HaO)a n • (SbOp)]"' '- areiormed, depending on 
the concentration of the solutions in respect of NaOH and 
the caigstic ra^o. For this reason there are no compounds 
with complex composition In the soUd products of this 
system, and sodium hydroalurainosiUcate, hydrohaematite, 
and aegirite crystalUse from solutions with low concentra
tions in NaOH; sodium hydroaluminosiUcate and sodium 
hydroslUco-^rrite, consisting of the Same structural groups 
as those present In the solution, crystSlUse prom concen
trated solution^. 

Conchisions 

1. By electrcSiTc spectroscopy, polarography, and ESR spec
tra it was estaBUshefl that trivalent iron reacts "with alkaUne-
aluminate' solutions tS form complex ions with various 
compositions. 
2. It was demonstrated that there i s a relation between the 
state of the ions in the alkaline-aluminate solutions and the 
structure of tl» ^U(>produ(^ which cfystalUse. 

References 

1) L P Ni et alia: Oxides of iron in aluitiina production. 
Nauka, Alma-Ata 1971. 
L V Bunchuk et alia: Tr .h^st MiO, Akad. Nauk KazSSR, 
Alma-Ata, 1970,37,p.37. 
T V Solenko et Wia: Zh. Neorgan. Khim. , 1968,13, (2), 
p.334. 
N G Stretenskaya: EKperimental in^resttgations Of mineral 
formation processes. NauJte.Moscyjw 1^0. 
L V Buchuk etaUa: Tr. InSt. MiO Akad-. Nauk KazSSR.. 
Alma-Ata 1973,49,p.24. 
M M Gol'dman et aUa: Zap. Vses Mineralog, O-va, 
Vtoraya seriya 1968,97,497. 
U A Dir et aUa: Rock-forming minerals (Russian Trans
lation), Moscow,Mir, 1965,2. 
T V Solenko et aUa: Tr. Ins t MiOj Akad, Nauk KazSSR, 
Alma-Ata 1967,23, p.3. 
L V Bunchuk et aUa: Tr . Ins t MiO KazSSR, Alma-Ata 
1973,49,p.27. 

10) G O Karapet'yan et aUa: FTT, 1963 ,̂ 5, (2),p.627. 
11) L P lfl et aUa: Zh. Neorgaa, Khim., 1968,13, (11),3075. 

¥&• 

he 

0; 

UDC 66.014.248 

laveirtlgatton of the electrcddnetic potential and hycUtqihlUcity d sUme from wet gas porlficatiaa in A1-& aUat productioii> 

V S,Mal'ts, T V Yarygina, A I Ivanov and S I Kuznetsov (Urals Polytechnical Instiute. Dneprovsk Aluminium Plant) 

In the smelting of A1-& alloys a considerable amount of 
.dusty gases i s released from the electric furnaces. They 
are cleaned from dust and sulphur compounds in high-speed 
turbulent washers, irrigated with technological solutions 
containing 50-80 g/1 NasSQ,, 0.28-1.5 g/1 Na,COs, and 
0.45-5.0 NaHCOa. Sodium carbonates are added to the 
irrigating solutions to neutraUse the sulphur compounds 
contained in the gases. During the gas purification process 
the sodium sulphate concentration in the irrigated solutions 
increases by 1 - 3 g / l in each cycle. The sodium carbonate 
and bicarbonate content ofthe solutions decreases accordingly. 

The recycled water supply system from the gas purifica
tion plant contains single-stage thickeners, in which the gas-

^r i f lcat ion sUme is separated and washed from the irrigated 
sohition. The sUme settUng process is not very effective 
and requires further investigation in order to improve it. 
The gas-purification sUme contains useful components such 
as aluminium and siUcon.oxides and is a valuable raw 
material for further production cd Al-Si alloys. The present 
article gives the results from an investigation into the 
electrokinetic potential and hydrophlUcity of the-gas-puri
fication sUme for irrigating solutions with various com
positions. A knowledge of these properties, which are 
associated with the existence cA an electric double layer 
at the interface, is important for understanding the proces

ses occurring in dispersed systems, «. g . , tbe susceptibiUty 
of the sUmes to aggregation^). TTie stabiUty o t instabiUty 
of coUoidal systems depends on the value of the ^ potential 
and the presence of solvate shells in the p a r a d e s of the 
disperse phase °). 

The gas-purificati(Hi sUme i s largely represented by a 
material in a state of fine aggregation and Consisting of 
sUghtly det^drated IcaoUBite and aluminium oxide. Con
sequently, the properties of the sUme (the electrokinetic 
potential and hydrophlUcity) are determined by the charac
teristics of the main components. 

The electrokinetic potentials of many clay minerals and 
also of aluminium oxide in water and in various solutions 
have been shidied in a secies of researches. It has been 
estabUshed, for example, that particles of clay in water 
acquire a negative charge on account of the selective adsor
ption of OH" ions^). We know of no information on this 
subject as far as the f potential of clay minerals and 
aluminium oxide and hydroxide in soda, alkaUne, and 
sulphate solutions i s concerned. 

"The charging of Uie slime particles can be assessed from 
their eltectrokinetic mobiUty, for the observation of which 
electrophoresis and electroosmosis are used. The electro-



Quartz 
Galena 
Sylvite 
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Sphalerite 
Mica 
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Anthracite 
Epidote 

Magnetite 
P.vrrhotite 
Chalcocite 
Arsenopyrite 

Table 1, Boundary Layer Coefficients 

Cleavage or Fracture 

1.022 4.008 Conchoidal fracture 
1.038 3.01 Perfect cubic 
1.038 3.01 Perfect cubic 
0.942 3.03 Spheres made froni methyl meth-

acrylate polymer 
1.05 5.90 Perfect dodccnhedral (Oil) 
2.43 • 5.70 Calculated, thickness = 0,1 X 

diam 
7.69 12.29 Calculated, thickness = 0.01 X 

dinm 
1.41 .3.9B Not given 
1:09 5.10 Perfect on (001). Imperfect on 

(100) 
1.00 fi.:l2 O-taheriral narting 
^ '̂ '̂  **"' Irregular fracture 

Flat and scaly (conchoidal) 
Irregular fracture 
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Although the values for mica w^ere calculated, they 
were close enough to allow accurate design of hydraulic 
sizing equipment by the author. 

Table 1 is a correction and expansion of Table 3 in 
the original paper. The listing is sufficiently complete in 
commonly encountered shapes that the author has been 
able to successfully predict the settling rate of other 
minerals by selecting the a and p' values of a similarly 
shaped mineral in the list. 

The modified free settling equation presented in this 
note, in combination with the expanded list of boundary 
layer coefficients, provides a powerful tool which has 
proven its worth in designing and trouble-shooting hy
draulic classifiers and thickeners. 
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Combined Leach-Circuiation Calculation for Predicting In-Situ 
Copper Leaching of Primary Sulfide Ore 

by R. L. Braun and R. G. Mallon 

Primfiri; ciypper-sulfide ore deposits that are xoell beloio tJie water table can be 
cheTnicaUiy mined by iii-silu,high-pressure leaching. The leaching is accomplished bi/ 
pu-mping oxygen gas into the bottom of a large undergroimd flooded cohimn oj rub
blized ore. Part of the injected oxygen dissolves under the high hydrostatic pressure 
in the column. 'With a high enough i7i3ectioii rate, the excess oxygen gas induces a 
convective circulat'ion of oxygenated sointioii witliin the rubble coluTiin, which t rans
ports dissolved oxygen throughout the system. At elevated temperatures, this results 
in a relatively rapid dtssolittion of the copper minerals. A method of calculating the 
leaching rates is presented. The calculation is done by meatis of a finite-difference 
computer code that couples all of the processes relating to copper leaching, convec
tive circulation, and the injection, dissolntioji, nnd consmnption of oxygen. Results 
of the calculaiio7i for a typical case shotv that over 70% of the copper can be ex
tracted in less than six years xoith good efficiency in oxygen utilization. 

A method for in-situ chemical mining of primary sul
fide ores, which promises to have a major impact on the 
technology and economics of copper recovery, has been 
under investigation.'"* The proposed method is depicted 
in Fig. 1, A column of rubblized ore well below the 
water table is first prepared' using either a nuclear ex
plosive or more conventional mining methods. The rub
ble column, or chimney, is then filled with water, either 
artificially or by natural inflow, until the original water 
level is restored. This results in a high hydrostatic pres
sure within the chimney. Oxygen gas is then introduced 
into the bottom of the chimney at pressures slightly 
above the hydrostatic pressure. As the gas bubbles rise 
through the chimney, part of the oxygen dissolves. The 
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rising undissolved oxygen provides a lifting force that 
induces an internal circulation, transporting dissolved 
oxygen to all parts of the chimney. The dissolved oxy
gen oxidizes the primary sulfide minerals to produce sul
furic acid and heat, which lowers the pH and raises the 
temperature. The net result is a rapid dissolution of the 
copper minerals under conditions of elevated tempera
ture and relatively high concentrations of dissolved oxy
gen. 

Our previous models for predicting in-situ copper-
leaching rates have tz-eated the processes of leaching and 
circulation separately. First, the leaching rates were cal
culated for an average oxygen concentration, which was 
assumed lo remain constant during the entire leaching 
time.' Then, in a separate calculation, the oxygen-injec
tion rate to supply the oxygen consumedin the chemical 
reactions and needed to induce internal circulation of 
the chimney solution to achieve the stipulated average 
oxygen concentration was estimated,' 

In the present paper, we will couple the leach and 
circulation calculations so that: (1) the leaching rate at 
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Fig. 1—Schematic of rubble co lumn f low. 

any given tirne will be determined by the oxygen con
centration, and (2) the oxygen concentration, in turn, 
will be determined by the rates of chemical consumption 
of oxygen, of oxygen injection, and of solution circula
tion. Furthermore, instead of considering the entire 
chimney as having a uniform oxygen concentration, we 
will recognize two distinct regions: one region in which 
the source of dissolved oxygen is primarily the dissolu
tion of oxygen bubbles, and a second region of lowe-
average concentration in .which the source of dissolved 
oxygen is only the transport of oxygenated solulion cir
culating from the first region. 

Calculation of Copper Leaching and Oxygen 
Distribution 

Review of Laboratory Leaching Experiments and Leach
ing Model: Experimental studies of laboratory leaching 
of primary copper sulfide ore in sulfuric acid systems 
pressurized with oxygen have provided information on 
leaching chemistry and kinetics. This information has 
served as.a basis for developing a leaching model," The 
essential conclusions of these studies will now be re 
viewed. 

The net chemical reactions of the sulfide minerals in 
laboratory leaching of an ore containing a pyri te/chal
copyrite mole ratio (Py/Cp) of 2 is 

45 43 
CuFeS" -I- 2FeS, H O,-] H2O 

4 6 

= Cu*= -(- Fen(SO.)=.(OH). • 2H..O 

1 11 16 
+ T- S° + -— S0,-= + —- H', 

3 3 3 
(1) 

The hydrogen ions produced in this reaction are mostly 
consumed either by reaction with calcite to produce cal
cium sulfate or by reaction with other gangue minerals 
to release equivalent amounts of other cations, princi
pally M g " and Al*". The system is observed to be 
buffered at a quenched pH of about 2, representing a 
steady-state balance of H*-dependent reactions. This 
buffering effect is an important feature of the leaching 
system, since a quenched pH of 2 is low enough to pre
vent C u " from precipitating as basic copper sulfate 
and high enough to minimize decrepitation of the ore. 
Moreover, if small quantities of add are added (as in 
the raffinate returning from the solvent-extraction 
plant) , the buffering capacity of the system is great 
enough to prevent a pH excursion. 

For ores with Py/Cp = 1, the net chemical reaction of 
the sulfide minerals is 

15 13 
CuFeS. -t- FeS. 4- 0= H H..O 

,2 3 

= Cu" + — Fe3(SO.)s(OH)o • 2H=0 
3 

1 7 8 , 
+ — S"-f-— SO,-^-f — H'. (2) 

3 3 3 

In this reaction, both oxygen consumption and acid pro
duction are lower than in Eq. 1, However, the acid pro
duction is still sufficient to provide enough H* for re 
action with the normally encountered quantities of cal
cite and other reactive gangue minerals. For certain 
ores, a small amount of acid may have to be added. 

The preceding net reactions yield the needed stoi
chiometry factor between chemical consumption of oxy
gen and productipn of copper. If the ore contains ap
preciable amounts of Fe", as in biotite-rich ores, then 
the stoichiometry factor will be somewhat greater. How
ever, the additional oxygen requirement is low, since 
only 0.25 mol oxygen per mole Fe*" is consumed in the 
oxidation of Fe". 

Examination of partially leached ore fragments has 
shown that the sulfide reaction can be generally de
picted as occurring in a narrow zone separating an un
reacted core from a reacted shell. A leaching model to 
describe mathematically the moving reaction zone has 
been derived and tested with the laboratoi'y leaching 
experiments." The model is based on a mixed-kinetics 
mechanism involving first, the chemical reaction be
tween dissolved o.xygen and sulfide minerals in a mov
ing reaction zone, and second, the diffusion of dissolved 
oxygen through.the solution-filled pores of the reacted 
shell of the ore fragment. 

The model also treats two other important phenomena 
(1) the enhanced initial leaching rate that comes from 
the natural enrichment of sulfide mineralization near 
the ore fragments' external surfaces and (2) the increase 
in interfacial reaction-zone area due to preferential 
penetration of the reaction zone along preexisting frac
tures or along fissures generated during the leaching 
process. The enlarged reaction area also gives enhanced 
leaching rates, particularly in the long-term leaching of 
large ore fragments. Also included in the leaching model 
is the explicit dependence of the copper leaching rate on 
the oxygen concentration, the oxygen-copper stoichiom
etry factor, the ore grade, and the ore particle size. 

The leaching model has been found to be applicable 
to a wide range of ore particle sizes. It adequately de
scribes both initial leaching rates and long-term leach
ing characteristics, even after partial decrepitation of 
the ore particles. 

Extension of Leaching Model to In-Situ Conditions: To 
apply the laboratoi-y leaching model to the calculation 
of copper extraction in a flooded chimney of rubblized 
ore, we must specify the particle-size distribution anr' 
know the time variation of temperature and oxygen 
concentration. 

The particle-size distribution will, in general, be 
grossly dependent on rock type, preexisting fracture 
pattern, and metho.d of fracturing. Three different par
ticle-size distributions, shown' in Fig, 2, are used in this 
paper: (1) the measured distribution of sizes in the Pile-
driver chimney" created by a 61-kiloton nuclear explo
sive in a granitic medium, (2) the measured distribu
tion of sizes in monzonite-type open-pit mine waste,' 
and (3) the intermediate distribution of sizes used as 
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Fig. 2—Porficlc-size distributions. 

the standard particle-size distribution for a rubble col
umn in a copper-ore deposit. 

Temperature data is important since the leaching 
model includes such temperature-dependent parameters 
as the chemical-reaction-rate constant, the oxygen-dif
fusion-rate coefficient, and the oxygen solubility. The 
temperature is assumed to be uniform throughout the 
entire leaching system, but is allowed to vary with time. 
A reasonable initial temperature of 333 K is assumed, 
although higher temperatures could readily be obtained 
by injecting high-pressure steam. The temperature 
change during the ieaching process is determined by 
the rate of heat generation within the chimney and the 
rate of heat loss from the chimney. The generated heat 
derives primarily from the oxidation of pyrite and chal
copyrite. The net amount, calculated from standard heats 
of formation, is 2.93 megajoule per mol Cu for Eq. 2, 
For olher Py/Cp mole ratios, the calculated exothermic 
heat is 4.39 megajoule per mol Cu for 'Py/Cp = 2 and 
2.20 megajoule per mol Cu for Py/Cp = 0.5. Heat will be 
lost from the chimney to the surrounding rock by ther
mal conductivity, and the rate of heat loss is calculated 
by the slandard equation for one-dimensional heat flow. 

During the leaching calculation, the temperature is 
allowed to increase in accordance with the heat balance 
within the chimney until 363 K is reached, Thereafter, 
the temperature is not allowed to exceed 363 K, This 
temperature restriction is made for two reasons: (1) it 
facilitates handling of the pregnant liquor above ground, 
and (2). it lessens deleterious side reactions involving 
depletion of copper from solution within the chimney. 

Finally, knowledge of the oxygen concentration is 
needed because the dissolution rate of the sulfide min
erals is proportional to the oxygen concentration. In a 
laboratory leaching experiment with adequate stirring, 
the oxygen concentration is determined primarily by 
the solubility limit at the operating temperature and 
oxygen partial pressure, with secondary limitations im
posed by the ionic strength of the solution. In- a very 
large underground rubble column, however, the oxygen 
concentration will be effectivly limited by other proc
esses, namely, the rate of-oxygen injection, the geo
metric dispersion of the injected oxygen gas, the dissolu
tion rate of oxygen, the rate of chemical consumption of 
oxygen, and the rate of internal circulation of the oxy
genated solution. These factors will be discussed in the 
next section. 
Oxygen Concentration in Leach Solution: A key tech
nical issue in the successful application of this mining 
method is that a relatively high content of dissolved 
oxygen must be achieved in as much of the chimney 
solution as possible. This is important because regions 
of the chimney having a low content of dissolved oxygen 
not only will have a low rate of dissolution- of the cop

per sulfide minerals, but also may have undesirable ac
companying side effects, siich as depletion of the copper 
already in solution to form secondary sulfides. The vari
ous processes that cohtrol the oxygen concentration will 
be discussed here only in general, terms. The mathema
tical treatment is given in the Appendices, 

The problem of bringing dissolved oxygen into con
tact with most of the broken ore would be solved if it 
were feasible to achieve a widespread dispersion of ris
ing oxygen bubbles throughout the entire chimney. The 
feasibility of doing this depends upon the complexity of 
the gas inlet system and upon the extent of geometric 
dispersion that results from the flow of gas through a 
flooded bed of broken rock, "We will now examine this 
feasibility. 

The gas-injection system consists of one or more semi-
horizontal pipes extending across the bottom of the 
chimney. Each is perforated along part of its length 
within the chimney to provide one or more line sources 
of injected solution containing oxygen bubbles. As the 
oxygen bubbles rise through the chimney solution, they 
partially dissolve, and as they move around the ore frag
ments, they undergo lateral displacements, A random-
walk model (Appendix A) can be used to estimate the 
effective coverage of the chimney with dispersed oxy
gen bubbles as a function of the particle-size distribu
tion of the packed bed, the cross-sectional area of the 
chimney, and the vertical traverse of the injected gas 
from the gas-injection line to the top of the chimney. 
The resulting gas-bubble coverage calculated at mid-
height in the chimney is depicted in Fig. 3 for three in
jection pipes. 

In our reference case, the chimney is assumed to have 
the standard particle-size distribution, a cross-sectional 
area of 5140 sq m, and a height of 346 m. The shaded 
region will hereafter be referred to as the bubble region 
and the unshaded region as the nonbubble region. The 
injection lines are spaced so that there is an equal width 
of nonbubble region on either side of each line. Shifting 
the peripheral lines toward the center of the chimney 
would maximize the bubble region, but at the same 
time would maximize the distance of part of the nonbub
ble region from the nearest dispersed gas. More com
plete results of the dispersion calculation for a range of 
chimney geometries and injection lines are given in-
Table 1. 

Rather than attempt to disperse oxygen gas bubbles 
throughout the entire chimney volume, a preferable ap
proach is to accept a limited coverage and rely on in
ternal circulation of the oxygenated solution to trans
port dissolved oxygen from the bubble region, in which 
o.xygen is dissolving, to the nonbubble region. The t rans
port mechanism is the difference in fluid densities be
tween the bubble and nonbubble regions. The resulting 

Fig. 3—Gas-bubble dispersion; shaded 
region is the overage covoroge of the 
chimney with dispersed oxygen bubbles 
(24.5% for the reference cose). 
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Table 1. Dispersion of Injected Oxygen Gas Bubbles 
0.9 

m 

Chimney Size 
Radius, Helsht,* ParUclc-Size 

DistrlbuUont 

Volume Fraction of Chimney In 
Bubble Region for Indicated 

Number of O.Kygen-Injection Pipes 
1 2 3 4 B ' 

40.45 
40.4.5 
40.4.5 
48.30 
23.98 

346 
346 
346 
491 
145 

Standard 
Piledriver 
Mine Waste 
Standard 
Standard 

0.099 
0.130 
0.068 
0.099 
0.100 

0.172 
0.228 
0.114 
0.171 
0.174 

0.246 
0.325 
0.164 
0.245 
0.249 

0.324 0.399 
0.426 0.526 
0.216 
0.323 
0.327 

0.266 
0.398 
0.404 

• Vertical distance from gas-injection pipe to top of clilmncy. 
t See Fig. 2. 

buoyancy force overcomes the frictional pressure drop 
associated wilh the flow of the solution through a packed 
bed, inducing a convective circulation of upward-flow
ing solution in the bubble region and downward-flow
ing solution in the nonbubble region. The solution veloc
ities in each region, as calculated from buoyancy and 
frictional pressure-drop equations, are a function of Ihe 
quantity of undissolved oxygen in the bubble region 
and the physical properlies of the packed bed. The con
centration of dissolved oxygen at a given location in the 
chimney can then be calculated from the local rates for 
oxygen dissolution, flow of oxygenated solulion, and 
oxygen consumption in the leaching reactions. 

Combined Leach-Circulation Calculation: By coupling 
all of the preceding physical and chemical processes in 
a finite-difference computer code, we can solve the 
leaching and circulation equations in a self-consistent 
manner. The details of the computation are given in 
Appendix B, 

The computation is performed using two nested, itera
tive loops at each time step. The inner-loop iteration 
matches the buoyancy and frictional pressure-drop 
terms. Quantities that are allowed to change during the 
iteration are the fluid-flow velocities and the concentra
tions of dissolved and undissolved oxygen in the bub
ble region. 

The outer-loop iteration matches the oxygen concen
tration and leaching rale in both bubble and nonbub
ble regions. Quantities that are allowed to change in 
this iteration are the leaching rates in both regions and 
the concenlralion of dissolved oxygen al the bottom of 
the nonbubble region. 

'When satisfactory convergence have been obtained in 
the outer loop, all of the required conditions have been 
satisfied for one time step. As a result of this procedure 
the fraction of copper leached is obtained as separate 

; 0 . 6 

;o,3 

1200 2000 

Time — d 

Fig, 4—Copper extraction calculation (for reference 

cose). 

functions of time for the bubble and nonbubble regions. 
In addition, at each- time step the distribution of both 
dissolved and undissolved oxygen within the chimney is 
obtained. From this, the required rale of oxygen supply 
from the producing plant is oblained as a function oT 
time. 

Results and Discussion 

Results of the leach-circulation calculations are sum
marized in Table 2, and the chimney properties as
sumed in those calculations are listed in Table 3. For 
Case 001, the reference case, a liquid-injection flow rate 
of 0.088 cu m per sec (1400 gpm) yields an extraclion of 
0.708 of the copper during a leaching time of 2000 days. 
The injection flow rale is the volumetric flow rate of 
solution pumped out of the top of the chimney, into 
which the required quantity of oxygen gas is dispersed 
before reinjection into the bottom of the chimney. The 
detailed leaching calculations for the reference case are 
shown in Fig. 4. The leaching rate is significantly greater 
in the bubble than in the nonbubble region as a result 
of the greater concentration of oxygen that can be main
tained in the former wilh the specified injeciion flow 
rale. 

The rate of oxygen demand for the reference case is 
shown in Fig. 5. Oxygen demand is the rate at which 
oxygen must be supplied to the chimney by the oxygen 
p lan t This rate is equal to the rale at which oxygen is 
being consumed in the leaching reactions plus the rale 

C a s e 
N'o. 

0011 
002 
003 
012 
013 
004 

on 008 
007 
008 
015 

G r a d e 
W t 7« Cu 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
O.S 
0.5 

' 0.5 
1.0 
1.0 

P y / C p 
Mole R a t i o 

1.0 
1.0 
1.0 
1.0 
1.0 
0.5 
2.0 
1.0 
1.0 
1.0 
1.0 

Table 2. 

P a r t i c l e - S i z e 
J X s t r i b u t l o n 

S t a n d a r d 
P i l e d r i v e r 
M i n e W a s t e 
P i l e d r i v e r 
M i n e W a s t e 
S t a n d a r d 
S t a n d a r d 
Stand.- i rd 
S t a n d . i r d 
S t a n d a r d 
S t a n d a r d 

Summary of Leach-Circulation Calculations 

C h i m n e y 
R a d i u s , * m 

40.45 
40 .45 
40.45 
40.45 
40.45 
40.45 
40.45 
48.30 
25.96 
40.45 
40.45 

I n j e c t i o n 
F l o w R a t e . 

cu m p e r sec 

0.088 
0.088 
0.088 
0.189 
0.135 
0.057 
0.148 
0.173 
0.0083 
0.088 

N o , of 
I n j e c t i o n 

P i p e s 

3 
3 
3 
5 
4 
3 
4 
5 
1 
3 

0 . 2 2 U 3 . 

F r a c t i o n of 
C h i m n e y in 

R u b b l e R e g i o n 

0.246 
0.325 
0.164 
0.526 
0.210 
0.246 
0.324 
0.398 
0.100 
0.248 
0.246 

F r a c t i o n of Cu 
E x t r a c t e d 

atSOOO a t a 7 4 U 
d a y s d a y s 

0.708 0.803 
0.637 0.699 
0.539 0.676 
0.673 0.723 
0.708 0.824 
0.708 0.813 
0.708 0.788 
0.708 0.802 
0.708 0.803 
0.498 0.611 
0.575 0.675 

• For ctiimney proporUes, see Table 3. 
t Case 001 is the reference case. 
X For Case 015, tho Injection flow rate was 0 22-1 cu 

maining time. 
m per s<;c for the' first 1310 days and then lowered to 0.126 cu m per sec for the rc-
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Table 3, Chimney Properties 

Ita-
dlu.s, 

m 
Heleht. ' 

m 
Area.t 
sq m 

Fluid 
Volume. 

CO m 

Oxygen Par
tial Pres

sure at Top 
Bulkins of Chim-
Porosily ney, Pascal 

Mass 
Ore. kg 

25.98 145 2120 7.33 X 10< 
40.45 345 5140 2.77 X 10" 
48.30 491 7330 4.72 X IO-'' 

• Vertical distance from gas-tnjcction 
t Cross-sectional area of clilmncy. 

0.23 3.62 X 10" 6.5 X 
0.15 3.62 X 10" 4.1 X 
0.13 3.62 X 10" 8.4 X 

pipe to top of chimney. 

10" 
]0» 
10" 

at which oxygen is being lost by evolution from leacli 
liquor leaving the chimney. 

Results for other ore particle-size distributions are 
given in Cases 002, 012, 003, and 013 in Table 2, In Case 
002 only 0.637 of the copper is extracted in 2000 days 
because of the lower leaching rates of the coarser Pile-
driver-ore size distribution. In Case 003, again for the 
same injection flow rate, only 0,539 of the copper is ex
tracted in 2000 days. This lower extraction compared 
with the reference case is due primarily to the higher 
frictional pressure drop associated with the flow of solu
tion through the finer mine-wasle size distribution. In 
Cases 012 and 013, the effects of increased injeciion flow 
rates for the Piledriver and mine-waste size distribu
tions are shown. 

The required injection flow rate is also sensitive to 
the pyrile conteni of the ore, as shown in Cases 004 and 
Oil of Table 2, To achieve a copper exlraclion of 0.708 
in 2000 days, an injeciion flow rale bf 64% of that in the 
reference case is needed for ore having a Py /Cp mole 
ratio of 0.5; an injection flow rate of 168% bf that in the 
reference case is needed for ore having a Py/Cp mole 
ratio of 2.0, 

Finally, the injection flow rates and leaching results 
for variations in chimney size (Cases 006 and 007) anrf 
for variations in ore grade (Cases 008 and 015) are also 
shown in Table 2. For an ore grade of 1 wt % Cu, it was 
found desirable to have a high injection rate for the first 
1310 days of leaching, during which the rate of chemical 
consumption of oxygen in the bubble region is high, and 
to decrease the injection rate thereafter. 

Appendix A 
Random-Walk Model for Dispersion of Oxygen Gas 
Bubbles: The gas distribution can be calculated by a 
random-walk model in which each rising gas bubble 

Fig. 5—Rote of oxygen demond f rom oxygen-pro

ducing p lan t (for reference case). 

undergoes a lateral step for each vertical step of rise. 
The magnitude of the lateral step cannot be rigorously 
derived because of the uncertainty in the gas bubble's 
exact point of contact with the bottom surface of the 
particle. If we assume that all particles have diameter 
D,,, the lateral step will range from zero (for contact 
between two particles) to ± 1/2 Dp (for contact at the 
center of the particle). The magnitude of the vertical 
step cannot be rigorously derived either, because of i ts . 
intricate dependence on the packing arrangement of the 
parlicles. If • we postulate an average lateral step of 
± 1/4 D„ for. each vertical step of D,., then the gas dis
tribution curve at any desired height in the chimney 
can be calculated by: 

Ri = 
L\2Dp / " J 

/ d. 2d. \ / dl 2d.; \ 

\ "207 ~ "DT/A "2D7 ~D7/ 

(3) 

where R, is the relative gas-bubble flow rate at a point 
located at a distance d, above the gas-injection line and 
a distance d-i in a direction perpendicular to the gas-
injection line measured from the vertical axis of gas 
flow, Eq. 3 is normalized to R/ = 1 for da = 0, In cal
culating the factorials, d,/2Dp and 2d.../D„ are rounded 
to the nearest integer. 

In a more generalized calculation, the size distribu
tion of the broken rock must also be taken into account. 
At a given point in the chiiriney, the 'probability of a 
gas bubble contacting a rock of diameter di is propor
tional lo the weight fraction Xi having that diameter. 
In contacting an arbitrary rock fragment, therefore, the 
gas bubble will have an induced lateral displacement 
•of 1/4 X,di, owing to the probability Xi that the rock 
has a diameter di. Summed over all particle sizes, the 
average induced lateral displacement per contact is 
equal to 2 1/4 X,d,. Thus, the rock-size distribution 

I 

can be effectively taken into account by using the fol
lowing weighted-average rock diameter: 

D„ = SX.d, (4) 

For the three'particle-size distributions shown in Fig. 1, 
the average diameters calculated by Eq, 4 are 0.36 m for 
Piledriver, 0.09 m for mine waste, and 0,18 m for the 
intermediate (standard) particle-size distribution. 

For a specified average pai-ticle diameter, we can 
thus calculate the gas distribution curve at any desired 
height above the injection pipe. As a measure of the 
average coverage of a given chimney with dispersed 
oxygen bubbles, we will use the width of the gas dis
tribution curve at 8% of its peak height calculated for 
midheight in the chimney. This width is 8,3, 6,3, and 4,2 
m for the Piledriver, standard, and mine-waste size 
distributions, respectively, 
- To determine the applicability of the random-walk 
gas-bubble dispersion model, the process was simulated 
in a laboratory apparatus. The apparatus, which was in 
eflfect a two-dimensional chimney (1.2 m high, 40 cm 
wide, and 3 cm thick) filled with water and 0.9-cm-
diam glass marbles and equipped wilh a point gas-
injection source, simulated an actual three-dimensional 
chimney having a horizontal line-injection source. The 
gas distribution was measured at a height of 0.96 m 
above the gas inlet by collecting the effluent gas in a 
centrally positioned row of inverted, water-filled test 
tubes of 0.8-cm ID. The excellent agreement between 
the measui'ed and calculated distributions indicated that 
the proposed calculational model adequately describes 
the dispersion process. 
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Appendix B 
Computation Procedure for a Conibijied Leacli-Circula-
tion Calculation:'This Appendix describes: the sequence 
of calculations peffo'rmed in a" -finite-dilTerence com
puter code to achieve a self-consistent solutidri of the 
physicai and- chemical processes; in vol ved. in .leaching a 
flooded column df rubblized ore. 

Before beginning the calculation, we must choose 
values for the fixed quantities. These include the dirneii-
sions of the chimriey, the size distribution of the broken 
rock, the number of injection lines, the liguid-injection 
rate, and the copper-ore characteristics. These quan
tities ai'e shown in Tables. 2 and 3 for the particular' 
case :bejng analyzed. 

in the following calculations, we will need to refer 
to the saturation 'tdricBntration of dissolved oxygen a t 
a given point in the "chimney. This is. most' coii vê rt ien tly 
obtained by defining a datum plane near the Earth's 
surface &\xth. that at a distance h belpw-this plane, the 
pressure is 

P — U A (5) 

where k- = 9807 Pascal per m. Then, .the saturation con
centration of oxygen (^kg/per cti m) is. 

Ct = kill (6) 

where k, = ,40.13 x 10"" — -20.51 x 10'° T -f'2.781 X 
10"' T=. Eq. 6, ' giving, the teniperature and p;-essure 
dependence of oxj'gen solubility in water,, was derived 
from solubility measurements of Zbss, et al,' Fo r . a 
given case being analyzed, the values of h- at the top 
(111) and bottom (lit) of the chimney are determined 
from the specified oxygen partial pressure at the top 
of the'chimney and from the height of the chimney. 

The first calculation js- to determine the mass rate of 
oxygen irijection. For reasons of floiv stability" the vol
ume fraction of oxygen just downstream of'the oxygen 
sparging nozzle is regulated at 20%. Then the mass 
fate of oxygen injection is 

MoP-yV't \ 
Ri = ' . (7) 

4RT 
where M,i is the molecular weight of oxygen (0.032 kg 
per mpl), Psi is the nozzle pressure (3.55 x 10" Pascal) . 
V( is tlie specified vollime rate of liquid irijectipfi, and 
R is the gas constant (S.3143 joule per mol per K ) . 
We assume that the liguid entering the bottom of the 
chimney is saturated with dissolved d,yygen. Then the ' 
mass rate of upward flow of undissolved oxygen at the 
bottom of the bubble region is 

n = Rf— V M u . (8) 

Next, the rate of leachirig in .the bubble region is 
calculated. For the first time step,, this- rate is caiculated 
from an assumed initial average oxygen concentration. 
In subsequent time steps, the leaching ra te is calculated 
from the-average oxygen concentration in the bubbje 
region obtained frotn the previous time step. The mass 
rate of oxygen coMumption. in the bubble region, Kn, 
is then pbtained from the copper-leaching rate and 
from the known stoichioinetrie relationship between 
copper productidn and oxygen consumption. 

At this point, the* computation sequence enters two 
nested, iterative loops. TKe first step in the iteration 
is to obtain ah estimated value for the superficial liquid 
velocity in the nonbubble region, ,Ua.--. Tlie volume rate? 
of lifluid flow in the bubble region is the jjUm of the vol
ume rate of liquid flovv iri the nonbubble region and the 
volume" rate;0f liquid injection. That is. 

Uin, A F„ = Vs., A i l ~ F„) + V; (9) 

where Usi is the.superficial liquid velpcity in the bubble 
region, A is the cross-sectional area of the chimney, and. 
Kv,.is the fraction of chimney volume occupied by the 
bubble region. From Eq. 9, Usi' car; be calculated using 
some value of Uan. For the first traverse of the iiiher 
loop during the first time.step, an assumed value of Usn 
is used. During ariy given time step, cori;ected values of 
Vsn are obtairied from the iterative procedure described 
below. For the first traverse of the, inner loop during 
all but the first time step, the value pf' Uan is that which 
gave satisfactory 'convergence during the previous time 
step. 

The concentration of dissol'ved oxygen at the bottom 
of the bubble, region, Gui,, is then calculated from, the 
follov/ing equation based on cons«^r-i/ation of dissolved 
oxy'gen in the merging liquid streams' from the injection 
pipes-and nonbubbie tegtqn: 

U™ A Fi C a = Vikih, + Us.v A<1 =- F„) Ci., (10) 

where C„x- is-the concentration-of dissolved oxygen at 
the bottom of the nonbubble region, jDitially, Ci.n is asr 
sumed to be zero. Later steps in the iteration provide 
updated values of Ci,x to be used in Eq. 10. 

Next we "calculate the vertical disWbution of dis
solved and undissolved oxygen in the bubble region. 
Applying conservation, of oxygen between hi. -.and ft, 

/ ay f h\ ( fib - (i. N 
r„ ^ — + -U.,„ A F,i C -\- I ) Rf, 

\ a , - / \ h i / -V fi.r, — T l , - ' 

^-•r„-i-Vi,i,,'A'F,iCi„i (11) 

where. C is the concentration of dissolved oxygen at ?i, 
fly is i:he initial radius, of an individual oxygen bubble at 
Jin, and a is the radius at h. The third term, on the l^ft 
side of Eq. 11 represents the oxygen consumed by the 
ore between fu and h,in the bubble region. The quEiritity 
o/rti .must now be' derived as a function of fi by con
sidering the kinetics of oxygen dissolution. 

The dis.'solution rate of a sparingly soluble gas, such 
as oxygen in water, is controlled by the reinoval of the 
dissolving material frorn the surface of the .gas bubble 
into the body of the liquid, i.e., by convective, diffusion. 
Fof the bubble sizes apparently ericpurifered in this 
bubbling process (i.e., O.QQl < a < Q.OI m ) , the con
vective mass transfer.can b.e expressed as" 

dm, 
. — • - - 4,™* [f£d(C« - O a ' " ] 

dt 
(12) 

where, fcj is the mass-transfer coefficient. It has bteen 
shown^" that the mass-transfer coefiScieht for dissolution 
of oxygen in a large-scale laboratory leaching experi
ment can be expressed as 

k„ = feo.?^' (13) 

where k, = O'.OBS sec"'. We may further write that the 
mass of an individual oxygen bubble at height h is 

4. / M,jki:h \ 
11 = — .Ta" I ) 

3 • V -RT / 
(14) 

and the total derivative of m is 

dm 

~di 

'/ MSki„\ ( da a" dli \ 
= 4 n — - ; ^ ( a = h — + I. (15) 

\ RT / V dt 3 dt / 

Combining Eqs! 12, 13, and 15 and substituting dh/dt = 
— U, (the gas-'bubble,velocity) and do/d£ = — U, da / 
dh gives the desired expression 
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(16) 

The vertical distributiori of dissolved" and undissolved 
oxygen is then obtained by stepwise integration of; Eqs. 
11 and 16, .beginning at the bottom of the bubble region. 
The calculated, concentration of dissolved oxygen in-the 
bubble-region as a function of chimney height is shown 
as the upper curve in Fig.-^. 

The numerical value of Ve used in the above calcula
tions is based on- the following cbiisiderations-. If we as
sume that only bubbles of radius greater than 0.001 m 
are. encountered in the bubbling process, the velocity of 
rise for an individual bubble is independent of the exact 
bubble dimension.'" Although bubbles of this size rising 
in water have ,a ,mean velocity of ()!3 m per sec, ob
servations of bubble flo-w in a packed bed indicate a 
mean velocity of approximately .0.15 rh per sec. The 
latter value is thei-efore used in this calculation. Fur
thermore, Gal-Or and WaMka ' ' have shown that the 
velocity of rise for a swarm qf bubbles is very close 
to the velocity, of an individual bubble for the low 
(<0;01) volumeiric gas-phase fraction that is of in teres t 
in this application. 

The next step in the iterative calculation is to cal.-, 
eiilate the buoyancy and fluidrfiow pressure drops. The 

• buoyancy pfe'ssure drop is 

i P , = gAp (17) 

where g is the gravitational acceleration (S.BOl m per 
sec-) and ip is the difierenee jn fluid densities between 
the bubble and nonbubble regions. At a given height in 
the chimney, the latter quantity is given by 

&P = m, ( — ^ „ - 1 ) f ——•) 
\M,,P / ^ V F„ / 

(18) 

where m, is the mass of Undissolved, oxygen per unit: 
chimney heighti P is pressure, H.is total tihimney height, 
V is total chimney fluid volume, and p is liquid density 
(assumed 1000 kg per cu rh). The quantity 7?ij ,is fgiveh 
by 

Saturation line 

Bott™ 
1 

Top 
Vert ic i l position in rubble-'coluran' 

Fig. .6—Distribution of dissolved oxygen. 

U, 
(19) 

where f 'is the.raaiss rate atvi^hich undissblved oxygen 
"is rising past a horizontal .plane at the given chimney 
iieight. 

CpmbiningEqs. 17 through 19 gives 

Then ithe average bupyancy pressure drop per unit 
chimney height.is 

In Eq. 21, RTp/M,i > > P; threforei in the first factor, P 
has been replaced by- the average pressure P for sim-
-plificatioh. The integrand, r / P , is obtained from the 
previously calculated undissolved-gas distribution using 
the relationship 

(22) 

We rhust Bow consider the balancing pressure drop 
per unit chimney height due to the frictional flow of 
solution through a packed bed of solid particles. An 
expression for this has been, given by Leva:'" 

i P . = -
yWff 

D,.f i^r (23) 

where f is the friction factor, ti. is the state of flow 
factor, e is the bulking porosity of the packed bed, ^ 
is the particle-shape factor (assumed value 0.65), D„ 
is the particle's weighted average diaraeter,"!'''^ and UH 
is'the superficial fluid velocity. 

Eq, 23: is applicable to either iiquid. or gas flowing 
alone. In the bubble region of the chimney, both liquid 
and ,gas phases are present. 'When two phases move 
together through a pipe of packed column, the ' resul t 
ing pressure drop can be significantly greater than 
that predicted 'by equations for single-phase floiw."' For 
the cases analyzed, the gas velocity is rnore than 100 
tirnes greater than the liquid velocity, so the two phases 
are not rhpvin'g together. Accordingly, the motion of 
the gas bubbles will he uiiaffected by •the liquid flow. 
Furthermore, since gas occupies only a very small frac
tion of the chimney void, the liquid-flow will be es
sentially unaffected by presence.of the gas. 

The. total Iricttonal pressure drop per unit chimney 
heightjs then 

&P: 
D i e ^ iji ^ D , e . ^ ip ^ 

where f and it refer to the bubble region and f and 
n' refer to the nonbubble; region. The -values used for 
these friction and state-of-flow factors are those given 
by Leva.'^ 

The calculated, values of dPi and APi are compared. 
If they are not in satisfactory agreement, a corrected 
value of U,s« is calculated from the difference between 
the ilP values, and the computation, returns to the 
calculation of JJitx by Eq. 9, If they are in satisfactory 
agreement, the computation exi ts j t ie inner loop. 

N"e.Kt,:the rate of oxygen consumption in,the leaching 
reactions in the nonbubble. region is tialculatetl. This is 
obtained as the difEerenee between the" rate of oxygen 
entering and l e iv ing the nonbubble region; 
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R.V = Us.iAa - Pi.) (Cv - Ctn) (25) 

where Cm and Cs.v are the concentrations of dissolved 
oxygen at the top and bottom of the nonbubble region, 
respectively. The quantity Cm was obtained in solving 
Eqs, 11 and 16, since the oxygen concentration at the 
top of the nonbubble region is equal lo that at the 
top of the bubble region. Using this value of Rn, we 
perform a leaching calculation to determine the aver
age concentration of dissolved oxygen in the nonbubble 
region,'Cv, 

Finally, a corrected value for Cn* can be obtained. The 
dislribution of dissolved oxygen in the nonbubble re 
gion is derived assuming a uniform chemical reactivity 
of the copper ore. This is exactly true only at the be
ginning of leaching, but is believed to be a good ap
proximation during most of the leaching operation. ' 
Using this assumption, the rate at"which dissolved oxy
gen is removed from the leaching solution is directly 
proportional to the concentration of dissolved oxygen. 
This, in turn, results in a distribution of dissolved oxy
gen that is a decreasing exponential function of dis
tance below the top of the rubble column, as shown 
in Fig, 6, 

It is then readily shown that 

Cv = 
Ct.v — Ct. 

In iit) 
(26) 

Eq. 26 is numerically solved for Ct.v and the result is 
compared with the value of Cv used when the iterative 
loops were entered. If the two values are not in sat
isfactory agreement, the computation returns to the 
beginning of the inner loop and Eq. 10 is again solved 
using the corrected value of C .̂v. If the two values of 
Ĉ .v are in satisfactory agreement, the computation exits 
the outer loop. 

The required conditions for consistency, between the 
leaching and circulation equations have now been sat
isfied for one lime step. The new chimney temperature 
is then calculated from the heat generated in the 
leaching reactions and from the heat lost through the 
chimney walls, with the constraint that the temperature 

not exceed 363 K. Calculations for the next time step 
are then begun at Eq, 7, 
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Abstract. To assist in fulfilling the Bureau 
of Mines goals of maintaining adequate mineral 
supplies to meet national economic and strategic 
needs, and to minimize the environmental impacts 
associated with mineral-processing operations, a 
leaching-solvent extraction-electrowinning tech
nique was compared with a leaching-cementation 
technique for processing low-grade copper ores. 
Large-scale laboratory column leaching tests (6 
to 7 tonnes) were conducted on minus 37-cm chalco-
cltlc ore using ferric sulfate leach solutions at 
25° C. Two columns contained 11 percent minus 
1.27-cni fines, and two columns contained 32 
percent minus 1.27-cm fines. After 416 days of 
leaching ore samples containing 11 percent minus 
1.27-cm fines, copper extraction was 48 and 51 
percent for the leach-cementation and leach-
solvent extraction-electrowinning procedures, 
respectively. When leaching ore samples contain
ing 32 percent minus 1.27-cm fines, the leaching-
solvent extraction-electrowinning technique 
extracted 60 percent of the copper after 568 
days, whereas the leaching-cementation technique 
extracted only 48 percent of the copper. In the 
latter test, leach solution ponded on the ore, 
which reflected a decrease in ore column permea-

- billty. The decreased permeability was attributed 
to the generation of excessive amounts of iron 
salts during cementation; the s a l t s precipitated 
on the fine ore particles and in the interstices, 
thus plugging the column. This decrease also 
lowered the available oxygen, resulting in poor 
aerobic bacterial activity which slowed the 
oxidation rate of ferrous ions to ferric ions. 
Sulfuric acid required to maintain a leachant pH 
of 2 was nearly halved when copper was recovered 
by solvent extraction and electrowinning rather 
than by cementation. 

Introduction 

In the commercial dump leaching of copper, two 
methods have been generally accepted as a means 
for recovering copper from pregnant leach liquors. 
The oldest and most widely used technique is 

cementation with scrap iron. The newer technique 
involves solvent extraction and electrowinning. 
As part of a program to assure adequate domestic 
supplies of essential metals, the Bureau of 
Mines, U.S. Department of the Interior, conducted 
comparative tests of leaching-cementation and 
leaching-solvent extraction-electrowinning. The 
objective of this research is to supply informa
tion for improving copper recoveries from copper 
leach dumps, thus extending and conserving copper 
reserves. 

One of the major problems encountered in dump 
leaching is the precipitation of iron salts that 
render the ore impermeable to leaching solutions. 
This condition decreases the copper extraction 
rate and may eventually produce a dormant dump 
that may leave much undissolved copper within the 
ore bed (1). In addition to iron dissolved from 
the ore during leaching, iron derived from the 
cementation step may significantly contribute to 
the plugging of a leach dump. The newer solvent 
extraction-electrowinning method recovers copper 
from leach solutions without adding iron to the 
leach system. 

Although economic comparisons between cementa
tion and solvent extraction-electrowinning tech
niques have been reported (2), the results of 

studies that compare effects of the two recovery 
techniques on leaching have not been reported. 
The Bureau of Mines, aware of the problems asso
ciated with maintaining leach dump permeability, 
has reported the beneficial effects of removing 
ore fines prior to leaching (3) and the enhance
ment of the copper leaching rate by injecting 
gaseous oxygen into a nearly dormant leaching 
system (4). To supply further Information 
concerning copper dump leaching, this report 
describes the results of leach-cementation and 
leach-solvent extraction-electrowinning proce
dures, using 6- to 7-tonne ore samples. 

Materials and Methods 

Ore Sample Description 

Low-grade Montana open pit mine waste contain
ing about 0.25 percent copper was used in the 
leach testing. The host rock was an altered 
quartz monzonite containing about 5 weight-
percent pyrite. The copper content was distrib
uted among several minerals with chalcocite 
predominating. The distribution in weight-percent 
was 56 chalcocite-digenite, 17 chalcopyrite, 11 
covellite, and 6 enargite. 

One objective of the investigation was to 
determine the effect of the amount of minus 1.27-
cm fines on bed permeability using the alternate 
copper recovery techniques. Two comparative 
tests were made with samples that contained 11 
percent minus 1.27-cm fines, and another compari
son was made with"'samples that contained 32 
percent minus 1.27-cm fines. The samples were 
prepared by combining various size fractions of 
the ore sample to yield the particle size distri
butions shown in Figure 1. The top size of each 
sample was 37 cm. Each sample containing 11 
percent minus 1.27-cm fines whereas the samples 
containing a higher proportion of fines assayed 
0.26 percent copper. 

leaching Procedure 

The ore samples were leached in glass-fiber-
reinforced polyester columns 1.37 m in diameter 
by 3.05 m high. For the comparison with ore 
containing 11 percent fines (minus 1.27 cm) 6800-
kg samples were used; for the comparison with ore 
containing 32 percent fines, 6410-kg samples 
were used. Leach solution with a pH of 2.0 was 
pumped to the top of the ore at an initial rate 
of 3000 )/m2 d and uniformly distributed over the 
ore. The solution percolated downward through 
the ore, was collected in a surge tank, and 
recirculated back to the top of the ore until the 
copper content was 1 to 2 g/J. The pumping was 
then stopped and the soluble copper recovered by 
the appropriate method. The barren solution was 
acidulated to a pH of 2.0 with sulfuric acid and 
used to leach additional copper. 

Copper Recovery Procedures 

Copper recovery by cementation was accomplished 
In a glass column 15 cm in diameter by 2.3 m 

high containing shredded detinned iron scrap. 
Pregnant solution was pumped upward through the 
iron. Sulfuric acid was added to the solution 
prior to passage through column to maintain an 
effluent pH of 2.0 to prevent precipitation of 
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iron salts. 
The solvent extraction recovery system was 

comprised of a four-stage countercurrent mixer-
settler unit for extraction followed by a four-
stage countercurrent stripping unit and an elec
trowinning cell. -The organic extractant consisted 
of 10 volume-percent LIX-64Ni' in kerosine. The 
solvent extraction system was operated with an 
organic flow rate of 0.7 //min and an aqueous 
flow of 0.9 //min. The aqueous feed to the 
solvent extraction section contained 1 to 2 g// 
of Cu and raffinate containing less than 0.1 g// 
of Cu was returned to the leaching circuit. The 
solvent was loaded to nearly 1.5 g// of Cu; 
stripping reduced the copper concentration to 
0.1 g /1 of Cu. The stripping and electrowinning 
units were operated to maintain a balanced copper 
extraction unit. The electrolyte used in the 
stripping unit was circulated at 0.15 //min and 
contained 20 to 30 g// of Cu and 150 g// of 
H2SO1,. The electrowinning cell was operated at 
a current density of 172 A/m^. 

Experimental Results 

Leaching the Coarse Ore 

The two coarse ore samples (11 percent minus 
1.27 cm) were leached for 416 days. Copper was 
recovered from solution 32 times in each leach 
test. Copper extractions, based on leach solu
tion and ore residue assays, are shown in Figure 
2. After 416 days, copper extraction was 48 per
cent for the leach-cementation test and 51 percent 
for the leach-solvent extraction-electrowinning 
test. 

Acid addition to maintain the leach solution 
at pH 2.0 for the leach-cementation test was 7.5 
kg tiiSQi^/t of ore; whereas, the leach-solvent 
extraction-electrowinning test required only 4.6 
kg H2S0i,/t of ore. 

The iron concentration increased in the leach 
solutions of both tests, but the rate of increase 
was more rapid in the test using cementation. 
After 131 days of leaching, the iron concentra
tions were 31 g// in the leach-cementation test 
solution and 14 g// in the leach-solvent extrac
tion-electrowinning test solution. Beyond 131 
days, the iron concentrations were maintained at 
10 g// by bleeding solution from each system and 
replacing it with water. This procedure simulates 
large-scale leaching practice in which dissolved 
iron is controlled by oxidation and settling in 
ponds. 

In the leach-cementation test, the amount of 
iron added to the system during the cementation 
operations was 6.15 kg/t of ore and 3 kg of iron 
per tonne of ore was bled from the system. At 
the completion of the test, only 0.35 kg of iron 
per tonne of ore remained in solution. Based on 
these amounts, 2.8 kg of iron per tonne of ore 
accumulated in the ore. However, the accumulated 
iron in form of precipitated salts was not in 
sufficient quantity to cause ponding of the ore 
in either test, and a solution flow rate of 3000 
l / n r d was maintained throughout the test. 

The presence of both iron- and sulfur-oxidizing 
bacteria in both leach solutions was verified by 
semiquantitative bacteriological tests. Good 
bacterial activity was evidenced in both tests by 

V Reference to specific trade names or manu
facturers does not imply endorsement by the 
Bureau of Mines. 

the low ferrous iron levels (less than 0.1 g /1) 
throughout the test period. 

LeachinR the Fine Ore 

The two fine ore samples (32 percent minus 
1.27 cm) were leached for 568 days during which 
time copper was recovered from solution 25 times. 
Copper extractions for the two tests are shown in 
Figure 3. At the completion of the tests, copper 
extraction was 60 percent for the leach-solvent 
extraction-electrowinning test and 48 percent for 
the leach-cementation test. Although similar 
extractions were achieved during the first 200 
days, a noticeable difference in copper extrac
tion was apparent after 300 days. 

Acid addition to maintain the leach solution 
at pH 2 was 7,0 kg H2S0i,/t of ore for the leach-
cementation process and 2.9 kg H2S0i,/t of ore 
for the leach-solvent extraction-electrowinning 
process. 

Maximum total iron concentrations in leach 
liquors reached during 568 days of leaching were 
20 g/7 using cementation and only 10 g /1 using 
solvent extraction. Leach liquor ferrous iron 
concentration remained at 0.1 g/1 or less when 
solvent extraction was used. Using cementation, 
however, the ferrous iron content held at 0.1 g/1 
during most of the first 151 days of leaching and 
then increased to a level of 70 percent to 100 
percent of the total iron content during the 
remainder of the test. 

A leach solution percolation rate of 3000 
//m^ d was maintained when solvent extraction was 
used; however, the percolation rate decreased to 
only 77 //m^ d after 162 days when cementation 
was used. Precipitation of iron compounds from 
the high-iron leach liquor in the leach-cementa-
tlon test impeded the percolation rate through 
the fine-ore bed and the cyclic nature of the 
percolation rate is shown in Figure 4. 

Copper extraction became retarded when the ore 
contained 32 percent minus 1.27-cm fines and 
copper was removed by cementation. Decreased 
copper extraction was attributed to two related 
factors. Leach solutipn percolation rate was 
greatly decreased by blinding of the bed with 
precipitated iron compounds, and the concentra
tion of ferric iron, a solvent for the copper 
sulfide minerals, decreased. The oxidation of 
ferrous to ferric iron largely was due to the 
action of aerobic bacteria within the bed and 
poor bed permeability caused oxygen starvation 
that dlmished bacterial action. This conclusion 
was reached when gas samples from a perforated 
tube embedded in the ore were taken on the 150th 
day of leaching. Gas analyses showed oxygen con
tents of 20 and 4.2 percent for the leach-solvent 
extraction and leach-cementation tests, 
respectively. Thus, copper removal by solvent 
extraction enabled better copper leaching when 
the ore contained a large proportion of fines. 

Consumption of sulfuric acid was least when 
solvent extraction was used because acid consump
tion was related to the relatively large amount 
of Iron dissolved during cementation. Sulfuric 
acid was used by the reaction of iron and acid, 
equation 1, and by the oxidation of ferrous iron, 
equation 2. 

» ;-. 

/ I " . 

• • ' i i ' : : 

^?€-

H2S0^ + Fe f FeS0i4 + H2 (1) 

• J ( x . ' -

• ' , ^ S 
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2FeS0i, + H2SO1, -I- 1/2 O2 + 

Fe2(S0i,)3 + H2O (2) 

Less acid was used when leaching the fine ore, 
and this was believed to result from leaching the 
fines that contained a higher proportion of 
friable iron sulfide minerals than the harder, 
coarse material. The dissolution of pyrite, for 
example, is shown by equation 3; this reaction 
plus the oxidation reaction 2 gives the net 
reaction 4. 

FeS2 + 7Fe2(SOi.)3 -)- 8H2O -

ISFeSOM + 8H2SO^ 

2FeS2 + 7-1/2 Oj + H2O -* 

Fe2(S0i,)3 + H2SO4 

Conclusions 

(3) 

(4) 

Madsen, B. W., Groves, R. D., Evans, L. G., 
and Potter, G. M., "Prompt Copper Recovery 
from Mine Strip Waste," Bureau of Mines 
RI 8012, 1975, 19 pp. 
Madsen, B. W., and Groves, R. D., "Using 
Oxygen to Reactivate a Nearly Dormant Copper 
Sulfide Leach," Bureau of Mines RI 8056, 
1975, 9 pp. 

Comparative leaching tests were made to deter
mine copper extractions from low-grade chalco-
citic ore using either cementation or solvent 
extraction-electrowinning methods to recover 
copper from the acidic leach liquors. Two minus 
37-cm ore samples that had different particle 
size distributions were tested; one sample con
tained 11 percent minus 1.27-cm fines, and the 
other had 32 percent minus 1.27-cm fines. 

The copper recovery system had little, if any, 
effect on copper extraction using the relatively 
coarse ore sample that contained 11 percent minus 
1.27-cm fines. After 416 days of leaching, copper 
extractions were 48 percent for the leach-cementa
tion test and 51 percent for the leach-solvent 
extraction-electrowinning test. 

Xn comparative tests using the ore sample that 
contained 32 percent minus 1.27-cm material, the 
solvent extraction-electrowinning copper recovery 
system yielded the highest copper extraction. 
After 568 days of leaching, copper extractions 
were 48 percent for the leach-cementation test 
and 60 percent for the leach-solvent extraction-
electrowinning test. Cementation of the copper, 
unlike solvent extraction-electrowinning, contrib
uted additional iron to the leach column, which 
resulted in the precipitation of iron compounds 
that decreased ore permeability. The eventual 
plugging of the ore bed resulted in low oxygen 
content within the column, poor bacterial activ
ity, and low ferric iron concentrations. These 
factors led to a slow copper leaching rate. 

Consumption of sulfuric acid, necessary to 
maintain a pH of 2, was minimized by using sol
vent extraction-electrowinning for copper recovery. 
The leach-cementation test required more acid 
because acid was consumed by the dissolution of 
metallic iron during cementation and by the 
oxidation of the resulting ferrous iron. 
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COPPER LEACHING PRACTICES IN THE WESTERN UNITED STATES 

by 

Herman W. Sheffer' and LaMar G. Evons^ 

ABSTRACT 

[This r e p o r t d e s c r i b e s and d i s c u s s e s p re sen t -day leach ing technology 
i_«ployed to recover copper from low-grade mine and dump m a t e r i a l s de r ived from 
1 Ae*'exploitation of copper o r e d e p o s i t s in t h e Western United S t a t e s . I l l u s -
! t r t t lons of the i n t e g r a l p a r t s of the l e a c h i n g , p r e c i p i t a t i o n , and recovery 
.̂  spera t ions a t s eve ra l copper-produc ing companies a r e p r e s e n t e d . Schematic 

drawings a re included to p r e s e n t t y p i c a l f lowsheets of l each ing and p r e c i p i t a -
^ n o p e r a t i o n s . Ope ra t iona l problems common to most copper l each ing and p re 
cipitat ion p l a n t s a re d i s c u s s e d . Areas of p r e s e n t and fu ture r e sea r ch to 
Strove leaching techniques a r e c i t e d . 

^• INTRODUCTION 

jii;.jThe first large-scale leaching and precipitation of copper was probably 
Iio Tinto in Spain about 1752. The method employed comprised open-air 
ter leaching of weathered piles of copper-bearing ore followed by precipita-

**«n of the cc :opper by iron. A description of leaching and precipitation of 
Rio Tinto in the 20th century is given by Taylor and Whelan (81) .̂  

method is essentially the same as that practiced at present by most of 

*»PPer at 

Jl . ̂ °PPsr-leaching companies in the Western United States. Nearly 12 percent 
j»^ ® total copper production in the Western States in 1965 was obtained from 
,1, Precipitation of copper from leach liquors by metallic scrap iron. Almost 
***• of ̂ .̂.̂  . , , , . , . ,. , , .. , . 
*t»etb 

t the cement copper produced was shipped to smelters and used as feed in 
eratory furnaces. 

:*"e purpose of this report is to describe and discuss the different 
«y^^ ng and recovery methods currently employed in the production of copper 

ow-grade ores in the Western States. 
^ « obtained from 

The data included in this report 
a literature search and from visits to most of the larger 

Offl ^"S^"^^^^; Area V Mineral Resource Office, Salt Lake City Field 
Sope ce. Bureau of Mines, Salt Lake City, Utah, 
gyj tsory metallurgist. Salt Lake City Metallurgy Research Center, 

'"^rli" °^ Wines, Salt Lake City, Utah. 
th- numbers in parentheses refer to items in the list of references at 
"'^ «nd of this 

1^̂  
report, 



leaching operations in the West. Topics discussed include the physical and 1̂  
mineralogical types of material being leached, the physical nature of dumps 
and heaps, the emplacement of dumps, methods of introduction of leach solu
tions, the nature of the leach solutions and the copper-bearing liquors, atiH 
methods of recovery of copper from solution. 

MINERALOGY OF RAW MATERIALS ".. 

Copper in the Western United States is produced from low-grade ore bod? 
found predominately in igneous host rocks, chiefly quartz monzonite, quartzw 
porphyry, monzonite porphyry, granite porphyry, and quartz diorite. Less S 
important deposits are found in dacite porphyry, rhyolitic flows, conglomeKf 
diabase, limestone, sandstone, and schist. Most of the open-pit deposits |^ 
encompass facies of different mineral composition and alteration. 

The principal copper sulfide minerals in the host rocks are chalcopyri? 
and chalcocite. Minor amounts of bornite, covellite, and enargite are pres? 
The principal copper oxide minerals are azurite, chrysocolla, and malachite^ 
Varying amounts of cuprite, native copper, and tenorite also are present 

CHEMICAL REACTIONS 

Oxidized copper ores, mixed oxide-sulfide ores, and those sulfide ores 
too low in grade to concentrate by froth flotation are treated by various 
leaching methods. The principal copper oxide minerals dissolved by leachij 
are azurite, chrysocolla, and malachite, although varying amounts of cuprite 
tenorite, and native copper also are known to be contained in some ores aniS 
are simultaneously dissolved. The copper sulfide minerals prevalent in mamg 
sulfide ores and dissolved during leaching are chalcocite, chalcopyrite, ana, 
covellite. Pyrite is an important mineral found in many sulfide ores and i 
oxidized during leaching to form ferrous sulfate and sulfuric acid. 

Reactions by which specific copper minerals are dissolved in leaching" 
either with sulfuric acid or sulfuric acid plus ferric iron were given by 
Van Arsdale (83̂  PP• 11-16): 

Azurite 

CU3 ( O H ) g - ( 0 0 3 ) 2 + 3H2S04 v.. 3CUSO4 + 2C0a + 4H2O 

M a l a c h i t e 

C u 2 ( 0 H ) 2 - C 0 3 + 2H2SO4 ^ 2CUSO4 + CO2 + 3H2O 

• • 

C h r y s o c o l l a 

C u S i 0 3 ' 2 H 2 0 + HsSO^ ^ ^ CUSO4 + S i 0 2 + 3H2O 

: t e . 

• ? r e i 
!•€ p l ; 

St i 

'- ilk, 
••• 2 n d 

• • •) -

_ ^̂  * — 
c r a f 

• •"• ion 
. . i l e 
• c u r r 



CU2 0 + H3SO4 + Fe2 (S04) 

C u p r i t e 

Cuj,0 + H2SO4 ^ CUSO4 + Cu + H2O 

= = t 2CUSO4 + HgO + 2FeS04 

N a t i v e Copper 

Cu + Fes (504)3 V CUSO4 + 2FeS04 

T e n o r i t e 

CuO + H2SO4 ^ CUSO4 + HgO 

3CuO + F e g ( 3 0 4 ) 3 + 3H2O ^ 3CUSO4 + 2Fe(0H)3 

= ± 4CUSO4 + 4Fe(0H),, 4CuO + 4FeS04 + 6H2O + 0 2 = ^ 

Chalcocite 

CugS + Fe2 (804)3 ~ 

CugS + 2Fe2(S04) 4>'3 - ^ 

Covellite 

CuS + CUSO4 + 2FeS04 

2CUSO4, + 4FeS0^ + S 

CuS + Fe2(S04) '4/3 -^ CuSO. + 2FeS0i + S 

Chalcopyrite will slowly dissolve in acid ferric sulfate solutions and 
•llo will oxidize according to the following reactions: 

CuFeS2 + 2O3 CuS + FeS04; 

CuS + 2O2 ^ CUSO4. 

2^'e, a prevalent mineral found in many ore deposits, oxidizes according to 
following reaction: 

2FeS + 2H20 + 7O2 — 2FeS04 + 2H2S04 

j_j. preceding are only a few of the many and complex chemical reactions that 
"^^ place within leach dumps. 

^ ,|̂ "̂ ies relative to leaching various copper minerals have been made (13, 
;.jy-^ -^"15, 6̂ ^ 69-79, 85-86). Patents concerned with the recovery of cop-
3..J- other metals from ores by chemical means have been issued (12, 18, 
T % ^ ^ ' 2 1 , 45, 48, 13, ̂ , 8Z) . Results of these investigations show that 
•̂ luti '̂ "PP̂ '̂  sulfide minerals are soluble to some extent in sulfuric acid 
••lubl°"̂  containing ferric sulfate and that many copper oxide minerals are 
. e in ammoniacal solutions. This information has served as the basi.s for 
" curre ênt leaching technolo gy. 

k 



Other metallic minerals and many products of alteration of the host ro^ 
are found associated with the copper minerals. Noncarbonate gangue is usualj 
unaffected by leach solutions but metals other than copper; for example, alui" 
minum, uranium, and zinc are found in the pregnant liquors from leaching. S 
Their presence is the result of the partial or complete dissolution of, the"̂ j| 
other metallic minerals and the alteration products. The present study is 41 
concerned principally with leaching and recovery of copper; however, the oc' 
rence of these additional metallic elements in the pregnant liquors indicaf^ 
that appreciable quantities of these metals also might be recovered. 

METHODS OF LEACHING 

The principal methods of leaching used at present are dump, heap, inplj. 
and vat. These methods are interrelated, and many items considered necessas' 
for effective leaching by one method are also applicable to the other metho^ 

: I' 

.t Choice of leaching method depends upon the chemical and physical chara? 
teristics of the specific material to be treated. The grade of the ore, th? 
solubility of the copper minerals, the amount of acid-consuming associated^ 
gangue material, the size of the operation, and the mode of occurrence of ^ 
copper-bearing minerals are some of the important factors to be considered? 

Dump leaching is used to extract copper from waste material produced d^ 
ing the large-scale open-pit mining of copper ore deposits. Almost all of^ 
copper oxide and sulfide minerals encountered in such deposits are leachab* 
by this method, since the leach cycle is measured in years. m 

Heap leaching is used primarily to extract copper from uncrushed porous 
oxidized copper ore which has been piled on prepared drainage pads. The cm 
per oxide minerals in the ore material are readily soluble in sulfuric acid] 
solutions, and the leach cycle for this method is measured in months. 

Inplace leaching involves the leaching of broken ore in the ground as*** 
occurs. Current inplace leaching employs the dissolution of copper minera _ 
contained in underground mines that previously utilized block-caving mining 
methods. Copper minerals leachable by inplace leaching are the same as th^ 
leachable by dump leaching, again since the leaching cycle is measured ini 
years. 

Vat leaching principally employs the dissolution of copper oxide miner 
by sulfuric acid from crushed, nonporous ore material that has been place^ 
confined tanks. This method is used when rapid extraction of copper is 
desired, since the leach cycle is measured in days. 

Brief descriptions and illustrations of dump, heap, inplace, and vati 
leaching operations are given in the following sections. 

•if 

Dump Leaching 

Dump leaching is used for low-grade and waste material stripped from SP 
pit operations, Run-of-mine ore materials containing copper in amounts 1^ 

;ui 



j ^ P t h e cutoff grade (usually 0.4 percent copper) deemed necessary for the 
ji^jKtable recovery by the usual mining and concentrating methods are leached 
|J*{^s method. A descript ion of the technology of leaching waste dumps has 

ftl^given by Malouf and Prater (52) . Figure 1 presents a generalized flow- ' 
Stt for dump leaching and iron pre f̂rfSt for dump p rec ip i t a t i on . 

Emplacement of Dumps 

^twnd Preparation 

: f 

[Most leach dumps are deposited upon the exis t ing topography. The loca-
i*of the dumps are selected to assure impermeable surfaces and to u t i l i z e 

a^aa tu ra l slope of ridges and val leys for the recovery and col lect ion of the 
fngiaht liquors ( f ig . 2 ) . Examples of this method of dump emplacement are 
IHE^ at numerous leaching operations in Arizona, Nevada, New Mexico, and Utah 
« ^ ' : 3 , 4 , 7), 

|In several instances leach dumps have been deposited on special ly pre-
> t t ^ a r e a s . Ground preparation for dump emplacement i s represented by the 

following specific examples, 
Leoching solution 

Leoch 
dump 

Pregnant liquor reservoir 

- '^; 

Precipitation launders Tailing 
solution 

Borren solution 
reservoir 

Shi 

Acid 
or 

makeup 
water 

addition 

ipment 

'^URE 

Rjmps 

generalized Flowsheet for Dump Leaching 
°nd Iron Precipitation. 

The original surface in 
the dump area of The Ana
conda Company, Butte, Mont,, 
is composed of 5 to 80 feet 
of alluvium which has been 
deposited on quartz monzo
nite. Because solution loss 
through the alluvial material 
would have been substantial, 
an impervious pad (fig, 6) 
to prevent solution loss was 
constructed in steps as fol
lows: (1) The vegetation 
was removed by bulldozers; 
(2) the scraped surface was 
graded and then compacted 
using sheepsfoot and vibra
tory rollers; (3) a 4-inch 
layer of minus 1-1/2-inch 
slag was placed on the sur
face and compacted with a 
vibratory roller; (4) a coat
ing of asphalt primer was 
placed above the slag; (5) a 
compacted 3-1/4-inch layer 
of asphalt (blacktop) was 
placed on top of the primed 
surface of the slag; (6) a 
1/8-inch layer of asphaltic 
sealant then was blown onto 



FIGURE 2. Pregnant Liquor Reservoir , Leaching Operation at the Esperanza 

Mine, Duval Corp, Note diagnost ic blue color of copper-bearing 

pregnant l iquor. 

F IGURE 3. - Leach Dump at Mineral Park Operation, Duval Corp. Brown-red 

areas are country rock, l ighf-groy areas are- leach moter ia l , ond 

brown iron precip i tate is apparent on surface of leach dump. 



I-

[F IGURE 4. - Leach Dump, Bagdad Copper Corp. Note how the dark-brown slopes 

of the r idges and va l leys provide natural boundaries and pathways 

for the recovery and co l lec t ion of pregnant l iquors after percolat ion 

through the spec ia l l y prepared l ight- tan dumps. 

FIGURE 5. - New 50-Foot L i f t Being Placed on Surface of Old Dump at 
Esperanza Mine, Duval Corp. Note l ight-colored area at 
left of 50-foot slope where new material is being placed. ^ 
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•1. i'< ' " t on Impervious Pad at Butte Leaching Operat ion, TheAnoc 

]• >io the dark s t r ip in lower r ight-hand corner of photo. 

the su r f ace of thf ' . ' lacktop; (7) a 12- inch minimum th ickness of f ine p i t -
m a t e r i a l i.ics placi:.! on the a s p h a l t mat to p r o t e c t the su r f ace from ruptuf? 
heavy t ruck Lravet , ^̂ nd (8) a 5- to 6 - foo t t h i cknes s of coarse p i t - r u n 
• i a l was pl . iceJ on >\ie f ine m a t e r i a l to p rov ide p r o t e c t i o n a g a i n s t damag3 
uhe pad by boulde.r.i. cascading down the s lope of the high dump. Recoveryj 

vJ;'fi?.©b"i::;3;sc'l!iC!,>vv''''i ^ -.̂ m the dumps c o n s t r u c t e d on t h i s impervious pad has] 
.v=e'ry h i g h . 

The leach dv-.,fii a t the Weed He igh t s , Nev. , ope ra t i on of The Anaconc 
pany w^re p l aced u ' -i dry lakebed a f t e r -the lakebed had been l eve l ed by 
dozer c d compact \ by sheepsfoot r o l l e r s . 
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-ment 

I most operations, is hauled from the open-pit min 
trains. Bulldozers are used to level the surfac 

' 3rge dumps usually are raised in lifts of 50 to 1 
o keep haulage minimal with respect to both grad 
haul and to form a porous dump favorable for percQi 

• ' . y • 
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FIGURE 7. - Leach Dump at Bingham Canyon Mine, Kennecott Copper Corp, 

(Courtesy, Don Green, P/iotografher, 
Kennecott Research Center, Salt LaJce City, Utah,.) 

P h y s i c a l N a t u r e of Dumps 

' «£_ofLead i Ma t e r i a 1 

1 The majority of the material currently placed on leach dumps is run-of-
3» -̂e material that has been loaded by power shovels as part of the normal min-

i operation. The leach material therefore includes boulders as large as 
" , ,̂ ®*' feet in diameter and weighing many tons; however, most of the material 

ess than 2 feet in diameter and includes many fine particle sizes. Leach 
'•,̂ " ^*1 being placed on dumps at present generally is smaller in size than 
,4 placed on dumps in the past. The reduction in size is chiefly the result 

J. *«proved blasting techniques which provide better rock fragmentation. 

_and Vol ume of Dumps 

•Vj.. shape of most leach duirips is', that of a truncated cone. This configu-
^j I *-s developed by the method of dump emplacement used in most operations. 
:,.« "material forms a slope having an angle of repose peculiar to the 

•• ' " and Size of material. 

*"*elv F '•°'̂ nage of the major leach dumps in the-Western States varies approxi-
rom 5.5 million tons at the Mineral Park, Ariz., operation of the 

'̂""̂•'ec ^^'> to 4 billion tons at the Bingham Canyon, Utah, operation of 
''Ich d ''°PPer Corp. -More complete figures on the tonnage and geometry of 
• '••tlon _?^ together with other pertinent data concerning leaching and precip 

'̂̂ e given in table 1, 
Id 

i 



Company 

American Smelclng and 
ReElnlng C o . , S i l v e r B e l l 
ut i i t t S i l v e r B e l l , A r l s . 

The Anaconda Cospany: 
ButCCj Mont . 

Yerlngcoa ctlne, U^ed 
B e l g h t s , Hev. 

Bagdad Copper C o r p . , Bagdad, 

A r l x . 

Duval C o r p . : 
Esperanza mine, 

S a h u a r i t a , A r i a . 

Mineral Park , A r l i 

I n s p i r a t i o n C o n s o l i d a t e d 
Copper Co . , I n s p i r a t i o n , 
A r i z . 

Kennecott Copper C o r p . : 
Utah Copper D i v i s i o n , 
Blnghaa Canyon, Utah. 

Santa R i t a , N. Hex. 

Ray Mines D i v i s i o n , 
Hay, A r i z . 

Miami Copper C o . , Hlaml, 
A r i z . : 

Copper C i t i e s u n i t 

Miami u n i t 

Phelps Dodge C o r p . : 

Ranchera E x p l o r a t i o n and 
Development Corp,^ Blue
b i r d mine, Miami, A r i z . 

J . H. Tr igg C o . , Tyrone, 
H. H e x . : 

Z o n t e l l l Western Mining C o . , 
Page, A r i z . 

Source m a t e r i a l s 
Host rock 

A l a s k i t e , d a c i t e por
phyry, iDonzonite. 

Quar tz monzonite 

do 

Monzonite porphyry 

Quartz monzoni te , rhy
o l i t e f lows, q u a r t z 
d i o r i t e . 

Quar tz porphyry and 
q u a r t z monzoni te . 

S c h i s t and g r a n i t e 
porphyry . 

Quar tz monzonite 

G r a n o d i o r i t e porphyry 

Quartz monzonite and 
g r a n i t e porphyry . 

Quar tz m o n z o n i t e . . . . . 

S c h i s t and g r a n i t e 
porphyry . 

Quar tz monzonite and 
conglomera te . 

Quar tz monzonite 
porphyry . 

G r a n i t e porphyry 

Quartz monzonite 

do 

P r i n c i p a l copper 
m i n e r a l s -

Cha l coc i t e and 
c h r y s o c o l l a . 

'Ch rysoco l l a , mala-
c h l t e , a z u r i t e . 

C h a l c o c i t e , aome 
c h a l c o p y r i t e . 

Chrysoco l l a , a z u r i t e , 
m a l a c h i t e . 

do 

C h a l c o p y r i t e and 
c h a l c o c i t e . 

do 

C h a l c o c i t e , some 
a z u r i t e and 
m a l a c h i t e . 

Ha lach ico and a z u r i t e 

Chrysocol la and 
a z u r i t e . 

Malach i te , 
M a l a c h i t e , a z u r i t e , 

c h r y s o c o l l a . 

Minor copper 
tatncralfl 

C h a l c o p y r i t e , a z u r i t e , 
m a l a c h i t e , c u p r i t e . 

C h a l c o p y r i t e , b o r n i t e , 
a z u r i t e , m a l a c h i t e . 

T e n o r i t e , m a l a c h i t e , 
c u p r i t e , a z u r i t e . 

T e n o r i t e and c u p r i t e 

C u p r i t e , m a l a c h i t e , 
a z u r i t e , t e n o r i t e . 

Cha1copyr i te , cove l11 t e , 
t u r q u o i s e . 

C h a l c o c i t e and 
c h a l c o p y r i t e . 

C h a l c o c i t e , c o v e l l i t e , 
b o r n i t e ; oxide copper 
mine ra l s 0 .05 -0 .07 p e t . 

C h a l c o p y r i t e and nonsul 
f ide copper m i n e r a l s . 

C u p r i t e , n a t i v e copper , 
c h a l c o p y r i t e , chryso
c o l l a , a z u r i t e , 
m a l a c h i t e . 

C o v e l l i t e , c u p r i t e , 
a z u r i t e , m a l a c h i t e , 
c h a l c a n t h l t e , t u r q u o i s e 

C o v e l l i t e , t u r q u o i s e , 
m a l a c h i t e , a z u r i t e . 

C h a l c o p y r i t e , b o m i t e ^ 
c o v e l l i t e , m a l a c h i t e , 
a z u r i t e , c h r y s o c o l l a , 
c u p r i t e ^ n a t i v e copper . 

Some b o r n i t e and 
t u r q u o i s e . 

C h a l c o p y r i t e , c o v e l l i t e , 
oxide m i n e r a l s . 

None 

Malach i t e and t e n o r i t e . 

Chrysoco l la and a « u r l c e . 

' Type o i 
l e a c h i n g 

Duiiq> 

d o . . . 

Duma and 

Dunqj 

d o . . . 

d o . . . 

Dump, 
I n p l a c e , 
v a t . " 

Dump 

d o . . . 

Dump and 
I n p l a c e . 

D u m p . . . . . 

d o . . . 

£ n p l a c e . . . 

do 

Heap 

do 

do 
do 

Quan t i t y 
1,000 tona 

( e o t . ) 
130,000 

10,000 

"23,000 

30,000 

^40,000 

19,000 

' 5 , 5 0 0 

30,000 

'=4 ,000 ,000 

425,000 

94,000 
31,000 
44,000 

3*17,500 

48,000 

NA 

KA 

47,000 

HA 

500 

ISO 

100 
500 

Geoaettv 
Area, 

11.000 so ft 
5,650 

390 

r860 

Uoo 
20 

2,390 

830 

340 

750 

31,000 

28,000 

12,000 
2,000 
6,000 

NA 

NA 

NA 

(=°) 

3,850 

NA 

100 

20 

30 
300 

Haxlmum 
h e l a h t . t t 

200 

195 

175 
50 

165 • 

240 

220 

250 

200 

1,200 

300 

125 
80 
85 
NA 

NA 

150 

NA 

170 

NA 

80 

75 

40 
40 

Lc 
c 

Til 

U 
t 

• 

< 

NA--Not a v a i l a b l e . 
In 2 d u a ^ s . 

' s l o p i n g . 
^Launder t a i l i n g s o l u t i p n . 
^Barren s o l u t i o n s e n t t o dumps. 
^Main duiiq> i s d i v i d e d i n t o h igh and low dump s e c t i o n s , 
• j u l y and A u g u s t . 
' J a n u a r y and F e b r u a r y . 
"March. 
^6 p a r a l l e l rows of l a u n d e r s , 5 c c l l s per row. 

loDnta p r e sen t ed in t a b l e do not i 
^^Double cells. 
'^Approximately 2.5 pounds of aclt 
**Maximum. 
^•December 1963. 
*^^-compartment c e l l s ; c e l l dlmenj 
^^'Chlefly In East Dun?>. 
^ ' P r e s e n t . 
* ° F u t u r e . 



TABLE I . - Data froa copper l each ing and o r c c t p t t a i 

Leach cateflal 

Ceometrv 
Areaj 

1,000 oq ft-

(•860 
l400 

830 

340 

31,000 

HaxliQuis 
h e i g h t , t t 

12,000 
2 ,000 
6,000 

NA 

KA 

NA 

C") 

3,850 

30 
300 

195 

17 5 
50 

250 

1,200 

28,000 300 

125 
80 
85 
NA 

150 

NA 

Ground p r e p a r a t i o n 

Leach m a t e r i a l i e d e p o s i t e d on the 
e x i s t i n g topography. 

The main duaip i a u n d e r l a i n by an 
impervious pad. See comple te 
d e s c r i p t i o n In body of r e p o r t under 
ground p r e p o r a t i o n fo r dump 
emplacement. 

The leach dumps hove been d e p o s i t e d 
on a dry lake bed which was l e v e l e d 
by bu l ldoze r and compacted, by 
sheepsfoot r o l l e r s . 

Leach m a t e r i a l i s d e p o s i t e d on the 
e x i a t i n g topography. 

Method of emplacement 

Leach m a t e r i a l i s hauled and dumped ^ Y 
t r u c k s . Edges and su r f aces of dunp, 
a r e l eve led by b u l l d o z e r . 

Leach m a t e r i a l i s hauled and dua^ed i 
t r ucks and t r a i n . Edges and surE«ct 
of dumps a r e l eve led by bul ldozer 

. do . 

Surface topography on which s o l u t i o n s 
a r e Introduced i s a d e p r e s s i o n 
r e s u l t i n g from b l o c k - c a v t n g opera 
t i o n s beneath . 

Leach m a t e r i a l i s d e p o s i t e d em t h e 
e x i s t i n g topography. 

S t r i p m a t e r i a l I s sometimes depos
i t e d on p r e e x i s t i n g duops t h a t 
were depos i ted on che e x i s t i n g 
topography. 

Ground Is d ressed , s o i l i s cemented 
and covered wi th d l l u c e d car for 
cur ing and s e a l i n g p u r p o s e s . 

Leach m a t e r i a l i s d e p o s i t e d on the 
e x i s t i n g topography. 

.do. 

Leach material Is hauled and dumped I 
trucks. Edges and surfaces of dic^ 
are leveled by bulldozer. 

Copper minerals remain in block-ca?d 
scopes, pillars, end capping. 

Leach material Is hauled and dumped) 
trucks. Edges and surfaces of dia;* 
are leveled by bulldozer. 

Leach material Is hauled and du 
sidc-dunqj railroad cars. 

iped 

A s p e c i a l pad Is p r e p a r e d . See com
p l e t e d e s c r i p t i o n in body of r e p o r t 
under ground p r e p a r a t i o n f o r dump 
emplacement. 

Leach m a t e r i a l Is hauled by bottOD-£ 
Bcrapers co t he h e a p s . Motor g r i ^ 
l e v e l s the heap a r e a . 

B l a s t e d m s l e r i a l I s loaded by ecoOfC 
I n t o dumpsters . The dumpstcrs uolo 
t he m a t e r i a l on a p i l e . Bulldozes 
l e v e l s Che dump m a t e r i a l . 

do /.. 
Leach m a t e r i a l i s hauled and dumped! 

t r u c k s . The su r faces of the heap* ( 
l eve l ed by b u l l d o z e r . 

vested t n t a b l e do not apply t o v a t l e a c h i n g . See d e s c r i p t i o n s of v a t l each ing tn t e x t . 

als. 
ittfly 2 . 5 pounds of acid per pound of copper p r e c i p i t a t e d . 

19«3. 
ment c c l l s ; c e l l dimensions a r e for each comparcaen t . 
n Eas t DuxQp. 

yrirityB in t:he Western Ui^tCed S t a t e s 

^uTod of i n t r o d u c -
t l o n of leach 

Bo lu t tons 

-^^^^^Z «"** t r e n c h i n g 

So lu t ions i n t roduced 
through p e r f o r a t e d 
pUBcic p i p e s spaced 
100 f t a p a r t on 
g r i d . 

Spraylns 

SpreylD8j ponding, 
ind t r e n c h i n g . 

s o l u t i o n s In t roduced 
In to s t r i p a or 
chonnelfl. 

ponding and trenching 

ponding. 

Spraying and 
ponding. 

Spraying. 

Spraying of s u r f a c e 
above b lock-caved 
a reas 

Ponding. 

Pe rco la ted through 
p l a s t i c p i p e s spaced 
8 f t a p a r t on aur -
face of t he h e a p s . 

Ponding. 

HA 
Ponding. 

H2S04 
a d d i t i o n , 

ppl 
None 

<") 

.4 

2.0 

Smflll 
amounts . 

.4 

4.0 

/*=50.i 
l ' " 2 0 . 

1 . 7 - i . a 

NA 

plow r a t e 
t o dumps, 

gpm 
1,000 

3,300 

' ^ 1 , 6 0 0 

1,700 

' 8 , 000 -
10,000 

'=35 ,000 

U , 0 0 0 -
15,000 

7,000 

NA 

1,800 

2,000 

2,300 

l '°5. 

}c") 

1,000 

NA 
NA 

Leach Bolut lona 

pH 

2 .5 

3.5 

2.6-3.0 

2.7 

2.6 

1.4 

2 . 8 - 3 . 1 

> • 
8-4.2 

NA 
KA 

Tnf l i i p n r 

Copper con-
t e n t , Hpl 

.11 

.08 

.02 

<.01 

<.01 

. 08 - . 36 

<.06 

.01 

.02 

.03-.07 

. 0 1 - .02 

/ " ' . 0 0 
I " 3.00 

NA 
.10 

^ ' 4 p a r a l l e l rows of l a u n d e r a , 12 c e l l s per row. 
Cone p r e c i p i t a t o r s . Dimensiona, 14 f t diam by 24 f t deep . 

j gApr l l through September. 
j^October t h r o u g Harcta. 

Cone p r e c l p l t a t o r a . Dimensiona, 18 f t diam by 34 f t deep . 
^ Tota l for o t h e r 3 dumps. 
1^6 u n i t s of 4 CO 6 p a i r s of c e l l s . 
^^Block-caved ecopee , p i l l e T B , and c a p p i n g . 

S i suer 



m yntced S t a t e s 

B a S O . 
a d d i t i o n , 

ffl . 
N o n e 

0 . 1 

7 . 0 - 8 . 0 

1 

• 

id 

t 

• 

(") 

. 4 

N o o e 

2 . 0 

• - . 1 

V a r i e s 

S m a l l 

a m o u n t s . 

N o n e 

• ' • 

4 . 0 

N o n e 

N o n e 

/ " S O . O 
I " 20.0 

1 . 7 - 1 . 8 

NA 

<") 

P l o w r a t e 

t o d u m p s , 
in ia 

1 , 0 0 0 

5 , 0 0 0 

4 , 0 0 0 

3 , 3 0 0 

" 1 , 6 0 0 

7 5 0 

1 , 7 0 0 

( " 8 , 0 0 0 -
1 0 , 0 0 0 

( " 3 5 , 0 0 0 

1 3 , 0 0 0 -
1 5 , 0 0 0 

7 , 0 0 0 

HA 

1 , 8 0 0 

2 , 0 0 0 

2 , 3 0 0 

/ " 3 0 0 

V ° 5 , 0 0 0 

}(") 

1 , 0 0 0 

NA 
NA 

L e a c h BO l u t i o n s 

p a 

3 . 4 

1 . 9 

1 . 2 - 1 . 3 

1 . 4 - 1 . 6 

2 . 5 

3 . 5 

2 . 6 - 3 . 0 

2 . 8 - 3 . 0 

3 . 5 

2 . 5 - 3 . 8 

2 . 7 

2 . 6 

1 . 4 

2 . 8 - 3 . 1 

) 3 . 8 - 4 . 2 

2 . 5 

2 . 2 

NA 

NA 

C o p p e r c o n 
t e n t , Kpl 

< D . 0 1 

. 1 1 

. 0 8 

. 0 2 

< . 0 1 

< . 0 1 

. 1 0 

. 1 2 - . 1 8 

. 0 8 - . 3 6 

< . 0 6 

. 0 4 - . 3 2 

. 0 1 

. 0 2 

. 0 3 - . 0 7 

. 0 1 - . 0 2 

r " . 0 0 
l = = 3 . 0 0 

. 1 8 

NA 
. 1 0 

T e m p e r a 
t u r e , " P 

HA 

8 5 

6 0 

7 0 

H 4 6 

NA 

HA 

9 2 - 9 4 

7 0 - 7 8 

7 3 - 8 5 

HA 

7 3 - 7 4 

NA 

= " 9 0 - 9 5 

KA 

} 5 0 

4 0 - 6 0 

NA 
' 3 8 

R f f l u e n r 
pH 

2 . 4 - 2 . 8 

2 . 2 - 2 . 3 

1 . 9 

2 . 1 - 2 . 4 

2 . 3 - 3 . 3 

2 . 4 

> 2 . 0 

2 . 5 

2 . 5 

2 . 1 - 3 . 0 

2 . 3 

2 . 5 

2 . 4 

2 . 0 - 2 . 2 

2 . 8 - 3 . 2 

1 . 4 - 2 . 8 

3 . 0 - 3 . 5 

NA 
NA 

C o p p e r c o n 
t e n t . KPl 

1 . 0 9 

. 8 0 - 1 . 0 0 

1 . 2 0 

1 . 1 8 

1 . 3 2 - 1 . 5 6 

1 . 2 4 

1 . 1 0 

1 . 8 0 

1 . 4 0 

. 9 0 

. 8 3 

. 7 5 - 2 . 2 5 

1 . 7 5 - 2 . 0 0 

. 9 6 - 1 . 8 0 

1 , 0 0 - 3 . 6 0 

2 . 0 0 - 8 . 0 0 

1 . 8 0 

NA 
1 . 0 0 

T e m p e r a 
t u r e . " P 

NA 

67 

55 

70 

' • 6 3 

NA 

NA 

1 1 0 - 1 2 5 

9 0 - 9 5 

7 3 - 1 0 0 

KA 

7 3 - 8 0 

NA 

" l O O 

KA 

7 0 - 8 5 

4 0 - 6 0 

NA 
' 4 5 

A r e a s e a s o n a l 
t e m p e r a t u r e . ° P 

Summer 

8 5 - 9 5 

" 8 0 - 9 0 

8 0 

9 5 

7 0 - 8 5 

7 5 

1 0 0 - 1 0 2 

7 5 - 8 5 

= ' 6 6 

8 5 - 9 5 

8 5 - 9 5 

8 5 - 9 5 

8 5 - 9 5 

8 5 - 9 5 

7 5 - 8 5 

8 5 - 9 5 

6 4 - 9 5 

NA 
8 4 - 8 8 

W i n t e r 

5 0 - 6 0 

f ' 2 0 
l ' ' 2 0 - 4 5 

5 3 

3 5 

4 5 - 5 5 

4 0 

5 0 - 6 0 

2 0 - 2 5 

" 4 3 

5 0 - 6 0 

5 0 - 6 0 

5 0 - 6 0 

5 0 - 6 0 

5 0 - 6 0 

4 0 - 5 0 

5 0 - 6 0 

2 3 - 5 4 

NA 
3 3 - 3 7 

P r e c i p i t a t i o n 
T y p e o f 

p r e c i p i t a n t 
u s e d 

B u r n e d , s h r e d d e d 

t i n c a n s . 

i B u r n e d , c o m p a c t e d 

j c i n c a n s . 

B u r n e d , s h r e d d e d 
t i n t a n a a n d d i s 
c a r d e d c l i p p i n g s 
f r o m c a n 
m a n u f a c t u r e . 

M i n e s c r a p a n d 
b u m e d , s h r e d d e d 
c i n c a n s . 

B u m e d , s h r e d d e d 
t i n c a n s . 

d o 

d o 

B u m e d , s h r e d d e d 
t i n c a n s . 

1 S h r e d d e d c l i p p i n g s 

D e t i n n e d s c r a p ( t i n 
c a n s , l i g h t t r i m 
m i n g s a n d p u n c h -
i n g s , aome s h r c a d -
d c d a u t o b o d i e s ) . 

C l i p p i n g s d i s c a r d e d 
f r o m c a n p r o d u c 
c i o n . Some b u m e d , 
s h r e d d e d t i n c a n s . 

B u m e d , s h r e d d e d 
t i n c a n s . 

d o 

d o 

B u m e d , s h r e d d e d 
c a n s , S p o n g e I r o n 
f r o m D o u g l a s 
s m e l t e r . H e a v y 

s c r a p , 
S u m e d , s h r e d d e d 

t i n c a n s , h e a v y 
s c r a p , a n d t u r n 

i n g s f rom s h o p . 
B u r n e d , s h r e d d e d 

t i n c a n s , b a l i n g 
w i r e , s h r e d d e d c a r 
b o d i e s b e i n g 
e v a l u a c e d . 

B u r n e d , s h r e d d e d 
t i n c a n s . 

d o 
S c r a p I r o n a n d 

B c r s p t i n c a n s . 

Can 
f a c t o r , 
l b r e l 

l b Cu 

1 , 6 - 2 . 0 

1 .5 

1 , 3 

1 ,8 

1 . 4 

1 .4 

1 . 2 - 1 , 3 

2 . 5 

1 . 5 - 1 , 8 

1 . 0 - 1 . 8 

1 , 7 - 1 , 8 

1 . 8 

1 ,5 

1 , 4 

2 , 5 

1 . 3 

1 . 5 - 1 . 7 

1 , 5 - 2 , 0 

NA 

1 , 3 

P r c c l o i c a C I o n 
Number 

o f 
c c l l s 

10 

» 3 0 

" 2 0 

2 2 

' = 12 

' = 1 2 

" 4 

' = 4 8 

" 2 6 

r 3 0 
l " 4 • 

" 4 8 - 7 2 

5 

24 

24 

24 

4 

S e v e r a l 

4 

KA 
13 

un 1 t s 
C e l l d i m e n s i o n s , f c 

L e n g t h 

12 

100 

60 

10 

12 

12 

6 0 

80 

(=") 

4 0 

C=) 

4 0 

52 

27 

27 

25 

20 

30 

35 

NA 
2 8 

W i d t h 

8 

8 - 1 / 2 

20 

10 

4 

5 

20 

4 

f ) 
5 

<f') 

5 

10 

4 - 1 / 2 

4 - 1 / 2 

8 

20 

3 - 1 / 2 

5 

HA 
4 

D e p t h 

" 6 - 1 / 2 - 1 1 - 1 / 2 

2 - 1 / 2 

4 

6 

= 5 - 1 0 

10 

5 

4 

(=°) 

(==)} 

5 

4 - 1 / 4 

3 

3 

= 3 - 1 0 

3 

8 

4 - 1 / 2 

HA 
8 

o p e r a t i o n 

/ 
I 

Cu 

1 , 0 9 

. 8 7 

1 . 2 0 -
1 . 3 0 

l . O O -

1 . 2 5 

1 , 6 0 

1 . 2 4 

1 . 5 0 

1 . 8 0 

1 . 8 0 

1 . 3 2 -
2 . 1 6 

. 9 0 

. 8 5 

, 7 5 -
2 . 2 5 
2 . 1 4 

1 . 3 2 

NA 

3 . 0 0 -
7 . 0 0 

1 . 8 0 

HA 
1 . 0 0 

F a -

O . O l 

. 0 9 

. 0 0 

, 0 9 

< , 1 0 

. 0 1 

. 5 6 

3 . 3 6 

3 . 3 6 

NA 

< , 0 5 

, 0 2 

, 0 2 

1 , 1 5 -

3 . 6 0 

. 0 1 

NA 

, 6 0 -
1 , 8 0 

NA 
NA 

I t l u e t 
F e * * ' 

0 , 5 

, 4 

l,OC 

2 , 0 ( 

.2 ( 

. 4 

, 4 

. 1 . 4 

1 .4 

. 0 5 
1 .0 

-

. 3 ( 

.e 

l . l 

l . l 

3 . 

f 

l a u n d e r s , 12 c e l l s per row. 
. Dimensions, 14 f t diam by 24 fC deep 
embe r . 
r t h . 
. Dimensiona, 18 f t d i a a by 34 f t deep 

d i j m p a . 
p<l ra of c e l l s . 
, p i l l a r s , and capp ing . 

a ^ I n l t l a l . 
^^Minlmum. 
' °Each needle v a l v e , 2 f t a p a r t a long cho p i p e s , feeds a t r a t e of 180 cu cm/ml 
^^Freoh w a t e r . 
' ^ R e c i r c u l a t e d s o l u t i o n s . 
' • p r o m 6.5 t o 7.0 pounds of ac id per pound of copper p r e c i p i t a t e d . 



-

ra-
• T 

K 

J 

5 

0 

3 

IA 

A 

125 

95 

•100 

SA 

-80 

NA 

OO 

HA 

-85 
.f 

-60 

NA 
45 

Area seasonal 
temperature, * F 
Summer 

85-95 

•80-90 

80 

95 

70-85 

75 

100- 102 

75-85 

"66 

85-95 

85-95 

85-95 

85-95 

85-95 

75-85 

85-95 

64-95 

NA 
84-88 

Winter 

50-60 

f'20 
1=20-45 

53 

35 

45-55 

40 

50-60 

20-25 

==43 

50-60 

50-60 

50-60 

50-60 

50-60 

40-50 

50-60 

23-54 

NA 
33-37 

Type of 
precipitant 

used 

Bumed, shredded 
^ tin cans. 

"IBurned, compacted 
j cin cans. 

Burned, shredded 
tin cans and dis
carded clippings • 
frora can 
manufacture. 
Mine scrap and 
bumed, shredded 
tin cans. 

BurTied, shredded 
tin cans. 

• do 

do 

Bumed, shredded 
cln cans. 

( Shredded clippings 

Detinned scrap (tin 
cans, light trim
mings and punch-
ings, some shread-
ded auto bodies). 
Clippings discarded 
from can produc
cion. Some burned, 
shredded tin cans. 

Burned, shredded 
cin cans. 

do •.., 

do 

Bumed, shredded 
cans. Sponge iron 
from Douglas 
smel cer. Heavy 
scrap. 

Burned, shredded 
tin cans, heavy 
scrap, and turn
ings from*shop. 

Burned, shredded 
tin cans, baling 
wire, shredt^d car 
bodies being 
evaluated. 

Bumed, shredded 
tin cans, 

do 
Scrap iron and 
scrap tin cans. 

Can 
faccor, 
lb Fe/ 
lb Cu 

1,6-2,0 

1,5 

1.3 

1.8 

1.4 

1,4 

1,2-1.3 

2.5 

1,5-1,8 

1,0-1,8 

1.7-1,8 

1.8 

1.5 

1.4 

2,5 

1.3 

1,5-1.7 

1.5-2.0 

NA 
1.3 

E 
Number 
of 
cells 

10 

=30 

"20 

22 

'=12 

' = 12 

" 4 

"48 

=°26 

{ 3 0 

t=»4 • 

'=48-72 

5 

24 

24 

24 

4 

Several 

4 

HA 
13 

reciol 
Cel 

Lengch 

12 

100 

60 

10 

12 

12 

60 

80 

(=") 
40 

(==) 

40 

52 

27 

27 

25 

20 

30 

35 

HA 
28 

Prectpicaclon 
ation units 
dimensions, ft 

Width 

8 

S-1/2 

20 

10 

4 

5 

20 

4 

(=°) 
5 

5 

10 

4-1/2 

4-1/2 

8 

20 

3-1/2 

5 

NA 
4 

Depth 

= 6-1/2-11-1/2 

2-1/2 

4 

6 

= 5-10 

10 

5 

4 

(=°) 

A} 

5 

4-1/4 

3 

3 

= 3-10 

3 

8 

4-1/2 

HA 
8 

•pcratton ^ ^ 
Analyses of solutions, enl 

Influent 
Cu 

1,09 

.87 

1.20-
1.30 

1.00-
1.25 

1.60 

1.24 

1.50 

1.80 

1.80 

1.32-
2.16 

.90 

.85 

.75-
2.25 
2,14 

1,32 

NA 

3.00-
7.0O 

1.80 

HA 
1.00 

Fe** 

0,01 

.09 

.00 

.09 

<.10 

,01 

.56 

3,36 

3.36 

HA 

<.05 

.02 

.02 

1.15 

3.60 

.01 

HA 

.60-
1.80 

HA 
HA 

Fe-* 

0.57 

.41 

1,00 

2,00 

,20 

.47 

.46 

1.44 

1.44 

,05-
1.08 

,36-
.60 

1.06 

,32 

1.05 

3.00 

.27 

NA 

,24-
.72 

HA 
NA 

Free 
acid 

0,60 

NA 

3,90 

1.50-
2,50 

KA 

HA 

1.00 

HA 

NA 

.04-
,84 

NA 

.U 

,25 

,25 

NA 

HA 

NA 

.30 

HA 
7.50 

pH 

2,3 

2.3 

1.9 

<2.0 

2.6 

2,3 

KA 

2.5 

2.5 

2.5 

1.5-
3,0 

2,3 

2,5 

2,4 

2,0 

3^0 

1,4-
2,8 

3.0-
3.5 

NA 
NA 

Effluent 
Cu 

po.oi 
I '.Ol 

,02 

,08 

.02 

<,01 

<,01 

• .01 

.12-
,18 

,02-
.05 

.08-
.36 

,06 

(̂ ,02 
l*,07 

<.01 

.02 

.03 

HA 

NA 

.12 

HA 
.10 

Fe** 

2.08 
1,67 

1,50 

1.30-
1.40 

3,80-
3.90 

1.90 

2,45 

3.30 

8.39 

7.00 

NA 

2.16 

2.20 
1,26 

1.02 

4.60 

8.77 

2.01 

NA 

2.40 

HA 
HA 

Fc*»* 

Trace 
0.04 

.05 

.00-
.20 

.10-
.20 

Trace 

.01 

Trace 

.00 

.00 

.06-
.24 

.00 

.06 

.30 

.03 

.10 

.06 

<.01 

NA 

.06 

NA 
NA 

Free 
acid 
0.08 
.06 

NA 

1.50 

NA 

NA 

NA 

Trace 

HA 

NA 

.08-
.22 

NA 

Trace 
.05 

Trace 

Trace 

NA 

NA 

NA 

.06 

HA 
6.80 

pH 

3,6 
3.3 

2.8 

3,0 

2,4 

3.9 

3,7 

3.5 

3,5-
3.8 
2.9-
3.0 

HA 

3.0-
3,8 

3.0 
2.7 

3.6 

4,2 

3,1 

4,4 

HA 

NA 

NA 
HA 

= B l n i C l a l . 
^^Mtnlmmn. 
^°Each needle v a l v e , 2 f t a p a r t a l o n g . t h e p i p e s , feeds a t r a t e of 180 cu on/min. 
^^Presh w a t e r . 
^ R e c i r c u l a t e d s o l u t i o n s . 
' "p rom 6 .5 to 7.0 pounds of a c i d p e r pound of copper p r e c i p i t a t e d . 

"• L ' ". ,J. ^Ei jn ip4. j# . ' . •"• jMi iA>j^qpiy i^^!^HW 
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Settling of Dumps 

Most leach dumps settle after the leach solutions have been introduced 
because .(1) the percolating solutions tend to transport the finer particles i 
the voids between larger particles and thereby compact the dump as a whole, 
(2) the' total weight of the dump is increased by the weight of the solutiong. 
which causes a downward compression of the dump, and (3) the dissolution atid' 
dis.integration of minerals in the dump causes the dump to settle. 

Leaching Operation 

The leaching operation comprises the introduction of a sulfuric acid s^ 
tion containing varying amounts of ferrous and ferric sulfate onto the surfa'̂ , 
or into the interior of the dumps for the purpose of effecting the dissolutij. 
of copper minerals. The end product of the leaching operation is a pregnant 
liquor containing copper in the form of copper sulfate. t 

Leach Solution '̂  

Most companies recirculate the tailing solutions from their precipitatjl 
operations (fig. 8) along with makeup water and concentrated sulfuric acid tc 
be used as the leach solution, 
operations are given in table i . Makeup 
lost by evaporation or seepage during leaching, 

Analyses of tailing solutions from various B 
1. Makeup water is added to replenish the wa^ 

Sulfuric acid is added to J 
lower the pH of the leach solution generally to the range of 1.5 to 3.0. T* 
reasons for maintaining this pH are (1) to have adequate acid for dissoluti^ 
of the copper minerals, (2) t o prevent the destruction of bacteria in the 
dumps, and (3) to minimize the hydrolyzation and precipitation of iron and 
other metals in pipelines and on the surfaces or in the interior of the 

UtlOj 

nd I 
dumpt 

Water added to the leach solution comes from several sources, such as f 
wells^ springs^ underground mines^ or streams. Polluted stream waters from! 
nearby towns are sometimes used; however, the organic material contained ini, 
sewage waters is thought to be a deterrent to bacterial activity and therefpn 
is not used in many leach circuits. 

The sulfuric acid used in most of the larger leaching operations is pro
duced and supplied by the operating company. In smaller operations the acid 
is obtained from commercial suppliers. The development of contact sulfuric! 
acid plants coupled with a constant supply of high-grade sulfur has simplifle 
the manufacture of sulfuric acid. A typical example of a contact sulfuric 
acid plant is the Bagdad Copper Corp. facility, Bagdad, Ariz. (fig. 9), 
located adjacent to the company's precipitation plant, A thorough descriptic 
of this semiautomatically controlled acid plant has been given by Bogart (U) 

Methods of Solution Introduction 

Leach solutions are introduced onto or into dumps by means of spraying, 
flooding, or vertical pipes. The method chosen for a given operation is basf 
on careful consideration and knowledge of climatic conditions, dump height,'* 
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'•CURE 8. - Makeup Water Addi t ion to T a i l i n g Solution From Mineral Park Prec ip i ta t ion P lant , 

Duval Corp. 

srcace a rea , mineralogy, s c a l e of o p e r a t i o n , and s i z e of leach m a t e r i a l . 
** "Ascr ip t ions of each method, wi th examples, a r e p re sen ted in paragraphs 

^ t follow. 

-SErajiing.--Leach s o l u t i o n s a t the d i f f e r e n t ope ra t ions a r e in t roduced 
, i "*^ dumps by v a r i o u s methods of s p r a y i n g . The advantage of sp ray ing i s 
r ^ provides a uniform d i s t r i b u t i o n of the leach s o l u t i o n s over t he sur -

area of the dumps. The p r i n c i p a l d isadvantage of t h i s method i s the 
^ '^ ' 'a t lon loss which in a r i d r eg ions may range up to 60 p e r c e n t . 

j j_ ^ commonest spray ing method involves the use of p e r f o r a t e d p l a s t i c 
aa^ _/ ^^^ I n s p i r a t i o n Conso l ida ted Copper Co. , I n s p i r a t i o n , A r i z . ( f i g . 10), 
7^^ ^ Anaconda Company a t Weed He igh t s , Nev. ( f i g . 11) , use t h i s method. 
'»!»»..• "tLons a re pumped to the su r f ace of the dumps through 8- to 12-inch 

from the mam d i s -
The p r e s s u r e c re -

"'* r̂for h^ "" ^•^t^'^^^nes causes tne ieacn s o l u t i o n s to be d ischarged through the 
•••/rayo °"^ ^^ '•^^ form of a s p r a y . Height and d i s t a n c e of coverage of the 

A funct ions of the p i p e l i n e p r e s s u r e s . 
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FIGURE 9. - Sulfuric Acid Plant Adjacent to Precipitation Plant, Bagdod Copper CorM 

Metal or plastic sprinkler heads available commercially are used at 1 
Esperanza operation of Duval Corp., Sahuarita, Ariz., to distribute the 1| 
solutions in an overlapping circular pattern (fig. 12). The size of the 
droplets determines the amount of evaporation to be expected. The largei 
droplets in the spray,, the less the amount of evaporation, 

Bagdad Copper Corp. has experimented with and is using a form of sp^ 
kler head made of surgical tubing. The tubings are attached to reducers* 
the end of the plastic pipes that carry the leach solution from the main;̂  
tributing lines to the surface of the dump. The tubing is very pliable 
reacts vigorously to the solution flow. A nominal length (about 18 inche 
used to impart a random oscillating motion to the tubing whereby a circula 
pattern of spray coverage is created (fig. 13). 

Spraying methods also are used to distribute leach solutions over 
slope portions of dumps that are being leached by flooding methods. Lt 
of small-diameter plastic pipe are placed on the slope area from the top3 
the base of the dumps. Proper coverage of the slope area is extremely d^ 
cult because the solutions tend to form channels down the slope and rapi^ 
flow from the slopes without penetrating the surface. Large tonnages of^ 
rial in the slope area therefore are not contacted by the leach solutions 
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di-

1̂  FIGURE 10, - Spraying of Leach Solution on Dump, Inspiration Consolidated 

Copper Co. The white spray rises from the dark-brown perfo

rated plastic pipes laid on the light-tan leach dump. 

Jiloodiiig.--Leach solutions are introduced onto the surfaces of dumps by 
.^^f°8 °^ ponding by forming furrows, ditches, ponds, or channels on the 
g-,J^f^^ of the dumps by bulldozer or front-end loaders. The leach solutions 
•a '"'5*°'̂ ^̂ '̂̂  into these conduits and allowed to build up to a certain depth 
^_^*cr to create a substantial flow of solution onto the dumps. Several 
"^•nies use this.-method of solution introduction; for example, the Silver 
Stl^f ̂ ^^*' "PA'^^tion of American Smelting and Refining Co. (fig. 14). 
jjj^ ^ areas of the dump surface are saturated for a specified period, fol-
• detn? * Period with no solution addition. In actual practice, a section of 
«^^^: 8 flooded with leach solution until such time as the copper content of 
^^^^^ gnant liquor obtained from that section falls below a predetermined 

86. The flooding then is discontinued on that section and begun on 

^ ^ alt "̂'̂ f"'̂  ^^^ Van Arsdale (4£) and Van Arsdale (83; PP • 77-78) state 
**•' eff-i^^*"^"^ periods of wetting and drying of leach dumps produces the 

^̂ '̂  lent dissolution and removal of copper from the leach material. 

*enche 
"••d In 

s or furrows made by bulldozers on the slopes of the leach dumps 
''̂ '̂ jf Co~" ̂ °'̂ J"'̂ ction with sprays at the Castle Dome operation of Miami 
*'̂ '*Wed t'' ™ij Ariz. The leach solution is ponded in the furrows and 
'^i«u y. P^^colate through the slope area in an attempt to increase distri-

">roughout the slope area. 



FIGURE 11 Plastic Pipe Layout Used to Distribute Leach Solution on Dump at the Wg 
Heights Operation, The Anaconda Company. 

V e r t i c a l P i p e s . - - T h e newest method of s o l u t i o n i n t r o d u c t i o n i s tha t 
t i c e d a t t h e B u t t e , Mont. , ope ra t i on of The Anaconda Company. The leach 
t i o n i s in t roduced through p e r f o r a t e d p l a s t i c p ipes i n t o the i n t e r i o r of 
dumps ( f i g . 15 ) . S ix - inch c h u m - d r i l l ho l e s a r e d r i l l e d a t the i n t e r sec t ' 
of a 100-foot g r id p a t t e r n and cased to a depth of about two- th i rd s the 
h e i g h t , A 4- inch p e r f o r a t e d p l a s t i c p ipe i s then p laced i n s i d e the casinj 
over the e n t i r e depth of each h o l e . The c a s i n g i s then removed. The spai 
of the c h u r n - d r i l l ho l e s has v a r i e d from a 100-foot g r i d p a t t e r n to a 50 | 
25-foot p a t t e r n . Leach s o l u t i o n flows to the dump a rea from s o l u t i o n res.g 
v o i r s a t a h ighe r e l e v a t i o n . DitcHes a r e provided along the g r i d l i n e s 
permi t t he s o l u t i o n to flow i n t o the top of the p l a s t i c p ipes and down tfii 
d r i l l h o l e s . The method promotes a thorough d i s t r i b u t i o n of the leach solj 
and a i r w i t h i n the dumps. 

The s lope a reas of the high dump a t the But te ope ra t ion a re a l s o w e ^ 
wi th leach s o l u t i o n s through cased c h u r n - d r i l l ho l e s t h a t have been d r i l l S 
s i d e - s l o p e roads cons t ruc t ed by b u l l d o z e r s . 

D i s t r i b u t i o n of So lu t ions i n Dumps 

One of the most important requi rements i n a l l dump leaching operat ic 
the thorough d i s t r i b u t i o n of the leach s o l u t i o n s throughout the dumps, 
a t t a i n s a t i s f a c t o r y recovery of the copper, the leach s o l u t i o n s must conJ 

ic.ft 
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FIGURE 13. - Wiggler-Type Sprays Used by Bagdad Copper Corp. 

as much of the copper-bearing material as possible. An ideal distribution! 
will fill all existing voids within the dump. Numerous problems inherent! 
most leaching operacions, however, prevent attaining ideal distribution. 

A natural sorting of coarse and fine material is created in most duiî [ 
because many of the larger particles roll down the dump slopes as the leach 
material is unloaded from trucks or trains. Bulldozer leveling of many dt 
creates layering while the leach dumps are constructed. The overall effect 
to produce alternating layers of coarse and fine material within the dumpy 
The leach solutions follow courses of least resistance in penetrating thê ^ 
dumps. Hence,, when the dumps contain layers of fine and coarse material,, 
solutions may travel horizontally within the dumps and discharge from thej 
sides instead of from the base of the dumps. The problem of complete dist 
bution of leach solutions within the dumps remains unsolved. 

Temperature of Leach Solutions 

The temperature of the leach solutions is an important factor that 
affects the rate of dissolution of copper from leach dumps. Temperaturesj 
leach solutions introduced onto dumps varies from a low of 38° F during Ja 
ary and February at the Page operation of Zontelli Western Mining Co. to .i 
high of 90° to 95° F during the summer at the Bingham Canyon operation ofJ 
Kennecott Copper Corp. and the Bisbee, Ariz., operation of Phelps Dodge Col 
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[FIGURE 14. - Leoch Solution Ponds on Dump at Silver Be l l Operation, Amer i 

can Smelting and Ref in ing Co. L ight ref lect ion from the sky 

masks the brown high-iron-bearing leach solut ions being int ro

duced into dump by ponding, and brown iron salt prec ip i ta te in 

adjacent ponds in d i f ferent phases of the drying cyc le is qu i te 

evident. 

«jrw». .-•^^'^ature i s one of the most impor tan t environmental f a c t o r s i n a micro-
^ ^ ^ ^ e a c t i o n . Corr ick and Sut ton (19) have shown tha t the optimum tempera-
^ I ^ ? 5 maximum microb ia l o x i d a t i o n of p y r i t e i s 35° C (95° F ) , and Bryner, 
2^5^*. and Palmer (17) a l s o have shown t h a t 35° C i s the optimum tempera tu re 

j ^ e b io log i ca l ox ida t ion of copper s u l f i d e . 

* j ^ r o l e played by micro-organisms i n the formation and a l t e r a t i o n of 
«Cf55^ P°^^'-s i s p resen ted by Kuznetsov and coworkers (47) . The importance 
&;. ^ S * ^ l n • .,.,,_^ '"* i r o n o x i d i z i n g b a c t e r i a d u r i n g c y c l i c l e a c h i n g p r o c e s s e s h a s been 
j j j ^^^ . a by Zimmerley and c o w o r k e r s (,87) . The u s e of b a c t e r i a i n l e a c h i n g 
' ! ^ j j 5 " ^ ' i d e and o t h e r m e t a l l i c s u l f i d e s h a s been i n v e s t i g a t e d and d e s c r i b e d 
W l ^ j ^ j 1 1 , 1 4 , 2 8 , 4 3 , 1 1 , 6 4 , 2 1 - 7 2 ) . The p r e s e n c e of c e r t a i n b a c t e r i a 
••f jyw| s o l u t i o n s o r w i t h i n t h e dumps p r o m o t e s and a c c e l e r a t e s o x i d a t i o n 
' ^ ^ j f e r r i c s u l f a t e and s u l f u r i c a c i d and t h e o x i d a t i o n of c o p p e r s u l -
' * * t j j . ^ ^ ^o coppe r s u l f a t e . E x p e r i m e n t s by many of t h e a f o r e m e n t i o n e d 
'̂ ilQQ o r s have shown t h a t o x i d a t i o n r a t e s a r e a c c e l e r a t e d by a s much as 
"*c i t j . * f a c t o r s m e n t i o n e d by t h e i n v e s t i g a t o r s a s i m p o r t a n t c o n t r o l s i n 
^ ' ' ' ^ l o n '^^i^g a r e s h i e l d i n g from l i g h t , t h o r o u g h a e r a t i o n of b a c t e r i a l 

% and h i g h r a t e s of s o l u t i o n c i r c u l a t i o n . 
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FIGURE 15. - Introduction of Leach Solution Through Plast ic Pipes in the Dump at the Bu 

Leaching Operotion, The Anacondo Company. 

I 
Control of Iron Salts in Solution 

Probably the most troublesome problem encountered in the leaching op 
tion is precipitation of iron salts in pipelines, on the surface of dump 
(fig. 16), or within the dumps. These salts precipitate from solution whS 
the pH of the solution is higher than 3.0. A pH of 2.4 is required to pr— 
the formation of iron salts and a pH of 2.1 is required to redissolve the] 
salts after they have been precipitated. Strict control of iron content 
pH is necessary to minimize the precipitation of the iron salts. 

Pipelines constricted by precipitated iron salts are cleaned with mei 
ical devices such as balls and chains ("pigs") or cutting tools. 'Precipi^ 
iron salts which have plugged the surfaces of dumps periodically are furrj 
or scraped and pushed over the edge of the dumps. At the Silver Bell uni 
American Smelting and Refining Co., however, the iron precipitates (fig.:j 
are not removed from the surfaces of the ponds. During the "drying-out"-• 
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FIGURE 16. - Brown Iron Salt Formation on Surface of Leoch Dump at Mineral 

Park Property, Duval Corp. 
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•^IGURE 17. • Brown Iron Salts Precip i tated on Surface of Dump, Silver Bel l 

Operat ion, American Smelting and Ref in ing Co. 
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period, the iron precipitates dry and crack and present only slight resistanc I 
to solution flow at the time the next flooding period is initiated. '' 

Iron salt precipitation within the dumps is extremely difficult to over» 
come. The normal result of iron salt precipitation here is the formation of 
impervious layers which prevent movement of leach solutions within the dumpg 
Copper-bearing materials below the layers have no contact with leach solutioh, 
Operating personnel of several companies (Miami Copper Co. and others) have 
stated that large tonnages of iron are being deposited daily within the leaA 
dumps. The chemical reactions involved during the precipitation operation ̂i. 
provide the major quantity of iron in the circulating solutions. Some of thp 
iron in the pregnant liquors is derived from the dissolution of the iron-
bearing minerals within the dumps. ¥ 

Most operators recirculate the tailing solutions from their precipitatio 
plants to the dumps without purification. Some companies, however, purifyjjjĵ  
solutions prior to introduction to the dump surfaces to control the iron coJ. 
tent. At the Castle Dome operation of the Miami Copper Co. j the tailing s(5lt» 
tion flows through shallow ponds and is cascaded down the banks to precipitau 
basic iron salts and thereby lower the iron content. The resultant soluti* 
is collected and pumped to the dumps and used as the leach solution. I Tailing solutions from the precipitation plant at the Mineral Park prmj-
erty of Duval Corp. and the Silver Bell operation of American Smelting andift 
Refining Co. (fig. 18) are collected in settling ponds where some iron sal* 
are allowed to precipitate. The brown color of the water is typical of su% 
tailing solutions which have low copper and high iron contents. At the Silve 
Bell operation, the water is pumped from the pond to the leach dumps by floâ  
mounted pumps. A new reservoir has been constructed as part of the new lead* 
ing and precipitation plant at the Bingham Canyon operation of Kennecott Cap
per Corp. The reservoir will hold 500 million gallons of solution. HalfiSf 
the tailing solution from the precipitation operation will be fed to thisS 
reservoir. The primary purpose of the new reservoir is to impound and primti 
makeup water to the leach solution distribution system. A second purposed 
to allow time for oxidation of some of the iron from the ferrous state to] 
ferric state and thereby precipitate some of the contained iron. 

Pregnant Liquor 

Compos it ion.--Chemical analyses of typical pregnant liquors from sev^lj 
operations (see table 1) show a wide variation in copper content^ total iro 
ratio of ferrous to ferric iron present, total acid, and pH. Copper cont 
of pregnant liquors vary from 0.75 to 2.16 grams per liter. Total iron va 
from 0.20 to 6.60 grams per liter. An interesting point to note when co 
ering the iron content of the pregnant liquors is the extreme variation 
ratio of ferrous to ferric iron from one operation to another. 

Temperature,--The temperature of the pregnant liquors in nearly all 
ing operations is generally from 5° to 20° F higher than that of the leacM 
solutions. A rise in temperature is to be expected because of the exoth^^l 
reactions taking place during the oxidation of sulfide minerals within the 
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^FIGURE 18. - To i l i ng Solution Pond With Float Pumps at Silver Be l l Opera

t i on , American Smelting and Ref ining Co. Brown color of water 

i s t yp i ca l of ta i l ing water that contains high iron and low cop

per from precip i tat ion operations. 

URE 19. - Leach Solution Dis t r ibut ion Over Block-Caved Area, Miomi 
Copper Co. White aluminum sal ts are prec ip i ta t ing on the 
red surface. 
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dxjmps. The air temperature is known to be as high as 135° F within one leach 
dump at the Bingham Canyon operation of Kennecott Copper Corp. High tempera J 
tures reflect accelerated oxidation rates in the dumps and presumably account* 
for the dissolution of some of the difficultly soluble minerals, more espe 
cially chalcopyrite. 

Operational Control During Leaching 

Control of the pH of the leach solutions is mandatory for effective le| 
ing. Sulfuric acid is added in many leaching operations prior to the introdi 
tion of the leach solutions onto the dumps. Numerous monitoring devices ar| 
used and acid addition is controlled automatically. Pregnant solutions are 
sampled periodically and choice of sections of the dumps to be leached is gQig 
erned by analyses of these solutions. When the copper content of the pregnS 
liquor falls below a predetermined amount, leaching is discontinued in the '̂  
sections of the dumps being leached and begun on new sections. Additional 
amounts of acid usually are added to the leach solutions when the tailing 
solutions from the precipitation plants have a pH of raore than 3.0. 

Heap Leaching 

Heap leaching is employed to dissolve copper from porous oxide ore th 
has been placed on a prepared surface. Heap leaching contrasts with dump 
leaching principally in that ore material is leached instead of waste mate 
This method is not applicable to the dissolution of copper sulfide mineral 
to ores containing large amounts of carbonate or other acid soluble gangue 
minerals. Companies currently employing heap leaching are Ranchers Explora€ 
and Development Corp. at the Bluebird mine near Miami, Ariz., the J. H. Txi!\ 
Co. operation at Tyrone, N. Max., and Zontelli Western Mining Co. operat 
Page, Ariz. 

--:ch 

Emplacement of Heaps 

Ground Preparation CIS-

Leach heaps are deposited primarily on areas a f t e r the ground surfacq 
been prepared. One exception to th i s procedure is a t the heap leaching ope 
t ion of the J . H. Trigg Co., where the leach heaps are deposited on the exl 
ing topography. Examples of prepared surfaces are given by the following; 

At the Bluebird mine of the Ranchers Exploration and Development CorpS 
the ground was f i r s t cleared of vegetat ion; then the s o i l was cemented andj 
covered with di luted ta r for curing and sealing purposes . 

The area used for emplacement of the leach heaps a t the Zonte l l i West 
Mining Co. operation was leveled by bulldozer, with a slope maintained to' 
the pregnant liquor sump adjacent to the p rec ip i t a t ion va t s . After the lel 
ing operat ion was completed, a 10-inch layer of fine sand was spread on t! 
surface , followed by a layer of 10-mil polyethylene p l a s t i c . A 12-inch iM 
of fine sand then was placed on the polyethylene p l a s t i c . Asbestos pipe 
forated with 1/2-inch holes and protected by wooden cribbing then was pla< 
on the 12-inch sand layer a t 15-foot in tervals across the width of the h 
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Jrainpipes extend from the ends of the heaps and a r e a l i n e d to . taper 
[ uJoT* *'^'' pregnant l i q u o r sump. 

of Heap Emplacement 

J5h^ m a t e r i a l for heap leaching ope ra t i ons i s b l a s t e d or r ipped and then 
m ^ t i by bu l ldoze r or hauled by bottom dump s c r a p e r s and dumpsters to t h e 

it*? The method employed a t the Bluebird mine of Ranchers E x p l o r a t i o n and 
(itftlbwifint Corp. (2 7) i s t y p i c a l of t h i s type of o p e r a t i o n . This method was 
m^gus^d to produce minimum compaction in the heaps which a r e b u i l t i n 1 5 - to 
f j ^ i g o ^ i m s . When s t a r t i n g a new heap , s c r a p e r s p lace the l each m a t e r i a l in 
#j6-fw>t-wide s t r i p a long the c e n t e r l i n e of the new heap. Subsequent loads 
*i^£nped along the o u t e r edge of the s t r i p and pushed over the s ide wi th a 
4 l S t g ^ d e r to bu i ld the heap to i t s f u l l width wi thout compaction. I n t h i s 
'ttt!»dt^aly the top few fee t of the heap becomes compacted, and t h i s l a y e r i s 
- ' " ^ " ^ n t l y loosened by a bu l ldozer equipped wi th a r i p p e r . 

Phys ica l Nature of Heaps 

Ihe leach m a t e r i a l a t the J . H. Trigg Co. p rope r ty No. 1 i s l e s s than 6 
The 

^ s i ze of heap leach m a t e r i a l a t Ranchers Exp lo ra t ion and Development 
5wp._ls approximately 12 i n c h e s . The bulk of the m a t e r i a l , however, i s l e s s 

•*? 
In s i z e and t h a t a t p roper ty No. 2 i s l e s s than 2 f e e t in s i z e 

•,.^^inches. The leach m a t e r i a l a t Z o n t e l l i Western Mining Co. i s crushed 
^ idxtiis 4 inches , 

I f . f^f^ volume of leach m a t e r i a l on heaps i s cons ide rab ly l e s s than t h a t of 
f*A^^\mps and v a r i e s from 100,000 tons a t J . H. Trigg Co. to 500,000 tons a t 
* * ^ | l l l Western Mining Co. and Ranchers Exp lo ra t i on and Development Corp. 
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Leaching Operation 

,̂  ^ - p - overall heap leaching operation is similar in many respects to that 
*^^ leaching, with a few exceptions. 

"•.'•'re concentrated sulfuric acid solutions are used in heap leaching 
^ ^ ^ ^ °^ the acid strength necessary for dissolution of the copper oxide 
•pytlŜ  Acid is not regenerated within the heaps because of the absence of 
^ ^.*"^ the oxidized ore. As much as 50 grams per liter of sulfuric acid 
Scja |, °̂ the leach solution at the Ranchers Exploration and Development 
; ^M?-Bluebird mine. 

' Tii5^« *-fferent approach for removal of iron produced in the precipitation 
^'ktah *̂ of̂ ducted by Ranchers Exploration and Development Corp. In addition 
'••"̂ŷO 1̂ ^̂ *̂ ^ material placed on heaps for leaching, material containing less 

, ^'j^ J* P̂ tcent. copper is placed on mine waste dumps. The tailing solution 
• -aĵ  ̂ ^ ̂ P̂'̂ scipitation plant is circulated through the waste dumps to allow 

of the 

=•9 tlje -i_ ° •'•̂  dissolved. The solution from the waste dumps then is returned 
'-•"pf^-c y i ' ^ iron to precipitate. Some acid is consumed in this process, but 

®ach heaps to be used as the leach solution. 

L̂ . 
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Because of the higher grade of the heaps, the stronger acid solution, = 
the ready solubility of oxidized copper minerals, the pregnant solutions pj-̂. 
duced generally are much higher in copper content than pregnant solutions 
obtained from dump leaching. Copper content of the pregnant liquor at 
Ranchers Exploration and Development Corp. varies from 3 to 7 grams per 

Inplace Leaching 

litS 

Inplace leaching techniques are applicable to leaching oxide and sulfi 
ores of copper and other metals. The basic principles involved are similaj 
those for dump or heap leaching. The leach solutions must pass downward 
through the ore and contact and dissolve the copper-bearing minerals. Ade! 
quate arrangements are necessary to collect the resultant copper-bearing 
liquors without appreciable loss. Provision usually must be made to pump 
liquors to the surface where the copper can be recovered. 

Leaching inplace and precipitation of copper at the Ohio Copper Co, ml 
Bingham Canyon, Utah, has been described by Anderson (5_) . Leach solutions] 
were distributed upon the surface of a large rockfill overlying a portion S 
the caved zone of the underground mine. Slow percolation was used in the-f" 
leaching because it was believed this method would promote the oxidizing (̂  
ditions deemed favorable for continued and rapid dissolution of the copper^ 
sulfide minerals. 

Thomas (82) has described the inplace leaching of copper from worked, 
areas of the Ray mines in Arizona, Sprays that were moved from one area 
another were used to uniformly distribute fresh water to the caved area, 
practice promoted the oxidation of pyrite and the copper minerals and thei 
fore their dissolution. The copper-bearing liquors were pumped to the suî  
and the copper was recovered by precipitation with iron. 

The Miami mine of the Miami Copper Co. is the best example of a curr^ 
inplace leaching operation. The company is leaching copper from the undei 
ground ore bodies which previously were mined principally by block-cavingj 
methods. Various amounts of copper remain in the capping, in the stopes 
the capping, and in the crushed pillars in the mine. A description of th^ 
inplace leaching operation at the Miami mine is given by Fletcher (30). M 
is added to tailing water from the precipitation plant, and this solutiotJ 
distributed by sprays onto the surface area which overlies the former bloa 
caving operation (fig. 19). The leach solution percolates downward throug 
500 feet of material, the bottom 150 feet of which contains the mixture ol 
and waste with the largest percentage of copper. The solution moves froiM 
surface to the 1,000-foot level of the mine within 3 to 4 weeks. Pregnanl 
liquor that is collected in a reservoir on the 1,000-foot level is emptiew 
periodically into a sump from which the liquor is pumped to the precipitat 
plant on the surface. 
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Vat Leaching 

'leaching is employed to extract copper from oxide or mixed oxide-
ores containing more than 0.5 percent acid-soluble copper. This 
Ts used in preference to heap leaching if the ore material is not 
and crushing is necessary to permit adequate contact between the leach 

foiT and the copper minerals. Despite increased costs necessary for 
and screening, numerous advantages are achieved by vat leaching. 

copper recovery in shorter periods is realized; pregnant liquor losses 
igligible; and copper content of the pregnant liquor is much higher, 
iting recovery of the copper by means other than precipitation by iron. 
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l ^ d e l (67) has discussed numerous factors which influence vat leaching 
«e8. Percolation flow ra te s are affected chiefly by the texture or 

i H t y of the ore bed in the va t s . Air or other gas bubbles present in 
MTKbeds reduce the percolat ion ra tes of the leaching so lu t ions . Higher 

ta tures of aqueous leach solut ions wi l l produce higher percolat ion ra t e s , 
ua variables , such as p a r t i c l e s i z e , pa r t i c l e porosi ty , temperature, 
t .8trength, and percolat ion r a t e s , great ly affect the mass t ransfer 

^ons during the d issolu t ion of the mineral pa r t i c l e s and the washing and 
of the dissolved copper from the leach residue. 

,̂  processed by vat leaching are made sui table for placement in the 
j ^ ^ j ^ j ^ crush ing and screening. Descriptions and i l l u s t r a t i o n s of the vat 
ffigii'Jt operations of The Anaconda Company, Weed Heights, Nev., and the 
^iJ ja t ior i Consolidated Copper Corp., Insp i ra t ion , A r i z , , are given in the 

sections. 

The Anaconda Company 

^ore treated by vat leaching a t the Weed Heights operation of The 
Company (f ig . 20) i s predominately oxide ore containing 0.59 percent 

„iApproximately 86,000 tons of ore is t reated per week in eight va t s , 
fiSasuring 120 feet wide, 139 feet long, and 19 feet deep. Descriptions 

Pperation have been given by Huttl (41) and in "Mining World" (58). 
ore i s crushed and screened to minus 7/16 inch. Water sprays are 

^"^SS* '̂ '̂ ^^^^ *"̂ ^ moisture content of the minus 7/16-inch mater ia l to 5 or 
' "^^ ^^ i t is layered on the conveyor bel t that moves the mater ia l to the 

vats. Because of the increased moisture content the fine par t ic les 
i -••tt'*^ ^^^ '"° '•^^ coarser pa r t i c l e s and also to cl ing together to form 

^ ^ j ^ ^ ^ ^ ^ ' ^ ^ ^ ^ • Agglomerating the fines in th is manner obviates the neces-
'- -.̂ .removing the fines which normally would reduce the porosity of the 

In the vats and therefore prevent effective leaching. 
mpt 
ipitaf--' 
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The principal copper-bearing mineral in the ore is chrysocolla. D i l ^ 
sulfuric acid solutions containing from 30 to 35 grams per liter of acid aro 
used to leach the ore. The pregnant liquors and wash waters obtained from «. 
vat leaching operation are pumped to a precipitation plant where the coppgj.*^ 
recovered by use of iron scrap. 

Inspiration Consolidated Copper Co. 

The ore treated in the vat leaching operation of the Inspiration Cons* 
dated Copper Co. (fig. 22) is mixed oxide-sulfide ore. Presently chrysoco]| 
is the predominant oxide mineral and chalcopyrite is the predominant sulfi^ 
mineral. Early methods of leaching Inspiration ore have been described byl 
Aldrich and Scott (.3_~k) ^"d Van Arsdale (84) • The design of the original 
leaching plant to treat underground ores, which consisted of approximate pj^ 
portions of 60 percent oxide minerals and 40 percent chalcocite^ was based! 
the ready solubility of chalcocite in a solvent containing sulfuric acid 
ferric sulfate. The ore mined and treated contained an increasing amount'1 
chalcopyrite as the method of mining was gradually changed from underground 
open pit. Chalcopyrite is only slowly soluble in a ferric sulfate leach,* 
it became necessary to employ a system to recover copper separately from bg 
the oxide and sulfide minerals. 

In the present operation the ore is crushed, screened, passed through^ 
sets of rolls, and then rescreened. The final sand product is suitable fq 
leaching with a maximum size of three-eighths of an inch and with a minimi 
amount of fine material detrimental to the flow of leach solutions. The sj 
fraction obtained from the rake classifiers and cyclones in the circuit c ( ^ 
tains 85 percent minus 200-mesh material and is used as a feed to a separate 
slime leaching operation. A generalized flowsheet of the Inspiration l e a ^ 
plant is given in figure 21, 

Approximately 9,600 dry tons of ore is loaded into each of 13 leachi 
tanks by a gantry-mounted clamshell bucket. Each tank is approximately 6 
feet wide, 175 feet long, and 18-1/2 feet deep. The oxide minerals are t 
leached by using the return solution from the electrolytic tankhouse as t 
leach solution. The leach solution is heated to about 53° C and is introS 
into the ore at a rate of 2,400 gallons per minute. The leach solution 
the pregnant liquor derived from the leaching operation is represented byj 
following typical chemical analyses with the data expressed in grams per 

.1 t 
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-led 

Z' t i 
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Leach solution 
Pregnant liquor.... 

Cu 
24.1 
28.7 

HsSO^ 

18.0 
9.0 

Fe++ 

3.5 
6.8 

Fe-̂ -̂ * 

4.1 
.8 • i t 
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^FIGURE 20. - Vat Leoching at Weed Heights Operat ion, The Anaconda Company. 

copyr i te i s not r e a d i l y so lub le in the leach s o l u t i o n , bu t i s r ecov-
^*M^later from the va t t a i l i n g . The t a i l i n g from the va t l each ing o p e r a t i o n 

J ? ^ v a t e d by c lamshe l l and t r a n s p o r t e d by t r a i n to the company's concen-
^ ^ g plant where the c h a l c o p y r i t e i s recovered with o the r s u l f i d e s by 
• " ^ g ^ i o n a l f l o t a t i o n methods. 

j ^ l ^ r i n g 1965, I n s p i r a t i o n Consol idated Copper Co. i n s t a l l e d the l a t e s t 
* ^ ^ ^ t l o n in bu lk -hand l ing systems which c o n s i s t s of a bucket l i n e r ec l a imer 
,_ . r»^ , continuously empty the leach tanks a t the r a t e of 1,100 tons per hour 
^ t i i^ fSi^ . 7,400-foot over land b e l t conveyor system connect ing the leach tanks 

Concentrat ing p l a n t . A d e s c r i p t i o n of t h i s innova t ion i s g iven in 
ering and Mining Jou rna l " (26^) . 

. - ^Copper i s recovered from the va t leach l i q u o r s by e l e c t r o l y t i c d e p o s i t i o n . 
, 2 ^ 4 ^ ^ recovered from the s l ime f r a c t i o n mentioned e a r l i e r by f l o t a t i o n of 

^ ^ I f i d e s and by subsequent l each ing of the o x i d e s . 
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Other Methods of Leaching 

ll minor methods of leaching presently are used to recover copper 
oxide-sulfide ores or from the slime fraction obtained from crush-

'de ores used in vat leaching. These methods are referred to as leach-
ion-flotation (LPF) and slime leaching, respectively, and are 

^ d in the following sections. Ammonia leaching has been used in the 
recover copper from copper oxide minerals associated with carbonate 

material-. Descriptions of a former ammonia leaching operation have 
by Duggan (22-23) and Eddy (2^). Leaching of copper minerals by 

^Solutions has been proposed by Lower and Booth (49-50), but as yet has 
used in practice. 

Leach-Precipitation-Flotation 

j?'original LPF process, according to Bean (10), was coriceived and 
ly F. W. Maclennon and Harmon Keyes of the Miami Copper Co. during 
.929-34. The process was designed to supplement a conventional 

jSKn operation by adding a leach circuit to the mill. 

1 -; 

t -

of the porphyry-type copper deposits in the Western United States 
^ ^ l y altered and contain readily acid-soluble oxidized copper minerals 
^^ted with sulfide copper minerals. The nonsulfide minerals often occur 
.**tlngs and stains on the gangue and ore minerals and not as discrete 

^*W»^ln the rock as a whole. To recover both the oxide and sulfide copper 
*'^*l8, leaching and froth flotation methods have to be employed. In some 
^̂ Ŝ ĵ̂ .the sulfide minerals are recovered by froth flotation and the resultant 
S ^ ~ 8 then is leached to recover the remaining copper. More common practice 
^j^jcld leach the oxide minerals, precipitate the dissolved copper with 
^^{S&,*°^ recover the resultant cement copper and the sulfide minerals in the 
!^S^*lotation circuit. Descriptions of LPF circuits have been given by Franz 
^Bli^ttittle (42), and Milliken and Goodwin (57). 

ĝWkj,.-̂  rirst unit operation in the LPF process comprises crushing and grind-
: J SBI'^II ' '̂̂ ^̂ ^ ''̂ ^ sulfide minerals. The finely ground ore is classified in 
' -î  i(Uri*!'-«®̂ îers, drag classifiers, and cyclones to produce a uniform feed for 

^ ^ ^ 
and flotation. 

4jj£l̂ j. - ground pulp is agitation leached in tanks for about 30 minutes with a 
'. ̂ •JfPrrJ! amount of sulfuric acid to maintain a solution pH between 1.5 and 
^̂ •irtiiSit leach tanks the pulp is introduced into a series of precipita-
'• *^^lf?^ °^ cells where finely divided iron is added to precipitate the dis-
feg^^*- PP^r. Xhe pulp is then moved to acid-proof froth flotation cells to 
^(J^-li- -•'̂ °'̂ '̂ n̂trate containing both cement copper and copper sulfides. The 
"''Utlon"'*'r '̂  pulp in most plants is regulated to about pH 4 by the 

, "''l̂ ĵ ̂ , Ij-iie, although metallic iron also has been used for this purpose. 
*̂ , 0^ *^lotation feed is acidic, dixanthogen is the commonly used collec-

Pper recovery by the LPF process is generally about 90 percent 

Ihc 
'"•llajjjjO-" Iniprovement in recent years in the LPF process has been the 
''**-«d wii-û  °f more durable equipment. Flotation cells, pumps, and tanks are 

^̂ ew types of organic and rubber materials which prevent excessive 
erosion of the equipment. °̂n and ''̂ •Ic 
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Slime Leaching 

The slime fraction in the ore obtained from the preparation of the vat 
leach feed at the plant of Inspiration Consolidated Copper Co. is treated ^ 
first by conventional flotation methods to recover the sulfide copper mineral 
The flotation tailing then is thickened to about 40 percent solids and sent.̂ . 
the slime leach plant for extraction of copper from the acid-soluble oxidizj 
copper minerals. The process has been described by Power (61). The slime 
plant consists of three 20-foot-diameter redwood leach tanks. Each tank is' 
equipped with a mechanical agitator having a 4-inch airlift in the shaft ofi 
the agitator for removal of the leached pulp. Separation of the resultant 
copper sulfate solution from the acid insoluble residue is accomplished by 
countercurrent washing in four 150-foot concrete traction thickeners, each 
equipped with three 4-inch airlifts on the spigot product and one 4-inch lg, 
lined centrifugal pump on the overflow. - The pregnant copper sulfate solutiî  
is pumped to an iron launder where the copper is precipitated by scrap ironf 
The sulfuric acid requirements for leaching the slimes ranges from 3.9 to 0 
pounds of acid per pound of copper recovered. Iron consumption for precipisj 
tating the cement copper amounts to 1.6 pounds of iron per pound of copperi 
precipitated. Copper recovery from the slime leach plant feed is about 95 
percent. 

COPPER RECOVERY 

Copper presently is recovered from leach liquors almost entirely by m ^ 
of precipitation by metallic iron. Copper in the vat leach liquors at Ins^ 
ration Consolidated Copper Co. is recovered by electrolytic deposition. Oo^ 
methods of precipitation have been suggested by Baarson and Ray (6̂ ) and ;• 
Croasdale (20). Numerous investigators^ including Forward (31), Peters anffl 
Hahn (59), and Schaufelberger (£5), have shown that at elevated temperatur® 
and pressures, copper can be precipitated from solution by hydrogen reduct' 

Bagdad Copper Corp. is constructing a plant to produce copper powders! 
application of .hydrogen reduction principles. Other methods of recovering! 
copper from solution, suggested by Agers and coworkers (!-£), Fletcher an^ 
Flett (29), Quarm (6^), and Swanson and Agers (80), are by solvent extract! 
and ion exchange. At present, however, copper recovery is accomplished iM 
practice only by the methods of precipitation by metallic iron and electrw 
lytic deposition, and the following descriptions focus attention on these^ 
methods . 

Precipitation by Iron 

Metall ic iron p rec ip i t a tes copper from solution according to the wel^i 
known reac t ion : CUSO4 -•- Fe ^̂^ Cu + FeS04 . In pract ice copper i s recoyr^ 

r 

from copper-bearing pregnant liquors almost entirely by application of the 
principle of this equation. 

Sources of Iron 

Shredded scrap cans (fig. 23) are the chief source of iron used as aj 
precipitant in the recovery of copper from copper-bearing solutions. The^ 
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'FIGURE 22. - Vot Leoching Operation, Inspiration Consolidated Copper Co. 
Intense blue solution contains as much as 30 grams per liter 
of copper. 

M ^ ^ m ^ * i 

'-''^E 23. • Stockpile of Partially Oxidized, Burned, and Shredded Cans at 
Mineral Park Precipitation Plant, Duval Corp. Brown color is 
typicol of the oxidized detinned and shredded cons. 



r ^ ^ i , I •• • 1 ll 

34 

first burned to remove paper labels and organic material. The tin content 
scrap cans is often removed by a caustic leach process. The principal WesV ' 
suppliers of shredded, detinned cans are Proler Steel Corp., with plants at 
Houston and El Paso, Tex., and San Francisco, Calif., and the Los Angeles 
By-Products Co., with plants at Bakersfield and Los Angeles, Calif. 

Scrap punchings and clippings produced during the manufacture of cans' 
attained significant importance during recent years as a source of iron fo; 
copper precipitation. These materials are good precipitators for copper 
because of their relative uniformity in size and absence of deleterious u s * 
ties, such as organic materials and other solids. Proler Steel Corp. hasJf 
recently erected a shredding plant near Copperton, Utah, to supply the Bitf^ 
ham Canyon precipitation operation of Kennecott Copper Corp. The product 
be used in the newly installed cone precipitators. 

Another source of iron that has been used as a precipitant is turning 
from lathes and other cutting machines. This type of precipitant has provr 
unsatisfactory, however, because of inclusions of oil and other lubricant' 
An additional deterrent to the use of turnings is the slow precipitation g 
copper attained because of the low surface-to-weight ratio of the iron. 

Heavy scrap iron has been used as a precipitant for copper in severa 
operations. Low cost of the scrap iron obtained from the mine and millinl 
operations has made this type of precipitant attractive. Deterrents to us; 
heavy scrap as a precipitant, however, are the difficulty in handling the 
scrap during loading and cleaning of the precipitation launders and the si® 
surface area per unit of weight available for reaction. A few operators ffl. 
used heavy scrap in the head section of the launders to reduce the ferricM 
content of the pregnant solution and thereby reduce the shredded can c o n s * 
tion in the remaining cells, since ferric sulfate and sulfuric acid are 
responsible for the iron consumed in the launders according to the reactiffl 

:̂̂ .ii 

- . , - l C 

-.d( 

Fes (50̂ )3 + Fe 

H2SO4, + Fe 

3FeS04; 

H2 -f FeS04 

Finely divided sponge iron is an effective precipitant of copper, 
although at present it is not competitive in cost with available shreddetf 
scrap cans. The principal advantage in using sponge iron seems to be th^ 
relatively faster copper precipitation rate obtained with particulate ir 
compared to that obtained with more massive scrap iron products. Accordii 
Back (2)J sponge iron is most effective as a precipitant for copper when 
in conjunction with cone-type precipitators. High-grade magnetite, i ron est 
and pyrite cinders are the chief sources for producing sponge iron suitaW 
a reactive precipitant for copper. Kennecott Copper Corp. is investigat 
the feasibility of producing sponge iron for copper precipitation by the 
reduction of the iron in copper reverberatory slag from the firm's smelti 

l:-
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Types of Prec ip i t a t ion Plants 

pper i s p rec ip i ta ted from solut ions in a ser ies of gravity launders or 
p rec ip i t a to r s . Descriptions and examples of each type current ly 

f'ed are given in addit ion to i l l u s t r a t i o n s of cer ta in aspects of operat-
m ^ i a c t i c e s . 

t Ipctpltation Launders 

iJ^^Kurrent p rec ip i t a t ion prac t ice i s typif ied by the use of gravity launders 
l^^teal top, end, and side views of a ser ies of gravity launders are shown in 
I flfBTC 24. Launder dimensions at numerous operations are given in table 1. mm, 
SS^rs 

Ballard (9), Jacky (44), and Power (60) have described the precipitation 
_:rs of The Anaconda Company and the American Smelting and Refining Co. 

i i|^Kkunders are of concrete construction, with wooden planks to protect the 
I ll^^^the launder walls. Plywood and/or stainless steel gratings are used to 

t the iron precipitant within the launders. 

JtbiQ launders of the precipitation plants are charged with cans by means 
"t^^fferent mechanical devices. The launders of the Copper Cities precipita-
iMIBrplant of the Miami Copper Co. are loaded with cans that are discharged 
"•.a belt conveyor by a moving tripper. A crane-mounted magnet is used to 
"je and clean launders at the Silver Bell precipitation plant of the Ameri-

'•B.Saelting and Refining Co. A gantry-mounted clamshell bucket is used to 
^""s^os into the launders at the Butte precipitation plant of The Anaconda 
^̂ .uy. Front-end loaders are used at the Morenci precipitation plant of 

•'JJ*]̂ 8 Dodge Corp., and at the Mineral Park plant of the Duval Corp. Part of 
» -*5*̂ ls at the latter plant are loaded by a belt conveyor (fig. 25). Kenne-

Sî P̂per Corp. at its Bingham Canyon original launder precipitation plant 
^ ^ a forklift loader to load the launders with cans. 

!^Copper-bearing liquors are introduced into the upper end of gravity laun-
_. plants through a solution feed launder and allowed to trickle downward 
. ,,-8« the shredded cans. Launder arrangement is such that solution flow is 
^ ^ 'les. Baffles and pumps are utilized in order that any launder may be 
ĵ ^̂ sed and solutions returned to any particular launder. The copper, ferric 
^^*,aod free sulfuric acid content of the pregnant liquors and the surface 
j^^_ iron available for reaction are the more important factors in deter-
<ilfĉ * the rate and degree of recovery of copper in each particular launder. 
1̂  j«--''̂ "̂ lly is washed three times a week from the first few launders, which 
*8l n̂  P̂ "̂ts precipitate more than 60 percent of the total copper. The cop-
J!l L, ^̂ P̂̂ tated in the remaining launders is removed usually from once a week 
*»ce a month. Tailing (barren) solutions discharge by gravity from the 

ends of the plants. 

tasaj 3 1 ŷ îii8*̂ on-type" plant differs from those, described in that the preg-
"'̂ ?̂»or ."̂ ^̂ '̂  flow is upward through the iron precipitant. The pregnant 
**Jflch ^ introduced into the launders under pressure through three parallel, 
'•i«4 y. ^^^^^ tubes which lie in gutters in the floors of the launders. The 

^s been perforated with 5/8-inch holes spaced from 1 to 3 feet apart 
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JRE 25. - Sl iding Conveyor Used to Load Cons Into Ce l ls of Precip i tat ion Plant at 

f M B j s l f i - , Mineral Pork Property, Duval Corp. 

^ • j i . ? ' ) . High-so lu t ion v e l o c i t i e s a r e main ta ined in the launders and a 
'^^^t^.^cement copper product i s formed. Higher p u r i t y and lower mois tu re 

are synonymous with t h i s coa r se r p r o d u c t . 

I^^gnant l i q u o r s in t roduced i n t o , and t a i l i n g (bar ren) s o l u t i o n s d i s -
'^•t^!-! ^ p r e c i p i t a t i o n p l a n t s a r e sampled c o n t i n u o u s l y . The s o l u t i o n s 
i|^r^-~y^ed for pH and copper, i r o n , and a c i d con ten t by wet chemical meth-
^I j*^ . .tnough other methods a re being adopted such as X-ray, e l e c t r o l y t i c , a and 
5jUj_ĵ  sorption. Typical analyses of such solutions from numerous precipi-
*̂*>t'lf'-°̂ ^ in the Western States are given in table 1. The pH of the preg-
^ " ^ S ^ ' ^ varies from 1.4 to 3.5, copper content from 0.75 to 7.0 grams 
lB|̂ >̂--̂ -ferrous iron content from 0.00 to 3.60 grams per liter, ferric iron 
^ ^ • ^ ° ^ 0.05 to 3.00 grams per liter, and free acid content from 0.04 to 

jjy J. P^^ liter. The recovery of copper is high in all operations, aver-
r̂ ^̂  above 90 percent. The copper content of the tailing solutions 

*''** tho .^°" and ranges from less than 0.01 to 0.36 gram per liter the The 
ailing solutions is higher, in the range of 2.4 to 4.4, as a result 

The decrease in acid and an increase in •*»4l l^"^^^^ in acid content 
*ODa .°'̂ '-ent (almost entirely ferrous iron) is the result of the several 

ng reactions that take place during precipitation. 

' i ^ i : 



38 

FIGURE 26. - V iew of Empty Lounder at Weed Heights Prec ip i ta t ion Plant of j 

The Anaconda Company Showing Pregnant Solution IntroductionJ 

Under Pressure Through Perforated P las t ic Pipes. Blue-green] 

color of solut ion is ind icat ive of copper content. 

FIGURE 27. - Removing Red-Brown Cement Copper From Ce l l s by High-

Pressure Hoses ot the Si lver Be l l Prec ip i ta t ion Plant , 

American Smelting and Ref in ing Co. 
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i ^ e amount of iron coiisumed per pound of copper precipi ta ted (cbinmiDnZy 
l i ^ ^ ' a s the "can factor") i s an important concern in a l l p lan t s . Irgn con-
'•''^^^joa varies from operation to operat ion, but i s always higher than the 
l ^ ^ ^ t l c a l 0,88. pound of iron per pound of copper required for the iron 
l^^KCi^tit by copper react ion, The can factors range from a low of 1.2 to 
jii^lSh of 2.5 at the various operat ions. A l i s t of can factors is- given 

|f6iMe 1, 

-frecip i ta tors 

m.recent innovation in' the recovery of copper from copper-bearing solu-
is the cone-type pEecipit"ator developed by the Kennecott Cppper Cprp. 

i i ^ M d described by Spedden and coworkers, (68) . A cutaway diagram of. the 
'^jitatlon cone Is shown in figure 28. Copper-bearing solution is pumped 

'a manifold system in the bottom of the cone and is' injected through 
Ees' Into shredded, detinned iron scrap, which is semicdntinuously loaded 
[me inner cone above a heavy-gage, s t a in l e s s s t ee l screen. The . injection 

solution under pressure int;o the iron mater ia l has a dual e f fec t . Cop-
11 rapidly precipi ta ted and quicMy removed from the i ron surfaces by the 

.ent action, creat ing fresh, clean 'surfaces of iron for continued pre-
tlon of the copper. 

Methods of Handling Cement Copper 

|?arlous methods afe used to handle the cement copper following i t s pre-
^*C«tlon in tihe launders or in the cones. The purppse in each instance is 

El to obtain as pure a product a'ŝ  possible with minimuni moisture 

1 From Precipi ta t ion Unit 

tM^ most frequently used method for removittg cement copper from, precipi . 
_-:'^^launders i s with high-pre ssure streams of water. The water i s pumped 

, ̂ ^ ^ t 100 pounds of pressure to wash 'hoses equipped with quick shutoff 
• . ^ ^ (fig. 27).. The cement copper is washed from the unreacted i ron , and 
" ^ ' ? s lurry is emptied into decant basins through drain valves in 
; ..̂ ll^toms of the c e l l s . 
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FIGURE 28. - Cutaway Diagram of Cone Precipitator Designed by Kennecott 
Copper Corp. (Neol Bishop, Kennecott Research Center.) 

FIGURE 29. • Air l i f t Pumps Used for Removing Cement Copper From Precipitation 
Bagdad Copper Corp. 
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-r-'«'"Alrlift pumps (fig. 29) are used by Bagdad Copper Corp. to remove the 
^eeat-copper from the bottom of the lai 
' f ^ j i S ^ h o t a the unreacted cans. The sli 

aunders after the cement copper has been 
from the unreacted cans. The slurry of cement copper and water, after 

i^sy^ischarged from the airlift pumps, flows by gravity into settling basins 

is ir 30). 
-.^By'draulic slushers (fig. 31), consisting of a trussed bridge which spans 

til fix of the parallel launders at The Anaconda Company's Butte precipitation 
•i** ISJOF^ are used to agitate the cans in the launders, remove the cement copper 
-*^e cans, and slush (sweep) the cement copper along the launders to drop 

- u»" •, •^*- ^—.-—, .V r' ri o — r 

fftti'f'^ After the drop tanks are nearly full, the water is decanted by pumping 
ad "die cement copper is loaded into railroad cars by an overhead clamshell 

t ew operations use a gantry-operated clamshell bucket to unload the 
jf copper and unreacted cans from the precipitation launders. The com-

Hatd^material then is charged into a trommel (fig. 32) fitted with stainless 
' I**J1 screens having small-diameter openings to separate the cement copper and 
,.'•nucted cans from one another. The unreacted cans are returned to the pre-
Q^ttation launders and the cement copper is discharged into settling basins. 

ji>-. ' 

'h .ilhe cement copper produced in Kennecott's cone precipitators settles 
J SBTough the stainless steel screen, drops to the bottom of the tank, and is 
' *'*O0ved intermittently through a pneumatically operated valve. Higher grade 

WftJucts, analyzing 90 to 95 percent copper, are obtained by this method of 
^ ̂ t^Ipltation. Other benefits from this method are a substantially lower con-
^i^tlon of iron and the elimination of the need for the usual labor involved 

t *• « launder-type plant. 
i 

i 
I 

•'*Tne cement copper is allowed to settle in basins. The clear water is 
ted and returned by pumping to the precipitation launders to prevent the 

any suspended fine particles of copper, •«M of 

' • ^ -

£4l H *̂ sn>ent copper is removed from the settling basins by various mechani-
_ «evices, such as front-end loaders and crane-mounted clamshell buckets. 

*• :^.**'°^^t copper removed from the settling basins is dried before shipment to 
"'^^ s or other markets. Concrete drying pads are generally used, and in 
6:̂  * "^stances are constructed adjacent to the settling basins. The cement 
•;̂5 » ^^ the Weed Heights, Nev., operation of The Anaconda Company is dried 

**'ge gas-fired hotplates (fig. 34). 

' ^ t cn°^^^^^'^'^ drying of the cement copper reduces the moisture content from 
. 'Utg percent to between 25 and 30 percent. The cement copper dried by hot-

at Weed Heights contains 15 percent moisture. 

••'* „ ^~and-frame filter presses are used to reduce the moisture content of cempr, (. 
'L copper produced in the cone precipitators at the Bingham Canyon 

k. 
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FIGURE 30. - Decant Bas in Adjacent t o Precip i ta t ion P lant , Bagdad Copper Corp.| 

B lue is copper-bearing water in decant bas in ; wooden trough in lef t i 

foreground is de l iver ing red-brown slurry of cement copper ond wateri 

from the p lar i t 's prec ip i ta t ion ce l l s to decant bas in. 

F IGURE 31. - Hydraul ic Slushers Used T o Remove Cement Copper From the 

Ce l l s of the Bufte Prec ip i ta t ion Plant , The Anoconda Company^ 

The copper-red color o f l h e cement copper in the ce l l s con be 

seen as copper replaces the iron in the cans. 
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^ G U R E 32. - Trommel Used for Screening Cement Copper af Weed Heights Prec ip i 

tat ion P lan t , The Anacondo Conipany. Red-brown cement copper is 

passing through the screen sect ions on the trommel. 

PIGURE 33. - Impervious Layers of Brown Iron Salts Above Blue-Green Copper 

Minerals in Leached, Block-Caved Area of Underground Mine, 

Insp i ra t ion ConsolidDted Copper Co. 
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operation of Kennecott Copper Corp. The final product contains- from 8 to ij 
percent moisture. 

Additional Treatment 

The cement copper produced in a few plants is processed further to 
increase the purity of the final product. The cement copper is screened 
through small-mesh vibrating screens by the Inspiration Consolidated CoppS 
Co. Flotation techniques are used at the Bingham Canyon operation of KeriM 
cott Copper Corp. to improve the quality of part of the cement copper fro^ 
launder plant for direct sale to consumers. 

Electrolytic Deposition 

The Inspiration Consolidated Copper Co. recovers copper from vat leacfi 
liquors by electrolytic deposition using insoluble anodes. The process 
termed electrowinning. Liquors containing from 25 to 30 grams per liter o 
copper serve as the electrolyte for the electrowinning process. A descri 
of the electrowinning process and operating data for the Inspiration planî  
have been given by McMahon (56). 

The principal advantages of this process are that electrolytically 
copper does not require additional treatment--that is, the usual smelting^ 
ation required for copper production is eliminated--and sulfuric acid and! 
ric sulfate needed as solvents during the leaching operation are regenerat 

RESEARCH 

Most companies currently engaged in copper leaching are researching 
are planning to research the following: (1) The solvent extraction pf c 
from leach liquors; (2) the use of other precipitants such as sponge irotj 
aluminum; (3) bacterial leaching; (4) the nature of dumps (by drilling ani 
analysis of drill samples); (5) chemical relationships of dump materials as 
solutions; (6) effectiveness of acid and other solvent additions to the ]j 
ing solution; and (7) dump emplacement techniques. 

SUMMARY 

A more rapid and more complete recovery of copper from leach dumps ^ 
ultimate concern of all companies engaged in copper leaching. Close attS 
must be given to numerous problems inherent in the leach cycle to achievi 
satisfactory leach rate and recovery of the copper. 
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g[l|RE 34. - Hotplates (in Foreground) Used for Drying Cement Copper at Weed Heights 

Precipitation Plont, The Anaconda Company. 

^3WF^" salt precipitation on the surface or within leach dumps is one of 
^^g^5*ncipal problems encountered in leaching. Impervious layers formed 
T̂lffiÔ leach dumps act like blankets through which leach solutions cannot pass 

jolumes of copper-bearing material are not contacted by the leach solu-
_ Examples of this phenomenon can be seen in the Ohio Copper Co. mine 
i>y exposed in the open-pit mining operation of Kennecott Copper Corp. 
am, Utah, and at the Inspiration Consolidated Copper Corp. at Inspira-

i^iz. (fig. 33). A partial solution to this problem seems to be to min-
^B •'•'̂°n salt precipitation within the dumps by maintaining a low solu-
Hi„j,Py acid additions to the leach solutions. 

i^5^S»?°"^ling is created in many leach dumps as a result of the methods 

|*85^j^ ^^° build the dumps. Solution flow often is horizontal following 
**3l4^ "8 layers of coarse and fine material; hence, large volumes of miner-
f ,(, jjM. terial may not be contacted by the leach solutions. Close attention 
t̂Sf-̂  ">ethod of constructing the leach 

a ^*tion. 
dump is needed to minimize size 

-'-'*"̂ '»a' 
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Another important problem encountered is the loss of leach and pregn-

solutions. Losses of leach waters frequently are encountered in the Soutln, 
where evaporation is abnormally high. Pregnant solution loss is high when'̂  
the ground upon which leach dumps are deposited is permeable or contains £. i 
fractures and faults. Use of prepared pads for dump emplacement is a pariM*̂ ! 
means of solving this problem. Solution loss can result from entrapment^* 
leach solutions within iron salt-lined cavities in the dumps. Improved pfs 
control can partially correct this situation. 

The formation of iron precipitates in pipelines and pumps has caused! 
maintenance problems. The solution to this problem is to prevent the ir^ 
salts from precipitating by controlling the acidity of the circulating "' 
solutions. 

Numerous unsuccessful attempts have been made to build up the coppe3 
tent of the pregnant solution by recycling. Recent investigations by Gn! 
(35) have shown that clay products within the dumps act as ion exchangers! 
absorb copper. 

Conditions of equilibrium likewise influence the solubility of the ̂ , 
minerals^ both ore and gangue, that are contained in the leach material.̂ B̂ ^ 
per, iron, and aluminum compounds are both formed and redissolved at diff̂ w 
depths within the leach dumps^ depending upon environmental conditions p̂ ji 
lant at a given time and site. The chemical and physical reactions takimf 
place within the dumps are numerous and complex. Under a given set of c^^. 
tions, it is possible that as much copper is being removed from solution^ 
being dissolved. ft 

The chief problem in copper precipitation is maximum extraction of^SJ 
with relatively low iron consumption. Iron consumption is high and the c& 
copper product is contaminated with impurities when the pregnant liquors 
tain excessive ferric iron and acid and low amounts of copper. A low-qviHi: 
cement copper is obtained also when the precipitant is heavy metal and i 
unsuitable with respect to freedom from acid-insoluble impurities. 

Improper plant design causes materials-handling problems. Mechani 
chemical problems, such as seal and bearing failures in pumps and acid a@: 
on reactive surfaces, are common to nearly all operations. 

Production of copper by use of the various leaching methods is incrSfe 
continually and accounts for a larger part of the total copper product!™^ 
the Western United States. Many of the major copper producing companies; 
rently are improving and expanding their leaching operations. Other coiîg» 
are planning to increase their outputs by leaching in the near future 

Significant amounts of aluminum, uranium, and other metals are preŝ ĝ  
the pregnant liquors produced by leaching. Several companies and the Bi^" 
of Mines are conducting research to find means of profitably recovering 
metals as byproducts following the removal of copper from solution by 
precipitation. 
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Copper leaching with cyanide— 

A review of five inventions 
Metal recovery from low-grade copper bearing materials and solutions 

— which are not otherwise amenable to known processing techniques — 

may provide the metallurgical breakthrough for low cost extraction 

SUBJ 
MNG 
CLW 

SITY OF I i f 
SH S^ST[ 
SCIENCE 

FIVE PATENTED cyanide-leaching techniques raise hopes of 
milling men with the promise of a breakthrough for pro
ducing a high-grade copper product from low-grade ores, 
.copper bearing materials and solutions, Olher claims of 
these inventions include lower operating costs, smaller capi
tal requirements, economical reagent recovery and a 
method for trcaiing refractory ores which arc now con
sidered waste. 

Cyanide for ihe.se processes is supplied to industry in the 
form of while sodium, cyanide, crude calcium cyanide and 
hydrogen cyanide (hydrocyanic acid). Based on gram mol 
equivalents, while cyanide contains 50 to 5 3 % active leach
ing ingrcdienis, calcium cyanide 48 lo 50%, and HCN 
aboul 96%, 

Allhough only the following procedures arc described, 
it is E/Mj's understanding thai olher cyanide leaching sys
tems for copper with even greater potential are in the 
works. When these become available E / M J will publish the 
related informalion. 

1—Winning copper from solutions with HCN and SO2 

Edward S. Roberts, in U.S. Patent 3,321,303 (assigned to 
Treadwell Corp.), describes his novel and continuous meth
od for recovering red melal from solutions containing cop
per salts with hydrocyanic acid (HCN). His principal ob-
jcciivc is to recover substantially pure copper al a cost 
niore economical than that for copper produced by electro
winning and cemcntalion, and in rnost instances at less 
than ihat by smelting and electrorefining. 

Typical solulions which may be treated following 
Kobcris' directions could be derived from sulphuric acid 
leaching of oxidized copper ores or copper bearing ma
terials; from mine waters; from leaching, roasted copper 
sulphide concentrates or from scrap mclal containing cop
per. 

A modification of this invention repl.nces HCN with 
crude hydrogen cyanide (HCN burner gasos produced by 
the Andrus.sow process, U.S, Patent 1,934,838). Reactions 
by cither route can be represented as: 

Stcpl 
2CuS0. -I- 2HCN -1- SO., -{- 2H.;0 — 2CuCN + 3H.;S0, 

ot 

CuSO, -I- 2HCN -I- CU - . 2CuCn -|. H.,SO, 
Step 2 

2CUCN + H,—2CiJ-f 2HCN 

In general, the inventor carries out the first step at 
hclow 100° C, precipitates CuCN by reacting HCN with 
the copper sails in an acid medium (pH 0 to 4 ) , and con
verts ihe copper present to its cuprous stale with sufficient 
reducing material. Since CuCN is extremely insoluble in 
H .̂SOj its recovery in this first step approaches the theo
retical liniit. Copper so produced is"*'a finely divided pre
cipiiate which may be separated from the barren liquor by 
:iny conventional method, 

E/M]—September, 1967 
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Continuous process for winning pure copper metal using HCN 
and so.,. These reductants are regenerated to save on costs. 

According to the inventor, to mainiain a satisfactory 
reaction rate and limit cyanide decomposition to an accept
able minimum, metal reduction is preferably conducted 
between 300° to 400°C, 

High quality copper (99.8%).is recovered in quantita
tive amounts and, at the same time, relalivcly pure HCN 
is regenerated for recycling. The production of relalivcly 
pure Cu metal and HCN by this method is unique and 
recovery ranges from 65 to 100% of the copper, Altempis 
by the researcher at reducing other melal cyanides to 
metal or at recovering HCN with hydrogen reaction were 
dismally unsuccessful, Roberts says. 

Alternate reducing agents may be u,sed but under prcseni 
economic conditions only two SO2 and recycled coppier 
powder from the second step are attractive. When using 
SO2, as an alternate reductant, facilities must be provided 
lo dispo.se of or use ihe dilute and impure H.̂ SO^ made. 

Typically, leach liquors should conlain from I lo 50 g 
of copper per liter, which require at least 60% of ihe 
stoichiometric amount of HCN for the reaction. When 
using SO.j as an allernale reagent, a convenient method of 
operation is to maintain a substantially saturated SO^ solu
tion, thereby minimizing the effect of this reagent being 
consumed by reducible salts olher than cupric snlphatc. 
For example, ferric sulphate would require SO. for the 
ferric to ferrous conversion according to this equation: 

Fe(SO0, -{- SO5 -\- 2H..0 — fe{SO,h + 2H.S0, 

C u p r i c su lphate r e a d s in th is manne r : 

2CuS0, + SO., -h 2HCN + 2H.,0 — 2CuCN -|- 3HjS0, 

Thus, this invention provides a novel process for pro
ducing a relatively pure cuprous cyanide from Icach liquors. 
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2--Cyanide treatment of 0.2 to 0.8% copper ore 
HCN MAXE-UP 

| C o l C H ) ; AND FEED 

Co (OH), 

Co (HS) 

Co (OH), 

HjSO, 

I.-

STEP 1 
LEACH 

1 T 
WATER 

STEP 2 
WASH 

PRECIPITATE 

ANO FILTER 

I SOLIDS TO TAILS ^ 

H;OtH;SO< FILTRATE 

S I E P i 
COPPER VALUES 
DISSOLVED IN 
LEACH LIOUOR 

C u C N K u j S 

CONCENTRATE 
FLOAT 

CU2SD3 

CoCO< 

AIR 

SOj 

GENERATOR 

SO, 
REACTOR 

CvjO 

STEP 4 
PRECIPITATE 
AND r i l l E R 

Co SO. 
FLOAT 

CujS 

CALCINER 

STEPS 

NEUTRALIZER 

CoIOHl? Co 5 0 , 

REVERBAIORT 
FURNACE 

Cu 
PRODUCT 

Metal of except ional ly h igh pur i ty is c la imed for process 
since solut ion impur i t ies do not enter and con tamina te Cu. 

Tailings, overburden and olher low-grade copper sul
phide materials, including ores—associated with an alkaline 
gangue—and also having some of these characteristics: A 
low copper concentration (0.2 lo 0.8% Cu melal content), 
a fine particle size, and a widely di.sseminatcd mineraliza
tion are claimed to be economically processed by the leaeh
ings <if a new patent (U.S. 3,303,021). 

The inventor, E. S. Roberts. Treadwell Corp., says that 
the specifications call for metal recovery from a copper-
bearing material by an alkaline cytmidc leaching step, but. 
for the process to be economically attractive, the copper 
values and Ihc cyanide adhering lo the solids nuisl be re
covered. 

The initial step, leaching wilh an alkaline cyanide medi
um, produces a leach liquor of .soluble calcium copper com
plex and calcium sulfhydrale (Ca(HS) . ) , which is sep

arated from the solids. These reaclions occur: 

2CU..S -t- 5Ca(0H) . , - I - 16HCN — ' lC3HCu(CN) , + Ca(HS».: + lOH.O 

2CU3S -1- 5Ca(CN).. - I - 6HCN — C a H C u ( C N ) , + C a ( H S ) . 

2CU3S - I - 8Ca(CN)2 - f 6H.,0 — 4CaHCu(CN) , - f Ca(HSV, + 3Ca(0H)... 

2HCN -(- C a ( O H ) . . — Ca(CN).. -|- 2H .0 

Following this initial reaction, the .solids produced are 
washed with water and sent to tails, ihe copper and cyanide 
values are recovered by reacting ihe wash liquor with 
either cuprous sulphite or sulphate and sulphur dioxide 10 
precipitate cuprous cyanide and cuprous sulphide. These 
reactions occur: 

4CaHCu(CN), -h Ca(HS)2 - f SCujSO, — 16CuCN + 2Cu...S -(- SCaSO. 

+ 3H..S0j 

')C3HCu(CN)4 - i - Ca(HS).j - I - 16CuS0, + SSC; -(- 16H.;0 — I6C11CN 

- f 2CU5S H- SCaSO, -t- I9H1.SO, 

After this, the complex precipilale is separated from the 
wash solution and dissolved in the leach liquor with ihe 
simultaneous iniroduclion of Ca(OH)^. and Ca(HS)„ to 
form soluble calcium copper cyanide in the following 
manner: 

2CaHCu(CN) , - f I C u C N -|- Ca(OH).. — 3CaCu.;(CN), - I - 2H..0 

In step four, the loaded solution from step 3 is reacied 
with H.SO^ to precipitate Cu...S and CaSOj as shown belnw: 

2CaCu3(CN)< + 3H..SO4 - I - C a ( H S ) , — 2CII..S + SCaSOj - I - 8HCN 

4CaHCu(CN)4 -)- 6H. ;S0, — 2CujS -\- ACaSO, - i - IGHCN + 4 0 ; 

Ca(HS)5 H- H.jS04 — CaSO, - l - 2H;S 

The components of this precipilale are separatcil hy fio
tation (using pine oil as a frother and secondary butyl 
xanthate as a promoter) sending the CaSO,, to waste, or a 
separate dump, and the Cu,̂ S is converted to a relatively 
pure copper by any conventional meihod. 

The last .step involves the neutralization of the filtrate 
from step four wilh calcium hydroxide. The resulting solu
lion is recycled as the alkaline cyanide leaching medium. 
These equations apply to this step: 

2HCN + C a ( O H ) , . - ^ Ca(CN).; - I - 2H..0 

H..SO4 -1- C a ( O H ) . ; — CaSO, -)• 2H.;0 

Make-up HCN is added to this alkaline cyanide leaching 
medium to provide the necessary strength for reacti^^n wilh 
ihe copper content of the ore. 

All of the steps are conducted at ambient lemperatures 
and atniosphcric pressures in either open air, or in ade
quately ventilated enclosures. Under these conditions, the 
highly toxic hydrocyanic acid (HCN) gas concentration 
should not present a problem. 

Reagents u.sed in Ihe various steps are aiftled in sioichio-
metric amounts. Per mol of recoverable copper in the ore. 
about 4 mols HCN (most of which is regenerated and re
cycled), about 0.5 mols of H..SO, and about 2 mols nf 
calcium hydroxide are needed. 

K' i; 

|l 

3—Alkaline cyanide leaching of refractory copper ore 
Claimed as an improved method for recovering cuprous 

sulphide material, a recent invention (U.S, Patent 3,224,-
835, iLSsigned to Copper Range Co. by W, A, Hockings, 
D, H, Rose, and A, M, Gaudin), involves leaching with 
alkaline cyanide .solutions at a pH above 7.4 to di.ssolvc the 
melal conteni, followed by pH adjustment lo below 7.4 
whereby cuprous sulphide is precipitated with the addition 
of SO.̂  or other acid. All reactions are conducted under 
non-oxidizing conditions, according to the inventors. End 
solution from the process is Ihen treated wilh lime to re-
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generate the alkaline cvimide leach solution which is recy
cled. 

An advantageous sysiem for utilizing the invention in
volves percolation leaching of low-grade copper bearing 
flotation tailings. The feed arc the tails remaining after re
moving a concenirale from an ore consisting mainly of 
chalcolite. This aqueous pulp typically contains 25% by 
weight of solids measuring 100% —325-mcsh. The copper 
content, about 0,15% by weight of solids, is saiil lo be loo 
low in grade to be economically recovered by any known 

E/Mf—September, 1967 



commercial method now in operation. 
In the first step, a sand-slime separation is made and the 

slimes are discarded. The thickened sands are pa.ssed to a 
clo.sed leaching lank, and arc subjected to a downward 
percolation leach under non-oxidizing conditions with the 
cyanide solution. 

Any low strength leach solution from the reaclor may be 
transferred to the recycle solution tank for reuse. When 
copper concentration in the pregnant liquor approaches 
Ihe saturation level (5,5 gpl of Cu) il is collected in the 
rich solution .storage tank. Thereafter, the leach tank 
charge is wa.shed and ils cfnuenl (1,2 gpl Cu and 2,5 gpl 
CN) is pa.ssed to ihe ends solution lank. This leach step 
extracts up lo 85% of the copper and allows the operators 
to discard the tails. 

Leach solution percolation rales are speeded by applying 
a vacuum to the bottom of the leach lank. Ma.ximum possi
ble recovery of eyanide, gases and vapors withdrawn by 
ihe pump arc collected vvith milk of lime in a scrubber. 

End solution antl rich solulion is treated separately. Rich 
^olulion from storage is passed through a battery of rich 
precipitation ves.sels arranged in series. During this oper.i-
lion CO^ gas is bubbled through the reactors countercur
rent 10 the flow of pregnant liquor. Leach .solution at this 
time decreases in pH from 10.5 to 5.7 and, at the same 
lime, about t)0% of the copper and 70% of the calcium 
present is precipitated as cuprous sulphide and Ca(CO..,)..,, 
respectively. 

Olf-gases from these reactors are vented lo scrubber 2, 
where CO.̂  and HCN are ab.sorbed in milk of lime. 

From the last reactor, the complex slurry is thickened in 
a hydrocyclone and dewatered further by filter 1, before 
being sent to the smelter for further processing. 

The vortex discharge from hydrocyclone 2 is subsian
iially free from solids and is delivered to the recycle solu
lion tank for storage and later use. 

Solulion from filler I passes next lo the cleanup precipi
iation equipmeni for further reagent recovery. 

End solulion is treated essentially the same as the rich 
sohition, bul liquor from ils hydrocyclone dewalering step 
passes lo cleanup precipiiation for chemical regeneration, 
OIT-gases from the precipitation reactors are also passed 
lo scrubber 2 for the recovery of CO._. and HCN, 

CO.J and N._, for the process is advantageously obtained 
from fiue ga.scs derived from burning carbonaceous matter. 

The N._. so produced purges the leach tanks while they are 
being charged to mainiain a non-oxidizing atmosphere. 

In the reagent cleanup system the combined solution is 
adjusted in pH to 2.5 with H^.SO,. Simultaneously, sodium 
hydrosulphide is injected lo build up sulphide ion concen
tration and precipiiate cuprous sulphide. This step is not 
e.sseniial, but it does eliminate recycling dilute copper and 
cyanide bearing solulions. and increases somewhat copper 
recovery. 

SlWES 10 „ 
*ASIE 

LfACHFO lAILMCS 
TO *ASTE 

SULFIDE COPPER 
fLOIATION IAILINC5(0.I5% Cul 

VACUUM PUHP-

DI5CARD SOLUUON 
«—®-

10 ^ASIt 

ENDS -_ 
SOtUIIOH 

CTANIDE 
SIORACE 
PH 10.5 

,J 

? fKOS 
PRECIPIIAIION 
REACIORS • 

HlOROCYClONf 3 

CLEANUP 
PfifCIPIIAIION 

/X-ZHCK ) 

SIRIPPEO SOLUUON 
lOHASI f 

Cu jSt CoSO,^ 
10 SMfllEfi ' 
Cg2StCaC03 
10 SMfllfR 

The above process is considered by the inventor to be ao-
vantageous for treating low-grade copper bearing tailing. 

In the final step, HCN is stripped for reuse from 
filtrate discharged from filler 2. 

Recent pilot plant tests indicate that an overall copper 
recovery of 91.7% can be oblained using this process. 
At the same time, consumption of reagents per pound of 
copper recovered would be 0.362 Ib NaCN, 2,06 Ib lime. 
3.60 lb spent sulphuric acid, and 0.099 lb sodium bisul
phide. Cost-wise this represents 9 to 10^ per Ib of copper 
recovered. Pilot tests also indicate that much of Ihe 
previously wasted copper in flotation tails (14-million lb 
annually) can be recovered profitably, but capital costs for 
such a plant are eslimated lo be from 50 to 100% higher 
than for an equivalent sized flotation plant, "For compari-
-son, SI,300 to $1,400 per ton of material treated is re
quired to build a cyanide plant. • 

4—Cyanide solutions remove copper films from gangue 
A cyanide system reported on in E/M.J , August 1965, 

has been designed (U.S. Patent No. 3,189,435 by George 
William Lower, a.ssigned to American Cyanamid Co.. 
Stamford, Conn.) lo recover copper from tailings and 
other low-grade sources economically. Previous methods 
were uneconomical because leaching time was high and 
reagent consumption too costly. 

Key to the new process is a critically modified leaching 
cycle. Leaching lime has been reduced from 48 hours lo 
periods of 4 hours or less. Instead of directly acidifying 
the cyanide solulion containing soluBle copper (as in pre
vious proces.ses), the solution is first treated wilh a critical 
deficiency of soluble sulphide prior to acidification. By 

this method, 75% or more of the copper values can be 
recovered, and cyanide lo.s<;es are low. 

Cyanide lo.sses arc low because only a limiled quantity 
of the cyanide is converted to thiocyanate. and copper is 
precipiiatcd as a sulphide rather than the cyanide. This 
prevents cyanide decomposition and lo.ss, and permits 
cyanide recovery and recycling for further use. 

The following chemical equations show ( I ) the sequence 
of reactions which take place in the older, less efllcieni 
extraction processes, and (2) Ihe reactions for the newly 
patented process where copper is precipitated as a sul
phide, and the cyanide is available for recycling. 

L. 

' • ; 
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I ' 1 Copper minerals leach time — a comparison 

MINERALS WERE-JOO 1325 MESH 
5GRAMS NoCN EOUIV./GRAMOFCuUSED 

MALACHITE 

_ l _ 
2 

IIME-HOURS 

)̂ 

2Cu,S -f 11 NaCN -)- 2'/iO., -1- H,0— 
2NaCu(CN),-1-2NajCu(CN), 

- f NaCNS -I- NasSO^ -t- 2NaOH 

CusS -I- 6CN- = 2Cu(CN)r -\- S" 
2Cu(CN)3- H- S- -f 3H2S04— CujS -f 6HCN + 3S0r 

Cyanidation can be effected by inorganic cyanides such 
as hydrocyanic acid, sodium cyanide, potassium cyanide or 

calcium cyanide or mixtures of them; or organic products 
such as lactonitrile (considered a by-product from acryloni-
trile processing). Useful ratio of cyanide reagent to cop
per (based in NaCN equivalent) is about 2'/i lo 4 moles 
of cyanide per mole of copper extracted. It is critical that 
cyanidation conditions be maintained for no longer than a 
few hours, and preferably for less than 90 minutes. The 
cyanide ITHLSI be added in stages. Any soluble sulphide may 
be used to precipitate the copper from the cyanide solu
tion. 

The accompanying table shows batch leach tests for 
various tailings and mill products. Leaching time was one 
hour. In one 500-g test on a cleaner tailing running 
1,077% Cu, 75,9% of the total copper present was re
covered as a sulphide precipitate assaying 16.95% Cu. 
Of the total cyanide used, 94,4% was regenerated. Cyanide 
consumed was 0,2 Ib of NaCN equivalent per pound of 
copper recovered. The patent claims that this method can 
be u.sed on tailings which are being discarded at a rate 
of 4,000 tpd at one western copper mine, and that the 
patented method could be used to recover 60,000 lb of 
copper now going to waste per day. 

Three cyanide extractants give good yields 

ToJl Type 
1, Copper ore 
2, Concentrale Irom slime 

flolation 
3. Slime tractions cycloned from 

rougher flolation tailings... 

Percent 
Cu 

1.07 

2,14 

0,58 

Percent 
total 

capper 
rocovcrod 

84.7 

76,2 

71,1 

Pounds used per pound 
olcopper recovered 

NaCN 
equlv. 
0.3 

0.2 

0.25 

Precipitant 
equity 
NaHS 
equlv. 
0,25 

0,25 • 

0.21 

Teal I : Sodium cyiwUtlu IIHIHI RS I'.virurtniil: WKlium Kiili)hlih> iwxl M iirtM*U>ilnnt. 
Tcit 2: IjncloiiUrilo usotl ns cximctant: cnlclum nuIyUldo nsod u prwlpllmii. 
Toit 3 : Ilydrocjanlc nold wtih limo iisoil ns oxtrnctnnt: hyilrcKen 5iilp)il(to uswl »s 

prwlpltnnt. 

'i 

!• 

% 

5—A cyanide system for oxide or mixed oxide-sulphide ores 

11M 

Another invention, similar lo the first Roberts' patent, 
claims certain advantages over the more commonly used 
techniques of electrolytic and cementation recovery from 
copper bearing solutions. This invention, assigned to Dow 
Chemical Co,, was i.ssued as U,S. P.atent 2,390,540 on 
Dec, 11, 1945, and was first publicized in ii/iVi,r. June 1966, 

According to.C. H. Keller, the inventor, his method is 
more economical in reagent consumption, and requires a 
smaller capital outlay than other operational modes for 
recovery of copper present in mine and mill solutions. 
The process can be applied equally well to acid or neutral 
liquors, the reagents can be regenerated and recycled, 
copper can be completely extracted from solution in almost 
theoretical quantities, and copper of smelter grade can be 
produced. 

His method is based on the precipitation of cupric ions 
from cold or warm solutions as cuprous thiocyanate. The 
cuprous thiocyanate precipitate is then treated with a 
.soluble alkaline agent converting it to soluble thiocyanate 
and leaving an insoluble copper compound as a residue. 

In practice, SOj, sulphites, bisulphites, Zn, Fe, or any 
mi-xture of these materials acts as the reductant. The basic 
chemistry underlying this method is: 

1) 2CuS0< + H»SO, -1- 2NH,CNS 

- f H,0 —2CuCNS - f (NHJ.iSO, - i - 2H...S0, 

2) 2CuCNS -f 2NaOH — Cu..O •{- 2NaCNS -I- H,0 

3) 2CuCNS -)- CA(OH), — Cu..O -i- Ca(CNS)s H- H.̂O 

Interesting developments include a syslcm of electro-
metric control for regulating addition of thiocyanate to 
leach liquor, and a system for controlling the color of 
cuprous oxide for use as a paint pigment when NaOH is 
u.sed for conversion. Also significant is this reaction of 
the Cu.jO produced in equation (1) wilh sulphuric acid: 

Cu.jO -1- H..S04 — CuSOj -1- Cu -f H..0 
By this reaction some of the copper can be routed for 

copper powder work or smelted to bars while half goes to 
copper sulphate for the tank house. 

On mi,xed copper ore ground to 66% — 200-mcsh lesls 
similar to the How scheme on the opposite page were con
ducted, and typical results indicated a sulphide copper re
covery between 93.5 and 96.0%, an oxide copper recovery 
between 86.1 and 88.0%, an overall copper recovery be
tween 91.4 and 92,6%, and thiocyanate recovery between 
97,0 and 97.2%, 

In the practice of this invention, the flow schemes u.sed 
can vary considerably but slill employ the basic principles 
of the thiocyanate process, Dow Chemical Co, carried out 
extensive laboratory work, and some of the systems it 
tried were sulphide flotation, followed by acid leaching; 
acid leaching, followed by sulphide flotation; a cycle test 
of sulphide notation, followed by acid leaching: and flota
tion of CuCNS from ore pulps. All tests normally gave 
over 91,0% total copper recovery and, at the same time, 
allowed at least 97,0% of the thiocyanate to be regenerated 
for reuse. 
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N 0 , 2 0 F L 0 * 
2.000 TONS SOLUTION 
I.OOO LS Cu 

NO.JO'FLOW 
2,000 TOHS SOLUTION 
3 ,000 LB t „ 

NO, 4 0 7 1 0 * 
2.000 IONS SOLUUON 
1.000 LB Cu 

SULPHIDE 
FLOTATION 

Zn CONCENTRATE 

OXIDE Cu TAILS 

J L 
DEWATERING 
THICKENER 

O'FLO*-2,O0OT0NSH20 TO STORAGE 
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ADJUST pH TO L? H;S04 
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T NO.I 
DISPLACEMENT 

THICKENER 
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9,500 LB.Cu 

STORACE 
TANK 

1,000 TONS SOLUTION 
1,000 IONS ORE 
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NO, 2 
OISPLACEHENI 

THICKENER 

1.000 TONS SOLUTION 
1,000 IONS ORE 
} .500L8,Cu 

NO.] 
OISPLACEHENI 

THICKENER 

1,000 TONS SOLUTION 
1,000 IONS ORE 
1,500 L8 .C . 

NO, 4 
DISPLACEMENT 

THICKENER 

10 TAILS 
1,000 TONS SOLUTIO 
1,000 IONS ORE 
5 0 0 LB C, ( 0 . 0 5 % C u ) 

SO; CAS 

_ J L _ 
REDUCTION 

TOWER 

I 
PRECIPITATOR 

OFLO* BARREN SOLUUON 
SUPER-

THICKENER 

CuCNS 

FILTRATE 
FILTER 

CuCNS CAKE 
NoOH 
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CONDITIONER 

T 
FILTER 

CAKE 10 SMELTER 
6 TONS80%Cu 

No CNS 
STORAGE 

The Kel ler sys tem recovers over 9 0 % of the 

th iocyanate used by regenerat ion w i th l ime, 

caust ic soda or po tash , or sol i rble alkal i 

su lphides. Process also works on acidic cop

per bear ing so lu t ions. 

A word of caut ion: 

For the safe handl ing, storage and 

use of hydrocyanic acid (HCN) 

Essential information for safe handling and use of 
hydrocyanic .icid (HCN) contained in the Chemical 
Data Sheet SD-67 (Manufacturing Chemists Associa
tion Inc. (MCA), 1825 Connecticut Ave. N,W,, 
Washington 9, D,C,) stales that 96% strength HCN 
liquid is classified by the Interstate Commerce Com
mission (ICC) as a Claiss A poison. Poisoning re
sults from inhalation, from swallowing, and from 
contact with mucous membranes or with skin. 

Explosive over wide mixture range 
HCN (also known as prussic acid and hydrogen 

cyanide) is fiammable, it can be ignited by an open 
fiame, hot surface, or spark, and it fornis explosive 
mixtures in quantities between 6 and 41% by volume 
in air. 

Threshold limit low for workers 
The maximum atmospheric concentration (thresh

old limit) of hydrocyanic acid to which workers 
may be exposed for an eight-hour day without injury 
to health is generally accepted as 10 ppm by volume. 

Solution only mildly corrosive 
Stabilized HCN is only mildly corrosive but, be

cause of its highly toxic nature, Type 316 stainless 
steel piping and fittings have proven more satisfactory 
for handling it. Tefion (letrafluorethylene) gaskets 
have also performed satisfactorily in this application. 

Shipping controlled by ICC regulations 
Handling and storage of HCN presents some un-

iKsual restrictions too. The liquid product must be 
shipped in either ICC approved steel cylinders or tank 
cars. The tank cars must also be equipped with cork 
insulation at least four inches in thickness. 

Storage requires refrigeration 
Stored HCN should be maintained between 5° and 

10° C by recirculation through an external heat ex
changer, Freon refrigeration units are usually used. 

For complele information on this subject, the 
reader is referred lo Dala Sheet SD-67 from the 
MCA, 

Use OK when employing safe practices 
As an extra precaution, explosion venls are a safe

guard to reduce destructive damage to building and 
equipment in which flammable vapors may collect. 
The type, size and design of explosion venting facili
ties, and the vent ratios, are based upon the particu
lar properties of hydrocyanic acid gas and should be 
determined only by competent engineers. Good venti
lation prevents dangerous concentrations. 

In spite of these warnings, HCN can be safely 
stored and used if its physical, chemical, and haz
ardous properties are fully understood and, in addi
tion, the necessary precautions are taken to a.ssure 
safe practices. 

l i l l i 
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Copper leaching with cyanide-

A review of five inventions 
WMWERSin OF OTAH 

EARTH SCIENCE LAB. 
CluJ 

'ii 

Metal recovery from low-grade copper bearing materials and solutions 

— which are not otherwise amenable to known processing techniques -

may provide the metallurgical breakthrough for low cost extraction 

FIVE PATENTED cyanide-leaching techniques raise hopes of 
milling men with the promise of a breakthrough for pro
ducing a high-grade copper product from low-grade ores, 
copper bearing materials and solutions. Other claims of 
these inventions include lower operating costs, smaller capi
tal requirements, economical reagent recovery and a 
meihod for treating refractory ores which are now con
sidered waste. 

Cyanide for these processes is supplied to industry in the 
form of white sodium cyanide, crude calcium cyanide and 
hydrogen cyanide (hydrocyanic acid). Based on grain mol 
equivalents, white cyanide contains 50 to 53% active leach
ing ingredients, calcium cyanide 48 to 50%, and HCN 
about 96%. 

Although only the following procedures are described, 
it is E/MJ's understanding that other cyanide leaching sys
tems for copper with even greater potential are in the 
works. When these become available E / M J will publish the 
related information, 

1—Winning copper from solutions with HCN and SO. 

Edward S, Roberts, in U,S, Patent 3,321,303 (assigned to 
Treadwell Corp.), describes his novel and continuous meth
od for recovering red metal from solutions'containing cop
per salts with hydrocyanic acid (HCN). His principal ob
jective is to recover substantially pure copper at a- cost 
more economical than that for copper produced by electro
winning and cementation, and in most instances at less 
than that by smelting and electrorefining. • 

Typical solutions which may be treated following 
Roberts' directions could be derived, from sulphuric acid 
leaching of oxidized copper ores or copper bearing ma
terials; from mine waters; from leaching, roasted copper 
sulphide concentrates or from scrap metal containing cop
per, 

A modification of this invention replaces H C N with 
crude hydrogen cyanide (HCN burner gases produced by 
the Andrussow process, U.S. Patent 1,934,838). Reactions 
by either route can be represented as: 

Stepi 

2CUSO4 -t- 2HCN -f- SO2 -1- 2H50 - * 2CuCN -|- 3HjS0, 
or 

CuSO^ -»- 2HCN -f- CU — 2CuCn -h H.SO^ 
Step 2 

ZCUCN-t-H.; —2CU-1-2HCN 

In general, the inventor carries out the first step at 
below 100° C, precipitates CuCN by reacting HCN with 
the copper salts in an acid medium (pH 0 to 4), and con
certs the copper present to its cuprous state with sufficient 
reducing material. Since CuCN is extremely insoluble in 
"-.•SO^ its recovery in this first step approaches the theo-
fft'cal limit. Copper so produced is a finely divided pre
cipitate which may be separated from the barren liquor by 
n̂y conventional method. 
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'PRODUCT 

Continuous process for winning pure copper metal using HCN 
and s o , . These reductants are regenerated to save on costs. 

According to the inventor, to maintain a satisfactory 
reaction rate and limit cyanide decomposition to an accept
able minimimi, metal reduction is preferably conducted 
between 300° to 400°C. 

High quality copper (99.8%) is recovered in quantita
tive amounts and, at the same time, relatively pure HCN 
is regenerated for recycling. The production of relatively 
pure Cu metal and HCN by this method is unique and 
recovery ranges frora 65 to 100% of the copper. Attempts 
by the researcher at reducing other metal cyanides to 
metal or at-recovering HCN with hydrogen reaction were 
dismally unsuccessful, Roberts says. 

Alternate reducing agents may be used but under present 
economic conditions only two SO2 and recycled copper 
powder from the second step are attractive. When using 
SO2, as an altemate reductant, facilities raust be provided 
to dispose of or use the dilute and impure HoSO^ made. 

Typically, leach liquors should contain from I to 50 g 
of copper per liter, which require at least 60% of the 
stoichiometric amount of HCN for the reaction. When 
using SO2 as an alternate reagent, a convenient method of 
operation is to maintam a substantially saturated SOj solu
tion, thereby niinimizing the effect of this reagent being 
consumed by reducible salts other than cupric sulphate. 
For example, ferric sulphate would require SO2 for the 
ferric to ferrous conversion according to this equation: 

Fe(S04)3 + SOJ -J- ZHJG - • Fe(S04)2 - l - ZH^SO, 

C u p r i c su lpha te reacts i n th is m a n n e r : 

2CUSO4 -J- SO2 - f 2HCN -I- 2Hi.O— 2CuCN -f- aHjSOi 

Thus, this invention provides a novel process for pro
ducing a relatively pure cuprous cyanide from Ieach liquors. 
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2—Cyanide treatment of 0.2 to 0.8% copper ore 
HCN MAKE-UP 

| C o l C N ) ; ANO FEED 

cotoHij ~ i r 

Co (HS); 

Co IOH); 

HjSO, 

li 

1 T 
WATER 

STEP 2 
WASH 

PRECIPITATE 

ANO FILTER 

I SOLIDS TO TAILS ^ 

H;0»H;S04 FILTRATE 

STEP 3 
COPPER VALUES 
DISSOLVED IN 
LEACH LIOUOR 

CuCNKujS 

CONCENTRATE 
FLOAT 

CujSOj 

C0CO3 

AIR 

SO2 

GENERATOR 

SO, 
REACTOR 

Cu;0 

' Cu;S 

STEP 4 
PRECIPITATE 
AND FILTER 

Co SO. 

STEPS 

NEUTRALIZER 

ANDCujS 

Co IOH); 

FLOAT 
Cu,S 

CALCINER 

Co SO. 

REVERBATORY 
FURNACE 

Cu 
PRODUCT 

•Metal of exceptionally high purity is claimed for process 
since solution impurities do not enter and contaminate Cu. 

Tailings, overburden and other low-grade copper sul
phide materials, including ores—associated with an alkaline 
gangue—and also having some of these characteristics: A 
low copper.concentration (0.2 to 0.8% Cu metal content), 
a fine particle size, and a widely disseminated mineraliza
tion are claimed to be economically processed by the teach
ings of a new patent (U.S, 3,303,021). 

The inventor, E. S, Roberts, Treadwell Corp,, says that 
the specifications call for metal recovery from a copper-
bearing material by an alkaline cyanide leaching step, but', 
for the process to be economically attractive, the copper. 
,values and the cyanide adhering to the solids must be re
covered. 

The initial step, leaching with an alkaline cyanide medi-
imi, produces a leach liqugrof soluble calcium copper com
plex and calcium sulfhydrate (Ca(HS)2), which is sep

arated from the solids. These reactions occur: 
2CU..S - f 5Ca(0H).. + IGHCN — 4CaHCu(CN>4 -t- Ca(HS).: -(- IOH.,0 • • 

' 2CU2S - f 5Ca(CN).. -t- 6HCN — 4CaHCu(CN)4 -1- Ca(HS)2 
2CujS -)- 8Ca(CN). -1- 6H.,0 — 4CaHCu(CN). -t- Ca(HS).; -t- 3Ca(0H)-
2HCN - f Ca(0H)2 — Ca(CN).. + 2H;0 

Following this initial reaction, the solids produced are 
washed with water and sent to tails; the copper and cyanide 
values are recovered by reacting the wash liquor with 
either cuprous sulphite or sulphate and sulphur dioxide to 
precipitate cuprous cyanide and cuprous sulphide. These 
reactions occur: 

4CaHCu(CN)4 -h Ca(HS).. - I - SCujSOa — ISCuCN -t- 2Cu.,S - f 5CaS0, 
-h 3H.,S0, 

4CaHCu(CN)4 -t- Ca(HS), - f I6CUSO4 -1- 8S0j -t- 16H;0 — 16CuCN 
-1- 2CU2S + SCaSO, -f- I9H2SO. 

After this, the complex precipitate is separated from the 
wash solution and dissolved in the leach liquor with the 
simultaneous introduction of Ca(0H)2 and Ca(HS)j to 
fdrm soluble calcium copper cyanide in the following 
manner: 

, 2CaHCu(CN)4 - h 4 C u C N -f- C a ( 0 H ) 2 — 3CaCu: (CN)4 - 1 - 2H2O 

In step foiir, the loaded solution from step 3 is reacted 
with H2SO4 to precipitate Cu^S and CaSO^ as shown below: 

2CaCu»(CN), + 3H.SO4 - I - Ca(HS)2-* 2Cu.S -»- SCaSO, -\- 8HCN 
4CaHCu(CN)4 -\- eH-SO* — 2Cu:S -1- 4CaSa4 - f 16HCN -f- 40^ 
Ca(HS)j-|-H:S04—CaS04-|-2H:S ' 

The components of this precipitate are separated by flo
tation (usiiig pine oil as a frother and secondary butyl 
xanthate as a promoter) sending the CaS04 to waste, or a 
separate dump, and the CUjS is converted to a relatively 
pure copper by any conventional method. 

The last step involves the neutralization of the filtrate 
from step four with calcium hydroxide. The resulting solu
tion is recycled as the alkaline cyanide leaching medium. 
These equations apply to this step: 

2HCN-(-Ca(0H)2-
H2S04-fCa(0H)2-

- Ca(CN). -t- 2H-0 
-CaS04-)-2H20' 

Make-up HCN is added to this alkaline cyanide leaching 
medium to provide the necessary strength for reaction with 
the copper content of the ore. 

All of the steps are conducted at ambient temperatures 
and atmospheric pressures in either open air, or in ade
quately ventilated enclosures. Under these conditions, the 
highly toxic hydrocyanic acid (HCN) gas concentration 
should not present a problem. 

Reagents used in the various steps are added in stoichio
metric amounts. Per mol of recoverable copper in the ore, 
about 4 mols HCN (most of which is regenerated and re
cycled), about 0.5 mols of H .̂SO., and about 2 mols of 
calcium hydroxide are needed. 

3—Alkaline cyanide leaching of refractory copper ore 
Claimed as an improved method for recovering cuprous 

sulphide material, a recent invention (U.S, Patent 3,224,-
835, assigned to Copper Range Co. by W. A. Hockings, 
D. H, Rose, and A. M. Gaudin), involves leaching with 
alkaline cyanide solutions at a pH-above 7.4 to dissolve the 
metal content, followed by pH adjustment to below 7,4 
whereby cuprous sulphide is precipitated with the addition 
of SO2 or other acid. All reactions are conducted under 
non-oxidizing conditiohs, according to the inventors. End 
solution from the process is then treated with lime to re

generate the alkaline cyanide Ieach solution which is recy
cled. 

An advantageous system for utilizing .the invention in
volves percolation leaching of low-grade copper bearing 
flotation tailings. The feed are the tails remaining after re
moving a concentrate from an ore consisting mainly of 
chalcolite. This aqueous pulp typically contains 25% by 
weight of solids measuring 100% —325-mesh. The copper 
content, about 0.15% by weight of solids, is said to be too 
low in grade to be economically recovered by any known 
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commercial method novv in operation. 
In the first step, a sand-slime separation is made and the 

slimes are discarded. The thickened sands are passed to a 
closed leaching tank, and are subjected to a downward 
percolation leach under non-oxidizing conditions with the 
cyanide solution. .•• 

Any low strength leach solution from the reactor may be 
transferred to the recycle solution tank for reuse. When 
copper concentration in the pregnant liquor approaches 
the saturation level (5.5 gpl of Cu) it is collected in the 
rich solution storage tank. Thereafter, the leach tank 
charge is washed and its effluent (1.2 gpl Cu and 2,5 gpl 
CN) is passed to the ends soliition tank. This leach step 
extracts up to 85% of the copper and allows the operators 
to discard the tails. . 

Leach solution percolation rates are speeded by applying 
a vacuum to the bottom of'the leach tank. Maximum possi
ble recovery of cyanide, gases and vapors withdrawn by 
the pump are collected with milk of lime in a scrubber. 

End solution and rich solution is treated separately. Rich 
.solution from storage is passed through a battery of rich 
precipitation vessels arranged in series. During this opera
tion CO, gas is bubbled through the reactors countercur
rent to the flow of pregnant liquor. Leach solution at this 
lime decreases in pH from 10,5 .to 5.7 and. at the same 
time, about 60% of the copper and 70% of the calcium 
present Ls precipitated as cuprous sulphide and Ca(C03),.,, 
respectively. 

Off-gases from these reactors are vented to scrubber 2, 
uhere CO, and HCN are absorbed in milk of Ume, 

From the last reactor, the complex slurry is thickened in 
a hydrocyclone and dewatered further by filter 1, before 
being sent to the smelter for further processing. 

. The vortex discharge from hydrocyclone 2 is substan
tially free from solids and is delivered to the recycle solu
tion tank for storage and later u.se. 

Solution from filter 1 passes next to the cleanup precipi
tation equipment for further reagent recovery. 

End solution is treated essentially the same as the rich 
solution, but liquor from its hydrocyclone dewatering step 
passes to cleanup precipitation for chemical regeneration. 
Off-gases from the precipitation reactors are also passed 
to scrubber 2 for the recovery of COj and HCN, 

CO.J and Nj for the process is advantageously obtained 
from flue gases derived from burning carbonaceous matter. 

The N J so produced purges the leach tanks while they are 
being charged, to maintain a non-oxidizing atmosphere. 

In the reagent cleanup system the combined solution is 
adjusted in pH to 2,5 with H^SOj. Simultaneously, sodium 
hydrosulphide is injected to build up sulphide ion concen
tration and precipitate cuprous sulphide. This step is not 
essential, but it does eliminate recycling dilute copper and 
cyanide bearing solutions, and increases somewhat copper 
recovery, 

"Gl 

SLI l i tS TO .^ 
WASTE 

LEACHED TAILIHGS 
TO WASTE 

SliLMOE COPPER 
ROTATION TAILINGS (0.15% Cu l 

VACUUM PUHP-

OlSCAfiO sotur iON 
,—®-

TO WASTE 

ENDS 
SOLUTION 

CYANIDE 
STORAGE 
PH 10.5 

2 ENDS 
PRECIPITATION 
REACTORS • 

HTOROCrClONE 3 • 

CLEANUP 

putmmoH 

m: 

STRIPPED SOLUTION 
TO WASTE * 

Cu jS* CoS04^ 
TO SNELTER ' 

C u j S t C o C O j , , 
10 SMELTER 

The above process fs considered by the inventor to be aa-
vantageous for treating low-grade copper bearing tail ing. 

In the final step, HCN is stripped for reuse from 
filtrate discharged from filter 2, 

Recent pilot plant tests indicate that an overall copper 
recovery of 91.7% can be obtained using this process. 
At the same time, consumption of reagents per pound of 
copper recovered would be 0.362 lb NaCN, 2.06 Ib lime, 
3,60 lb spent sulphuric acid, and 0.099 lb sodium bisul
phide. Cost-wise this represents 9 to 10^ per lb of copper 
recovered. Pilot tests also indicate that much of the 
previously wasted copper in flotation tails (14-million Ib 
annually) can be recovered profitably, but capital costs for 
such a plant are estimated to be from 50 to 100% higher 
than for an equivalent sized flotation plant. For compari
son, $1,300 to $1,400 per ton of material treated is re
quired to build a cyanide plant. 
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4—Cyanide solutions remove copper films from gangue 
A cyanide system reported on in E / M J , August 1965, 

has been designed (U.S, Patent No, 3,189,435 by George 
William Lower, assigned to American Cyanamid Co., 
Stamford, Conn,) to recover copper from tailings and 
other low-grade sources economically. Previous methods 
were uneconomical because.leaching time was high and 
reagent consumption too costly. 

Key to the new process is a critically modified leaching 
cycle. Leaching time has been reduced from 48 hours to 
periods of 4 hours or less. Instead of directly acidifying 
the cyanide solution containing soluble copper (as in pre
vious processes), the solution is first treated with a critical 
deficiency of soluble sulphide prior to acidification. By 

this method, 75% or more of the copper values can be 
recovered, and cyanide losses are low. 

Cyanide losses are low because only a limited quantity 
of the cyanide is converted to thiocyanate, and copper is 
precipitated as a sulphide rather than the cyanide. This 
prevents cyanide decomposition and loss, and permits 
cyanide recovery and recycling for further use. 

The following chemical equations show (1) the sequence 
of reactions which take place in the older, less eflRcient 
extraction processes, and (2) the reactions for the newly 
patented process where copper is precipitated as a sul
phide, and the cyanide is available for recycling. 
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Copper minerais leach time — a comparison 

30-

NIHERALS WERE-2001325 HESH 
3 GRAMS NoCN EQUIV./GRAH Of Cu USEO 

MALACHITE 

_ l_ 

calcium cyanide or mixtures of them; or organic products 
such as lactonitrile (considered a by-product from acryloni-
trile processing). Useful ratio of cyanide reagent to cop
per (based in NaCN equivalent) is about 7.V̂  to 4 moles 
of cyanide per mole of copper extracted. It is critical that 
cyanidation conditions be maintained for no longer than a 
few hours, and preferably for less than 90 minutes. The 
cyanide must be added in stages. Any soluble sulphide may 
be used to precipitate the copper from the cyanide solu
tion. 

The accompanying table shows batch leach tests for 
various tailings and mill products. Leaching time was one 
hour. In one 500-g test on a cleaner tailing running 
1.077% Cu, 75,9% of the total copper present was re
covered as a sulphide precipitate assaying 16,95% Cu. 
Of the total cyanide used, 94.4% was regenerated. Cyanide 
consumed was 0.2 lb of NaCN equivalent per pound of 
copper recovered. The patent claims that this method can 
be used on tailings which are being discarded at a rate 
of 4,000 tpd at one western copper mine, and that the 
patented method could be used to recover 60,000 lb of 
copper now going to waste per day. 

Three cyanide extractants give good yields 

TIKE-HOURS 

2CU2S -t- l lNaCN - f 2' / i02 -(- H2O— 
2NaCu(CN)2 -1- 2Na2Cu(CN)j 

- ( -NaCNS-I-Na2S04-t -2NaOH 

Cu.S - f 6CN- = 2Cu(CN) r + S " 
2Cu(CN),- - I - S - - I -3H2S04— Cu.S.-h 6HCN - f 3 8 0 , -

Cyanidation can be eflfected by inorganic cyanides such 
as hydrocyanic acid, sodium cyanide, potassium cyanide or 

1 

Percent 
total 

copper 
recovered 

84.7 

Pounds used per pound 
of copper recovered 

Precipitant 
equity 

NaCN NaHS 
equlv. equiv. 
0.3 0.26 

2) 

Percent 
Test Type . Cu 
1. Copper o r e . , . 1,07 
2. Concentrate from slime 

flotation 2.14 76.2 0.2 0.25 
3. Slime fractions cycloned from 

rougher flotation tailings... 0,58 71.1 .0.25 0,21 

Test I: Sodium cyanide used as extractant; sodium sulphide used as ureciDttant. 
Test 2: Lactonitrtlo used as extractant; calcium sulphide used as precipitant. 
Test 3: Hydrocyanic acid with Ume used as extractant; hydrogen sulpliide used as 

precipitant. 

5—A cyanide system for oxide or mixed oxide-sulphide ores 
Another invention, similar to the first Roberts' patent, 

claims certain advantages over the more commonly used 
techniques of electrolytic and cementation recovery from 
copper bearing solutions. This invention, assigned to Dpw 
Chemical Co., was issued as U.S. Patent 2,390,540 .'on 
Dec. 11, 1945, and was first publicized in E / M J , June 1966, 

According to C. H. Keller, the inventor, his method is 
more economicar^P^ reagent consumption, and requires a 
smaller capital outlay than other operational modes for 
recovery of copper present in mine and mill solutions. 
The process can be applied equally well to acid or neutral 
liquors, the reagents can be regenerated and recycled, 
copper can be completely extracted from solution in almost 
theoretical quantities, and copper of smelter grade can be 
produced. 

His method is based on the precipitation of cupric ions 
from cold or warm solutions as cuprous thiocyanate. The 
cuprous thiocyanate precipitate is then treated with a 
soluble alkaline agent converting it to soluble thiocyanate 
and leaving an insoluble copper compound as a residue. 

In practice, SO2, sulphites, bisulphites, Zn, Fe, or any 
mixture of these materials acts as the reductant. The basic 
chemistry underlying this method is: 

1) 2CuS04 - I - H2SO, - I - 2NH,CNS 

. -)- HoO - ^ 2CuCNS + (NH,)5S0, -»- 2H,S04 

• 2) 2CuCNS + 2NaOH - ^ Cujo -)- 2NaCNS - f H^G 

3) 2CuCNS + CA(0H)2 — C u ; 0 - F C a ( C N S ) 2 . - l - H , 0 

Interesting developments include a system of electro-
metric control for regulating addition of thiocyanate to 
leach liquor, and a system for controlling the color of 
cuprous oxide for use as a paint pigment when NaOH is 
used for conversion. Also significant is this reaction of 
the CU;0 produced in equation (1) with sulphuric acid: 

Cu.O + ĤSOi -^ CuSOj + Cu -H HjO 
By this reaction some of the copper can be routed for 

copper powder work or smelted to bars while half goes to 
copper sulphate for the tank house. 

On mixed copper ore ground to 66% —200-mesh tests 
similar to the flow scheme on the opposite page were con
ducted, and typical results indicated a sulphide copper re
covery between 93.5 and 96.0%, an oxide copper recovery 
between 86.1 and 88.0%, an overall copper recovery be
tween 91.4 and 92.6%, and thiocyanate recovery between 
97,0 and 97.2%. 

In the practice of this invention, the flow schemes used 
can vary considerably but still employ the basic principles 
of the thiocyanate process. Dow Chemical Co. carried out 
extensive laboratory work, and some of the systems it 
tried were sulphide flotation, followed by acid leaching; 
acid leaching, followed by sulphide flotation; a cycle test 
of sulphide flotation, followed by acid leaching: and flota
tion of CuCNS from ore pulps. All tests normally gave 
over 91.0% total copper recovery and, at the same time, 
allowed at least 97,0% of the thiocyanate to be regenerated 
for reuse. 
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The Keller system recovers over 90% of the 
thiocyanate used by regeneration with lime, 
caustic soda or potash, or soluble alkali 
sulptildes. Process also works on acidic cop
per bearing solutions. 

No CNS 
STORAGE 

A word of caution: 

For the safe handling, storage and 

use of hydrocyanic acid (HCN) 

Essential information for safe handling and use of 
hydrocyanic acid (HCN) contained in the Chemical 
Data Sheet SD-67 (Manufacturing Chemists Associa
tion Inc. (MCA), 1825 Connecticut Ave. N.W., 
Washington 9, D.C.) states that 96% strength HCN 
liquid is classified by the Interstate Commerce Com
mission (ICC) as a Class A poison. Poisoning re
sults from inhaladon, irom swallowing, and from 
contact with mucous membranes or with skin. 

Explosive over v îde mixture range 
HCN (also known as prussic acid and hydrogen 

cyanide) is flammable, it can be ignited by an open 
flame, hot surface, or spark, and it forms explosive 
mixtures in quantities between 6 and 41% by volume 
in air, . 

Threshold limit low for workers 
The maximum atmospheric concentration (thresh

old limit) of hydrocyanic acid to which workers 
may be exposed for an eight-hour day without injury 
to health is generally accepted as 10 ppm by volume. 

Solution only mildly corrosive 
Stabilized HCN is only mildly corrosive but, be

cause of its highly toxic nature, Type 316 stainless 
steel piping and fittings have proven more satisfactory 
for handling it. Teflon (tetrafluorethylene) gaskets 
have also performed satisfactorily in this application! 

Shipping controlled by ICC regulations 
Handling and storage of HCN presents some un

usual restrictions too. The liquid product must be 
shipped in either ICC approved steel cylinders or tank 
cars. The tank cars must also be equipped with cork 
insulation at least four inches in thickness. 

Storage requires refrigeration 
Stored HCN should be maintained between 5° and 

. 10° C by recirculation through an external heat ex
changer. Freon refrigeration units are usually used. 

For complete information on this subject, the 
reader is referred to Data Sheet SD-67 from the 
MCA. 

Use OK when employing safe practices 
As an extra precaution, explosion vents are a safe

guard to reduce destructive damage to building and 
equipment in which flammable vapors may collect. 
The type, size and design of explosion venting facili
ties, and the vent ratios, are based upon the particu
lar properties of hydrocyanic acid gas and should be 
determined only by competent engineers. Good venti
lation prevents dangerous concentrations. 

In spite of these warnings, HCN can be safely 
stored and used if its physical, chemical, and haz
ardous properties are fully understood and, in addi
tion, the necessary precautions are taken to assure 
safe practices. 
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