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Recovery of Metal Values from Low Grade Copper 
Sulfide Ores 

M. E. WADSWORTH 
DEPARTMENT OF METALLURGY AND METALLURGICAL ENGINEERING 
STATE COI.LEGE OF MINES AND MINERAL INDUSTRIES 
209 W. C. BROWNlNG BUILDING 
UNIVERSITY OF UTAH 
SALT LAKE CITY, UTAH 84112 

ABSTRACT 

I n  t h e  Un i ted  Sta tes  approx imate ly  12 percent  o f  t h e  new 
copper produced comes f rom dump leach ing  o f  low grade waste 
rock  f rom open p i t  m in ing .  
s i g n i f i c a n t  i t  i s  unusual, even f o r  massive dumps, f o r  steady- 
s t a t e  recove ry  r a t e s  t o  exceed 20 percent .  Basic phys i ca l  and 
chemical f e a t u r e s  impor tan t  i n  l each ing  t y p i c a l  copper 
porphyry waste rock  have been determined i n  l a b o r a t o r y  s t u d i e s  
i n  t e s t s  i n v o l v i n g  up t o  severa l  tons o f  waste rock .  The 
impor tan t  f i n d i n g s  o f  such t e s t s  i n c l u d i n g  chemis t ry  o f  
e x t r a c t i o n ,  l a b o r a t o r y  modeling, energy i m p l i c a t i o n s ,  and 
recovery  f rom d i l u t e  streams a re  presented. Spec ia l  emphasis 
i s  g i ven  t o  impor tan t  r a t e  l i m i t i n g  fea tu res  o f  waste rock  
l each ing  i n c l u d i n g  t h e  r o l e  o f  a u t o t r o p h i c  b a c t e r i a  i n  t h e  

t o r y  t o  p r a c t i c e  a re  discussed. 

Whi le t h i s  amount o f  copper i s  

o x i d a t i o n  sequence. D i f f i c u l t i e s  i n  sca le  up f rom t h e  l abo ra -  

INTRODUCTION 
Although copper u s u a l l y  i s  n o t  thought  o f  as be ing  a 

c r i t i c a l  o r  s t r a t e g i c  meta l ,  t h e  U.S.  1978 n e t  impor t  r e l i a n c e  

1081 
Copyright 0 1981 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1082 WADS WORTH 

was 19 p e r c e n t , ( l )  a change from zero net  import re l iance  in 
1975.(2) In s p i t e  of t h i s  general t rend ,  excess copper pro- 
duction and low prices  have per iodica l ly  plagued the copper 
industry.(3)  
from ever lower grade sources wil l  be the  pat tern in the  

United S ta tes  , placing increased s t r a i n  on supply sources.  
Copper porphyry deposi ts  form by igneous in t rus ion  of 

copper-bearing magma and upward movement of copper-bearing 
f lu ids .  
ed during c rys t a l l i za t ion  of t he  magma. Dissolved mineral in  
water causes movement and deposit ion of primary minerals in  
cracks and f i s su res .  On the average, some seventy percent of 
the copper i s  deposited in the in t rus ive  portion of the  
deposit  and t h i r t y  percent in  the  peripheral  country rock. 
The deposits a r e  typ ica l ly  3,500 t o  6,000 f t .  across and up  t o  
10,000 f e e t  i n  depth.(4)  Figure 1 i l l u s t r a t e s  a polar view of 
the d i s t r ibu t ion  of copper porphyry deposi ts  world wide. 
S i l l i t o e  (4,5)  has associated the  regions of igneous in t rus ion  
with a "p l a t e  techtonic  model" cons is ten t  w i t h  the  d i s t r ibu -  
t ion of porphyry deposi ts .  

(CuFeS2). 
(hypogene) chalcopyri te  i s  subjected,  by geological a c t i v i t y ,  
t o  regions of high oxidation po ten t i a l ,  producing oxidized 
minerals and releasing copper t o  so lu t ion .  
copper bearing so lu t ions  downward causes supergene enrichment 
of the  primary su l f ides  forming regions or zones o f  secondary 
su l f ides .  Typically a copper deposi t  will  have a n  upper zone 
of oxidized minerals with a zone of secondary enrichment below 
and primary mineral-ization a t  g rea te r  depths. 
ment occurs mainly near the surface of the water t ab le  where 
there  i s  a n  abrupt decrease in  the oxidation potent ia l  with 
depth. 

Nevertheless , f o r  the f u t u r e ,  recovery of copper 

The copper forms in  pa r t  as disseminated gra ins  form- 

' The pr incipal  mineral of copper i s  the s u l f i d e  chalcopyri te  
Natural weathering processes occur when the  primary 

Movement o f  the 

Secondary enrich- 

Figure 2 i l l u s t r a t e s  a cross sect ion of a typical  copper 
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FIGURE 2. A schematic cross section of a typical copper porphyry. 
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RECOVERY OF METAL VALVES 1085 

COPPER MINERALS 

OXIDIZED ZONE Native Copper 
Malachite* 

Antlerite* 
Atacomi t e* 
Azurite* 
Chrysocolla* 
Cuprite* 
Tenorite" 

(SECONDARY) Brochantite* 

Native Copper 

Chalcopyrite 
Bornite 
Enargite* 
Tetrahedrite* 
Tennantite* 
Covellite 

*always in position indicated (Forrester) 

FIGURE 3 .  Minerals t y p i c a l l y  formed i n  ox ida t ion ,  supergene 
enrichment , and hypogene zones. (5) 

porphyry showing t h e  o x i d i z e d  cap, secondary enr ichment zone , 
and t h e  p r imary  ZOne.(4) 

t y p i c a l l y  formed i n  each zone, accord ing  t o  Bateman.(5) 

s i m i l a r  f ash ion ,  cons ide ra t i on  o f  o x i d a t i o n  p o t e n t i a l  and pH 
d e l i n e a t e s  zones o f  copper m ine ra l  fo rmat ion .  

Eh-pH diagram i l l u s t r a t i n g  reg ions  o f  m ine ra l  f o rma t ion .  
i nc luded  i s  t h e  t y p i c a l  pH range f o r  a c i d  l each ing  s o l u t i o n s  
needed t o  s o l u b i l i z e  copper. For dump leach ing  t o  con t inue ,  

adequate a e r a t i o n  and i n  s i t u  genera t i on  o f  ac id ,  a s s i s t e d  by 

chemoautotrophic b a c t e r i a ,  must generate s o l u t i o n s  w i t h  Eh 
and pH values w i t h i n  t h e  shaded r e g i o n  o f  F igu re  4. 

i n  t h e  sense t h a t  t h e  e x t r a c t i o n  process i s  based upon t h e  

t rea tmen t  o f  unusua l l y  g r e a t  tonnages o f  low-grade copper- 

F igu re  3 i l l u s t r a t e s  t h e  m ine ra l s  
I n  

F i g u r e  4 is  an 
A lso  

The recove ry  of copper from low grade sources i s  c l a s s i c  
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FIGURE 4 .  
t h e  region observed f o r  n a t u r a l  mine waters and t h e  region expected 
f o r  dump leaching of copper oxide and s u l f i d e  ores .  

Pourbaix diagram f o r  t h e  C U - S - H ~ O - C O ~  system showing 
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RECOVERY OF METAL VALVES 1087 

TABLE 1. 1978 Copper Produc t ion  ( S c h l i t t  ( 6 ) ) .  S t a t i s t i c s  
f o r  Western Copper Operat ions w i t h  S i g n i f i c a n t  Leach 
o u t p u t  

Copper Produc t ion ,  Tons 

Percent  o f  T o t a l  
Copper produced 

Company Concent ra t ing  Leaching by Leaching 

Ken n eco t t 
Phel ps-Dodge 
Duval (Pennzoi 1 ) 
Anamax M in ing  
Asarco 
C i t i e s  Serv ices  
Cyprus Mines 
I n s p i r a t i o n  Consol. 

287,200 
283,600 
1 12,300 

67,200 
85,780 
72,800 
61,600 
20,700 

991 ,180 

88,200 
34 , 550 
10,200 
35,810 
10,720 

1,750 
12,150 
18,000 
217,380 

23.5 
10.8 

8.3 
34.8 
11.1 

9.6 
16.5 
46.5 
18.0 
- 

bear ing  waste m a t e r i a l  w i t h  l a r g e  volumes o f  low grade leach  
l i q u o r s .  

mate ly  250,000 tons  o f  waste rock  ( c o n t a i n i n g  0.15 t o  0.20 

percent  copper) i s  p laced on t h e  l each ing  dumps each day. 
m i l l i o n  g a l l o n s  o f  l each  s o l u t i o n  i s  a p p l i e d  d a i l y ,  p roduc ing  
e f f l u e n t  s o l u t i o n  grades of approx imate ly  0.5 g p l .  The copper 

waste go ing  t o  l each ing  dumps i s  no rma l l y  near t o  o r  l e s s  than 

0.2 pe rcen t  copper. I n  a t y p i c a l  open p i t  m in ing  o p e r a t i o n  
w i t h  a s t r i p p i n g  r a t i o  of 3 : l  , an average head grade o f  0.6 

percent  Cu, and a cu t -o f f  grade o f  0.2 percent ,  approx imate ly  

equal q u a n t i t i e s  o f  copper w i l l  go t o  t h e  waste dump and t o  

m i l l i n g  f o r  recovery  by convent iona l  f l o t a t i o n  technology. (6 )  
Tab le  I presents  y e a r l y  copper p roduc t i on  by major  copper 

producers i n  t h e  western Un i ted  Sta tes  f o r  1978.(6) 

produced by dump leach ing  and t h e  l each ing  o f  ox ide  ores i s  18 
percent  o f  t o t a l  y e a r l y  tonnage. 

t h i s ,  o r  approx imate ly  12 percent  o f  t h e  t o t a l  may be a t t r i b u t -  

ed t o  dump leach ing  of low grade predominant ly  s u l f i d e  waste 
m a t e r i a l s .  

For  example, a t  Kennecot t ' s  gingham mine approx i -  

F i f t y  

The tonnage 

An es t imated t w o - t h i r d s  of 
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1088 WAD SWORTH 

The percentage o f  copper produced by l each ing  w i l l  prob- 

ab l y  i nc rease  i n  t h e  f u t u r e  as t h e  average grade o f  ma jor  
depos i ts  decreases. 

w i l l  r e q u i r e  an even more d e f i n i t i v e  assessment as energy cos ts  

f o r  m i  11 i n g  i nc rease  ( 7 )  p robab ly  f a v o r i n g  a g r e a t e r  percentage 
p roduc t i on  o f  copper by l each ing .  As an open p i t  ope ra t i on  

cont inues  t h e  s t r i p p i n g  r a t i o  w i l l  i nc rease  t o  t h e  p o i n t  t h a t  

underground m in ing  o r  some o t h e r  a l t e r n a t i v e  must be cons idered 

i f  increased recovery  i s  t o  be achieved. Su tu lov (4 )  has 
es t imated  Nor th  American reserves  o f  recoverab le  m e t a l l i c  

copper by c u r r e n t  methods t o  be i n  excess of 86 m i l l i o n  tons .  

As a ve ry  rough es t imate ,  approx imate ly  an equal amount o f  

copper w i l l  remain, a f t e r  convent iona l  min ing ,  i n  low t o  
medium grade zones i n c l u d i n g  reg ions  o f  "ha lo "  m i n e r a l i z a t i o n ,  

deep seated medium grade ores ,  and unleached res idues  i n  waste 
dumps. 

by dump leach ing  and i n  s i t u  s o l u t i o n  min ing .  
techniques w i l l  r e c e i v e  i n c r e a s i n g  a t t e n t i o n  i n  t h e  decades 
ahead. 

i n  leached res idues  i s  so g r e a t  t h a t  these a l s o  c o n s t i t u t e  

a worthy t a r g e t  f o r  new, y e t  t o  be developed, l each ing  
techno1 ogy. 

The d i s t i n c t i o n  between o re  and waste 

T h i s  amount o f  copper i s  a worthy t a r g e t  f o r  e x t r a c t i o n  
These leach ing  

A lso  t h e  economic va lue  o f  p rec ious  me ta l s  conta ined 

DUMP LEACHING PRACTICE 
I n  dump leach ing  p r a c t i c e ,  waste rock  ( u s u a l l y  below 0.2 

Depths ex tend 

percent  copper)  i s  p laced on dumps by t r u c k  o r  r a i l  haulage. 

These dumps va ry  g r e a t l y  i n  s i z e  and shape. 

f rom a few tens  o f  f e e t  t o  as much as  1200 f t .  

recognized t h a t  good a e r a t i o n  i s  r e q u i r e d  as w e l l  as good 

pe rmeab i l i t y .  Consequently t h e  stepped sur faces  i n  t h e  dump 

a re  u s u a l l y  r i p p e d  t o  p rov ide  needed p e r m e a b i l i t y .  As-mined 
ore ,  newly p laced on a dump, w i l l  have p e r m e a b i l i t i e s  o f  

approx imate ly  1000 Darcy 's .  (Darcy r e f e r s  t o  h y d r a u l i c  con- 

It i s  g e n e r a l l y  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



RECOVERY OF METAL VALVES 1089 

d u c t i v i t y  o r  p e r m e a b i l i t y .  P e r m e a b i l i t y  i n  cm/sec i s  conver ted  
t o  Darcy ' s  by m u l t i p l y i n g  by 1045.) Weathering of i n t r u s i v e  
m a t e r i a l  can cause dramat ic  changes i n  p o r o s i t y .  Weathering 

p lus  d e p o s i t i o n  o f  s a l t s  can a l s o  cause s i g n i f i c a n t  changes 

i n  p e r m e a b i l i t y  w i th  t ime.  
weather ing i s  an impor tan t  c o n s i d e r a t i o n  i n  assessing expected 

recove r ies ,  s i n c e  l each ing  may extend f o r  years .  The p o r o s i t y  
of newly dumped rock  w i l l  be i n  t h e  range of 35 t o  40 percent  

b u t  t h e  we igh t  of haulage t r u c k s  can cause compaction o f  as 

much as 10 ft. i n  100 ft. P o r o s i t i e s  of as low as 25 percent  
r e s u l t  from compaction and weather ing.  

Whi t ing , (8 )  

c h a r a c t e r i s t i c s .  

The impact o f  such induced 

F i g u r e  5 i l l u s t r a t e s  a dump c ross -sec t i on  accord ing  t o  

showing impor tan t  h y d r o l o g i c a l  and s t r u c t u r a l  

1. Channeling: Channeling o f  leach l i q u o r  occurs as a 

r e s u l t  o f  compaction and s a l t  p r e c i p i t a t i o n .  F l u i d  
f low down channels e s s e n t i a l l y  by-passes reg ions  o f  
t h e  dump. 

by su r face  ponding. 

ment o f  s o l u t i o n s  causing t h e  fo rma t ion  o f  a perched 
water  t a b l e  w i t h i n  t h e  dump. The b u i l d - u p  o f  hydro- 

s t a t i c  p ressure  can cause su r face  seepage and even 
expu ls ion  o f  s o l i d  m a t e r i a l  f o r  r e l a t i v e l y  g r e a t  

d i s tances .  

I t  i s  enhanced i f  s o l u t i o n  a p p l i c a t i o n  i s  

2. Seep o r  Blowout: Compacted zones may cause en t rap-  

3. S t r a t i f i c a t i o n :  Dur ing  t h e  dumping o f  waste rock ,  

t h e  coarse  m a t e r i a l  t r a v e l s  f u r t h e r  down t h e  s lope o r  

t h e  dump than t h e  f i n e  m a t e r i a l ,  causing s t r a t i f i c a t i o n .  

Wi thout  a p p r o p r i a t e  r i p p i n g  s t r a t i f i c a t i o n  may a f f e c t  

t h e  f l o w  p a t t e r n  w i t h i n  t h e  dump. 

4. So rp t i on :  So lu t i ons  bear ing  d i s s o l v e d  meta ls  may 
pass th rough reg ions  c o n t a i n i n g  n o n - g r a v i t a t i o n a l  
water  a t  lower  concen t ra t i ons .  Trapp ing  o f  meta l  
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1090 WAD SWORTH 

values w i l l  occur  by inward  d i f f u s i o n  i n t o  t h e  pore  

s t r u c t u r e  o f  t h e  rocks  and i n t o  s tagnant  aqueous 

reg ions .  
5. Ae ra t i on :  A e r a t i o n  i s  b e s t  near t h e  face  o f  t h e  dump 

p r o v i d i n g  op t ima l  c o n d i t i o n s  o f  temperature and 

b a c t e r i a l  a c t i v i t y .  S tud ies  have shown t h a t  zones 

o f  good a e r a t i o n  extend some 200 ft. i n t o  t h e  dump 
f rom f r e e  sur faces .  A e r a t i o n  by convec t ion  th rough 

t h e  dump i s  an e s s e n t i a l  p a r t  o f  t h e  l each ing  mechanism. 

I n  reg ions  o f  h i g h  o x i d a t i o n  p o t e n t i a l ,  i r o n  i s  
o x i d i z e d  by b a c t e r i a l  a c t i v i t y  t o  t h e  f e r r i c  s t a t e  

r e s u l t i n g  i n  t h e  p r e c i p i t a t i o n  of f e r r i c  oxides and 

j a r o s i  t e s .  

6. Seepage Losses: Seepage can occur th rough t h e  found- 
a t i o n  o f  t h e  dump a l though  t h e  fo rma t ion  o f  s a l t s  and 

the  presence o f  f i nes  o f t e n  keeps t h i s  a t  a s u r p r i s i n g l y  
low l e v e l .  

t h e  p e r c o l a t i n g  l i q u o r s  th rough t h e  founda t ion  o f  t h e  

dump. 
I n  p r a c t i c e ,  dump leach ing  depends upon a sequence o f  

Run-of f  waters may a l s o  recharge o r  d i l u t e  

processes. For an element w i t h i n  a dump system, t h r e e  c o n d i t i o n s  
a re  e s s e n t i a l  f o r  l each ing  t o  occur  and cont inue.  These are :  

e f f e c t i v e  a i r  c i r c u l a t i o n  

0 good b a c t e r i a l  a c t i v i t y  

0 u n i f o r m  s o l u t i o n  c o n t a c t  w i t h  t h e  p a r t i c l e  

0 a knowledge o f  a i r  c i r c u l a t i o n  r e l a t i v e  t o  t h e  
dump c o n f i g u r a t i o n  
t h e  hydro logy  i n  terms o f  channe l ing  and by-pass 
t h e  e f f e c t  o f  f i n e s  and p r e c i p i t a t e d  s a l t s  

e f f e c t  o f  weather ing  as a f u n c t i o n  o f  t ime 

The major  unknowns i n  dump leach ing  f o r  any g i ven  dump a re :  

S h e f f e r  and Evans(9) presented an e x c e l l e n t  rev iew  o f  dump 
leach ing  p r a c t i c e  i n  1968. A l though t h e  p r e s e n t a t i o n  i s  now 
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RECOVERY OF METAL VALVES 1091 

T Y P I C A L  W A S T E  D U M P  S E C T I O N  

FROM 
PRECIPITATION/ 

LEACH SOLUTION & 
T N O F F  PR EC I P I TAT1 ON 

COMPACTED ZONE 
(Haulage  Trucks) 

SEEP OR 
BLOW-OUT @) 

RECHARGE SALT DEPOSITION ZONE 

NOTE: 

ACTION 

ACID + ROCK = CLAYS LOSS@ PREGNANT SOLUTIONJ 1 
)K LOSS COLLECTION DAM 81 POND 

WATER + ROCK = SALTS (Lined) 

FIGURE 5. 
f e a t u r e s  according t o  Whiting. (8) 

Cross s e c t i o n  of dump i l l u s t r a t i n g  hydrodynamic 

13 yea rs  o l d ,  t h e  opera t i ng  da ta  a re  impor tan t  s ince  they  

e s t a b l i s h e d  a c t u a l  ope ra t i ng  waste rock .  Table I 1  summarizes 

t h e  1968 da ta  f o r  those dumps c o n t a i n i n g  predominant ly  copper 
s u l f i d e s .  

leachab le  waste r o c k  as o f  1968. For example, t h e  t o t a l  t on -  

nage of  dump r o c k  a t  Kennecott,  Bingham was es t imated t o  be 2 
b i l l i o n  tons .  S ince  1968 an a d d i t i o n a l  1 b i l l i o n  tons  has 
been added, b r i n g i n g  t h e  t o t a l  es t imated  i n v e n t o r y  i n  t h e  
waste dumps a t  gingham, Utah t o  3 b i l l i o n  tons .  

grade values o f  l i q u o r s  from dumps c o n t a i n i n g  secondary s u l f i d e s  

The tonnages l i s t e d  rep resen t  t h e  i n v e n t o r i e s  o f  

The e f f l u e n t  
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TABLE 11. DUMP LEACHING PRACTICE IN THE WESTERN UNITE0 STATES (Sheffer and Evans’) 

Dump for Which Copper Minerals are Predominantly Sulfide (Concentration in gpl) 

P 
0 
W 
h3 

DUMP EFFl UENT COPPER CEMENTATION EFFLUFNT 
._____ 

Principle Estimated tonnage Solution Flow 
Company Copper Mlneralr 1000’s tons (1968) Rate (qpml Cower (FeI(tota1) Felll/Fell DH (Fel(total1 B(Fe)total A(Fe)T’Cu 

AS 8 R, Silver Bell, 
Arizona 

Anaconda, Butte 
Montana 

Ouval, Esperanza, 
Sahuari ta, Arizona 

Ouval, Mineral Park, 
Arizona 

Kennecott, Bingham. 
Utah 

Kennecott. Ray, 
Arizona 

Miami Copper, Castle 
Dome, Arizona 

Miami Copper, M’ami 
kit, Arizona 

Il;aiiii Coppr, Copper 
Cil-ies Unit, Arizona 

Phelps Dodge, Fisbee 
Arizona 

Phelps Oodge, Morenci 
Arizona 

Chalcopyrite 
and chrysocolla 30,000 1,000 

Chalcoci te 33,000 5,000 

Chalcocite and 
some c ha 1 copyri te 19.000 1,600 

Chalcocite 5,500 750 

Chalcopyrite 2,000,000 44,000 

C ha 1 coc i te 186.500 7,000 

Chalcopyrite 
and Chalcocite 48,000 .. 

Chalcoci te NA 2,000 

Chalcopyrite 
and Chalcocite NA 1,800 

Chal coci te 47,000 2,300 

Chal coci te NA 5,300 

*Iron removal external to dump. 

1.09 

0.86-1.00 

1.32-1.56 

1.24 

0.80 

0.90 

0.85 

1.75-2.00 

1.5 

0.96-1.80 

1 .OO-3.60 

0.58 57.0 2.3 1.71 1.13 1 .04 

0.50 4.6 2.3 1.55 21.05 21.21 

0.20 <0.2 2.6 1.90 1.60 0.94 

2.46 1.98 1.60 0.48 41.0 2.3 

4.80 0.39 2.5 8.39 3.59 4.49 

0.48 9.6 2.3 2.16 1.68 1.86 

1.08 53.0 2.3 1.56 0.48 0.56* 

2.15 0.9 2.4 b.70 “2.55 1.82 

1.05 0.71 20.47 16.0 2.5 0.34 

6.60 0.8 2.0 8.11 2.17 1.64 

x 
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RECOVERY OF METAL VALVES 1093 

are  g e n e r a l l y  i n  excess of 0.8 grams per  l i t e r .  Dumps con ta in -  
i n g  predominant ly  t h e  pr imary  minera l  c h a l c o p y r i t e  l each  a t  

a lower  r a t e ,  g e n e r a l l y  producing s o l u t i o n s  i n  t h e  range o f  0.5 

t o  0.75 grams per  l i t e r .  Table I 1  l i s t s  t h e  t o t a l  i r o n  i n  t h e  
dump e f f l u e n t ,  i t s  pH, and t h e  f e r r o u s  t o  f e r r i c  i o n  r a t i o .  

Th is  l a t t e r  r a t i o  i s  an i n d i c a t i o n  of t h e  e f f e c t i v e n e s s  o f  

t h e  b a c t e r i a  w i t h i n  t h e  dump. 
a good r e l a t i v e  measure o f  t h e  b a c t e r i a l  a c t i v i t y .  Ra t ios  

above 1 .O i n d i c a t e  s i g n i f i c a n t  b a c t e r i a l  a c t i v i t y .  A h i g h  
r a t i o  does n o t  of i t s e l f  mean t h a t  t h e  b a c t e r i a l  a c t i v i t y  

i s  u n i f o r m  th roughout  t h e  dump. I t  may s imp ly  mean t h a t ,  i n  

reg ions  where s o l u t i o n s  emerge from t h e  dump, good b a c t e r i a l  
a c t i v i t y  occurs.  Dump s o l u t i o n s  emerging f rom dumps i n  which 

adequate b a c t e r i a l  a c t i v i t y  occurs have temperatures i n  t h e  

range of 30' t o  35OC. A lso  i nc luded  i n  Table I 1  a r e  s o l u t i o n  
concen t ra t i ons  f o r  e f f l u e n t  from cementat ion which was used 

u n i v e r s a l l y  f o r  t h e  cases l i s t e d  i n  Table 11. The t o t a l  i r o n  

d i f f e r e n c e  i n d i c a t e s  t h e  amount o f  i r o n  p i cked  up by cement- 
a t i o n  o f  copper on i r o n .  A lso  l i s t e d  i s  t h e  change i n  i r o n  

d i v i d e d  by t h e  copper removal from s o l u t i o n .  Whi le t h e  general  

r e s u l t s  p resented  i n  Table I 1  a r e  r e l a t i v e l y  o l d  they  a r e  

c h a r a c t e r i s t i c  o f  dump leach ing  p r a c t i c e  i n  genera l .  
changes have occur red  i n c l u d i n g  t h e  c l o s i n g  o f  some p r o p e r t i e s  

and major  changes i n  s o l u t i o n  management o f  some o f  t h e  major  

l each ing  opera t ions .  
s o l u t i o n  grade has dropped i n  t h e  l a s t  5 years  f rom 0.8 g p l  t o  

approx imate ly  0.5 gp l .  C u r r e n t l y  t h e  f e r r i c  t o  f e r r o u s  i o n  
r a t i o  i s  approx imate ly  6, t h e  e f f l u e n t  pH i s  c lose  t o  2.4 and 

t h e  t o t a l  s o l u t i o n  f l o w  has been reduced t o  approx imate ly  

36,000 g a l l o n s  pe r  minute.  

The f e r r i c  t o  f e r r o u s  r a t i o  i s  

Many 

For example, a t  Kennecott,  Bingham t h e  

SOLUTION MANAGEMENT 
F i g u r e  6 i l l u s t r a t e s  t h e  general  f l o w  o f  s o l u t i o n  t o  t h e  

dump, t o  a h o l d i n g  bas in ,  and t o  copper e x t r a c t i o n .  Copper 
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1094 WAD SWORTH 

M A K E  U P  
A C I D ,  W A T E R  

D U M P  

* 
- - +  

I y HOLDING C O P P E R  A E R A T I O N  
P O N D  

CEMENTATION I RON 'SALTS 
C U + ~ +  Fe = C u +  Fe+2 

S O L V E N T  E X T R A C T I O N  
2 R ti + c u+ '= R c u + 2 H + 

IRON R E M O V A L :  
+3 

2 F e + * + 0 2 +  2 H +  = 2 Fe f H 2 0  / S l o w )  

6Fe+3+4S0-:+14 H,O= 3 FeZO, -4S03.9H20~+10H+ 

DUMP E F F L U E N T :  

PH 1.9 - 3 . 5  

c u + 2  0.2 - 2 .0  g p l  

F B + ~  

F e  + 2  0.01 - 3 . 6  

A I + '  s m a l l - l o  

M g "  small  - 7  

0 . 2 - 3 . 0  ( V a r i e s  w i t h  d e g r e e  o f  o x i d a t i o n )  

FIGURE 6. Copper dump leaching.  Ranges of concen t r a t ions  were 
taken from a c t u a l  dump l each ing  p r a c t i c e .  ( 9 )  
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RECOVERY OF METAL VALVES 1095 

extract ion i s  achieved e i t h e r  by cementation on de-tinned 
scrap iron as indicated o r  by solvent extract ion using one of 
the LIX reagents f o r  s e l ec t ive  removal of cupric ion from 
s u l f a t e  leach l iquors .  The general trend i s  toward solvent  
extract ion due t o  the high cos t  of iron scrap. S c h l i t t  has 
indicated(  6)  t h a t  the operating cos ts  f o r  solvent  extract ion 
a re  l e s s  than those f o r  cementation although the capi ta l  cos ts  
may be higher.  
a marketable copper cathode. 

containment pond where some aerat ion occurs. 
noted, however, t h a t  the iron balance f o r  the grea te r  par t  i s  
achieved by prec ip i ta t ion  of iron s a l t s  throughout the dump 
i t s e l f .  Iron removal occurs as  indicated i n  Figure 6 by 
hydrolysis and prec ip i ta t ion  of s a l t s .  The react ion depicted 
i l l u s t r a t e s  the  formation of hydronium j a r o s i t e .  
sodium, potassium, ammonium or  other  metal j a r o s i t e s  may a l so  
form. 
represent the ranges observed in actual leach paract ice .  

Also, solvent  extraction-electrowinning produces 

Following ex t rac t ion ,  solut ions a re  recycled or en ter  a 
I t  should be 

S imi la r ly ,  

The concentrations l i s t e d  in Figure 6 f o r  dump e f f luen t  

A f ea tu re  of special  importance i s  the  method of solut ion 

1 )  Pond i r r i g a t i o n  
2 )  Tr ick le  
3 )  Multi-low pressure spray 
4 )  Single-high pressure spray 
5 )  Well in jec t ion  
Ponding i s  s t i l l  prevalent in prac t ice  b u t  the  trend i s  

appl icat ion.  (8,lO) The general methods employed a r e :  

to  t r i c k l e  leaching o r  sprays.  I n  ponding, channeling can 
cause excessive d i lu t ion  with loss  of control over e 
qua l i ty .  Trickle  leaching i s  car r ied  out by using a 
of perforated PVC pipe. This system provides a more 
appl icat ion of solut ions and more uniform a i r  and so 
access t o  the  dump. Spraying, using low pressure mu 

f l uen t  
network 
gradual 
ution 
t i p l e  
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1096 WADSWORTH 

sprays o r  high pressure s ing le  sprays,  a l so  provides uniform 
coverage. 
evaporation i n  areas  having high evaporation r a t e s .  
t r i c k l e  and spray leaching su f fe r  in some areas  where excessive 
i ce  formation may occur during winter months. 
more than one method of solut ion appl icat ion may be needed. 
The l a s t  method i s  in jec t ion  down wells .  
method used i n  uranium so lu t ion  mining. 
a gr id  pat tern and l ined with perforated pipe. 
i s  control led by combined down-well and up-well pumping through 
a flooded formation. 
for copper recovery su f fe r s  in t h a t  uniform coverage i s  
d i f f i c u l t .  
conditions requir ing a c lose network of in jec t ion  wells f o r  
adequate coverage. 
Butte, Montana where i ce  formation i s  a ser ious problem. 

extensive f i e l d  t e s t  study a t  Kennecott's Bingham Mine. 
comparison was made between t r i c k l e  and spray leaching. 
general ,  spray leaching resul ted in e f f luen t  solut ions 

containing somewhat high concentrations of copper, i l l u s t r a t i n g  
the importance of uniform coverage with minimal channeling. In 
typical  dump leaching prac t ice ,  the solut ion appl icat ion r a t e  
d i f f e r s  from the  i r r iga t ion  r a t e ,  s ince the l a t t e r  includes the  
r e s t  portion of the  t o t a l  r e s t  c y c l e ( l 0 ) .  The appl icat ion r a t e  
i s  the leach solut ion flow r a t e  per un i t  area of surface t o  
which i t  i s  being appl ied,  typ ica l ly  1/4 t o  1/5 of the t o t a l  
area ava i lab le  f o r  appl icat ion.  O n  the average appl icat ion 
ra tes  observed t o  give best  r e su l t s  vary from l e s s  than 20 

hr) f o r  t r i c k l e  leaching. For pond leaching, the appl ica t ion  
r a t e  may be as  high as  200 Urn -hr ( 5  g a l / f t  -hr) .  
t ion  r a t e  i s  the  to t a l  dump system solut ion flow r a t e  divided 

Spray systems may su f fe r  excessive solut ion loss by 
Both 

In such cases 

This method i s  the 
Wells a r e  d r i l l e d  on 

Solution flow 

Percolation leaching using t h i s  method 

Solutions move generally downward under f r e e  flow 

This method has been used by Anaconda in 

Jackson and Ream(l0) recent ly  reviewed the  r e s u l t s  of an 
A 
I n  

6 2 -hr (0 .5  g a l / f t  2 -hr) f o r  sp r ink le r s ,  t o  80 L/m 2 -hr ( 2  g a l / f t  2 - 

2 2 The i r r i g a -  
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RECOVERY OF METAL VALVES 1097 

by the  t o t a l  surface area ava i lab le  f o r  solut ion appl ica t ion .  
In general ,  in te rmi t ten t  leaching with a l t e r n a t e  leach and r e s t  
cycles i s  preferred t o  continuous leaching. 
conserves energy consumed in pumping and i s  e f f ec t ive  s ince 
pore leaching continues during the r e s t  period, under conditions 
of good aera t ion ,  building u p  dissolved metal values in the  
contained l iqu id  phase. 
cycle ex t r ac t s  la rge  quant i t ies  of heat from the  dump ( u p  t o  
one-half of the  exothermic heat of react ion)  , adversely a f f ec t -  
i n g  leaching r a t e s .  

I t  i s  uneconomical t o  remove s a l t s  from leach l iquors  
before recycle .  Usual prac t ice  i s  t o  add make u p  water as 
needed and in  some cases s u l f u r i c  acid.  The so lu t ions  wil l  
build u p  in metal and s u l f a t e  concentration unt i l  s a l t  deposi- 
t ion occurs. Iron i s  soon i n  equilibrium with a var ie ty  of 
j a r o s i t e  s a l t s  depending upon the general chemistry of the 
dump system. 
values,  e.g.  5 t o  10 gp l . ,  and s u l f a t e  concentrations may 
approach one molar. In general ,  a successful ly  operating 
su l f ide  leach dump i s  capable of generating acid in t e rna l ly ;  
t h a t  i s  , a dynamic buffering e f f e c t ,  balancing acid producing 
and acid consuming reac t ions ,  must produce pH values and solut ion 
oxidation poten t ia l s  conducive t o  the promotion o f  bacter ia l  
a c t i v i t y  and so lubi l iza t ion  of copper and  iron i n  solut ion.  
Acid addi t ions t o  inf luent  leach l iquors  do not a l t e r  the 
balance of acid consuming and acid producing react ions of such 
massive systems, b u t  serve to  prevent prec ip i ta t ion  of iron 
s a l t s  in the  upper s t r a t a  of the dump,  preserving adequate 
permeability f o r  uniform solut ion penetration. 

This prac t ice  

Continuous leaching without the r e s t  

Aluminum and magnesium can increase t o  very high 

DUMP LEACHING CHEMISTRY 
A de ta i led  treatment of dump leaching chemistry would be 

too extensive f o r  this t r e a t i s e ,  therefore  only the more 
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1098 WADSWORTH 

per t inent  fea tures  a r e  considered. 
of f e r r i c  i ron ,  in a l l  of i t s  soluble  forms (Fe 111),  and 
hydrogen ion a r e  of primary importance i n  an  acid leaching 
sy s tern. 

A t  3OoC the  so lub i l i t y  of oxygen i n  pure water i s  2.3 
x mpl. I n  the  high ionic  s t rength l iquors  produced in 
recycled leach l iquors  the  s o l u b i l i t y  i s  considerably l e s s .  
As may be shown the oxygen oxidation of s u l f i d e  minerals i s  
k ine t ica l ly  l e s s  important t h a n  oxidation by complex f e r r i c  
ions in  so lu t ion ,  present in much grea te r  concentration. 
Oxygen i s  e s s e n t i a l ,  serving t o  oxidize fe r rous  iron t o  f e r r i c  
and t o  provide conditions fo r  the  growth of chemoautotrophic 
bacter ia .  

The steady s t a t e  generation 

Normally the  oxidation of ferrous iron t o  f e r r i c  i s  slow. 
The bacterium Thiobacil lus ferrooxidans,  an aerobic chemoauto- 
t r o p h  deriving i t s  energy from the oxidation of ferrous 
grea t ly  acce lera tes  the  oxidation of ferrous iron accord 
t o  the  react ion 

ba c 
0 t 2H’ t 2Fe” = 2Fet3 t H20 2 2  

ron , 
ng 

Oxygen i s  essent ia l  s ince  the bacterium resp i ra t ion  cycle 
terminates by the reduction of oxygen forming water. The 
bacterium Thiobacil lus thiooxidans i s  a l so  an aerobic chemo- 
autotroph deriving i t s  energy from the oxidation of elemental 
su l fu r ,  t h iosu l f a t e ,  o r  su l f ide  as contained i n  heavy metal 
su l f ides .  Sulfur  oxidation produces s u l f u r i c  acid in place,  
an essent ia l  fea ture  in  maintaining open porosity in dump 
leaching. 
iron which i s  subsequently oxidized t o  the  f e r r i c  s t a t e  in the 
presence of T .  ferrooxidans.  Pyr i te  a l s o  g rea t ly  influences 
the ne t  consumption of oxygen in the  system which often may 
be as high as  7-20 moles o f  oxygen per mole of C U + ~  produced. 

Pyr i te  i s  a strong acid producer supplying ferrous 
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RECOVERY OF METAL VALVES 1099 

F e r r i c  i r o n  i n  s o l u t i o n  (Fe 111) e x i s t s  i n  seve ra l  forms. 

Thermodynam-ical l y ,  t h e  more impor tan t  forms are :  
FeS04, Fe2(OH)i4, FeHS0i2, and FeOHt2. The s u l f a t e  complexes 

a re  g r e a t l y  favored over t h e  hydroxy l  complexes( l1) .  To 
i l l u s t r a t e  t h e  importance o f  i r o n  complex fo rmat ion ,  a t y p i c a l  
l each  s o l u t i o n  w i l l  be cons idered i n  e q u i l i b r i u m  w i t h  p r e c i p i -  

t a t e d  hydrogen j a r o s i  t e ,  having an approximate f r e e  s u l f a t e  

a c t i v i t y  of 0.02. 

Fe(S04)?, 
t 

The e q u i l i b r i u m  i s  represented  by 

(Fe)3(S04)2(OH)5.2H20 t 5Ht = 3Fet3 t 2SOi t 7H20 (2 )  

f o r  which l o g  K i s  -2.7. 

a re  

The i r o n  s u l f a t e  complex e q u i l i b r i a  

Fet3 t SO, = FeS04 t 

and 

Fet3 t 2SOa = Fe(S04); 

( 3 )  

(4) 

w i t h  l o g  K values o f  4.15 and 5.4 r e s p e c t i v e l y .  

a t  pH=2.3 t h e  f e r r i c  i o n  a c t i v i t y  would be approx imate ly  

8.6 x 
t h e  cor respond ing  f e r r i c  s u l f a t e  complex concen t ra t i ons  o f  

FeS04 and Fe(S04); r e s p e c t i v e l y  would be 0.035 and 0.012 molar .  

h i s  corresponds t o  a t o t a l  maximum Fe I 1 1  concen t ra t i on  of 

approx imate ly  2.6 g p l  a t  t h i s  pH. Under c o n d i t i o n s  of dump 
leach ing ,  f e r r i c  i o n  complexes a re  present  w i t h  a c t i v i t i e s  much 

g r e a t e r  than t h e  a c t i v i t y  of d i sso l ved  oxygen and a re  k i n e t i c a l l y  
more impor tan t  than oxygen i n  t h e  minera l  o x i d a t i o n .  I n  t h e  

t o t a l  dump leach ing  system t h e  o x i d a t i o n  sequence i s :  

Acco rd ing l y ,  

Using a c t i v i t y  c o e f f i c i e n t s  o f  approx imate ly  0.7 

t 

0 a e r a t i o n  by convec t ion ,  promot ing b a c t e r i a l  a c t i v i t y  
o x i d a t i o n  o f  f e r r o u s  i r o n  t o  f e r r i c  

0 f e r r i c  i r o n  d i s s o l u t i o n  o f  s u l f i d e s  w i t h  metal  re lease  
and a c i d  genera t i on  
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1100 WADSWORTH 

The dissolut ion o f  su l f ide  minerals occurs general ly  by 
electrochemical processes.  Some react ions a re  acid consuming 
and some a r e  acid producing while others  are neut ra l .  
d issolut ion of gangue cons t i tuents  and oxygen reduction (eq. 1 )  
a re  acid consuming processes while hydrolysis react ions a re  
acid producing. Many su l f ides  form elemental su l fu r  which i s  
metastable under dump leaching condi t ions.  The slow leaching 
r a t e  of su l fu r  t o  s u l f a t e  under ambient conditions and in the 
absence of su l fu r  oxidizing bacter ia  r e s u l t s  in long term 
s t a b i l i t y  of elemental s u l f u r ;  however, the times involved in 
dump leaching a r e  su f f i c i en t ly  long t h a t  l i t t l e  elemental 
su l fur  i s  found. For t h i s  reason only the  net  overal l  react ions 
w i t h  s u l f a t e  formation a re  considered. 

Typical react ions involving chalcopyri te  (CuFeS2) , 
chal coci t e  ( C u 2 S ) ,  cove1 1 i t e  (CuS)  , and selected carbonates 
and s i l i c a t e s  a r e  l i s t e d  i l l u s t r a t i n g  acid consuming, acid 
generation, and pH independent reac t ions :  

The  

Acid consuming react ions:  
(ma1 achi t e )  
C U C O ~ . C U ( O H ) ~  t 4Ht = X u t 2  + C02 t 3H20 

(azu r i t e )  
~ C U C O ~ . C U ( O H ) ~  + 6Ht = 3Cu" t 2C02 t 4H20 

(chrysocoll  a )  
Cu0-SiO2.2H20 4 2H t = Cut2  t Si02 t 3H20 

( c a l c i t e )  
CaC03 f 2Ht t S0i2 + H20 = CaS04'2H20 t C02 

( c h l o r i t e s )  
H4Mg3Si209. y H 4  Mg2 A 1 2  S i2  O9 = (6+6y)H + t 

(2+2y) Si02 + (3+2y)Mgt2 + 2y Al+3 t (5+5y)H20 ( 9 )  
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RECOVERY OF METAL VALVES 1101 

( b i o t i t e )  + 
H Z K ( M S ) ~ ~ ( F ~ ) ~ - ~ ~  A l (S i04 )3  + 10 H = 

K' + 3xMgf2 + ( 6 - 3 ~ ) F e ' ~  + A l + 3  + 3Si02 + 6H20 (10) 

(K - fe ldspar  a1 t e r a t i o n  t o  K-mica) 
3KA1Si308 + 2Ht + 12H20 = KA13Si3010(OH)2 + 2K 

+ 

+ 6H4Si04 (11)  

(K-mica a l t e r a t i o n  t o  K a o l i n i t e )  

2KA13Si3010(OH)2 t 2Ht = 3A12Si205(0H)4 + 2K+ 

A12Si205(0H) + 6H+ = 3 ~ 1 ' ~  + H20 + 2H4Si04 

(12)  

(1 3) 
(Kaol i n i  t e )  

Ac id -genera t ing  r e a c t i o n s :  
( C h a l c o p y r i t e  o x i d a t i o n )  

CuFeS2 t 16Fet3 + 8H20 = 

Cu" t 17Fe" t 2S04-2 + 16H+ (14) 

(1 5 )  

( c o v e l l i t e  o x i d a t i o n )  
CuS t 4H20 + 8Fet3 = Cut2 t SO,' + 8Fe" + 8H+ 

( p y r  i t e  oxi  da t i on I 
FeS2 + 8H20 + 14Fe t3 = 15Fet2 t 2S0i2  + 16H' (16) 

( i r o n  h y d r o l y s i s  t o  hydra ted  hemat i te )  

ZFe+3 t (3+x)H21) = 6Ht + Fe203-xH20 (17) 

( i r o n  h y d r o l y s i s  t o  hydrogen j a r o s i t e  
Fet3 t 7 H20 + 2 SO4 -2  H+ t 1 :e3(~04)2~OH)5.2H20 (18) 

( i r o n  h y d r o l y s i s  t o  j a r o s i  t e  s a l t s )  
Fet3 + 1 +  2 1 M + 2H20 + 5 SO; = MFe3(S04)2(0H)6 + 2Ht (19) 

( c h a l c o p y r i t e  a l t e r a t i o n  t o  c h a l c o c i t e )  
5CuFeS + 11CuS04 t 8H20 = 8Cu2S + 5FeS04 + 8H2S04 (20) 2 
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1102 WADSWORTH 

Neut ra l  r e a c t i o n s :  
( c h a l c o p y r i t e  a1 t e r a t i o n  t o  cove1 1 i t e )  
CuFeS2 t CuS04 = 2CuS t FeS04 

Cu2S + Fe2(S04)3 = CuS t CuS04 t 2FeS04 

(21 1 

(22)  

( cha l  c o c i  t e )  

The dynamic c h a r a c t e r  o f  dump l e a c h i n g  i n  terms o f  pH i s  
obv ious l y  compl ica ted  as suggested by t h e  above r e a c t i o n s .  Few 

r e a c t i o n s  i n  dump l e a c h i n g  a r e  pF independent. For  t h i s  reason 

a dump must have t h e  a b i l i t y  t o  produce a c i d  a t  a r a t e  which 
i s  capable of m a i n t a i n i n g  a pH wh ich  w i l l  m a i n t a i n  an i r o n  

concen t ra t i on  e f f e c t i v e  f o r  dump leach ing .  The r a t e s  o f  t h e  

above r e a c t i o n  a r e  o f  b a s i c  importance i n  e s t a b l i s h i n g  s u i t a b l e  

s o l u t i o n  chemis t r y  f o r  meta l  e x t r a c t i o n .  

s lower than  those i n v o l v i n g  ox ides  and secondary s u l f i d e s .  
p r imary  s u l f i d e  (CuFeS2) i s  t h e  most r e f r a c t o r y  o f  a l l  o f  t he  

copper s u l f i d e s .  The secondary m ine ra l s  (e.g. CuS and Cu S )  

r e a c t  r e a d i l y  under o x i d i z i n g  c o n d i t i o n s .  

I n  genera l ,  r e a c t i o n s  i n v o l v i n g  t h e  s i l i c a t e  m i n e r a l s  a r e  
The 

2 

RATE PROCESSES I N  COPPER DUMP LEACHING 
The body of  l i t e r a t u r e  on dump l e a c h i n g  processes and 

model ing i s  ex tens i ve  and has been advanced t o  e x p l a i n  p r a c t i c e ,  
l a r g e  s c a l e  f i e l d  t e s t s ,  and l a b o r a t o r y  t e s t s .  

1943 T a y l o r  and Whelan( l2)  desc r ibed  o p e r a t i n g  p r a c t i c e  a t  t h e  
R io  T i n t o  Spain p roper t y .  

importance o f  f r e e  f low o f  a i r  t o  t h e  dump t o  p r o v i d e  needed 

o x i d a t i o n  o f  s u l f i d e  m ine ra l s .  

of m ine ra l s  on an e m p i r i c a l  bas i s ,  d iscussed t h e  v i r t u e  of 
sp ray ing  i n  comparison t o  ponding, and emphasized t h e  impor- 

tance o f  a v o i d i n g  t h e  p r e c i p i t a t i o n  of s a l t s  and p lugg ing  

as a r e s u l t  o f  s l imes  a t  t h e  s u r f a c e  o f  dumps. 
was one o f  t h e  f i r s t  t o  cons ide r  mathematical  model ing i n  heap 

As e a r l y  as 

These au tho rs  recogn ized t h e  

They exp la ined  t h e  e x t r a c t i o n  

H a r r i s ( l 3 )  
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SURfRC€ O f  OR€ 

= COPPER SULFIDES 

0 PYRITE POROUS /RON SRITS 

FIGURE 7. 
ions.  

Ore fragment showing pore network and d i f f u s i o n  of 

l each ing  o f  copper ores on a s e m i - q u a n t i t a t i v e  bas i s .  
(14,75) developed a model based upon c o n t i n u i t y  c o n d i t i o n s  
which p rov ides  t h e  general  bas i s  f o r  a v a r i e t y  of a d d i t i o n a l  

s t u d i e s  i n  model ing o f  dump leach ing  and s o l u t i o n  m in ing  

systems. 
i n c o r p o r a t i n g  d i f f u s i o n  c o n t r o l  and m ine ra l  su r face  r e a c t i o n s  

which can be shown t o  be a s p e c i a l  case o f  t h e  general  s o l u t i o n  

proposed by B a r t l e t t .  
models t o  e x p l a i n  t h e  l each ing  of s u l f i d e s  and oxides.( l7,18, 
19,20,21) Cath les  and Apps(22) developed a model i n c o r p o r a t i n g  
oxygen and heat  balance and convec t i ve  f low o f  a i r  th rough a 
dump, based upon observed opera t i ng  da ta  f rom a dump opera t i on .  

B a r t l e t t  

Braun, Lewis , and Wadsworth(l6) developed a model 

Other researchers  have used s i m i l a r  
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1104 WADSWORTH 

Roman(23) has examined the problems of scal ing laboratory t e s t s  
t o  actual dumps. 

involve diffusion of Fe I11 through pores,  cracks,  and f i s su res .  
Figure 7 i l l u s t r a t e s  an  ore  fragment showing the pore s t ruc ture  
and diffusion of ions. 
to  the composite piece of ore  with associated gangue minerals and 
contained metal oxides and su l f ides .  A mineral grain r e fe r s  t o  
a d i s t i n c t  p a r t i l e  within the ore  fragment. 
depicted flowing over the cross-section on the r i g h t ,  is  exposed 
under optimal conditions t o  convective a i r  flow. 
t o  the l iquid f i lm occurs by d i f fus ion .  
t ransfer  of oxygen t o  the  l iquid phase i s  not r a t e  l imit ing 
because of the  la rge  surface areas  involved. Ferrous ion in 
the fi lm i s  oxidized t o  the f e r r i c  s t a t e .  The Fe I11 produced 
diffuses  through the  pore s t ruc tu re  react ion w i t h  su l f ide  
minerals and releasing cuprous and ferrous ions which in 
turn must d i f fuse  i n  d i rec t ions  indicated by the local ized 
concentration gradients .  
the ore fragment and continue t o  d i f fuse  i f  a gradient  i s  
established by secondary enrichment react ions.  
copper and ferrous iron occurs by outward diffusion through 
the pore s t ruc tu re  of the rock fragment joining the flowing 
fi lm. D u r i n g  r e s t  cycles ,  leaching continues w i t h  a build-up 
of dissolved metal values in the immobile aqueous phase held 
by capi l la ry  forces .  
t o  s o l u t i o n ,  surface reaction control may occur followed by 
increased k ine t ic  dependence upon diffusion as the process 
continues. 
surface convective t r a n s f e r ,  surface chemical reaction and 
diffusion through the pore s t ruc tu re .  
case where the p a r t i a l l y  unreacted su l f ide  pa r t i c l e s  exist 
in a r e l a t ive ly  narrow react ion zone of thickness Ar with a 

Researchers in general agree t h a t  o re  fragment r a t e  processes 

Ore (rock) fragment or  p a r t i c l e  re fers  

A surface f i lm ,  

Oxygen t r ans fe r  
In well-aerated dumps 

Copper may d i f fuse  t o  the  center  of 

Release of 

When the rock fragment i s  f i r s t  exposed 

The r a t e  o f  extract ion may t h u s  be the sum o f  

Figure 8 represents a 
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FIGURE 8. 
and d i f f u s i n g  ions.  

Ore fragment showing reacted and unreacted regions 
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FIGURE 9. Predicted copper ex t rac t ion  fo r  monzonite ore.  

reacted outer  region and an unreacted core,  giving r i s e  t o  the 
so-called “shrinking core” k ine t ics .  The narrow reaction zone 
i s  a special  case which, as  will  be shown, i s  a s a t i s f ac to ry  
model f o r  seconday copper su l f ides  and oxides,  b u t  not generally 
for  chalcopyrite (CuFeS2) which often leaches very slowly, and  
i s  highly var iable  with source. For very slow leaching su l f ides  
a non-steady s t a t e  analysis  i s  required.  The sect ion AA of 
Fiaure 8 i l l u s t r a t e s  the copper content of the 
the f e r r i c  ion complex concentration within the pores as  a 
function of rad ius ,  r ,  f o r  some time, t .  The reaction zone 
thickness i s  Ar. 

Using the mixed k ine t ic  shrinking core model developed 
by Braun, e t  a1 . (16),  Madsen, e t  a1 . (18) applied the model t o  
several 7 ton ore  samples of secondary copper su l f ide  ores .  
The mixed k ine t ics  model in  integrated form i s  

fragment and 

where c1 = f rac t ion  o f  copper removed from the ore fragment 
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RECOVERY OF METAZ. VALVES 1107 

ro = ore fragment radius 
t = time 

B,y = constants a t  constant solut ion concentration and 
temperature 

The constant 6 and y contain ore grade, apparent d i f f u s i v i t y ,  
i n t r i n s i c  su l f ide  k ine t ic  parameters and physical values,  
including ore  and contained mineral dens i t ies .  Figure 9 
i l l u s t r a t e s  the cor re la t ion  of leaching data f o r  a 7-ton sample 
of monzoni t e  secondary copper su l f ide  ore.  
required were observed t o  be cons is ten t  with expected values 
f o r  pore d i f fus ion .  
d a t a  with a non-steady s t a t e  p a r t i c l e  diffusion model. 

Cathles and Apps(22) provided a one-dimensional non-steady 
s t a t e  model t o  the leaching of the Kennecott, Midas t e s t  dump 
containing 93,000 tons of ore .  Three equations re la t ing  oxygen 
balance, heat balance, and a i r  convection were used. T h i s  study 
was one of the major developments in modeling of dump leaching, 
s ince i t  incorporated flow, both a i r  and  so lu t ion ,  heats of 
reac t ion ,  and shrinking core ore fragment k ine t ics .  Figure 10 
i l l u s t r a t e s  the observed and calculated ra tes  of copper extrac-  
t ion  and cumulative recovery using the non-steady s t a t e  model. 

Roman has considered(23) the d i f f i c u l t i e s  inherent  i n  the  
modeling of massive dumps from small sca le  t e s t s .  Laboratory 
t e s t s  of 5 t o  10 tons a n d  even the 93,000 ton Midas Dump t e s t  
a re  small compared t o  typical  massive dumps containing mil l ions 
of tons of waste rock. 
la rge  dumps i t  i s  evident t h a t  an approximate bi-modal o r  t r i -  
modal densi ty  and moisture d i s t r ibu t ion  i s  present .  Figure l l  
i l l u s t r a t e s  well log r e su l t s  from a d r i l l  hole in Kennecott’s, 
Chino, New Mexico dump.(23) 
in in t e rva l s  of a f rac t ion  of a foo t  t o  one or two f e e t .  
Superimposed i s  a la rger  per iodic i ty  o f  several  f e e t .  Figure 
12 shows the e f f e c t  of low and high compaction on f l u i d  flow 

The d i f f u s i v i t i e s  

Madsen, e t  a1.(19) a l s o  cor re la ted  leach 

From d r i l l  hole log data taken from 

The f i n e  s t ruc tu re  appears t o  be 
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MlDAS TEST DUMP 5 MONTH RUNNING AVERAGE 
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FIGURE 10. Comparison o f  observed and calculated dump behavior. 
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Neutron -neutron log y- y log 

FIGURE 11. 
variations in moisture and density. 

Well log-data from Kennecott's Chino dump, showing 

w i t h i n  a dump.(23) 

may behave l i k e  i n d i v i d u a l  o re  fragments; i . e . ,  w i t h  f r e e  f l o w  

around t h e  pe r ime te r  and d i f f u s i o n  t o  the  i n t e r i o r .  

i n t e r e s t i n g  t o  no te  t h a t  l each ing  da ta  may be w e l l  approximated 

by u s i n g  f o r  t h e  i n i t i a l  rad ius ,  ro, ( E q .  23) t h e  f i f t y  pe rcen t  

passing s i z e  of t h e  i n i t i a l  o re  s i z e  d i s t r i b u t i o n .  U n c e r t a i n t i e s  

r e l a t i v e  t o  two phase f low o f  l i q u i d  and a i r  i n  dump leach ing  

rep resen t  t h e  most d i f f i c u l t  aspect i n  t h e  s c a l i n g  o f  t e s t  data 

t o  t h e  massive dumps be ing  leached i n  p r a c t i c e .  Steady s t a t e  

S o l u t i o n  by-pass zones o r  p a r t i c l e s  c l u s t e r s  

It i s  
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1110 WADSWORTH 

Low bulk density 

High bulk density 

FIGURE 12.  
flow wi th in  a dump, according t o  Roman. (23)  

I l l u s t r a t i o n  showing e f f e c t  of compaction on f l u i d  

da i ly  recovery, which i s  the  f r ac t ion  of the da i ly  tonnage of 
copper added t o  a dump which i s  recovered by leaching general ly  
f a l l s  in  the range of 15 t o  50 percent.  
Bingham 250,000 tons of ore (Q 0.17 percent copper) goes t o  the 
waste dump da i ly .  
o f  copper o f  which 150,000 lb .  or  18 percent i s  recovered da i ly .  

For example a t  Kennecott, 

This ore contains approximately 850,000 l b .  
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