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A one d imens iona l ,  nons teady-s ta te  model  of the copper waste  dump leaching  p r o c e s s  has 
been developed which incorpora tes  both c h e m i s t r y  and physics .  The model  is based  upon 
th ree  equat ions r e l a t ing  oxygen balance,  heat  balance,  and a i r  convection.  It a s s u m e s  that 
the dump is composed of an aggregate  of rock  pa r t i c l e s  containing nonsulfide copper  m i n -  
e r a l s  and the sulf ides ,  cha lcopyr i te  and pyr i te .  Leaching occurs  through chemica l  and dif -  
fusion con t ro l l ed  p r o c e s s e s  in which pyr i te  and chalcopyr i te  a re  oxidized by f e r r i c  ions in 
the l ix iviant .  Oxygen, the p r i m a r y  oxidant, is t r anspor ted  into the dump by means  of a i r  
convection and oxid izes  f e r rous  ion through bac t e r i a l  ca ta lys i s .  The heat  genera ted  by the 
oxidation of the sulf ides  p romotes  a i r  convection.  The model  was used to s imula te  the 
leaching of copper  f rom a smal l  t e s t  dump, and excel len t  a g r e e m e n t  with field m e a s u r e -  
ments  was obtained.  The model  p red ic t s  that the most  impor tan t  v a r i a b l e s  affect ing cop- 
per  r e c o v e r y  f rom the tes t  dump a re  dump height, pyr i te  concentra t ion,  copper  grade,  and 
l ix iviant  appl icat ion ra te .  

T H E  leaching  of l o w - g r a d e  coppe r -bea r ing  waste  has 
been p rac t i ced  e i ther  by accident  or  through design 
for s e v e r a l  hundred y e a r s .  During the las t  fifty yea r s ,  
i nc rea s ing  at tention has been paid to the sys t ema t i c  
leaching  of l ow-g rade  waste  r e su l t i ng  f rom the open 
pit mining of porphyry  copper deposi ts  in the wes te rn  
United States.  By now, this ac t iv i ty  is yielding an i m -  
por tant  secondary  s o u r c e  of domes t i c  copper,  t Indeed, 
some mining opera t ions  have been planned and a re  
opera t ing  exc lus ive ly  f rom the product ion of copper  
obtained f rom leaching.  Many of these  opera t ions  a r e  
exploi t ing oxide copper  deposi ts  where  copper is r e a d -  
ily leached by the appl icat ion of di lute su l fur ic  acid.  

Low-g rade  waste  d i s ca rded  as a resu l t  of open pit 
min ing  of porphyry copper  deposi ts  is dumped in gul-  
l ies  sur rounding the deposi t .  The d isposa l  si te is de-  
t e rmined  p r i m a r i l y  by the convenience of the s i te  to 
the mining opera t ion ,  and is not usual ly  based on con-  
s ide ra t ions  n e c e s s a r y  for  opt imum leaching.  In the 
we s t e rn  United States s e v e r a l  bi l l ion tons of waste has 
accumula ted  in this manne r .  

During the las t  decade ,  many people have become 
conscious  of the fact that this enormous  r e s o u r c e  of 
copper  is not being exploi ted  e f fec t ive ly  because  in-  
suff icient  attention is being paid to those fac to rs  which 
could lead to improved  design and layout of waste  
dumps.  It is be l ieved  that if the leaching  p r o c e s s  
were  complete ly  unders tood,  then it would be poss ib le  
to des ign and leach copper  f rom waste  dumps in a far  
m o r e  eff ic ient  manner  than is cu r ren t Iy  being p r a c -  
t iced.  The p rob lem is a l a rge  one. Not only must  the 
c h e m i s t r y  of leaching  be understood,  including both 
kinet ic  and the rmodynamic  aspec ts ,  but the effect  of 
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heat  genera t ion,  fluid flow and other  t r a n s p o r t  phe-  
nomena r e l a t i ng  to the leaching  p r o c e s s  mus t  also be 
cons idered .  A leaching s y s t e m  cannot be cons idered  
in a s teady state ,  because  all  fac tors  involved in the 
leaching p r o c e s s  change p r o g r e s s i v e l y  as a function 
of t ime.  

In this paper  we have developed a one -d imens iona l  
model  of the nons teady-s t a t e  dump leaching  sys tem.  
We have applied this model  to a sma l l  t e s t  dump con-  
s t ruc ted  and leached at the Utah Copper Divis ion of 
Kennecott  Copper Corpora t ion .  To our knowledge only 
two other  a t tempts  have been made to in tegra te  the 
d i v e r s e  aspec ts  of dump leaching  into a coheren t  a l l -  
embrac ing  model .  %3 While we do not feel  that the 
model  p re sen ted  in this paper  is the final  answer  to 
a c la r i f i ca t ion  of the dump leaching p r o c e s s ,  we be-  
l ieve  that it fo rms  a bas is  upon which subsequent  r e -  
sea rch  in this a r e a  might  be coordinated.  

A MODEL OF THE DUMP LEACHING 
PROCESS 

Initial  Assumptions  

Sulfides must  be oxidized before  the i r  meta l  va lues  
may be put into solution.  The conceptual  bas is  of the 
model  of dump leaching  p resen ted  he re  is s imply  that 
the exo the rmic  sulfide oxidation r eac t i ons  genera te  
heat and consume oxygen f rom the a i r ,  and by so do-  
ing d r ive  a i r  convect ion through the dump. This a i r  
convect ion is the only s ignif icant  sou rce  of oxidant to 
the dump. 

A sys t em is envis ioned in which a coun te r cu r r en t  
in te r locking  flow of a i r  and water  pa s se s  through an 
aggrega te  of rock  f ragments ,  as shown in Fig. 1. 

The oxygen leaves  the gas phase within the dump 
by d i s so lv ing  in the l iquid phase where  it oxidizes  
f e r rous  to f e r r i c  i ron through the agency of bac te r i a .  
The f e r r i c  i ron diffuses  into the ore  f r agments  and 
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oxidizes  the sulfide m i n e r a l s : *  Acid, Fe *+ and heat  

*At 1/5 atmosphere PO: and the temperatures involved in dump leaching, 
oxygen is not very soluble in water (<8.6 • 10 -3 g/1 ). Typical ferric iron con- 
centrations in leach dumps run ~1 g]l. These relative concentrations ensure Fe~ 
will be the oxidizing agent in the diffusion controlled processes envisioned above. 

a r e  produced along with Cu ++. 
For  the purposes  of our  model ,  we have a s sumed  

the fo rma t ion  of a leached r i m  which is s epa ra t ed  
f rom the unreac ted  co re  by a sharp boundary,  as 
shown in Fig.  2. As the leached r i m  grows the r a t e  
of leaching  drops because  of longer  diffusion paths 
and a shr ink ing  r eac t ion  zone. Evidence for  a sh r ink -  
ing co re  has been supported obse rva t iona l ly  by Braun, 
Lewis and Wadsworth 4 and by Madsen, Wadsworth and 
Groves .  ~ Theore t i ca l  a rguments  a lso  suppor t  the ex-  
i s t ence  of a sharp  boundary for the condit ions of our 
model  (see Eq. [11]). For  those r e a s o n s  we will  l a te r  
employ the ma thema t i ca l  fo rmula t ion  of the so cal led 
" sh r i nk ing  co re  m o d e l " ,  as developed by Braun, Lewis 
and Wadsworth.  However ,  we r e c o g n i z e  that the re  a r e  
many condit ions in which a sharp  boundary between 
the leached r i m  and the unreac ted  co re  boundary is 
not o b s e r v e d  because  of va r i ab l e  r e a c t i o n  r a t e s  of 
the sulf ides ,  acid gangue in terac t ion ,  sulf ide concen-  
t ra t ion,  g ra in  s ize  of sul f ides  and gangue m i n e r a l s ,  
and poros i ty  of the rock .  A gene ra l i z ed  model ,  taking 
account  of s e v e r a l  of these  fac tors  has been developed 
by Bar t le t t .  6 

Most l ow-g rade  waste ,  f rom which copper  is leached,  
is de r ived  f rom the outer  pyr i t ic  halo of porphyry  cop-  
per  deposi ts ,  where  the c o p p e r - b e a r i n g  sulf ide is cha l -  
copyri te .  7 We a s sume  that cha lcopyr i te  and pyr i te  a r e  
the p r inc ipa l  sulfide m i n e r a l s  and that they oxidize in 
a waste dump env i ronment  in the fol lowing manner :  

0/2 + ~ CuFeS 2 + ~ (2H + + SO~-) - -  -~ (Cu *+ + SO~-) 

+ ~ ( F e  +~ + SO~-) + -~ H20 + ~ S  [1] 

2 (Fe++ + SO~-) O~ + ~ FeS 2 + 7 H20 -- 

2 (2H § + SO~-) .  [2]  +~- 

Evidence that these a r e  the oxidation m e c h a n i s m s  
for the two sulf ides comes  f rom studies  by Wadsworth.  8 
Observat ions  by Stephens 9 show that su l fur  is a p rod-  
uct of the oxidation of sulf ides  in waste  dumps.  It can 
be seen  that for e v e r y  mole  (64 g) of cha lcopyr i t e  
leached,  5/2 mole  (5/2 �9 32 g) of oxygen wil l  be con- 
sumed. If F P Y  moles  of pyr i te  a r e  leached  per  mole  
of sulfide copper,  an additional 7/2 F P Y  moles  (7/2 
�9 32 �9 F P Y  g) of O z will  be consumed.  Thus for e v e r y  

CONVECTIVE FLOW OF AIR 
UP THROUGH THE DUMP 

_l 

Fig. l--Countercurrent interlocking flow of air and water 
through a leach dump. The flow of water is usually inter- 
mittant. 
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SULFIDE BLEBS ~ ~ / ~  LIQUID PHASE 

Fig. 2--Idealization of the leaching of a single waste part ic |e.  

gram of cha lcopyr i te  copper  leached,  the following 
number  of g r ams  of 02 wil l  be consumed:  

g O z consumed = (1.25 + 1.75 FPY)  g cha lcopyr i t e  

Cu leached [3] 

Actually the amount of oxygen consumed per  g ram of 
cha lcopyr i te  copper  leached is somewha t  g r e a t e r  than 
this ,  if account  is taken of the oxidant r e q u i r e d  to p r e -  
cipi tate,  as j a r o s i t e  (KFe3(SO4)2(OH)6), the i ron ex-  
changed for copper  dur ing cementa t ion  (2.5 lb F e / l b  
Cu) and the i ron produced in leaching  the cha lcopyr i te  
and pyr i te .  The p rec ip i t a t ion  of cemeta t ion  i ron within 
the dump mus t  c l ea r ly  be taken into account  even 
though the source  of the i ron is outs ide the dump. 

Fur the r ,  if the excess  acid produced by the oxidation 
of pyr i te  is neu t ra l i zed  by reac t ion  with gangue of b io-  
ti te composi t ion* addit ional  i ron is genera ted ,  oxidized,  

*Biotite has been found to be more reactive by a factor of~100 than other 
gangue minerals in a porphyry copper intrusive. Calcite, the only other highly 
reactive mineral likely to occur, is usually present only in minor amounts. 

and prec ip i ta ted .  Wi th these  addit ions Eq.  [3] becomes :  

g O z consumed = (1.75 + 1.91 FPY)  g cha lcopyr i te  

Cu leached [4] 

Waste m a t e r i a l  typica l ly  contains 10 to 100 moles  of 
pyr i te  for e v e r y  mole  of sul f ide  copper .  Thus pyr i te  
is by far the most  impor tan t  oxidant consumer  if it is 
oxidized in proport ion to its m o l a r  r a t io  to sulfide 
copper.  

Because leach solutions cannot c a r r y  s ignif icant  
oxidant with them as they move through the dump, a i r  
is the main source  of oxidant within a dump. A l i t e r  
of a i r  contains 0.28 g 02�9 Fig.  3 shows that Eq. [4] 
r e q u i r e s  far  m o r e  a i r  than water  to flow through a 
waste  dump if the effluent solut ions a r e  to contain the 
copper  concent ra t ions  typica l ly  obse rved .  For  the p a r -  
t i cu la r  dump we shall  cons ider ,  at l e a s t  80 t imes  m o r e  
air  passed  through the dump than water �9  That is, for 
each l i t er  of leaching solut ion leav ing  the dump with a 
net gain of 0.25 g/1 (2 lb. Cu/1000 gal.) copper ,  80 
l i t e r s  of a i r  a re  r e q u i r e d  to supply the oxidant n e c e s -  
s a ry  for the chemica l  r eac t i ons  involved.  

Eqs. [1] and [2] not only te l l  us the amount  of oxidant 
consumed per  g ram of copper  leached,  but a lso  the 
heat  genera ted  per  g ram of copper  leached�9 (The ent-  
halpy of reac t ion ,  A/-/R, of Eq. [11 is app rox ima te ly  

618-VOLUME 6B, DECEMBER 1975 METALLURGICAL TRANSACTIONS B 



4oo! too 
3801- ~ 95 

8 
< 
r r  

r r  

r r  
LIJ 
I-- 

0 
. J  
IJ- 

r r  

< 

3 6 0 -  MIDAS TESTDUMPq / _  90 

340 - F '  - 85 

320 - 8 0  

300! - 75 

280 - 70 

260! - 65 Z 

240i - 60 ,,<, 

22G 66 ~ 

2oc 60 ,= 
I- 1- 

160 40 < ~ 

,40 as ~ 

120 30 ~ w s  

100 25 ,~ 

80 20 O 

60 15 rr 
, 

40 10 

20 5 

6 . 2 2  ( , , , , , , , , , , 

5 10 15 20 25 30 36 40 46 60 

MOLES py/MOLE SULFIDE Cu LEACHED (FPY) 
FPY 

F i g .  3 - - G r a p h  r e l a t i n g  t h e  a i r  f l o w  t h r o u g h  a d u m p  to  t h e  
r a t i o  o f  t he  m o l e s  of  p y r i t e  l e a c h e d  to s u l f a t e  c o p p e r  l e a c h e d  
(FPY), f o r  a t y p i c a l  e f f l u e n t  c o p p e r  c o n c e n t r a t i o n .  

- 108.8 kcal;* AH R for Eq. [2] is - 94.9 kcal). If we 

* 1 kcal = 4.1868 kJ. 

again take into account the heat consumed in the p r e -  
cipi tat ion of j a ros i t e ,  r equ i r e  acid and i ron balance,  
and a s sume  2.5 lb. Fe are  exchanged per  pound of Cu 
at the prec ip i ta t ion  plant:  

k i loca tor ies  produced = (2.89 + 5 .41FPY) g chalco-  

pyr i te  Cu leached [5] 

Again it can be seen pyr i te  oxidation will,  in all p roba -  
bi l i ty,  be the most  sig-nificant source  of heat. The ra te  
at which a waste dump heats up is a d i rec t  measu re  of 
FP Y. 

Eqs. [4] and [5] contain the fundamenta ls  of a model 
of the dump leaching p rocess .  Sulfide oxidation r e a c -  
t ions consume oxygen f rom the a i r  in a dump. Since 
O~ is a heavy component in a ir ,  the oxygen depleted 
air  is l ighter .  Since water  vapor is a l ight component 
of a i r ,  sa tura t ion  of the a i r  inside a dump with water  
vapor  wilt also produce buoyant forces .  Buoyant forces  
tend to produce a i r  convect ion.  F u r t h e r m o r e ,  the oxi-  
dation react ions  are exothermic ,  which also promotes  
a i r  convection. A AT of 20~ produces  buoyant forces  
two or ten t imes  l a r g e r  than complete oxygen deple-  
tion or complete water  vapor  sa tu ra t ion ,  respec t ive ly .  

For  normal ly  observed pe rmeab i l i t i e s ,  a i r  convec-  
tion ra ther  than diffusion is the p r inc ipa l  mechan i sm 
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of 02 t r anspo r t  into a waste dump. In this respec t  our  
model dif fers  from that of H a r r i s ,  2 whose p s e u d o - p a r -  
t iculate leaching case a s s u m e s  that Oa t r a n s p o r t  into 
a dump occurs  p r i m a r i l y  by diffusion through the i n t e r -  
s t ices  of the par t i c les .  

In the next sect ion we genera l ize  Eqs. [4] and [5] 
s l ightly to take into account  copper sulf ides  other than 
chalcopyri te .  We then develop the ra te  equat ions r e -  
la t ing copper extract ion with oxygen uptake and heat 
generat ion.  We show that these  ra te  equat ions are  gov- 
erned by the chemical  and diffusional  p r o c e s s e s  oc- 
cu r r ing  dur ing  the leaching of waste pa r t i c l e s  in the 
dump. Fina l ly ,  we der ive  three  equations desc r ib ing  
oxygen balance ,  heat ba lance  and convective a i r  flow 
which a re  the bas is  for our  one d imens iona l  model.  

Formula t ion  of a One Dimensional  Model 

Because sulfide leaching is usual ly  dominated  by the 
leaching of pyri te ,  Eqs. [4] and [5] are  qui te  easy  to 
genera l ize .  Provided F P Y  is taken as the moles  of 
pyri te  oxidized per mole of sulfide copper oxidized, 
and provided F P Y  is g r ea t e r  than ~4 ,  Eqs. [4] and 
[5] will hold to good approximat ion  even if sulfide m i n -  
e ra l s  other  than chalcopyr i te  a re  p resen t .  

We a s sume  sulfide oxidation takes place in a dump 
only where  the a i r  fi l led pores  of the dump contain 
oxygen and that the oxidation proceeds at a r a t e  inde-  
pendent of the actual oxygen concentra t ion.  Unpub- 
l ished s tudies  of the bac t e r i a l  oxidation of waste dump 
leaching solut ions with a i r ,  conducted by the second 
author, have shown that the bac te r i a l  oxidation ra te  
of f e r rous  i ron  is e s sen t i a l l y  independent  of oxygen 
concent ra t ion  in the a i r  unt i l  the concent ra t ion  falls 
below 1 pct.  More r ecen t  s tudies  by the second author 
involving the uptake of oxygen by wetted mine  waste 
show that oxygen uptake is subs tan t ia l ly  independent  
of oxygen par t i a l  p r e s s u r e  for the same  range  of oxy- 
gen concent ra t ions .  

By con t r a s t  nonsulf ide copper is leached with acid 
alone. Acid generated by pyr i te  oxidation anywhere 
in the dump is r ec i r cu l a t ed  through the dump in n o r -  
mal  operat ion.  Therefore ,  nonsulfide copper leaching 
should take place everywhere  in the dump at a ra te  
independent  of the p r e sence  or absence of nearby  
oxygen. 

Suppose the f rac t ion of sulfide copper r e m a i n i n g  in 
the dump after  some leaching is Xs ,  and the fract ion 
of nonsulf ide copper in the dump is XNs.  Let the o r ig -  
inal sulf ide copper grade be G s and the or ig ina l  non-  
sulfide copper grade be GNS. Then the r a t e  at which 
copper is leached from the dump, fftCu , may be ex- 
p ressed  as:  

/ d X  S d X  S \ 
~cu  = pR(1 - ~ ) i t s  -a - i - -  + cNs -ag-)" [6] 

Simi la r ly  the ra te  of oxygen consumption,  6tO2 , and the 
ra te  of heat genera t ion  fftA, may be expressed ,  from 
Eqs. [4] and [5]: 

dxs 
~o2 = p R ( 1 -  , # ) G s - ~ -  (1.75 + 1 . 9 1 s  

dXs 
6{ A = P R ( 1 -  r  (2.89 + 5 . 4 1 F P Y )  

[7] 
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OR, the densi ty  of the rock  waste,  is commonly  about 
2.7 g /cm~;  4,, the in te rb lock  poros i ty  of the dump is 
~25 pct;  PR(1-  ~p), the bulk densi ty  of the dump as a 
whole,  is equivalent  to 1.7 tons /yd  '~, 

The r a t e  of leaching,  d X  8 /d r  and dXNs /d t  , may be de-  
sc r ibed  also in t e r m s  of leaching f rom a waste pa r t i c le .  
Let us suppose that the leaching of a su l f ide -bea r ing  
pa r t i c l e  is governed by an equation of the form: 

- ko. %ulf[ox]z = 0 [9a] 
G 

and that [Ox] l just  outs ide  the o re  pa r t i c l e  is a known 
function of t ime.  The symbols  given a re  defined in 
Table I. 

For  a s imple  one -d imens iona l  case,  Eq. [9a] be -  
comes :  

D'ol ~ R l 3 2 [ 0 X ]  R l  
kox  u,f[o ]Rl : 0 [9b] 

T / 3x e 

Satisfying the boundary conditions [Ox] ~ = [Ox] l 
X = 0  

and [Ox]~ x ~  O, the solut ion is 

R [ Ox] e 
d[Ox]z x=0 

[10] 

Dox ~R [11] Where 5 = reac t ion  skin depth = - - ~ - ~  
* koxT Rasulf 

The r eac t ion  skin depth is the d is tance  into the pa r t i -  
cle where  the oxidant concentra t ion  has fal len to 1/e  
its ini t ia l  value.  Since by hypothesis  the r a t e  of oxida-  
tion r eac t ion  is p ropor t iona l  to oxidant concentrat ion.  
5 is a m e a s u r e  of the d is tance  into the o re  par t i c le  
that s igni f icant  chemica l  reac t ion  takes  place.  

Using va lues  given in Table I. 5 = 0.142 cm. The 
r eac t ion  skin depth is t he re fo re  thin, r e l a t i v e  to the 
ave rage  s ize  par t i c le  d i ame te r .  Leaching of a pa r t i -  
cle can, t he re fo re ,  be desc r ibed  in t e r m s  of the so -  
cal led shr inking c o r e  model  which is of a s i m i l a r  fo rm 
to that developed by Braun, Lewis and Wadsworth. 4 

d X s  - 3x s" 
- [121 

_ .,t x - z / 3  
d X v  s - - -Ns [13] 

1/3 y1/3 
d t  61DNSXNs (1  -- " ' N S '  + TeNs 

where  ~-D is the t ime r e q u i r e d  to leach a waste  pa r t i -  
cle comple te ly  when the p roce s s  is so le ly  diffusion 
control led ,  and ~'C the t ime  to leach a waste  pa r t i c le  
comple te ly  when the p r o c e s s  is cont ro l led  by the de -  
c r e a s i n g  sur face  a r e a  of the shr inking unleached core .  
~'C and "i" D can be computed theo re t i ca l ly  f rom the fol -  
lowing re la t ions :  

g a  [14] 
r c s  = ko. ~ a n ,~ 5 [Ox] 

- S U l [  

D' TDS = 6[Ox] o x * R  

Using the values  given in Table I, "rCS = 903 mo, and 

Table I. Parameters Used for the Determinat ion of  ToS and rcs 

Paramete r  Descr ip t ion  Value  

a 
R 

/2malf 

DL 
FPY 

Gs 
K 

kox 

[Ox] 

6 

Radius of waste particle 1-5 cm 

Surface area of sulfide mineralization per ~ 8 0  cm -~ 
unit volume of  waste 

Diffusion constant of  F e ~  in water ~2  X 10 -s cm: / s  
Moles of pyrite reached per mole and sulfide 47 

copper leached 
Sulfide copper grade 0 . ;8  wt pet 
Oxidant required to leach a unit volume of  0.444 g/cm 3 

waste particle 
First order rate constant for the oxidation ~--I0 -v cm/s  

of  pyrite by F e ~  
Concentration of  F e ~  in leaching solution 10 -3 g/cm 3 

Tortuosity of  diffusion channels ~5  

Reation skin septh (see Eq. [1 I ] )  Calculated value = 
0.142 cm 

Porosity of  waste through which diffusion 4 X 10 -2 
can take place 

I"DS = 1590 mo.* In addition, T c and ~'D may be given 

*1 m o = 3 I d .  

a t e m p e r a t u r e  dependence:  

-r(T) = ~(T  = 0~ EXP (1000 
P E ~ T 

R (273) (273 + T ) /  

[16]  

This in t roduces  act ivat ion ene rg ie s  E*DS, E*CS, EDNS,* 
ECN S. F r o m  the l i t e r a t u r e  ~~ r ea sonab l e  ~ e s s e s  for 

EDS and EDN S would be 5.0 k c a l / m o l .  E*CS and ECN s 
might  range  f rom 14.0 k c a l / m o l  to 20.0 k c a l / m o l ,  the 
act ivat ion ene rg ie s  r epo r t ed  for the leaching  of py-  
r i t e  1~, ~z and for chalcopyr i te .  ~3 

Given va lues  for TDS , "rC5 , ~'DIVS, "teNS, Eqs. [12] 
and [13] d e t e r m i n e  the r a t e  of leaching  at any point 
in the dump at any s tage of leaching.  XNS and X S 
can be updated af ter  each i nc remen t  of model  l each-  
ing. Model t ime  inc remen t s  may  be taken as shor t  as 
des i red .  

The mos t  se r ious  approximat ion  in Eqs.  [12] and 
[13] is probably the assumpt ion that the dump is com-  
posed of waste  pa r t i c l e s  only of one s ize .  This may 
not be as s e r ious  an approximat ion  as it might  at 
f i r s t  s eem,  given the tendency of sma l l  o re  pa r t i c l e s  
to clump together  and leach as if they were  a l a r g e r  
aggregate ,  and the tendency for l a rge  o re  pa r t i c l e s  
to have l a rge  enough c racks  that they leach l ike s o m e -  
what s m a l l e r  pa r t i c l e s . l~  

F u r t h e r m o r e ,  r ecen t  work has also shown that cop-  
per  r e c o v e r y  r a t e s  f rom opera t ing  dumps at Kenne-  
cot t ' s  Bingham mine can be c o r r e l a t e d  quite  wel l  with 
l abora to ry  s tudies  of copper  r e c o v e r y  f rom s i m i l a r  
m a t e r i a l  when the mean pa r t i c l e  s i ze  of the waste,  
as found in the dump, is compared  with l abo ra to ry  
leaching s tudies .  

The heat balance in a waste  dump may  be desc r ibed  
by: 

aT 
PTCT at - -- (PlClVl + p g C g V g ) . V T  + 6~ A 

+ K T V Z T  [17a] 

where  p and C a re  the dens i ty  and heat  capaci ty  of the 
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total  dump (subscr ip t  T) and the liquid (subscr ipt  l) 
and gas ( subscr ip t  A*) phase of the dump. V l is the 
Darcy liquid velocity (i.e. cm ~ water/cm" dump sur- 
face-s passed through the dump). V~ is the darcy air 
velocity through the dump (i.e. cm a air/cm-" dump 
area-s). KT, the thermal conductivity of the dump is 
taken to be 5 • I0 -3 cal/cm.~ �9 s. For calculation, 
pTCT = 0.6, plCl = 1.0, and pg.Cg = 1.3 • 10 -3 (0.126 
+ 0.0283T), where  T is the t e m p e r a t u r e  of the dump. 
This l a s t  e x p r e s s i o n  takes  into account the t he rma l  
effects  of evapora t ion .  It is a ssumed the air  in the 
dump is always sa tu ra ted  with wate r ;  account is taken 
of the i n c r e a s e  in water  sa tura t ion  values  with in-  
c r e a s i n g  a i r  t e m p e r a t u r e ,  T, and the effect,  through 
the la tent  heat  of vapor iza t ion ,  this would have on the 
heat  capaci ty  or heat  c a r r y i n g  abi l i ty  of a i r .  

For  a one d imens iona l  dump (i.e. air  and water  flow 
r e s t r i c t e d  to be v e r t i c a l  only), Eq. [17b] s impl i f i es  to: 

a T  ~2T OT pTCT ~ = (PlClVl -- pgCgVg)-~- + ~A + KT 
0?. z 

[17b] 

One d imens iona l  convec t ive  air  flow through a dump 
may be desc r ibed :  

kAVE AP [181 
V g -  I~g H 

H is the height of the dump, t~g is the v i s cos i t y  of a i r  
= 1.9 • 10 -4 poise .*  AP is the p r e s s u r e  drop a c r o s s  the 

*l poise = 0.1 Pa'S. 
dump. &P may  be e x p r e s s e d  as: 

AP = PoogoHEHi(a(T i) r i + ~ (1 -- ion]g)) [19] 
i 

Here  Poo is the dens i ty  of a i r  at STP, go is the g r a v i t a -  
t ional  constant ,  ffi = Hi/H, is the no rma l i zed  th ickness  
of the ith i nc r emen ta l  l eve l  of the dump. a(T i) is the 
t e m p e r a t u r e  dependent coef f ic ien t  of t he rma l  expan- 
sion which, l ike the heat  capaci ty ,  includes  the effects  
of changing water  vapor  sa tura t ion .  13 is a coeff ic ient  
which d e s c r i b e s  the d e c r e a s e  in a i r  densi ty  due to oxy-  
gen deplet ion (~ = 2.83 x 10-2). [6~]g = [O,.]g/[o2]~Tp. 
kAVE, the ave rage  p e r m e a b i l i t y  of the dump, may be 
expressed :  

1 
kAV : E [201 

Any distance, zi, from the base of the dump, where 
fresh air is assumed to enter, the oxygen concentra- 
tion in the dump will  be:  

[ je = 1 [2I] 

Eqs. [17b], [18], and [21] r e p r e s e n t  a model  of the 
dump leaching p roce s s  that  includes both physics  (air 
convection) and chemis t ry .  The equat ions can be solved 
using an impl ic i t  f inite d i f f e rence  scheme  in which the 
dump is cons idered  to be broken  into N l aye r s .  The 
method used was to s t a r t  the dump leaching at some 
s ta r t ing  t e m p e r a t u r e  and loop between Eqs. [18] and 
[21] until a s teady s ta te  O 2 prof i le  and air  ve loc i ty  
was attained. Then Eq. [17b] was used to d e t e r m i n e  
the t e m p e r a t u r e  of the dump at t + At. At was g e n e r -  
ally taken to be one month. The ave rage  ra te  of fluid 
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application was used, an approximation that has been 
shown valid so long as the leach cycle is less than 
three months. As will be discussed later the ambient 
t e m p e r a t u r e  was v a r i e d  seasona l ly  in a manner  ap- 
p ropr ia te  to the location of the dump ( t em pe ra tu r e  
m e a s u r e m e n t s  were  avai lab le  f rom a mine  stat ion).  
The sur face  t e m p e r a t u r e  of the dump was a lso  v a r i e d  
seasona l ly  but at a higher  ave rage  t e m p e r a t u r e  and 
over  a m o r e  r e s t r i c t e d  range .  Air convect ion  kept 
the dump sur face  w a r m e r  than the su r round ings .  Snow 
was obse rved  to mel t  m o r e  quickly on the dump than 
in the surrounding a r ea s .  

Given a set  of p a r a m e t e r s  and opera t ing  p r o c e d u r e s  
(rate of applicat ion of water) ,  the f ini te  d i f fe rence  
model  computes  the leach  h i s to ry  of the mode l  dump. 
The dump is cons ide red  to be broken into N l aye r s .  
The pe rcen t  copper leached per  month (or the eff lu-  
ent copper  heads) can be computed eas i ly :  

fracti~ =dXToT (2"68x10~ ~-o) =2"68x l O e m o  dt 

---d-t-- + G S d t  
E [22] 

dump N(Gs + GIGS) 

HEADS [g/1 Cu] = OR(1- 4,)H 

d---Y-- + C s  - ~ - - /  . looo [23] 
dump NV l 

The cumula t ive  pet leached,  1 - XTO T is just :  

(GNs XNs + Gs X S) 
f rac t ion  Cu leached = 1 ~ [24] 

GNS + G S 

The next  sect ion c o m p a r e s  the r a t e  of leaching  and 
the cumula t ive  leaching of a tes t  dump to the ra te  of 
Ieaching and cumulat ive  leaching computed by the 
model  through Eqs.  [22] and [24]. 

CALIBRATION OF THE MODEL 

Fig. 4 shows a cross section of the Midas test dump, 
built of mine waste with normal size distribution by 
the Utah Copper Division of Kennecott  Copper Corpor -  
ation at Bingham Canyon, Utah. The dump is about 400 
ft long, 200 ft wide. The ave rage  depth is 20 ft with a 

r C' 

t C9 e8 C;' c6 C5 C4 C3 C2 c1 TEST HOLES 

7100J r 
- TEMPERATURE OISTRIBUTION - Section C-C' 

> ! 

l r ~  C9 C5 C4 C3 C2 TEST HOLES D~ C7 C5 C1 
' / - . ~ , ~ =  �9 - . -  ~ - ' - -  ' ~ ~ ~ ~ ~ ~  ..... 
7140 o 

7100~ ~ " 
OXYGEN DISTRIBUTION ~ Section C-C' 

50 0 0 log 

HORZ. ~, VERT. SCAL~ 

Fig. 4--August 1969 temperature and oxygen distribution in 
a section through the Midas test dump, 
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m aximum depth of 40 ft. F i f ty -e igh t  leaching ponds 
cove r  the top of the dump. The waste  tonnage beneath 
the ponds is about 93,000 tons (assuming 1.7 t o n s / y @ )  
The waste  i t se l f  is 60 pet quar tz i t e  and 40 pet bioti te 
gTanite. The ave rage  grade of the waste  is 0.145 pct 
copper.  80 pet  of the copper was sulfide,  dominant ly 
cha lcopyr i t e ;  the r e s t  was nonsulf ide copper .  

Leaching of the dump began on Apri l  9, 1969. P r io r  
to this,  the re  had been some  runnoff through the dump 
but v e r y  low copper  ext rac t ion.  Fig.  5 shows that 
l each ing  af te r  water  applicat ion was slow at f i r s t ,  in- 
c r e a s e d  rap id ly  to a maximum about f ive months af ter  
the s t a r t  of leaching,  and then fell  s teadi ly ,  with some 
f luctuat ions that appear c o r r e l a t e d  with the season  
(maximum in summer ) .  Fig. 4 shows that by August 
1969 the in te rna l  dump t e m p e r a t u r e  had r i s e n  to 130~ 
(54~ There  was substant ia l  oxygen deplet ion as the 
a i r  convected through the dump. It can a lso  be seen 
that  the air  conveeted in along the high pe rmeab i l i t y  
base  of the dump and then up through the dump-- the  
one d imens iona l  model  is appropr ia te  for this case .  

As t ime went on the locat ion of max imum dump t e m -  
p e r a t u r e  shif ted f rom the far  end of the dump (as shown 
in Fig. 4) to about the same  d is tance  f rom the near  end. 

The p a r a m e t e r s  used in the model  a r e  l i s ted  in Table 
II. 

The following the rmal  boundary condit ions were  
chosen.  The base  of the dump was fixed at 20~ The 
top su r face  t e m p e r a t u r e  was al lowed to vary :  
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T (mo) = 1 0 ~  1O.cos ((mo - 1)~/6)  

where  mo runs f rom 1 to 12 and is the number  of the 
calendar  month. Thus the top su r face  of the clump was 
assumed to v a r y  seasona l ly  between 32~ and 68~ 
(0~ and 20~ a s l ight ly m o r e  r e s t r i c t e d  and ho t te r  
range  than the ambient  t e m p e r a t u r e  va r i a t ion  of 19~ 
to 63~ ( - 7 ~  to 17~ 

The temperature at the base of the test dump was 
observed to fluctuate somewhat. The assumption of a 
constant 20~ basal temperature is a matter of con- 
venience and is probably subject to some error. Both 
boundary conditions are plausible. Subsequent work 
has shown these assumptions to be quite reasonable. 

The starting temperature of the model dump was 
10~ The Midas test dump was built in winter so the 
dump was initially at least this cold. 

Fig. 6 compares the calibrated model leaching his- 
tory to the leaching history of the Midas test dump 
shown in Fig. 5. The match in general is quite good. 
In addition to the leaching history similarity, the model 
dump reached 51~ internal temperature by August 
1969 and then decreased in temperature to about 14~ 
as did the far end of the Midas test dump. In August 
1969 the effuent oxygen concentration was 9 pct, in 
good agreement with observation (see Fig. 4). The 
values of rCS and r D C are quite close to the values 
anticipated from Eqs. [14] and [15] (compare Tables 
I and II). 

The initial rise in extraction rate is due to the heat- 
ing up of the dump. This feature is not peculiar to the 
Midas test dump, and can be observed in the leaching 
history of many dumps. The fall in leaching rate after 
the first seven months of leaching is clue to the fact 
the more accessible copper has been leached and Fe +++ 
must diffuse through already leached areas to reach 
the remaining copper. The fall in dump temperature 
also contributes to the decline in leaching rate. 

VARIATIONS FROM THE BASE 
MODEL 

It is of i n t e r e s t  to v a r y  the model  p a r a m e t e r s  to see  
what effect  they may have on the r a t e  of copper  e x t r a c -  

Table II. Parameters Used for the Model Shown in Fig, 6 

Parameter Description Value 

H Height of dump 
FPY Moles pyrite leached/mole Cu leached 
k' Dump permeability k AVE 

V/ Rate of water application 

Gs 
GNS 
TDS 
7"CS 

?DNS 
7"CN S 

E DS, E DNS 
ECS, E~NS 

Dump sulfide copper grade 
Dump nonsulfide copper grade 
Diffusional sulfide leach time (20~ 
Leach time for sulfide copper under surface 

area rate control (20~ 
Diffusionai nonsuIfide Ieach time (20~ 
Leach time for nonsulfide copper under 

surface area rate control (20~ 
Activation energies for diffusion 
Activation energies for chemical leaching 

reactions 

670 cm (22 ft) 
47 
l0 "s cm 2 ( 1000 

darcys) 
2.26 X I0 "s cm3/ 

cm 2 d u m p ' s  (0.02 
gal/ft 2' h) 

0.t 16 wt pct 
0.029 wt  pct 
1700 mo  
200 mo  

500 mo 
300 mo 

5.0 kcal/mol 
18.0 kcal/mol 
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d u m p  c o p p e r  l e a c h i n g  b e h a v i o r .  

Table I I I .  The Effect of Parameter Variation on Copper Recovery 
After 24 Months of Leaching 

Increase in Copper Recovered 
Parameter Variation in 24 Months, Pct 

been included, as yet. in the model.  Secondly. not all 
the p a r a m e t e r s  l is ted in Table III are  mutua l ly  inde-  
pendent. For  example, i nc r ea s ing  F P Y  at a constant  
sulfide copper grade will cause "rDS to i n c r e a s e  sub-  
s tant ia l ly .  LastIy, the combinat ion of p a r a m e t e r s  that 
successfu l ly  models the Midas tes t  dump is not neces -  
s a r i l y  a unique set  or the co r r ec t  set.  Data f rom more  
than one tes t  dump is needed to reso lve  these  unce r t a in -  
t ies .  The mos t  c r i t ica l  unce r t a in t i e s  are  probably  the 
chemical  act ivation energ ies  and F P Y  (see Table II). 

The lack of dependence of Ieach ra te  on pe rmeab i l i t y  
s imply  indicates  the dump was shaIlow and pe rmeab le  
enough not to be oxygen s ta rved  anywhere.  Had the 
dump been thicker  (~ 100 ft.), a s igni f icant  dependence 
of leach ra te  on pe rmeab i l i ty  would be noted. 

CONCLUSIONS 

From the d i scuss ion  presen ted  it can be concluded: 
1) Air  convection is an impor tan t  par t  of the dump 

leaching p rocess  and mus t  be accounted for in any 
success fu l  model  of this p rocess  (Fig. 3). 

2) Exothermic oxidation reac t ions  heat up waste 
dumps with t ime (Fig. 4). Any leaching model  that is 
to be applicable to r ea l  dumps mus t  account  for the 
t e mpe r a t u r e  dependence of the leaching p rocess .  

3) A s imple  model that r e q u i r e s  energy,  m a s s  and 
momentum balance,  and that der ives  r a t e  control  from 
a t e mpe r a t u r e  dependent shr ink ing  core model  and a 
s ingle  " a v e r a g e "  waste pa r t i c le  d iamete r  (Eqs. [12], 
[13], [16]) has proved r e m a r k a b l y  success fu l  in ac-  
counting for the most  impor tan t  observed fea tures  of 
the leaching h is tory  of a well studied tes t  dump (Fig. 6). 

4) Dump height, l ixiviant  applicat ion ra te  and dump 
pe rmeab i l i t y  are  the most  impor tan t  fac tors  affecting 
the ra te  of copper leaching that are  acces s ib l e  to op- 
e ra t iona l  a l tera t ion.  (Table III and d i scuss ion  in text). 

H J +10 8.9 
FPY J +10 6.2 
fDS --10 6.2 
G s J +10 4.8 

E~S + 10 2.7 

res  - 10 1.8 
V t , /  - 10  1.3 
TDN s - -  10 1.3 
E~s + 10 0.9 

GNS +10 0.9 
rCN s -- I 0 0.4 
E3N s + 10 0.4 
Starting Temp +10 0.4 
E~N S + 10 0.0 
k' +10 0.0 

-10  -0.4 
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tion. Table III l i s t s  the p a r a m e t e r s  of Table II and 
shows the percen t  i nc rease  in copper extract ion after 
twenty four months of leaching that r e su l t s  from a 10 
pct a l te ra t ion  in the l i s ted pa rame te r .  The p a r a m e t e r s  
that are checked affect the r a t e  of leaching p r i m a r i l y  
by allowing the dump to a t ta in  higher t empera tu res .  

The r eade r  is cautioned that the var ia t ions  in leach 
ra te  shown in Table III a re  based only on what is in the 
model.  Much may go on in a waste dump that has not 

a 
a R 

s u l f  

% 

C 

NOMENCLATURE 

: radius of a waste particle, [cm] 
: surface area of sulfide mineralization 
per unit volume of waste, [cm -I] 

: heat capacity of gas phase in dump in- 
cluding effects of variable water satu- 
ration, [g/cm 3] 

: heat capacity of mobile liquid phase in 
dump, [cal/g ~ 
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C T 

D ~ 
O X  

E D S ,  E D N S  

F P Y  

GS 

GNS  

go 
H 

H i 

M t  R 

K A V E  

K T  

k '  
k 

k o x  

N 

fOx] 

[ o~t~r p 

[ %] g 

[02] g 

~ P  

R 
6~ A 
6/02 

fftCu 
T 

% 

V l 

X N S  

XS 

: h e a t  c a p a c i t y  of dump as a whole ,  
[cal/g ~ 

: d i f fus ion  cons t an t  of ox idan t  in w a t e r ,  z i 
[cm2/s] 

: a c t i v a t i o n  e n e r g i e s  d e s c r i b i n g ,  th rough  
Eq. [16], the t e m p e r a t u r e  d e p e n d e n c e  of 
"1"0.9, t O N S ,  [ k c a l / m o l e ]  a 

: a c t i v a t i o n  e n e r g i e s  d e s c r i b i n g ,  th rough  
Eq. [16], the t e m p e r a t u r e  dependence  of 
,r C S , T C NS,  [ k c a l / m o l e ]  /3 

: m o l e s  of  p y r i t e  l e a c h e d  p e r  m o l e  of  s u l -  
f ide  coppe r  l e a c h e d  [ - ]  

: i n i t i a l  c o p p e r  su l f ide  g r a d e  of dump,  6 
[wt f r a c t i o n  Cu] /~g 

: in i t i a l  coppe r  nonsu l f i de  g r a d e  of dump,  

[wt f r a c t i o n  Cu] PR 
: g-cavi tat ionaI  a c c e l e r a t i o n ,  [ c m / s  e] P T  
: he igh t  of dump,  [cm]  
: t h i c k n e s s  of ith l a y e r  of  dump,  [cm]  Pl 
: d i m e n s i o n l e s s  t h i c k n e s s  of ith l a y e r  of  

dump hr i = H i / H ,  [ - ]  0g 
: en tha lpy  of r e a c t i o n ,  [kcaI]  
: ox idan t  r e q u i r e d  to I e a c h  w a s t e  p a r t i c I e ,  

[ g / c m  3 p a r t i c l e  ] Poo 
: t h e r m a l  conduc t iv i t y  of  dump as  a whole  

( total  dump) ,  [ c a l / c m  ~  s]  TDS , r D N  s 
: i n t r i n s i c  p e r m e a b i l i t y  of the  dump,  [cm 2] 
: a v e r a g e  p e r m e a b i l i t y  of  the  dump 
(i Darcy ~ 10 -8 cmZ), [cm 2] 

: c h e m i c a l  r a t e  cons t an t  c h a r a c t e r i z i n g  
r e a c t i o n  of ox idan t  and sulfide m i n e r a l s ,  . rcs  ' .rCN S 
[ c m / s ]  

: n u m b e r  of  l a y e r s  into which  dump has 
b e e n  a r b i t r a r i l y  b r o k e n  fo r  s a k e  of c o m -  
pu ta t ion  (usual ly  30), [ - ]  

: c o n c e n t r a t i o n  of ox idant ,  [ g / c m  3] 
: c o n c e n t r a t i o n  of oxygen  in a i r  under  

s t a n d a r d  condi t ions  of t e m p e r a t u r e  and 
p r e s s u r e ,  [ g / c m  3] ~ 

: c o n c e n t r a t i o n  of o x y g e n  in gas  phase  of 
dumps ,  [ g / c m  3] 

: n o r m a l i z e d  oxygen  c o n c e n t r a t i o n  in gas  
phase  of dump [o2]g  = [ 0 2 ] g / [ o ~ ] g T p ,  [ - ]  

: p r e s s u r e  d rop  a c r o s s  (bot tom to [6p-) the  
dump (106 d y n e s / c m  2 ~ 1 a t m o s p h e r e ) ,  
[dyn/cm 2] 

: gas  cons t an t  (~ 2),  [ c a l / ~  
: r a t e  of hea t  g e n e r a t i o n ,  [ k c a l / c m 3 d u m p  �9 s] 
: r a t e  of oxygen  consumpt ion ,  

[g O a / c m  d u m p - s ]  
: r a t e  of copper  l e a c h i n g  [g C u / e m a - d u m p  �9 s] 
: t e m p e r a t u r e  of dump at  any p a r t i e u I a r  

l o c a t i o n .  T e m p e r a t u r e  of w a t e r ,  r ock ,  
and gas  p h a s e s  a s s u m e d  iden t i ca l ,  [~ 

: t o r t u o s i t y  of d i f fus ion  channe l s ,  [ - ]  
: d a r c y  gas  v e l o c i t y  t h rough  dump,  

[ cm 3 g a s / c m  2 dump a r  c a .  s ] 
: d a r c y  v e l o c i t y  of w a t e r  p a s s i n g  th rough  

the  dump.  A v e r a g e  r a t e  o v e r  app l i ca t ion  
p e r i o d s  and r e s t  c y c l e s  is  used .  

3 [cm w a t e r / e r a " d u m p  s u r f a c e ,  s] 
: f r a c t i o n  of in i t i a l  nonsu l f i de  coppe r  r e -  

m a i n i n g  in dump or  g iven  l a y e r  of  dump,  
[-] 

: f r a c t i o n  of in i t i a l  su l f i de  c o p p e r  r e m a i n -  

ing in the dump or  a g iven  l a y e r  of the  
dump,  [-] 

: distance o[ center of ith layer of dump 
f r o m  b a s e  of  dump,  [cm]  

G R E E K  L E T T E R S  

: c o e f f i c i e n t  of t h e r m a l  expans ion  of a i r  
i nc lud ing  e f f ec t s  of chang ing  w a t e r  v a p o r  
s a t u r a t i o n .  [ - ]  

: c o e f f i c i e n t  d e s c r i b i n g  the  cha inge  in a i r  
d e n s i t y  due to oxygen  dep le t ion .  (See 
Eq. [191), [ - ]  

: r e a c t i o n  sk in  depth,  [ cm]  
: v i s c o s i t y  of the gas  p h a s e  in the dump,  

: d e n s i t y  of w a s t e  p a r t i c l e s ,  [ g / c m  3] 
: d e n s i t y  of the dump as  a whole  ( " T o t a l "  

dump)  (PT = PR [ 1 -  ~p]), [ g / c m  3] 
: d e n s i t y  of l iqu id  phase  of dump (water ) ,  

[ g / c m  3} 

: d e n s i t y  of gas  phase  in dump inc lud ing  
e f f e c t  of v a r i a b l e  w a t e r  v a p o r  s a t u r a t i o n ,  
[ g / c m 3 l  

: d e n s i t y  of a i r  at s t a n d a r d  t e m p e r a t u r e  
and p r e s s u r e ,  [ g / c m  3] 

: t i m e  to l e a c h  t yp i ca l  w a s t e  p a r t i c l e  c o m -  
p l e t e l y  of  su l f ide  o r  nonsu l f i de  c o p p e r  
a s s u m i n g  r a t e  of  l e a c h i n g  is  l i m i t e d  by 
d i f fus ion  of ox idan t  o r  a c i d  into the  p a r -  
t i c l e ,  [mo]  

: t i m e  to l e a c h  t yp i ca l  w a s t e  p a r t i c l e  c o m -  
p l e t e l y  of su l f ide  o r  nonsu l f i de  c o p p e r  
a s s u m i n g  the r a t e  of l e a c h i n g  is  c o n -  
t r o l l e d  by the  s h r i n k i n g  s u r f a c e  a r e a  of 
the su l f ide  o r  n o n - s u l f i d e  coppe r  ( " c h e m -  
i c a l "  con t ro l ) ,  [mo]  

: i n t e r b l o c k  p o r o s i t y  of dump (usua l ly  
~ 2 5  pct ) ,  [ - ]  

: p o r o s i t y  of w a s t e  t h r o u g h  which d i f fus ion  
can t ake  p lace ,  [ - ]  
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