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processes as applied to the most varied coiioi+Htiiis.J W «s'^i.;Efe'3 akiiow,a',!th4 new methods of determination was ( PAB 
mentally. Il was shown that the e r r o r is not gi 

A theoretical analysis was made, and lhe ,error due to the 10%. | 

Precipitation ot arsenic by calcium pho.sphate 
UDC 546.19+541.8-165 

Yu O Grigor 'ev, N G Tyurin and N N Pustoralov (Urals Polytechnical Institute. Department of the Metallurgy 
of Light MeLlls) 

It is known that the use of phosphate ions during the liming 
of arsenic-contnining effluents makes i l possible to .ichieve 
a high degree of purificition of the .?olulions from arsenic 
and from a se r i e s of other to.xic substances^~^). Suggestions 
about a mech.inism of copreciintation of arsenic with cal­
cium phosph.ite have been put forward in a number of piipers 
*'^). On the basis of the isosti-uctur.T I charac ter i s t ics of the 
PQf " and AsOJ • ions and also of their tendency towards 
isomorphism the auUiors consider thnt the high purification 
of solutions from arsenic takes place as a resul t of tlie 
formation of sohd solutions in the PO^"- AsQJ- - calcium 
system, in which arsenate and phosphate ions .substitute 
each other. A molnr ratio PQJ": A s G ^ ' ^ 1.5:1 in the solu­
tion i s a'sufficient condition for tlie formation of .such 
compounds'). 

However, investigations") h.ive shown that the mechnnism 
of the precipiL'ition of arsenic in the Ca ' ' - POJ " -AsQJ" -
HjO system is much more complex than follows from the 
solid solution concept. Special investigations were under­
taken in order to determine the effect of various fnctors 
and to investigTite Oie mech.inism of Ihe precipiLitionof 
arsenic in this system. In the work we used solutions of 
pen tawlen ta r sen ic , prepared by the usual methods. Calcium 
phosphate was precipitated from solutions of calcium nitrate 

. and sodium phosphate with sodium hydro.^ide. The experi­
ments on the precipitalion of arsenic were carr ied out under 
static conditions. The preci pi t.n tion time was sufficient for 
the attainment of a sUite'close to equilibrium. The solubility 
ot the precipi ta tes , which hardly contained any e.xcess 
Ca(OH)g, was investigated in closed flasks with periodic 
st i rr ing over 9Gh. The analysis of the componont W.TS rea­
lised by pubhshed methods ' ) - ) . 

It was estalilished (fig.l) that phsophorus is precipiUited 
initially from the Ca=^- POJ" - AsO^" - HjO system nl pH 
12.2 together with calcium. With nn O.KCUSS of phosphorus 
in the .system the arsenic is not held by Ihe precipitate 
which forms, i r respect ive of its mass . With n C n / P ratio 
of 1.6 or more in the solution (fig.l) the arsenic begins 
to be precipitated strongly, nnd with an excess of cnlcium 
in relation to phosphate ions il (jasses almost.completely 
into the precipitate. It is interesting to note thai in the 
absence of phosphate ions the arsenic is precipilnted from 
the system even with small concen tin tions of c.Tlcium 
hydro.xide, taut in this case complete precipitation of the 
arsenic is not observed. 

Analy.sis of the precipitTto .showed that with n C;i:P ratio 
of <1.7 the precipitate does not conlain nrsennie ions. In 
this case tlie solution contnins phosphate and arsenate ions. 
With a higher ratio the precipitate contains arsenic , bul 
the mother solution does no( contiiii phosphate and, under 
opfium conditions, arsenate ions. 

A se r i e s of authors^) '^), iiivostigaling the CaO-PjOg-11,0 
.system at various pH values. esLnhlished that compounds 
of tlie Ca,(HPO,)g type a r e formed in an acidic medium. 
In the reaction of such n compound witli water or with 
alkaline solutions and also at p H > l l a poorly soluble 
compound wiih the composition Cay {P0,)x(011)y is formed. 
The numerical ralues of the coefficients in this compound 
differ, but they a re character ised by a constant C n / P 
ratio of 5 / 3 . This ratio i s character is t ic of n wide rnngo 
of compounds (hydroxylapaUles). Numerous investigations 
have shown that hydroxy la pa lite i s the least soluble of all 
the calcium phosphate compounds. The solubilitj' product 
of hydroxylapatite with the composition Ca, o(PQt)5 (OH), Lp 
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The freshly deposited precipitates can contain an excess 
of sorbed calcium or phosphate ions, which enter into the 
s t ructure of the hydroxylapatite. Precipi tates formed with 
a calcium-phosphorus r.atio of < 1.68 in the solution (fig.l) 
a r e character ised by a reduced C.n/P molar ratio of 1.0-1.68, 
i . e . , contain [according to ^ ' ) ] an excess of adsorbed phos­
phate ions, which occupy tlie s i tes of the hydro.xylapatite 
s t ruc ture . Such precipitates do not sorb, a rsenic from the 
solution. With a C a / P ratio of >1.68 the precipitate be­
comes sorption active. In this case the arsenic is p r e ­
cipitated strongly from the system botli on the precipitates 
which have formed and during their formation. 

To determine the mechanism of the sorption of arsenic 
by the hydroxylapatite precipitates the latter were brought 
into contact with the a rsen ic solutions. After being held 
for 120-150h the fi l lraleswere analysed for calcium, phos­
phorus, a rsen ic , and hydroxide ions. The experimental 
dnUn are given in the Lable. From the data in the table it 
follows tliat t hea r s en i c , being sor ted by the precipitate, 
does iioi displace the phosphate ions in tlie .solution. An 
increase in the pH of the medium, due to the passage of 
hydroxide ions into the precipitate, is observed in the 
solution. During contact between the freshly formed pre -
cipiliile and aqueous solutions not containing arsenate 
ions ageing of the precipitate occurs , and this accompan­
ied by the transfer of acid phosphates into the medium and 
by acidification of the solutions. During the sorption of one 
niolo of arsenic into the solution, with allowance for the 
acidification process , an average of 2.7 mole of hydroxide 
ion is desorbed. 

During the joint coprecipitation of arsenic the degree of 
.sorption is somewhat higher than on the previously formed 
precipitate, and this can be ntrribuled to a change in the 
stioicture of the precipitate during the ageing process . It 
should be noted that arsenic is readily displaced from the 
freshly formed precipi tates by phosphate ions. 

The IJ? spectra of the hydroxylapatite precipitates a r e 
given in fig.2. In the IR Spectra there a r e infrared absorp­
tion bands in the region of the deformation vibrations (500-600 
cni"M and stretching vibrations (800-1200 cm"^) of the phos­
phate and arsenate ioiis '^). In the spectrum of the hydro.xyl­
apatite precipitate there i s one broad band at 1000-1200cm"' 
with a mxKinium at 1140cm-' , corresponding to tlie PQJ" 
ion. In the spectrum of the arsenic-containing precipitate 
the maA'imum of this i jandis shifted into tJie more long-wave 
rcfnon, and a maximum appears at 8 7 0 c m - ' , charac ter ­
istic of arsenate ions. The stretching vibrations of the OH"' 
•group of the hydroxylaijatite precipitate (3600 cm"') a re 
poorly defined, but after the sorption of tlie arsenic this 
line becomes flatter: this i s also due to the presence of 
water in the s t ructure of the molecules, which a re evidently 
lirescnt in noneciuilibrium energy stales and secure an 
absorption band in the region of 3100-3600cm"' in the 
IR spectra . 

The Ihormoprnm.s ;ind derivatograms of samples of hydroxyl­
apatite have a form identical with that of hydroxylapatite 
containing a rsenic and contain one endothermic effect a t 
800°C, wherens calcium arsenate is character ised by three 
endothermic effects at 155, 520, and 820°C, accompanied 
by the corresponding changes on the thermogravimetr ic 
curve (fig.3). On tlie Lhermogravimetric curve the hydroxyl-
apntite precipitates give two steps. Adsorption-bound water 
is removed intlie range of 75-300''C, and water of c rys ta l -
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Usation is removed after 8O0'-'C with further disintegration 
of the hydroxylapatite s t r uc tu r e ' * ) . 

The freshly formed arsenic-containing precipitate based 
on hydro.\ylapatite i s amorphous to Xrays, During ageing 
in the mother solution it crystaUisos and acquires tlie 
hydroxylapatite s t ruc ture . The s t ructure of calcium a r s e n ­
ate i s absent in the precipitate, and the lines on the Debye 
pattern a r e shifted towards greater interplanar separ.itions. 

On Uie basis of tlic investigations it is possible lo propose 
the following mechanism for the coprocipitation of arsenic 
from the Ca^'^-PO^ " - AsO*" - HgO ,systeni. Initially an 
amorphous matrbc of hydroxylapatite with a C a / P ratio 
of 1,0-1.68 is formed in the system, where the s i tes of 
the hydroxyl groups a r e occupied by phospliate ions. This 
precipitate does not sorb arsenic from the solution (fig.l), 
Willi increase in the concentration of calcium in tlie pre­
cipitate a rear rangement of the compound'occurs on account 
of the reaction of sorbed phosphate ions with calcium ions. 
The C a / P ratio increases and reaches a value of 5 / 3 , Here, 
in the matrix of the hexagonal hydroxylapatite lattice which 
forms the si tes of the hydro.xyl groups a r e occupied by 
arsenic anions, as shown by balancing tests (table). In 
this case a decrease in the intensity of the stretching 
vibrations for the hydroxyl groups is observed and ^n 
absorption band in the region of-870 c m " ' , chai\acteristic 
of the arsenate ion, apjjears in Uie IR spectrum (fig,2), 
The absorption m.xximum corresponding to tlie phosphate 
ion (1140cm"') is shifted towards tho more long-wave 
region (Ai/= 65 cm" ' ) , and this is eiadcntly due to the 
deformation of the PQJ" ion during the forniation of the 
arsenic-containing s t ruc ture . According td the thermo­
graphic and der iwtographic analyses, the compound which 
forms corresponds to the hydro.\.vlapatite precipitate. With 
further increase in the amount of calcium in the solution 
it is sorbed by the hydro.xylaiwtite precipitate on account 
of Die formalion of hydrogen bonds with water molecules 
or of their substi tution'^). The arsenic reac t s with tlie 
adsorbed calcium and is absorbed by the precipitate, Afier 
being held in the mother solution the precipitate crys ta l l i ses 
and forms the hexagonal hydroxylapatite lattice with some­
what increased interplanar separations as a result of entry 
of hydroiysed arsenic anions inlo tho s t ruc ture . 

The atTSorplion ol a r sen ic by the hydroxylapatite precipi tate , p i r ^ = 12,0, 
calcium concentration in precipi ta te 0,26 R / I , C a / P = 1,8, temperature 250C 
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The e f f e c t o r t h e . c o n c e n t r a t i o n cn' c a l c i u m on t h e c o n ­
c e n t r a t i o n o f a r s e n i c i n t h e Ca^ * ' -PQ^~~Asol~-Hj,0 s y s v i ' 
sifsCein w i c h v i i z ' i ous p h c s c y h o v i c a c i d c o n c e n t r o t S n n s , 
m g / l : I - 9 0 ; 3 - 1 8 0 ; J - .?70; <} - HvO; 5 - 0 . 
pH o 1 2 . 2 : a i ' i ' o n l c (V) cn:•ic^'•nt:rntion " 0 : n q / j ; i.-otttiact 
t in*- 72 h : t = 2 0 - 2 2 ^ C . 

F i g . 2 
T h e i n f r a r e d . -" ibsorpt ion 
.'sptBCtra Ol' h u i l r o y i j J n r n - ' 
t i t e - p r e c i p i Crices wi th~ 
c u e a r s e n i c (1 ) a n d 
w i t h r . r s e n i c f2J . The f 
s i g n s i n d i c a t e t h e 
a h P o r p t i o n h a n d s o f t h o 
d i s p e c s i o n med ium. 

tsim w» JUft) us» 13C9 ivc ow a\) «w gw 

InitinI fonceii-

n r sen i r (V), 
niR 1 

0 
250 
.1110 
•too 
TiljO 
600 
7tl0 
800 

lUOIJ 

Equilibrium concenlraticn 
ot coniponent m g / l 

A rseni t: 

0 
107.& 
150 
2 SO 
340.2S 
^30 
S20.5 
G20.7 
621 

Calcium 

1 
H . O -
II 0 
11,'0 
11 .0 
11/0 

• I I ' O 
11/O 
11/0 

Phosphate 
ion 

0.5 
0,1 
0.2 
0.15 
0.1 
l l / O 
H, .0 
II, 0 
11/0 

• 

pH 

11.85 
12.1 
12,0 
12.2 
12.U 
12.05 
12.07 
12,08 
12,1 

Mean 

. 

OH (mole) 
*s (mole) 

. 
2.72 

• 2.81 
2.7 
2.51 
2.63 
2.6B. 
2,75 
2.85 

2.7 

During the coprecipi tation of arsenic with the hydro,'cyl-
apatile precipitate an average of 2,7 moles of hydroxide ion 
passes into solution for one a rsen ic anion. In the general 
case the coprecipitation of arsenic with calcium phosphate 
can Ije described Ijy the following equation: 

3Caio + , , (POJ, (OH) , t , , .x , -. 2A.sCr ^ ^ 

[ C a , < , . x ( P O j j , (AsOJ, (OH),x ^ 60H" (1) 

• ^ ^ 

Thus, solid solutions a re formed in the 0H(H50)-As04-
apatite system. Subseciuently, secondary rearrangement 
processes a re not ruled out (particularly with change in 
the external conditions) during the ageing of the precipi­
tate in contact with Uie mother solulion and with increase 
in the crysti l l inity of the s t ructure . The anomalous be-
ha\aour of arsenic under the conditions of the formation 
of tlie hydro.xylapalite s t ructure is s imi lar to the problem 
of the formation of the s tructure of cartwnate-apati les ' ' ) , 

F i g . 3 
f l Tha t h e r m o g r a m s and 

d e r i v a t o g t t i i n s o f 
t h e p r e c i p i t a t e s . 
H e a t i n g raCo 10 dag 
C / m i n . DTA: 1 -
c a l c i u m a r s e n a t e ; 
2 - h y d r o x i j l a p a t i t e 
w i t h o u t a r s e n i c : 3 -
w i t h a r s e n i c . TC; 
4 - c a l c i u m a r s e n ­
a t e ; 5 - h y d r o x y l ­
a p a t i t e w i t h o u t 
a r s e n i c : 6 - w i t h 
a r s e n i c . The f i g u r e s 
on c u r v e s 4-C c o r r e s ­
p o n d t o t h e d e c r e a s e 
i n t h e w e i g h t o f t h e 
s a m p l e Cmt?J , 

Altogether, in spite of the detailed mechanism of the 
formation of compounds in the hydroxylaiMtite group, a 
decrease in the solubility as a function of the degree of 
crystallinity i s common lo them. Investigations into the 
solubilitv' of arsenic-containing precipitates based on 
hydroxylapatite showed that the solubility of the precipi­
tates with respect to a rsen ic decreases with increase in 
Ihc length of contact in the mother solulion (fig.4). The Xray 
anioriihous precipitales have a solubility of 1,5-2.0 m g / l , 
which is 20-25 times U'wcr than the solubilitv of calcium 
arsenate , et iuallo 32 mi;, 1 or more; An increase in the 
calcium contcnl of the .solution to 200-300 m g / l reduces 
the solubility of the precipitate in a rsen ic by more than 
three l imes. Precipi ta tes hold in the niothersolution for 
more than thirty days in a neutral medium have n solubility 
of 0.1-0,15 mg/.l even with 100-200 m g / l of calcium.The 
pH range in whitli the precipitate has a solubility meeting 
the hygiene standards is extended wiih increase in the 
degree of crystallinity of tlie precipitate. Thus, precipitates 
whicli have been held for more than 30 days can be stored 
in the s implest settling ponds with a weakly alkaline reac­
tion (pH>7,5) at an equilibrium calcium concentration of 
5-10 mg-eq /1 . 

• : 

r 
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Fig .4 ' 
Tlie^soliihili.tij_ of 
f i r sen ic -can ta ln lng . -
prQci'pita.tQS bssed . 
gn. ligd,ro'^if..laj}at:.i.'tc 
.b.!,', a f.ur^ction-of Lhs 
.ca-}ci^ntration of c^ilr 
,cliit7t i.T -th^ .'io.liit.Lon 
a n d .of t h ^ ' ai^e-ing 
timf?. p/r = . 7 - 7 , 5 ; 

. amo.uht ,or pf^GcIpltate-
SiJd' mg l"}. : can t.j ct 

•t ims.-- ,p,5 J l ; ti^TTJpcTa,-

c tire --'lOr.ii^C. 'licldl ng 
.tjmt? .of pt.;ocipitate^'in 
;ncj£j'?er SOI'UClon, dkijs.t 
:l - . - i ; t ' - . . i - i ; / - -M: 
4 - 35-. 

lb the.cijrtipbsition Ca^ (Pp,)3 0H and distinguished by low 
solubility, is formed initially'in the Ca^+- PCg" - .As(3j ' - Ha'O 
sys tem," 

3. Arsenic i s p rec ip ta ted as a resu l t of'substitution of 
hydroxyl'groups by arsenic anions with the formation of a 
cbmppund.bf llie hy.drojtyLajja.tite type, which changes'into 

. a crystalline forrii with bme. 

3. The'proposed mechanism was confirmed by data on the 
solubiAity of aVsenic-containirig:precipitates hiiving.a hy­
droxylapatite structure.by the IR sjjectra and'by'Xray, 
thermographic,, and'derivatographic inethods.df analysis . 
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Tlie salt::CbmposiLi"9n pf th'e watei- during.the precipita.lio'ri 
. of the arsenic determines 'not ohly the effectiveness of the 
III' precipit.ation but also the SQhibi.li,ty of lhe;compOun,ds which 

form. Thus, anioiislare capable of coivipeiing-'ivittf the 
arsenic during-the sorption on the hyth'o,Kylapa ti te pre-, 
cipitate. Accordiiig<to their,effect on the'precipitation ot, 
a rsenic , .the anions _can,'be.arra'riged in tlie'following pi-d'er; 

cor-^ so:" > Cl--• Ncja' 
1. e. , the precipitiiigii of the ar.'aeittc becqnies worse vvHli 
increniSe in this se r i e s , ft i's most difficult to pre'cipiUiti? 
arsenic from carbonate waters by thi.s method, wheren.'i 
the presence pf ,eyeh_.sina,ll amounts cif fUipriiie in the 
system conside'rnbly iiupi-bves the precipitation ot a'rseuvc 
and 'reduces the, solubility of the'pi-ecip:(;ile. I/i Hie.gener;;! 
cnse.'il iS'pas_sible.. to purity water ivi'th a sa'll.content.of 
iiot niore thhn 5" g/.I effectively by precipitatioii' of Llie a r sen ic 
in the .form ot poorjy soluble compounds based on hydrolyl-. 
apatite. The resul ts from the'in yes ligations were brought 
into use. during th^introduclion'of tlie' me'thbd.foi- t hcpu r i -
fication of eltlijenIs from the slime accumulator at,oiie of 
the copper-smelting COmbine.s.of the Urals . 

Conclusions 

I. A compound of :the liy'droxylfiirf'lile'type,-, corresprintling' 
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Extraction of noble metals from; the tallinBS from the sorption cyaniding of o res 

A S Homanov, N 'VSvistmiov and V F NGchofalenko (NorthrCaucasian Mlning-MeiaUurgical Institute - bepar tment 
of the Metallurgy-of Ntible, Rare and Light Meliils) 

The sorption cyaniding of gold ores" is 'fiii"diiig"wide,r and 
wider use pdrlfcularly in .the Irehlhient of'clay and ocheri,ius 
ore's, 'While possessing a s e r i e s of advantage.? over the npr-
mal cyanide process , -i'f also ha,'s di_s;ti:tvanUi,ges' G,haj'act,cr,is-
tlc of'the iaftei-; stijljljnniigold (cbmljined with sulphides.ajid 
t,ellu'ride_s,, coated by filiiis insblublfl'in cyanide),,is lost in the 
cyan id in gvtai lings. The,sartie applies, lo silver to'an even. 
greater-degree. Methods wh'icti nia,ke.i,l i;b,i3sibl,e lb extract 
llie stubborn tonus of .aoble iii'e'tals'froi'ii-lliertailings, frdiii' 
EQifgt'loncyaiiiding,,by'fl,ot,iti,o'n of the go,ld and silver con­
taining mater ia ls , in part icular , are there fore of interest. 

E.Vaniples of tho flotatioh pLlhe lailin!;s,,froiii direct cyan­
iding have been dcsKrliied iiv Ihe-Iitt'rali.rre''-'^), The need for 
s,ucli,.'a, cbniljiiiatipn of processesi a r i s e s wJi^Ga'the'Q're.coiv,-' 
tains t;bld'tdiluriel& aad also otlier valuable minera ls t lead , 
bismuth,, etc.) , the loss ot which with'the cyaniding laii ings 
is, undesirable, 

Go,kl tenu,r'i,des ar e-,read ily-tloaled in'a l ime-cyanide 
medium,'), but other sulphide minerals are gi-.eatly dGp,i';es-
sed in the eyariidi{ig''process-aiid liiust be ,activated before 
fldtatibn. Washing out the dep re s se r s (lime and cyanide) 
witJi water ,is'ngt-alvvays s,uf,ficieril,ly .,e,ffeclive. ,Acid treiit-
nient.pf-tliG cyaridmg tai,lings-"is t!iel-eroi;JL> 'sohie'times p r a c ­
ticed*). .Pyrite is acti,vated in a soda rvicdiuni, Ijy- copper 

•siil,j5h'ate'''an'd soriiuiii sulpJVid.e. A"ii ess'eiTtial condition".,fQi-
the', flolatibh of copjief^ sulphides from ttie i:yaniding tailirigs 
is considered to b'e the absence ot free-cyanide in the liquid. 
phase of .tlie pulp. 

Ore distintcuished by the presence of silver-and gold tel-. 
lurides and also-by a subst.-mtial content ot-sil-yer, ,bisni.uth,. 
lead, copp^er-imd anj,inioiiy in the sulphide'part are p r o ­
cess e,d at,'one of the-,'go"ld-exfra,ot'ing plants of C eh Ira! Asia. 
The IrGatiiient ot=lliese ores,by tlie sorption method secures 
-higli extracbipn qf gold but leattstp^.complete loss pf valu­
able, sulphide's .and alsb'U'cohsider.able am'buht o:t tHes,i,lver. 

'Since waslring out ofthe cyanide and lime from the ' so rp ­
tion tailings before: flotution,is'-couipletely excluded undi;r 
tli'e'cbiiWitibiis of ion's-e.-^cJiaiige tecti'iio'logy, it seeined of 
intere.st to study tlie conditions for the extraction of noble 
'metals and valiiabie sulphide minerals from the tailings by 
''ilplation. 

Experimenls were Garried put: under laboratory cpndi-
ti'oii's on iwo samples of ore, th'ê  composition .of which is 
given in table i:. The sulphide pa r t of these o res was 
largely represented by pyri te, chalcopyrite, grey copper 
• r e s , bismuthite aiid tellurobismuthites. Samples of &ie 
ores weighing: 1kg were ground in rod mills with a liquid-
solid.rat io of-l:i to 75% of the -0.08mm class with'.a^rod. 
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The object of this paper was to reveal some of the patterns of arsenic deposition 
from sulfuric acid solutions on titanium hydroxide. 
Titanium hydroxide powder Ccomposition TiOj.1.9 HjO) produced by neutralization of 

sulfate solution was 
placed in a sulfuric 
acid solution contai­
ning "v* 6 g/liter As 
(V) and processed in 
a thermostatically 
controlled cell with 
a mixer. Equilibri­
um was usually reached 
in 10 hours. 
The statistical me­

thod of experiment 
planning was used to 
study the effect of 
temperature, the sul­
furic acid concentra­
tion, the Ti:As ratio, 
and the mixing speed 
upon the extent of ar­
senic deposition from 

solution. The main parameters were varied within the 
following limits; temperature 15-75"C, acidity 50-250 
g/liter H^SO^, Ti:As = 1:1.5, and mixing speed of 100-
-700 rpm. 
The kinetic curves (Fig. 1) can be satisfactorily 

described by the equation: 

no iso BOO T , inin 

Fig. 1. Kinetic curves for 
arsenic deposition from 
sulfuric acid solutions 
at: 
1 - 60'"C; 2 - 750c. 

Fig. 2. Relationship of 
maximum degree of ar­
senic deposition S and 
coefficients K and n 
to temperature. 

r = /Ct«. CD 120 ISO 1, oin 
Pig. 3. Kinetic curves 
for arsenic deposition 
from industrial electro­
lyte (Ti:As = 1 ) at: 

1 - aO'C; 2 - 45'C; 3 -
60''C| 4 - 75»C. 

where r is the extent of arsenic deposition calcula­
ted relative to the maximum for the given conditions 
and T - is the duration of the experiment, min. 
An analysis of particular relationships of maximtun 

extent of arsenic deposition to the studied parameters 
showed that the magnitudes of K and n in Equation (1) 
do not alter according to the acid concentration, the 
Ti:As ratio or the mixing rate are equal to about 
30 and 0.22, respectively. However, they are substantially dependent upon temperature 
CFig. 2], In our opinion, the nature of the changes in coefficients K and, n indicates 
that the importance of physical deposition of arsenic acid decreases with a rise in 
temperature, but the importance of its chemical reaction with titanium hydroxide inc­
reases . The absolute magnitude of n indicates that the process is controlled by re­
agent diffusion through the solid reaction product layer. 

Research on deposition of arsenic from industrial solution from copper electrore­
fining C9.6 g/liter As, 157 g/liter HiSO^, and 46 g/liter Cu) was conducted with ti­
tanium hydroxide (63.2% TiOz), also produced by neutralization of sulfate solution. 
Fig. 3 shows the kinetic curves. With an increase in temperature, the time to ach­
ieve maximum arsenic deposition is reduced and the composition of the solid phase 
approximates 3 TiOj-ASiOj O H z C 
The obtained results were used as the basis for the method of removing arsenic and 

antimony from electrolyte which has been tested and adopted at the Balkhash Mining 
and Metallurgical Combine. 



compounds copper ions a r e obtained in the solution and References 
a rsen ic and antimony trio.xides a r e obtained in the .sohd 
form. 1) 

F rom comparison of the Pourbai.x d iagrams for the Cu^As-
H3O and CujSb-HjO sys tems it is seen that Uie regiqn of 2) 
potentials corresponding to the best.technologi cal require­
ments i s considerably wider for copper antimonide than for 3) 
copper arsenide . Moreover, the stability regioiv of CugAs, 4) 
(The width of the zone corresponding to stable existence -5) 
amounts to 1.4 V for copper arsenide and 0,9V for copper 
antimonide). This indicates tliat the o.xidation of copper 6) 
antimonide takes place more readily than the o.xidation of 
copper arsenide overthe whole range of pH, All this shows 
that during oxidative leaching of spe iss copper arsenide is 7) 
present under more dras t ic conditions, and for uniform 
dissolution of the speiss the process must therefore be 8) 
ca r r ied out under the most favourable conditions for the 
oxidation of copper arsenide . Thus , .the analysis of the 9) 
Pourbaix d iagrams for the Cu-HgO, CUjAs-H^O, and 
CujSb-H^O sys tems made it possible to determine the 10) 
most favourable conditions In technological respec ts for 
the oxidation of copper-lead speiss and ttie principal phase 11) 
t ransformations during oxidation, and to solve the problem 
of the stability pf one or the other state of the system. Copper ' 12) 
ions and a r sen ic antimony tr ioxides a r e thermodynamically 
stable in acidic solutions at potentials of 0,45-0,5V, The 
difference in the states of aggregation makes it possible 
to separa te these spe iss oxidation products easi ly. - / rp,. 
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'The t rea tment of high-silicon sulphide mate r ia l s fe, g, the 
copper concentrates of the Dzhezkazgan or Udokansk deposits) 
by Uie tradit ional m(?thod of smelling the matte possesses a 
number of disadvantages associated with the pyroinetal lur-
gical p rocess of separation of the silica (the high yield of 
s lags , the reduced throughput, the high consiimption of fluxes, 
e t c . ) . Thus, according to cjata from the DGMK tlie output of 
waste s tags amounts to 2,1-2,3 ton per ton of copper, and the 
losses of copper with the slags a re not less than i%. P r e ­
liminary selective separation of silicon dioxide, which makes 
i l possible not only to remove the g,angue mate r ia l s but 'also 
to concentrate the valuable components, i s therefore more 
useful. Such a p rocess can be realised by alkaline autoclave 
leaching, since the sulphides of hea%7 nonferrous metals a r e 
practically insoluble in alkal is without access to an oxidising 
agent^). 

The investigations were carr ied out by raUonal experimental , 
design^"*) in Stainless-steel au tocbves with the Dzhezkazgan 
copper concentrate, containing, wt,%: 32.02Cu, 4,78Fe, 
2,30Pb, 1.27Zn, l l ,70Siot , 30.20SiO3, S.lOAljO^, l ,75CaO 
0,67MgO, and l ,46NajO. In the experimental ranges of tem­
pera ture (t) 120-200°C, process t imes (T) 45-225 min, initial 
solution concentrations (N) 100-300 g/1 Na^O, and liquid-
soUd rat ios in the initial pulp (r) 3-7 the part ial dependences 
of tlie extraction of s ihca into Ihc solution on the factors 
investigated was found: 

a^ = 0.61 - 60,43; 

ttt = 0.15T + 14,93; 

Of: =0.0343N -̂ 28,32; 

a,. =4,89 (r - 3 ) ' 3+29 .9 

F r o m the dala presented i t follows thai the process t empera­
ture has the grea tes t effect on the extraction of sil ica iiito 
solution under the experimental conditions, (The degretj of 
leaching inc reases by a lmos t six t imes with increase in the 
tempera ture from 120 to 200°C), The kinetics of the process 
a r e evidently determined mainly by the chemical event of 

dissolution of s i l ica in alkali , and this does not contradict 
known data on tlie leaching of siUca from Krivorozh'e iron 
concentrates") . The initial alkalinity and liquid-solid rado 
of thcpulp affect the process considerably l ess , and this is 
due lo the fact that sa turabon of tlie solutions with silica doei 
not occur . On tlie bas is of the data obtained we formulated \H 
following generalised, many-factor equation: 

(0.61 - 6 0 , 4 3 ) ( 0 , 1 5 T + 14.93)(0.0343N + 28.32) 
*" " 35.183 [4.89 ( r -3) '^= •f29,9]-i _ ^ , 

from analysis of which we determined the leaching conditioiu; 
tempera ture , 160"C; length of autoclave t reatment , 100 min; ;' 
initial sodium hydroxide concentration, 160 g / 1 ; Uquid-soUd; ', 
ratio 4 :1 . * ' " 

SiO} 
g/ l 

Tha k i n e t i c s of the leach­
ing o f .'Silica wi th sodium 
hydroxide s o l u t i o n . 1 -
142°C; 2 - ISCPC: 3 -
•loCPc; 4 - 1700C: 5 - 18(Pc. ' i 

During investigatioii of the kinetic charac te r i s t ics of the 
leaching of silica from Uie same concentrates (fig); the 
experiments were carr ied out in a th ree- l i t re autoclave 
designed by Uie Gipronikel ' Instihate without a diffuser or 
turbine at a sodium hydroxide concentration of 160 g/1 at 
140-180"C) it was estabhshed that Uie activation energy 
of the process does not depend on the concentration of dis­
solved silica in the range of 20-50 g /1 and amounts to 
20.8 i' 1.4 k c a l / m o l e . "This value ag rees well with the re­
sul ts obtained by Kurin and Stas '^) . The concentration of 
copper, lead, and iron remains practically unchanged with 
time and does not exceed 0.005 g / 1 . The concentration of 
zinc and sulphur in Uie solutioh dec reases with Increase 
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. A . ' 

The dislribution of the metals during the autoclave leaching of copper concentrates 
(1 - metal content, % g / 1 : 2 -d i s t r ibu t ion , %) 

1 
Name 

l / w d c d : 

1,Copper cor iccn t rn le 
' .2,Alfcilinc so lu t ion 

ToLiI 

Obta lne t ) : 

l ,S i l i c i t e so lu t ion ' 
2,Wash w a t e r 
3, Cake 

ToLil 
Losses + d i s c reivincy 

O v e r a l l T o t a l 

Aniounl 
R, nil 

300 
1050 

895 
3G10 

223,2 

Silicri 

1 

30,2 

-

2 

ipo.o 
-

100,0 

52,2 
1,7 

. 15,2 

51,6 
7,0 

37 ,5 

96.1 
H3.fl 

100.0 

C o p p e r 

1 

32 ,0 

2 

lOO.O 

-

lOO.O 

0,003 
0,002 

42,7 

_ 
_ 

99.3 

99.3 
- 0 , 7 

100,0 

LO:ui 

' 

2,3 

-

2 

100,0 

-

100.0 

t r . 

0,002 
3.1 

-
0,1 

t o i . o 

101.1 
-1 .1 

100.0 

I ron 

1 

. 4 , 8 

* 

2 

100,0 

* 

100,0 

0.002 
0.003 
G,5 

0.1 
0.9 

lOI.O 

102,0 
- 2 , 0 

100,0 

Z i n c 

1 

1.3 

" 

2 

100.0 

"' 
100.0 

0.014 
t r . 

1.6 

0.3 

-
92,4 

92.7 
J 7 . 3 

100,0 

Sulphur 

1 

11,7 

" 

2 

100,0 

" 
100.0 

0,3 
n / n n . 
15,2 

0.8 

-
96.7 

97 .5 
+2,5 

100,0 

A l u m i n i u m 

1 

•2.7 

2 

100.0 

lOO.O 

0,23 
0.01 
3.4 

2 .5 
0 .5 

92 .5 

95 .5 
44 .5 

lOO.O 

• in the con i;en tra tion of si l ica. This is due eiUier to the 
salting out action of silicon dioxide or to Uie occurrence of 
secondary chemical react ions . Zinc eiidently does not 
pass into soliition in Uie form of s incates , since according 
to data given by Kuznetsov et alia'^) the presence of d isso l ­
ved silica prevents the decomposition of sodium zincates 
even in supersaturated solutions. The passage of sulphur 
into solutionfup to 0,3-0,4 g / i ) is probably due fo the 
presence of a small aniount of pyrite in the initial concen­
trate •').and to its d issolut ion ' ) . Balancing tes ts were con­
ducted in the autoclave under the optimum conditions. From 
Uie table it follows that the silica here passes into solution 
fairly selectively, and its residual content in the cake 
amounts to 15,2%. (WiUi l-wofold leaching under these con­
ditions it is possible to reduce the silica content in, the 
cake to 6-8%), The content of copper .and other components 
after leaching increased accordingly by 1,33 t imes. During 
treatment of such a desiliconised product a t the DGMK by 
the existing technology hardly any .addition of limestone 
lo the electro-smelt ing charge was required, (At the p r e s -
eht time 0,6-0.7 ton is used per tpn of copper). On this 
account die output of waste sLags can Ije reduced by more 
th.an half. Thus, a matte containing 59,38% of Cu and a 
sing containing 0.51%Cu were obtained from the smelting 
of desiliconised concentrate containing H.Sfo SiOj.wiUi Uie-
addition of 15% of pyrite in a Large-scale e lec t r ic furnace. 
The output of slag amoiuited to about 36Cfi or 0.84 ton per 
Ion of copper. Since Oie soliitions after leaching contain 
hardly any hea\'>' nonferrous metals , Uicir regeneration iiy 

.known methods (e,g, , by caustificallon with UmCl-does 
not present major difficulties. By tests it was shown that 
.silica is deposited almost completely at a temperature of 
E0-70OC wiUi a molar CoO.-SiO, consumption ra te of 1,5-3,0 
in 1.5-2.0h; with an initial si l ica content of up to 5 0 g / l the 
residual concentration of silica amounts to not more than 
0,15 g /1 . Owing to i ts high degree of dispersion the calcium 
hydrosilicale deposit formed during cnusBficaUon is a unique 
r.aw material for Uie production of building mater ia l s sur.h 
as white high-able cemen t ' " ) . In addition we estabhshed 
tint rhenium passes from Uie concentrate inlo the solulion 
In the extent of 55-05% under Uie conditions of autoclave 
desiliconising. The rhenium is not precipitated during r e ­
generation of the si l icate alkali on account of the compara­
tively high solubility of calcium per rhena te , and with, repeated 

Reduction of molten copper and lead oxides with methane 

I A Montiro and V M Lopabn (Unipromed') 

use of the solutions it accumulates in them and can be ex­
tracted by known methods, e , g , , by sorption. Here the un­
leached rhenium can be extracted by the appropria te technique. 

During la rge-sca le t r i a l s in a closed cycle it was shown 
that, with counterflow decantation for washing the alkali 
from the solid products, the overal l consumption ot sodium 
hydroxide for desiliconising amounts to 0,3 m^. Thus, although 
autoclave desiliconising is a supplementary prepara tory 
operation to the.existing pyrometallurgical t reatment , i ts 
realisation nevertl ieless prede termines a quality improve­
ment in the production of copper, a sharp improvement in 
Uie radical ulilisation of raw mater ia l , an improvement in 
the working conditions, and improvement in the sanitary 
conditions of the wa te r - a i r basin. The autoclave desi l iconi- . 
sing process makes it possible to prepare a high-silica 
copper raw mater ial for t reatment by the m o s t modern 
pyrometallurgical schemes for the production of copper 
and may find pract ical u,se, p r imar i ly , in the t reatment 
of Dzhezkazgan and Udokansk o r e s . 
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A.yellowcake precipitation process developed by Interconti­
nental Energy Corp, (lEC) for its Zamzow in-situ uranium 

.leaching operations in Live Oak County, Tex,, uses neither 
sulphates nor chlorides in extraction and precipitation. The 
process thereby avoids formation of uranium salts that 
require high-temperature calciners, lEC uses a solution of 
ammonium carbonate and hydrogen peroxide for leaching 
and- live steam to sparge the pregnant eluate, driving off 
ammonia "and carbon dioxide and precipitating yellowcake. A 
rotary vacuum dryer, the first to be used in such an 
application, accepts'a yellowcake slurry containing 30% 
solids and produces a dry product ready for packaging. 

Plant manager Kim Harden notes that the process does 
not require pollution control devices, such as stack filters and 
scrubbers,, that must be installed for calciners. Utility costs 
for the vacuum drying system are quite low, and system' 
components are packaged on skids that are positioned easily 
on concrete floors and relocated quickly to a new job site. 
The vacuum drying system was supplied by the Stokes Div. 
of Pennwalt Corp, 

At Zamzow, lEC circulates leach solution through ore 
zones about 175 ft below ground. The solution oxidizes the 
uranium minerals to a form amenable to leaching by 
ammonium carbonate. Chemistry of the solution is controlled 
to prevent significant precip îtation of calcium carbonate in 
the system. At any given time, 80 to 100 injection wells and 
40 to 50 production wells are usually in operation to provide 
leach liquor for the plant. The wells are cased with PVC and 
are equipped with 3-hp to 5-hp stainless steel down-hole 
pumps that generate an average leachant flow of 1,050 gpm 
to three uranium recovery circuits. With minor exceptions, 
construction and completion of the wells follows conventional 
practices of the water well industry. 

118 

A special adapter developed by lEC allows an operator to wheel 3 ^ 
S&igal drum under the dryer outlet and raise K tightly againsttheS 

. dis<^ge opening to receive a load ot dried yellowcake. wiien| 
the barrel'is full, the discharge valve is closed » id the barrel is ;• 
towered and wheeled to a weighing station, ^% 4 

^~^—W^\ 
The well field operates in a balanced condition ^i , | i 

confines leachants to the ore zones between injection andS 
production wells. Water in a series of 4-in.-dia monitor w<:l!s;f 
surrounding the orebody is sampled biweekly to determine'if ij 
any leachant is escaping from the well field. . * |! 

Uranium-bearing leachant is pumped to a surface plant >̂  
equipped with three parallel ion exchange circuits, each;of:̂ ; 
which includes a 10,000-gal fiberglass surge tank, a 60-iip;.j 
circulation pump, a series of filters to remove particulate >; 
matter, and three 7 x 8-ft down-fiow resin ion exchange.'; 
columns. After uranium has been extracted in the ion'; 
exchange circuits, the leachant is pumped back to the well' 
field by 15-hp injection pumps, ."^ | 

When an ion exchange column becomes loaded to capac- v 
ity, it is isolated from the circuit, and a solution of ammon- ' 
ium carbonate is used to strip the uranium from the ion j, 
exchange resin. The resulting pregnant eluate then advances 
to one of three 4,000-gal stainless steel tanks. 

The eluate is sparged with live steam, driving off ammonia 
and carbon dioxide and precipitating the uranium, Offgasso 
are recovered, and the resulting uranium slurry is pumped to 
a 5,000-gal fiberglass storage tank for settling and decanting. ; 
After decantation, the slurry is pumped to the vacuuro -̂
dryer. '^^ | 

A reverse-osmosis water treatment plant provides plaSi:; 
makeup water and water for the boilers. Leachants i'ai -
elution solutions are prepared on the site by injecting ar\hf -• 
drous ammonia and carbon dioxide into water in a modifie*̂  ,̂ 
4,000-gal stainless steel fertilizer mixer. .'I 

The rotary vacuum dryer in use at Zamzow is one of a lin« 
of Stokes units that have found a variety of applicaticiis. 
including installations to dry slurries of powdered nietaltj 
pharmaceuticals, herbicides, and pesticides. The near-zew. 

€&MJMAYi?.7«f 
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S ^ u m drying system at Zamzow mine?' * \ i 

-? j . ' \ iL V-Dustrtner.-
^ (pn. steam .̂ ^^ 

l ^ - ' Y ' - 50 psig *;; j , .̂  
U'- Wet yellowcake 

30% solids 

.'I 

' ' Wate?vapor 

» Cooling water 
Dry yellowcake 40 gp^ 

. -̂13 cfm l-HP vacuum pump. 
at8S-F. 

I Compressant 
tank o" 

54, Fill valve I ;" 

sass) 

® 
Condenser 

Water lOgpm.^" 

^ - ^ , „ , ^ ^ ^-.— . . . . . . . v~ , , . , . . , t .y 

j ' j^ t .Ai^j . ,?\ = pressure mdtoaior/.: 
" "̂ ^ 9 ;̂ ~'.TI = temperature indicator f ^ y ^ i A ' i , * 1 . '''^^ ^ •;~<.TI = temperature indicator 

^^ i . ^ i -S ' - f iP circulation pump,L,E , - / j ' " 

pollution characteristics of the system were very attractive to 
lEG^ Becausej.|the;'system operate? uhdisr vacuum, -a leak 
results in aiir,|being drawn into the system, rather 'than 
contaminants-being.released'to the atmosphere. The units are 
:ayailabic in sizes-rangi^ng from 15 in. to 5 ft ID, and from 20 
in, to 30'ft infernal length. 

IJie dryer at-Zamzow has an inside diameter of,3 ft'and'an 
internal lerigth of 10 ft,,providing'a total volume of 70 cu ft 
and a".capacity of-1,500 Ib.per day of yellowcake. It is heated 
by means of steam jacketing along the cylindrical container 
and steam inside the shaft and arms of the helical agitator. 
Heat transfer is aided not only by the continuous mixing 
action of the; rotating, agitator, but also by spring-loaded' 
scraper blades that prevent buildup of dried yellowcake on 
the inside: heatirig-.surfaces. 

Approximate utility requirements tp process a 4,000-lb, 
load of yellowcake slurry att 30% sol ids'include: isOlb per hr 
of steam at 5,0 psig, 40 gpm of condenser cooling water at 
85.*F, and electricity to 'drive a 10-hp motor. 

Dried yellowcake discharges directly .into 5-5-gal drums; 
the discharge valve port is fitted with ardust-tight shroud.,An-
mverled, bag-type dust filter flange-moiinteH on top of the-; 
dryer prevents dust from getting into;'the'vacuum systems. • 
The bags are shaken mechamcally at regular intervalsj and 
dust is returned to the: dryer. .:.; -."-„ • • 

Water, vapor from the idi-yer isr.&ondensed!~in a vertical' 
tubertype condenser, and the water that is recovered-returns,, 
to (he circuit, another significant pdllutioh-control.feature of 
the system. (See flowslieet,) - . . • . ; . ' • - • ' ' •.' - - " . 

Zamzow, whii:hisdesigried topr6duce-300,000-lb-peryear..' 
of UsOg, is the ,sccond-in-situ leaching ura'hium mine" devel­
oped by lEG in Texas^ the first being located at ^Pawnee. 
PacificGas and Electric; which has?contracled"f6r the entire 
output qf the Zamzow mi ne* received its'-ffirst. shipment.of 
yellbwcakeon Aug. ], 1978,M •:_'^,.. 

Dryer «intre!ijaiiel includes motor starter; 
selectol" switdies, .pilot ligtits.-and control 
power transformer Vert cal condenser 
column IS at the operator s nghthand 
Compressant tank and vacuum pump are — 
located behind Sie control panel 
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PURIFICATION OF BISMUTH SOLUTIONS BY SOLVENT EXTRACTION WITH 
DI(2-ETHyLHEXYL) PHOSPHORIC ACID* 

DDC 669.76:546.87:542.61 

Yu. M. Ytikhin, I. S. Levin, S. M. Barakov, A. P. Korzhov, and S. I. Kayukov 

In the production of bismuth reagents, solutions containing bismuth are usually 
purified by hydrolytic precipitation [1]. In the existing precipitation-filtration 
scheme for the separation of bismu-th from impurities, the commercial metal is dis­

solved in nitric acid and the bismuth is purified by gradual 
precipitation of basic bismuth nitrate witJi a mixture of 
MH^)2C03 and NH\,OH over a period of 35 hr with strict tempera­
ture regulation (22± 2°C). The disadvantages of this technique 
are that it is not always possible to obtain products of the 
necessary purity (especially in terms of lead), and the long 
duration of the process. 

The object of the present investigation was to develop a 
solvent-extraction scheme for the removal of'impurities from 
nitric acid solutions of bismuth with subsequent production of 
basic bismuth nitrate and oxide. 

Solutions of salts of quaternary ammonium bases have been 
suggested as extractants for bismuth [2]. We studied tributyl 
phosphate (TBP), alkylphosphoric (di- and mono-) acids (APA), 
and caprylic and di(2-ethylhexyl)ditJiiophosphoric acids as 
extractants. The relationship between the bismuth distribution 
ratios and the nitric acid concentration in the aqueous phases 
when t h e extractants enumerated above are used is shovm in 
Fig.- 1, from which it is apparent that when di- and mono-2EHPA 
and caprylic acid are used as extractants the bismuth distri­
bution ratios (D) fall sharply when the nitric acid concentra­
tion in the aqueous phase increases; this is usual when these 
extractants are'used in the solvent extraction of metals, and 
is due to the cation-exchange mechanism of extraction. The 
distribution ratios pass through a peak when tributyl phosphate 
is used as the extractant. It is apparent from the data given 
that APAs are most effective in extracting bismuth. Thus Dgi is 
much higher when bismuth is extracted from 0.25-0.5N HNO3 solu­

tions even with a 0.4N solution of APA in octane than when con­
centrated (6N) caprylic acid or concentrated TBP (3.67N) are used 
as extractants. 

In spite of the fact that it is very effective in extracting Bi 
from a variety of solutions, di(2-ethylhexyl)dithiophosphoric 
acid is not suitable here, because HNO3 breaks it dovm. We chose 
D2EHPA as the extractant for further investigations. 

The principal impurities in industrial solutions obtained by 
dissolving commercial bismuth in nitric acid are Pb, Zn, Cu, and 
Ag. It is apparent from the data given (Fig. 2) that the metal 
distribution ratios fall sharply when the nitric acid concentra­
tion increases. It should be noted that the distribution ratios 6 
of the Bi-Me pair, where Me is Pb, Zn, Cu, Ag, etc. respectively, 
also fall when the nitric acid concentration in the aqueous phase 
increases. 

Bismuth is extracted by D2EHPA from nitric acid solutions ac­
cording to the following equation [3]: 

Bî -l- -i- 2,5 (H.R.Jo = BiR,.2HR„ + 3H + 
with constant 

D-[H*]l.<t, 

Fig. 1. Extraction 
of bismuth (III) 
from nitric acid 
solutions of 1 g/ 
liter Bi: 1 - 3-76N 
TBP; 2 - 0.4N 
M2EHPA; 3 - 0.4N 
D2EHPA; 2,3 - dil­
uent octane; 4 -
6.3N caprylic acid. 

Fig. 2. Extraction 
of Bi, Pb, Zn, Cu, 
and AgwithD2EHPA 
from nitric acid 
solutions of 1 g/ 
liter Me; 0.4N 
D2EHPA (diluent 
octane): 1 - Bi; 
2 - Pb; 3 - Zn; 4 -

As a rule, bivalent metals are extracted by D2EHPA according to 
t h e equation 

Me^+ + 2 (H,R.j)„ == AlfRj.2HR„ -j- 2H + 
with constant 

' 0|HM;<t>, 
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where * is the complexing function, which takes account of metal complexing with 
nitrate ions. Accordingly 

._ DBI _ A'[H,R,lg'.*. 

and consequently it is necessary to increase the concentration {1 g/liter Me; 0.4N 
D2EHPA, diluent octane) and to reduce the aqueous phase pH in order to reach the 
highest distribution ratios. This is confirmed by the following data: 

IHNO.) 

o,r 
0 ,2 
0.4 
0 . 1 
1,0 
1,5 
2 ,0 
3 ,0 

^BI/Pb 

2 , 4 - 1 0 ' 
5 ,O.IO' 
8 , 9 - 1 0 ' 
3 , 3 . 1 0 ' 
1 , | . I 0 ' 
4 ,3-10 
2 , 1 1 0 
9 .1 

P B I / Z O 

2 , 8 - 1 0 ' 
8 , 9 -10 ' 
1 .8-10 ' 
8 , 6 - 1 0 ' 
3 , 8 -10 ' 

_ — — 

^ai/Cu *Bi/Ag 

5,3-10» 
1.3-10' 
l ,2-IO« 
3 ,8 -10 ' 
1,8-10' 
8 ,4 -10 ' 
4 , 0 -10 ' 

2 , 0 1 0 ' 
2 , 8 1 0 ' 
2 ,0 .10* 
4 , 0 . 1 0 ' 
1 ,2 .10 ' 
3 . 6 -10 ' 

— 

Bismuth can be separated from the associated metals in solvent extraction from 
nitric acid solutions. In addition, when bismuth alkyl phosphate is extracted on a 
background of substantial Bi concentrations in the aqueous phase the probability of 
extraction of impurities decreases, because the extraction constant for bismuth with 
D2EHPA is much greater t han for the impurities and bismuth displaces them from the 
organic phase; this helps to give an additional increase in the distribution ratios. 

In extraction of bismuth with D2EHPA the nature of t h e organic diluent has a sig­
nificant effect upon the distribution ratios. The use of saturated hydrocarbons as 
diluents has the least depressant effect upon t}Q±. The logarithm of the bismuth ex­
traction constant is 3.40 under conditions uncomplicated by complexing in the aqueous 
phase when octane is used as t h e diluent. In extraction from nitric acid solutions 
with ionic strength y = 1 (NaNOa) the logarithm of the bismuth extraction constant 
IgK' for octane is 2.30, i^e., where [NO'J] = 1 g-ion/liter, $ = 12. 
Laboratory investigations have made it possible to plan a purification scheme for 

nitric acid solutions of bismuth in which bismuth is extracted with 1.0-1.5N solution 
of D2EHPA in kerosene from 0.8-lN HNO3 and reextracted with 4-6N HNO3. 

Pilot tests on purification of bismuth solutions were carried out in a 14-stage 
extractor (Fig. 3; cell voiume 20 liters) using the following scheme: six stages 
(1-6) for extraction, two (7,8) for washing the bismuth-bearing organic phase with 
IN HNO3, and two (13,14) for washing the circulating extractant with water. 
The solutions were fed to the extractors from header tanks (15-20) through meter­

ing devices (25-30). The solutions were adjusted if necessary in storage tanks and 
repumped to the header tanks. The tests were conducted under continuous conditions 
with a closed extractant circuit. 

Industrial bismuth solutions produced by dissolving conunercial bismuth containing 
(wt.%) > 98 Bi, 1.5 Pb, 0.01 Sb, 0.02 Cu, 0.005 Fe, 0.15 Ag, 0.001 As, 0.01 Mg, and 
0.02 Zn in nitric .acid ([Bi] -. 350 g/lit^r) were purified by solvent extraction. The 
extractant used was a 1.2N solution of commercial D2EHPA (concentration of principal 
substance 60-80%)* in lamp kerosene, containing 6 vol. % tributyl phosphate for 
better separation. The latter is a surface-active addition and does not signifi­
cantly reduce Dgi under the conditions selected. The initial solution obtained by 
dissolving commercial bismuth in nitric acid was diluted about 4 times with 0.8N 
HNO3 at the extractor input. 
Extraction was carried out.in 6 stages with an aqueous (A) to organic (O) phase 

ratio of 1 : 1,6. The aqueous phase (initial solution and dilution solution) was fed 
to the 6th stage, the extractant to the 1st stage. Bismuth was not detected in the 
raffinate leaving the 1st stage ([Bi] < 0.02 g/liter). Five stages are sufficient to 
achieve the necessary degree of bismuth extraction. A reduction in the O : A ratio 
is undesirable because the |organic phase becomes saturated with bismuth, more vis­
cous, and less mobile, i.e., saturated bismuth alkyl phosphate BiRi forms in the 
organic phase instead of extraction of the solvated complex BiR3'2HR. 

The extract was washed to remove impurities with IN HNO3 at a ratio of extract to 
acid of 1.6 : 1, to obtain more complete separation of bismuth from impurities prior 
to reextraction of the bismuth v i t h nitric acid. The wash solution was fed to the 
8th stage. On leaving the 7th stage the solution contained 1.1 g/liter bismuth and 
was recirculated.^ 

The bismuth was reextracted in four stages, the A : 0 flow ratio being 1 : 2.8. 
The reextractant, 4.6N HNO3, was fed to the 12th stage, Reextraction is practically 
complete in three stages. The reextractant contained 100-110 g/liter Bi and the fol­
lowing impurities, %: 

* It is desirable that the M2EHPA concentration in the commercial D2EHPA should be 
minimal, to avoid formation of a monoalkyl phosphate precipitate. 

^ It is proposed in future to exclude washing of the extract with acid. 

m 
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J 
Raffinate 

Fig. 3. Diagram of solvent-extraction in­
stallation: 1-14 - mixer-settlers; 15-20 -
header tanks: 15 for reextractant, 16 for 
extiractant, 17 for dilution solution, 18 
for initial solution, 19 for wash solu­
tion, 20 for water; 21-24 - storage tanks: 
21 for extractant, 22 for reextract, 23 
for wash solution, 24 for raffinate; 
25-30 - metering devices; 31 - reactor 
for precipitation of basic nitrate; 3 2 -
Nutsch filter; 33-35 - pumps; 36-52 -
valves. 

H e t a l 

F t 
Cu 
Pb 
Mg 
Ca 
Na 

1 

0,0003 
0,0001 
0,003 

< 0, 001 
< 0 , 0 0 l 

0,0001 

2 
Undet, 
0,0001 
0 ,002 

< 0 , 0 0 l 
< 0 , 0 0 l 

0 ,0002 

3 

0,001 
0,0001 
0 ,003 

< 0 , 0 0 l 
< 0 , 0 0 l 

0,0001 

4 

Unde t 
Unde t 
0 ,002 

< 0 , 0 0 l 
< 0 . 0 0 l 

0.0001 

h 

0,0005 
0,0001 
0,002 

< 0 , 0 0 1 
< 0 , 0 0 l 

0,0001 

After reextraction of the bismuth, 
the extractant was fed to the 13th 
stage, washed with water, collected in 
vessel 21, and transferred by pump 33 
to header tank 16. 
The basic bismuth nitrate BiON03'H20 

was precipitated from the reextract 
with aqueous ammonia solution. When the 
reextract is neutralized to pH 3 prac­
tically all the bismuth passes into 
t h e precipitate. The basic bismuth ni­
trate was washed with dilute HNO3 solu­
tion (pH 2-3) and dried. The product 
was classifiable as analytical grade 
according to COST 10217-62. Bismuth 
oxide Bi203 was produced by calcining 
the basic nitrate at 670°C, Bismuth 
oxide is a lemon-yellow powder contain­
ing > 99.7% Bi203 and chemically pure 
in grade according to COST 10216-62. 
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Spencer R. Titley Porphyry Copper 
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Circumstantial evidence suggests that 
porphyry-related deposits, currently the world's 
principal source of copper, may have formed as 
by-products of volcanic activity 

ri misMi 

Copper runs the mo(3ern world, but 
most of us overlook, or are not aware 
of, the vital role it plays in bringing 
technological developments into our 
everyday lives. In North America, for 
e.xample, a family of four may have 
more than thirty copper-wound 
electric motors in their home. Such 
motors are components of clocks, 
record and tape players, kitchen ap­
pliances, heating and cooling systems, 
vacuum cleaners, generators, and 
even electricity meters. Without 
copper, our ability to use electricity 
would be severely limited. Moreover, 
copper has such distinctive electrical, 
chemical, and mechanical properties 
that no other metal is completely 
adequate as a substitute. As a result 
of rising standards of living and 
growing expectations, more than 8 
million tons of copper are mined each 
year. Where does it come from? 

In much of the world, copper comes 
from two sources: recycling of scrap 
and used copper and mining of new 
copper from ore deposits. About 80% 
of the approximately 2 million tons of 
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posits in the US, Canada, Central and South 
America, and the western and southuieslern. 
Pacific. His research has ranged from the de­
tails of mineralization lo regional studies of 
ore deposits and has been concerned with 
many different types of deposits. His recent 
research has focused largely on porphyry d e ­
posits of the American soulhwesLand' Iheir 
relationship to geologiceoent's. Address: De­
partment of Geosciences, University of Ari­
zona, Tucson, AZ85721. 

copper consumed annually in the 
United States is new copper, while 
the remainder comes from recycling 
(~20%). During the 1970s, production 
from these two sources was very close 
to consumption. 

Sources of copper 
Any sample of rock, soil, or water, if 
carefully analyzed, will be found to 
contain copper. But in ordinary rocks, 
the amounts are so small (~0.006%), 
and the cost of recovery is so high, 
that we cannot consider them as 
sources of this valuable metal. In­
stead, we must look to the special, 
localized, all-too-rare concentrations 
of copper-rich rocks that we call 
copper ore deposits. 

Such concentrations of copper may be 
produced by several different natural 
processes, the most important of 
which involves the circulation of hot 
saline waters, termed hydrothermal 
solutions, through the earth's crust. 
These solutions collect, transport, 
and precipitate copper, most com­
monly in the form of the minerals 
chalcopyrite (CuFeSa), bornite 
(Cu5FeS4), and chalcocite (CU2S). 
The copper content of rocks that 
contain these minerals ranges from 
~ 0 . 1 % by weight to more than 10%. 

A deposit of copper ore, which may 
consist of many other minerals be­
sides copper minerals, most of them 
worthless, may also contain anywhere 
from a few thousand to more than a 
billion tons of metal-bearing rock. 
The ore deposit can take various 
forms, ranging from clearly demar­
cated tabular veins to large, irregular 
masses of rock within which copper 
minerals are more or less uniformly 
distributed. Although well-defined 
veins of rich copper ore are what 

prospectors dream of, it is the large, 
low-grade masses of uniformly per­
meated rock that actually provide us 
with most of our copper. Of the sev­
eral different kinds of large, low-grade 
deposits, b}' far the most important is 
that found in porphyritic igneous 
rocks, the porphyry copper deposit; 
Porphyry copper deposits account for 
almost half the new copper mined 
worldwide and nearly 95% of that 
mined in the United States. 

Although the term porphyry copper 
has specific connotations for most 
geologists and copper miners, it turns 
out to be somewhat ambiguous when 
we try to define it. Porphyry refers to 
a kind of igneous rock, of variable 
composition, in which large, well-
formed crystals are set in a matrix of 
fine-grained crystals or glass (Fig. 1). 
The large crystals, called phenocrysts, 
are believed to have been formed by 
the slow cooling and crystallization of 
deeply buried magma or silicate melt. 
The porphyritic texture develops 
when partly crystallized magma, 
consisting of phenocrysts and magma 
that is still liquid, is suddenly trans­
ported upward into an environment 
of rapid cooling, where the remaining 
liquid is quenched, thereby forming 
glass or a mass of tiny crystals in 
which the phenocrysts become sus­
pended. The upward movement may 
take place in one or several stages, 
and events occurring during the rapid 
cooling process initiate the flow of 
hydrothermal solutions that leads to 
the deposition of copper. It is this 
association with porphyry that gives 
porphyry copper deposits their 
name. 

While such deposits bear a spatial 
relationship to the porphyry respon­
sible for their formation, the miner­
alized rock is not necessarily confined 



within the boundaries of the por­
phyritic igneous rock. It may be lo­
cated partly, or even solely, in the 
older rocks surrounding the igneous 
body, its distribution being strongly 
controlled by the paths along which 
the hydrothermal solutions' flowed. 
The copper minerals are contained 
within a mass of finely shattered rock 
(Fig, 2), the fragments of which 
commonly have dimensions in the 
range of 1 to 20 cm, and are largely, 
but not entirely, confined to the 
fractures in the rock. 

Rocks within the zone of mineraliza­
tion have all undergone alteration— 
profound changes in composition 
caused by the circulation of large 
volumes of hydrothermal solutions 
through the broken rock. Because of 
differences in both rock composition 
and the degree of fracturing, there are 
wide variations in the alteration 
processes, the kinds and amounts of 
minerals in the ores, and the shapes 
and sizes of the deposits, . 

How porphyry depc)sits 
form 
The rapid ascent and sudden cooling 
of partly crystallized magma required 
for the formation of porphyry have 
important consequences for the evo­
lution of porphyry copper systems. 
When confined under high pres­
sures—equiyalent to a column of 16 
km of overlying rock, for example— 
porphyry-forming magma can dis­
solve up to about 10% by weight of 
water. When crystals of anhydrous 
minerals, such as feldspar (KAl-
SisOs), form in the melt, the water 
content ofthe remaining liquid melt 
increases. The ability of a magma to 
dissolve water, however, diminishes 
as the confining pressure decreases, 
and for pressures less than the pres­
sure exerted b y 4 ' k m of overlying 
rock, it diminishes very rapidly 
(Burnham and Jahns 1962), as Figure 
3 shows. Thus, a saturated magma 
that is rising rapidly must rid itself of 
much of its water. We still do not 
know if porphyry-forming magma 
bodies were initially saturated with 
water, but the presence in the rocks of 
water-bearing minerals, such as mica, 
means that some water is always 
present. It is equally apparent that at 
some stage in their cooling history, 
porphyries may become saturated 
and suddenly release dissolved water. 
The effects of such an abrupt release 
depend on many factors, one of which 

Figure 1, This porphyry from Silver Bell, Ari­
zona, shown to size, has a typical texture of 
large crystals of feldspar {light color) and mica 
(block) set in a matrix of smaller crystals of 
silicate minerals. Hydrothermal solutions move 
through fractures that develop as magma cools, 
thereby forming various alteration products, 

the specific kind depending on the tempera­
ture. One of these is the copper-bearing mineral 
chalcopyrite (CuPeS2), which here occupies the 
crack. The vein with the wide, diffuse halo is 
one along which feldspar has reacted with 
quartz to form sericite. (All photos are by the 
author.) 

Figure 2. In this breccia (magnified ~1.5 times) 
from the copper deposit at Sierrita, Arizona, 
the angular rock fragments are cemenied by 

the copper mineral chalcopyrite. The light, 
vertical lines are thin, quartz-filled cracks that 
formed after the breccia hardened. 



is the chemical composition of the 
magma. 

Compared with most igneous rocks, 
the porphyritic rocks with which 
copper deposits are associated are 
enriched in silica (Si02). When 
magma cools and is crystallized, the 
residual hquid magma becomes in­
creasingly enriched in silica, which 
tends to polymerize, thereby pro­
ducing a more viscous magma 
(Burnham 1967). Water is retained 
until its vapor pressure exceeds both 
the strength of the melt and the 
pressure ofthe overlying rocks. It may 
then be released suddenly, causing 
the crystallized parts ofthe porphyry 
to shatter. Stresses in the crystallized 
magma and the surrounding rocks, 
due to thermal effects of the hot 
magma, may also cause cracking of 
the porphyry. Both processes are be­
lieved to be responsible for the large 
volumes of fractured rock that host 
copper deposits. 

The depth of emplacement of the 
porphyry rocks can only be inferred. 
In many locations, geological con­
siderations suggest that the depths to 
the tops of the porphyry bodies at the 
time of their formation were at most 
a few kilometers. In the American 
southwest, for example, some por­
phyries are thought to have cooled 
within 2 km of the surface (Titley 
1972). At Mt, Fubilan, in New Guin­
ea, a porphyry copper deposit that 
formed only about a million years ago 
is now exposed at the surface (Bam-
ford 1972), which means tha t even if 
the rate of erosion of the overlying 
rocks was rapid, the deposit was 
probably never covered by more than 
2 km of rock. At depths of 2 km or less 
beneath the earth's siirfaee, porphyry 
magma retains less than 2% by weight 
of dissolved water. 

Following shallow emplacement and 
fracturing of the rock within and 
around them, porphyry bodies be­
come large, high-temperature ther­
mal engines, which start to circulate 
water. The temperature ofthe water 
ranges from the temperature at the 
earth's surface—about 25°C—to that 
of the hot, shattered porphyry 
body—about 650''C. The origins of 
the water whose circulation forms the 
ore deposit and of the copper and 
other metals that combine \vith sulfur 
to form the ore minerals have been 
the subjects of research and extensive 
discussion by many generations of 

10 15 
Depth (km) 

Figure 3. The solubility of water in magma 
depends in pai't on the pressure exerted by the 
overlying rocks. This dependence is steepest at 
shallow depths but tapers off lower down. It 
also depends on the chemical composition of 
the magma. The shallower curve is for magma 
with the composition of albite (NaAlSisOs), the 
sleeper for magma rich in silica, alumina, and 
potash. The curve for most porphyry magma 
probably lies somewhere near the curve for 
albite magma. The colored area shows the 
probable range in the water content of por-
ph>Ty magma and in the depth at which copper 
deposits are most likely to be found. The sud­
den release of water as magma rises rapidly to 
the surface is believed to contribute to the ex­
tensive fracturing of copper-bearing rocks. 
(After Burnham 1967.) 
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Figure 4. The angle at which oceanic crust 
moves beneath continental crust depends on 
the rate at which the two blocks of crust con­
verge. When the rate is slow, the oceanic crust 
descends steeply, and the rise in temperature 
with depth and the friction resulting from the 
motion are believed to cause melting of the 
down-going slab at depths of ~-]50 km or 
below. The bodies of magma that give rise to 
porphyry copper deposits may derive from 
melting of oceanic crust at this depth or from 
melting of rocks higher in the mantle and at the 
base of the crust. Such bodies may ultimately 
find their way to the surface through zones of 
weakness, or faults, caused by the complex 
forces involved in the subduction process. 

geologists. An understanding of how 
copper deposits evolved is important 
not only scientifically but also eco­
nomically. 

In the late nineteenth and early 
twentieth centuries, the debate was 
polarized between those who ascribed 
to the water a meteoric (surface-de­
rived) origin and saw the rnetals and 
sulfur as originating in the rocks of 
the shallow crust and those^ -who 
viewed the metals, sulfur, and'water 
as all derived entirely from magma. 
Research during the past two dec­
ades, based on the relative .abun­
dances ofthe stable isotopes of oxy­
gen and hydrogen (summarized by 
Taylor 1974), indicates that the 
source of water varies from one de­
posit to another. Such isotope studies 
have shown that within the central, 
hotter, less fractured parts of a por­
phyry system, the water is predomi­
nantly of magmatic origin, presum­
ably derived from the parent por­
phyry. In the more fractured parts, 
usually around the periphery of the 
fractured rock, on the other hand, 
some of the water is of meteoric ori­
gin. Because the water in porphyry 
ore deposits does not come from a 
single source, it seems likely that the 
copper and associated metals, as well 
as the sulfur, may also derive from 
more than one source. The rocks of' 
the shallow crust in which the por­
phyry intrusions are embedded and 
through which the hydrothermal so­
lutions circulate constitute one pos­
sible source, the porphyry intrusion 
itself another. 

The first minerals formed by crys­
tallization of magma tend to be an­
hydrous minerals, such as calcium 
feldspars (CaAl2Si208) and pyroxene 
(CaMgSi206), which contain no water 
of crystallization. At later times dur­
ing cooling, water and other volatiles, 
such as carbon dioxide, that had be­
come concentrated in the magma are 
released; the solution carries various 
ions, such as phosphate, arsenate, and 
halide ions, that cannot be incorpo­
rated readily in the silicate and oxide • 
minerals that are crystallizing in'the 
magma. The escaping solution also 
contains sulfur and metals, such as 
copper, lead, zinc, and molybdenum, 
which form ore deposits. 

In seeking the origins of the metals 
and sulfur, consideration must be 
given to the parent material of the • 
porphyry melts. According to the 
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theory of plate tectonics, oceanic 
crust is thrust beneath continental 
crust around the edge of the Pacific 
Basin (Fig. 4). When the subducted 
crust reaches depths of about 150 km 
below the surface, melting begins, and 
parent material for magma bodies is 
generated. Judging by their chemis­
try, the distinctive types of rocks as­
sociated with some porphyry copper 
deposits seem to derive from the 
melting of the various kinds of basalt 
that make up the oceanic crust. In 
other cases, the rock cheriiistry is in­
dicative ofa complex melting process 
that involves not only oceanic crust 
but mantle and deep continental 
crust as well. 

Figure 5, Most porphyry copper deposits are 
located either along the rim of the Pacific or in 
a band extending from the Middle East 

through the south of the Soviet Union. (After 
Titley and Beane 1981,) 

Porphyry melts derived solely froni 
the basalts of the ocean floor have 
certain characteristics that are im­
portant in the generation of porphyry 
copper deposits. The copper content 
of such basalts is greater than the 
average value for the crust as a whole 

.(0.006-0.009%) and for some types of 
basalt is as much as 0.025%. Thus, the 
parent material of the porphyry is 
already somewhat enriched—its 
copper content is 0.0087%, and its 
molybdenum and gold contents are 
0,00015% and 0,0000004%, respec­
tively, according to Turekian and 
Wedepohl (1961)—and most of the 
copper may be freed when the basalt 
partially melts to form the porphyry 
magma. 

We cannot be completely confident 
that the magmatic emplacement and 
cooling processes outlined above are 
wholly responsible for forming por­
phyry deposits, because we cannot 
view the dimension of depth from the 
earth's surface. Since the copper 
minerals occupy fractures in the 
porphyry, they must postdate the 
time at which the rock was suffi­
ciently brittle to fracture. This means 
that the progenitors of the water, 
sulfur, and metals must be either 
deeper or laterally displaced. 

The uncertainty leads to an alternate 
viewpoint, that the source of the 
metals may lie within the mass of 
porphyry located at the same level. 
Since all silicate minerals contain 
trace amounts of metals, which are 
locked into their structures by iso-
-morphous substitution—for example, 
copper in mica—it is possible that the 
metals in porphyry deposits may have 
been leached from the minerals by 
the hydrothermal solutions and then 

transported by the circulating fluid 
and deposited in fractures in the 
porphyry. Such an origin, by leaching 
and redeposition, is difficult to es­
tablish, however, because the large 
volumes of rock that have been al­
tered and the overwhelming evidence 
for the transfer of material within 
circulation systems make precise de­
terminations of the chemical com­
positions of the rocks before miner­
alization unfeasible. 

Although we are unsure of where the 
water in such systems comes from and 
how the hydrothermal solutions col­
lect the metals and sulfur that are 
foimd in the ore deposits, we think we 

understand how the solutions react 
with the rocks through which they 
pass. The moving volume of fluid,, 
with all its dissolved components, 
changes composition as it seeks 
equilibrium with the different min- ' 
erals along its path under changing 
conditions of temperature and pres­
sure. Successive volumes of fluid ' 
flowing along the same path thus en­
counter slightly different mineralo­
gies owing to past chemical reactions 
between the rocks and the solu­
tions. 

Complicated reactions involving large 
numbers of components and phases 
have been, and continue to be, the 

•:•:•:•:.:•:• hydrothermally 
:::::::::•:•; altered rocks 

I ' ' * n Laramide plutons 

— , Mesozoic rocks 
- - J volcanic 
E S sedimentary 

B ^ T J Paleozoic rocks 

Precambrian rocks 

Figure 6. In the American southwest, erosion 
has largely stripped away the volcanic struc­
tures that once covered the porphjTy copper 
deposits shown here in an idealized and gen­

eralized cross section. The deposits formed in 
a subvolcanic environment between 72 and 55 
million years ago. 
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Figure 7. In the El Tiro area at Silver Bell, Ar­
izona, a cluster of porphyry intrusions lies in 
the center ofa large volume of altered rock. The 
distinctive characteristic of this rock is its high 
content of pyrite (Fe2S), which was deposited 
in small amounts by hydrothermal solutions 
moving through the rocks. Individual porphyry 
intrusions within the area (gray) have given 
rise to concentrations of minerals containing 
copper (0.30%, dark color; 0.10-0.29%, light 
color) and molybdenum (25 ppm, in areas en­
closed by colored lines), which are either cen­
tered on the porphyries or located near their 
boundaries. This porphyry copper deposit, 
formed about 60 million years ago, has been 
subject to erosion, which has removed the 
higher parts of the original hydrothermal sys­
tem; thus, what we now see is a deeper level of 
that system. (Adapted from Graybeal, in 
press.) 

object of research (Helgeson 1969, 
1970). The reactions that form the 
silicate alteration minerals and the 
sulfides are pH-dependent and are 
affected by the concentrations of al­
kali and metals in the solutions 
(Meyer and Hemley 1967). Alteration 
of the feldspar orthoclase by a hy­
drothermal solution to produce seri­
cite (mica) and quartz is such a reac­
tion: 

SKAlSisOg + 2H+ ^ 
feldspar 

KAl3Si30io(OH)2 + 2K+ -f- 6Si02 
sericite quartz 

Increasing the acidity ofthe solution 

drives this reaction toward equilib­
rium with sericite. By studying many 
similar chemical reactions and by 
knowing the degree of chemical mass 
transfer in porphyry copper systems, 
we are making progress toward a 
better understanding of the processes 
that gave rise to such systems. 

A volcanic origin? 
From the foregoing discussion, it is 
apparent that porphyry copper de­
posits came into being as a result of 
special geological conditions. Much 
evidence has now been accumulated 
that leads us to suspect that the de­
posits were formed as by-products of 
volcanic activity where deep-seated 
magma bodies had suitable compo­
sitions and properties and where 
crustal characteristics permitted 
those bodies to rise rapidly to shal­
lower levels. The evidence is indirect, 
and hence inconclusive, however, 
because the volcanic structures that 
may once have existed above the de­
posits would have been topographi­
cally and compositionally unstable 
and thus would have been removed 
rapidly by weathering, and because a 
large percentage of known deposits 
are now exposed as a result of millions 
or tens of millions of years of ero­
sion. 

Nevertheless, a volcanic origin for 
many porphyry copper deposits is 
consistent with the following facts. 
First, by far the greatest number of 
deposits are of Mesozoic age or 
younger—less than about 230 million 
years old—and are located in either 
the "ring of fire," the belt of volcanoes 
and volcanic rocks that encircles the 
Pacific Ocean, or the "Tethyan" belt, 
the east-west band of volcanic rocks 
and mountains that extends 
throughout the southern Soviet 
Union and into the Middle East (Fig. ' 
5). The association, of the deposits 
with volcanic rocks and the style of 
occurrence are much the same in both 
regions. Moreover, both these parts of 
the world are currently the sites of 
much earthquake activity and vol­
canism, which are believed to be 
manifestations of the same sorts of 
events as are known to have occurred 
in or near these regions ever since 
about 230 million years ago. 

Second, although rnost of the rocks 
that existed at the time the ore was 
formed have been removed by ero­
sion, there are a few deposits where 

remnants of volcanic rocksabout the 
sameage as the porphyries (up to 200 
million years old) are found, and 
where porphyries containing copper 
deposits are present as intrusions in 
the volcanic rocks (Fig. 6). This co­
incidence of porphyries and volcanic 
rocks in both time and space is strong 
evidence for a volcanic origin for the 
deposits. 

Third, the theory of the origin of 
porphyritic textures described pre­
viously involves two stages of cooling: 
an early stage, during which crystals 
of silicate minerals started to form, 
and a late stage, in which the residual 
magma was quenched to form a fine­
grained matrix. The late stage of 
cooling was thought to be the result of 
magma rising rapidly to the cooler 
environment of the shallow crust. 
According to the volcanic genesis 
•theory, the porphyry intrusions, 
which have compositions similar to 
those of many volcanic rocks, formed 
when magma rose rapidly toward the 
earth's surface through the core ofa 
volcano. 

Fourth,' a large percentage of por­
phyry copper deposits contain bodies 
of breccia—angular fragments of 
rock, which, in some instances, are 
cemented with fine crystalline vol­
canic-like rock or with rock "flour" 
derived from the mutual abrasion of 
porphyry fragments • (Fig. 2). Such 
bodies are commonly irregular, es­
sentially vertical columns, or "pipes," 
with round or elliptical cross sections; 
less commonly, they assume a tabular 
form, sui:h as that ofa vertical sheet, 
or "dike." The transportation and 
pulverization of rocks in breccias, as 
well as the geometry of the breccia 
bodies, suggest that there may have 
been an opening to the surface at the 
time that they formed. Moreover, 
breccias that look like these are 
present in active volcanic systems, 
where openings clearly exist. 

Fifth, the distribution of deposits in 
well-explored regions of the Pacific 
rim shows tendencies toward clus­
tering, as in southwest North Ameri­
ca, where clusters occur in areas about 
30 km by 30 km (Fig. 7), and toward 
formation along lines on the earth's 
surface, as in the Andes. Volcanoes 
show similar tendencies to cluster or 
form along lines. This similarity in 
distribution of volcanic centers and 
porphyry ore deposits is not in'itself 
compelling evidence for an associa-



Figure 8, The different colors in the southern 
wall pf the open-pit cppper.mine at Santa Rita, 
New Mexico, are the result of'oxidation of 
copper and iron sulfide minerals dispersed in 
the rock. Rocks from which copper has been 

leached and in which iron oxides remain are 
red; those containing iron sulfides that have 
•been, and are still being, oxidized are yellow; 
and recently exposed, secondarily enriched-
cOpper ore is gray. • -

tion, but taken together with the 
other pieces of evidence, if'strength-
ens'the case. 

The inferred link between Gircum-
Pacifie volcanism and the formation 
of porphyry ore deposits is extferriely 
important, because it; establishes a 
rational basis for searching for such 
deposits.. Moreover, the high success 
rate—the discovery of more than a. 
hundred new deposits—over the past 
two decades of searching premised in 
part oii the' assumptibn that the 
theory is correct .attests in sdme 
measure to its validity. 

Copper mining 
The discussion so far has: been con-

" cerned with the .geological features, 
origin, and distribution of porphyry 
mineral deposits. The conversion of 
a hiineral deposit to an ore de­
posit^—that is, to an economically 
viable body of minerals—depends oh 
both the: state of mining and metal­
lurgical technology and the interplay 
of many economic and sociopolitical 
factors. Porphyry, copper deposits are 

sources .of other important metals, 
such as molybdenum and gold,,which 
only rarely occur in sufficient, con­
centrations'to justify mining in the 
absence of other valuable metals. 
Even when these other metals are 
present, porphyry copper or'es^aris of 
low intrinsic-worth; the content of 
copper ranges from 0.2% to 0.8% by 
weight, that of molybdenum is com­
monly about 6,01%, and that of gold 
varies from ,0;bopOl% tp O.Q0t)08% in 
some porphyry deposits. Because 
thesetpercenta:ges are so small, large 
quantities of material must be mined 
and .processed cheaply if a profitable, 
continuing mining operation is,to be 
sustained. Present-day production 
.from porphyry copper deposits is 
variable and depends on many fac­
tors, including the prices of copper, 
and the other metals found with it 
and the actual amount of copper in 
the rock of a particular Ore deposit. 
Manyoperations produce 50,000 tons 
of ore per day'ff om open-pit ihines, 
and a few, produce comparable, 
amounts from underground mineSj 
where the rock, is blasted and ex­
tracted under controlled conditions. 

The earliest at tempt at mining low-
grade deposits on a large scale was 
made, at Bingham Canyon, Utah, in 
1904 by Daniel Jacklingi with the fi­
nancial backing of Qharles McNeil 
and Spencer Penrose. The same 
methods, albeit with more than sev­
enty years' worth of technological 
improvements, are b^ing applied' 
today, on a scale that Ja'cklihg.and his 
colleagues .may never have" imagined, 
to the mining of large, deposits con-
tainingas little as 0.4% of copper. 

Gertairi geological features of por­
phyry copper deposits contribute to 
their amenability to the bulk-mate­
rials-processing methods in use today. 
Thus, a.'l though such deposits <a:Ee-
parts of large, diffuse minefalized 
systems, the high-grade portions— 
that is, the ore deposits—are smaller 
and more localize.d. Mining can thus 
be concentrated in relatively small 
areas ahd progress downward, rather 
than, sideways. Furthermore, the 
closely spaced fractures ofthe rock in 
which the copper minerals are local­
ized are lines of weakness. The rocks 
therefore fragment easily when 



blasted: indeed, a million tons or more 
of ore may be'broken by one blast of 
explosives. Dh such a scale, copper 
and associated .metals -tend to be 
uniformly distributed through the 
broken rock, which means that al-
though.some select) vemining may be 
neces_^sary to remove rock that does 
not contain valuable metals, in gen­
eral, the entire rock mass can be 
profitably mined. The distribiitidn of 
silicate alteratidn minerals, most 
commonly clay or fine-grained types 
of mica, is also fairly uniform, which 
permits establishment of fixed rhet-
allurgical recovery circuits. 

Fiirthermore, chemical teactions. in-, 
volying rainwater and the atmosphere 
call, under certain favorable combi­
nations of climatic and geographic 
conditions,, produce a thin, but rich, 
zone of secondarily enriched cppper 
ore near the top of a lowrgiadeore 
deposit (Fig. 8). Sirice many of the 
deposits are themselves located in 
•areas of elevated topography, gener­
ally as a result of accidents of erosioii 
and uplift in the American southwest^ 
raining of siich zones is helped, rather 
than hindered j 'by gravity. Even 
though these enriched blankets are 
usually of comparatively small ton­
nage, their high copper content has 
permitted rapid affiortization of the 
large amountjof capital invested in 
exploiting them. Because the procesa 
responsible for secondary enrichment 
also produces iron oxides, whose red 
coloraf iori stands out, thereby making 
them obvious targets for exploration, 
we" presume that most such secon­
darily 'enrichisd deposits have been 
discovered, A few 'continue, to be 
found—and they are certainly worth 
seeking—but their number is dimin­
ishing, and the search for copper is 
now directed toward the discovery of 
higher-grade primary ores, which are 
much more difficult to find. 

Although there are well over 150 
porphyry copper mines arid potential 
mines around the Pacific Basin and 
perhaps more than SOinthe Tethyan 
belt, the search*for ne"* deposits has 
cohti.nued at the sarae'fast pa:ce for 
the> past 20 years or so. Even in .re­
gions such as' southwestern North 
America and western Canada, where 
large numbers of deposits have been 
found, the intensity of thesearch rie-
mains undirainished. Continuing 
demand -and projected increases in 
copper consumptibn provide the 
economic incentive for the expensive 

search for porphyry copper deposits; 
Large amounts of potential copper 
ore> Certainly exist-in other kinds of 
deposits, such as those 'forriied by 
proce'sses of sediirien"tatidn, but these 
occur most abundantly in countries of 
southern and central Africa, where 
pplitical and economic factors have 
mitigated against extensive exploi­
tation during the past two decades 
and the future for mining is uncer­
tain. ThuSj notwithstanding the ex­
istence of exploitable deposits formed 
in other ways, porphyry-related de­
posits seem destined to remain the 
premier source of the world's copper 
supply. 
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i sue J Readily aiailiible liiboratory, in situ, and inferred values of permeahility, k, of 
•.1i\iQ crystalline and anjillaceous rocks luwe heen comparetl. For crystalline rocks, 

I PCAR '" '̂̂ " ^ ranged from about 1 îd {I0'' ' 'ciu') to WOmd: for aryillaceous 
; rocks it was about 0.01 to 1 nd. No systematic decrease of k with depth was 
I evident: over some interval at nearly every well, k was I to 100 md: these 

highly conductive intervals were as deep as 2-3 km. In situ permeability has 
1 been inferred from earthquake precursors, anonuilous pore pressure, leakage 
I from aquifers or oilier lanje-scale phenomena. W'here crystalline racks are 

involved, k was about 0.1 to 10 md, and thus about the same as the more 
I •-„ permeable zones in wells: this is close to the permeability of many sandstones 
j and is about 10̂  times greater than laboratory measurements for mtiict crys-
' talline rocks. For argillaceous rocks, laboratory, in situ, and inferred values 
( all agreed within about a factor of 10. Laboratory study of artificial fractures 
: suggest that in situ values for crystalline rocks are high because of natural 

fractures: fractures may be sealed or absent in shale. 
', Based on observed variation in wells, k at particular sites in crystalline 

rock is not predictable within a factor of 10 .̂ For crystidline rocks, labora-
' tory values provide little.more than the minimum in situ k;/or argillaceous 
i rocks they may provide a good estimate of in situ k. Because of the great 
I sensitii-t/y o/k to the effective stress, measurement or estimation ofk must be 
\ ' tailored to the particular stress state of the application. 
i If, as tentatively suggested by in situ and inferred values of k, average 
I , crustal k is about Wind, pore pressure much greater than hydrostatic seems 

ruled out in terrains of outcropping crystalline rocks. Apart from hot pluton 
j environments, (inoinalously high pore pressures seem to reijuirc everywhere a 
I thick blanket of clay-rich rocks, as originally suggested for sedimentary 
I basins. 

INTRODUCTION gradient, and by a single rock parameter, permeability. 
_ , . , „ , , , , . . 1 . 1 u u For most of the applications above, depths in the earth Fluid flow m deeply buried rocks has Ions been a sub- . ^ , - . . r •-i . J . . ^ , ". J 1 • . of a few 100 m to a few kilometers are relevant, and 
ject of interest to petroleum cnaineers, hydroloaists, , ^ i i r ,r̂ n • J-. . ^ , . " . 1 • . r. .1 some volume of rock, perhaps a few 100 in in dimen-
nuning eneiiieers, and economic grJiogists. Recently \ A -ru . { .- J J J • n ' ' , ' - . . ' , . • 1 1 r c IJ sion, is involved. The central question addressed in all others have joined this sroup, particularly from nelds . . . . . . j . • . . • i 

, . •" ' r-. • J a • 1 1 the specialities noted above, is, what is rock-mass per-relatcd to enerey resources. Fluid now in rocks plays a ,.,.. . , . , , . o/- i r i_ 
, . ' ' , , r n J- meability at an arbitrary location? Can permeability be 

central role in ceothermal enerav recovery [11. radioac- .- , , . , . ,. 
. , - . r-i-i .• T\- r .- 1 . J predicted even approximately, or is a direct measure-tive waste isolation [2]. stimulation of tisht 2as sands . „'^' i-,. • . . . , , , . . , . / ' . r-,-1 J " J ment necessary? Must permeability be measured di-[3], m situ coal sasification [3], and pumped enerey .• • .. , •. u • r J r . *• •'• . r •" r->-i ^ •• r 1 . J c i T rectly in the rock-mass, or can It be inferred from other storace in aquifers [3], Outside of enercy-related fields, u • i . r i u a -."n • I c • J- r r I. J geophysical parameters, or from laboralorv measure-fluid now in rocks ncurcs in recent studies of fault and . ,, , , „ .̂  r , r i • I I t I ment on small rock samples? earthquake mechanics [4,5]. in the heat balance near , ., , ""i .• J J I - r^ cn -,\ 'A • .11- •• ' " '"c present paper these questions are addressed., plate marsins [6,57, 51], and in magma crystallization ^ u- . ui- ^ J -| :„ ^ L ' ' J t Qy^ approach is to compare published m situ measurc-^ i ' j n - . n • i - j , - j u ments which give rock-mass pcrmcabilitv with values Steady fluid now in rocks is determined by pressure . . • j r i i . i J • , ' , • r •' obtained for labf^ratory samples and with values inferred 

from certain large-scale geologic phenomena. Even 
' Dcparimcni of Eanh and Planciary Scienc-cs. Massachuseiis In- though in situ data are very limited, comparison of 

stituic of Technology, Cambridge, MA 02139, u,S,A. these three Sets of permeability measures provide par-
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tial answers to these questions, and, additionally, sug­
gest where effort should be focussed to improve our 
understanding of rock mass permeability. 

Very little in this paper is not already well knoŝ Ti to 
most hydrogeologists. However, other specialists in the 
geosciences are now concerned with permeability, and 
it is really to them that this paper is directed. Hopefully 
it will not only be a useful review but will also provid3 
a framework for discussion of the many new measure­
ments of permeability now planned or in progress. 

This paper is primarily concerned with measured 
values of permeability, not with measurement tech­
niques, or with the implication of the values reported. 
We have rather uncritically assumed that reported 
values are correct to about an order of magnitude. 

Definition, units of permeability 

Like electrical or thermal conductivity, permeability 
is a second rank tensor connecting a flux with a gra­
dient: 

9 .= - K : j 
8P 

8Xj (1) 

where ,̂. is volume flow per unit lime, cP/cXj is pres­
sure gradient, and Ktj are constants. This is an empiri­

cal relationship, known as Darcy's law, and is mathe­
matically equivalent to Ohm's law or Fick's first law. 
Experimenls show that even in scalar form, where K/j 
becomes simply K, both fluid and medium character­
istics arc involved. We will wish to focus solely on 
mediu.m properties so that an alternative form of (1) is 
used: 

<?i = -
kjj^dP_ 

fl dX J 

k cP 
or, fl = — •—- in scalar form, 

n cX 
(2) 

where n is fluid viscosity, with dimensions FTL"^, and 
k is permeability, with dimension L^. k Depends solely 
on characteristics of the medium. This paper is con­
cerned with the magnitude of k for rocks. Although k 
varies with direction in rocks [51,76], principal values 
of kij are rarely available; we will therefore have to 
treat it as a scalar. 

The units and even the dimensions of k are a source 
of endless confusion. We have tried to clarify this in 
Appendix I where some of the dilTerent units are com­
pared. We will use the darcy, both for historical reasons 
and because the permeability of most'rocks falls within 
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Fig. 2. In silu measuremenis of permeability. Numbers in parentheses refer to accompanying notes. Depth and interval length 
given in meters where known. Locality names are e.xplained in notes. 

1. Fractured chert in shale [27]: fractured limestone [2S]; coralline reef limestone [29]. 
2. Armenian basalt [30]; Nevada Test Site basalt [31, 32]; Oahu. Idaho basalts [29], 
3. Calculated from observed flow rates from water wells up to 60 m deep in fractured metamorphic rocks of northern 

Colorado [33], 
4. Pumping tests at 3S damsilcs in crystalline rocks in western United Slates [34], 
5. Pumping test in a surface outcrop of granite near Laramie, Wyoming [21]. 
6. Pumping and swabbing tests in crysuilline basement rocks at the Savannah River Plant near Aiken, South Carolina 

[23.35]. 1 ;id was the detection limit 
7. Pumping lest in the Siripa mine, Sweden [36,82], 
8. Over 500 pumping tests at 5 sites in granites and gneiss. Sweden [37]. 
9. Pumping and drill stem tesis in^'he Lac du Bonnet batholith, near Pinawa, Manitoba [38], 0.5 pd was the detection 

limit 
10. Drill siem tests at 5 depths in geothermal test hole No. 2, in granodiorite, near Los ,Mamos, New Mexico (LASL) [.19], 

M H F refers to a measurement made of water loss into ihe sides of the hydrofracture [40], 
11. The Rocky Mountain Arsenal (R,MA) well near Denver, during injection inlo 18 m of open hole in crystalline rocks. 

Values shown here calculated from an average transmissibility of 5000 md-ft/cp [41] or 5 darcy-ft [42] using interval of 70 ft 
and viscosity of 1 cp. 

12. Two values from nearby sites in the Climax granitic stock; the high value came from both pressure decay and constant 
pressure tests [43] and ihc low value from constant pressure tests using air [44], The upper values came from a region which 
may have t)een affected by the Piledriver nuclear e.vplosion; permeability was probably enhanced by the damage. 

13. Based on average water inflow inlo a tunnel in tiuarlzite [45], 
14. Packer tests made in several drill holes in ihe thick sections of the Pierre shale [46]. 
15. Pumping tests in Ruiison and Gasbuggy sites (gas sands) [47], 
16. From Triassic silisione and mudstonc near Aiken. South Carolina [IS], 
17. The range o fa number of measurements using injection and pulse methods in the Carnmenellis granite, Cornwall, 

England [79], Values for laboratory samples given in Fig. 1. 
18. Packer tests at Monlicello Reservoir, South Carolina [78], 
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mat range of values in darcies covered by the familiar 
decimal prefixes. Thus, most values of k we well discuss 
range from a nanodarcy (10"^' m )̂ to a darcy. The 
darcy (10~*cm^) is conveniently expressed in SI units 
using 

1 darcy = 1 {/(m)̂  = 10"'^ m^ 

OBSERVATIONS 

Laboratory measurements 

Laboratory measurements have been made on 
samples 2.5-15 cm in minimum dimension. The samples 
were intact unless otherwise noted. Two techniques are 
used, depending on the anticipated permeability. Above 
about a microdarcy a steady-state measurement is 
made, in which volume of fluid is measured per unit 
time for fixed pressure gradient. Tliis is a traditional 
method of soil and rock mechanics [8,9]. For rocks 
with permeability less than about a microdarcy, the 
transient method is more convenient [10]. In this 
method, the decay of a pressure pulse suddenly applied 
to one end of the sample is observed. Thus, only pres­
sure and time need to be measured; this method readily 

adapts itself to high pressure measuremenL Recent re­
finements in the transient method [11, 24] have lowered 
the detection level to around I0~'^ darcy. 

Ali .4eadily available laboratory measurements for 
rocks are summarized in Fig. 1, together with typical 
values for soil, for comparison. The bars for each rock 
or soil type reilecl the range of values reported. Some 
well-known rocks and field sites are identified alongside 
the bars. For all the measurements in Fig. 1, stress was 
appro.ximately hydrostatic, 

A number of aspects of laboratory permeability 
(Fig, 1) are worth noting: 

(i) Some ten orders of magnitude separate the least 
from the most permeable rocks. Since it is not clear 
that our present detection limit coincides with the mini­
mum permeability of rocks, this range could be even 
wider. 

(ii) The widest variability among the rock types is 
observed for the carbonates and volcanics. This might 
have been predicted just on petrologic grounds (com­
pare coquina and lithographic limestone, for example!). 

(iii) However, permeability does not necessarily cor­
relate with porosity. This is a fact well-known in soil 
mechanics [S, 72]; some clay is considerably more 

! 1 
! , 
! ' 
. I 
, I 
i . 

md 

J? 

DEPTH, m 

Fig, 3, In situ measuremenis of A- for crystalline rocks from Fig, 2 arranged according to depih, Se-.era! d;pihs arc given in 
kilometers. 
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porous than sand; yet the relative permeabilities arc 
reversed (Fig. 1). Also, typical crystalline rocks have an 
interconnected porosity of 0,01 or less [25] and yet 
their permeability is equivalent to shale which rarely 
has a porosity less ^han 0.10 [26]. 

(iv) If we assume that the term 'crystalline rocks' 
applies to the rocks grouped in Fig. 1 under 'granite' 
and 'metamorphic', then for crystalline rock, k of intact 
specimens is appro.ximately equivalent to that of clay 
and shale. 

In situ measurements 

In situ measurements (Fig. 2) refer to values obtained, 
typically in drill holes, for rock, undisturbed and in 
place. There is a variety of methods [80,81], all of 
which give an averaged value for some in terra/—the 
interval being the length of exposed rock along the drill 
hole where the test is performed. In situ methods 
usually take one of three forms: 

(a) Flow of water lost across some interval is 
measured for a fi.xed constant pressure, the so-called 
packer or constant head injection test [for example, 
43]. 

(b) Recovery of pressure or head is observed in a 
vertical drill hole after addition or removal of a known 
fluid volume, the so-called slug or pulse test [for 
example, 23]. 

(c) Flow of water or chemical tracers is measured 
betv.een two or more holes while pressure drop is held 
constant [35], 

The above methods yield quantities like 'coefllcient 
of transmissibility', 'hydraulic conductivity', or, in some 
cases, permeability as defined here. Conversion to per­
meability has been made here using the factors given in 
the Appendix; special problems which have arisen in 
conversion are indicated in the Notes accompanying 
Fig. 2, As noted above, we have taken published or 
verbally communicated values to be correct arid have 
made no attempt to assign probable errors to the field 
measurements. 

In situ measurements of k (Fig. 2) are again grouped 
roughly according to rock t\'pe. Crystalline igneous and 
metamorphic rocks gave the values across the middle of 
the figure; a few important oil-producing rocks are 
given at the far-left, for contrasL .N'leasutements in clay-
rich rocks are given on the right side of Fig. 2. Approxi­
mate depths and the interval are given where known. 

The range of in situ values of permeability is even 
greater than the range of laboratory values, spanning 
some twelve orders of magnitude. Four to six orders of 
magnitude variation is typical at a particular site, such 
as the LASL well or ihe SRP wells, or at the Climax 
granite (Fig. 2), For crystalline rocks in general, in situ k 
evidently ranges from about I //d to 100 md. The argil­
laceous rocks such as shales, siltstones and shnley sand­
stones are generally less permeable than the crystalline 
rocks by one or two orders of magnitude. 

It is instructive to examine in siiu permeability of 
crystalline rocks as a function of depth, Because data 

are still very limited, only three depth zones have been 
chosen (Fig. 3), the surface to 50 m, 50-500 m, and 
below 500 m. Several features are evident: 

(i) Permeability varies by over 4-orders of magnitude 
at a particular site, within the same depth interval, 

(ii) There is a hint of decrease of permeability with 
depth but, as also pointed out by Maini & Hocking 
[49], hardly enough to justify the exponential law sug­
gested [37,48], Compare particularly the values from 
depths greater than 500 m; no systematic variation with 
depth is evident, 

(iii) At nearly every site some portion of the rock 
sampled by the drill holes has a permeability of 
1-100 md. This relatively permeable zone may be as 
deep as 1,8 km (LASL) or 3,3 km (r<MA), Similar zones 
were noted in a survey of 25 Canadian mines to 1.7 km 
[70], 

Inferred permeability 

Rock-mass permeability has been inferred a number 
of ways; the two principal methods require (a) measure­
ments of fracture spacing and aperture of conducting 
fractures, or (b) observations of time and distance 
which relate phenomena thought to be controlled by 
hydraulic diffusion. The other methods used are indi­
cated in the Notes accompanying Fig. 4. 

Water flow in fractured rock may occur principally 
through joints, faults and other planar fractures [4]. 
Assuming plane parallel sets of such fractures, then 
rock-mass permeability can be calculated from 

k = U-V12S (-^) 

where w is fracture aperture and S fracture spacing 
[4, 34]. 

Flow of fluids through rocks, like chemical dilTusion 
or heat flow, is governed in the transient regime by 

t ^ L'/a (4) 

where f and L refer to time and-distance, respectively, 
ofa moving front of pressure, and a is hydraulic difl'us-
ivity. Here 

a = k/ijnfi (5) 

where k is permeability, i/ is porosity, n is viscosity and 
P is compressibility of the fluid. Given some phenom­
enon thought to be due to transient flow, t and L can 
be found; one example is an earthquake believed due to 
pumping of fluid at a nearby well [5], / Would be the 
time between pumping and the earthquake, and L the 
distance between well and epicenter, k Can then be 
obtained from equation (5) if porosity of the rocks and 
// and /J of the fluid arc known. 

Permeabilities inferred in various ways are collected 
in Fig. 4; additional explanation of the methods used is 
given in the Notes which accompany the figure. 

One rather remarkable feature of Fig. 4 is the close 
agreement of many, of the values, between about 0,1 
and 10* md. Not surprisingly the values obtained for 
joints were much higher. Perhaps the apertures, w, had 
become widened by surface processes like weathering 
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Fig. 4. Permcabiliiy in situ inferred from various large-scale phenomena. Numbers in parentheses refer lo accompanying 
notes, which explain ihc calculation of k. 

1. From observed fracture spacing and aperture in and around Mayflower Mine. Park City, Utah, k delermined from 
equation (3) [50]. 

2. From measured fracture spacing and aperture at about 60 stations in the Pike's Peak cranite, near Maniiou Springs, 
Colorado [51]. 

3. Based on application of transport theory to the hydrothermal syslcm associated with crystallization of the Skaergaard 
intrusion, Greenland [7], The principal input to the models was variation of " O and exchange reactions between hydrother­
mal fluids and various rocks in the system. The estimates are shown for basalt host rocks (surface to about 7 km), intrusive 
gabbro (4-8 km) and intruded gneiss (7-10 kml. 

4. Based on precursor lime vs length of aftershock zone for a wide variety of earthquakes [52, 53], The .slope of this 
relation, !0''-10'cnr.sec, gives c; in equation |5). We used a porosiiy of 0.00!, ft of 0.01 poise, and /5 of 0.2 mb ' ' 
(0.002CPa"') to calculaie I:. 

5. Based on a personal communication of J. Healy quoted in [53] viho observed pressure changes 0.25 mi from ihe well 
two hours after injection. The same porosity, viscosity and compressibility were used as in 4. 

6. Ohtake [5] related a sequence of earthquakes at Matsushiro, Japan, wiih water injection at a well; the lime lag was 
5-10 days and the distance 5-15 km. giving .i of 10'̂  cm* sec, 

7. Ground water discharge was also observed at Matsushiro [54] some time after an earthquake. The authors calculated 
the bulk permenbiliiy lo be 10 md, assuming a porcsiiy of 0.01 and viscosity of 10"- poise, 

8. Based on a ditTcrenl formulation ihan equation 5, for coupled deformaiior.-d:n"usion in a porous fluid-filled medium 
thought to model the creeping zone of the San .Andreas fault. 

9. Upper bound estimate based on the permeability which would be required to cause pore pressure to attain lithostatic 
pressure within 10* yr [5]. The estimate is based on a fixed source of pore pressure ut depth. 

10. Based on observed vvaier loss from the Dakota sandsionc into the overlying Pierre shale [46], which is about 200 m 
thick. 

11. An upper bound estimate based on the sealing properties of argillaceous rocks above oil and gas reservoirs in Siberia 
[56], The calculated hydraulic dilTusivity is less than 10"* cmVsec. We used porosity of 0.01 and the properties of water lo 
obtain the value of It shown, 

12. Based on convection theory.for porous media and observed heat (low fo,' the Indian Ocean [6]. 
13. This upper bound estimate is based on reduction of heat How due to assumed downward flow of cold ocean water in 

the top 5 km of oceanic crust in the Famous and Galapagos areas [57], 
14. Based on an analysis of chloride contamination and water loss through a 60 m thick clay confining layer above an 

aquifer at Brunswick, Georgia [77]. 
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or stress relaxation. The values of k for the mine frac­
tures could have been complicated by aqueous solution 
reactions; apertures might have been widened or even 
reduced by reactions with the wall rock. In any event, 
these efl"ects would strongly influence k, becasue of its 
third-power dependence on w [equation (3)], 

Many of the inferred permeabilities gathered in Fig, 4 
represent values averaged over distances of kilometers 
(Skaergaard, Matsushiro, oceanic crust, for example). 
The volumes of rock represented are therefore much 
larger than samples either in a laboratory measurement 
or in a typical in situ test. Careful comparison of these 
three data sets for particular sites may provide a better 
future understandina of the scale eflect on permeability 
[75]. 

CO.MPARISON OF LABORATORY, 
/A' SITU AND INFERRED 

PER.ME ABILITIES 

We first compare observations from the SRP (Savan­
nah River Project), and then turn to a general compari­
son of the three sets of values given in Figs 1, 3, and 4. 
SRP was chosen rather than other sites for which 
laboratory and in situ values are available (LASL, Lara­
mie, for example) because of the larger number of 
measurements available. 

For SRP, laboratory and in situ measurements from 
the same wells can be compared (Fig. 5). For the Trias­
sic siltstones and mudstones, laboratory measurements 
are within about an order of magnitude of values in 

suit; for the crystalline basement rocks certain intervals 
show about the same agreement, but k of the conduct­
ing zone is about 10̂  greater thait laboratory values. 

General comparison of laboratory, in situ and 
inferred values of k (Figs 1, 3, 4) suggest several impor­
tant conclusions: 

(i) For crystalline rocks most inferred values are 
about the same as the more permeable zones in situ; 
average k is 1-10 md. This suggests that pumping tests 
in wells may sample a volume of rock which is repre­
sentative of much larger crustal volumes. For the Pierre 
shale (Figs 2 and 4) the same rock-mass is involved; 
inferred k is within an order of magnitude of k from in 
silu tests [46]. 

(ii) The average k for crystalline rocks noted above 
of 1-10 md is about 10̂  greater than laboratory 
measurements for crystalline rocks, and corresponds lo 
that of many sandstones. 

(iii) For rocks of appreciable clay content, laboratory 
and i;i situ values usually agree within about a factor of 
10. Some intervals in wells also agree even for crystal­
line rocks (the SRP in Fig. 5, for example). 

DISCUSSION 

Fracture permeability 

The marked difference between laboratory and in .situ 
k of crystalline rocks noted above is usually explained 
by fractures [4,23,33,49], Joints, faults, and other planar 
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discontinuities in a rock mass are usually not sampled 
for laboratory measurement and yet they may represent 
flow paths many times more significant than those in 
the intact laboratory sample. A simple demonstration 
of this is given by several laboratory or field experi­
ments (Fig. 6). k was measured in an intact sample and 
compared with that of a sample containing a natural 
joint (Laramie granite [21]) or a sawcut (the other three 
rocks in Fig. 6). k was measured in the direction of the 
fracture plane and was several orders of magnitude 
greater than intact A;. 

This result is generally more characteristic of crystal­
line rocks than certain sandstones and shales. For 
example, the SRP and Pierre shales show close agree­
ment between in situ and laboratory (Figs 1, 2, and 5). 
Field permeability measurements in a jointed sandstone 
near Rangely Co. showed that little if any flow of water 
followed the joints [58]. A similar conclusion was 
reached after hydrologic study of the Navajo sandstone 
[14, 59]. Thus, fractures may play a minor hydrologic 
role for certain argillaceous rocks and sandstone: the 
reasons are probably different, k of intact sandstone is 
already iii the millidarcy range; fractures add little [60]. 
For shale with a high clay content, fractures probably 
seal at modest depths owing to plasticity. The Eleana 
argillite (Fig. 6) is nearly half lithic fragments and thus 
may not behave like typical shale. 

Prediction of permeability 

How predictable is rock-mass permeability, even at 

those shallov.- depths where most measuremenis have 
been made? The in situ measurements vary widely, both 
from site to site and at a single well. About the only 
safe generalization for crystalline rocks is that there are 
regions at most sites where k is around 1 fid; but most 
sites also have permeable zones with k of up to 100 md. 

Unfortunately these values range too widely to be of 
much practical use. .Vlany additional measurements are 
needed, at various depths, and in a wide variety of geo­
logic situations. Perhaps clearer trends will then 
emerge. 

For crystalline rocks, laboratory k may provide a 
good measure of the minimum in situ k. It may also 
provide a value of rock-mass k at depths or in 
situations where fractures close or become sealed. 
Unfortunately these depths are not in general known. 

In situ measurements are costly and time-consuming 
and some study is being made of techniques which 
might yield A: indirectly [61 for example]. Based on 
current u.iderstanding of flow through porous media, 
such techniques, unless strictly empirical, have to yield 
two parameters, interconnected porosiiy and pore 
dimension [34,60,62], Although porosity can be 
obtained from electrical resistivity and certain other 
rock properties, pore dimension, in situ, remains the 
missing element. Thus, at presenL k of rock masses can­
not be obtained indirectly. There would seem to be no 
way to obtain in sini k other than by direct measure­
ment in drill holes. .\s we note below, such measure­
ments must be made at relevant cn"cctive pressures. 
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Turning to other than cr>'Slalline rocks, laboratory 
measurements may be of use for argillaceous rocks and 
sandstone, based on the tentative agreement we noted 
above with in situ values. However, this agreement 
needs lo be extensively tested, particularly for argilla­
ceous rocks, since so few in siiu values are yet available. 

The effects of stress on permeability have been widely 
recognized [4,60], particularly for fractured rock; 
changes in normal stress ofa few MPa can change k by 
a factor of 5. This has an important bearing on 
measurement of k. If k is desired for a particular appli­
cation (earthquake control, waste isolation, water sup­
ply, for example) then the particular en"ective stress 
stale for this applicalion must be known and, further, k 
must be measured at this effective stress, k measured in 
some other way may bear little relation to the relevant 
k. For example k measured in pumping tests by injec­
tion will not be the same as measured by fluid with­
drawal [63]. Measurement or estimation of k must be 
tailored lo the applicalion. 

Crustal permeability and anomalous pore pressure 

With so few measurements, discussion of an average 
permeability of crustal rocks is so speculative as to be 
hardly worthwhile. Nevertheless the surprisingly high 
values of k given by both in sifu and inferred methods 
seem sufficiently close lo warrant some commenL There 
are important implications of high crustal k. 

In silu measurements reach 2-3 km (Fig, 2), The 
volumes of rock for which k has been inferred (Fig. 4) 
extend deeper. The earthquakes discussed emanate 
from as deep as 5-7 km; the oceanic crust mentioned 
involves rock to 5 km and the Skaergaard rocks to 
10 km. Thus, we may regard the eath's crust as having 
been sampled to 10 km. Below ihis, little is known. 
There is mounting evidence that lower crustal rocks arc 
electrically so conductive that a water-filled pore space 
seems required [64], although some laboratory studies 
argue differently [65]. In any event, even if porosity at, 
say, 20 km were known, k cannot be inferred without 
knowledge of pore dimensions [60, 62]. Eventually, at 
still greater depths, temperature will reach a level suffi­
cient to induce plastic flow of the rocks. 500"C is sug­
gested by recent studies of granite [66], although the 
Skaergaard rocks retained their conc'̂ .ictivity to lOOO'C 
[7]. Plastic flow will probably impair the connectivity 
of pore space, lo judge from experiments with calcite 
rocks [67], and rock salt [73], and, as we might infer 
from the measurements of permeability of argillaceous 
rocks reported above. When this occurs, k probably 
drops to levels equivalent to transport by grain bound­
ary diffusion; we estimated this to be about 1 nd [10]. 

If wc consider crustal rock to 10 km, in situ and 
inferred k range from 0.1 to 10 md, assuming that the 
more permeable zones found in wells dominate the gen­
eral flow. This range is close to that of sandstone. If this 
proves to be general, there are a number of important 
implications, both for energy resources and for tec­
tonics. Both the 'hot, dry rock" concept [1] and waste 
disposal in crystalline rocks [2] depend qn imper­

meable rocks near the structure in question. Although 
it is not yet clear how impermeable rocks must be, 
10 md may be too high. The Los-Alamos hot, dry rock 
pilot program is operational for rocks with A: of 
0.1-1 fid. Evidently the more permeable zones at LASL 
(Fig. 2) have been successfully avoided, and this may be 
the general solution for design of waste isolation sites 
as well. Clearly the spacing and flow characteristics of 
such zones will have to be carefully mapped along with 
the hydraulic gradient in and around candidate sites. 

Anomalously high pore pressure has been observed 
in many areas of recent sedimentation [26] and it has 
been postulated in deeper rocks as well; high pore pres­
sure may have great tectonic significance. Il is thought 
lo play an important role in overthrusting [26] and 
seismicity [5], for example; it would keep crustal 
stresses al levels commensurate with values calculated 
from heat flow and earthquake stress drops [68]. 

Bredehoeft & Hanshaw [55] analyzed the hydrologic 
characteristics of rocks containing high pore pressure 
and concluded that maintenance of high pore pressure 
depends critically on permeability. One result has 
already been given in Fig. 4; rocks of nanodarcy per­
meability are required to maintain pore pressure at 
observed levels for geologically significant times. For 
the sedimentary rocks they discussed, thick shale layers 
were indicated. Based on the results presented here, we 
can now extend this to crystalline rocks. 

If crustal rocks have millidarcy permeability, as sug­
gested by the handful of present measurements, then 
pore pressure much greater than hydrostatic would 
seem virtually ruled out in regions where crystalline 
rocks extend to the surface. They might still prevail in 
hot pluton environments [74], or perhaps al depths 
below 10 km. Otherwise high pore pressure would be 
limited, in the same way proposed in the Bredehoefl-
Hanshaw study, to regions with a thick argillaceous 
cover. 
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APPENDIX 

Usage here and [7,26,31, 34, for example]; 
Permeability, k, has dimensions L ,̂ The unit is I darcy, 

ldarcy(d)=: 10-^cm'== 10-" ft̂  

Widely used in soil and rock mechanics, and hvdrology 
[8, 18, 37,46,49. for example]; 

Coefficient of permeability, whicli is equivalent to hydruulic coiuluc-
liiity, with dimcnsion.s, L T ' ' . For water under standard conditions 

I darcy =; 10"-'cm,'scc = 10'* m/s 

1 Mcintzcr = 1 gallon/d:iy/fi' :i 1/20 darcy. 

When transient flow is involved il is customary to discuss; 
Hydraulic diffusivity, a, with dimensions L^T"'. This i.-; converted 

to permeability, k, if porosiiy, i\. viscosity, /i, and compressibility, fi, 
are known; 

• ^ 

a = k/pi}p. 
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The Precipitation of Copper from Aqueous 
Solutions by Hydrogen Reduction 

E, PFTERS* and E, A. VON HAHNf 

INTRODUCTION 

' The first appearance ofthe metallic state in a metallurgical extractiotj 
process has always exerted a peculiar fascination on the metallurgist,j 
and this is no less true "when the metal precipitates or deposits fromUl 
aqueous leach liquor than it is for a process in which the metal fini j 
appears as a pool in the bottom of a furnace. Actually, the hydrO"! 
metallurgist, when he is examining the fundamental aspects of hit,] 
reaction, is primarily involved in kinetics and mechanisms, while the 11 
pyrometallurgist is more concerned with knowing the thermodynaniiai]l 
of the system and only rarely becomes involved in the kinetics d-i 
processes other than those of mass and heat transfer. ;l 

Recent advances in hydrometallurgy^ include the application of pto- j 
sure to permit the use of gaseous or volatile reagents such as hydroga 
or ammonia, and to allow the use of temperatures considerably ii 
excess of the normal boiling point. 

Commercial applications of hydrogen-displacement reactions now in-! 
volve the precipitation of copper, nickel and cobalt as metal powders.'"*! 
Other metals, such as silver, mercury, the platinum metals, etc., havt 
also been precipitated with hydrogen and the reactions have bea 
studied extensively in some cases.'-' However, these are of noj 
immediate commercial interest. 

In general, the hydrogen-displacement reactions. are divided inlfll 
two main groups: those that occur homogeneously, as copper, sihttj 
mercury, etc.; and those that proceed only by heterogeneous mechao-
isms, such as nickel and cobalt. The latter require seeding wit i 

* Associate Professor of Metallurgy, The University of British Columbia, Vol 
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. nucleating powder,* and the reaction rate is proportional to the surface 
'• irea of powder added. In the homogeneous cases no seeding appears to 
ibe necessary, nor does the addition of powder at the beginning of 
[reduction affect the kinetics. Platinum metals usually are displaced 
;iiniultaneously by homogeneous and heterogeneous mechanisms,i"-" 
; Ihe former initiating the reaction and the latter accounting for most of 
[the rate after it is well under way. 

The distinction between homogeneous and heterogeneous hydrogen 
^<lisplacement of metals may not have been apparent to Ipatieff,*^ whose 
; investigations of these reactions are the earliest recorded. Although 
, his early work did not prove conclusively that the copper reduction 
. was homogeneous, his later researches on hydrogenation of organic 
^wbstrates showed that finely divided nickel was a useful catalyst for 
[ • wide variety of reactions, while metallic copper was very much less 
^useful. The homogeneous nature of the copper-reduction reaction was 
jprobably suspected first by Halpern, who with his co-workers first 
sihowed the homogeneous precipitation of CuaO from cupric acetate 
[ lolutions^^ and later the reduction of substrates such as dichromate by 
I hydrogen iii the presence of a variety of cupric salts.^*-'* With this 
• *ork it became apparent that cupric ions and various cupric complexes 
rin aqueous solutions functioned as homogeneous catalysts in the hydro­
gen reduction of any oxidizing substrate thermodynamically more 
•asily reduced than divalent copper. It was also apparent that the 
precipitation of metallic copper must proceed by the same mechanism, 
nnless heterogeneous processes play a role as well. 

MECHANISM OF THE COPPER-CATALYZED 
HYDROGEN-REDUCTION REACTIONS 

The mechanism for hydrogen reduction of copper or oxidizing sub-
ttrates in aqueous solutions is given by the following equations:*' 

Cu++ + Ha =;ti CuH+ -h H+ 

CuH+ -1- Cu++ - ^ 2Cu+ -f H+ 

2 C u + ^ Cu-H--I-Cu" or 

2Cu+ -f 0„ - • 2Cu++ -\- Products 

where O, = Oxidant. 

(1) 

(2) 

(3a) 

(3b) 
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This mechanism is strictly applicable for solutions in which Cu '̂̂ ii 
uncomplexed, except perhaps with water rfiolecules, as in perchlorate ^ 
solutions. The rate law for this mechanism, as derived by the steady-^j 
state approximation, is given by*' 

R = 
^ [H+] -t- [Cu-H-] 

(4).il 

with kl having a value of 9.5 x 10"* M""* sec~* and - ^ a value of 0.26 J 

from dichromate reduction rate measurements at llCC. The activa­
tion energy for ki was found to be about 26 kcals per mole." 

Macgregor and Halpern*' subsequently studied the copper precipita- •! 
tion itself at temperatures between 150°C and 175°C. The reduction 
rate curves were not analyzed, and only initial rates were used to 
check out the above mechanism (Equations 1, 2, and 3a) which yielded 

k_ * 
a value of 7.5 X 10~* M~* sec~* for k, and a value of —^ of 1.3 al 

ki : 
160°C. The value for k̂  is very close to that extrapolated from the 
Arrhenius plot of the dichromate work.** It was therefore apparent 
that initial copper reduction rates and the catalytic reduction of di­
chromate yielded the same values under the same conditions, and the 
mechanism seemed confirmed. 

However, two anomahes appeared to exist in the published hteraturt 
that suggested this mechanism to be in error. McDuffie and co­
workers*' were not able to obtain an acid dependence in the hydrogen-
oxygen recombination reaction at 250°C such as would be expected if 
the above mechanism were extrapolated to this temperature with oxygen 
replacing dichromate. Also, Potter^" reported a mechanism in which 
the activity of the cuprous ions with hydrogen is larger than the activ­
ity of cupric ions. In addition to these considerations, the mechanism 
as described was not consistent with the shape ofthe complete reduction 
curves described by Macgregor and Halpern.*' These curves showed 
that the reduction reaction slowed down with time to a much greater 
extent than was required by equation (4). 

To resolve these diflSculties, the authors .studied^* the dichromate 
reaction again, this time in the 160°-200°C range where the copper 
reduction rates had been studied, using lower copper and higher di­
chromate levels to bring the rates into the measurable range. Tht 
results of this study showed that a dichromate dependence appeared 
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under these, conditions that indicated a direct attack of the oxidant on 
^ CuH+, the reactive intermediate. The former mechanism still appHed, 
F with the addition of a supplementary reaction to account for the 
^dichromate dependence, i.e. 

CuH+-fCrV*ii^Cu-^ +Products 

rihe resulting rate law becomes 

^i[Cu++][H,] ( A [Cu++] -F i i tCr^i] 
, ^^-1 A:_, R = 

[H+]-KiifCu-H-] + ^[CrVi] 
' ' • - 1 « _ ! 

(2a) 

(5) 

T̂Tie values obtained for k„ ^ , and A ,ere 5.4 x IO- M - sec-, 2.7 
t - i 

tnd 42 respectively at leO'C. 
' It is apparent that the acid dependence would fall off for cases 

k 
;̂where—i [Cr"̂ 'J > [H+J; if the oxygen dependence were similar to ' k_i 

' that of dichromate, this would account for the anomaly described by 
i McDuffie et al.*' 

k 
The value for —^ in this work corresponds to a value of 0.37 at 

* k_x 
IWC for its reciprocal -—, which was measured in earUer studies 

ki 
•nd which yielded a value of 0.26 at ilO°C*' from dichromate reduction 
rates and 1.3 at 160°C'' from copper precipitation studies. The value 
obtained in the dichromate work also seems to be nearly temperature-
independent, and therefore the high value obtained by Macgregor and 
Halpern*' represents an additional anomaly that must be resolved for 

[the complete and accurate understanding of this system. 
[ The results of the dichromate work now appear to contain conclusive 
:evidence for the validity ofthe mechanism including equation (2a) and 
ofthe rate law given in expression (5) for all copper-catalyzed reactions 
in which an oxidant exists that is capable of preventing the appearance 

Fof the cuprous state. This is not adequate, however, to the metallurgist 
'who wishes to precipitate copper from solution. In such cases the 
cuprous state appears, at least transiently, and a knowledge of its 
properties and catalytic powers (if any) is essential to the complete 
understanding of the mechanism of reduction and to the determination 
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of the correct rate law. The role of Cu^ is of particular significance in 
the mechanism proposed by Dunning and Potter and may also accounl 

Hence it hai 
k , 

for the discrepancy in the values of -— described above. 

become essential to determine the cuprous concentrations of solutioni 
under reduction conditions, and to determine, if possible, the depend-,: 
ence of the reaction on this important speties. Since this work has not i 
been reported elsewhere, a complete description of the experiment!, _ 
their analysis and conclusions follows. 

EXPERIMENTAL 

The experimental apparatus used in these studies consisted essenti-^i 
ally of a high-pressure autoclave* (capable of working pressures l o ^ 
1000 psig at 300°C) fitted with a motor-driven stirrer, a thermal well, -
a samphng system, and external gas-burner heaters. Temperatuit 
control was provided to an accuracy of ±0.3°C at temperatures up to 
200°C with either a Leeds and Northrop Micromax controller-recorder | | 
or a Thermistemp temperature controller manufactured by Yellow.: 
Springs Instrument Company. The autoclaves were of stainless steel ^ 
but for most experiments titanium linings and internal parts were used-;?! 
for their superior corrosion resistance to perchloric acid solutions ^ 
The titanium linings were closely fitted to permit good thermal contact p 
and were extended to the gasket seat to prevent transport of material i 
to the annular shaped crevice between the lining and the main body rf j 
the vessel. 

The sampling arrangement was specially designed to permit hi 
temperature determination of Cu ,̂ since the uncomplexed cuprous ion' 
is known to disproportionate rapidly on cooling. The arrangement iii 
shown schematically in Fig. 1 and relies on a pressurized sarapl^| 

• bottle container as a receiver and a pressurized "burette" from which j 
a titration solution is forced to join the sample through a "T" in the| 
sample line before it flows into the sample bottle. The sample line] 
was heated up to the "T" junction, and pressures were adjusted in ttej 
"burette" and sample receiver to allow acceptable flow rates. Sampk̂  
volumes were determined by difference using volumetric flasks a | 
sample bottles: these were filled with distilled water from a buretteilj 

* Two autoclaves were used. One was a one-gaUon vessel manufactured bf] 
AufocIa\« Engineers Ii>c, and the other a t»t>-Iiter vessel manufactured by Pitt] 
Instrument Company. 

room temperature after being removed from the container. Excess 
dichromate was determined spectrophotometrically when it was used 

. M the titration reagent. 
The above procedure was used to determine the cuprous content of 

. the solution, and dichromate was the most common titrating reagent, 
.nnce it seemed to- oxidize cuprous stoichiometrically. The method 

!•• ^.062"O.D>.OJZ'I.O. mwng 

o« , T 
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g o i Inlot 
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int«l 

. lOOmV 
lampjing 

l l a i k 

EXPERIMENTAL 

AUTOCLAVE 

PRESSURE 

•BURETTE-

SAMPLING 

PRESSURE VESSEL 

^rlg. 1. Schematic diagram of experimental apparatus with pressure sampling system, 

cwas checked by permitting the sample to disproportionate and deter-
imining metallic copper in the sample, and also by using NH4CNS, KI 
[or NaBr as a reagent which precipitates cuprous as insoluble cuprous 
fthiocyanate, iodide or bromide. In these cases the precipitate was 
icollected and analyzed for total copper. Good agreement was obtained 
I by these methods, but the dichromate method yielded the lowest scatter 
tin the results and was the most convenient. 

Other determinations that were made include total copper by the 
[electrolytic method, chloride ion by the Volhard method, and hydrogen 
fcion (on disproportionated samples only) by titrating with sodium 
yetraborate solution. 

The usual procedure followed in the kinetic experiments was to heat 
Ithc solution of selected copper content to temperature, add hydrogen 
flfier good teniperature control commenced, and sample by means of 
|the above arrangement at selected time intervals. Some equilibrium 
texperiments were also performed, to determine accurately the dispro-
portionation constant of cuprous ions. 

16 
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RESULTS AND DISCUSSION 

Kinetic experiments were conducted under a variety of itiitial cotHi 
ditions ranging from 0.01 to O.lOJtf CuCClOi)̂ , 0.01 to O.IOMHCIO -̂̂  
and I60°'to •2O0''C. Typical rate plots are shown in Fig. 2 and indicate| 
that'.the cuprous content of the solution rises to a maximum value, si' 
which point it begins to fall, due to disproportionation to metalfe;] 
copper and cupric; "When the initial cupric content falls below 0.03Af,.̂  

t 

120 ISO 240 300 -360 
TIME- MINUTES 

4ao MO 

Fig, 2. Typicalrate plots of [CIJ+] VS. time -svith "and without disproportionad*'^l 
at experimental conditions; temperature ia)°C, Hj-lO atm. '^1 

the cuprous level does not reach a maximum yalue and no evidence of; 
disproportionation appears "befofe cooling. However, metallic copp*I 
is present in all untreated.samples that are cooled urider hydrogen or.|| 
helium because in such cases the disproportiohation occurs on cooling. • 

Analytical results on samples after a sigriificant amount ofieactioii-, 
has occurred reveal a copper-to-acid, stoichiometry consistent with tlB.-
overall equations 

H, -i- 2 Cu++ ^ 2 Cu+ -I- 2 H+ (^i 
and 

H, -t- Cu+^ -->- Cu° + 2 H+ 0) 

Only equation (6) applies to conditions before, disproportionation 
(to the peaks of the curves in Fig. 2), while both equations apply to, 
conditions after disproportionation begins. 

Disproportionation Kinetics and Equilibria 

rk 11'' ^ '̂J,'̂ ^./™™ equation (3a) that the disproportionation reaction 
jB responsible for the appearance of metallic copper. This emphasizes 
r l . ? ' J '^^t^™'"'"^ *e ^> t̂ent to which the disproportionation 
.̂Itaction affects the precipitatipn rates. Separate experiments were 

' Z T ' f ' ° , ' ' ' ' ' '^ "* '^^"^ '"̂  '*"'^™'"^ ^^ disproportionation 
.™ant,ynder equilibrium conditions. A. cupric perchlorate solution 
i ^ equilibrated with about 2100 cm= -of copper foil cut into small 
. iquares', using an atmosphere of pure helium. • Samples were withdrawn 
V in tHe usual way and. several additions of perchloric acid were made 
^ounng. the experiment. The disproportionation equation (3a) i e 

2Gu+^.Cu++ + Gu'=' {3a) 

mdicates that thercaction is pH independent, but if a significant amount 

TABLE I 

Values of the Equmbrium Constant K for the Cu+—Cu*+—Cu" 
Equilibrium at leO^C aiid Varying H+, 

Hao, M 

0,007 
0.035 
0.083 

44.3 ±3 .1 
26.1 ± 2.0 
25,5 ± 2.0 

o [ ! h ! S ' ' ' ^ ^ ' " ^ y ^ '^ Cu(OH)i,,an.apparent pH-dependcnce 
|0r the resultmg constant due to the associated equilibriuiji 

2 Cu+ -H H,0 - CuiOH)+ -|- Cu" + H+ (8) 

m appear. The results of this experiment are .given,in Table I and 
f^^ate that, above 0.03M [H*], hydrolysis is not significant; The 
imltmg disproportionatiori constant at 160'G for equation (3a) is-

[Cu+], = 2 6 ± 2 M • - 1 (9) 

When this constant is used to calculate the equilibrium [Goi+J con-
pmrations corresponding to the deterrnined [Cu^] concentrations in a 
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kinetic experiment, good agreement with the determined cuprous con- "M 
centrations is obtained, as shown in Fig. 3. There appears to be a smaD . 
amount of supersaturation at the maximurii in the experimental curve, 
indicating that nueleation of metallic copper may be a little slow ia : 
this region. The amount of supersaturation shown coiild also be wilh>̂  
in experimentallimits of precision, since very small nuclei of metaltK:! 

240 300 360 

TIME-MINUTES 

480 S40 

Fig. 3. Experimenfal rate plots of [Cu+], [Cu*-*] and Cu° vs. time; together wil* 
a [Cut] curve calculated as a function of [Cu++] and K = 26 M"'; temperatun 
160°G, HWOatm., [HClO^lo-O.OIM. 

copper could pass through the sample filter and be determined ai?l 
cuprous throtjgli oxidation by dichromate. M 

Nueleation rates for the disproportionation reaction have been' 
measured by Courtney^^ at room temperature. The method used in­
volved measuring the time of appearance of a Tyndall effect in » | 
solution of cuprous arnnioriium sulphate that, 'was rapidly acidiiied lo • 
destroy the stable cuprous amine complex ions. A tenth-power depend­
ence on cuprous concentration for the reciprocal of this time waJ J 
interpreted as, evidence that the critical nucleus contained 5 copper ij 
atoms. The same nueleation mechanism probably applies in the case' 
of hydrogen reduction but apparently never becomes rate-determiiiiii&".| 
except perhaps transiently at the. onset of copper precipitation. 

The value of 26 ± 2M-i at 160°C for the disproportionation con-j 
stant Equation 9 is significantly lower than would be expected from 

extrapolation of room temperature data, using published thermo­
dynamic properties pf Cu++, Cu+ and Cu°:« This would indicate that 
the thermodynamic, properties, especially the entropies; of the aquo 
ions have second-order variations with tetiiperature not'evident in the 
room-temperature values. The change in the properties of water is 
primarily responsible for thiS; and very httle has been done either 
experimentally or theoretically to show accurately the variation of 
thermodynamic properties from room tempefature to high temperature 
(above 100°C) in ionic aqueous solutions. The methddbf C. M. Grisŝ * 
for estimating entropies of ions at elevated temperature by the use of 
empirical equations derived from correlation diagrams may be used to 
advantage in this case.. 

The Integrated Rate Curve 

It is possible to integrate the rate law expressed by equation (4) i.e 

^̂  ^ m -h [Cu^] 
(4) 

S' 
I , for experimental conditions, using values of k̂  and — obtained from 

the dichromate work, To perform this integration, the rate must be 
defined m terms of [Cu^] or [Cu+] aod the values of [Cw^] and [H+] 

E must be expressed inthe same, variable as the rate. For example, if the 
Q rate IS expressed in cuprous, wehave the •equation: 

- t ^ [H , ]^ lrf[Cu+] 
dt '^ 1 at (10) 

while [Gu-H-] = [Gu-H]̂  _ [Cu+] before disproportionation and ICU-H-] 
. ==J-[CutP after disproportionation begins. At the same.time, [H+1 = 

p \^f\ -b 2ICu++]o - iCu+I - 2[Cu^]. The resulting rate law before 
aisproportionation, can be expressed: 

2̂ {̂[Gu++]„ - IGu+]}nH,] 

-^•{[H+Io + [Cut]} + (ECu++]o - [Gu+]} 
(Tl) 
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il-
'tr 

while after disproportionation begins, the equation has the form: 

rf[Cu++] 

dt 

A:,[Cu-^]^[H,] 
' i k \ ( • /fCu++lV/^l 1 
( ~ ) [[H+]„ + 2[Gu++]o - 2[Cutt] - \ — ^ ) ] + [Cu-^'jJ 

1 + 
1 

(12) 

4Xi/=[Cu-n-p7^J^ 

The integrated forms associated with these are,: 

fc-, m+]a + [Gu^lo _ [H+]o _ . 
IkJcA^^] l[Gu^]o -!- [Cu-̂ ]- [Cu-H-Jo 

( F - > ) 
2^,[H,} 

before disproportionation and 

X 2.3 •-.(^^=1?^) <-" 

fci[H.l 

+ 
I2 ^ J - . /1 

\a:V2 ^xiz) k^K^im%] W / " Ĉô /̂ / 6fcifcj^/==[H,] 

where x = [Gu++] 
Xo= [Cu-^lo 
e = tH+]a + 2[Cu++]„ 

after disproportionation begins. 
The above equations assume that there are no interfering side 

reactions that consume hydrogen by the copper-activation route, but 
do not reduce either cupric or cuprous. During experimental runs, 
however, chloride ions make their appearance- due to decomposition 
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r nL? '^^ ' ^ ' ' ! ^ ' ^""^ ^ ' Stoichiometry* in terms of equivalent cuprous 
^ oxidized indicates that this is particulariiy serious, i.e. 

C l O r + 8 Gu+ -I- 8 H+ ^ Gl- ^ 4 H,Q -F 8 Cu-^ • (15) 

.n .Sf ^ ^ u °f * ' ^ ' ^^^0™ i" Kg- 4 on comparing tbe theoretical 
<^rve A with the experimental curve shown. The corrected curve B in 

240 360 
TtME-MINUTES 

480 600 

Fig, 4. Comparison of experimental ând theoretical rate curves. Temperature 

' this same figure is the integrated, form based on the rate law; 

, where k(̂ ^ is the third order rate constant for perchlorate reduction 
by Cu+.t 

* Direct attack of Gu'*- on QlOc is not implied but also not excltided. Experiments 
petfomied without copper salt additions to the solution failed to produce.measurable 
amounts of CJ-, indicaticg that the presence of copper, probably as Gu% is respon-
libie for perchlorate. decomposition. rffCM 

t This reaction is assumed to be of. the form —— = A:Qi[Cu+][H+][C10r]. The 
at 

value of kQi was estimated by a graphical integration of this equation tb the time 
when [C1-] was measured,,and was found to be kt̂  = (2,07 x.lO-« ± 7%)M-> 



216 UNIT PROCESSES IN HYDROMETALLURGY PRECIPITATION OF COPPER FROM AQUEOUS SOLLTTIONS 217 

Kinetic Studies in the Perchlorate System 

The. above comparison already indicates that, when perchlorate de- "-] 
composition is taken into account, Equatiou 4 is a relatively good 
approximation of the reduction rate, and this contains no dependence 
of tlie rate on any cuprous species. However, the effect of the presence 
of cuprous ions was also examined through comparison of differential 
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Fig. 5, Dependence of rate on [Cu+] in perchlorate solutioivs,* 
Temperature 160°G, Ha-16 atm. 

rate measurements made.in several experiments in which the [H+]-and 
[Gu+ ]̂ were unchanged at different values pf cuprous. These rates 
arc plotted as a fuaction of Cu"*" in Fig. 5 and show that with increas-
ing.Cu+ concentration the rate is increased measurably (20 to 30% at 
the highest cuprous values)^ 

The cUpirous contribution to the rate was not observed by Macgregor 
and Halpern, probably because they also '̂ neglected GIP4- decora-
position -which affects the rate even more extensiyely. The observation 
of this effect in this study is consistent with Dunning aiid Potter's 
observations of such a, reaction in sulphate' solurioiis, although the 
effect observed in perchlorate soliations is very much smaller. 

Since the'rate measurements are subject to appreciable uncertainties, 
itis not possible to evaluate completely the cuprous-dependent reaction 

•Intercepts calculated with equation (4) (fei = (5.40 ± 0.7) x 10-=M sec"', 
Jl: , 
^ 1 ; = 0.37, from .reference 21), 

mto a complete rate-law term that would allow corrections to be made 
on all rate measurements. Therefore, in subsequent analyses of rate 
measurements in perchlorate solutions,, this contribution to the reaction 
fate has been ignored. 

Equation (16).-can be rearranged to the form 

[Gu++] fe)»*i 1 

l ^ - , 4 k , ^ ] ^ m o r ] '^^^^^^ ' ^ ^ 
(1.7) 

Since 

the function 

> ^ + 4^,[c„.,i„.Kao.-i = ^ 

[Gu++] 

1 d[Cv&] 
dt 

^ n be plotted against 
[Gu++] 

+ 4ftc,rCu+][H+][C10r] 

and should yield a straight line of inter­

cept .and slope 
\kj. [H^I 

Plots of this'form are shownin Fig.,6. 

The average value of ATI obtained from the intercepts is 6.7 ± 2 0 % X 
IO->M"^ sec-i. The slopes are also almost,constant and from them a 

value of \ - ~ \ of 0.51 ± 20% can be estimated. Plots can also be 

vs [H+-].at constant [Cu++1 made of 
1 

1 tJ[Cu+] 
2 dt + 4/cc,[Gu^][H+][GI0r] 

to confirm the hydrogen-ion dependence of equation (16). These are 
shown in Fig, 7. k̂  calculated from the intercepts of these plots has an 

\ k j 
is 0.83 ± average value of 8.5 ± 30% x lO-» M'^ sec"^ and 

These values of/:j (Tablell) are in good agreement'with'those obtained 
by Macgregor and Halpern" from iriitial reduction fates and are some^ 
what larger than the value obtained in the dichromate reduction work,̂ ^ 
Since the Gu+ contribution to the reaction rate was ignored in the 
copper-reduction studies the apparently higher values of k̂  and the 
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Fig, 6, Plot of [Cu++] (Rate Function)-' vs, [Cu++]-' at constant [H+1 
and [Cu+] levels. Temperature 160°C, Hj-lO atm,, [HClOJo = ClOM, 

curve fu*]M P " * ! " 
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Fig. 7, Plot of (Rate Function)"' vs. [HCIO«) at constant [Cu++] 
and (Cu+] levels. Temperature 160°C, Hj-lO atm., initial Cu++-0,03Af. 

* - i , Values of ki and — from 'Various References and Figures 6 and 7. 
k. 

^K 
'^I^E 

} Temperature 

r -
^ 160 
h 160 
:- 160 

160 
160 

k t 
M-' sec-' 

" 4,8 X 1 0 - " 
7,5 X 10-' ± 15% 
5,4 X 1 0 - ' ± 1 5 % 
6,7 X 10-' ± 20% 
8,5 X 10-' ± 3 0 % 

1,3 

k-. 
k. 

0.37 ± 3 0 % 
0.51 ± 2 0 % 
0.83 ± 3 5 % 

Reference 
or Figure 

15 
18 
21 

Fig, 6 
Fig, 7 

* By extrapolation from Arrhenius plot, 

rather different values of —^ in this work are not surprising. The 
k ^ 

values of - ^ are considerably lower in this work than the value of 
Macgregor and Halpern and reasonably consistent with the dichromate 
value. Much higher values would be found in the present work if the 
perchlorate decomposition were ignored. Perchlorate decomposition 
probably does not take place during dichromate reduction because of 
the high oxidizing potential ofthe dichromate-containing system. Also, 

k 
the values of - ^ in the present work would be lower and agree more 

closely with the dichromate value if the contribution to the rate due to 
Cu"'- activity were taken into account. 

Reactions in the Presence of Metallic Copper 

After the onset of disproportionation, metallic copper is always 
present in the system during further reduction. A number of experi­
ments were performed in which copper was added initially, and in 
these the disproportionation equilibrium reversed on heating to yield 
cuprous ions through copper dissolution. Analyses of the resulting 
rate curves were reasonably consistent with the rates expected from 
Equation 4, and therefore it must be concluded that the presence of 
metallic copper does not introduce a heterogeneous supplementary 
reaction, nor does it interfere with the homogeneous mechanism in any 
way, at least in perchlorate solutions. 

This observation is not consistent with the evidence presented by 
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Evans et al.' that the rate of reduction in sulphate solutions is depen-, 
dent on particle size of precipitated metal, with finer powder being 
associated with faster rates. In their studies, particle size control wai 
achieved with organic dispersants such as ammonium polyacrylate, 
and it is possible that the rate effects observed are the results of homo­
geneous effects of these dispersants, and are not associated with the 
heterogeneous results of the same additions. 

Reaction Rates in Sulphate Solutions 
The sulphate system is more interesting than the perchlorate system 

from a practical point of view, and that is undoubtedly why it has 
received so much attention from previous investigators. Much of the 
practical work, such as was done by Evans et al.,̂  was actually with a 
complex, partially-hydrolyzed slurry of ammonium sulphate and the 
kinetics could not be examined in detail. A detailed kinetic study was 
made by Dunning and Potter.'* By following.the cupric species spectro­
photometrically they observed an increasing reaction rate with time, 
and attributed the dominant part of the reduction to a first-order 
autocatalysis by Cu''. Macgregor and Halpern" also made a study of 
the Cu" reduction in the sulphate system, but the initial rates were 
too fast to permit a kinetic evaluation of their results. 

Generally speaking, the dominant effect of sulphate should be an 
enhancement of rate due to complexing, since the activity of the copper 
sulphate complex is about six times that of the cupric ion, for catalytic 
reducUon of dichromate. ̂ ^ In addition the buffering effect of sulphate 
through formation of bisulphate ion should also increase reduction 
rates of copper sulphate solutions by lowering the hydrogen ion effect. 
The following set of equations indicates all possible reactions one might 
expect for the direct reduction of cupric sulphate. 

Cu-H- + s o r ^ CUSO4 

^ Cu++ -I- Ha ̂  CuH-̂  -I- H-̂  

CuSOi -I- HJ 

•̂  CuH-t- + Cu-*-̂  -

CuH-̂  -1- CUSO4 

: CuH-*- -f HSOr 

h 
H+ -f SO4"" 

L> 2 Cu+ -I- H-t-

(18) 

(1) 

(19) 

(2) 

(20) 
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These equations yield a rate law corresponding to the following equation 

-4Ha] 
dt 

A:,[Cu"]'[H,] 
j 1-F1^ xjsor]] |i-H ^ J^aisor]I 

1 + K,[SOn 1 4- KASOr] 

¥f«M'^fefH+f^""u-T^ 
H - ^ ^ J S 0 4 - ] | 

[sorj 
(21) 

which is the rate law for perchlorate solutions. 
This equation reduces to Equation 4 at sufficiently low values of 

[S04°]. In pure sulphate solutions, however, the value of $0^° can 
never get significantly lower than a hmiting value determined by the sec­
ond ionization constant of sulphuric acid, and so departures from the 
percWorate rate law might be expected even in the most favourable 
cases where the solutions are strongly acid. Under these conditions 
the relationship can be substituted; 

Kdnson 
[S04=] = 

[H-*-] 
(22) 

and HS04~ is the dominant anion in the system. 

200 
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Fig, 8. Dependence of reaction rate on [Cu^] in sulphate 
solutions at constant [Cu"], Temperature 160°C, Hj-10 atm. 
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In the hope of substantiating the form of equation (21) a series of 
experiments was conducted with sulphate solutions, using the same 
experimental and analytical procedure as in the previous perchlorate 
experiment. The results of these experiments lead to two independent 
effects of the sulphate system: 

1. A dependence of the reaction rate on the cuprous state is observed, 
and the magnitude of this effect is considerably larger than in 
perchlorate solutions. The cuprous dependence is apparent in 
Fig. 8 which suggests that this contribution to the reaction rate 
is second-order in C u ^ 

2. When the cuprous contribution to the reaction rate is deducted, 
the residual rate is still considerably faster than that calculated 
from the perchlorate rate law (Equat ion 4). As predicted, the 
rate was slowest in the most acidic solutions. The results are 
presented in Table I I I . 

At higher p H values where [S04°°] would be the predominant sul­
phate species. Equat ion (21) should reduce to 

- d [ n , ] 

dt 
= A:,'[Cu°][H,] (23) 

.V 

n, k 
Equation 21 also suggests that values for ^ ^ , - ^ , and K^ (or K^K )̂ 

and it should be possible to obtain a value for k i and thus - ^ . From 
kl 

k ' 
dichromate reduction experiments at 110°C the value of--i- was found 

k l 

to be about 6, but the value could be significantly higher at 160°C. 
Experiments leading to these values have not been completed. 

k ^ 

k_i k^ 
might be obtained by appropriate rate meastirements and appropriate 
calculations with simultaneous equations of this form. Actually it 
appears unlikely that sufficiently accurate rate data can be obtained by 
the method used here. 

To interpret the rate data completely, the rate law of the cuprous-
dependent component must be determined. The complete rate law 
observed by Dunning and Potter was interpreted as a first-order 
cuprous-dependent reaction, but these workers used much stronger 
solutions than those described here, and no direct comparison can be 
made with the present.work. Further experimental work is necessary 
before the dependence of the Cu^-dependent rate term on other variables 

TABLE m 

Rate Measurements Observed in the Sulphate System 
and Calculated from Equation (4). 

160°C, 10 atm H, 

ICu'i] 
M 

dt 
M sec-' 

Measured 

dt 
Msec-' 

Corrected* 

dt 
Msec- ' 

Calculatedf 

0.030 
0,040 
0,035 
0,045 
0,050 

0,020 
0,025 
0,025 
0,030 

(a) 0,73 X 10-» 
(a) 1,11 
(a) 1,21 
(a) 1,35 
(a) 1,64 

(b) 2,52 
(b) 4,26 
(b)2.16 
(b)4,08 

0,50 X 10-
0,87 
0,68 
1,11 
1,40 
1,46 
1,86 
1,89 
3.02 

0,32 X 10-' 
0,55 
0,43 
0,68 
0,82 

0,58 
0,80 
0,87 
1,10 

Corrected rate 
Calculated rate 

1,56 
1,58 
1,58 
1.63 
1.71 

2,52 
2.33 
2,17 
2,75 

(a) Initial Conditions: 0,50MHaSO4; 0,10MCuSO4 + Na^SO, (or ZnSO,) 

Resulting I H ^ J ^ , . 5 
[HSO.i 

[H+] 
(b) Initial Conditions: 0,10A/HsSO,; 0,04 A/CuSO, + NajSO,, 

„ , , [HSOr] 
Resulting 

[H+] 
:;2,3 

• Corrected by deducting Cu' effect observed in Figure 8, assuming second-order 
, «Jependence on Cu', 

t Calculated from Perchlorate Rate Law (Equation (4)) and assuming [H+l ~ 
WtSOd - {H,S04 -I- CuSO, + NajSO^}, 

luch as Cu'*-'- and H-̂ " can be elucidated and only then can the kinetics 
• be exploited to indicate possible mechanisms. 

Reaction Rates in Other Systems that Complex Cu" 

The dichromate reduction rates have been measured in systems con-
' taining ace ta te ," propionate, butyrate, glycinate, chloride, and ethylene-
diamine complex ions of divalent copper.^^ Generally speaking, the 
dichromate rate measurements yield ki values for each system that 
may be assumed to apply equally well to metal reduction. This was, in 

: a sense, confirmed by earlier work of Halpern and Dakers^^ who 
; reduced cupric acetate solutions, although cuprous oxide rather than 

metallic copper was the reduction product in that case. 

I I . 
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U.l 

The reduction product may, in fact, be GujO if the pH is appropriate 
and monovalent copper is not extensively complexed. Support for this 
is given by a pH-potential diagram for the Cu-HjO system shown in 
Fig. 9. This diagram shows that Cu^O is the favored reduction 
product for pH's between 5 and 14, at room temperature. At elevated 
temperatures this diagram undoubtedly shifts somewhat and Cu,0 
may form under more acid conditions. 
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Fig, 9, pH-potential diagram for the system Cu++—HjO at 25°C, [Taken from: 
J, Halpern, / , Metals 9, 280 (1957), Trans. A.I.M.E. 209, 280 (1957).] ,; 

A favorite leaching system for copper is ammonia, and industrial 
studies have been made of the hydrogen reduction of copper in am­
monia-ammonium sulphate Uquors.̂  These studies started with slurries 
of basic copper sulphate, and since no data on the amount of dissolved 
copper present are given, the data cannot be resolved into a simple 
rate law. Generally speaking, the reactions are much slower than those 
experienced" or predicted above for acid sulphate solutions. 

Although it is probable that most of the rate decrease in the ammonia 
case described above is due to a low dissolved-copper content, it is also 
possible that a lower primary rate would occur in the first step of 
reaction, as it does with ethylenediaminc and glycine complexes in the 
dichromate reduction work. Also Cu^ is complexed strongly by am­
monia, and this will inhibit the disproportionation reaction until cupric 
levels are very low and Cû  is the dominant copper species in solution. 
Since the reaction rate is dependent on both cupric and cuprous levels, 

the rate of reduction beyond the cuprous state in such cases may 
depend much more on the Cu'̂ -dependent mechanism than in systems 

:̂. where Cu^ is not complexed. 

SUMMARY AND CONCLUSIONS 

The most interesting features of the reaction by which copper is 
displaced from aqueous solutions by hydrogen are the kinetics and 
mechanisms. Kinetic studies show that the mechanism of copper 
precipitation and that of reduction of oxidizing substrates in copper-
containing solutions are closely- related, in that they both involve a 
homogeneous reaction between Hg and a Cû ^ species to yield an inter­
mediate hydride, CuH"*". This mechanism has been proposed previously 

. in the reported literature, which has been reviewed. New data have 
been presented to show that the mechanism is reasonably consistent 
for measurements in the perchlorate system when interfering side reac­
tions are taken into account, although a Cu-'--dependent reaction 
appears to contribute significantly, but not extensively, to the reaction 
rate. In sulphate solutions a similar rate law applies, but the cuprous-
dependent contribution is considerably enhanced over that observed in 
the perchlorate system. Reactions in aqueous systems containing other 
complexing agents are discussed, and reaction rates for copper precipi­
tation in these are predicted on the basis of their known properties, 
neglecting possible Cu^-dependent contributions. Good rate measure­
ments to confirm the form of the rate laws and determine the rate 
constants and the form of the Cu'-dependent reactions remain to be 
made in these solutions. 
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Recover/ and Separation of Selenium 
and Tel lurium by Pressure Leaching 

of Copper Refinery Slime 

B, H, MORRISON 

Technical Superintendent 
Canadian Copper Refiners Limited, Montreal Easti Quebec. 

INTRODUCTION 

Copper smelters treat concentrates of widely varying analyses and it 
is natural that the slime produced from the electrolytic refining of such 
anodes should have an equally broad range of composition. This 
diversity is illustrated in Table I,̂  which lists the approximate limits of 
concentration of the major elements in slime being treated at various 
copper refineries. 

Hennig and Pawlek,'' in a recent study of the constitution of copper 
refinery slime divided its components into three products: 

TABLE I 
Range of Composition of Slime 
from Various Copper Refineries 

Copper 
Selenium 
Tellurium 
Arsenic 
Antimony 
Bismuth 
Lead 
Nickel 
Iron 
Sulphur 
Insol. 
Silver 
Gold 

Per cent 
3-35 

0.6-18 
0,5-8 
0,3-10 
0,1-16 

Trace-l 
0,3-15 
0,1-45 
0.1-2 
2.0-7 
0.3-16 

6-30 
0.05-1.7 
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Permeability Changes During the Flow of Water Through Westerly Granite 
at Temperatures of 100°-400'C 

R, SLMMERS, K , WINKLER, .AND J. BVERLEE 

U.S. Geological Surrey, Merlo Park. California i4025 

Changes in permeability have been studied during the f!owor«aiCT through arariie for periods of lime 
up to 17 days at temperatures of 100°. 200°, KX)'. and 4O0°C with a eons'.ant confining pressure of 500 
bars, differential stresses of 0-3500 bars, inlet pore pressure o:'275b£i^. andoudel-ressureof I bar. In all 
cases the initial permeability at elevated temperatures was fo-jnd lo ie highrr by 1-2 orders of magnitude 
than the permeability at room temperature, perhaps because of ihenna) stress cracking. The high initial 
permeability did not persist with time and in nearly all cases decreased significantly during the first J day 
of water flow. Dissolution of plagioclase and quartz was concentrated near the inlet, where ihe pore 
pressure was highest. Precipitation occurred througbo'Jt the samples iecause of oversaturaiion as the pore 
pressure dropped, causing significant reduction in permeability. The final pjrmeability after 10 days was 
less at 300°C than at lower temperatures, and measurable flow stopped in most of the 400°C samples. 
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INTRODUCTION 

Natural geothermal steam is currently being harnessed for 
energy in several places throughout the world. Unfortunately, 
these natural steam sources occur only in limited areas. There 
are, however, many more places where hot, dry rock is acces­
sible. Current proposals for producing energy from these dr>-
geothermai sources suggest that energy can be extracted by 
drilling into the hot igneous rocks, injecting water to produce a 
large hydraulic fracture, and circulating water through the 
fracture [Siniih ei al., 1975; Kruger, 1975], The fracture would 
provide a large heat transfer area from which steam or hot 
water could be drawn off through a recovery well. 

A viable plan for circulating water through a fracture system 
in the hot rock is fundamental lo carrying out this geothermal 
energy extraction plan. It is important to know how per­
meability in large and small fracture systems will change with 
time. Measurements of the permeability of intact samples of 
Westerly granite at room temperature have been made by 
Brace ei al. [1968], and changes in permeability due to dilatani 
cracking in Westerly granite have been investigated by Zoback 
and Byerlee [1915]. 

M. L. Batzle and G. Simmons (unpublished manuscript. 
1975) speculated that in natural hydrothermal systems, frac­
turing would tend to increase the permeability and deposition 
of secondary minerals would tend to decrease it, but to date, 
there are no data in the published literature that would allow 
us to determine whether the permeability of rock would de­
crease or increase with lime as water circulated through the 
hot rock. 

In this paper we report the results of some experiments 
designed lo study how the permeability of initially intact sam­
ples of granite changes with time as water is pumped through 
the rock at temperatures up to 400°C. 

EXPERIMENTAL PROCEDURE 

The samples used were Westerly granite cylinders 1,59 cm in 
diameter and 3.81 cm in length (Figure 1), They were placed 
under a confining pressure (Pc) of 500 i 5 bars and subjected 
to an axial differential stress (<TO) of 0-3500 ± 15 bars. The 
inlel pore pressure was 2751̂ s5 bars, and the outlet pore pres­
sure I bar. The nominal values given for the experimental 
temperatures are correct wiihin 5% for the top and bottom 
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ends of che samples. Temperatures at the centers of the sam­
ples are higher than those at the ends by 5°, 7°, 9", and IS'C 
for 100=. 200°. 300=. and 400''C. respectively. All samples 
except one »ere solid cylinders. The remaining sample (run at 
300°C and 0-bar CD) had a saw-cut joint along the length of 
the cylinder. All samples were enclosed in an inner gold sleeve 
(1.59-mm wall) and sealed in acopperjacket(0,25-mm wall). 

The mass flow rale of water into the sample was measured 
on the basis of the input pumping rate. The mass flow rate 
(dni/dt) 'is proportional 10 the permeability (k), where 

k = dm/di Cl 

and 

Equation (2) was rearraneed to the form 

(1) 

(2) 

(3) 

which alJows us to deal with the variable viscosity over the 
length of the sample. The constant C, was calculated by using 
a Fortran computer program. The kinematic viscosity (v) of 
water as a function of teniperature and pressure was entered in 
the program in tabular form from steam tables [Keenan ei al., 
1969]. The integral in (3) was evaluated by the trapezoidal 
method by using the inlet and outlet pressures as limits. 

In an attempt to keep the calculations simple we assumed 
uniform permeabiiity throughout the sample. Since we know, 
however, that che permeability uas not uniform', this sim­
plifying assumption introduced a significant error into our 
estimates. Ic all experiments the effective pressure varied from 
224 bars at the lop of the sample to 500 bars at the bottom. 
This effective pressure gradient was sufficient to cause the 
permeability at ihe top of the sample to be about twice that at 
the bottom \Braceet al.. !96S]. In addition, temperature grad­
ients in the samples produced small local variations in per­
meability. Tnus the calculation of permeability at the begin-
nins of eaci expcrin^en: has an uncertainty of about 50%, 
Since the aiurauon of minerals during each experiment is not 
uniform ihroughont the sample, permeability should become 
less uniform wiih lime. Because of the remarkable decrease in 
flow rate observed in all experiments this means that the 

file:///Braceet
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Fig. I. Sample arrangement used in this study. 

permeability thai we calculated using (I) is exactly an upper 
limit for the permeability in the blocked regions of the sam­
ples. Because ofthe limited number of parameters that could 
be measured in these experiments this is the best estimate that 
could be made ofthe true local permeability. The outstanding 
result is not the precise value of the permeabiiity but is rather 
the fact that permeabilities decrease significantly with time, 

EXPERl.MENTAL RESULTS 

For the six samples run at lOO Ĉ (Figure 2), each curve is 
marked with the value of the differenî .il stress to which the 
individual sample was subjected. For this set of tests, there was 
a wide spread in the mass flow rale. Those samples that were 
run under higher differential stress tended to have higher flow 
rates during ihe first day. However, this tendency is not solidly 
established, since lines for different stress levels cross, and the 
sample run at a 500-bar differential stress does not fit the trend 
for higher differential stress to produce a greater flow rate. 

The seven tests run at 200°C (Figure 3) exhibited behavior 
similar to that ofthe 100°C tests in terms of having high initial 
flow rates which decreased rapidly during the first J day of 
testing and more slowly thereafter. The applied differential 
stress did not have a regular effect on the flow rate at 200°C, 
although for part ofthe time the tests under higher differential 

stress did exhibit lower flow rates than those under lower 
stress. Two of the samples, one al 0-bar differential stress and 
one al 500-bar differential stress, showed temporary increases 
in flow rate. These increases did not persist, and the final 
values were near those of the other 200°C samples, in which 
the flow rate had decreased steadily. 

The six tests run at 300°C (Figure 4) had initial flow rates 
that tended to be lower than those of tests run at 100°C and 
200°C. All these tests exhibited a rapid decrease in flow rate 
during the first \ day. The changes in flow rale with time 
observed in these samples were by far the most uniform of any 
of the groups of tests. The test run al 3500-bar differential 
stress and 300°C deviated from the uniform behavior of the 
other samples at 300°C, Its initial flow rale was similar bul 
then decreased more slowly than the others until the point at 
which it failed in compression and the lest was stopped. In this 
one sample the higher flow rale may result from dilatancy. 

The results of the flow rate measurements for the six tests at 
400°C (Figure 5) were significantly different from the results 
for the tests run at 100''-300°C, In addition, the behavior of 
the different samples within this 400°C group was erratic. In 
five tests, all measurable flow slopped in less than 2 days. Two 
of these samples had relatively high flow rates which dropped 
to zero, no indie- ".ion being given that this was about to occur. 
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A single sample continued to have a low flow rate until day 11, 
when the test was stopped. 

In order to investigate funher the phenomenon of per­
meability decrease, one test was conducted by using a sample 
with a sawcut (Figure 6) at 300°C with a hydrostatic confining 
pressure of 500 bars. This artificial clean joint plane was rnade 
parallel to the long axis of Ihe cylinder. The initial flow rate of 
about 22 mg/s was similar to the highest flow rates observed 
with the intact samples. For 1\ days the flow rate varied 
between 7 and 33 mg/s, large increases occurring abruptly and 
decreases occurring gradually. After 2} days the flow rate 
abruptly decreased from 10 mg/s and did not increase again. 
The final value at the end of the 6-day lest was 0.01 mg/s. 

ALTERATION WITHIN SAMPLES 

The samples were examined for alteration by the use of ihe 
optical microscope, scanning electron microscope (SEM), X 
ray diffraction, and X ray emission spectroscopy. On the inlel 
face of many samples, feldspar grains were dissolved at points 
where the water had best access lo the surface, Wiihin the 
samples, plagioclase, orthoclase, and quariz showed evidence 
of dissolution. Some of the plagioclase was partially altered to 
sericite, and albite twin structures were blurred or absent over 
portions of many plagioclase crystals. Deposits of aluminum 
silicates (identified by X ray spectroscopy) were observed both 

on the faces of the saw-cut sample and within a grain bound­
ary crack in an intact sample. In approximately half of the 
samples, deposils formed on the outlet end in quantity suf­
ficient (up to 0.2 g) to be collected for X ray diffraction. These 
deposits contained quartz, orthoclase, plagioclase, sericite, 
cristobalite. and calcite. Several of the lOCC and 200°C tests 
yielded amo.-phous deposits, and the deposit from one test run 
at 400-C was nearly amorphous (two very small peaks). The 
cristobalite appeared in deposits from several ofthe 300°C and 
400°C tests. Flow rate decrease did not correlate with the 
amount of material deposited on the outlet end ofthe sample. 

DISCUSSION 

Our study has produced data showing that permeability is 
clearly time and temperature dependent. There appears to be 
no comparably traceable flow rate stress dependence. 

This lack of clear stress dependence agrees with the con­
clusion of Spruni and Nur [1976] that the rale of porosity 
decrease is not related to stress on the rock matrix. The extent 
of time and temperature dependence was unforeseen. 

The high initial flow rale of our samples was in marked 
contrast to the results of work done with Westerly granite" at 
room temperature [Brace et al., 1968; Zoback and Byerlee, 
1975). This initial high permeability at elevated lemperatures 
was probably caused by cracks produced in the samples by 
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Fig. 2. Flow rates al 100°C plotted as a function of time. 
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TIME (DAYS) 

Fig, 3. Flow rates at 200°C plotted as a function of time. 

differential thermal expansion of the minerals. This cracking The dramatic decrease of flow rate with lime exhibited by all 
could be detected by monitoring the acoustic emission during bur tests, without exception, is noteworthy, particularly since 
heating of the rock samples. .A detailed study of this phenome- the greatest part of the decrease in intact samples occurred 
non was carried out and will be reported on elsewhere, quite rapidly. 
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Fig. 4. Flow rates al 300°C plotted as a function ' f time. 



Su.MMERS ET AL.: PER.\1EABILIT>' CHANGES DURING W A T E R F L O W T H . - ! 0 1 G H WESTERLY GRANITE 343 

TIME (DAYS) 

Fig. 5. Flow rates at 400'C plotted as £ function of time. 

These results may be of particular relevance to the design 
and operation of artificial geothermal systems. It has been 
theorized that hydrofracting and then injecting water into a 
hot batholith will produce a hydrothermal crack system which 
will remain open and energy productive for an undetermined 
bul economically profitable length of time. However, the ex­

tent of mtneril alteration and deposition wiihin the crack 
svslems of ou: samples run at high temperatures indicates that 
geothermai power developers may «ant to investigate the na-
lare and e.xterii of nineraiogical alteration likely to occur at 
any chosen sii; and Include it as an important consideration at 
all stages of planning. 
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Fig. 6. Flow rate for the saw-cut samf'e ran 2t 500'C p]oi:id as a function of time. 
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?RECIPITATION OF COPPER FRO 
3ILUTE SOLUTIONS: 

Where Engineering Study Can Make Important Savings 

Recovery of copper from mine waters and dump leaching solutions tvas long 
considered as a bonus to the miner and received little engineering study. In 
recent years, the process of leaching submarginal rock and old tvorkings has 
been systematized aiud enlarged. At the Annual Meeting in February, a full 
session of MBD-EMD tvas devoted to one phase of the system, the precipi-
tat'ion of copper with iron. The papers from this session are digested herein. 

^ = DIGEST 

N ; 

The economic recovery of metals 
from dilute solutions has been the 
dream of mining engineers for many 
years. This subject is now receiving 
greater attention, particularly for 
copper, in vievr of the heightened 
demand for the metal and the t ight­
ening supply situation. .A Copper 
Precipitation session, sponsored 
jointly by EMD Hydrometallurgy 
Committee and MBD, which took 
place during the Annual Meeting in 
March, heard papers on recent r e ­
search and plant practice. 

Although the bulk of research in 
hydrometallurgy has been carried 
out in countries other than the 
United States\ producers in this 
country £ire-making important con­
tributions to the heap or dump 
leaching system. They realize that 
the processes are essentially simple 
to install and. give high recovery 
rates at reasonable cost. Jacobi es­
timated in 1963' that the copper 
mining industry obtained a gross 
re turn from scavenging operations 
—on a worldwide, basis—on the 
order of $20 million annually, sub­
ject to the usual deductions for r e ­
fining and realization charges, 
overheads, taxes, etc. 

Agers, et a.'L' have discussed a 
liquid ion exchange process for 
dump liquors involving the use of 
a reagent. Such a process has shown 
good results, part icularly with a 
more refined reagent which is effec­
tive over a wide pH range. Pressure 
and high temperature leaching are 
also being investigated, although in 
the case of the high temperature 
techniques the problem in dealing 
with dilute solutions in large quan­
tities is mainly economic. 

H y d r o m e t a l l u r g i c a l p r a c ­
tices, which find their origins in 16th-
century Germany, a re making rapid 
strides, pushed on by the new tech­
nology and the metals requirements 
of the space age. The session under 
discussion covered mainly copper 
precipitation, but it is clear that 
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these practices will be increasingly 
applied to the recovery of a wide 
range of metals. 

CEMENT COPPER 
At the Yerington mine, Weed 

Heights, Nev., The Anaconda" Co. 
produces each month about 2000 tons 
of copper as cement copper. Howard 
W. Jacky, Plant Superintendent, 
who described plant practices and 
certain experimental procedures, 
said that the copper is precipitated 
from copper sulfate solutions made 
by both tank leaching and dump 
leaching oxide ore. Since the product 
is shipped more than 800 mUes to 
the Anaconda, Mont., smelter, a high 
grade, low moisture precipitate is 
desirable. 

The tank leaching plant treats 
about 86,000 tons of .59% oxide ore 
per week. The ore is principally 
chrysocolla mineralized, and it is 
leached by a dilute sulfuric acid so­
lution. The mineral in the dump is 
also primarily chrysocolla and the 
dump is extremely low in sulfide 
copper minerals^; and pyrite. This 
means that an outside source of sul­
furic acid is required since very lit­
tle solvent is generated in the dump. 
The balance of the mine's produc­
tion, some 49,000 tons per week, is 
handled in the conventional mjmner 
of crushing, grinding and concentra­
tion by flotation. 

The author states that the ideal 
product is a coaurse, granular precipi­
tate which can be obtained by close 
control over solution purity, strength, 
flow-rate and distribution. Examina­
tion of a fresh, high-grade cement 
copper nodule has established that it 
has a sponge-like appearance with a 
high percentage of open voids. The 
surface is clean and free of deposited 
salts and oxidized iron. Color is a 
uniformly br ight copper. 

Contamination control, primarily 
achieved by regulating solvent tem­
perature, acidity and contact period 
is easier in vat leaching than on the 

dump. Litt le increased copper leach­
ing is achieved when solution tem­
perature ascends over 85°F but 
greater contamination and higher 
acid consumption result in the 90° to 
100° range. During hot weather, so­
lution is circulated over a cooling 
tower. Above 5 lb of acid makeup 
per lb of copper leached, contamina­
tion by unwanted salts mounts 
without compensating gains in cop­
per. In the precipitation section, 
acidity is also controUed to about 
4 to 5 gpl acid. Extending contact 
period of leaching also results in a 
higher contaminant to copper ratio. 

As only minor amounts of sulfide 
copper ore are present in the Yer-

. ington ore to reduce ferric iron dur­
ing the leach, a high ferric:ferrous 
iron rat io (5.0:7.2) is produced. The 
ferric iron is reduced to ferrous iron 
in the lavmders when i t reacts with 
the precipitant iron, resulting in in-. 
creased iron consumption. ^.r??-

The iron precipitant—^reclaimed 
tin cans and scrap tin plate are used 
at Yerington—must be controlled for 
type, gage, uniformity and cleanli­
ness. A good source of iron is, there­
fore, a necessity for the production 
of high-grade cement copper, reports 
the author. The ideal charge is iron 
that is shredded and criunpled to the 
point where it allows good density in 
the bedding, without stopping solu­
tion flow, creating dead areas or 
forcing chaimeling. The metal should 
be of a configuration that makes it 
structurally strong until almost com­
pletely consumed and uniflarm gage 
so that it consumes evenly, leaving 
a minimiun of unused iron, while 
presenting maximum surface area 
for the ' promotion of solution re­
action speed. He notes that the high­
est grade cement copper, assaying 
well above 90%, was made using 
war-surplus 50-caliber machine gun 
clips. • 

A major problem with stockpiled 
iron is that it deteriorates through 
oxidation. Not only is there an iron 
loss, but precipitate grade declined 
as much as 4% when the precipitant 
was changed from fresh iron to iron 
that had been stockpiled for four 
years. 

Flowsheet of the precipitation 
plant (Fig. 1) shows six double sec­
tions for tank leach liquor precipita­
tion and about two double sections 
for dump leach liquor precipitation. 
The remainder of the sections are 
used for settling.basins, scavenging 
unused iron and stripping solution. 

Jacky lists these conditions for 
the production of high-grade (83% 
average), low moisture (approxi­
mately 15%) cement copper at Yer­
ington: A controlled leach circuit for 
the production of copper sulfate 
solution having a low-contaminant-
salt: copper ratio; a production so­
lution controlled through the iron 
launders by using correct acidity, 
solution strength, flow rate and dis­
tribution and a clean, uniform, pure 
iron precipitant. 
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Fig. 1—Floivsheet for Anaconda's cementation plant at Yerington, Neo. 

TJN CAN CHARGE AT BUTTE 

There is a long history of precip­
itation of copper from mine waters 
at Butte but in 1963 dump leaching 
was added. James K. Ballard, Leach 
and Precipitation Superintendent, 
described the mechanized and in­
strumented system for making ce­
ment copper. Considerable experi­
mentation has been undertaken with 
precipitants. 

The present Butte copper preci­
pitation plant became fully opera­
tional in November 1949. It uses tin 
cans as precipitant and is manned 
by a nine-man crew, total for three 
shifts. In December 1963, large scale 
dump leaching was begun using the 
mine water as leach liquor. 

Mine waters of a complex compo­
sition are pumped from under­
ground at a rate of 30,000 tpd 
(SOOOgpm). They contain: 0.16 gpl 
Cu, 0.21 gpl ferrous iron, and 0.10 
•gpl ferric iron at pH level of 2.8. A 
considerable amount (0,17%) of 
solids from sand fill is also carried 
in suspension in the mine waters. 

All Butte mine waters are pumped 
to surface at the High Ore central 
pumping station. There, a flocculent 
is added to them and they are 
flumed to settling ponds. At the 
flume discharge, sulfuric acid is 
added in a proportion that will main­
tain a pH level of 2.1. The acid ad­
dition is done automatically. 

A pH probe and meter measures 
the pH level of the water and sends 
a proportional millivolt signal to a 
milliamp converter. The converter 
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transmits the signal (current) to a 
control station at the precipitation 
plant. There, it is fed into a recorder 
which continuously records the ac­
tual pH. A controller also receives 
the signal and automatically com­
pares it to the desired pH level. The 
difference is converted into a pro­
portional signal which actuates a 
motorized acid control valve. 

The solids in suspension in the 
water are settled from 0.17% (at 
pond inlet) to 0,0046% (at pond 
outlet). Water leaving the settling 
pond is distributed to leach dumps 
via pipelines, 

OS-solutions from the dumps are 
gathered in a collection basin where 
they can flow through .pipelines to 
the precipitation plant. Copper re­
covery at the plant averages 97,7%. 

The entire system, from High 
Ore to the precipitation plant tails, 
uses gravity flow. All pipeline flows 
are accurately measured. An orifice 
in each main pipeline allows a dif­
ferential pressure cell to measure 
the pressure across the orifice. The 
cells are calibrated to be propor­
tional to the square of water flow. 
The output of the cells is relayed 
to the control station at the precipi­
tation plant through a signal cable. 
A square root integrator, upon re­
ception of the signal, totalizes the 
water volume. A recorder also re­
ceives the signal and indicates the 
flow rate. 

A certain amount of soluble im­
purity salts, iron, calcium, alumina 
and magnesium exist in pregnant 
head solutions. As the solution 

passes through the plant, pH rises 
due to consumption of excess iron 
by acid. As the pH rises, the salts 
hydrolyze and precipitate to be­
come relatively insoluble. Hydro­
lyzed salts, metallic iron, and ce­
ment copper are all flushed into 
drop tanks by a hydraialic slusher. 

According to Ballard, tin cans a re 
efficient both from the standpoint of 
precipitation and ease of handling. A 
combination of scrap iron and cans 
was tried in various sections and in ­
dividual launders, but cans outper­
formed such charges as rails and 
miscellaneous scrap by a consider­
able margin. 

Experiments were carried out with 
tin plate scrap with indifferent suc­
cess. Exclusive use of tin plate scrap 
in any given launder resulted in com­
paction and prevented solution pene­
tration. Particular difficulty was en­
countered in flushing cement copper 
from the lower layers of scrap. 
Compaction was prevented, it was 
found, when cans were interspersed 
throughout the tin plate scrap at a 
ratio of 10:1. 

Sponge iron balls, %-in. size, 
were field-tested at the precipitation 
plant in a small separate launder set 
up for test purposes. They were first 
tested in a normal overflow system, 
which duplicated plant operation, 
with unsatisfactory results. No im­
provement was shown, the author 
reports, in two other systems which 
forced pregnant solution through 
the bedded pellets. In all cases ce­
ment copper coated in a thin layer 
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Fig. 2—Diagram of Kennecott's cone-type copper precipitators noio being installed 
at Bingham Canyon. 

on the ' periphery of the pellet and 
. all further precipitation ceased. Pen­
etration of cement copper was very 
shallow, and it was difificult to flush 
it free. 

• Steel lathe cuttings are easily 
handled, but they are coated with 
oil which inhibits precipitation. 
Powdered iron, on the other hand, 
because of the nature and velocity 
of solution flow, floated through the 
launders. 

Used baling wire was also tested 
under operating conditions. Cement 
copper coated readily on the wire, 
but exchange of iron for copper was 
incomplete and the remaining wire 
disintegrated into short lengths 
which were -flushed down the 
launder. 

Iron pellets were tried in an in­
verted cone which was force-fed 
with pregnant solution-from below. 
This system required constant agi­
tation to avoid blinding the entire 
bed. The tests were performed on a 
laboratory scale. Results were in­
conclusive and the method has not 
been pursued further. 

Ballard's conclusion is that the 
tin can is the best precipitation 
agent for the Butte operation. Daily 
consmnption of cans is 50 tons. Par t 
of the high can consumption is due 
to the reduction of ferric iron in 
solution by metallic iron. Although 
% lb of metallic iron is required to 
reduce 1 lb of ferric iron, at Butte 
this is still the most economical 
means. 

KENNECOTT DEVELOPS CONE 
PRECIPITATORS 

Details of Kennecott Copper's 
cone-type precipitators were de­
scribed by H. R. Spedden, E. E. 
Malouf and J. D. Prater, and pub ­
lished in April 's S=. 
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The prototype precipitation cone 
used in Kennecott's experimental 
work consists of a 14-ft diam tank, 
24 ft tall, into which is mounted an 
inverted cone 10 ft high and 10 ft 
in diameter. The outer 14-ft diam 
tank contains a 45° sloped false-
bottom floor extending from one 
side of the tank to a bottom side 
discharge at the opposite side (see 
Fig. 2) . The annular space between 
the inner cone and the tank is 
covered by a heavy gage stainless 
steel screen mounted as a continua­
tion of the cone and anchored to the 
cone and tank. The cone supports a 
pressure manifold that consists of 
six vertical legs with each leg con­
taining a series of nozzles directed 
inward from the tangent to the cone 
and upward from the angle of the 
legs of the manifold. The nozzles are 
arranged in such a manner as to 
create a vortex vvhen the copper-
Fig. 3—Model of the precipitation plant 
contain 26 cone units. 

bearing solutions, derived from 
dump leaching liquors, are pumped 
through the manifold into the cone. 
The irmer cone and the area of the 
tank above the stainless steel 
screens are fUled with shredded, 
detinned iron scrap, such as is com­
monly used in the precipitation of 
copper. 

The pumping of the copper-bear­
ing solutions through the manifold 
with the nozzles injecting the solu­
tions into the mass of iron has the 
effect of not only rapidly precipitat­
ing copper, but also removing the 
metallic copper from the iron sur­
face, thereby exposing clean, fresh 
iron. 

The precipitation cone is a con­
tinuously operated unit that is self-
cleaning, eliminating the need for 
fire hoses to wash the copper precipi­
tates from the precipitator. ThC; 
pressure and velocity of the solu-j 
tions in the lower conical section 
tend to move the copper precipitates 
in the same manner as an elutr ia- ' 
tion column, upward and out of the ' 
cone into the reduced velocity zone* 
created by the larger diameter of' 
the holding tank. The copper pre­
cipitates settle down through the 
steel screen and accumulate on the 
sloped false bottom of the tank. The 
copper can then be discharged inter­
mittently with the use of a pneu­
matically operated valve or bled 
continuously through a small diam­
eter pipe into a thickener or hold­
ing basin.. 

The precipitates so produced are 
of substantially higher grade than 
the conventional cement copper 
produced in a launder-type plant 
They typically will analyze 90-95% 
copper, 0.1-0.2% iron, 0.1-0.2% silica, 
and 0.1-0.2% alumina, with the bal­
ance of the impurity being primar­
ily oxygen. 

In addition to the self-cleaning of. 
copper precipitates, the compact -
cone precipitators lend themselves 
to automatic control and to lower 
consumption than is possible with 
the older launder methods. 

being built at Bingham Canyon. It wiU 
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Spedden pointed out that during 
seven weeks of continuous operation 
of the experimental cone, copper 
recovery averaged 89.7% with in­
clusion of data for periods in which 
wide fluctuations in the addition of 
shredded iron was experienced. 
Sustained periods during optimiun 
operating conditions resulted in 
copper recoveries exceeding 95% in 
the single cone. 

As a result of this successful ex­
perimental work, Kennecott is now 
constructing a cone precipitator 
plant (Fig. 3) at Bingham Canyon 
which wiU utilize shredded scrap 
iron. In addition, the company's 
Chino Mines Division has recently 
expanded its precipitation plant in 
New Mexico, and other units are 
being installed or developed in 
other western properties of Kenne­
cott. 

PARTICULATE IRON AS 
PRECIPITANT 

Spedden' has stated that Kenne­
cott's cone-shaped precipitator gives 
greater operating efficiencies than 
conventional launder systems for 
copper precipitation, having the 
major advantages of automatic con­
trol, low iron consumption, and 
self-cleaning of precipitates. In his 
paper, A. E. Back, Assistant Re­
search Director, Western Mining 
Divisions Research Center, Kenne­
cott Copper Corp., v\a'ites that his 
research on copper extraction from 
dilute solutions centered on the use 
ot particulate (sponge) iron, as dis­
tinct from powdered iron used in 
powder metallurgy. When added to 
a launder, particulate iron gave in­
complete precipitation and inefficient 
utilization of the iron, but with a 
prototype cone-shaped precipitator 
(Fig. i ) recoveries as high as 99% 
were common. 

In a cone precipitation plant, says 
the author, the copper precipitates 
are discharged automatically into a 
filtration system, while in a launder 

Fig. 4—Prototype cone precipitator used 
hy A. E. Back in his experiments. 

m t i t u coiucnon 

,ci»y~~H/mcturt non 
'' ' t n nianim MPPU 

niciPiTUE com* 

oaruT 
(UVE 

plant the precipitates are washed 
manually from the launders. Su­
perior iron efficiency resulted in 
savings of 0.5 to 1,0 lb of iron per 
lb of copper. Essentially aU of the 
soluble coppet was precipitated 
from the solutions so that a circu­
lating load of dilute copper solution 
to a leaching system was elimi­
nated. 

During the investigation, fourteen 
different samples of particulate iron 
from various companies and indi­
viduals were evaluated Ss' precipi­
tants. Analyses are shown in the fol­
lowing table. 

TABLE 1: Typica I Analysis of 
Particulate Iron Samples 

Analysis percent 

Fe 
(Metal) 

97.6 
B6.0 
93.8 
93.8 
93.0 
92.0 
8S.8 
86.6 
83.6 
79.4 
65.4 
55.2 
48.8 

Fe 
(Total) 

99.2 
97.1 
94.4 
96.0 
98.0 
94.4 
80.7 
93.0 
97.4 
87.5 
83.4 
71.6 
64.2 

Reduc­
tion. 

percent 

98.4 
98.9 
99.4 
97.7 
94.9 
97,5 
95,7 
93.1 
85.8 
90,6 
78.4 
77.1 
76.0 

Calculated 
Grade of Copper 

Precipitates with 0,9 
Iron Factor, percent 

97.8 
98.4 • 
94.4 
94.4 
93.7 
92,8 
88.0 
87,8 
86.6' 
81.0 
67,7 
57,8 
51,4 

um 
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The prototype cone now in opera­
tion at the Utah Division copper 
precipitation plant (Fig, 4) is 
equipped with a variable speed 
feeder so that the precipitant feed 
rate can be varied to meet the re ­
quirements of the process. The facil­
ity is automated so that the progress 
of the consumption of the available 
iron can be followed by the decrease 
in the evolution of hydrogen from 
the reaction: 

H»SO. 4- Fe (metal) -* FeSO. -j- H=0 

As the hydrogen evolution de ­
creases and comes to a predeter­
mined low value, a system of valves 
becomes operative which shuts off 
the incoming solution and opens a 
discharge valve for,-approximately 
30 sec to remove the precipitate 
from the lower portion of the cone. 

Channeling the hydrogen, or r e ­
action gases, toward the center of the 
cone into a central exhaust system is 
essential because particles of copper 
adhere to the hydrogen bubbles, and, 
if they are near the overflow of the 
cone, the particulate copper is t rans­
ported into the tailings. Thus it is 
necessary to divert the gas towards 
the center and allow the bubbles to 
burst and release the particulate 
copper to settle back into the bed. It 
is also necessary to discharge the 
bed periodically to prevent attrition 
of the particulate copper. 

The author states that operation of 
the precipitation cone has demon­
strated that the decrease in the rate 
of hydrogen evolution is a sensitive 
indirect measure of the completeness 
of the precipitation reaction and can 
be used for the process control. 

A particular advantage of the cone 
precipitation plant over the launder 
type is the saving in space. Such a 
plant, capable of treating 10 million 
gal of solution per day, would r e ­
quire an area of 10,000 sq ft, whereas 
a launder plant similar to the one at 
Bingham Canyon, requires an area 
approximately 10 times as great. 

Operating parameters and engin-
neering data are now being devel­
oped. Back reports, for the ul t imate 
installation of a cone precipitation 
plant utilizing particulate iron as the 
precipitant to recover some 400,000 
lb of copper per day at the Utah 
Copper Division, as soon as an econ­
omic source of particulate iron can 
be found. Research also is being car­
ried out with copper reverberatory 
slag as the precipitant vvhich, if suc­
cessful, would solve the supply p rob­
lem. 

A KINETIC STUDY 
The kinetics of copper precipita­

tion on iron of varying purities were 
observed in experiments carried out 
by R. M. Nadkarni, C. E. Jelden, 
K. C. Bowles, H. E. Flanders and ' 
M. E. Wadsworth of the Department 
of Metallurgical Engineering, Uni­
versity of Utah Their paper sum­
marized neatly the state of the ar t 
but noted that little had been pub­
lished on reaction kinetics. Previ ­
ously published papers, the authors 
said, differed sharply on whether 
the rate constant (of the cementa­
tion reaction) was a diffusional proc­
ess at low stirring speeds and a 
chemical process at higher stirring 
speeds, or whether the reaction was 
controlled solely by diffusion, r e ­
gardless of stirring speed. 

The mechanism by which the 
over-all reaction at a solid-liquid 
interface can occur is generally con­
sidered to go by the following steps: 
1) Diffusion of reactants to the sur­
face; 2) adsorption of reactants on 
the surface; 3) chemical reaction at 
the surface; 4) desorption of pro­
ducts from the surface; and 5) dif­
fusion of products away from the 
surface. Any of these steps, say the 
authors, may be rate controlling. 

Experiments were conducted in a 
three-necked distillation flask of 
2000-ml capacity acting as the reac­
tion vessel. A pipet of 10-ml capa­
city was introduced through one of 
the side necks, a sample of sheet 
iron, mounted in a rigid sample 
holder, through the other. A st i rrer 
was placed in the middle, always 
at the same depth. The whole as­
sembly was immersed in a constant 
temperature bath (Fig. 5) . Copper 
was determined by the iodometric 
method" by analyzing 10-ml aliquots 
of reagent grade cupric sulfate 
which was used to make up a stock 
solution containing 10 gm of copper 
per liter and diluted to various con­
centrations. Iron was determined 
by reducing i t to the ferrous s tate 
with test lead followed by a di­
chromate titration.' 
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Fig. 5—Distillation flask and assembly. 

Fig. 6 is a plot of 

In 
( C u - ) 

(Cu**) initial 

vs t ime for different stirring speeds. 
In this series the precipitated copper 
deptosited on the-iron in various de­
grees of sponginess without peeling 
off, u p to 900 rpm. Around 900 rpm 
the layers of deposited copper peeled 
off as bright copper strips with a 
minimum amount of copper powder 
being formed. At higher speeds the 
copper peeled off as a coarse powder, 
becoming finer at higher and higher 
stirring speeds. However, even at 
the higher speeds the solution tur­
bidity was not strong enough to 
keep the surface of the iron sheet 
completely free from deposited cop­
per. Instead, precipitated copper 
clung to the surface as a few scat­
tered islands that peeled off in 
patches. 

The data in Fig. 3 follow the inte­

grated form of the following first-
order ra te equation: 

d 
[Cu"] = - [Cu**] kJV 

dt 
where 

t = time in min 
[Cu**] = concentration of copper 

ions in gpm 
A = area in sq. in. 
ko = rate constant = min"^ in."* 

In the case of high purity iron, 
the precipitated copper adhered less 
strongly, and at higher stirring 
speeds the surface of the pure iron 
was completely free of the islands 
described above. In some cases the 
reaction seemed to follow zero-
order kinetics; when the metallic 
copper deposits adhered to the 
surface, first-order kinetics were 
observed. 

Tests were carried out with var i ­
ous mesh sizes of cast iron and it 
was concluded that precipitated 
copper is more adherent to the iron 
surface as the impurity content of 
the iron increases. Large particles of 
cast iron, high in impurity content, 
produced adherent copper capable 
of essentially blocking the .cementa­
tion reaction. 

It was concluded that the rate of 
precipitation of copper by iron in­
creases with the speed of stirring of 
the solution and reaches a steady 
value at high stirring speeds. The 
authors further concluded that the 
amount of iron consumed in excess 
of the stoichiometric amount r e ­
quired for cementation increased 
with increasing velocity of stirring 
and with increasing temperature, 
and that the rate of precipitation of 
copper was proportional to the area 
of the reaction interface. It was found 
that the pH level has a minor eff'ect 
upon the kinetics of cementation, a l ­
though iron consumption increased 
at lower pH. 

Fig. 6—First order kinetics for the precipitation of copper-.on 1020 steel at various 
speeds of revolutions: • " ' 
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In the final paper of the session, 
E. A. von Hahn and T. R. Ingraham, 
both from the Extraction Metallurgy 
Research Section of the Canadian 
Department of Mines and Technical 
Surveys, also reported on the kinet­
ics of cementation. Noting that ce­
mentation or displacement reactions 
occur between aqueous solutions of 
metal salts and immersed metals 
according to the general equation: 

Ml"* -I- Mj = Ml -1- n / m M/* 
where M, is electrochemically the 
more noble metal, the authors 
studied the kinetics of the early 
stages of cementation to obtain an 
understanding of the reaction mech­
anism under conditions in which the 
deposit was sufficiently thin that its 
inhibiting effect could be disre­
garded. To achieve this, very dilute 
solution in Mi"* were used. 

Of the many possible cementation 
reaction systems, the authors used 
the palladous perchlorate-copper 
system for their investigation be ­
cause it was believed to involve 
simple ion-for-ion exchange. In ad­
dition, there are no interfering side 
reactions, such as the reduction of 
hydrogen ions, and anion effects are 
usually absent in perchlorate solu­
tions. 

Employing specially prepared 
electropolished copper cylinders r o ­
tated in experimental aqueous per­
chloric acid solutions having P d " 
concentrations from 0.02 to 0.1 mM, 
it was found that in O.IM HCIO/ 
solutions, the cemented palladium is 
dense, adherent, and shiny. The rate, 
data indicated that there are two 
stages in the deposition. In the ini­
tial stage, the rate of cementation is 
first order with respect to the P d " 
concentration. The second stage is 
much slower. The first stage was 
shown to be consistent with ra te 
control by the diffusion of P d " ions 
to the copper surface, and /or chem­
ical reaction at the surface, and the 
second stage as consistent with ra te 
control by the diffusion of copper 
ions from the copper surface 
through the deposition of cemented 
palladium from the solution. 

In O.OOIM HCIO. solutions, only 
the first stage is evident, and the 
ra te of cementation more rapid than 
at higher acidities. The deposited 
material in this case is porous and 
loose. All of the cemented deposits, 
according to the authors, were pal­
ladium-copper alloys rather than 
pure palla(]ium. B= 
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Discharge 

Use of ozone to precipitate cobalt (III) hydroxide makes it possible to implement 
the process without introducing extraneous ions into the solution; however, the hyd­
roxide produced is finely-dispersed and is not readily filtered. 
The structure of a precip­

itate depends upon the con­
ditions of precipitation. The 
The degree of supersatura-" 
tion of the solutions from 
which the precipitate crys . 
tallizes has a decisive ef­
fect upon the average size 
of the crystals. 

It became necessary, in 
connection with developing 
the technology for cobalt 
withdrawal by way of the 
rich cadmium solution in 
cadmium production to study 
the conditions of cobalt 
(III) hydroxide precipita­
tion from these solutions. 
The following conditions 

were set up, to reduce the 
degree of supersaturation 
in solid phase formation: 
- a reduction in the solu­

tion pH, leading to a reduc­
tion in the active concent­
ration of hydroxyl ions; 
- seeding, reducing the 

"- degree of supersaturation by 
accelerating the formation 
of. .the solid phase; 
- feeding the initial so­

lution into the suspension 
obtained by purifying the 
previous batches, withdraw­
ing a part of the suspension 

- from the reactor (after 

Diagram of laboratory ozonizer: 
1 - LOV-16 laboratory air drier; 2 - air-flow me­
ter; 3 - LGO-15 laboratory ozone generator; 4 -
electric power supply unit; 5 - discharge tube 
with electric heating to break down ozone; 6 -
rheometer; 7 - reactor-disperser; 8 - electric 
motor; 9 - absorbers for unreacted ozone; 10 -
pulp-sampling vessel; 11 - ozone absorbers for 
determining its concentration; 12 - aspirator; 
13 - measuring vessel. 

treatment with ozone) equal to the volume of initial solution to be added to the re­
actor (the "accumulation method"). 
A diagram of the installation used for the studies is shown above. The ozone con­

centration in the air coming in for ozonizing was 28-30 mg/dm^. The rate of ozonized 
air feed to the reactor-disperser was kept constant in all the experiments, at 19 
dm /hr. Caustic soda solution was added to neutralize the acid evolving during oxid­
ation. Oxidation was conducted at 50°C, and the pulp heated to BO'C prior to filtra­
tion. Cadmium electrolyte containing (in g/dm^) 180 Cd, 40 Zn, and 1 Co was used as 
the initial solution. 
Test results showed the following: 
1. Reducing the pH from 4.95 to 1.32 during ozonizing increases the filtration rate 

£>y about 14-fold, but in these circumstances the degree of cobalt removal from the 
solutions drops from 98 to 69%. 

2. The introduction, prior to ozonizing,of cobalt (III) hydroxide as a seeding agent 
at the rate of 1.5 g per dm^ of solution increases filtration rate 2-fold. A further 
increase in the amount of seeding agent does not alter filtration rates significantly. 
3. Using the "accumulation method" yielded cobalt (II) hydroxide which could be fil­

tered 5-6 times better, with 95% cobalt removal from solutions, than that obtained by. 
the former method with the same degree of purification. . 
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INTERDISCIPLINARY RESEARCH TASK FORCE REPORT 

PORPHYRY COPPER - IN SITU RECOVERY BY LEACHING 
FOLLOWING NON-NUCLEAR FRACTURING 

I. Objective and Recommendations 

The objective* of this report is to outline a specific cooperative 
project involving the disciplines of metallurgy research, mining 
research, and energy research which could demonstrate the feasibility 
of in situ recovery of copper by leaching, following non-nuclear 
fracturing of a porphyry copper deposit. The project as herein de­
scribed was selected because it has a reasonably high probability 
of success considering the fact that the overall operation represents 
a bold new and untried mining concept, and also, because methods and 
technology used herein could be modified and adapted for recovery 
of other metals, minerals, and fuels; for example, uranium. 

We recommend the above cooperative research project be initiated as 
soon as possible. We envision a field scale effort costing $2,780,000. 
We are of the opinion that the project is justified for the following 
reasons: 

1. Enviroi:imental Considerations - The quantity of land surface 
available to man is virtually fixed. Mineral extraction 
should be so planned as to minimize land spoilage and, in 

I fact, aimed at enhancement whenever possible. Impact of 
the minerals industry heretofore has been negative in such 
terms as strip mining, mine water drainage, and smelter 
gases. In situ mining would be very positive in comparative 
environmental effects. 

2. Health and Safety - Reduction in injuries and fatalities is 
a primary goal of the Bureau of Mines, and in situ mining 
would tend toward fewer persons exposed to subsurface hazards. 

• 3. Reserves - The "space-ship" concept of the world recognizes 
that reserves of minerals, metals, and fuels are finite. 
They must not be wasted. Exhaustion of known economic deposits 
can be foreseen, and new technology is urgently needed for 
the utilization of lower grade deposits. 

4. Balance of Trade and National Security - The United States 
is facing a deficit in world trade. Becoming" nationally 
more self-sufficient in mineral raw materials would b.e of 
help. In the case of copper, expropriation of foreign 
holdings of U.S. based copper companies by foreign countries 



makes us more dependent on unstable, foreign controlled copper 
supplies. Utilization of lower grade domestic copper de­
posits will thus help domestic raw material stability and 
the balance of payments. 

5. Advancement of Present Technology - Much information has been 
recently generated concerning the in situ leaching or block 

^^* caving of low-grade porphyry deposits following nuclear frac­
turing. This project proposes to utilize such data and test 
the feasibility of non-nuclear fracturing before in situ 
leaching, as nuclear blasting now seems to be an unacceptable 
fragmentation alternative. 

Briefly, the proposed 3-year project would consist of the selection 
of a 100- by 100-* by lOO-ft block of low-grade, less than 0.4 per­
cent, oxide porphyry copper deposit covered by a maximum of 25 ft of 
overburden. The block would be presplit to isolate it from the sur­
rounding deposit. It would be blasted using non-nuclear explosives 
and the presplit test block sealed with polymer cement. Leaching and 
monitoring would follow, after which a post-test evaluation would be. 
made. Details of the proposed project follow. 

II. Outline of Proposed Project 

A. General Plan of Project 

The program, of which the proposed project is a part, has been 
previously explained in the Interdisciplinary Research Task 
Force's first report, dated October 18, 1971. The program's 
thesis was in situ extraction of metals, minerals, and fuels. 
In addition to the demonstration project to develop tech­
nology on the in situ leaching of low-grade porphyry copper 
deposits following non-nuclear fracturing, in the cited 
report three other projects v/ere suggested: in situ re­
torting df oil shales, in situ recovery of heavy petroleum 
from tar sands, and underground electronic ore sorting (pre-
concentration) of the deep, low-grade native copper deposits 
of Upper Michigan. We are not concerned with the latter 
three items in this report. 

The task force has defined five possible research areas for 
I the in situ porphyry leaching project which are basically 

five options for non-nuclear fracturing of the ore at the 
selected test site. These fracturing options are: 

(1) Conventional chemical explosive fracturing, 
(2) hydraulic fracturing (i.e., as practical in the 

petroleum industry), 
I (3) combined hydraulic and explosive fracturing (i.e., 
~ high density slurries would be e.xploded in the 

j " 

s 

? 
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fractures created by hydrofracturing for added rub-
blizing of the porphyry),' 
coyote blasting, and 
undercut caving. 

This report presents the details and related costs involved in 
conducting a demonstration site type research project on the 
first option using conventional Chemical explosive fracturing. 
Thi,s option was chosen because: 

(1) There is very little technical information on the 
effect of chemical explosives in deep blasting 
(i.e., where there are no free faces to blast to) 
and such basic information is needed before en-

• gineering type studies can be made on the possible 
use of such a fragmentation technique prior to in 
situ leaching, 

(2) there is substantial industry interest in developing 
I such information (the task force's preliminary con­

tacts with companies that own the many properties 
where such an extraction technique could be appli­
cable has been very encouraging), 

(3) the environmental advantages of this kind of a 
mining technique are of socio-economic importance, 
and 

(4) the technology developed in the proposed project 
could be applied to deposits other than low-grade 
porphyry copper. 

Other major advantages of the proposed project independent 
of fragmentation methods are: 

(1) The development of technology concerning how solution 
mining operations can best be monitored for environ­
mental protection and control of the acid leach 
solutions, 

(2) the conversion of resources to extractable mineral 
reserves which would be added to our country's 
economic system if in situ leaching follovjing non-
nuclear fracturing could be developed to a point 
where it is economically feasible, and 

(3) in situ fracturing and leaching-is a very safe 
mining technique as no men would work underground 
in the industrial application. 

This research project proposal would utilize men underground 
only as research result monitors.. They would not be needed 
in a commerical in situ extraction operation using chemical 
explosives as herein planned. 

• i 



A few comments should be given concerning the other fracturing 
alternatives that we rejected for the "first step" of the in 
situ fracturing and leaching project. The combined hydraulic 
fracturing and slurry blasting technique holds promise as a 
possible fracturing technique but should be evaluated as a 
"second step" of the project. Coyote blasting or hydraulic 
fracturing alone would probably not yield acceptable fractur­
ing results in most fonnations; thus, evaluation of these 
techniques should be delayed until the most applicable methods 
are evaluated. Undercut caving would probably yield good frac-

• turing results, if properly conducted, but would most likely be 

more expensive than one of the simpler "in situ" fracturing 
techniques. For deposits deeper than 300 to 400 ft, either the 
undercut caving technique or combined hydraulic fracturing 
and slurjry blasting technique seems likely to offer the best 
results. 

Long-term extension of the project could include an evaluation 
of alternative sealing and solution monitoring techniques, 
which is another area in which the mining industry is extremely 
interested, or the evaluation of the solvent extraction tech­
nique with regard to the possible elimination of copper 
smelting and its related environmental problems and costs. 

Details of the proposed in situ porphyry fragmentation and 
leaching demonstration project are given below. Figure 1 
is a generalized sketch of the demonstration site, 

B. Project Detail 

1. Pretest Planning (Cost = $100,000) 

I This part of the proposed project consists of the Bureau 
"̂^ ~ project management personnel that will plan, coordinate and 

operate the demonstration project. Most of the $100,000 
expenses for this portion of the work will be spent during 
the first year of the 3-year project due to the need for 
planning and coordination during the initial stages of the 
experiment. Once the leaching operation has begun to 
function, operating crev;s will be assigned to the field site, 
their .expenses are presented in item 7 below. The pretest 

^^^ planning cost estimate of $100,000 involves the labor, travel, 
:j and miscellaneous expenses of eight Bureau men, involved at 
^ one-quarter time, for 1 year. 
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2. Site Selection, Geological Delineation, and Environmental 
Studies (Cost = $380,000) 

The required work and related costs involved in this portion 
of the project proposal are dependent on the quantity of 
information the property owner has already developed concern­
ing the chosen demonstration site. It is assumed that the ore 
block to be used for the test will, involve 1,000,000 cu ft of 
low-grade (about 4 lb/ton), shallow, oxide porphyry. This is 
approximately a 100- by 100- by 100-ft "block." Overburden 
is assumed to be no more than 25 ft deep. The tonnage involved 
is approximately 80,000 tons. The porphyry will be tested to 
make sure it is leachable by acid solutions, if proper frag­
mentation is obtained. 

Four technical Bureau personnel are required for the site 
selection process. Their time and travel expenses for 5 
months of full-time work will be $50,000, and they are in 

• I addition to the project management personnel previously 
mentioned. The five, large diameter (6 in core) holes required 
for the geological and metallurgical studies will be drilled 
in a five spot pattern and will cost $30,000. We recommend 
this drilling be contracted out in the interest of expediency 
and efficiency. Forty dollars per ft was used in our cost 
estimate of drilling, stemming before fracturing, and other 
related expenses. 

The site fluid flow (reservoir engineering) study will be con­
ducted at a cost of $100,000. This study will involve such 
activities as well logging of the five core holes, downhole 
photography, and flow testing. The $125,000 cost for the 
detailed geological study involves such activities as oriented 
core (geological and stress analysis) stress field evaluation, 
natural fracture study, and a limited amount of remote sensing 
study for possible tectonic influences in the natural fracture 
system of the project site. Borehole geological (instrumenta­
tion) study will also be conducted before and after fracturing 
to fully understand the geology of the test site. 

The environmental effect statement will be an important portion 
of our proposed project, and thuSjone man will he assigned this 
responsibility and given 1 year to turn out first a preliminary 
and then a detailed report. This will cost $25,000. 

The figure of $50,000 for a possible company lease has been 
included in our estimate in recognition of a possible cost. 
Most probably, the Bureau could lease the demonstration site, 
from the owner company for $1,00, returning to the oumer the 

? copper that will be recovered during the test. This should 
sufficiently compensate the cooperating company. 
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3. Leachability (Metallurgical) Testing (Cost = $220,000) 

The preliminary leachability evaluation that will be conducted 
immediately after a site has been chosen is a very important 
segment of the proposed project, as a full understanding of 
the mineralogy and assay value is needed. This preliminary 
work will cost $100,000. Also, the pilot scale testing will be 
essential to the design and operation of the leach solution 
inje.ction and recovery system. The samples used for the pre­
liminary leachability tests will be a portion of the 6 in core 
material (sample acquisition estimated at $20,000). The pilot 
scale metallurgical testing will include evaluation pf leaching 
rates, required acidity of solutions, and possible blocking 
of in situ solution passages by precipitated salts and will 
cost $100-,000. 

4. Presplitting (Cost = $70,000)' 

To insure control over the leach solutions, for operating and 
environmental reasons during the test, our test "block" (i.e., 
it may actually be a cylinder of 56 ft radius) will be isolated 
from its surroundings. After blasting of the enclosed material, 
the presplit fracture will be sealed by grouting. The grout, 
a polymerized cement, is resistant to acid solutions. Its "in 
place" cost is reported below as a sealing cost, 

5. Fracturing (Conventional Chemical Blasting) (Cost = $115,000) 

The two-fold objective of the explosive fragmentation portion 
of the in situ mining study is 1) to create sufficient per­
meability in the orebody to enable the leaching solution to 
enter at given points, pass through the mineralized zone, and 
be collected, and 2) to create adequate fragmentation in the 
copper-bearing rock to enable the leach solution to contact 
a sufficient portion of the copper values, thus assuring a 
satisfactory copper recovery. The amount of blasting required 
will depend on the degree of permeability and fragmentation 
already present in the test area. 

Three possible fragmentation systems were considered for ful­
filling the program objectives. The first utilized vertical, 
rotary-drilled blastholes, spaced on a staggered grid, drilled 
to the base of the zone of intended leaching. The second pos­
sibility was induced hydraulic fracturing augmented by explo­
sive fracturing with liquid slurry explosives to e.xtond the 
fractures. The third option involved drifting and cross-
cutting under the orebody and fragmenting the rock with coyote 
blasting techniques. Although each technique has certain 
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advantages,-the first, utilizing rotary Hrill holes, was chosen 
for the initial effort. We feel that the other two techniques 
may not yield adequate fragmentation'to assure a high degree of 
contact between the solution and the copper values. 

In normal bench blasting, each blasthole breaks to a nearby free 
face. In this blasting program the blastholes will have no free 
face, other than the original ground surface, to which to break. 
Our experience with confined cylindrical charges in the atsence 
of ^ parallel free face is limited. Bureau studies involving 
totally confined single chairges indicate that cracking is developed 
out to a radius equal to twelve times the charge radius. A 
heavily cracked region extends out to six charge radii, and the 
crusned zone to two charge radii. This blasting program will 

_ utilize a group of long, cylindrical charges, 9- to 12-1/4-in. 
I in diameter, reaching a depth of over 100 feet. Compared to a 

single charge, the multiple charges will have the advantage of 
enhanced blast effects between adjacent charges, and the dis-

'̂  ~ advantage of the 100 feet of overburden to overcome. The net 
I _ effect of these two factors is not known. The problem cannot 

be studied at a greatly reduced scale because gross rock structure, 
large charge diameters, and heavy confinement created by the 
large overburden depth cannot be accurately scaled down. Thus, 
in addition to creating the permeability and fragmentation 
needed for leaching, the blasts will serve as a research tool 
in an area that has received little study. 

Although several tools are available for attempting to quantify 
the fragmentation attained, the only sure method of determining 
whether the orebody has been properly broken for in situ mining 
is to attempt to leach it. We do not know whether uniform, over­
all rubblization is required for optimum recovery, or whether a 

I coarser fragmentation is sufficient, assuming that the fractures 
~ will tend to occur in zones of mineralization, which normally 

are planes of weakness. 

Although logic infers that the finest fragmentation attainable 
would give the best copper recovery, some persons knowledgeable 
in the field believe that an excess of fines will cause recemen-
tation in the orebody, resulting in a loss of permeability. 

Drilling and Blasting Costs 

Considered here will be the cost of fragmenting an orebody 100-ft 
thick and 10,000 sq ft in cross section. Costs cannot be closely 

I estimated without specific data on the target orebody. The 
- following are factors that will affect drilling and blasting 

costs. 

! 
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lype of contractor. The work could probably be done at a 
lower cost by a mining company on a piece of ground adjacent 
to an operating property than by a contractor who would 
have to set up operations at a site distant from his head­
quarters. This illustrates the desirability of a coopera­
tive program with a copper producer. 

Shape of the orebody. A shallov?, tabular orebody will be 
cheaper to fragment than a deep deposit. An orebody with 
a large vertical dimension will require a tighter drill 
pattern and a higher powder factor to obtain the needed 
swell and permeability for in situ leaching. 

Depth of overburden. Each foot of overburden represents 
unproductive drill footage and resistance to overcome in 
obtaining orebody swell. 

Source of explosives. Involvement of one or more interested 
powder companies would result in savings in explosives costs. 

Rock characteristics. Local geology, the extent of in situ 
flaws, and the hardness, strength, and density of the rock 
will affect drilling and blasting costs. 

Product size requirements. The degree of fragmentation re­
quired for optimum exposure of the copper-bearing minerals 
to the leaching solution will affect drilling and blasting 
costs, 

Water conditions. The presence of water may adversely affect 
drilling costs, and severe water conditions will require the 
use of more expensive, water resistant explosive products. 

IBl 

Proximity to strvictures. This could require the use of special 
techniques to control ground and air vibrations and flyrock. 
Necessary building surveys and insurance would represent a 
cost that V70uld be charged against the blasting program. 

The direct costs of drilling and blasting the experimental 
block can be described by the equation 

Cj. = {(T-HD-hJ) (A/S2 ) (Cd)H(T+D+J-Y) (A/Ŝ  ) (B= ) (G) (,34) (Cg+q )/ 

where Ct = total drilling and blasting costs, in dollars 
T = average orebody thickness, in feet 
D = average overburden thickness, in feet 
J = borehole subdrilling depth, in feet 
A = orebody cross-sectional area, in square feet 
S = borehole spacing, in feet 
Cd = borehole drilling cost, in dollars/foot 

8 



Y = 
B = 
G = 

length of stemming, in feet 
borehole diameter, in inches 
explosive specific gravity 
cost of explosive, in dollars/pound, and 
cost of explosive loading and supplies, in 
dollars/pound. 

On the right side of the equation, the first expression repre­
sents drilling costs and the second represents blasting costs 
.For idrilling and blasting the experimental block, the follow­
ing values have been assumed-. 

T 
D 
'J 
A • 

Cd 

Y 
G 

Ce 

C: 

= 
= 
:= 
= 
s 

SZ 

S 

= 

= 

100 ft 
25 ft 
5 ft 

10,000 sq ft 
$2.50/ft for a 9-in borehole 
$3.00/ft for a 12-1/4-in borehole 
25 ft 
0.85 for AN-FO 
1.30 for slurry 
$.035/lb for AN-FO 
$.13/lb for slurry 
$.03/lb for each product 

Table 1 shows drilling and blasting costs for various levels of 
effort. Assuming an ore grade of 0.4 percent and 50 percent 
recovery, the table values indicate a drilling and blasting cost 
range of 5.4 cents to 30.3 cents per pound of copper recovered. 

For the program, $100,000 is allocated for drilling and blasting, 
This includes an allowance for some reblasting, which may be 
necessary. An additional $15,000 is allocated for preliminary 
blast design tests. 

6. Sealing and Monitoring (Cost = $230,000) 

The in-place cost of the polymerized cement used for sealing (as 
mentioned above) is $15,000. Monitoring costs for the project 
involves drilling four 6-in-diara periphery holes, each 150 ft 
deep, around the test area (cost = $10,000). Also 500 ft of 
small diameter slant, up holes (cost = $5,000) from underground 
drifting (cost = $100,000) will be required. These monitoring 
drifts will be beneath all the fractured material and vjill be 
used to control loss of the acid solutions. The electronic 
monitoring and analysis equipment used in the project should 

'•'The center holes will be slightly deeper tVian the perimeter holes to 
give the bottom of the fractured zone a conical shape. This V7ill 
induce the leach solution to drain toward the center. 
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TABLE 1. - Dr i l l ing and b las t ing costs for the t e s t block 

Borehole 
spacing 

S 
(ft) 

20 

20 

25 

14-2/7 

10 

10 

12-1/2 

7-1/7 

Borehole 
diameter 

B 
(in) 

12-1/4 

9 

12-1/4 

9 

12-1/4 

9 

12-1/4 

9 

Explosive 
type 

ANFO 

Slurry 

Slurry 

ANFO 

ANFO 

Slurry 

Slurry 

ANFO 

Drilling 
cost 

(dollars) 

9,750 

8,125 

6,240 

16,250 

39,000 

32,500 

24,960 

65,000 

Blasting cost 
(dollars) 

7,400 

15,037 

17,829 

7,988 

29,599 

60,147 

71,315 

31,953 

Total 
cost 

Ct 
(dollars) 

17,150 

• 23,162 

24,069 

24,238 

68,599 

92,647 

96,275 

96,953 

Powder 
factor. 

(Ib/cu yd) 

3.1 

2.5 

3.0 

3.3 

12.3 

10.2 

12.1 

13.3 



cost $50,000, One man will be given the responsibility of moni-
« toring and analyzing the resultant information. This will cost 

$50,000. He will probably be the same man that writes the en­
vironmental statement during the one year planning and develop­
ment period required by the project. 

7. Solution Injection and Recovery System, and Processing Plant 
(Cost = $1,465,000) 

The metallurgical problem when leaching copper orebodies in 
place comprises (1) injection of a suitable, economical solvent 
into a fragmented, contained leaching zone, (2) recovery of a 
copper-bearing pregnant solution, (3) processing the pregnant 
solution to recover the copper in a marketable form, and (4) 
recycling'the barren leach liquor after regeneration as needed. 
The accompanying flowsheet (Figure 2) shows a simplified process­
ing plan for a typical leachable copper orebody. 

Some important criteria in selecting the leaching solvent are 
that it be cheap in overall use, readily available, not destroy 
the permeability of the leaching ore mass through gangue altera­
tion or salt precipitation, readily processed to recover copper, 
and capable of being recycled. The metallurgical aspects of in-
place copper leaching are covered well in the reports "In Situ 
Recovery of Copper from Sulfide Ore Bodies Following Nuclear 
Fracturing," by Joe B. Rosenbaum and W, A, McKinney, (presented 
at the American Nuclear Society Topical Meeting on Engineering 
with Nuclear Explosive, Las Vegas, Nev., Jan. 14-16, 1970) and 
"Dissolution of Copper Sulfide Minerals from Fractured Ore 

^ H B Bodies," again by Rosenbaum and McKinney (1970 SME Fall Meeting, 
St. Louis, Mo., October 21-23), and a number of other reports 
such as the "Sloop" proposal. 

The copper recovery process selected for the in-place leaching 
"} " project must cheaply and completely remove the copper, regenerate 
J _ the leach solution for another leach cycle, and not plug the 
^ 9 K leaching ore mass with salts. The process of using scrap iron 
^ j * * to precipitate copper puts up to 2 lb or more iron in the leach 
I solution for each pound of copper recovered. The iron and other 

salts tend to precipitate in the leaching ore mass as basic sul­
fates, although a PH of less than about 2,3 helps prevent such 
precipitation. We may therefore decide to select another 
process, although more expensive to install, such as solvent 

im^^ extraction, electrowinning, or sulfide precipitation, so as to 
maintain recycled leach solutions with a minimum of deleterious 
salts. The costs presented in section IV are, thus, conservative, 
as are most of the estimates presented. The capital "equipment 
($150,000) for the injection and recovery system (pumps, piping, 
etc.) are all acid resistant. The processing plant, as with the 
injection and recovery system, represents the cost of a "turn key" 

[li 
11 
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FIG. 2.-Generalized Flowsheet For In Situ Leactiing and Iron Precipitation to Recover Copper From 
Non-nuclear Fractured Porphyry Ore. 
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¥ 
m contract ($250,000). The operating cost ($210,000) represents 

a one shift per day operation (i,e,, storage tanks used for 
solution storage). The cost estimate of the water supply, 
$50,000, along with the other facilities and utilities could 
vary from $50,000 to $550,000 depending on the extent of 
facilities available from the cooperating company. Site prepa­
ration, costs such as miscellaneous heavy equipment work, are 
also reflected in the utilities and facilities cost of $250,000. 
In addition, $50,000 is needed for working capital, 

A major cost of the project, and one that is very controversial, 
is the cost of the Bureau personnel required on site during the 
2-year test run. Most all other operating costs represent con­
tract work, but these 10 BuMines men will add $500,000 to the 
•money required for the 3-year project. 

.8, Post-Test Evaluation (Cost = $200,000) 

The monitoring drifts and incline will be used for access to 
obtain bulk samples of the test block after the 2-year leaching 
test. This will cost about $50,000, Releaching and other metal­
lurgical testing ($100,000) will then tell us the success of the 
conventional chemical blasting fragmentation technique, A 
written report will be prepared by the project management per­
sonnel ($50,000). Other interim reports will be required to 
describe project progress and possibly the success of some of 
the more pertinent in situ prophyry leaching procedures such 
as sealing and monitoring, 

C. Project Scheduling 

Figure 3 depicts the proposed schedule, or timetable, for the in 
situ porphyry leaching project. 

Ill, Potential Demonstration Sites 

A, Selection Criteria 

In general, a concise definition of the term "porphyry" copper 
deposit is impossible. Two characteristics almost universally 
indicated are: 

1, The deposit is of such magnitude and shape that it can be mined 
advantageously by large-scale, low-per-ton cost methods, either 
by underground or open pit, 

2, The copper minerals are distributed so uniformly through large 
sections or blocks of the deposit that it is more profitable 
to mine by "bulk" methods rather than by selective methods. 

12 
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FIGURE 3. - In Situ Porphyry Leaching Project Schedule 

Year 1 
2 mo 4 mo 6 mo 8 mo 10 mo 

Pretest Planning (& Coordination) 
.Site Selection 
Large Diameter Core Holes 
Fluid Flow Study 
Detailed Geological Study 
Environmental Effect Study 
Preliminary Metallurgical Study 
Leachability Study 
Presplitting 
Fracturing (Conventional Chem. 
Blasting) 

Scaling 
Drill Surface Monitor Holes 
Drive Monitoring Incline & Drifts 
Drill Underground (Up) Monitoring ., 
Holes 

Install Monitoring Equipment 
Actua.l Monitoring 
Construction of Injection & Recovery 
System 

Construction of Processing Plant 
(& Related Facilities) 

Operation of Leaching System 
Underground Investigation Work 
Laboratory (Re-leaching, etc.) 
Evaluation 

Written Evaluation 

Year 2 
2 mo 4 mo 6 mo 8 mo 10 mo 

Year 3 
2 mo 4 mo 6 mo 8 mo 10 ra> 

T 



Deposits that conform to these characteristics can be further divided 
as follows: 

1. Ore minerals disseminated in intrusive rock: Ore occurs in the 
apex of a quartz monzonite or quartz diorite Intrusive. Gen­
erally some ore occurs in fractures of intruded rocks. Copper 
occurs in minerals chalcopyrite and bornite disseminated as blebs 
scattered through the rock types, and as discrete grains and 
veinlets along seams in the rock. The principal products of hydro-
thermal alteration are sericite and clay. Chlorite and rutile 
may occur as alteration products of biotite. 

2. Ore minerals as filling in brecciated rock; Ore occurs erratically 
distributed through breccia pipes in masses and bunches. Rock 
fragments may consist of quartzite, limestone, granite, porphyry 
and clastic rocks cemented with chalcopyrite, bornite, chalcocite, 
quartz, and carbonate. Breccia pipe may cut through relatively 
undisturbed rock and lateral transition from ore to waste may be 
sharp. Alteration in pipe may be intense with an abundance of 
sericite and significant amounts of undifferentiated clay 
minerals, 

3. Ore minerals as replacement in intruded rocks: Ore occurs in 
highly altered rocks that have yielded to chemical reorganiza­
tion and to metasomatic replacement accompanied by deposition of 
copper and iron sulfides, sometimes closely associated with in­
trusive porphyry. Feldspathic rocks, quartz, monzonite porphyry, 
argillite, and quartzite are altered to show abundant sericite 
orthoclase, quartz, biotite, and clay. Limey rocks, cherty 
limestone, pure limestone, and marl are converted to various 
lime silicite minerals such as tactite which consists chiefly 
of garnet and hornfels which consist of diopside and calcite. 
Sulfides, pyrite, and chalcopyrite occur as small grains and 
thin irregular veinlets in replacement fissures and as pods of 
massive sulfide. 

All three types of deposits may be oxidized with copper values either 
remaining in place or migrating downward to form a zone of secondary 
enrichment. This zone may consist of oxidized or sulfide minerals. 
Some deposits with knotvm oxide ore reserves are as follows: 

13 



Company 

ASARCO 
ASARCO 
Newmont 
Newmont 
Anaconda 
Anaconda 
Heela (EPNG) 
Bagdad * 
Ranchers 
Inspiration 
Kennecott 

Total 

Deposit 

San Xavier 
Sacaton 
Vekol 
San-Manuel 
Twin Buttes 
Helvetia 
Lakeshore 
Bagdad 
Bluebird 
Sanchez 
Safford 

Reserves (tons) Grade (7. Cu) 

10,800,000 
12,000,000 
12,600,000 

130,000,000 
22,000,000 
21,500,000 
207,000,000 
110,000,000 
75,000,000 
39,000,000 
700,000,000 

1.00 
1.00 
0,53 
0,70 
0.-60 
0.50 
0.71 
0.40 
0.52 
0.413 
0.40 

1,340,000,000 

Below is a detailed list of the site selection criteria reduced for 
the proposed project: 

1, The porphyry body upon which the test is conducted must contain 
oxide mineralization at a low grade of about 4 lb of copper per 
ton. Oxide porphyries will consume more acid during leaching 
than sulfide deposits, but they are easier to leach and the high 
use of sulfuric acid has beneficial environmental overtones. As 
the pollution problems of the Southwest smelters are solved, 
there will be a need to use up the excess sulfuric acid created 
when the smelter fumes are cleaned. 

2, The oxide porphyry should have no more than 25 ft of overburden 
and a test "block" of 100 ft by 100 ft by 100 ft (or 100 ft deep 
and56 ft in radius) must be able to be separated from its 
surroundings by presplitting. This presplitting will be used to 
insure complete control of the leach solutions, 

3, Cooperation with the site owner is essential. Economies can be 
effected in geological studies and in the use of whatever 
facilities and utilities are present at the demonstration site 
by agreement with the owner, 

B, Description of Possible Demonstration Sites 

Table 2 lists a number of possible sites for the proposed in situ 
porphyry leaching project. The sites are presented in order of 
desirability according to the information presently available to 
the task force. 

14 
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TABLE 2. - Potential deposits for in situ leaching field test with known 
oxide ore reserves probably having submarginal ore at fringes 

Name of 
deposit 

Lakeshore 

Sanchez 
(formerly 
United 
Nuclear). 

Safford 

Prior-
ity-A-

A 

A 

A 

Location 

30 mi. S. of 
Casa Grande, 
Arizona near 
Gu Komelik on 
Papago Indian 
reservation. 

Graham County 
about 7 mi. 
N.E. of Saf­
ford, Ariz. 

9 mi. N.E. 
of Safford, 
Ariz. 

Company 

Hecla Mining Co. 

Inspiration 
Consolidated 
Copper Co. 

Kennecott 
Copper Corp. 
(Have expressed 
interest in . 
project.) 

Physical descrip. 
(length, width, 
depth, tnnnagp.) 

207 x 10^ tons 
oxide ore overlying 
300 x 10® tons sul­
fide ore. 

. 

39 x 10® tons 
oxide ore near sur­
face 100 to 150 X 
10® tons. Down to 
1,000-ft depth 
(lower, grade). 

700 X 10® tons oxide 
ore. Most of oxide 
ore beneath 500 to 
1,300 ft of barren 
overburden. 

Geology and 
mineralogy, 
Cn ^on^pn^ 

Chrysocolla in 
quartzite 0.7% Cu, 
55% acid soluble. 

Chrysocolla 0.4% 
Cu. 

Chrysocolla and 
brochantlte 
0.4% Cu. 

Remarks 
(Prior activity, mine 
MorHnpfi, nprmpah^^^^y 
• 
Co. is presently sinking 
2 inclined shafts 7,500 ft 
In length to a high grade 
tactite zone containing 
1.7%, Cu in form of sulfide. 
Later plans are to strip 
oxide ore near surface by 
open pit mining to expose 
the large reserves of low 
grade sulfide. Water 
should be available now 
for a field test. 

Co. operated small heap 
leaching pilot plant (5,000-
ton heap). Had some prob­
lems with jarosite coating 
1/2-ln material on heap. 
Water wells probably in and 
site close to Safford. 

Considered for project 
Sloop. See E&M J, Nov. 
1967, pp. 116-122. No water 
yet. Would have to choose 
ore near surface for field 
test. 

*Priority: A-Most desirable, according to information now available. 

B-Not as desirable, according to information now available. 
C-Applicable, but least desirable, according to information now available 

r-l 
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TABLE 2. - Potential deposits for in situ leaching field test with known 
oxide ore reserves probably having submarginal ore at fringes - Continued 

Name of 
deposit 

San 
Xavier 

Sacaton 

Vekol 
Hills 

Prior­
ity* 

A 

B 

B 

Location 

15 mi. S.W. 
of Tucson 
near ASARCO 
Mission mine. 

N. of Casa 
Grande, Ariz. 

About 25 ml. 
S.W. of Casa 
Grande, Ariz. 

Company 

ASARCO 

ASARCO 

Newmont 
(Contact Bob 
Fulton in N.Y. 
for details). 

Physical descrip. 
(length, width, 

, depth, tonnagel 

10.8 X 10® tons 
oxide ore near 
surface. 

12 X 10® tons 
near surface 
oxide ore. 

12.6 X 10® tons 
oxide ore near 
surface over­
lying 103 X 10® 
tons sulfide 
ore containing 
0.56% Cu. 

Geology and 
mineralogy, 
r.ii f!ontpnt 

Chrysocolla 
1% Cu. • . 

Chryisocolla 
1% Cu. 

Chrysocolla 
0.53% Cu. 

Remarks 
(Prior activity, mine 
uorlfi nps . nprmpahllltv 

Co. planned to mine by open 
pit and leach In 4,000 TPD 
vat leaching operation. 
Having difficulty reaching 
agreement with Papago Indian 
Close to Mission mine with 
available v/ater and labor 
for company assistance. 
Close to major population 
center. 

Co. plans to mine & process 
by vat leaching as at San 
Xavier. 

Co. does not plan to develop 
deposit at present because 
they feel sulfide ore is 
marginal because of antici­
pated surcharge for smelting 
of sulfide concentrates. 
Isolated deposit; probably 
no water yet. 

*Priority: A-Most desirable, according to information now available, 
B-Not as desirable, according to information now available. 
C-Applicable, but least desirable, according to information now available. 
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TABLE 2. - Potential deposits for in situ leaching field test with known 
oxide ore reserves probably having submarginal ore at fringes Continued 

Name of 
deposit 

American 
Eagle 

Posten 
Butte 

Bluebird 

Prior­
ity* 

B 

B 

B 

Location 

Copper Creek 
district 
11 mi. E. of 
Mammoth, Ariz. 

N.E. of 
Florence, 
Ariz, 

• 

5 mi. W. of 
Miami, Ariz. 

Company 

Newmont 

Continental Oil 
Co. 

Ranchers explo­
ration and de­
velopment. 

Physical descrip. 
(length, width, 
depth, tonnage) 

Unknown reserves 
pipe-like structure 
60-ft diam. on sur­
face oxide ore over­
lying deep sulfide 
deposit. 

250 X 10® tons oxide 
ore overlying 250 x 
10® tons sulfide ore. 
(These estimates 
based on few drill 
holes) 

75 x 10® tons 
oxide ore near 
surface. 

• 

Geology and 
mineralogy, 
Cn content 

Quartz-sericite 
rock 
0.5 to 0.8% Cu. 

Chrysocolla 
0.5 Cu high 
solubility in 
acid in lab tests. " 

Chrysocolla 
malachite and 
azurite 
0.52% Cu. 

Remarks 
^(Prior activity, mine 
workings, permp.abllltv 

Similar to Old Reliable, 
Prince, & Globe deposits 
in same area. 

Co. plans to develop similar 
to lakeshore operation. 
Problem with Gila River bed 
going through center of 
deposit. 

Co. presently mining by 
ripping and scraping, 
leaching in heaps and re­
covering Cu by solvent 
extraction electrowinning. 
Ore could be easily frac­
tured but might encounter 
some leaching problems with ' 
plugging by clay material. 

*Priortty: A-Most desirable, according to Information now available. 
B-Not as desirable, according to information now available.. 
C-Applicable, but least desirable, according to information now available. 
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TABLE 2. - Potential deposits for in situ leaching field test with known 
oxide ore reserves probably having submarginal ore at fringes - Continued 

Name of 
deposit 

Bagdad 

Twin 
Buttes 

Helvetia 

Prior­
ity* 

B 

C 

C 

Location 

Bagdad, 
Ariz. 

30 mi. S. 
of Tucson, 
Ariz. 

25 mi. S of 
Tucson, Ariz. 
in Santa Rita 
mountains 
across valley 

Company 

Bagdad 
Copper Corp. 

Anaconda 

Anaconda 

from Twin 
Buttes. 

Physical descrip. 
(length, width, 
depth, tonnage") 

110 X 10® tons 
oxide ore near 
surface overlying 
200 X 10® tons 
sulfide ore. 

22 X 10® tons oxide 
ore overlying sul­
fide deposit. 

21.5 X 10® tons 
oxide ore over­
lying sulfide ore 
body. 

Geology and 
mineralogy, 
Cn content 

Chrysocolla 
0.45% Cu. 

Chrysocolla in 
high lime rock 
0.6% Cu. 

Chrysocolla and 
some malachite 
in high lime 
gangue. 
0.5% Cu. 

Remarks 
(Prior activity, mine 
workings, permeability 

Co. has announced plans 
for expansion and intends 
to strip oxide ore which 
will be leached in heaps. 

Co. presently stripping this 
material to expose sulfide 
ore and stockpiling the 
high acid consuming oxide 
ore. Could have problems 
in plugging of a fractured 
deposit as lime rock breaks 
dovjn on leaching. 

Property not being developed 
yet. Would have same prob­
lem in treating oxide ore 
as at Twin Buttes. 

*Priority: A-Most desirable, according to information now available. 
B-Not as desirable, according to Information now available. 
C-Applicable, but least desirable, according to information now available. 
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TABLE 2. - Potential deposits for In situ leacliing field test with known 
oxide ore reserves probably having submarginal ore at fringes - Continued 

Name of 
deposit 

San 
Manue1 

Prior­
ity* 

C 

Location 

San Manuel, 
Ariz. 45 
mi. N.E. 
of Tucson. 

Company 

Magma Copper 
(Newmont) 

Physical descrip. 
(length, width. 
dppth, tnnnagpt 

130 x 10® tons 
oxide capping 
over deep sul­
fide deposit. 

Geology and 
mineralogy. 
Cn r.ontpnt 

Chrysocolla 
0.7% Cu. • 
About 70% 
acid soluble. 

Remarks 
(Prior activity, mine 

• workings, pprmpabiHty 

Co. presently mining sul­
fide ore by block caving. 
Oxide capping has caved 
and eventually will be 
treated by in. situ leaching 
as at Miami copper. 

*Priority: A-Most desirable, according to information now available. 
B-Not as desirable, according to Information now available. 
C-Applicable, but least desirable, according to information now available. 
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IV. Project Cost Estimate 

In Situ Porphyry Copper Leaching with Non-Nuclear Fracturing 

1. Pretest Planning $ 100,000 

2. Site Selection, Geological Delineation and Environmental Studies 
a. Technical Manpower (BuMines men) - 50,000 
b. Large Diameter Core Holes (6 in diam) 30,000 
c. Site Fluid Flow (reservoir engineering) Study 100,000 
d. Detailed Geological Study, Including Fracture and Borehole 

Analys'is 125,000 
e. Environmental Effect Statement..' 25,000 
f. (Possible) Company Lease 50,000 

3. Leachability (Metallurgical) Testing 
a. Sample Acquisition 20,000 
b. Preliminary Metallurgical Testing 100,000 
c. Pilot Scale Leachability Evaluation 100,000 

4. Presplitting 
a. Engineering and Design 20,000 
b. Drilling and Blasting 50,000 

5. Fracturing (Conventional Chemical Blasting) 
a. Preblast Engineering 15,000 
b. Drilling and Blasting (and possible minor reblasting) 100,000 

6. Sealing and Monitoring 
a. Polymerized Cement (in place) .' 15,000 
b. Drill Periphery Monitoring Holes ' 10,000 
c. Monitoring Incline and Drifts 100,000 
d. Underground Slant (up) Holes '. 5,000 
e. Moni toring Equipmen t 50,000 
f. Technical (BuMines) Monitoring Manpower Required 50,000 

7. Solution Injection and Recovery System, and Processing Plant.. 
a. Cleaning the Recovery Holes (the 6 in explor. holes) 5,000 
b. Capital Cost of Injection and Recovery System 150,000 
c. Capital Cost of Processing Plant 250,000 
d. Operation Cost of Leaching System (2 yrs) 210,000 
e. Construction of VJater Supply 50,000 
f. "Other" Facilities and Utilities (very dependent upon 

facilities available) 250,000 
g. Working Capital 50,000 
h. On Site BuMines Personnel (10 men, 2 yrs) ; 500,000 

8. Post-test Evaluation 
a. Underground Investigation Work (Monitoring Development Used) 50,000 
b. Laboratory Evaluation (Re-leaching, etc) ., . ,. 100,000 
c. Written Evaluation 50,000 

Total $2,780,000 
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PHYSICAL AND CHEMICAL PROPERTIES OF OMG, A NEW EXTRACTANT FOR COPPER 

UDC 6 6 9 . 3 3 : 6 6 , 0 6 1 . 5 

I . I . Z e g e r , G. P . G i g a n o v , a n d E . M. F e d n e v a 
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It is essential that the physical and chemical properties of the organic phase and 
the design of the extractor should ensure the minimum loss of extractant, because 
expenditure on making good extractant losses is the principal operating cost item in 
a solvent extraction scheme for copper. The present paper gives the results of 
studying some of the physical and chemical properties of a new extractant for copper 
called OMG, which has been synthesized at the D. I. Mendeleev Moscow Chemical Tech­
nology Institute and the State Non-Ferrous Metals Research Institute. 
The method of synthesizing the extractant and the results of a study of some of 

its properties were given in [1,2]. It was established that the capacity for copper 
of a 10% OMG solution in kerosene at an aqueous phase pH of 2.5 was 5 g/liter, which 
is twice as great as that of Lix-64. 
The good solvent-extraction properties of the reagent and the possibility of using 

it under industrial coneJitions were confirmed ^y large-scale laboratory tests on the 
solvent-extraction technology for processing heap leaching solutions at the Almalyk 
Mining and Metallurgical Combine [3]. 
The investigations were carried out with an extractant having the following basic 

formula: 

HaCJ CnHji 

where n = 4-5. Its element composition (5) is 76 C, 10.3 H, and 3.9 N; the refrac­
tive index n^^^ = 1.5267, specific gravity is 0.94 g/cra', flash point is 124*'C, and 
purity is 91.3%. The impurities are mostly products of resinification and condensa­
tion polymerization of the initial substances and are inactive as regards solvent 
extraction. Kerosene brand TS-1 was used as the diluent. 

It was established that the density of the organic solution increased in propor­
tion from 0.775 to 0.88 g/cm^ when the OMG concentra­
tion rose from 0 to 1.4 M, whereas viscosity rose 
almost nine times, from 1.25 to 11.2 cSt. The sharp 
increase in solution viscosity begins at an extractant 
content > 1 M ( - 40% concentration by volume). This is 
due to association of the extractant in organic solu­
tions, shown by cryoscopic measurements. 

Study of the solubility of OMG in aqueous solutions 
(Fig. 1) showed that the minimum solubility of 2 mg/ 
liter occurred with an aqueous solution pH of 3-4. 
Raising and lowering the acidity leads to an increase 
in solubility. Thus 22 mg/liter of OMG passes into an 
acjueous solution containing 2 M sulfuric acid. 

The increase in solubility at the right-hand end of 
the curve is due to the formation of alkali metal oxi-
mates, which form a second organic phase at pH > 7. 
The left-hand end of the curve corresponds to formation 
of extracitant-sulfuric acid reaction products which are 
more soluble in the aqueous medium. Changes in the re­
lationship between the aqueous and organic phases and 
transition to an aqueous phase containing NaCl + HCl do 
not affect the solubility of the extractant. 

The presence of copper in the range up to 5 g/liter 
in the systems studies does not alter the nature of the 
OMG solubility curves. 
The investigations showed that losses of extractant 

caused by dissolution in the aqueous phase at pH 1-3 
range from 9.8 to 2.7 mg/liter; this is quite acceptable in the economics of solvent-
extraction processing of low-copper solutions, even those from heap leaching. As a 
rule the copper concentration in them does not exceed 2 g/liter. 
The effectiveness of froth separation of the organic phase from the aqueous process 

solutions (degree of purification up to 70%) in reducing emulsion losses of extrac­
tant was confirmed. 

Fig. 1. Solubility of OMG 
in acid solutions (OMG 
concentration in kerosene 
0.3 M). Composition of 
acjueous phases, M: 1 -
0.18 (HzSOw + NazSO^), 
0 : A = 1 : 1 ; 2-0.18 
(H2S0M + NajSOh), O : A 
= 1 : 10; 3 - 0.18 (HCl + 
NaCl), O : A = 1 : 1; 
4 - 2 (HzSOk + Na2S0,), 
O : A = 1 : 10. 
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The total capacity of the organic solutions for copper was found by the saturation 
method. A copper sulfate solution with a concentration of 35 g/liter was used for 

this purpose, and the total capacity of the organic phase for 
copper at a given pH was found by bringing it consecutively into 
contact with fresh batches of solution. 
It is apparent from the data given (Fig. 2) that the degree of 

copper extraction falls sharply as the pH is reduced, in the 
range of extractant concentrations studied (from 0.2 to 1.4 M). 
At pH 1 the level is approximately half that at pH 2.5, but re­
mains in the 3-18 g/liter Cu range in the area of concentrations 
studied. 
It can be stated on the basis of the above material that the 

new extractant for copper (OMG) has a low level of solubility in 
aqueous solutions and blends well with the diluent, kerosene. 
The low viscosity of OMG solutions in kerosene ensures rapid 
phase separation in extraction and reextraction. Thus OMG is not 
inferior to Lix-64 N in its physical and chemical properties and 
has double its capacity. 
The good extraction, physical, cUid chemical properties of OMG 

have made it possible to recommend it as the extractant in pil 
pilot-plant tests on solvent extraction of copper from heap 
leaching solutions from unclassified Kal'makyr ores. 
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Fig. 2. Relation­
ship of capacity 
of OMG solutions 
in kerosene for 
copper to pH of 
equilibrium acjue-
ous phase. OMG 
concentration in 
kerosene, M: 1 -
1.4; 2 - 1.1; 3 -
0.86; 4 - 0.59; 
5 - 0.21. 
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\ 
6) Deieimining for each project the work required to reach the 

next decision point and commit t ing the t ime, money, and 
human resources required. 

7) Insisting on a thorough review at the end of each step, 
before a dccisionis made to proceed or not. This involves ap­
praising the future influence of government and regulation on 
the potent ial discovery. This includes also abandon ing the 
failing projects without regret and pushing the successful ones 
with gusto. 

Thus , armt;d with these arrows in his quiver, the exploration 
manager can project them along the rainbow of success. And, 
from time to time, his exploration team will assuredly juinp for 
joy and announce, 'Yes, we made it: we have made a new ore 
discovery!" 
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Precipitating and Drying Cement Copper 
at Kennecott' s Bingham Canyon Facility 
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Abstract — The operat ion of K e n n e c o t t ' s Bingham Canyon 
c o p p e r p r e c i p i t a t i o n p l a n t , one of t he w o r l d ' s largest , is 
described. This description includes a brief historical review of 
precipitation at Bingham atid the general layout atid operation 
of the present cone cementation facility. Current practices are 
based on results of studies undertaken to define improvements 
needed in each unit opera t ion . These improvement s were 
requi red to meet chang ing p l an t condi t ions a n d were im­
p l e m e n t e d pr imar i ly within the const ra in ts of the existing 
faci l i t ies . Specific uni t opera t ions inc luded were the cone 
precipitators, the cone discharge thickener, the cone effluent 
settling basins, and the plate and f rame filler presses. As a result 
of these improvements, loss of precipi ta ted copper decreased 
a n d the degree of p rec ip i t a t ion increased, rais ing coppe r 
recovery by 9 t / d . At the same lime, iron consumption was 

reduced by 22 .} t / d . Problems in drying ihe cement copper 
were also overcome so that a p roduc t containing 12 - 1 3 % 
moisture could be consistently delivered for smelting. 

All four authors are einployed by Kennecott Copper Corp., Salt 
Lake City, Utah 84147. W. Joseph Schlitt, Member SME, is 
manager of the Hydrometallurgy Department, Metal Mining 
Division Research Center; Bruce P. Ream is mine planning 
engineer at the Utah Copper Division; Lawrence J. Haug is 
precipitate plant general foreman at the Utah Copper Division; 
and William D. Southard is manager of engineering services at 
Ihe Utah Copper Division. 
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Introduction 

Between 1963 ahd 1967, following several years of research on 
improved design, Kennecott's Utah Copper Division undertook 
a major expansion of the dump leaching and copper cemen­
tation operation at its Bingham Canyon mine neai- Salt l,;ike 
City, Utah. In the expansion the straight-line launder plani was 
replaced with two modules each with 13 cone precipitators lor 
copper recovery, and the cement copper decant cells and drying 
slabs were abandoned in favor of plate and frame filter presses 
for dewatering the precipitates. Included in the expansion was a 
43-m diameter settling basin designed to recover any fine par­
ticulate copper entrained in cone effluent and to clarify barren 
solution being returned to the dumps. Later, a second parallel 
unit was added. Also installed were a 23-m diameter cone 
discharge thickener lo provide a uniform niter press feed and a 
conveyor belt-traveling tripper .system for charging shredded 
scrap iron to the cones. The new facility was designed to handle 
180 t/d of precipitate copper. In conjunction with this expan­
sion the capacity of the leach water pumping system was in­
creased from 37.8m3/min to 150m3/min (later 190m3/min). 

Patents were granted on a number of innovative features of 
the new plant.' Descriptions of the plant and particularly the 
cone precipitators have also been published.2.3 However, 
operating practices at the Bingham facility have not been 
described since the plant went online. The current practices 
reflect recent improvements derived from a development 
program intended to upgrade operating efficiencies and to 
reduce unit costs, primarily within constraints of the existing 
facilities. The program overcame the impact of gradually 
declining copper concentration in the pregnant leach solution 
and rectified some minor problems inherent in the original 
plant design. 

In arriving al the present mode of operation, each major unit 
process in the plant (see Fig. 1) was subjected to an in-depih 
analysis using either available plant process control assays or a 
separate detailed monitoring program. These efforts identifiecl 
performance characteristics in four major plant areas. The 
results of these studies provided the basis for adjusting cone 
cycle times to improve the degree of copper precipitation, for 
usiiig flocculants to improve copper settling, for increasing cop­
per recovery from decant and effluent streams, and for enhan­
cing dcwatering ofthe cement copper product. 

Cone Precipitators 

When the studies began,, the copper in the cones was 
discharged once every 8 hr, one module being discharged at the 
beginning of each shift and the other in the middle of the shift. 
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Fig. 1—Sequence of unit operations in Precipitation Plant. 

Fig, 2—Typical increase In copper losses from cones as a 
function of time after cone discharge. 

Timewise, 30 - 40 min were needed to discharge each cone on 
line rn the module, and 50 - 60 min were reserved at the end of 
the 240-min cycle to decant the thickener down to the point 
where the volume of slurry coming from the other module could 
be easily accommodated. This left 140 - 160 min for copper set­
tling in the thickener under quiescent conditions. 

While this operating practice Vas fine for the cone discharge 
thickener, copper losses from the cones themselves increased at 
the rate of about 0.0085 kg/m^/h, becoming very high toward 
the end of the 8-hr cycle. As shown in Fig. 2, most of.this loss 
was caused by increased carryover of precipitated copper in the 
cone effluent. This phenomenon was related to the buildup of 
copper in the cones and to the gradual fonnation of channels in 
the iron bed. Higher flows short circuiting through these chan­
nels reduced the degree of precipitation and increased the level 
of precipitated copper reporting in the cone effluent. 

The solulion to the problem was clearly to discharge the cones 
more often in order to avoid the channeling. This was borne out 
by preliminary tests which showed thai a switch from an 8-hr to 
a 4-hr cone discharge cycle would retain an additional 3.8 t/d of 
copper in the cones. Before the 4-hr discharge could be adop­
ted, however, a bottleneck in the batch thickener operation had 
to be overcome. In the 4-hr cycle, 50 - 80 min would be needed 
for cone discharge and 100 - 120 min would be needed to decant 
the greater volume of clarified solution. This left only 40 • 80 
min for settling copper from the increased volume of cone 
discharge slurry. To avoid the high decant losses from unsettled 
copper, flocculants were evaluated as a way of improving set­
tling rates. A nonionic, long-chain liquid polymer proved to be 
effective at a final dosage of about 5 mL/m^. This flocculant is 
now mixed and diluted automatically, and is sprayed into the 
thin copper slurry (2% solids) before it enters the thickener. As 
shown in Fig. 3, maximum settling was achieved in 20 min at a 
depth of 1.2 m and in 50 min at a depth of 4.5 m, the lower 
limit to which the thickener is decanted^ 

On the basis of these tests, both the 4-hr cone flush cycle and 
flocculant addition to the cone discharge slurry were initiated 
simultaneously. Once these changes were made, the im­
provements in plant performance were somewhat greater than 
expected. The net overall increase in plant recovery was 3 t/d of 
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Fig. 3—Effect of flocculant on the settling rate of particulate 
copper at various depths in the cone discharge thick­
ener. 

copper. This was derived from a 1 % ihcrease in the degree of 
copper precipitation and a 6% increase in retention of 
precipitated copper in the cones. This latter improvement was 
particularly significant since only about 60% of the suspended 
precipitate copper in cone effluent was recovered in the settling 
basins. 

The improvements in recovery were due to two factors. The 
first was the reduced incidence of channeling so that solution 
flowed uniformly through the bed of iron; The second was the 
decrease in the amount of copper accumulating in the cones. 
The more uniform flow also provided an unexpected dividend 
in the form of lower iron consumption. About 0.07 kg less iron 
was dissolved per kilogram of copper precipitated. This was due 
to elimination of stagnant zones away from the channels where 
solutions continued to dissolve iron without precipitating ad­
ditional copper. When the improved retention of copper was 
also taken into account, the overall iron factor based on scrap 
purchases was reduced by about 0.2 kg of iron per 1 kg of cop­
per actually recovered. 

Cone Discharge Thickener 

In spite of the enhanced settling rates achieved with floc­
culant addition, significant copper losses continued to occur 
when the cone discharge thickener was decanted directly to the 
two settling basins. One source of loss was the still suspended 
particulate copper which ranged between 0.08 and 0.10 kg/m^. 
This was higher than expected on the basis of settling data and 
indicated that some copper was being resuspended by the 
decani operation itself. Since much of this copper was very fine 
and slow to settle, only about 30% appeared to be recovered in 
the basins. In addition, the settling basins did not recover any of 
the.soluble copper. This averaged about 0.15 • 0.17 kg/m3 
(about three limes that in the normal effluent), since iTiuch of 

the water discharged to the thickener from the cones was not 
completely stripped of copper. 

The first alternative treatment method tried was recirculation 
of decani water to the cones. This proved to be ineffective since 
the high trash content of the decant water rapidly plugged the 
solulion manifolds in the cones; Therefore, the two center cells 
in the old launder plant were renovated to treat the decani 
solution, other small miscellaneous streams, and surface 
drainage or runoff from the canyon. The upper 145 m in each 
cell were left open to provide surge capacity and a settling zone 
for suspended solids. The lower 145 m were charged with iron to 
strip the .soluble copper. 

The flow rate for the combined streams fluctuates seasonally 
but has averaged about 23 m^/min with the feed containing 
about 0.23 kg/m^ soluble copper, 0.11 kg/m^ particulate cop­
per, 0.14 kg/m3 ferric ion, and only a litlle acid (pH = 3.2).. 
The settling area and iron bed filtered out virtually all of the 
contained particulate copper. As indicated in Fig. 4, about 70% 
of the soluble copper was also recovered. Total copper recovery 
from the decant solution exceeded recovery in the settling basins 
by about 1.5 t/d. Furthermore, iron consumption in the strip­
ping operation was quite low, only 1.1 kg iron consumed per 1 
kg copper precipated, due to the low ferric ion and acid content 
of the feed solution. 

Cone Effluent Settling Basins 

Once performance of the cones and thickener was optimized, 
an effort was made to improve recovery of the 0.05 kg/m^ of 
precipitated copper entrained in the cone effluent being fed to 
the settling basins. Instead of conducting a separate monitoring 
program, basin performance was assessed by preparing a 
statistical analysis of daily plant process control assays from a 26-
month pisriod. Available plant data included the soluble and 
particulate copper contents in the basin feeds and effluents as 
well as the flow rate through each basin. Of these, the flows and 
copper contents of the feed were taken to be the input or in-
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Fig. 4—Variation in composition of decant solution during 
copper stripping in old launder plant. 
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Fig. 5—Variation in particulate copper recovery In the settling 
basins as the,flow split changes but total flow/ is fixed 
at170m3/min. 

dependent variables. These dala also were used to compute 
various performance indicators for the settling basin, including: 
Particulate copper solubilized, total particulate loss, total par­
ticulate recovery, and percent particulate recovery. The per­
formance indicators, including particulate copper in the basin 
effluent, were assuined to be the output or dependent variables. 

With the large number of variables for each settling basin, 
multiple linear regression techniques were needed to establish a 
set of models or mathematical expressions showing which factors 
influence particulate copper loss and recovery most strongly. 
Additional techniques were used so that only those independent 
variables which have a statistically significant impact on loss or 
recovery were included in the resulting models. For both settling 
basins, the best indicators of basin performance proved to be the 
expressions for part iculate copper recovery. The models* for 
each basin are listed below; they accoun t for 9 6 % of the 
variations observed in particulate recovery during the 26-month 
period. 

Basin No. 1 Particulate copper recovery = 0.084 -
1.069 X 10-5 X flowrate -f 0.843 X partic­
ulate copper input 

Basin No. 2 Particulate copper recovery = - 0 . 0 7 9 -I-
0.677 X particulate copper input 

Unforiunately, methods for optimizing basin performance 
using these models are limited. The only way this could be done 
was to optimize the solution flow split between the ba.sins, since 
total flow is fixed by the volume of pregnant solution coming 
from the dumps and the particulate copper loading in the ba.sin 
feed is a function of cone operating efficiency. The optimum 
flow split can be determined simply by solving the two ctiuaiions 
for recovery at different flow splits assuming a normal plant flow 
rate of 170 m^ /min . The result is shown in Fig. 5. Surprisingly, 
the results indicate that maximum overall recovery is achieved 
by limiting the flow to Basin No. 1 and not by splitting the flow 
evenly between the two basins. 

This is due to two factors. Although the two center-fed basins 
arc nominally the same, the second unit was actually installed at 
a later date and utilized an improved feed well design and 
profile. As a result. No. 2 operates with more uniform radial 
flow distribution and fewer eddy currents. This probably ex­
plains why typical variations in flow rate have a statistically 

'Ex/„,:iliniti for fiarlirtitftlr copf],T ii-rnvi-rii:i ond plITliciiInlr .tJJi/irr ii,],\n., tur ^tyr„ in 
lb/1000gill ondJliw rules nr,'^ifi'n in gat./min. Ihf unin rurrt-nllv turd in ih,' j.toin for whirl) 
Ihe modeh were developed. SI uniti fan be nbtiiined fi.v ofrprrtfrnrn.' ennrer.ii.tn /in-hm. 

significant impact on particulate recovery in No. 1, but not No 
2. In addition, the common splitter box only controls the basir 
flow but docs not effectively mix the effluents coming from tht 
two cone modules. For this reason, the paniculate loading in tht 
feed to Basin No. 1 is usually about twice that going to No. 2 
Thus, limiting flow to No. 1 increases retention time and im 
proves recovery of copper entering this settling basin more thar 
enough to offset losses from No. 2. 

For typical particulate copper loadings of 0.035 kg /m° and 
0.060 k g / m 3 In the two cone module effluents, the model; 
projected that copper recovery could be increased by 0.6 t / d il 
an even flow split were changed to send 66 m ' / m i n to Basin No. 
1 and 104 m^ /min to Basin No. 2. The projected improvemeni 
would increase as par t icula te input increased. However, a 
higher recovery achieved with a wider flow divergence cannot be 
inferred from the empirical models since these are really valid 
only over the. range of flows used in their development (55 - HE 
m^ /min ) . 

After a review of the initial modeling work, plant operator; 
agreed to test the validity of the results by adjusting the settling 
basin flows lo the projected optimum levels. During the first 2C 
days at this uneven flow split, the average flow to Basin No. 1 
was 67 m3/min , and the average flow to Basin No. 2 was 102 
m^ /min . According to plant process control assays, actual total 
recovery of particulate copper in both settling basins averaged 
5.7 kg/min, or 8230 kg/d . For the same flow split, modeling in­
dicated that total recovery should be 5.4 kg/min, or 7840 kg/d, 
a difference of only 390 kg/d . or about 4 . 8 % . This close com­
parison confirmed the validity of the model as a guide for op­
timizing settling basin operation. 

This confirmation also meant that the model could be used tc 
estimate what particulate recovery should have been observed ir 
the 20-day test period if the total flow had been split evenly be 
tween the two basins. T h e resulting estimate was combined 
recovery of 7300 kg/d . On this basis, use of the projected uneven 
flow split seems to optimize part iculate copper recovery, in­
creasing il by about 0.9 t / d over that obtained with an even split 
on basin flows. 

P r e c i p i t a t e C o p p e r D r y i n g a n d H a n d l i n g Faci l i t ies 

One of the major problems to be overcome as part of the 
Bingham plant expansion was effectively drying the high ton­
nage of copper to be produced. In the previous small-scale 
operations, the cement copper had been washed from the laun­
der cells into quiescent settling basins. Periodically, the standing 
water was decanted from these and the copper was transferred 
to drainage pads and then to the smeller. However, the moisture 
content of the resulting precipitates was high and hard to con­
trol, especially in wet or cold weather. 

Any suitable alternative drying process had to overcome a 
number of problems inherent in the nature of cement copper. 
These include a very fine particle size, typically less than 10 • 20 
pm for fresh, as-precipitated material. Furthermore, individual 
particles arc dendritic in nature so that considerable water can 
be held within each particle as well as between particles. The 
slurries also have thixoiropic tendencies. Partially as a result of 
these properties, precipitate copper tends to dust excessively at a 
moisture content below about 8 % but becomes sticky and 
adhereni at about 18% moisture, and can be sloppy and free 
flowing al moisture contents of as little as 2 5 % . Therefore, a 
number of dewatering processes were evaluated to determine 
which, i fany. could consistently provide a copper product con­
taining a daily average moisture content of 12 to 15%. In ad­
dition to plate filler presses, these included: Solid and perforate 
bowl centrifuges, rotary dryers, cyclone classifiers, spray dryers, 
vacuum-belt exiraciors, steam dryers, roll briqueit ing. rake 
th ickeners , t u rbo dryers , and various c o m b i n a t i o n s and 
modifications of these methods. 
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After the preliminary evaluation, several of these methods 
were tested in pilot studies. Centrifuges proved to be expensive 
and difficult to control because of out-of-balance nnd feed rate 
control problems.. Rotary kilns were unable lo consistently meet 
moisture specifications and would have required expensive air 
scrubbing equipiTient. Vacuum-belt extractors available in the 
early 1960's also did not reduce the moisture content of the 
precipitate to specified dryness. On the other hand, spray dryers 
produced a dusty product containing only about 5 % moisture. 
Other methods and combinations of methods were tested but all 
proved to be less satisfactory than plate filler presses. 

Based on the results of tests conducted by Bechtel Corp. at 
Bingham in 1965, the decision was made to install three Shriver 
ALP automatic filter presses. Each press had seventeen 1220 
mm X 1220 mm X 50 mm chambers with a total of 42 m^ of 
filtering area and .1.1 m^ of cake volume. Each recessed plate 
was covered with a ~ 5 0 0 pm stainless steel wire cloth filter 
medium. The plates were forced together using a hydraulic ram 
and a teflon impregnated asbestos gasket was used as a seal be­
tween each plate. Problems with incomplete chamber filling, 
pressure equa l iza t ion between adjacent plates , and gasket 
failures led to the development o f a successful recessed plate and 
frame filter combination patented by Kennecott. 1 This involved 
modification of ram length and removal of six filter plates. Be­
tween each of the remaining plates a 1200 mm X 1220 mm X 50 
mm hollow spacer frame was added, giving a lOO-mm-thick 
cake. These frames were constructed of carbon steel and then 
rubber coated. Maintenance costs, however, eventually forced 
the change to the current design of stainless steel spacer frames 
with " O " ring gaskets. After modification, each press had a 
capacity of abqut 2.5 t of contained copper at a precipitate 
grade of 86 - 90% copper and a moisture conteni of 12 - 15%. 

T h e equ ipmen t specifications and operat ion of the filter 
presses and ancillary facilities has been detailed elsewhere. ' ' 
Briefly, the sequence of drying operations begins with the cone 
discharge thickener. Underflow copper slurry from this unit 
feeds an agitated surge tank which has the capacity to store 
material for about 2 hr of press operation. The .sole function of 
the tank is to provide a relatively constant press feed averaging 
10 - 12% solids, even though thickeiier underflow varies from 3 -
30% solids, depending on time after cone discharge. 

Under normal conditions, the filter presses are automatically 
synchronized so that one press is being filled while a second press 
is being air blown and a third is being unloaded or waiting to be 
filled again. During filling, the presses are top fed at an average 
rate of 0.75 m^ /min until the press feed pressure reaches the 
range of 275 • 310 kPa. At this point, there is a 5- to 10-min 
delay before slurry feeding is discontinued. The length of the feed 
cycle varies from 15 -,30 min, depending on feed rate and slurry 
density. During feeding, filtrate passes through the stainless 
cloth and is fed by gravity to a holding tank via two internal 
channels. Filtrate is normally recycled to the cones. However, 
after completing the feed cycle, filtrate is used to flush copper 
from the feed lines in preparation for the two-stage air blow. 
The first stage is a low-pressure air blow designed to remove the 
bulk of the filtrate solution from the precipitate copper cake. 
After 3 • 5 min, a high-pressure (550 - 620 kPa) air blow is start­
ed. This air blow, which lasts from 15 • 20 min, drives out ad­
dit ional water , primari ly by evaporat ion, since the cake is 
heated by oxidation of the copper. This may raise cake tem­
peratures to more than 90° C, although the average is lower. 

Following the air blow, the press automatically opens and the 
precipitate cake is manually discharged through a grizzly hop­
per onto a conveyor belt. The copper is then transferred to a 
storage building where it can be stockpiled or loaded directly in­
to rail cars for shipment to the smelter. When the last compart­
m e n t in the fi l ter press is e m p t i e d , the h y d r a u l i c r am 

•automatically closes the press and it is ready for a new cycle. 

In spite of the mechanical press improvements and apparent­

ly consistent dewa te r ing p rocedures , process upsets —par­
ticularly high moisture contents —still occurred from time to 
time. This caused moisture-related operating problems at the 
smelter. In an effort to gain better control over the drying 
operation, a monitoring program was undertaken to identify 
process paramaiers which affect drying. Parameters included 
the level to which the press feed was acidified (a patented 
process'), the percent solids in the feed, the maximum press 
temperature, and the amount of acid-insoluble material (insol) 
in the copper. The effect of general material handling after 
filtration was also exarnined. 

T h e first portion of the monitoring program was designed 
primarily to determine the effect of sulfuric acid additions and 
percent solids on the moisture content of the filter cake. A total 
of 61 press cycles was sampled over a one-month period. The 
degree of feed acidification was controlled at four discrete pH 
levels —0.5, 1.5, 2.5, and 3.5 (background —no acidification). 
Percent solids was not intentionally controlled, and varied from 5 
- 19%; filter cake mois ture ranged from 10.9 • 2 0 . 6 % , as 
measured immediately upon discharge from the presses in a 
vacuum drying oven. 

Data were treated using stepwise linear regression techniques, 
and the results show tha t the relat ionships between cake 
moisture and both percent solids and pH have a high level of 
statistical significance (greater than 95%) . As shown in Figs. 6 
and 7, the moisture content drops 1.24 percentage points for 

pH of Press Feed 

Fig. 6—Relatiionship between pH of fi lter press feed and 
moisture content of as-produced precipitate copper 
filter cake. 
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Fig. 7- -Relationship between percent solids in filter press 
feed and moisture content of as-produced precipitate 
copper filter cake. 
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Table 1 —Summary of Average Filter Press Operating Parameters at Each pH Level 

pH 
Level 

3.5 
1.5 
1.0 

Add 
Required, 
TonsfShlfl 

None 
2.75 
8.75 

Average Moisture 

Filler 
Cake 

21.9 
16.6 
17.8 

Rail Car 
atP-PlanI 

12.7 
10.6 
11.8 

W l % 

Rail Car 
al Smeller 

11.7 

Average 
Maximum 

Press 
Temp 'C 

56 
71 
60 

Average 
Solids 

In Feed, 
W l % ^ 

12.7 
9.7 
9.5 

Average 
Soluble Cu 
In Filtrate, 

kg/m^ 

0.17 
0.74 
0.92 

Wo solids IWs-Vg.J 

0-gt'Ccu)J 
100 

W„ 

where W^ = wt s/ufry sample. Vj = volume slurry sample, ei = density o l solulion and e^y = Cu density, all In Internally 
consistent units 

each unit decrease in pH, and drops 0.2 percentage points for 
each percent increase in feed density. However, further analysis 
of the data showed that the pH effect is so overriding that the 
observed variation in percent solids has no significant effect on 
the moisture content. 

In the second part of the study, 37 shifts of operation over a 
two-month period were monitored in detail. Three pH levels 
were included in this portion ofthe study, 3.5, 1.5 and l.Q. In 
addition to press feed acidity and total acid requirements, the 
following parameters were monitored: The percent solids in the 
press feed, the soluble copper content in the filtrate, the grade 
and composition of the precipitate copper, the maximum press 
temperature, and the percent insol in the copper. These data 
are summarized in Table I. 

As in the first portion of the study, the five monitored 
variables were treated statistically using stepwise linear 
regression. In this analysis, filter cake moisture content was 
taken to be the dependent variable and allother parameters, 
cither alone or in combination as cross products, were assumed 
to be independent variables. The results show that only the 
relationships between moisture content and temperature or pH 
related terms are statistically significant (95% confidence level). 
The effects of feed pH and maximum press temperature also 
proved to be mathematically independent, since cross-product 
correlations were lower than those for pH and temperature 
alone. Therefore, the best estimate of moisture in the 
precipitate filter cake as it drops from the presses is expressed as: 

% H2O in Cu = 29.7 - 0.22 T -f- 1.43 pH 

where T is the maximum press temperature in degrees Celsius. 
The standard error in this estimate of percent moisture is 1.95, 
with 80% of the observed variation in moisture attributable to 
temperature and pH effects. The remaining 20% moisture 
variation is scatter due to random error or other variables not 
included in the equation. 

The impact of each operating parameter on the moisture con­
tent ofthe precipitate is discussed below in greater detail. 

PH 

The second portion of this study shows that moisture in the 
filtered precipitate copper decreases 1.43 percentage points for 
each unit decrease in pH over the pH range of 1.0 - 3.5-. This 
agrees closely with the value of 1.24 percentage points ob.served 
in the first portion of the study. In both cases, the moisture con­
tent of filter press discharge was approximately 16% at pH 1.5. 

Acidification appears to have both chemical and physical 
roles in enhancing copper drying. Chemical data listed in Table 
2 show that the sulfur content of the copper increases with 
acidification. This would be expected, since sulfates remaining 
in the filter cake as water evaporates should increase as more 
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sulfuric acid is added to the feed. However, the assay data show 
a greater increase in oxygen content than is accounted for on the 
basis of higher sulfate loading alone. This suggests that acid 
catalyzes the reaction 

2Cu -f I /2O2 — CU2O 
Since this reaction is strongly exothermic, the greater heat 
generated may be one cause of higher press temperatures and 
better drying associated with acidification. Sulfation of copper 
or of copper oxide would also supply heat; however, there is no 
evidence that sulfation occurs, since the increase in water 
soluble sulfur or sulfate in the precipitate is less than that expec­
ted from higher acid loading alone. 

Acid also appears to aid drying by causing the formation of a 
relatively porous filter cake and by reducing the buildup of inert 
material on the screens. The result is a more uniform air flow 
through the filter cake. Evidence for this is found in the in­
creased number of compressor cycles during each press cycle. 
This increase indicates lower back pressure in the presses with 
acid addition. The greater number of compressor cycles also 
means that a greater volume of air moves through the cake. This 
promotes drying since it provides more complete removal of 
water. The greater volume of air may even promote the copper 
oxidation reaction itself. 

Acid requirements to enhance drying proved to be low. Only 
about 2.75 t of sulfuric acid per operating shift were required to 
maintain pH of 1.5 in the press feed slurry, equivalent to 67 kg 
of acid per tonne copper. Most of the acid is actually used to 
overcome the buffering capacity of the mine water. This buf­
fering is high at Bingham so that about 15 kg ofacid/m^ of 
solution are needed just to acidify the mine water to pH 1.5. 
Also, due to buffering effects, acid requirements are a nonlinear 
function of final pH and almost 50 kg of acid/m^ are needed to 
reach a pH of 1.0. This is equivalent to 8.75 t/shift, or 215 kg of 
acid per tonne copper. 

Temperature 

As indicated by the analysis, maximum press temperature 
over the range of 43 - 82°C correlates closely with filter cake 
moisture. Quantitatively, moisture decreases 2.2 percentage 
points per 10°C increase in temperature. The relationship, 
clearly provides plant operators with a quick indication of good 
drying; however, the study did not (letermine conclusively 
whether the high temperature is a cause of good drying or 
merely an effect of other factors which promote drying. As 
noted above, the temperature may simply reflect the amount of 
heat being generated through oxidation of the copper. This, in 
turn, is probably enhanced by uniform air flows and catalytic 
effects due to acid addition. 
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Table 2 -

pHJ.S 

As-produced 
Walerlaached 

pH1.5 

As-produced 
Walerleached 

pHI.O 

As-produced 
Water-leached 

-Summary of Assays for Precipitate Copper Dried af Each pH Level 

Cu 

90.6 
92.8 

91.2 
93.3 

89.5 
• 92:2 

• Insol 

0.62 
0.64 

0.77 
0.88 

1.18 
1.27 

0 

4.95 
4.18 

5.14 
4.06 

6.30 
5.10 

Fo 

1.77 
1.43 

1.29 
0.63 

1.01 
0.53 

Assays, WI % 

Sn 

0.28 
0.29 

0.25 
0.26 

Pb 

0.20 
0.24 

0.22 
0.21 

0.22 
0.22 

s 

0.33 
0.02 

0.37 
0.02 

0.47 
0.02 

Mg 

0.21 
0.02 

0.18 
0.02 

0.18 
0.03 

Al 

0.28 
0.40 

0.23 
0.23 

0.39 
0.29 

Acid insoluble conteni 

The content of acid insoluble material in the copper (insol) 
only varied from 0.5 - 1.4%. This spread was insufficient to 
establish statistically significant correlations. However, a sudden 
jump in insol at the end of the study was apparently responsible 
for the increase in cake moisture when the pH of the press feed 
was lowered from 1.5 to 1.0. Insol plugs the filter cake and press 
screens, creating a high back pressure so that subsequent air 
blows are less effective. In extreme cases even the flow of copper 
slurry to the press cavity may be restricted. 

Percent solids 

In the second part of the study there was not a significant 
correlation between pulp density or percent solids in the feed 
and moisture content. In the first part of the study, these two 
parameters had shown a correlation, but the effect was in­
significant relative to pH. The^e findings were based on percent 
solids ranging from 7.0 • 15.6% per shift. This does not mean 
that low percent solids, for example 1 - 2%, would not adversely 
affect the moisture level in the copper cake. 

Effects of acidification other than moisture control 

The addition of acid has a minimal effect on precipitate 
grade as shown in Table 2. Acidification causes a slight increase 
in sulfur and oxygen levels and a decrease in the iron content. 
The laiter decrease is undoubtedly due to acid-enhanced 
dissolution of iron or iron oxides, while the former increases are 
caused simply by higher sulfate loading. The decrease in iron 
was greater than the increase in oxygen and sulfur raising 
precipitate grade slightly. The data on water-leached material 
also show that about 90% of the sulfur and magnesium and a 
lesser amount of iron and oxygen are water soluble, probably all 
as sulfates. 

Copper losses caused by dissolution of precipitates do increase 
when acid is added. The soluble copper content in the filtrate 
rose by 0.57 kg/m^ when acidifying to pH 1.5. The associated 
copper loss would be 0.2 t/d for a press filtrate flow of 0.4 
m"/min and a two-shift-per-day operation. The increase in the 
soluble copper conteni of the filtrate was even higher, 0.75 
kg/m3, when the press feed was acidified to a pH of 1.0. 

During the study there was no indication of a need for in­
creased filter press maintenance because of acidification. In 
fact, acid addition may reduce the buildup of inert material on 
the press screens so that less frequent cleaning is required. The 
only problem encountered was the acid mist released when the 
filter presses were opened. This was much more noxious at pH 
1.0 than at 1.5 and could pose a safety hazard, particularly at 
the lower pH. Handling concentrated sulfuric acid also entails 
some risk and requires special safety precautions. 

Impact of other factors on the filter press operation 

In addition to filter press operation per se, material handling 
procedures proved to be an important factor in achieving good 
drying. As indicated by data in Table 1, the warm precipitate 
copper continues 10 dry from the time it drops from the filter 
presses at least until it reaches the smelter. During the study the 
average moisture content ofthe copper decreased by 35% while 
being held for 3 - 4 days before shipment from the precipitation 
plant. Based on less data, an additional average moisture reduc­
tion of 20% took place from the time the cars were loaded at 
Bingham until they were sampled at the smelter. Clearly, when 
operating constraints permit copper to be held for several days 
of additional drying prior to shipment, a significant reduction in 
moisture can be achieved without acid addition. For example, 
average car moistures at Bingham for April, May, and June 
1975 were 13.2%, 12.9%, and 12.3%, respectively. All were 
within the desired range of moistures without routine use of 
acid. 

Summary 

Efforts to optimize precipitation plant performance to meet 
graduallychanging conditions and to overcome problems in the 
original plant design proved to be successful. The program 
reduced plant tail losses by about 0.035.kg/m3, equivalent to 9 
t/d in increased copper recovery. As a result, the plant is now 
operating at over 90% recovery. Higher recovery would be 
possible by putting more cones on line and reducing the flow 
rate per cone. However, the incremental iron consumption 
needed to achieve a few percent more recovery becomes 
prohibitive because of the chemistry of the Bingham leach 
solulion.3 While recovery increased, iron consumption has been 
reduced by about 0.3 kg iron per 1 kg copper actually 
recovered. This is equivalent to saving about 22.5 t/d of iron. As 
a result, reported overall iron consumption has dropped from 
just over 3kg to less than 2.8 kg iron per 1 kg copper. 

Development work spanning more than 10 years has shown 
that a modified plate and frame filter press is quite effective for 
dewatering cement copper. Drying is enhanced by air blowing 
to oxidize a portion of the copper and to generate heat within 
the cake itself. Since the hoi cake continues to dry after 
discharge, simply holding copper at the plant for a few days will 
assure delivery of a product containing the desired moisture 
level of 12 • 15 % at the smelter. When insol levels exceed 1 % or 
when the copper must be shipped immediately, the press feed 
can be acidified to an optimum pHof 1.5 with sulfuric acid. 
This level does not adversely affect press maintenance or 
precipitate composition but does catalyze the exothermic 
oxidation of copper and does produce a uniformly porous filter 
cake which promotes drying. The normal range of percent solids 
in the feed did not affect drying but cake temperature did 
correlate closely with cake moisture. However, this relationship 
may be only an effect of good drying, rather than the cause. 
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A Comparison of Geochemical Exploration 
Techniques in the Carolina Slate Belt 

p. Geoffrey Feiss and Paul C. KaglanH 

The Piedmont province of the southern Appalachians is the 
focus of interest for many exploration geologists. In the past, 
only those deposits with significant surface exposure were ex­
ploited. Thus, few deposits have been found and relatively little 
exploration has been conducted in receni years. Modern 
geochemical and geophysical techniques can alleviate this 
problem of concentrating on exposed ore bodies by allowing us 
to "look through" the soil and saprolite to detect the presence of 
significa_nt mineralization at depth. This paper will attempt to 
evaluate the feasibility and effectiveness of several geochemical 
exploration techniques in the Piedmont province of Cabarrus 
and Stanly counties, N.C. 

The area chosen for study is shown in Fig. 1, lying almost 
wholly within the Mt. Pleasant quadrangle, N.C. The area is on 
the eastern boundary between the Charlotte belt, a zone of 
plutonic and intermediate grade metamorphic rocks, and the 
Carolina Slate belt, a series of complexly interbedded volcanic 
and sedimentary rocks of predominantly low metamorphic 
grade. The area is considered lo be an early Paleozoic active, con­
tinental margin.' As is typical of most ofthe piedmont, outcrop 
is sparse. Figure 2 is a sketch map of the general geology of the 
area under study, showing the Charlotte belt rocks in the north­
western quadrant and slate belt rocks to the east. Wiihin the 
area are a number of old mines and prospects, the most famous 
of which arc the Furniss and Phoenix mines in Cabarrus Coun­
ty. All are reported to have, contained Au and Cu. Ag and 
Pb were reported from some. A summary of ihc deposit.*; is given 
in Table 1. 

Data used in this study are from three Master's theses com­
pleted at the University of North Carolina at Chapel Hill.3.5,6 
In, separate studies, well waters,5 B-zonc soils,3 and vein and 
float quartz^ from the area were sampled and analyzed. Each 
study concluded separately that geochemical anomalies in the 
vicinity of the ores justify use of that specific sampling technique 
in a geochemical exploration program. However, no com­
parative study of the methods has been made. It is our intention 

lo a) determine statistically which pathfinder elements are most 
effective for locating sigfiificant anomalies, b) develop 
multivariate functions using all the analytical data to enhance 
the predictive power of the analyses, and c) evaluate which type 
of sampling is most efficient for locating anomalies associated 
with relatively small ore bodies at depth in the Piedmont. 

Parenthetically, stream and stream scdiinent analysis may be 
less effective in the North Carolina Piedmont due to the effects 
of culture on the chemistry of stream waters and sediments. Fur­
thermore, il has been suggested that the heavy precipitation in 
this area linked with relatively shallow water tables mitigates 
against significant amounts of heavy metals entering the surface 
drainage from buried ore bodies.' 

Table 2 shows the analytical procedures used and the ele­
ments analyzed in each ofthe studies. The underlined elements 
were determined on a nonstatistical, subjective basis to the best 
pathfinder elements. 

The studies suggest that Cu and Zn should be effective path­
finders for base metal sulfide deposits buried beneath a deep soil 
cover in the Piedmont. The Zn anomaly corroborates previous 
soil geochemical surveys.' A reasonable next step is to utilize 
multivariaie statistics to increase the probability of these sam­
pling modes identifying significant anomalies. In this study 
discriminant function analysis is utilized. This procedure in-
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nodules ranging from 0.1 to 10 mm in diameter. The 
later variety is more common in the sylvite deposits. 
Where bbracite: is present there is a general absence 
of anhytirite, .suggesting replacement by boracite. 
Because bpradte is water insoluble, it should: be 
exp"ected tt) concentrate as a residue where potash 
has been dissolved ; thiis, it will probably be found jn 
greater abundance in the sylvite deposits, than in 
carnallite. 

In the L-l core hole (Table 2) , the interval be­
tween 97.25 and 99.11 m averages about 3.7 vveigbt • 
percent boracite: Although the data are not now 
available, it is expected that the boracite content of 
other Khorat sylvite deposits should, have a similar 
boracite content. With this mticH present, plus the. 
fact that boracite is watei- insoluble, it is reasonable 
to assume, that the boracite could be recovered as a 
byproduct: of potash niinin'g and add considerably to 
the overall economic value of these deposits. 

The Geochemistry ofthe Khorat Sea 

I n 1969, the senior author investigated the Cre­
taceous evaporites of Brazil and- came away in a 
state of utter amazement after seeing the incredible 
deposits of tachyhydrite. To see deposits of sirnilar 
size and age on yet another continent ('Asia) a few 
years later was an eyen more, unbelievable experi-
ence, Considering the conibined volume of tachy­
hydrite that is now known in these deposits, it is clear 
that CaCla was.a major constituent in the Cretaceous 
evaporite seas. Less direct evidence of CaCla in-
volvemeiit in evaporite brine chemistry has come 
from meagre data on the composition ofbrine inclu­
sions in halite rock and frcim connate brines associ­
ated: with evaporites. 

The evaporite: deposits of the, Maha Sarakham 
Formation do not contain the correct proportion of 
friinerals expected from the evaporation of sea 
water. Carbonate minerals are nearly absent, thiere 
is a great excess of halite relatiye to gypsum or 
anhydrite, and there are no rriagnesium sulfcite 
tninerals, A Khorat sea that could produce tachy­
hydrite deposits is compatible with a lack of itiag-
nesium sulfate minerals, because, the necessary con­
centration of Ca*- should have kept the brine: purged 
of SOr^ diie to the reaction, Ca^^, -\- SQifti-f 
CaSG^fg). This reaction explains why there are 
are no magnesium sulfate minerals present; but 
then it still must be explained why there is not much 
more CaSO^. The sitnplest explanation for the nn'ss^ 
ing GaSO* may be that it was deposited,somewhere 
near the marine connectipn with the evaporitebasin. 
The missing carbonate facies may also be Ideated in;a 
similar position. There is some evidence that the 
anhydrite beds increase in number and thickness 

along the. western margin.of the Khorat and Sakon 
ijakhpn Basins and may indicate that the marine 
accessway was sorriewherd to the west of these areas. 
If the influx came from the \vest, then the possibility 
pf a connection between the Khorat sea and the 
Tethys sea is suggestive. Such a connection might 
have been several thousand kilometers in length and, 
by virtue df this great length, there should have been 
a high degree of concetitration by the time the influx 
reached the distal end (Khorat sea) pf the system. 
Seemingly, such a strong concentrative system should 
be a prerequisite' to- tachyhydrite deposition, because 
the salt is so highly soluble and hygroscopic. Further­
more, at the distal end of the systtim, deposition of 
evaporite salts should have, been ihflitehced by a 
continental climate (io.w humidity) rather than a 
marine climate (high humidity). This problem of 
deposition of highly soluble and hygroscopic evapo­
rite minerals under the. climatic conditions imposed by 
a:sea coast has been addressed by Kinsman (1976). 
A siniilarly lengthy marine connectibn created by the 
opening of the South Atlantic has'been cited as the 
principle reason that extensive depo-sits of tachy­
hydrite were able to form in Brazil, Gabon, and 
Congo C ît̂ <, 1972). The mineralbgical similarities 
(large volumes of tachyhydritis, cai'nallite, sylvite, 
and borate minerals) between the Khorat and 
Brazilian-African deposits plus their similar age 
might suggest that the. chehiistry of the Cretaceous 
ocean was somehow different from that of the modern 
ocean; however, it seems more likely that the dupli­
cation was simply the result of similar circulatory 
Systems. 

Sumriiary 

The deposits of the Khorat Plateau have' the ptJ-
tentiaj of becoming an importarit sotifce of potash 
for Southeast Asia. Although carnaliite is the 
principal mineral in these deposits, there are several 
core holes that penetrated high-grade sylvite. These 
sylvite bodies have an unknown geometry and areal 
extent, but they seem to be related to localities where, 
the thick primary caxnallite facies has been subjected 
to leaching. Hundreds of such localities are prob­
ably preseiit on the KhOrat Plateau. Finding them, 
plus the defining df their size, shape, and the geologic: 
controls-governing their origin, presents a real prob­
lem—one that must be solved if the true eEohoriiic 
value of these deposits is to be determined. Should 
the sylvite deposits prove uneconomic, there are 
always-the,enormous carnallite depdsits. Although, 
carnallite is not a favdfed.pre for the potash industry, 
the facts that the deposits are very thick and at shal-
lb^y depths may balance some of the less desirable 
features df this ore. 
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FIC. 9. Diagram showing an .interpretation'of „ the rclation.>;hip of Khorat Plateau sylvite 
deposits to areas bf barren halite ("salt horses"). The scale of the diagram is hypotheticaj. 

of the carnallite show- brdri-iitie values of 3,100 to 
3,400 ppm, which is in the range of priniary carnal­
lite concentration (Braitsch, 1971, table.;28). From 
these data,- we cmiclude that the carnallite is a prini­
ary deposit. .Initially, the carnallite, d°eposit was 
probably a thick continuous layer over much of the 
Khorat and Sakoh Nakhon Basins. Drilling has 
shown that this layer now has holes in it. In these 
holes, where the Lower Salt is completely barren of 
potash, the halite' shows the type of bjdn-iine dis­
tribution seen in Figure 7. The cpnclusion drawn 
from this is that undersaturated solutipns cornpletely 
leached the carnallite and subsequently redeposited 
halite with a low -brornine content. As long as the 
solutions involved remained greatly undersaturated 
in MgCla, they would have completely removed the 
carnallite.; However, it is weU known that any solu­
tion in contact with carnallite qiiickly .becomes, satu. 
rated, or nearly so, in MgCla. Where this occurs, 
the,KCl, which was also derived from the carnallite 
but is less soluble than MgCls, will salt out, fomiing 
sylvite. This important process has been termed ih^ 
eonigruent alteration (Braitsch, 1971, p. 118). Con­
sidering the great thickness of the Lower Salt carnal­
lite exposed to such a leaiching process, it seems 
likely that areas of cOrripletecarnallite; removal should 
also be =surr,punded' by a. peripheral zone where in-
congruent alteration has brought about the .forniation 
of sylvite. The hypothetical arrangernent of halite-
sylvite-carnallite facies resulting from this process is 
shown in Figure 9. Complete dissolution of carnal­
lite or incongruent alteration results'in a volume rer 
ducti on so that younger beds may be deposited in 
greater thickness, over the site (Fig. 9) . Additional 
evidence that Khorat Plateau s)'lvite is the-product 
of incongruent alteration of carnallite is seen in the 
hromine content of the sylvite. The Khorat sylvites 
average about 450 ppm bromine; which is;rhuch too 
low to be considered a primary preciiDJtate (Braitsch, 
1966, p. 296). 

The horizontal scale of the facies relationships 
depicted on Figure 9 is unknown. At Khon Kaen 
ifl the Khorat Basin, a thick sylvite facies (cOre hole 
K-47, Table 2) grades laterally into barren halite 
over a distance of about 1.3 km. Drilling has not yet 
defined th t transition of sylvite; to a carnallite facjes 
at this locality. Not all the Khorat.,sylvite deposits 
occur in the manner suggested in Figure 9. For 
example; the sylvite facies at Watiorn Ni'W'at (Table 
1, cpre hole K-48) was fpund in a single core hole 
at the base of 70.5 m of carnallite and tachyhydrite. 
The core hole nearest tp this location, which is about 
5 km east, penetrated 82.3 m of carnallite, but no, 
sylvite. An explanation fpr the position of the 
sylvite deposit at XA'anorn Niwat is that the carnal­
lite was subjected to incongruent alteration early in 
the primary depositional stage and then conditions of 
high brine concentration w-ere restored. Additional 
carnallite was then deposited over the aheration 
product (sylvite). However, if sufficient drill hole 
data were available-to establish the geometry ol the 
sylvite deposit'at this locality, data might show that 
the altering .sblutions entered the carnallitei deposit 
some distance from the K-4S core hole, penetrated 
deeply into the deposit, and then spread put laterally 
along its base. It is quite possible that ver.tical 
variations in permeability of the original deposit 
epuld havCi facilitated lateral movement of the alter­
ing solutions at some places, such as the-base of the 
dppg.sit at Wanon Niwat, \vhile hindering it at others, 

Boracite 

The mineral boracite (MgClBTGia) is present in 
such quantities in the Khorat Plateau potash de­
posits that it should be considered a pofential source 
of borate. Iti some of the potash cores; it comprises 
about 95 iSerceht of the w^ater-insoluble fraction. The 
mineral occurs in two forms thalt include pale yellow 
'tetrahedrons up to 3 mm in diameter ..disseminated 
.through the carnallite and irregular white grains and 
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T A B L E ! , Thick Deposits of Carnallite on the-Khorat Plateau 

Gore .hole 
no. 

Locality: city, 
village, or district 

, Interval 
(ni) 

Thickness 
(m) Acces sory m i n e ral s 

Salcon Nafchon Basin 

K-1 
K-2^ 
K-3: 
K-S' 
K-6 
K-S 
K-4J 
K-44 
Kr46 
K-48 
K-55 

K-tO 
K-n 
K-14 
K-17 
K-2I 
K-22 
K-24 
k.2S 
K-̂ 30 
K.36-
K-40 
K-42 
K-53' 
K-56. 
K-59 
K-60 
K:-64 
K-6S 
K-67 

Udon Thani 
Nong Khai 
Sawang liaRn Din 
Npng Han 
Muang 
Sri Ghiengniai 
Phauna Nikhom 
Sri Chiengmai 
Sri Chiengmai 
Wanorn Niwat 
Wanorn Niwat 

Kalasin 
Yasbthorn-
Muaisg 
Non Sung 
Non Sung 
Non Sung 
Non Sung 
Non Sung 
Non Sungi 
Maha Sarakam 
Roi-Et 
R6i-Et 
Khon Kaen 
Chaiyaphum 
Khon Kaen 
Khon Kaen 
Chaiyaphum 
Chaiyaphum 
Chaiyaphum 

89.7-129.1 
466:8-497.6 
421.0-462:5 
378.9^31.1 
259.9-336.7 

58.6-«17.0 
292.7-3 U.S 
143.1-310,7 
182.8-224.9 
407.3-477.8 
393.3-475.6 

Khorat Basin 

143,2-189.6 
200.9-223,9 
182.0-207.3 
217.7-245.4 
263.5-280.3 
I32.2-195.'6 
212.0-226:4 
192.7-223:4 
116.2-211.0 
345.8-381:3 
533.3-595.4 
320.5-370,9 
283.'6-324i4 
214.0-257:9 
213:9-239.0 
172.4-225.9 
122.2-147.9 
227.4-254.6 
209.0-238.6 

39.4 
30,8 
41.5 
62,2 
7.6.8 
28.4 
20.1 
67.6 
42,1 
70:5 
82.3 

46.3 
23.0 
25,3 
:27.7 
16.5 
63:4 
14:i 
30.7 
94.8 

.35.5 
62.1 
50.4 
30.8 
43,9 
25.1 
53.5 
25.7 
27.2 
29.6 

tachyhydri te 
tacbyhytlrite 
sylvite 
tach vhvd rite 

sylvite, tachyhydrite 
tachyhydri te 
sylvite, tachyhydrite 

sylvite 
sylvite 
tachyhydri te 
sylvite 

. taehyhydrite 
tachyhydri te 
tachyhydrite-
tachyhydri te 
tachyhydri te 
tachyhydri te 

• sylvite 
tachyhydri te 
sylvite, tachyhydrite 
sylvite, tachyhydrite 
sylvite, tachyhydrite 
sylvite, tachyhydrite 
sylvite, tachyhydrite 
tachyhydri te 
tachyhydri te 

halite. However,, the associated halite is often bril­
liant sapphire blue and then the two minerals are 
easily distinguished. Intergrowth of sylvite and 
halite is characterized by ari amoebpidal texture. 
The water-insoiitble content of the sylvite deposits is 
very low, averaging about 1.5 weight: percent, except 
near the top of the deposit wheje a lew thin interval's 
average as miich as 8.5 weight percent. This th-
soluble material consists almost entirely of boracite 
(MgaGlBTOia) with only a trace of anhydrite. 

The geometry and horizontal extent of the Khorat 
sylvite deposits are largely unknown because of a 
low density of drill holes. These parameters are 
necessary before the true economic value of these 
deposits can be assessed. Additional drilling coiild 
provide, the necessary data; hdwever, because the 
areas involved are so large, exploration expenditures 
could be exorbitant and still not achieve the desired 
results. Future exploratioti efforts could be sub­
stantially more effective if the origiii" of these de­
posits i.s considered. One particularly revealing data 
source concerning the origin is the bromine geo­
chemistry. Bromine -profiles of the Lower Salt, 
where a carnallite deposit i s present, are textbook 
examples of what is e,xp"ected uiider eotiditions of 
primary deposition. The profiles show- that the bro­

mine concentratioii of the halite increases rapidly 
upward and reaches over 300 ppm just before the 
onset of carnallite deposition. Pure samples^ of some 

TABLE 2. Sylvite Deposits on the Khorat Plateau 

Core 
hole 
no. 

Locality: city, 
village, or 

district 
Interval 

(rn) 
Thickness 

(m) 
Percent 

KjO' 

Sakon Nakhon Basin 

L-l 

K-44 

K-48 

K-tl 
K-40 
K-47 

K-49 

Vientiane; Laos 

Sri Chiengmai 

Wanorn Niwat 

98.4-102.7 
97.3-105.6 
97.5-13t;o 

134,4-138,9 
140.8-143.2 
477.9-483.8 
438.8-488.1 
488.1-497:4 

Khorat Basin 

Yasothorn 
Roi-Et 
Khon Kaen 

Khon: Kaen 

190.1-193.3 
531.9-533.3 
133.6-1.^6.7 
132.6-141.2 
137.8-139;2 
139.2-145.2 

4:3 
8.1 

33.5 
4.5 
2.4 
5.9 
4.3 
9.3 

3,2 
2.4 
3.4 
8,6 
1.4 
6.0 

34.2 
.28,5 
"23.0 (est.) 
16:3 
14.0 
40.4-
19.8 
36.7 

8.6 
9.7 

24.0 
17.8 
9.3 

12.5 

' KiO for core hole L-I determined by atomic absorption by 
Wayne lyiountjoy and 1, C. Frost, U. S. Geotogical Survey; 
Denver, Colorado, All other analyses .determined by the 
Thailatid Department of Mineral Resources', Bangkok,, 
Thailand. 
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FIG. 8. Bromine distribution through halite of Maha 
Sarakham Formation, Sakon Nakhon Basin. Halite samples 
from core hole K-2 at Nong Kai, Thailand. X-ray fluo­
rescence spectrometer analyses were performed by D. Black­
burn, U.S. Geological Survey, Denver, Colorado. A. Profile 
through the Middle Salt. B. Profile through the Upper 
Salt. 

values indicate brine concentration in the range of 
potash precipitation and suggest that the Middle Salt 
is a favorable target for potash exploration. 

Profiles of the Upper Salt show a pattern of 
bromine distribution siinilar to the Middle Salt (Fig. 
8B). The basal halite in this bed has a high bromine 
content (160 ppm) which retreats back to about 70 
ppm before beginning a general rapid increase. Again, 
as in tbe Middle Salt, the general slope of the profile 
shows several breaks or periods of brine freshening. 
The high bromine content of halite at the top of this 
bed suggests that it may also contain a potash de­
posit. 

Potash Deposits 

Since the discovery of potash in 1973 on the 
Khorat Plateau at Udon Thani, an extensive drilling 
program by the Department by Mineral Resources 
has proven that potash underlies about half of the 
Sakon Nakhon Basin and at least half of the Khorat 
Basin. The total area underlain by potash may ap­

proach 30,000 km=. All the potash found thus far is 
in the upper third of the Lower Salt. As yet only 
traces of potash minerals have been found in the 
Middle Salt and Upper Salt. 

The potash deposits of the Khorat Plateau are re­
markable in terms of their great'thickness and shal­
low depth (Table 1). In the Sakon Nakhon Basin, 
the thickest interval of potash is 82.3 in at Wanorn 
Niwat (core hole K-55) near the center of the basin. 
The most shallow occurrence is at a depth of 88.6 
m at the village of Sri Chienginai (core hole K-8) 
on the northwestern edge of the basin. In the Khorat 
Basin the maximum known thickness, 94.8 rn, is at 
the village of Non Sung (core hole K-30) in the 
southwestern part of the basin. The minimum 
known depth to potash, which is also at Non Sung, 
is 116.2 m. Although it was previously noted (Fig. 
4) that some plastic flow has probably occurred in 
the lower part of the Lower Salt, the great thickness 
of potash is the original depositional thickness and 
not the result of flowage. Local extremes in thick­
ness variation are the result of dissolution after 
deposition. 

The potash deposits include only two potassium 
minerals, sylvite (KCl) and carnallite (KMgOs-
6HoO), and the latter is by far the most abundant. 
Most of the carnallite rock consists of an equigranu-
lar mixture of carnallite and halite, although masses 
of almost pure carnallite are common. In general, 
the carnallite rock shows little evidence of bedding. 
Most carnallite is colorless to pale rose and only 
rarely is the blood-red pigmentation seen that is so 
common in other deposits. A common constituent 
of the carnallite deposits is the mineral tachyhydrite 
(CaMg.ClG-lZHaO) (Table 1). Although tachy­
hydrite generally is in amounts of less than 30 per­
cent of the total carnallite deposit, it locally forms 
nearly pure layers as much as 16 m thick. The min­
eral has the same clear honey-colored appearance 
that is so typical of the Brazilian and African de­
posits. 

The Khorat Plateau sylvite deposits are probably 
unequaled anywhere in the world in terms of thick­
ness, K2O content, and shallow depth. The first dis­
covery of sylvite was in a core hole about 15 km 
north of Vientiane, Laos. In this hole (L- l ) , the 
deposit is 33.5 m thick with an average K2O content 
of about 25 percent (Table 2) . Two select intervals 
in this deposit, between the depths of 98.4 tp 102.7 m 
and 97.5 to 105.6 m, average 34.2 and 28.5 percent 
K2O, respectively. Since the discovery at Vientiane, 
other impressive sylvite deposits have been found at 
Wanorn Niwat, about 70 km northwest of Sakon 
Nakhon and at Khon Kaen in the Khorat Basin. 
The sylvite of these deposits is typically colorless and 
locally difficult to distinguish visually from associated 
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FIG. 6. Bromine distribution through halite of the Lower 
Salt, Maha Sarakham Formation in the Sakon Nakhon 
Basin. Halite samples from core hole L-l, near Vientiane, 
Laos. X-ray fluorescence spectrometer analyses were per­
formed by J. S. Wahlberg, U.S. Geological Survey, Denver, 
Colorado. 

to about 120 ppm through a thickness of about 13 m 
(Fig. 8A). An initially high bromine content is also 
characteristic of the basal halite in some of the 
evaporite cycles of the Paradox Basin (Raup, 1966, 
figs. 3 and 6) . The high bromine values could mean 
that the basins remained full of brine from the previ­
ous cycle of evaporite deposition (Lower Salt). 
However, as previously stated, there is good evi­
dence that in both the Khorat and Sakon Nakhan 
Basins the final layer of brine was either completely 
desiccated or was destroyed during the deposition of 
the Lower Clastic. Therefore, a more logical ex­
planation of the high bromine content of the basal 
halites is that they were precipitated from concen- • 
trated brines e-xpelled by compaction of the under­
lying Lower Salt. Considering that the pore water 
in the upper part of the Lower Salt should be repre­
sentative of the mother brine from which the great 
thickness of potash and magnesium salts was de­
posited, it seems likely that this pore water could 
have been the highly concentrated source of bromine. 
Furthermore, nearly all halite beds characterized by 
basal halite of high bromine content, whether they 
are on the Khorat Plateau, Parado.^ Basin, or else­

where, overlie older beds of salts which could have 
been the source of high bromine pore water. 

The bromine profile of the Middle Salt generally 
shows a very rapid upward increase in bromine. 
There are, however, numerous breaks in the profile 
slope which indicate a temporary freshening of the 
basin brine. These breaks can be correlated over 
great distances on profiles prepared for this interyal 
from other core holes. These regional correlations 
allow the determination of how much halite is missing 
due to dissolution. The maximum bromine value on 
Figure 8A is about 275 ppm; however, profiles from 
other core holes show halite at the top of the bed 
containing as much as 350 ppm bromine. Such high 
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FIG. 7. Bromine distribution through halite of the Lower 
Salt in the Khorat Basin. Halite samples from core hole 
K-15 near Khorat, Thailand. X-ray fluorescence spectrometer 
analyses were performed by H. L. Groves, U.S. Geological 
Survey, Denver, Colorado. 
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FIG. S. Bromine and KsO distribution through halite of the Lower Salt, Maha Sarakham 
Formation in the Khorat Basin. The core hole is located near Chaiyaphum, Thailand. X-ray 
fluorescence spectrometer analyses were performed by H. L. Groves, U. S. Geological Survey, 
Denver, Colorado. 

the last halite sample on the profile was not analyzed. 
The bromine content of the unanalyzed halite would 
probably have exceeded 300 ppm. A comparison of 
the two profiles of the Lower Salt shows that the 
sudden break in the slope on the bromine profile is 
near 55 ppm in Figure 5 and near 110 ppm on 
Figure 6. Assuming that this common point on the 
two profiles is a time-stratigraphic reference, more 
than 160 m of additional material was deposited at 
the Vientiane locality. All these factors suggest a 
salinity gradient between the two locations during the 
deposition of the Lower Salt. 

Several bromine profiles of the Lower Salt in both 
the Khorat and Sakon Nakhon Basins are drastically 
different from those in Figures 5 and 6. In these 
profiles, the bromine content does not increase from 
the base to the top of the halite bed even though the 
bed may be as much as 300 m thick (Fig. 7) . Halite 

from the upper part of these abnormal profiles shows 
evidence of recrystallization. These relationships sug­
gest that locally the Lower Salt was subjected to 
leaching by meteoric waters, probably during the 
deposition of the Lower Clastic, thus causing solution 
of the original high bromine halite, with attendant 
recrystallization to low bromine halite. 

Bromine geochemistry of the Middle Salt and the 
Upper Salt 

The known bromine distribution in the Middle 
and Upper Salt is not as complete as that in the 
Lower Salt, because the younger beds are commonly 
dissolved. However, enough profiles have been con­
structed, particularly for the Middle Salt, to establish 
their bromine signatures. 

The basal halite of the Middle Salt starts with a 
relatively high bromine content (200 ppm) but drops 
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SILTSTONE-CLAYSTONE 

ANHYDRITE 0-3m 

UPPER SALT 0-65 m 

ANHYDRITE 0-3 rh 

MIDDLE GLASTIG 20-84 m 

ANHYDRITE 0-5 m 

MIDDLE SALT 0-111 m 

LOWER CLASTIC 9-64 fn 

ANHYDRITE .0-6 m 

POTASH 0-95 m 

LOWER SALT 0-450 m 

ANHYDRITE 1-2 m 

FiC. 3. Informal stratigraphic nomenclature of tKe Maha 
SarakViam Formation of Cretaceous kge. 

Bromine geochemistry of the Loiver Salt 

The bripmine geochemistry of the Lower Salt is 
knowri frpm distribution profiles prepared for about 
25 core holes. The first.vertical profile of bromine 
distribution in the Lower Salt was prepared for a 
core .hole ̂ drilled ori the western edge of the Khorat 
Basin. This profile (Fig, 5)' has a distinctive shape 
which is also seen in profiles prepared from core holes 
located deeper in the basin where the halite bed is 
much thicker. This is also true for bromine profiles 
from core holes in the Sakon Nakhbn Basin (Fig. 6) . 
At the base of th'e Lower Salt, the brdniirie cdtitent 
averages about 40 pptn in all core holes. These 
values are considerably less than the theoretical 75 
ppm bromine that" is'expected in the first crystals of 
halite precipitated froin sea water. They are, how­
ever, precisely within the range of bromine valties 
(30-50 ppm) in the,basal halites of'many other de­
posits (Holser, 1966, p. 268). As shown in Figure 
5, the lower three-fourths of the bromine profile 
shows a slow but continuous increase in bromine 
content frpm the base to the top of the halite bed. 
Through an interval of nearly 85 m, tHe bromine con­
tent increases by only about 20 ppm. Above this 
point, the amount of bromine increases rapidly from 
about 55 ppm to 15p ppm. Another bromine profile 
of the. Lower Salt from a core hole near Vientiane, 
Laos, shows a similar shape (Fig, 6 ) . This profile 
does.not represent a complete samplirig of the Lower 
Salt, because an additional 52 m of potash overlying 
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200 M 

306 M 306 M 306 M 303 M 

S K ILOMETERS 

FIG. 4. Cross section tbrbugh the evaporites and associated clastic rocks of the Maha 
Sarakham Formation near Khorat, Thailand. The section line trends approximately iiortheasf. 
Arrows indicate the direction of Suspected salt fiqwage. i 
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depressions on the Lower Salt, the resulting varia­
tions in thickness (9-64 m) created conditions of 
differential loading on the Lower Salt. This in turn 
caused halite flow- to areas of lower pressure (thin 
overburden) and the formation of small salt anti­
clines. Once the salt anticlines were established, 
they continued to grow because salt transfer from 
the adjacent synclines further depressed the site of 
initial high-load, thus facilitating greater depositional 
accumulation and, in effect, accelerating the whole 
process. 

4. The salt anticlines continued to grow during 
deposition of the Middle Salt, and, as a result, this 
unit attained a greater thickness on the anticlinal 
flanks. Continued but subdyed growth caused gentle 
folding of the thin anhydrite bed overlying the Middle 
Clastic. Slight additional growth may have con­
tinued through the deposition of the remainder of the 
Maha Sarakham Formation; however, drill hole data 
are too sparse for verification. 

Bromine Geochemistry 

Before the Department of Mineral Resources began 
a drilling program for potash on the Khorat plateau, 
the only data pertaining to the salt deposits in this 
area came from about 46 water wells which had 
penetrated rock salt and from 5 core holes on the 
extreme western edge of the Khorat Basin. Further­
more, no useful geophysical logs were available from 
any drill hole. These circumstances presented an 
unusual opportunity to use bromine geochemistry to 
search for potash deposits. The initial bromine data 
•suggested that both the Khorat and Sakon Nakhon 
Basins probably contained potash deposits (Hite, 
1974) and stimulated the Department to undertake 
a drilling program w-hich culminated in the discovery 
of potash. Since that time, bromine geochemistry 
has not only been useful in delineating drilling targets 
but has enabled a better understanding of the carnal-
lite-sylvite facies in these deposits. 
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FIG. 2. Geologic map of northeastern Thailand. Where drilling density is high, some of the 
core hole locations (black dots) represent more than one hole. Map modified from the 
geologic may of Thailand compiled by Jumchct C. Javanaphet (1969). 

••i'*''7*S 



POTASH DEPOSITS IN THAILAND AND LAOS 449 
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Fic. 1. Index map of the Khorat Plateau. Stippled area shows e.xtent of 
plateau (Hite, 1974). 

separates the Middle Clastic from the uppermost 
halite bed or Upper Salt. Although the Upper Salt 
occurs in both basins, it shows an erratic distribution 
pattern and is absent in many areas because of com­
plete dissolution. No potash minerals have yet been 
found in this halite bed. Throughout both basins, 
the Upper Salt is overlain by a sequence of red silt­
stone and claystone, which contains a few thin units 
of gypsum or anhydrite in the western part of the 
Khorat Basin. 

The structural geology of the Khorat and Sakon 
Nakhon Basins is not well known because much of 
the region has a thick cover of soil and vegetation 
and too few drill holes have been made. However, in 
one area near the city of Khorat in the southwest 
part of the Khorat Basin a cluster of potash explora­
tion core holes has established a local structural 
style for the Maha Sarakham Formation which may 
also be characteristic of the entire region. An inter­

pretation of the geology in potash drill holes in this 
area (Fig. 4) gives a tectonic history for the Maha 
Sarakham Formation that is summarized as follows: 

1. The basal anhydrite of the Maha Sarakham 
Formation was deposited on a surface of low relief. 
During or shortly after anhydrite deposition, the 
basin subsided rapidly to make room for deposition 
of the thick Lower Salt and to provide restricted 
conditions necessary to form potash salts. This 
regional subsidence may have created as much as 
50 m of relief on the basal anhydrite. 

2. After deposition of the Lower Salt and its as­
sociated carnallite, the basin reached a stage of com­
plete desiccation and returned to continental sedi­
mentation. Exposure of the previously deposited 
highly soluble potash salts brought about local dis­
solution and development of depressions which were 
filled hy deposition of the Lower Clastic. 

3. As the Lower Clastic filled in the dissolution 
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Potash Deposits of the Khorat Plateau, Thailand and Laos 

ROBERT J. H I T E AND Tî A\VAT JAPAKASETR 

Abstract 

Drilling on the Khorat Plateau of northeastern Thailand and central Laos has outlined 
what may develop into one of the world's largest potash deposits. The potash is in a 
salt-bearing sequence of Cretaceous age that underlies about 60,000 km= of the plateau. 
Locally, the deposit is at very shallow depths (90 m), is nearly flat lying, and is as much 
as 40 m thick. The deposit consists mainly of carnallite, although tachyhydrite and sylvite 
are also present. High-grade sylvite bodies as much as 34 m thick have been discovered 
at several localities. The sylvite is apparently the result of leaching of the original 
carnallite by solutions of unknown origin. In many places the carnallite deposit was 
completely destroyed, leaving only recrystallized halite. The sylvite bodies seem periph­
eral to the barren halite, and their size and geometry are not yet known. 
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Introduction 

T H E most recent addition to the world's growing list 
of economically important potash occurrences is 
found on the Khorat Plateau of Thailand and Laos 
(Fig. 1). Although this area was known since the 
1950s to be underlain by thick deposits of halite, as 
the result of extensive drilling for potable ground 
water, it was not until 1973 that potash was dis­
covered by the Thailand Department of Mineral Re­
sources. The discovery hole, located in the city of 
Udon Thani, intersected a thick and very pure de­
posit of carnallite. Encouraged by the discovery at 
Udon Thani, the Department drilled a second loca­
tion near Nong Kai bordering the Mekong River 
and also found a thick carnallite deposit. In 1974, 
United States Agency of International Development 
drilled a potash test about 15 km north of 
Vientiane, Laos. This hole intersected a thick de­
posit of high-grade sylvite. By early 1978, the 
Department had drilled about 80 core holes for 
potash, and the results of this drilling suggest that 
the Khorat Plateau potash may develop into one of 
the world's largest deposits. Contrary to most 
potash discoveries, which w-ere a by-product of petro­
leum exploration, these deposits were found by a 
direct exploration effort. 

Regional Geology 

The Khorat Plateau is an area of about 170,000 
km^ in northeastern Thailand and central Laos. It 
forms a large blocklike platform between two struc­
turally complex orogenic belts which trend north-
south along its east and west boundaries (Fig. 2) . 
The bed rock of the plateau consists of a continental 
sequence of red beds of Mesozoic age. The Phu 
Phan uplift or anticlinorium trends east-west across 
the plateau and divides it into the Khorat Basin on 
the south and the Sakon Nakhon Basin to the north. 

The size, structural configuration, and Mesozoic sedi­
mentary sequence of the plateau are strikingly similar 
to the Colorado Plateau in the United States. 

The potash deposits of the Khorat Plateau are in 
the Maha Sarakham Formation of Cretaceous age. 
This formation is present only on the Khorat Plateau. 
North, in the Sakon Nakhon Basin, the fonnation 
extends over an area of about 21,000 km^. South, 
in the Khorat Basin, the formation covers a slightly 
larger area of about 36,000 km^. The maximum 
thickness of the fonnation in either basin is unknown, 
but it could exceed 1,000 m. The Maha Sarakham 
Formation consists of a continental red-bed sequence 
of siltstone, sandstone, and shale, which are inter­
calated with marine evaporites (Fig. 3) . The basal 
unit of the sequence is a thin but persistent anhydrite 
bed that occurs throughout Iwth the Khorat and 
Sakon Nakhon Basins. This anhydrite is overlain 
by the Lower Salt which is the host rock for the 
potash deposits of the Khorat Plateau. The Lower 
Salt, which probably represents the thickest con­
tinuously deposited halite layer in the .world, locally 
is 450 m thick. For most of the area, the Lower 
Salt is overlain by the Lower Clastic, which is chiefly 
a red claystone. In the western third of the Khorat 
Basin, these two units are separated by an erratically 
distributed anhydrite bed that attains its greatest 
thickness (6 in) along the western edge of the basin. 

Above the Lower Clastic is another halite unit, 
referred to as the Middle Salt. This t>ed is found in 
both the Khorat and Sakon Nakhon Basins; how­
ever, it is missing in many core holes in both basins 
due to dissolution. Locally, trace amounts of sylvite 
occur in drill cores from this bed. • The Middle Salt 
is overlain by a red claystone unit, called the Middle 
Clastic, except along the western margin of the 
Khorat Basin where a thin anhydrite bed is present. 
Another thin anhydrite unit in this same area 
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New engineering techniques such as com­
pressed air or pumped hydro energy storage 
and hot dry rock geothermal energy often use 
injections of high pressure fluids into rock 
m a s s e s . Especially in the latter c a s e , pore 
pressure fields may exceed lithologic stress 
and produce an effectively negative con­
fining pressure. Since physical character­
istics of rocks are known to change markedly 
w i t h c o n f i n i n g p r e s s u r e , m e a s u r e m e n t s of 
constitutive relations and transport proper­
ties under negative effective pressure are 
needed. We have developed a method for 
creating negative effective pressure in the 
laboratory and have measured longitudinal 
sound speed and gas diffusivity under these 
condi ti ons. 

The pressure field is created inside an 
a n n u l u s of flui d i n j e c t i o n h o l e s in a 
c y l i n d r i c a l s a m p l e ; f l u i d flows r a d i a l l y 
outward down the pore pressure gradient to 
the sample's exterior. We monitor pore 
pressure through capillary probes and find 
the pressure field to be uniform inside the 
injection ring. With pore fluid pressures 
to 1.2 MPa we observed decreases in both 
acoustic velocity and amplitude in an uncon­
fined sample of fine-grained granite. The 
velocity decrease is about 1.5S per MPa 
while amplitude decreases by approximately 
1 0 % per M P a . By measuring pressure relaxa­
tion for stepwise pore pressure increases, 
we determined increases in gas diffusivity 
of approximately a factor of three between 0 
and -1 MPa effective pressure. T h u s , in 
e n g i n e e r i n g t e c h n i q u e s u s i n g high f l u i d 
pressures small changes in seismic velocity 
can indicate large permeability changes. 

I 
atte 
on r 
been 
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INTRODUCTION 

n this paper we describe sound velocity, 
nuation, and permeability measurements 
ocks in which the effective pressure has 
extended to negative values. Effective 

sure P is given by 

= P. - P. (1) 

where P i s c o n f i n i n g p ressure and P i s 
pore f l t J i d p r e s s u r e . T h i s work expand"! on 
e a r l i e r p r e s e n t a t i o n s by H a l l e c k and 
Shankland ( 1 9 8 0 ) . Under most n a t u r a l con­
d i t i o n s and a l l l a b o r a t o r y s i t u a t i o n s P i s 
p o s i t i v e ; y e t t h e c o n d i t i o n o f z e r o o r 
nega t i ve P occurs i n some i n t e r e s t i n g and 
i m p o r t a n t c i r c u m s t a n c e s . Na tu ra l c o n d i t i o n s 
may i n c l u d e the case o f a r t e s i a n a q u i f e r s or 
i n j e c t i o n o f magma and v o l a t i l e s p r i o r t o 
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volcanic e r u p t i o n s ; artificial situations 
include those during hydrofracture in secon­
dary oil recovery or during flow in man-made 
geothermal systems created by hydrofracture 
at depth. 

A p a r t from p r a c t i c a l c o n s i d e r a t i o n s , 
these experiments introduce a new regime for 
understanding physics of rocks. Do the 
theories that describe elastic properties as 
functions of crack density and distribution 
of pore shapes still apply to rocks under 
tension? How great are changes of transport 
properties such as permeability? Are there 
noticeable changes at the critical region 
where P goes from positive to negative? 
The present work is a beginning attempt to 
examine these issues. 

EXPERIMENTAL METHODS 

We have created negative effective pres­
sure or p o r e - p r e s s u r e - i n d u c e d t e n s i o n by 
injecting fluid into an unconfined cylindri­
cal rock specimen of diameter 10.2 cm and 
thickness 3.87 cm. The rock is Elberton 
(Georgia) granite. 

As shown in Figure 1 the eight equally 
spaced injection holes are axial and located 
on a c i r c l e of r a d i u s 2.54 cm h a l f w a y 
between the center and outside of the cylin­
der. Epoxy end caps confine the steady-
state flow pattern to the radial direction 
and create a stagnant central region. We 
m o n i t o r e d p o r e p r e s s u r e at t h r e e p o i n t s 
using capillary tubes connected to pressure 
transducers; two inside the injection holes 
at radii 0 and 1.91 cm and 1 outside, at 
radius 3.81 cm. Measured pore pressure in 
the central region was uniform to 1 0 % . We 
kept pore pressures below 1.2 MPa to avoid 
fracturing the specimen. 

Compressional velocity was measured in 
the axial direction using the pulse overlap 
method (Mattaboni, 1967) at frequencies in a 
200-600 KHz range. Acoustic transducers 
were cemented to the end surfaces inside the 
central region at a radius' of 1.65 cm. 
Although absolute velocities at zero pres­
sure were reproducible to about 1%, relative 
measurements within a given pressure run had 
a standard deviation of 0.2%. 

Our procedure consisted of raising injec­
tion p r e s s u r e in s t e p p e d i n c r e m e n t s and 
monitoring pore pressures. After pore pres­
sure stabilized at each increment, we meas­
ured compressional wave velocity. 
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where a = cylinder radius, here taken as the 
injection radius. J and J are Bessel 
functions of zero and Tirst decree, and the 
a are roots of JoiapS) = 0. Figure 4 shows 
tnis theoretical response plotted against 
d i m e n s i o n l e s s time v a r i a b l e U t / a ' ; also 
shown are experimental curves for P (•») = 
0.9 MPa at three trial values of D .̂  The 
best fit to the response at high P is D = 
0.015 c m ' / s . The corresponding diffusivity 
for the step from 0 to 0.1 MPa is 0.005 
c m V s , lower by a factor of three. The poor 
fit at the beginning is probably due to 
departures from the assumption of constant 
B^. For these experiments the compressi­
bility of the gaseous fluid dominates rock 
c o m p r e s s i b i l i t y , and it is t h e r e f o r e 
responsible for most of the change of D. 

VELOCITY VARIATIONS 

Figure 5 depicts changes of axial compres­
sional v e l o c i t y with d e c r e a s i n g and 
increasing P , and Figure 6 shows relative 
changes in velocity with P in a different 
run. The intercepts V(0) do not agree to 
within a standard deviation because of the 
difficulty of matching waveshapes in the 
pulse overlap method after changes have been 
made. Within a given pressure run we kept 
the waveshapes constant and achieved better 
reproducibility. The pressure coefficients 
agree well at values of 0.060 ± 0.009 and 
0.067 + 0.008 km s'' MPa"' or about 1.6 ± 
0.2% MPa''. There is an apparent difference 
of pressure coefficient and of intercept 
between rising and falling pore pressures. 
H o w e v e r , v e l o c i t y is r e s t o r e d to its 
original value after an overnight wait. In 
the absence of confining pressure several 
hours are required for pore fluid to be 
removed; there may also be a relaxation due 
to internal friction on crack surfaces. 
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f o r t e s t 2. Uark 

vs . e f f e c t i v e 
c i r c l e s are 

F i g u r e 5 
p ressu re f o r t e s t 2. Uark c i r c l e s are 
v e l o c i t i e s measured d u r i n g po re p r e s s u r e 
i n c r e a s e ; a l e a s t squares f i t , V = 3.9b7 
^4. nnc i ^ „ nc-; r+ noDi D (MPa) i s shown by 
i n c r e a s e ; a l e a s t squares f i t , V = 3.9b7 
(± .005) + 0.067 (+ .008) P (MPa) i s shown by 
the s t r a i g h t l i n e . Open t r i a n g l e s are data 
t a k e n d u r i n g po re p r e s s u r e r e d u c t i o n ; 
v e l o c i t y r e t u r n e d to near the o r i g i n a l va lue 
o v e r n i g h t . 
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Figure 4. Trial fits of measured relaxation 
data for test 3. P(-) = 0.8 MPa. The heavy 
dashed line is a dimensionless theoretical 
r e s p o n s e for ideal c y l i n d r i c a l g e o m e t r y . 
The best match to the theoretical curve is 
for a diffusivity U = 0.015 cm»/S. 

Figure 6. Relative velocity change for test 
1. All data were taken during pore pressure 
increase. The best fit line is V(P)/V(0) = 
1.000 (+.002) + 0.015 (+.002) P ( M P a ) . The 
starting velocity was 4.UUb k m / s . 
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As yet we have not made these measurements 
with confining pressure in order to investi­
gate the transition region at P.=0. How 
ever, the velocity and its 
negative P seem to be in 
other granites at positive, 
1961; U a r r e n , 1977, 1 9 7 9 ) . 
v e l o c i t y v a r i a t i o n can be 
t h e o r i e s in which the 
variation results from 

derivative with 
the ranges for 
low P ( B i r c h . 

A con t inuous 
e x p e c t e d f r o m 

ma jo r v e l o c i t y 
change o f c rack 

d e n s i t y (O 'Conne l l and Bud iansky , 197 7 ) . I t 
i s not c l e a r t h a t t h i s shou ld be the case i n 
t h e o r i e s where c r a c k s c o n t a i n a s p e r i t i e s 
(Gang i , 1978; Walsh and Grosenbaugh, 1979; 
Walsh , 1981) . B race ' s (1971) measurements 
of Young's modulus show a smooth v a r i a t i o n 
th rough zero s t r e s s f o r the case of u n i a x i a l 
c o m p r e s s i o n - t e n s i o n . 

DISCUSSION 

The man-made geothermal r e s e r v o i r c r e a t e d 
i n the Los Alamos Hot Dry Rock P r o j e c t 
a f f o r d s an i n t e r e s t i n g f i e l d c o m p a r i s o n . 
A c o u s t i c t r a n s m i s s i o n measurements were made 
between a d j a c e n t boreho les i n g r a n i t e a t 
about 3 km d e p t h . Feh le r (1979) c a l c u l a t e d 
t h a t v e l o c i t y i n a f requency range near 10" 
Hz decreased by about 2% on p r e s s u r i z i n g the 
r e s e r v o i r . More s t r i k i n g were the inc reases 
of p e r m e a b i l i t y and s t a t i c c o m p r e s s i b i l i t y 
i n f e r r e d by F i she r and Tes te r (1980) on the 
bas is of pumping t e s t s i n the r e s e r v o i r . 
Thus i t a p p e a r s t h a t i n t h e reg ime of 
n e g a t i v e e f f e c t i v e p r e s s u r e s v e r y s m a l l 
changes of dynamic e l a s t i c modul i can i n d i ­
ca te f a r l a r g e r changes i n f l u i d permea­
b i l i t y and i n s t a t i c m o d u l i . In o rde r to 
d i r e c t l y check these e f f e c t s we are p res ­
e n t l y c o n d u c t i n g exper iments i n which f l u i d 
f l o w and s t a t i c m o d u l i a re d e t e r m i n e d 
di r e c t l y . 

I t i s a p l easu re t o thank D. Mann f o r 
sample p r e p a r a t i o n and H. F i she r and G. Shaw 
f o r t h e i r p h y s i c a l i n s i g h t a f f o r d e d i n 
severa l d i s c u s s i o n s . Th i s work was sup­
p o r t e d by t h e O f f i c e o f Bas i c Energy 

Sciences of the Department of Energy under 
C o n t r a c t W-7405-ENG-36 w i t h the U n i v e r s i t y 
o f C a l i f o r n i a . 
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THE PRODUCTION OF ELASTIC WAVES BY 
EXPLOSION PRESSURES. I. THEORY 

AND EMPIRICAL FIELD 
OBSERVATIONS* 

JOSEPH A. SHARPEt 

AR.STRACT 
A solution to the problem of the wave motion produced when a pressure of arbitrary 

form is applied to the interior surface of a spherical cavity in an ideally elastic medium 
is derivcti. This solulion is shown to be in qualitative agreement with a number of field 
observations of the effect of shot-point conditions on the char.icteristics of reflection 
seismograph recordings. 

INTRODUCTION 

Of the three physical processes involved in seismic exploration, 
namely, the initiation of the seismic waves, their propagation, reflec­
tion, refraction, and dispersion, and the recording of some function of 
the motion of the surface, we possess the least satisfactory under­
standing of the initiation process. This is in spite of the circumstance 
that it has been recognized from the very beginnings of reflection ex­
ploration that the intensity, quality, and characteristics of seismic 
records are strongly influenced by conditions at the shot point, and 
despite r.he fact that a number of empirical observations concerning 
tlie generation of seismic waves have accumulated over a long period 
of field experience. 

These empirical observations, which have become a part of the 
lore of every field operator, are as follows:^ 

1. A given amount of explosive detonated in a clay or water-
saturated sand formation results in a greater amplitude of reflected 
motion than an equal charge detonated in a dense, rigid formation, 
such as limestone. 

2. If a hole is sprung by an initial large charge in order to form 
a sizable cavity, later small charges will result in a larger amplitude 

* Presented at the 1937 Spring meeting, Los Angeles. Manuscript received Feb. 10, 
1942. Part II will be published at a later date. 

t Joint Geophysical Laboratory of the Stanolind Oil and Gas Company and the 
Western Geophysical Company. 

' See ^McRcady. GEOPHvsrcs.V, 4, pp. 374,379-381 (1940) and Beers, VI, i (1941), 
pp. S4-SS-
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division of research 
inst i tute of mineral research 906/ 487-2600 

J u n e 1 4 , 1974 

Mr. 0. E. Anderson 
Homestake Copper Company 
P. 0. Box 386 
Calumet, Michigan 49913 

Dear Mr. Anderson: 

We are pleased to enclose with this letter fifteen (15) copies of a report 
entitled "A Plan for Determining the Feasibility of In Situ Leaching of Native 
Copper Ores". This report outlines a plan for Homestake Copper Company for 
research and development studies on in situ leaching of native copper ores. 
The,piati presents an orderly and systematic approach to the studies, starting 
from small-scale experiments up through the design, construction and operation 
of a pilot plant. -.• 

The major features of the plan include gathering infonnation on ore 
reserves and their amenability to in situ leaching, developing methods of 
preparing ore for leaching, establishing proper environmental control of leach­
ing systems and conducting engineering and economic analyses of leaching 
systems. Recommendations for project management and control are presented, 
together with a schedule of study-and estimated budgets. 

Because of the nature of the research and the unknowns involved at this 
time in designing a long range plan, the estimates of time, effort and costs 
for the research may not prove to be very accurate. This is particularly true . 
for estimates of the later stages of the program. 

An important aspect of the plan as..presented is that provisions have been 
recommended for close control over the program at all times. Such control is 
absolutely essential to insure that the research is conducted in the most 
efficient manner and that all experiments will be conducted in an acceptable 
manner.. 

We greatly appreciate the opportunity to have prepared this plan for 
Homestake Copper Company and trust you will find the report satisfactory. 

Sincerely, 

.'(J LF-Uy/C^ 

/mjp 

Enclosures 

Wilfred L. Freyberger 
Directo.r 
Institute of Mineral Research 



û  ..̂ , 
TABLE OF CONTENTS 

PAGE 

INTRODUCTION • 1 

General Philosophy of the Plan 1 

Principal Features Requiring Study 3 

Project Management 4 

SCOPE AND PROCEDURES OF RESEARCH 5 

Identification and Amenability of Ore Reserves.- . '5 

.. Tabulation of reserves 5 

Laboratory examination of ore samples .., 6 

Amenability leaching tests . . . . . . . " . 7 

Indirect estimation of amenability . .... ; . . . . ' 7 

Ore Preparation • • • .'.."' 8 

Bore-hole leaching . . . . . . . . . . . . . . . . 8 

Bore-hole fracturing . . . . ; 15 

.Open fracturing. 22 

Abandoned mine leaching.- 23 

Solution Treatment Methods. . ."..,., 26 

Environmental Control 27 

Engineering and Economic Analyses 29 

Objectives . . ' 29 

Scope. 29 

Analyses as a guide to research and development 30 

Procedures ' 31 

Pilot Scale Studies . 33 



'A y 

TABLE OF CONTENTS (cont'd) 

PAGE 

IMPLEMENTATION ' 36 

PROGRAM BUDGET. 37 

Identification and Amenability of Ore Reserves 38 

Ore Preparation " 40 

Solution Treatment Methods 44 

Environmental Control. 46 

.Engineering and Economic Analysis (including Project Management) . , 48 

PILOT PLANT STUDY AND FINAL ANALYSIS OF THE PROGRAM . . " • •. . . •. . . . 5 0 



.^ •:'\:. 

'•* LIST OF FIGURES 

PAGE 

Figure 1 Arrangement and Preparation of Dr i l l Hole for 

Measuring In Situ Porosity 10 

Figure 2 Apparatus for In Situ Porosity Measurements 11 

Figure 3 Comparison of (a) Actual and (b) Effective 
Pore-Connected Volume 13 

Figure 4 Arrangement of Permeability Holes with Respect 
to Porosity Hole 14 

Figure 5 (a) Arrangement of Blast Hole and Permeability Holes 
. ., . in Single-Hole Confined Blasting Tests . . . . . . . . 17 

(b) Expected Relationship between Permeability and 
Distance from the Blast Hole .'.,: 17. 

Figure 6 (a) Arrangement of a Recovery Hole with Respect to 
the Blast Hole in Single-Hole Confined Blasting 
Tests :..'.. . : ' . . . . . . . . . : . 18 

(b) Expected Log of Fracture Intensity on Core 
from the Recovery Hole 18 

Figure 7 Arrangement of Blast Holes and Permeability-Recovery 
Hole in a Multiple-Hole Blasting Test 20 

Figure 8 Effect of (a) Excessive Hole Spacing and. 
(b) Insuff ic ient Spacing in Multiple-Hole 
Confined Blasting Tests 21 

Figure 9 Program Schedule and Graph of Expenditures 52 



INTRODUCTION 

The potential value and-advantages of the application of in situ leaching 

to recovery of copper from native copper ores of the Keweenaw Peninsula have 

been broadly described in a previous report (Institute of Mineral Research, 

1972).. Several alternative methods of conducting such leaching were outlined. 

At present, this application of in situ leaching is largely in the conceptual 

stage. 

Research toward implementation of the process is being conducted on a 

limited, scale by the Institute of Mineral Research and by the U. S. Bureau of 

Mines at their Salt Lake City Research Center. This research must be expanded 

in scope and magnitude to complete process development in a reasonable'period 

of time. . ... • -

Homestake Copper Company has contracted'to have the Institute of Mineral 

Research prepare for Homestake a plan of research and development with the 

following broad objectives: to determine the feasibility of in situ leaching . 

as a method of processing native cppper ores, to determine the most useful 

areas of application in the native copper district and to determine which 

method or methods of leaching o.ffer the .greatest promise of successful 

application. This report describes the plan recommended by IMR to Homestake 

Copper Company. 

General Philosophy of the Plan 

Specific goals of the studies included in the plan are as follows: 

1) to gather general data concerning deposits in the district to assess the • 

amenability of each toward processing by in situ leaching; 2) to make 

engineering, environmental and economic evaluations of conceptual in situ 

leaching systems; 3) to obtain process design information necessary for 



development of useful leaching systems; 4) to identify ore deposits for which 

in situ leaching appears useful and to select leeching systems preferred for 

those deposits; 5) to select a preferred site ( o r sites) for location of a 

pilot-scale operation; and 6) to design, construct and operate one or more 

pilot-scale in situ leaching systems. 

There is no precedence for the application of in situ leaching being 

considered in this plan. Therefore, accurate prediction at this time of the 

effort required for any given part of the overall study is not always possible. 

Fairly large uncertainty factors should be applied to the estimates given in 

this report for time, effort and money necessary to complete the program. 

Furthermore, a mechanism is necessary for close assessment of the program 

at amy moment to insure that studies are being directed along proper avenues 

and that unprofitable research be identified and terminated as early as' 

possible. . . .• _ 

A basic assumption inherent in the design of the plan is that there are 

many deposits of native copper ore potentially suitable for in situ leaching. 

Furthermore, there are several methods of leaching which potentially may be 

applied. Present knowledge of the process is inadequate to permit focusing' 

solely on one particular deposit or on one"particular method. Indeed, one of 

the major objectives of the plan is to obtain information on a sufficient 

variety of ore types and leaching methods so that useful deposits and useful 

methods, if any, can be r.ationally identified. 

•This does not mean that every method must be tested on every ore in the 

district. This would be an impossible task. Limitations of time and money 

will require that engineering judgments be made frequently on the basis of 

information on hand plus general experience, so that emphasis will be placed 

on deposits and methods which appear the most promising. 
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- Accordingly, "the pi.an has/^been structured to gather certain forms of 

information on a broad scale,- with .a minimum of effort and early ih the 

program, to provide a base for subsequent judgments. Then, as these judgments 

direct, more detailed information will be gathered on a narrower scale, ulti­

mately focusing on the infonnation needed for design and .operation of a 

speciTic pilot plant. Obviously, the plan must provide frequent opportunity 

for making necessary judgments by dividing the effort into a,number of discrete 

blocks, none of which extends overly long in time. Such division will also 

allow the necessary flexibility to insure that blind alleys are not followed 

unduly lo'rtg arid that .emphasis can be readily shifted to more profitable 

studies. ,•-:•• 

Priricipal Features Requiring Stud.y . , •-

Determination of the feasibility of the"in situ leaching process involves 

study of the following .major items":- ;:1). O.re- Reserves - the parameters of 

potentially useful ore reserves, must be detailed and the amenability of each 

reserve estimated; 2) Ore Preparation - the ore must be prepared to provide 

access of leach, solutions to the deposit; 3) Leaching and Copper Recovery -

the ore must be treated with leach solution to provide for recovery of copper 

at an economically acceptable rate and copper must be removed from pregnant 

solutions In the form o f a useful produetv 4) Environmental* Constraints - the 

environmental constraints" within which the sys.tem must operate must be deter­

mined, their influences assessed^ and provision made to insure proper operation 

of the system; 5) Engineering and Economic Analyses - total in situ leaching 

* Throughout this report the terms "environmental", "environment", 
etc., connote health and safety aspects as well as impact on the 
physical surroundings. 



processes must be designed in. concept and analyzed fo r engineering and 

economic • feasib i l i ty ; 6) 'Pilot-Scale Testing - the potential deposits of 

the; d i s t r i c t must be surveyed, the best candidate's) selected and a p i l o t -

scale operation of su f f i c ien t scale established to Gonfirm process u t i l i t y , 

obtain process design data for scale-up, and ident i fy problems requiring 

further study. 

Project Management 

Because of the complexity'of the studies required in this program and 

because ,of ;̂ he need to make frequent assessment of progress and judgments • 

pertaining to further work, proper management is essentiat.... • For this purpose 

a Project Manager supported by a Steering Committee is suggested. The Steering 

Committee should comprise the Research Managers concerned with specific areas 

of study: Ore Preparation, Leaching and-Copper Recovery, Geology and Ore 

Reserves, Environmerital Control,;-and; Economic Analysis -••five members in all. 

The Project Manager may be one of these five., but preferably should be someone 

removed from the details of any given phase of the study. 

Ultimate authority should res ide,'.with the Project Manager. He should 

.meet frequently with the Steering Committee. The Project Manager will be 

responsible to Homestake Copper Company. 

An Advisory Committee will also be desirable. This Committee should 

include members capable of offering advice and assistance in the various 

phases of the study, plus other interested parties. The Steering Committee 

should meet with- the Advisory Committee at least semi-annually, and' should 

keep the Advisory Cotmittee informed of progress between meetings. 

Both the Steering Committee and the Advisory Committee should be formed 

as soon as possible^ tq establish and maintain proper control of the program. 
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. SCOPE AND PROCEDURES OF RESEARCH 

In this-section of this report, the scope of study for each of the 

principal features, requiring study is discussed individually to the extent 

possible at this time. The final section of the report discusses imple­

mentation of the program in terms of manpower and funding requirements 

together with an estimated^schedule of work. 

Identification and Amenability of Ore Reserves 

Early identifi cation of pi3 ten ti ally useful ore reserves is imperative. 

This .Information is important from several standpoints-: 1) Such information 

will establish the potential 'scope of application of the process in, the 

district; 2) it will determine whether initial studies may be limited to one 

ore type, conglomerate or amygdaloid, or whether both must be included from 

the beginning; 3) the data will-be .necessary in making preliminary economic 

.assessments of applTcation-to a-.given.\deposit; 4) the data will be useful in 

designing conceptual .in situ leaching processes for engineering and economic 

analysis. Whenever possible, samples of ore from potentially useful deposits 

should be obtained for laboratory examination and amenability testing. 

Tabulation of reserves. An initial screening study should be made to 

classify individual deposits as rapidly as possible according to their potential 

utility. Those eliminated will require no further iimiediate attention; for 

those of interest additional details will be gathered as required, . As early 

as possible the Steering Committee should prepare a list of desired data so 

that, the deposits will be properly evaluated. The desired data will include 

for example such parameters as size and grade of the deposi^t, ore type, dimensions, 

surrounding hydrological conditions, porosity, permeability, and manner of copper 

occurrencei Obviously, not all of this information can be obtained quantitatively. 



However, even best estimates or qual i tat ive descriptions w i l l be iiseful in 

evaluating'the deposits. 

Most of the infomation pertaining to potential reserves w i l l of 

necessity come from compahy f i l e s . In addi t ion, laboratory examination and 

amenability testing w i l l be desirable on as many d i f ferent ore samples of 

interest as can readily be obtained. 

Laboratory examination of ore samples. Laboratory examination w i l l 

include basic mineralogical examination, observation of the manner of copper 

occurrence, measurement of porosity and other measurements or observations 

as appear s igni f icant to assess the potential u t i l i t y of the ore. 

Mi ne ra 1 ogi ca 1 s t u d i es w i l l include mac ro -mi c rose op i c ' ex am i n a t i o ns'. 

The princip.al information sought w i l l be to ident i fy major mineral comjsonents 

of the ore, the mineralogical association of- the copper, and general observ­

ation of the presence o f porosity in- the rock. An example of the po.tential 

u t i l i t y of such informatiori is ' that ' the-.calc i te present in, Iroquois ore is 

closely associated with copper. Since the calc i te is l i ke ly to fracture very 

readily on blasting,, there is a d is t inc t possib i l i ty that with such an ore 

substantial amounts of copper can be'exposed to leaching with a minimum of 

fracturing of the ore., . . . ' '-^ 

The manner of occurrence can be evaluated from mineralogical excmiinations 

as well as by estimating copper grain size distr ibut ions by means of sitaged 

crushing and screening-of the ore-. I t can also be evaluated by means of 

electronic sorting tests , employing laboratory-scale sorting devices. Such 

information, part icular ly in terms of the connectivity of the copper, is 

s igni f icant i n estimating the fract ion of copper potentially'.recoverable from 

the ore. 'Porosity measurements, as made by established methods, are also of 

significance in estimating amenability toward in s i tu leaching. 



Amenability leaching tests. Amenability testing will consist of a standard 

leach test conducted on a sample.of crushed and sized ore. Exact definition of 

desirable standard leaching conditions will depend on the results of leaching 

tests presently underway at IMR with several different ore types and different 

leaching conditions. However, it is anticipated that strong leach solutions 

and relatively small ore pieces will be used in order to obtain significant 

leaching data in a short period of time. Amenability tests will not be con­

ducted to completion. Instead, initial leaching data will be evaluated on the 

basis of a kinetic mpdel of leaching presently being developed. It is recommend­

ed that studies be conducted on a number of "extreme" ore types to estimate the. 

range of leachability of the ores in the district. '. . 

Indirect estimation of amenability. At the present time the amenability 

of an ore to leaching can only be determined.by conducting an actual leach test 

such as those described. The principal disadvantage of this procedure is that 

it is wery slow, particularly for large pre pieces where many months may be 

required. The desirability of estimating amenability indirectly is apparent. 

•Present research has suggested indirect estimation of amenability to 

leaching may be possible, at least in..a. semi-quantitative manner. Leaching 

tests at IMR on two conglomerate ores and .one amygdaloid ore show direct 

correlation between leaching results and porosity measurements. This very 

simple correlation is undoubtedly only part of a more complete and accurate 

method of indirect evaluation. Further study of relations for the ore types 

presently under study will serve to identify their potentially useful corre­

lations. The ideas developed in the present study will need confirmation and 

refinement through similar laboratory measurements and leaching studies made 

with other ore samples. 



Therefore, the desired laboratory examination and amenability leaching 

studies will serve two significant purposes: they will provide necessary 

information pertaining to the potential application of in situ leaching to 

particular deposits, and they will serve as a basis for development of a more 

rapid indirect evaluation of utility of other deposits through ranking of a 

new ore against a semi-quantitative scale of amenability developed from lab­

oratory studies on a variety of ores. 

Ore Preparation 

'. Preparation of the ore in order to provide access of the solution to 

the copper is probably the most critical operation affecting the feasibility 

of in situ leaching. There are a number of methods by which an ore deposit, 

might be prepared for leaching and each method must be tested to determine 

its potential utility. Since the methods" are largely dependent on the 

structural characteristics of th'e undisturbed ore, much of the testing must 

be performed underground. The variability between and within ore deposits 

requires testing a number of ore types and performing replicate tests on 

each ore type. 

The four major methods of ore preparation are: 1) bore-hole leaching; 

2) bore-hole fracturing; 3) open fracturing; 4) abandoned mine preparation. 

Research programs for testing the methods are described below: 

Bore-hole leaching. This method of ore preparation is one of the simplest. 

It consists of drilling holes into the formation and utilizing the natural 

permeability and porosity of the ore to provide pathways for solution flow 

from one hole to another. The natural porosity would also provide contact 

of the solution with the copper. This method of leaching is probably con­

sidered to be the least feasible because of the dense appearance of the native 



copper ores. However, the ores tested to date show considerably more porosity 

(about 5%) than one would expect, and i f the pores are suf f ic ient ly connected 

then bore-hole leaching may indeed be feasible. 

In order to study bore-hole leaching, i t w i l l be necessary to measure the 

amount of rock connected by pores to a bore-hole (pore connectivity) and the 

permeability between bore-holes. These measurements must be performed on 

undisturbed underground formations. 

The f i . rst step in determining pore connectivity w i l l consist of core 

d r i l l i n g a hole down the dip of the formation.' The length of the hole should 

be about'30'to 50 feet , and the diameter of the hole should be about 3 inches. 

The porosity of the core w i l l be measured in the laboratory with a'gas pycno-

meter. The hole w i l l be dried and a packer with an in le t tube w i l l be instal led 

half-way down the hole. The top half of the hole w i l l be sealed with resin, 

as shown in Figure 1. The purpose of sealing this portion of the hole is to 

confine the measurements-to the bottom half of the hole where the ground is 

undisturbed. I t w i l l also prevent the gas used in the measurements from leaking 

to the surface. - ' 

The hole w i l l then.be evacuated and helium gas from a calibrated cylinder 

w i l l be allowed to expand into, the hole an'd the pores of the surrounding rock. 

The apparatus is shown schematically in Figure 2. Given the volumes of the 

cyl inder, hole, and in le t tube - V .̂, V̂  and V_, and the i n i t i a l and f inal 

pressures - P]̂  and P2> then the pore volume of the rock surrounding the hole 

can be calculated: 

Since the porosity of the ore, denoted by e, w i l l be known from the 

measurements on the core, the effect ive radius of the pore-connected rock 

can be calculated from: 

http://then.be


Figure 1. Arrangement and Preparation of Drill Hole for Measuring In Situ Porosity 

io 
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Figure 2. Apparatus for In Situ Porosity Measurements 
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• R = \/r2+Vp/rreL, i 

where r and L are the radius and. length of the"hole. R is the average radius 

of the zone of rock connected by pores to the dr i l l hole. Of course, the 

actual zone of pore-connected rock will be Trregular (compare Figures 3a and 

3b)., 

The above steps should be repeated at one or raore locations in the mine 

to determine the variabi l i ty of R, 

Before proceeding further with the study i t will be necessary to 

determine, if R i s sufficiently large to warrant further test ing. A simple 

economic criterion would be that the yalue of the copper J n ' a cylinder of 

radius R must exceed the cost of dri l l ing the hole, ' 

If this criterion is met then the next step.in- -the study will be to 

measure the permeability of the ore. Two' "permeability" ho.les will be 

drilled parallel to. the'above-described "porosity" hole, and to thesarne 

depth, with one hole on each side of the porosity hole. The distances • 

between holes will be I.5R and 3.OR as shown in Figure 4, By using- two 

holes of differing distances the•permeability can be-detennined,as a function 

of hole spacing. '-̂  • ;';. 

The holes will be sealed with resin as described above,. .Helium will 

then.be injected into the'porosity hole and the flow rates out of the two 

permeability holes will be measured at several injection pressures. Permea­

b i l i ty will be calculated from the pressure and flow rate data. If the 

permeability is sufficiently high, water will be substituted' for helium and 

the liquid permeability measured. 

These tests should be performed on each of the holes used in the porosity 

measurements to determine the variabil i ty of the ore. 

12 
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I f the results of these tests indicate that the ore is suf f ic ient ly porous 

and permeable, a next desirable step of the study w i l l be to conduct a sub-

p i l o t seale^ leaching test- This test w i l l have to be carried out on a sizable 

block of ore in order to ensure that a representative sample of mineralized ore 

i s being used. The block w i l l be prepared for Teaching by d r i l l i n g a number of 

holes o f pattern and. spacing detennined by the data described above. One half 

of the holes w i l i be used for solution inject ion and the other half for solution 

recovery. Cuttings from the holes w i l l be analyzed and used to estimate the 

grade of the block of ore. 

Solut ion.wi l l be pumped into the injection wells from a solution storage 

tank and eff luent from the- recovery wells w i l l flow back into the tank. The 

solution w i l l be analyzed per iodical ly ' to determine the amount of copper extract­

ed. The flow rates into and out of the .holesi^will be meas.ured to determine the' 

unifonnity of the permeability wi'thin.the'block. I f a hole produces an excess­

ively high, flow rate (ary- indication p f -shor t -c i rcu i t ing) , the. inject ion l ine 

w i l l be throt t led to decrease the flow to a reasonable rate. 

The test w i l l be-continued un-til the extraction rate-decreases to an 

uneconomically low leve l . The solutiortcwill then be flushed from the block 

and the block w i l l be mined out, crushed, a'nd analyzed to determine the ta i l ings 

grade. Chemical analyses and an inventory of the solutions w i l l determine 

total extract ion, .reagent, consumption, impurity piekrup, and loss of solution 

out of the block-. .-

Bore-hole f ractur ing. The-objective of this study is to. determine' the 

feas ib i l i t y of preparing ore for in s i tu leaching by blasting the ore in place 

(confined blast ing). The, study w i l l involve measurements of fracture intensity 

and permeability produced by blast ing bore-holes d r i l l ed into underground 

forma ti'ons. 

15 



The test work w i l l be performed in stage's, start ing with single hole blasts 

arid progressing to multiple hole-, blasts. The principal control variables w i l l 

be blast hole diameter, type of explosive, hole spacing and ore type. Fracture 

intensity w i l l be determined from cores obtained by d r i l l i n g through the blast 

zones.. Permeability w i l l be detennined by measuring f l u i d flow through the 

blast zones; 

a. Single-hole tests. The f i r s t stage of the program wi l l consist of 

blasting tests on single holes. A blast.hole w i l l be d r i l l ed at 45° to the 

face with a diamond d r i l l . Core from this hole w i l l be saved for comparison 

with core obtained after the blasts Only the back of the blast hole w i l l be 

loaded with explosive and the balance of the hole w i l l be^S-termed. , The stemmed 

length w i l l be suf f ic ient ly long to prevent the blast zone from breaking out 

to the facjg, i . e . , to ensure that the blas-t,. is completely confined., 

After blast ing, a permeability :hole (Figure 5) w i l l be d r i l l ed paral lel 

to the blast hole. 'G'as;.wi'n be-.inj'ec^ed:irito this hole and the flow rate into 

the blast hole (after boring out the stemming) w i l l be measured. I f the flow 

rate (permeability) is too low, a second permeability hole w i l l be d r i l l ed 

closer to the blast hole and the permeability again measured. This procedure 

w i l l be r ep fe a ted unt i l a s u f f i c i e n 11 y hi gh,' p e rmeab i 1 i ty i s ob ta i ned * .Th e dat a 

ean be plotted to y ie ld a distance versus permeability curve as sh.own in 

Figure 5, The co're obtained from these permeability holes w i l l be logged to 

determine fracture intensity parallel to the blast zone. 

After the permeability tests are completed a recovery hole w i l l be d r i l l ed 

• through the blast zoriei at 90° to the blast hole. (Figure 5).. The core obtained 

from th is hole w i l l be logged to determine the radial fracture intensity 

d is t r ibut ion as shown in Figure 6. I f the fracture intensity cannot be accu­

rately determined because of poor core recovery^ the blast zone w i l l be grouted 

with resin and an additional recovery hole d r i l l e d . 
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Figure 5. (a) Arrangement of Blast Hole and Permeability Holes in Single-Hole 
Confined Blasting Tests. 

(b) Expected Relationship between Permeability and Distance from the 
Blast Hole. 
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Figure 6. (a) Arrangement of a Recovery Hole with Respect to the Blast Hole 
in Single-Hole Confined Blasting Tests. 

(b) Expected Log of Fracture. Intensity on Core from the. Recovery Hole. 
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Four blast zones w i l l be prepared and tested by the above methods, using 

two blast hole diameters (e .g . , 2 and 4 inches) and two types of explosives 

(normal and high energy). The test data w i l l be analyzed to determine the 

most e f f i c ien t and economical combination of hole size and explosive. An 

additional test using the best combination w i l l be performed at another location 

in the mine to determine the var iab i l i t y of the ore. 

b. Multiple-hole tests. Ihe data from the above single-hole tests w i l l 

be used to estimate the blast hole spacing for the f i r s t multiple hole test . 

Three blast holes in a tr iangular pattern w i l l be used and the holes w i l l be 

d r i l l ed at r ight angles to the face. As in the single-hole tests , only the 

back ten feet of the blast holes w i l l be loaded. " - l -

After blast ing, a permeability-recovery hole w i l l be d r i l l ed into the 

center of the pattern (Figure 7). The core, recovered from this hole w i l l be . 

logged for fracture intensity.- The permeability between this hole and each 

of the three blast holes w i l l be measured; in addit ion, the-permeability between 

each pair of blast holes w i l l be measured. This w i l l provide six measurements 

from which to determine the average permeability of the blast zone and the 

uniformity of the permeability within-the zone. 

Tiie data from this f i r s t multiple-hole test w i l l be analyzed to determine 

i f the spacing was too large or too small (Figure 8). A second multiple-hole 

test w i l l then be performed at a spacing designed to produce a better break. 

The procedures used w i l l be the same as in the f i r s t tes t . The results of 

these two multiple-hole tests should provide suf f ic ient data for interpolation 

and extrapolation over a moderate range of blast hole spacings. I f the ore 

being tested exhibits considerable var iab i l i t y in i t s fracturing characteristics 

i t may be necessary to perform an additional multiple-hole test to measure this 

va r iab i l i t y . 
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The above sequence of single- and multiple-hole tests w i l l have to be 

performed on each major ore type being considered. 

The fracture intensity and permeability data obtained from these tests 

along with leachabil i ty data from laboratory tests w i l l provide the basic 

information for determining the feas ib i l i t y of in s i tu leaching by bore-hole 

fracturing methods. These data should also be suf f ic ient for designing a sub-

p i l o t scale leaching test . This test would be very similar to the leaching 

test described ear l ier in the section on bore-hole leaching. I t would consist 

of d r i l l i n g a pattern of holes into a mineralized block of ore of suf f ic ient 

s i ze to 'be 'a representative sample; loading the holes and blasting the block; 

d r i l l i n g inject ion wells into the fracture zone; pumping leach solution into 

the inject ion wel ls; col lect ing and analyzing the ef f luent solution periodic­

a l ly over a suf f ic ient period of time to determine the rate and extent of copper 

extraction. . . „ , . ' . ' . , 

Open fractur ing. ' The term "open-fracturing" is used to describe the 

blasting of rock into prepared underground openings in order to create a column 

of rubble sui table.for underground leaching. The goal of open fracturing is 

to provide just suf f ic ient dislocation" of the fracture surfaces to permit easy 

percolation of the leach solutions. In contrast to bore-hole fracturing 

(confined blasting) which produces a zone of fractured ore with minimum induced 

porosity, open fracturing would produce moderate porosity and a much higher 

degree of permeability. The objective of this study is to determine the 

minimum amount of opening needed (expressed as " r e l i e f " , the percentage of 

opening volume to rubble volume) and.the most e f f i c ien t blasting method for 

creating a uniform rubble column having satisfactory leaching characterist ics. 

Since open fracturing is largely an extension of conventional underground 

mining methods, t he ; f i r s t part of the study w i l l involve an examination of 
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present mining techniques to determine^_the best approac^h to the problem. This 

w i l l be followed by underground'fracturing tests . To be meaningful, such tests 

w i l l have to be conducted on a large scale, and w i l l 'require considerable time 

and expanse. As: only a l imited number of tests can be performed i t is essential 

that the most attractive, methods be selected for testing and that the tests be 

careful ly planned. 

Since the native copper deposits are steeply dipping, the most e f f ic ient 

method of creating rubble would be to, break the ore downwards into the prepared 

opening.. This opening would probably be in the form of a d r i f t of suitable 

cross-section. Dr i l l i ng and loading of the blast zone could, be performed from 

th is d r i f t and from the next d r i f t up the mine*, the use of raises may also be 

advantageous. Since long-hole d r i l l i n g w i l l probably be .used, much of the 

blasting w i l l be under semi-confined conditions". Therefore the data obtained 

in the confined-fracturing studies described in the previous section w i l l assist • 

in planning these tests . - the f irst,- test 'should probably be performed with 

insuf f ic ient re l i e f so that the problem areas can be ident i f ied and corrective 

changes applied, either in terms o f more r e l i e f or more blast ing. A. few addition­

al tests should then provide reasonable/data for estimating the feas ib i l i t y of 

open fractur ing. 

Underground leaching experiments on the rubble from these tests w i l l not 

be required as the results can be estimated suf f ic ient ly well from laboratoV^y 

tests on loose rock; 

Abandoned mine leaching. ' The leaching of abandoned mines is characterized 

by a number o f unique advantages and disadvantages. The foremost advantage is 

the presence of large quantit ies of broken rock from the old mining operations. 

Thus, the costly d r i l l i n g and blasting steps required in preparing a v i rg in ore 

body for leaching are avoided. Moreover, the extensive underground openings in 
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abandoned mines will probably permit the movement of large volumes of solution 

with little pressure drop. 

The major problems associated with leaching abandoned mines are: the 

difficulty of gaining access to the old workings because of mine water, caving 

or subsidence; the large volume of leachant required to flood the old workings; 

the difficulty of controlling solution flow through the workings; the general 

lack of information on the grade, size and amount of rubble, particularly.in 

the older mines where records may be incomplete. Thus, the leaching of 

abandoned mines will be characterized by minimum expense for ore preparation, 

but large,expense for solution inventory and considerable difficulty in 

controlling and predicting the outcome of the operation. " . 

The study of abandoned mine leaching is complicated because it cannot be 

readily tested on a small scale. The condition and layout of the mine and the 

nature of the rubble will vary from one mine to another even and within a 

single mine, making smal1-seale^testing quite unreliable. 

The best approach to determining the feasibility of abandoned mine 

leaching will be to select a particular abandoned mine as a test case and to 

perform a detailed feasibility study on..it. The mine selected should be 

moderately small or capable of being compartmentalized so that an actual 

leaching test of controllable size can be performed if the results of the 

study are favorable. Because most of the abandoned mines in the district are 

amygdaloids, the test case should be of this type and the mining methods that 

were employed should have been conventional. If these criteria can be met 

the results of the study will be sufficiently general. It is essential that 

good records of the mine be available. Access to samples of-the rubble and 

to the mine water at depth will be important advantages. 

The first part of the study will involve an analysis of the records to 

derive estimates of the amount, size and grade of the rubble and the volume 
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of the openings. Mine water will be sam'p^ed at various depths and its 

composition, density and temperature determined. If possible, samples of 

rubble will be obtained and leachability experiments performed. 

After these basic data have been obtained, the preparation of the mine 

for leaching will be investigated. The factors to be considered are whether 

to dewater the mine or to use the existing mine water for solution make up; 

whether some dewatering might be required to bring the water level low enough 

to prevent leakage out of the mine into the environment; the best way of 

introducing the leachant into the mine, e.g., through existing openings or 

through wells drilled down to intersect the workings. The strength of the^ 

leaching solution will have to be determined; the ratio of .extractable copper 

to the volume of mine openings will set an upper limit on solution strength. 

Whether the mine can be leached in sections, or whether all portions of the 

mine must be leached simultaneously will be determined.and will have an 

effect on solution strength. The increase in the density of the solution as 

copper is dissolved will cause movement of the sblution and will influence 

the number and position of the pumping stations for bringing the rich solution 

to the surface, - ..:• 

After the plan for preparing the mine is established, the rate of copper 

extraction as a function of time will be estimated. The size of the copper . 

recovery plant and the problem of maintaining a constant feed solution to 

the plant will be analyzed. The old pumping records of the mine will be 

used to estimate ground water influx into the mine which will determine how 

much leach solution must be distilled and discarded. 

These and various other factors will be analyzed by the methods described 

in the sub-section on "Engineering and Economic Analysis" to determine the 
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feasibility of leaching the mine. If the results of the study indicate that 

such an operation would be profitable, all or a portion of the mine could be 

leached on an experimental basis. 

This study will not only determine the feasibility of leaching the 

selected test mine but will also provide a general methodology for use in the 

analysis of other abandoned mines. 

Solution Treatment Methods 

In the ammonia leaching of native copper, four solution treatment methods 

are .required: 1) solution make up - preparation of the initial solution and 

replacement of ammonia and carbonate losses; 2) oxidation - conversion of the 

cuprous ammine to cupric ammine by reaction with air or oxygen; 3) copper 

recovery - extraction of copper from the pregnant solution and conversion to 

a marketable form; 4) stripping - removal of.;the leaching reagents so that 

water of.sufficient purity, can be:discharged from the process. 

The technology for"these methods is fairly well understood, and in fact 

each operation has been demonstrated on a commercial scale. Therefore, only 

a limited amount of experimental work on these methods will be required. The 

major emphasis will be on collecting engineering and cost data and on studies 

as to how the methods can be best applied to the various in situ processes. 

Although solution make up and oxidation are generally performed in 

absorption towers it may be more efficient and require less capital if these 

operations are carried out underground, using underground chambers and rubble 

as the absorption tower. If the cuprous ammine can be oxidized underground 

as soon as it is produced, the maximum driving force for leaching will be 

obtained. 

Some research will be required on the solvent extraction of high con­

centration solutions. Present practice is to treat fairly dilute solutions, 
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but current studies show that these dilute solutions leach at rather low rates. 

Although there does not appear to be any fundamental reason why solvent 

extraction cannot be applied to concentrated selections, it must be tested 

experimentally for unforeseen problems. 

In addition to solvent extraction, a number of other processes for 

recovering copper from ammonia solutions are possible. They include distil­

lation, direct electrowinning from ammoniacal solutions, gaseous reduction and 

chemical precipitation. Even though solvent extraction will likely be the 

preferred process, each of the alternative processes should be studied to 

determine its. possible applicability. Extensive studies will not be required; 

most of the processes can be evaluated with existing technical and cost data. 

In some cases laboratory tests will be required to obtain some of the necessary 

information. 
.- ' 1.-'. 

A particularly critical step is the.stripping process. Large volumes of 

solution might be involved-and the liiminations on reagent levels in the 

discharge water might be very low. Since there is a possibility that conven­

tional steam distillation will notCproduce an acceptable effluent, a polishing 

process such as ion exchange might have, .to be applied after distillation. A 

suitable alternative in some cases might be to pump the distillation effluents 

to the bottom of neighboring abandoned mines. 

Environmental Control 

Introduction of leaching reagents into the environment.is a potential 

problem associated with in situ leaching. Reagent loss may occur in three 

ways: 1) by escape of solutions from "the mine into the water table and then 

into lakes, streams or wells; 2) by disposal of spent solutions or leaching 

by-products; or 3) by evaporation of ammonia into the atmosphere. These might 

be'termed "external" environmental problents. 
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In addition to the external environmental problems there are potential 

"internal" environmental problems. They are: 1) leakage of ground water into 

the in situ operation; 2) production of flammable or explosive gas mixtures 

(NH3-O2) within the mine; 3) difficulties in performing underground development 

and maintenance in the presence of toxic levels of ammonia and either high or 

low concentrations o-f oxygen. 

The external and internal problems are not independent. For example, 

leakage of water into the mine requires that an equal volume of solution be 

discarded if dilution is to be avoided. The cost of removing contaminants 

from the'discard solution to an acceptably low level may be prohibitive. 

Similarly, ventilation of the underground areas undergoing development may 

result in nuisance levels of ammonia in the atmosphere. 

The magnitude of the environmental problems will depend on three general 

factors: 1) the characteristics of the ore deposit and its surroundings; 

2) the type of in situ' process being employed; 3) the statutory regulations 

governing permissible levels of discharges and safe working conditions. 

The first factor is highly dependent on the deposit being considered. 

Its evaluation will require collection:of data concerning the deposit. These 

data will include pumping records, water analyses, general topography, land 

ownership, habitation and hydrology of the surrounding area, and the possible 

steps which might be used to isolate the deposit from the environment. Since 

only a limited number of deposits can be studied, the best approach would be 

to select one or two deposits for detailed evaluations. In this manner the. 

more significant factors would be identified and the general procedures for 

evaluating other deposits would be developed. ''-' 

Study of the second factor will involve identification of the major 

environmental problems associated with each of the four general in situ 
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methods. This will be followed by studies of the monitoring and control proce­

dures which might be applicable, to each case. 

The third factor will require ..collection of federal (EPA, OSHA). and state 

regulations affecting discharges and working conditions. This study will also 

include collection of data pertaining to environmentally-related properties of 

the in situ solutions and atmospheres (NH^ vapor pressure, solution and gas 

densities, explosive limits, etc.). 

Engineering and Economic Analyses 

.Objectives.. Engineering and economic analyses will be directed toward two 

principal objectives: i) to guide experimental work into the most useful avenues 

and 2) to evaluate conceptual in situ leaching systens. These analyses will be 

conducted in a stepwise fashion, .starting from the simplest basis possible. Each 

step will provide a "go-no go" answer, and.subsequent steps involving more 

sophisticated design..and analyses'.-will:-.be taken only when all previous steps have 

given favorable results,' . '• 

At various.times, depending on specific objectives, analyses will be 

concerned with overall,in situ leaching processes or with individual components 

of such a system. -i- --

Scope. The analyses will generally follow a sequence such as; 1) describe, 

or design, the: process, of interest; 2) establish the engineering feasibility to 

be sure that the process caii be operated physically to produce the desired 

results, making necessary modification in the original design to insure engineer­

ing acceptability; 3) evaluate the economic acceptance-of the process as finally . 

designed. 

For any given system (or part thereof), this-analytical procedure may be 

repeated., if hecessary, at increasing levels of detail and sophistication of 

process design, assuming that previous analyses have yielded favorable results. 
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That is, it may often prove desirable to design a process first in an oversimpli-

fied manner, examining only the obviously key parts of the process. Design and 

analysis will then proceed through more detailed stages to some desired end point. 

It should be emphasized that the analytical procedure can be stopped at any 

point should either engineering or economic analysis indicate unacceptable 

performance of the conceptual leaching system. Should such a result appear, a 

decision will be necessary to choose between the alternatives of abandoning the 

design completely or attempting to modify it as to make it acceptable. 

Analyses as a guide to research and development. The.analyses will serve 

to guide experimentation in two ways. Engineering or economic analysis of a 

part of the process may indicate that even under the best conceptual conditions, 

that part will not be acceptable. An example of such analysis has been given 

in the discussion of work on bore-hole leaching. From'an initial engineering 

standpoint, the leaching technique is acceptable since drilling holes in rock 

is readily accomplished. However, ̂sir̂ ple analysis-may show that the maximum 

dollar value of copper which might be recovered from a hole (or set of holes) 

would be less than the cost of drilling. Under such conditions there will be 

no point in conducting the experiments.. It is important that in making such 

simple analyses, which may be subject to large errors due to inaccuracies in 

making estimates, judgments based on the analyses should tend to be optimistic. 

As more experimental data concerning a process or one of its parts become 

available, the errors in analysis will be reduced and judgments should become 

correspondingly more rigorous. 

A second way in which engineering and economic analyses will guide experi­

mentation is through identification of problems in leaching systems. That is, 

in any given system, analysis may well indicate that only one of two parts of 

the system as conceived are unacceptable from either engineering or economic 
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considerations. This may indicate that further development studies should be 

conducted in" an effort to overcome the difficulties, and therefore save an. 

otherwise useful leaching system. • 

Thirdly, the analyses will be useful in identifying the parts of a leaching 

system which most greatly influence costs and/or engineering results. Thus, 

research and development can be focused on these parts, rather than on less 

sensitive parts of the system. 

Finally, the analyses will indicate needs for better or more complete 

empirical data pertaining to a particular leaching system. This information 

can then be-fathered by the most appropriate method. 

Procedures. The engineering and economic analyses will be conducted by 

the most convenient method appropriate to the desired analysis. In the initial 

stages simple hand calculations will probably suffice. As the analyses proceed 

in development to include more.arid more details, and produce more accurate 

results, the calculatioris arid evaluations will require more sophisticated 

techniques. The ultimate develoJDment will almost certainly require use of 

computer models as a matter of converiience to allow for efficient and complete 

analysis. ' -'.:•• 

Since the reliability of a system analysis is only as good as the input 

data, it will be essential to collect and compile an extensive list df engi­

neering and economic information. These data bases will cover a broad spectrum 

and will include such items as drilling and blasting costs and performances, 

reagent costs, ore properties (leachability, porosity, reagent consumption), 

capital expenditures for a solution treatment plant, scale-up factors, kinetic 

data, fuel and power costs, etc. These data will be obtained from a variety 

of sources including the technical literature, studies currently underway, 

studies to be performed in the program, equipment manufacturers, etc. In some 
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cases only estimates will be available and in others, only a range of values. 

One of the valuable features of computerized analysis is that the influence of 

a range of values can be quickly assessed. Another useful technique for limited 

data is to perform the analysis in reverse - -to input a profitable return and 

calculate the range of values which will ensure this return. 

Information will also be needed on the costs of conventional mining. 

These benchmark data are required because in situ leaching must not only be 

profitable but also more profitable than conventional mining methods. 

In order to assess the feasibilities of the various in situ processes 

(or any of their parts) the analyses will be formulated to output both technical 

and profit-oriented information. Analyses will be flexible with respect to • 

variations in input parameters and will allow for sensitivity analysis of the 

parameters. 

Thus, it will be possible.to' determine under what conditions a given 

technology may be implemented arid to examine variations in' the process. In 

addition it will be possible to examine the feasibility of a mixed process, 

employing both conventional mining and in situ methods. The ultimate object­

ive of the analysis will be to define the optimum process for a given ore body. 

This will be accomplished by using the physical characteristics (dimensions, 

shape, grade, etc.) of existing and abandoned mines as structural constraints 

on the models. 

As mentioned earlier, these system studies will be used to assist in the 

experimental phases of the program. Thus, it is important that there be close 

liaison between the system studies and the other phases of the program. 

As a final step in the economic analysis of an acceptable leaching system, 

detailed pro forma income statements should be prepared. These statements will 

allow managers to assess most carefully the potential profits(losses) of a 
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system. The statements should be developed for a p'eriod of five or more years 
u • . • '> 

and should conform to the accepted accounting procedures of Homestake Mining 

Company. Armed with these data, and engineering data, the feasibility of a 

complete in situ leaching system can be ultimately established.-

Pilot Scale Studies 

The results of all research and analysis described previously will 

ultimately be focused on the design, construction and operation of one or 

more pilot scale test sites. Operation of a pilot site will generally 

confirm expectations based on previous studies, will provide more refined 

data on which to base engineering and economic evaluation of commercial scale 

operations, and will define niore accurately those aspects of in situ leaching 

operation requiring further study and development. 

At this time detailed description ofa- pilot scale operation is not 

possible, because so many paramaters will depend on results to be obtained 

in other studies. There is, of course, a possibility that these results will 

be so negative that the entire program will be terminated short of pilot 

operation. For the moment, this possibility will be excluded from the 

discussion. -:• 

While exact description of the pilot site is not possible at present, 

certain significant factors can be described. Of utmost importance is that 

the pilot plant be designed with optimum chance of successful operation. The 

pilot operation will undoubtedly be y e r y costly - probably in the range of 

$500,000 to $1,500,000. If the pilot plant should fail or give very discour­

aging results, it is y e r y unlikely that additional funds will be available for 

a second try. 
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Therefore, great care must be given to site selection, size of operation, 

method of ore preparation and.leaching and copper recovery. Even more 

important will be to insure that adequate and fail-safe environmental control 

is provided. 

Preference should be given to a site with potential commercial utility. 

Other factors influencing site selection will be: 1) similarity to other 

deposits to obtain information of broadest utility; 2) cost o-f development 

and provision of services. It is conceivable that more than one site might 

be desirable, either in different deposits or at different locations within 

a single'dejsosit. In any case it will be advantageous ifthe test site includes 

the major ore types occurring in the mine. 

Very little can be said at this time about preferred scale of operation, 

methods of ore preparation, leaching or copper recovery;. Decisions on each 

of these aspects must be based'on results of studies yet to be accomplished. 

Premature commitment to any of these'cbuld well jeopardize opportunity for 

successful operation of the pilot plant, which in turn will jeopardize success 

of the entire program. • 

One aspect of pilot plant design'Wh-ich should be kept in mind when final 
• • - i 

design criteria are set is the possibility of producing sufficient copper to 

defray a substantial part of the costs. However, the pilot plant must be 

considered first and foremost as an experimental tool, designed to obtain 

data for scale-up to commercial operation. 

The pilot plant should operate at least one year. In addition^.considerable 

lead time will be required to design and construct the plant. Provisions should 

be made to duplicate all phases of anticipated commercial operation as closely 

as possible, including production of the final product from the system. Great 
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thought should be given to obtaining as much information as possible from the 

pilot plant. This will require designing flexibility into the operation so 

that more than one mode of operation can be studied. Adequate instrumentation 

must be provided, not only to obtain operating data, but also to provide for 

acceptable environmental control. At the conclusion of the test, the leach 

zone will be mined to evaluate the results of the test. 

Because design of the pilot plant will require substantial effort, certain 

aspects should be commenced as early as possible. In particular, preliminary 

section of likely sites should be made so that the necessary detailed information 

about these'sites can be gathered. Again, of particular importance will be 

information pertaining to environmental control. "..,.. 
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IMPLEMENTATION 

In this section of the pi an | estimates of the manpower, money, and time 

required for each phase of the program are presented. 

It is assumed that the work will be directed by the five Research Managers 

described on page 4, using various types of support personnel such as miners, 

technicians, student assistants, etc. Nearly all of the cost of the program 

will be made up of the salaries and wages of these people. Equipment costs 

will be relatively small. It is assumed that underground test sites will be 

readily accessible and will have adequate services. 

A rate of $9/hr is used for the professional personnel and $5/hr for the 

hourly-rated support personnel. The salary rate for the Project Manager who 

will be involved on a part-time basis throughout the program is taken as 

$12/hr. Indirect costs are not presented because these costs cannot be deter­

mined without knowing which organizations will be performing the work. 

The budget shown on the following pages lists the personnel involved, 

the man-hours required, the cost and the completion time for each major step 

of the phases making up the program. In some cases, special assumptions were 

required as to the extent of the test work; these are noted in the budget. 

Equipment.that will be used, in more than one phase is listed only once. 

The scheduling of the program is shown graphically in Figure 9. This 

schedule was derived from the man-hour and completion time data of the budget. 

The various phases are arranged in a logical sequence and in a manner to 

minimize the total time and make best use of the personnel. The numbers in 

the bar graphs are the estimated costs of the itemized studies. At the bottom 

of Figure 9 the cumulative cost of the program up to pilot plant testing is 

presented. 

36 



PROGRAM BUDGET 

37 



IDENTIFICATION AND AMENABILITY OF ORE RESERVES 

Man-hours Cost 

1. Tabulation of Reserves 

Company Geologist 160 1440 

Clerical 80 320 

Completion time - 2 months 1760 

2. Laboratory Examination - assume 12 samples 

a. Sample collection and storage 

Company Geologist 

. • , ; f Miner 

Metallurgist 

Technician 

Supplies and services at 25% of 
salaries and wages 

Completion time - 3 weeks ,"..',;.' 1365 

b. Laboratory tests (crushing, screening, 
analysis,-porosity, mineralogical . 
examination, sorting) -':•--: 

Metallurgist 

Technician 

60 

80 

8 ... 

16 .'•" 

540 

400 

72 

.80 

273 

96 

480 

864 

2400 

326 
Supplies and clerical at 10% of 

salaries and wages 

Completion time - 5 weeks .;', 3590 

3. Amenability Leaching Tests - assume 18 samples 

Metallurgist 

Technician 

Supplies and clerical at 10% of 
salaries and wages 

Completion time ^ 4 months 2534 

4. Indirect Estimation of Amenability 

Metallurgist 

Technician 

Computer time and clerical at 20% of 
salaries and wages 

Completion time - 1 month 1344 

116 
252 

1044 

1260 

.230 

80 

80 ' • 

720 

400 

224 
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Sunroary: 

Company Geologist 

Metallurgist 

Miner 

Technician 

Supplies, services and clerical 

Completion time - 9 months 

Man-hours 

220 

300 

80 

828-

Cost 

1980 

2700 

400 
4140 

1373 

$10,593 
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ORE PREPARATION 

Bore-Hole Leaching 

Assume two mines being tested, three locations in one mine 

two in the other; sub pilot-scale leaching test in one mine, 

a. Determination of Pore Connectivity 

Five tests each requiring: Man-hours 

Mining Engr. 30 

;' Miner 25 

Technician 18 

b. Permeability Measurements 

Four tests'each requiring: 

Mining Engr. 

Miner .• '•. -

Technician . ' 

c. Leaching Test 

Mining Engr. 

Metallurgist 

Mirier 

Technician 

d. Interim .Evaluations 

Mining Engr. 

Metallurgist 

Economist 

and 

Cost 

270 

.125 

90 

485 each 

.- • ^ f , 39 
45 
2' 

40 

11 

546 

60 

24 
16 

40 

351 

. 225 

10 

586 each 

360 

693 

2730 

300 

4083 

216 
144 

360 

720 

40 



• * 

Summary: 

Estimate two months to complete pore connectivity and permeability 

studies; seven months for leaching test. 

Man-hours Cost 

Mining Engr, 

Metallurgist 

. ••,--• Economist 

Miner 

Teehhician 

Equipment (drill, tanks,-pump, controls.) 

Supplies, services and clerical-at-15% of 
salaries and wages. ' 

Completion'time T-9 months'.<>..-V-;-' $25,508 

370 

93 

40 

• 351 _ 

158 •"' 

• " " 

3330 

837 

360 

4255 

' 790 

9572 

$14,500 

1436 
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Bore-Hole Fracturing 

Assume two mines being tested, sub 

in one mine. 

a. S-ingle-hole tests 

Ten tests each requiring: 

Mining Engineer 

Miner 

Technician 

pi lot-•scale leachi 

Man-hours 

60 
64 

17- . 

ng test 

Cost 

540 
320 

85 

945 
b. Multiple-hole tests 

Six tests each requiring: 

Mining Engineer 

\ Miner 

Technician 

c. Leaching test 

Mining Engineer 

Metallurgist 

Miner,.^ ' •'''. '.•'•' 

Technician ' 

d. Interim Evaluations 

Mining Engineer 

Metallurgist 

Economist . 

29 
52 

4....; 

261 
260 

20 

541 

56 
80 

62 
60 

504 
720 

2810 

300 

4334 

24 
16 . 

40 

216 
144 

' 360 

720 
Summary: 

Estimate seven months to complete single- and multiple-hole tests; 

seven months for leaching test. 

Mining Engineer 

Metallurgist 

Economist 

Miner 

Technician 

Equipment (tanks, pump, controls) 

Supplies, services and clerical at 
15% of salaries and wages 

Completion time - 14 months 

Man-hours 

854 

96 

40 '-' • 

1514 

254 

Cost 

7686 

864 

360 

7570 

1270 

$3000 

2662 

$23,412 



1 

.J 

Summary: 

Man-hours 

80 

40 

16 

Cost 

720 

360 

80 

3. Open Fracturing 

Assume two mines being tested, two test blocks in the first and 

one in the second. Test blocks about 100' x 50'. Services and equipment 

available. Labor supplied by Homestake. 

Estimate 5 months and $25,000 required for each block. 

• Completion time - 15 months ' • $75,000 

4. Abandoned Mine Leaching 

Evaulation of one test case. 

a. Collection and tabulation of records and water analysis, 
sample collection. 

Company Geologist 

Envir. Geologist 

/' '• Technician 

Completion time - 1 month .. . 1160 

b. Evaluation of Data and Design of Plan 

Company Geologist 

Metallurgist ,....-

Envir. Geologist ' . 

Economist : '...'.'"' .- •, 

Technician • • " :.-•••;'• 

Completion time - 6 weeks 2060 

c. Analysis of Plan 

Company Geologist 

Metallurgist ' '';• •' 

Envir. Geologist '' -; 

Economist 

Technician 

Completion time - 6 weeks 2600 

40 

120 

20 

40 

16" 

• 360 

1080 

180 

360 

80 

20 

120 

20 

120 

16 

180 

1080 

180 

1080 

80 

Company Geologist 

Metallurgist 

Envir. Geologist 

Economist 

Technician 

Clerical at 10% 

Completion time - 4 months $6402 

. 43 

140 

240 

80 

160 ' -' -

48 

1260 

2160 

720 

1440 

240 

582 



SOLUTION TREATMENT METHODS 

Work will consist largely of engineering and costing, along with a limited 

amount of test work. 
Man-hours ' Cost 

1. Solution Make-up 
Metallurgist 80 ', 720 

Economist 40 360 
1080 

2. Solution Oxidation 
Metallurgist 80 720 

Economist ^̂  . • 360 
1080 

3. Copper Rlecovery 
al • 'Literature search and. fundamentals 

- Metallurgist 80"':..;. • 720 
b. Distillation 

Metal 1urgist 

Technician : '".y • 
c. Solvent Extraction -• • 

Metallurgist',.' .̂ .',!\,-;r .- • ••' 
Technician • . ." 

d. Reduction 

Metall urgist r'- " 40 • 360 

e... Precipitation 

Metal 1 urgi st. -••• 
Technician ' 

f. Electrowinning 

Metallurgist 

Technician 
g, Cbstihg and Economic Evaluation 

Economist 

4. Solution Clean-up 
Metallurgist 

Technician 

Economist 

44 

80 

40 , 

80. 

80 . 

720 

200 

720 

400 

40 

40 • 

80 

80 -

20. 

)' 
1 

80 

40 -

40' 

360 

200 

720 

• 400 

1080 

5880 

720 

200 

360 

1280 



Summary: 

Estimate that the time required to complete these studies will be twice 

the metallurgist's hours. 

Metallurgist 

Economist 

Technician 

Supplies, equipment and clerical at 
• 15% of salaries and wages. 

Completion time - 8 months 

Man-hours 

•640. 

240 

280 

Cost 

5760 

2160 

1400 

1398 

$10,718 
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j 

80 

40 

16 ' 

lages 

Monitering and Control 

120 .'.• 

48 

. 48 

fages 

720 

360 

80 

116 

1276 

Procedures 

. 1080 

432 

.432 

194 

ENVIRONMENTAL CONTROL 

1. Obtain Regulatory Data and Solution Properties 

Man-hours Cost 

Environmental Geologist 

Metallurgist 

Technician 

Clerical at 10% of salaries and wages 

Completion time - 1 month 

2. Characterization of In Situ Methods: 

Environmental Geologist 

Mining Engineer 

Metallurgist 

Clerical at 10% of salaries and wages 

Completion time - 1 month 2138 

3. Study of Typical-Mines. 

Assume two mines to be studied: 

a. Collect hydrological data 

Company Geologist 

Environmental Geologist 

Technician 

Clerical at 10% of salaries and wages 

Completion time - 2 months 3828 

b. Data evaluation 

Company Geologist 

Environmental Geologist 

Metallurgist • 

Mining Engineer 

Clerical at 10% of salaries and wages 

Completion time - 3 weeks 1426 

80 

240 

120 

720 

2160 

600 

348 

16 

80 

24. 

24 _ 

144 

720 

216 

216 

130 

46 



Summary: 

Environmental Geologist 

Company Geologist 

Metallurgist 

Mining Engineer 

Technician 

Clerical 

Completion time - 5 months 

Man-hours 

520 

96 

112 

72 

136 

Cost 

4680 

864 

1008 

648 

680 
788 

$8,668 

47 



ENGINEERING AND"ECONOMIC ANALYSIS (INCLUDING PROJECT MANAGEMENT) 

1. Preliminary - staffing, planning and scheduling of test work, equipment 

procurement ahd facility set-up. 

Project Manager 

Mining Engineer 

Company Geologist 

' Metallurgist 

Envir. Geologist 

Economist 

Clerical at 10% of salaries and wages 

Completion time - 1 month 

2. I n i t i a l Data.Collection 

Economist 

Mining Engineer 

Metallurgist 

Company Geologist . 

• Envir. Geologist 

. Clerical at 10% 

Completion time - 1 month 

3. Initial System Design and Gross Feasibility Studies 

Economist 

Mining Engineer 

Metallurgist 

Company Geologist 

Technician and clerical at 10% 

Completion time - 1 month 2574 

Man-hours 

- 80 

80 

40 • 

80 

40 

40 

-120 

40 

40 

20 

20 

;udies 

120 

60 

40 

40 

Cost 

960 

720 

360 

720 

. 360 

360 

348 

3828 

1080 

360 

360 

180 

180 

216 

2376 

1080 

540 

360 

360 

234 

48 



4'' 

continuing Analysis and Evaluation 

Project Manager 

Economist 

Metallurgist 

Mining Engineer 

Cpmpany Geologist 

Envir. Geologist 

.. Programming. Asst. 

• - Technician and clerical at 10% 

Computer time 

Summary: 

J 

Man-hours 

416 
2340 • 

2200 

2080 • 

312 

340 
2080 

• . i 

Cost 

4992 

21060 

19800 

18720 

2808 

3060 

10400 

8084 

• 6000 

$94,924 

years. 

Project Manager 

Economist 

Metallurgist 

Mining Engineer 

Company Geologist 

Envir. Geologist 

Programming Asst. 

Technician and clerical 

Computer time 
Completion time - 2 years 

496 

2620 

2360 

2260 . 

412 

400 

2080 

5952 

23580 

21240 

20340 

3708 

3600 

10400 

8882 

6000 

$103,702 
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PILOT PLANT STUDY AND FINAL ANALYSIS OF THE PROGRAM 

' . '.I 

The following estimates of requirements for design, construction and 

operation of a pilot plant raust be. understood to be very rough at best. At 

this stage of planning there is no basis for establishing such important 

parameters as the location and size of the operation, the method of leaching and 

even the information desired from the study. Therefore, the estimates given 

must be considered as guidelines only. 

1. Design. Pilot plant design will require the efforts of several 

people to cover such aspects as ore preparation, leaching and 

' copper recovery and environmental control. About 1 to 1.5 man-year 

of effort expended over six to nine months, might be necessary. 

2. Operation. The pilot plant should probably be operated for at 

least one-year to insure that adequate and useful.data are obtained 

to allow.for making modifications in the sutdy if necessary, and 

to be sure that operation of the leaching system does not suffer 

• with time due to unexpected side effects in the system. One or 

two engineers will almost certainly spend most of their time in 

supervising the study and the part-time efforts of several other 

engineers and scientists will be required as assistance is needed. 

Analysis! Complete analysis of the pilot plant study will require 

three to six months to complete and will probably require 1 to 1.5 

man-years of effort in total. The efforts of all professional 

people having had major responsibility for the test will be necessary 

to some exterit in making the analysis and preparing the final report. . 

3. Cost. The total effort of design, construction and operation of the. 

pilot plant, analysis of the results and report preparation will 

50 



J ' • . ^ 

probably cost between $500,000 and $1,500,000. Depending on the 
— • ' • . '.! 

-, size and type of operation it may be possible to defray a portion 

-̂  pf this cost by selling .the recovered copper. 

] •' ; • ' , . 

J ' . -
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Dear Mr, Anderson: • . ' 

We are-pi eased to enclose with this l e t te r f i f teen (.15) copies of a report 
entit led- "A Plan for Determining the Feasibi l i ty of In Situ Leaching of Native 
Copper Ores". ' This report outlines a plan for Homestake Cppper Company for 
resea,rch and development studies on in s i tu leaching of native copper ores. -
The,pi an'presents, an orderly and systematic approach to the studies, start ing 
from small-scale experiments up through the design, construption'and operation 
of a p i l o t plant, 

.The major features-of the plan include gathering information on ore 
reserves and thei r amenability ..to in s i t u leaching, developing methods of 
preparing ore for leaching, establishing proper environmental control of leach­
ing systems and conducting engineering and economix analyses of leaching. , 
systems. Recommendations for proj.ect management and control are presented, 
together with a schedule of study'and estimated budgets. ' . . 

Because of the nature of the research and the unknowns involved at this 
time in designing a long range plan, the estimates of time, e f fo r t and costs 
for the research may not prove to be very accurate.- This is par t icu lar ly true . 
for •estimates of the la ter s-tages- o f the program. 

An important aspect of the pl^h.as-'jpresented is that provisions have beein 
recommended for close control over the program at a l l times. Such control is 

•absolutely essential to- insure that the restiafch 1s conducted in the most 
ef f ic ient , manner and that a l l experiments w i l l be conducted in an acceptable 
manner. 

We greatly appreci'ate the opportunity to have prepared th is plan for 
Homestake Copper Company and trust you w i l l f ind the report sat isfactory. 

Sincerely, 

/ J LF^y /^ 
Wilfred L. Freyberger _ 
Director 
Institute-of Mineral Research 
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• -INTRODUCTION 

The'poteritial value and •advantages of the application of in si tu leaching 

to recovery of. copper from native copper ofes'of the Keweenaw Peninsula have' 

been broadly described in a previous report ( Ins t i tu te of Mineral Research, 

1972).. .Several al-ternative methods of conducting such leaching were outlined. 

At present, th i s application of in situ leaching is largely in the conceptual 
cU-

• - Research toward implementation of the prcrcess is being conducted on a 

limited seal % by the Inst i tute of Mineral Research and by the U. S. Bureau of 

• Mines at their Salt Lake City Research Center. This research must be expanded 

in scope and magnitude to complete process development in a reasonable period-

. of time. 

Homestake Copper Company has contracted'to'have the .Institute of Mineral p.^, ^^^j^^ 

"Research prepare for ^Homestake a-pi an., of research and development with the ^ ^ /--M.̂ -*— 

foil Dwi ng b road o b jec t i ves: to dete rmi ne the f eas 1 b 111 ty of 1 n' s i tu 1 each i ng ., 

as' a method of processing native copper oi^es, to determine the most useful I / - i / d ' 

areas of application in the native,- copper district and to determine which 

method or methods of leaching p.ffer the-ig.reatest promise of successful 

application,, This report describes the plan recommended by IMR to Homestake 

Copper Company,, 

General Philospph.y.of the Plan , . 

,: Sjpecific goals of the .studies included in the plan are as follows: •' y^.^ />u£^ 
' • ' • • • ' ' J ^ ' J / ' 

I) tp gather general data concerning deposits in the distr ict to assess t h e ^ /f-*'*-̂ -
•' -:-. ~ - si^-f ^ ^ 

amendbility of isach toward processing by in s i tu leaching; 2) to maike ^ A 1 J '̂  

engineering, environmental and economic evaiuatiqns o.f conceptua.l in situ_ 

leaching systems; 3) to obtain process design information neces.sary for 



development of useful leaching systems; 4) to identify"ore deposits for which 

in situ leaching appears use-ful and to select leaching sys tens preferred for 

those deposits;,5) to select a preferred si te (or sites) for location of a / >" 

pilot-scale operatidh;' and 6) to design, construct and o pef ate-one or more ;. ' X Ĵ 

pilot-scale in situ leaching systems. '.. , y ^ ^ \i^ 

.There is no precedence for thf applTration nf in situ leaching being 

rmniflj'rrd in thii; pLi-rr—fiiHrefore, accurate prediction at this time of the ' 

effort required for any given part of the overall study is not always possible. 

Fairly large uncertainty factors should be applied to the estimates given in 

this report for time^ effort and money necessary tb complete the program.. -
, ' "• • ' • • • - • \ • ' • • • • • i ^ / / 

Furthermore, .a mechanism, is necessary for close assessmen-l:"'.of the program'^<>g^ y^ ' 

at "any moment to insure that studies are being directed along proper avenues 

and that unprofitable research be-identified, and terminated as early as 

possible. ; • • . '. ' 

A.basic assumptipn'.inherent.i:n''the-design of the plan is that there are 

many deposits of native copper ore potentially suitable for in situ leaching. ' . 

Furthermore,, there are several,methbds of leaching'which potentially may be 

applied. -Present-knowledge of the process- is inadequate to permit focusing' . 

. splely on one particular deposit or on one'"p.articula'r method. . Indeed, one of 

the major objectives-of the' plan is to obtain information on a sufficient 

variety of ore types arid leaching methods so that useful dei3psi'ts and useful 

methods,, if any, can be rationally identified, . - •• •"~ . ' 

This does not mean that every method must be tested on every ore in the 

distric-t.- ..This would befan"impossible task. Limitations of time-and money 

will require that engineering-judgments be made frequently, o'̂n" the basis of 

information on hand plus genera.! experience, so that emphasis will be placed 

on deposits and methods, which appear the most promising. 



Accordingly, the plan has been structured to gather certain forms of 

information on a broad scale;, with a rninimum of e f f o r t and early in the 

program, to provide a base for subsequent judgments. Then, as these judgments 

direct,-' more detailed inl^ormationwill be gathered on a narrower scale, u l t i - . 

mately focusing bn the information needed for design and operation of a 

specific p i lo t -plant. Obviously, the plan must provide frequent opportunity 

for making necessary judgments by dividing the e f f o r t into a,number of discrete 

blocks,, none of which extends overly long in time. Such division w i l l also 

allow the necessary f l e x i b i l i t y ' t o insure that bl ind alleys are not followed ,• 

" u n d u 1 y 10 rf g and th a t: emp h a si s can be r ea d i l y s h i f ted to mo re pro f 1 ta b 1 e .. 

studles- . '^ -; ; /• \ ' ••• / . ; • . ••'[ -•;.'. '[''^^~-"...• -..; •••• _ \ / — - , : • : " 

P r i r i c i p a l Features R e q u i r i n g Study ''...• - .- '.' ';• 

Detennination of the feais ib i l i ty of the " i n ' s i t u leaching process involves-

study o f the following ma jd ' r i tems:-. ' I) Ore. Reserves ~. the .parameters of 

potent ial ly useful ore-reserves mijst be detailed and the amenability of each' 

reserve estimated; 2).Ore Preparation - the ore must, be prepared ttj provide 

access o f leach solutions to the deposit;. 3) Leaching and Copper Recovery -

the ore must be treated with leach solution, to provide for recovery pf cppper 

at an economically acceptable rate and copper must be renroved from pregnant 

solutions in the,form of a useful product; 4) Environmental* Constraints - the 

environmental constraints wi thin which the system must operate must be deter--

mined,-their influences assessed, and provision made to insure, proper operation 

o f t h e system; 5) Engineering and Economic Analyses - total in s i t u leaching". 

* Throughout th is report the terms "environmental", "env1rohirent"i 
e t c , i "connote health and safety aspects as well as impact on the 
physical surroundings.. i ' . • 



processes must be designed in concept and analyzed for engineering and 

economic f e a s i b i l i t y ; 6) Pilot-Scale Testing - the potential deposits of 

the d i s t r i c t must be surveyed, the best candidate(s) selected and a p i l o t -

scale operation of suf f ic ient scale established to confirm process u t i l i t y , 

obtain process design data for scale-up, and ident i fy problems requiring 

further study. . 

•Project Management . ' " 

Because of the complexity of the studies required, in this program and oO^Ui^ .)4̂ 'O 

because of the need to make frequent assessment of progress and judgments •:̂ 'v-«*̂  ̂ -̂̂ ^̂  
• ' ' '• . • ' • ,r ' • y • - . . r j O ^ ' J j -

pertaining to further work, proper management is essential. For this purpose/ A . 
' . . . ' . - .. ' ' ^ O i * ^ 

a Project Manager supported, by a Steering Committee is suggested. The Stee'ring^^^ ±/\_^ 
Committee should comprise the Research Managers concerned with specific areas i)̂ ^̂ „_j4.̂ v5 

bf study: Ore Preparation, Leaching and Copper Recovery, Geology arid Ore 

Reserves, Environmental Control, and;:Economic Analysis - five members In all. 

The Project Manager may be one of these five, but preferably should be someone 

removed from the details of any given phase of the study. 

' Ultimate authority should reside .with the Project Manager.. He should 

meet frequently with the Steering Committee. The Project Manager will be. 

responsible to Homestake Copper Company. 

An Advisory Committee will also be desirable. This Committee should 

include members capable of offering advice and assistance in the various . 

phases of the'study., plus other interested parties. The Steering Committee 

should meet with the Advisory Committee at least semi-annually, and should 

keep the Advisory Committee informed of progress between meetings. 

Both the Steering Committee and -the Advisory Committee should be formed 

as soon as possible to. establish and maintain proper control o-f the program. 

^ y u ) o u^a^a^^ ^Jce /̂.'̂ ^^^ 6:^^^ nteJi- 4.-/-^ Jt^yy^ . 



. SCOPE AND PROCEDURES OF RESEARCH . 

In thiS'!section of th is report,, the scope of study for each of the 

pr incipal ' features requiring study is discussed indiv idual ly to the extent 

possible a t th is time. The f ina l section of the report "discusses imple­

mentation of the program in terms of manpower and. funding requirements 

together .with an estimated schedule of work. 

Iden t i f i cat ion,.and Amenability of Ore Reserves . 

- •Ear ly ' ident i f icat ion of potent ial ly useful ore reserves is imperative.' 

ThisM'nformation i s important.from several standpoints; 1) Such Information 

w i l l establish the potential scope of application of the process in the 

. -d is t r i c t ; 2,,)' I t w i l l determine whether I n i t i a l studies may be lim-i'ted to one 

ore type, conglomerate or amygdaloid, or whether both'" must be included from, 

the begin ni n g; 3) the data wi 11 .b e, n e ces s a ry ' in mak i n g p rej 1 mi na ry e conomi c 

assessments of applieatidri'.to a^iyen,':'-depos;1t; 4) the data.wi l l be useful in 

designing 'Gonceptual in s i tu leaching processes for engineering and economic* 

.analysis. Whenever possible, samples.of ore from potent ia l ly useful deposits 

should'be obtained for laboratory exa.mination and amenability testing'. * 

Tabulation- of ..reserves.. An i n i t i a l , screening study should be made to 

c lassi fy individual deposits as rapidly-as possible according to thei r potential, 

u t i l i t y . Those eliminated w i l l require no fur ther inmediate.attention; for . . 

those of in terest additional detai ls w i l l be gathered "as. required.. As ear ly , ' 

as possible the Steering Cbmmittee should prepare a l i s t of desired data so 

t ha t the deposits w i l l be propeHy -evaluated.- The desired data w i l l include 

fo r example such parameters as size and grade of the deposit-i ore typ^e, dimensions,' 

surrounding hydrological conditions, porosity, permeabil i ty, and manner of copper 

occurrence' Obviously, hot a l l of this information .can be obtained quant i tat ive ly . 



However, even best estimates or qualitative descriptions will be useful in 

evaluating the deposits. 

Most of the infonnation pertaining to potential reserves will, of 

necessity come from company files. In addition, laboratory examination and ' 

amenability testing.will be desirable on as many different ore samples oî  

interest as can readily be'obtained. '. .--.̂  

Laboratory examination of ore samples." Laboratory examination will 

include basic mineralogical examination, observation of the manner of copper 

occurrence, measurement of porosity and other measurements or observations, 

as appear sigpifleant to assess the potential utility of the ore. 

Mineralogical studies will include macro-microscopic examinations. 

The principal information sought will be to identify major mineral comp'bnents 

of the ore, the mineralogical association of the copper, and general observ­

ation of the presence of porosity in the rock. An example of.the potential 

utility of such information-is that, t.he calcite present in Iroquois ore is 

closely associated with copper. Since the calcite is likely to.fracture very 

readily on blasting., there is a distinct possibility that with such an ore 

substantial amounts of copper can be ex_posed to leaching with a minimum of 

fracturin of the ore' "̂ ^ ""^y ^^=^<^='t^yf^^^^.Z^ T ^ u i r ^ / ^ ^ - ^ 

The manner of occurrence can be evaluated from mineralogical examinations 

as well as by estimating copper grain size distributions by means of staged n 
'Q-i y?rO 

crushing and screening of the ore.- It can also be evaluated by means of <-iv' 

electronic sorting tests, employing laboratory-scale sorting devices. Such . . 

information, particularly in terms of the connectivity of the copper, is 

significant in estimating the fraction of copper potentially"recoverable from 

the ore. Porosity measurements, as made by established methods,.are also of 

significance in estimating amenability toward in situ leaching, ^ i ^ cU, c f o o ^ signiTicdnce in estimating amenaointy toward in situ leaching. ;fafc>̂  cU> 
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•- Amenability leaching tests. Amenability testing will consist of a standard 

leach test conducted on a sample of crushed and sized ore. Exact definition o f J ^ J ^ 

desirable standard, leaching conditions will depend on the results of leaching.-/^^^"^^ 

tests presently underway at IMR with several different ore types and different . 

" 1 each ingcondi tions. However, it is anticipated that strong leach solutions^ lyu/'^.^d' 

and relatively small ore pieces will be used in order to obtain significant (j/ '^ u ^ ' ' 

leaching data in a short period of time. Amenability tests will not be con-J*".'̂  j ^ ^ 

ducted to completion.' Instead, initial leaching data will be evaluated on the 

basis of a kinetic model of leaching presently being developed. It is recommend- . 

ed that .studies be conducted on a number of "extreme" ore types to estimate the 
- • • ' . . • - - ' • - - ' ' • • . • ' - . ' • 

range of leachabi l i ty of the ores in the d i s t r i c t . -' '. 

Indirect estimation of amenability. At the present time the amenability 

of ari ore to leaching can only be determined by conducting an actual leach test 

such as those described. The principal disadvantage of this procedure is that 

i t is very slow, par t icu lar ly for ,l.arge^ ore-pieces where many months may be 

required. The des i rab i l i t y of esti'mating amenability ind i rect ly is apparent. ^ 

• Present research has suggested ind i rec t estimation of :amenability to^'""^^^ L J ^ , 
• • • - • • - ' " • • ' • • • • - ' • • : . . • • ' • " > , > ^ i 

leaching may be possible, a t least in. ^,.semi-quantitative manner. Leaching i j ' ^ Z v P 

tests at IMR on two conglomerate, ores •and-:one amygdaloid ore show d i rect A L > ^ ' < ^ " , V > -

correlation between leaching results and porosity measurements. This very x .c/' y i ^ 
: '•". \ y ^ J ^ , 

simple correlation is undoubtedly only part of a more complete and accurate \pV \,>/AJ. 

method of indirect evaluation. Further study of relations for the ore types 1V\. , t ^ • 

presently under study will serve to identify their potentially useful corre- 'J"^ \ j j t 

Iations. The ideas developed in the present study will need confirmation and ̂ ^'"^ I 
. • " - • • ^ i r 

refinement, through simi lar laboratory measurements and leaching studies made-. X i 
with other ore samples. • ' ' ' rd 



Therefore^ the desired-laboratory-examination and amenability leaching 
' . ' ' ' " • • . . . ' . o •• • ' 

studies w i l l serve two s igni f icant purposes: they,wi l l provide necessary' 

iriformation pertaining tq the potential application of in s i tu leaching to 

•par-ticular deposits, and they w i l l serve as a basis for development of,a-more . 

rapid" indirect evaluatidn of u t i l i t y qf other deposits through ranking of a, 

new ore against a semi-quantitative scale of amenability devel dpet̂  from lab­

oratory studie's .on a variety of, ores.. .̂  - . ,_ ' ' 

Ore Preparation '•'".'•.'::.•••,:. ., ';•:" ' - ' • • : • . . • ' • • •. •_ -.-

'.Preparation o f t h e ore in order to provide access of the solution to 

the copper*is probably the most c r i t i c a l operation affecting the f eas ib i l i t y 
- i ' • " • ' • ' - - -

of In -si-tu leaching. There are a number o f methods by which an ore deposit. 

might be prepared for leaching and each method must be tested to determine-

• i ts..potential u t i l i t y . Since the methods'are largely dependent on the ' 

structural charaeteri-stics-'of the:undisturbed o.re, much'of the testing must 

be perfornied underground. The va r iab i l i t y between and within ore deposits' 

requires testing a number of ore types'and performing' repl icate tests on 

each, ore,type.- '• •:;- .-. - .• y'-- '-' . . - - ..y ' ' ' " . - ' ''-. 

The four major-methods,of ore'preparation are.: . 1) bore-hole leaching; 

2) bore-hole f ractur ing; 3) open fracturing'; 4) .abandoned mine preparation.. 

.Research programs.for test ing the methods are described below: . . 

•Bore-hole leaching. This method of ore .preparation is one. o f the simplest. 

I t consists o f d r i l l i n g holes into the formation and 'ut i l 1 zing the natural 

permeability and porosity of the ore to- provide pathways for .sol ut ion ' i ' l ow 

from one hole to another-.. The natural porosity would also provide contact 

o f the solution with, thecopper. This method "of leaching i s probably con­

sidered to be the. least feasible because of the dense appearance of the native 



copper ores. Howeyeri th'e ores tested'to" date show considerably more porosity 

(about 5%) than one.would expect^ and if the pores are sufficiently-connected 

then bore-hole leaching may indeed be feasible. 
. • . „ ., • . - . ' . ' " • - ^ • ' . ' . . . , • - • ' - • • . - . - - £ } ' • . r . . • 

' • - . . - - . - - • • ' • • " : ' • - . " ' • • • . - , • . ' • • • „ • , . . - » • - • ' ' - ^ " ^ - , . ^ 

In order to study bore-hole leaching,' i t .will be •necessary, to measure the 
• • ' ' • ' • • • . • . - " • / . . \ . • • • - • ; , - . „ , - • - ; • ^ • - . } . . . , . - - , • ' - ; . -

amount of •rock Gonnec'ted by pores tq. a bore-hole (pore-'•connectivity) and-the .• 

permeability between bore-holes. These measiî ements must be performed on "• 

undisturbed-underground formations. '^^^'^ / ' • *». , . . ' • ' -
- • • • ' . * • : • ' ' " • ' ' , • ' ' ' » ' : ' ' . " " ' - • • 

The .first,step in determining^pore connectivity wiii consist, of core 

drilling a ho 1 e - down 'the, dl p b f th e fo rma tl on. Th e I eng th of th e. h ol e s h oul d ' 

be about 3G-'to- 50 feet, and the diameter of the hgjle should be about 3 inches. 
• . ' • • ' - ' , • • ' ' • y ' : - - ' - - : • • - ' • • . - - , •'••• • • • • ^ ' " • ' . - ! • . ' " ' • 

The porosity-of the core will be measured in' the laboratory wl-^i. a'-gas pycno-

meter_^''The hole will be dried and "a packer with'an inlet tube will be installed 

half-way down the hole. 'The top half of the hole will be sealed with resin, 

as shown In Figure 1. The purpose of:sealing this portion of the hole is to 

confine the measurements'-, to the bat torn, half of the .hole where the ground i s , ' 

uridisturbed.- It will also, prevent the gas .used In'the measurements from leaking 
to the..surface. . - .i,.̂  -i--. 

'--,,.. .The; hole Wil I then be, eyacua.ted-and-.hel 1 um. gas from a-calibrated cylinder 

will be allowed to expand into the. hole ahil the pores oî  the. surrounding rock. 

The apparatus is shown schematically in Figure 2. Given the volun^s of the 

.^cyliriderv hole, and inlet tube - V .̂,, Vĵ  ,and V_» and the initial and final 

pressures - P| and Pg, then the pore volume of the rock surrounding the hole 

can be calculated.: 

Since the porosity of the ore., denoted by e, will be known from the 

measurements, on the core, the:effective radius of the pore-connected rock 

can be calculated fromV . ' . - ' ' 



} Figure 1. Arrangement and Preparation of Drill Hole for Measuring In Situ Porosity 
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Figure; 2. Apparatus for In Situ Porosity Measurements 
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R = \/r2+Vp/treL, 

where r and L are the radius and length of the hole. R is the average radius 

of the zone of rock connected by pores to the d r i l l hole. Of course, the 

actual-zone of pore-connected rock w i l l . be irregular.(compare Figures 3a and 

3 b ) ^ . ; ' . . ' • ; .• • '- ' ' v • ' ; • ' _ ; ' ' ' • • • . - • • . - : - • • . ; . - : _ . : ; - ' • • ; - • • • : / : _ ' / ' . ' . ' ' 

The above steps' should be'repeated at. one or more locations in the mine 

to determine the vari a b i l i t y , o f R. ^ 5 ^ c ; ( d \4<. df^yJL M f O i .^'^^^'^ 

)re. proceeding further with the study i t w i l l be necessary to 

determine, i f R-is. su f f i c ien t ly large to warrant further test ing. A simple 
• ' - / • t : ^ - ' • • • • • • ' ' . • • • •' . ' ' • ' ' 

economic c r i te r ion would be that the value of the copper i n a cylinder of 

radius R must exceed.the cost of d r i l l i n g the ho le . - { - jp^ (v^ >***'^*^. ' • . ' 

I f this c r i te r ion is met then the next step in the study w i l l be to 

measure the permeability of the ore. Two "permeability" holes w i l l be 
• " ^ - i { ' . ' ' . . : . . . . ' , . - ' - . - . - > . • • • • • '. " • • ' 

_J • •' d r i l l ed paral lel tp.,the abpye-described. "porosity" hole, and to the same 

depth, with.one hole on each side of the porosity hole. The distances 

between holes w i l l ' be 1.5R and 3.OR as shown in Figure 4. By using two 

holes of differing-distances the permeability can be determined,as a function 
of hole spacing. . .•,'..::' --..̂  • . 'X'-T'CZ -•" .̂  ••- • -• 

The holes w i l l be sealed with resin.as described above. Helium-will 

then be injected into the porosity hole and the flow rates out of the two 

permeability holes w i l l be measured at se'veral in ject ion pressures. Permea­

b i l i t y w i l l be calculated from the pressure and flow rate data. ' I f the 

permeability is su f f i c ien t ly high, water w i l l be substituted for helium and 

the l i qu id permeability measured. - v v-

These tests should be performed on each of the holes used in the porosity 

~v measurements to determine the va r i ab i l i t y of the ore. 
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• • • • • . ? - ' . . (A) ACTUAL PORE-CONNECTED 
.. VOL'UME 

(D; EFFECTIVE,.PORE-CONNECTED 
VOLUME 

Figure 3. comparison of _(a) Actual and (b) Effective Pore-Connected Vol 
ume. 
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-, Figure 4. Arrangenient of;Permeability Holes with Respect to.Porosity Hole 
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If the results of these tests indicate that the ore.is sufficiently porous 

and permeable, a next desirable, step of the study will be to conduct a sub-

pilot scale leaching test. This test will have to be carried out on a sizable 

block of ore i n order to ensure' that: a representative sample of mineralized ore 

isbeing used. The block will be prepared for leaching by drilling a nun4)er"bf 

•.holes'of pattern and spacing determined by the data described above; One half 

of the holes will be used for solution injection and the other half for solution 

recovery. Cuttings' from the holes will be analyzed and used to estimate the -

grade of the block, of. ore." 

•Solutiop will be pumped into the injection wells from a solution storage 

tank and effluent from the recovery, wells will flow back j"nto.the tank. The 

solution will be analyzed periodically to determine the amount of copper extract­

ed. The flow rates into and out of the holes will be measured to determine the 

.uniformity of the permeability within.the block. If a hole produces an excess-
• • ' . i ' - ' ^ ' • ' : . - ^ - ^ •^. ' • ' • ; ' , - • . . • ' • ' I 

ively high flow rate ' (an- i j id icat ion-of shbr t -c i rcu i t ing) , the in ject ion l i n e . ^ \ ' r 

w i l l be throt t led to decrease the flow to a reasonable rate. . ' J L J > ^ ( \ J ^ \ 
. • • • • • i - i T ^ c } y ^ 

The test w i l l be continued unt i l the extraction rate decreases to an̂ JA'̂  jW" ^ 7 

uneconomically low l eve l . The solut ibnSMll then be flushed from the ^ ' ^ ° ^ ^ \ ^ Q v ] J r ) ] } ^ 

and the block w i l l be mined out, crushed, 'arid analyzed to determine the ta i l ings 

grade. Chemical analyses and an inventory bf the solutions w i l l determine y y y ^ } \/' ut 
- . ' • • • " - y ' . '•- • ; / \i^h^} 

total extraction, reagent consumption, impurity pick-up, and loss of solution ̂ \ .^ J) 
. • - • • • • ^ " ' •• •" '̂ - • ' ' / V Y V 

out of the block.- • - : — nCyv j } ^ ^ ^ 
• . : •' • V ^ / ^ ^ 5 

Bore-hole f rac tur ing. The objective of th is study is to determine the \ . . \ rO^ l iA . 
f eas ib i l i t y of preparing ore for in s i tu leaching by blasting the pre in placev Y \ ' v A 

and permeability produced by blasting bore-holes d r i l l ed into underground /T Vi^-l l̂ ^ol 

formations. . f ^ " ^ lo 



J 

The test work w i l l be performed in stages, start ing with single hole blasts 

and progressing to mult iple hole blasts. The principal control variables w i l l , i ^ 
• •• • ^ a * ' ^ J 

be blast hole diameter, type of explosive, hole spacing and ore type. Fracture i ^ ' . 
• - ' • • - • ' ' ' i j i \ fi> 

in tens i ty wil^LJe-detGrmined .frorru£ores obtained by dr i l l jog-thrf lugh the blast <^^l ^ 

zones. Permeability w i l l be determined by measuring f l u i d flow through the f<= ' 

blast zones. . • .... 

a. Single-hole tests. The first stage of the program will consist of 

blasting tests on single holes. A blast hole will be drilled at 45° to the 

face with.a'diamond drill. Core from.this hole will be saved for comparison 

with'core ob,tained after the blast. . Only the back of the bl.as.t hole will be. •-. 

"loaded with explosive and the balance of the hole will be''stemmed. . The stemmed 

length will be su-fficiently long, to prevent the blast zone from breaking out 

to'the face, i.e., to ensure that the blast.is completely confined. 

After blasting, a permeability hole (Figure 5) will be drilled parallel 

to the blast hole. 'Gas; will be injected into this hole and the flow rate into 

the blast hole (after boring out the stemming) will be measured. 11̂  the flow 

rate (permeability) is too low, a second permeability hole will be drilled J^ 

closer tp the blast hole and.the permeabiTity again measured. This procedure 

will be repeated until a sufficiently high-permeability is obtained. The data 

can be,plotted to yield a distance.versus permeability curve as shown in 

figure 5. The core obtained from these permeability holes will be logged to 

determine fracture intensity parallel to the blast zone. ' .5; 

After the permeability tests are completed a recovery hole will be drilled 

through the blast zone at 90° to the blast hole (Figure 6).. The core obtained 

from this hole will be logged to determine the radial fracture intensity 

distribution as shown in Figure 6. If the fracture intensity cannot.be accu-

- rately determined.because of poor core recovery, the blast zone will be grouted 

with resin and an additional recovery hole drilled: ' '• • 
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Blast Hole. ' ^ - " 

17 



BLAST 
ZONE 

/ y y 

(a) 

) -
l i . 

ai 
Q: 

1 

2 • 
uJ. 

2 

or 

< e 
J 

• • "••" ' •' •- '--.. '"-̂ y '". 
.'' 

_^-r~l—H 

-f t- .- ' : 

"^ 

' . - • • • • • ' . ' • ' . . - • / -

• • 

• 

• • . • . ; • • • : . . . . . 

1 
1 ^ ^ _ 

DISTANCE FROM FACE -..c.„ . :; 

-' * ' . . . 
Figure 6. (a) Arrangernent of a. Recovery Hole with Respect to the Blast Hole 

ih Single-Hole Confined Blasting Tests. . 
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Four blast zones will be prepared and tested by the above methods, using 

two blast hole diameters (e.g., 2 and 4 inches) and two types of explosives 

(normal and high energy). The test data will be analyzed to determine the 

most efficient and economical combination of hole size and explosive. An 

additional test using the best combination will be performed at another location • 

Mn the mineto determine the variability of the ore. 

b. Multiple-hole tests. The data from the above sing]e-hole tests will 

be used to estimate the blast hole spacing for the first multiple"hole.test... 

Three blast holes, in a triangular pattern will be used and the' holes will be . 

drilled-at-right angles to the'face. As in the single-hole . tests, only the . 

back ten feet of theblas-t holes will be loaded. .":--

.After blasting,, a permeability-recovery hole will be drilled into the 

center of the patterri (Figure 7). The core /ecovered from this.hole will be 

logged for fracture intensity. ..The permeability betweeri'this bole and each 

of the three blast holes.will be ."measured;, in addition, the permeability between 

each pair of blast holes will be measured. This will provide six measurements 

from which to determirie the average: permeability of the blast zone and the 

uniformity of the^ permeability within the zone. '"'' , . 

The data from this f irst multiple-hole? test will be analyzed to determine 

if the spacing was too large or too small (Figure 8). A second multiple-hole . 

test will then be perfbrmed at a spacing designed to produce a better break. 

The procedures used'will be the same as in the f irs t test . The..results of 

these two multiple-hole tests should provide sufficient data for.interpolation 

and extrapolation over a moderate range of blast hole spacings.. If the ore 

being -tested exhibits considerable variability in i ts fracturing characteristics 

i t may be necessary to perform an additional multiple-hole test . to measure, this 

variability-. : . . •-.. 
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Figure 7. Arrangement of Blast Holes and Permeability-Recovery Hole in a 
Multiple-Hole Blasting'Test,. 
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Effect of "(a) Excessive Hole Spacing arid (b) Insu f f i c ien t Hole 
Spacing in Multiple-Hole Confined Blasting Tests. 
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The above sequence of single- and multiple-hole tests w i l l have to be 

performed on each major ore type being considered. 

The fracture intensi ty and permeability data obtained from these tes^ts 

along with leachabi l i ty data from laboratory tests w i l l provide the basic 

information for determining the feas ib i l i t y of i n s i tu leaching by bore-hole 

fractur ing methods. These data should also be su f f i c ien t for designing a sub-

p i l o t scale leaching tes t . This test would be very s imi lar to the leaching 

test described ea r l i e r . i n the section on bore-hole leaching. , I t would consist 

of d r i l l i n g a patterri of holes into a mineralized block df ore of suf f ic ient 

siz^.'to be .^representative sample; loading the holes and blasti.ng the block; 

d r i l l i n g in ject ion wells into the fracture zone; pumping leach solution into . 

the in ject ion wel ls ; col lect ing and analyzing the ef f luent solution periodic­

a l ly over a su f f i c ien t period of time to determine the rate and extent of copper 

extract ion. -.•. ..- ' . . - . - . ' " -
' . ' - - ^ ' ' . - i ^ ^ - r ' v v ^ : - - - • • ' ' ; : ' ' - • " • ' - ' " ' ' ' • • • ' • . ' 

Open fracturing'. - Tne-terniy-'op.en .fracturing" is used to describe the 

blasting of rock into prepared underground openings in order to create a column 

of rubble suitable for underground?--leaching. The goal of open fractur ing is . 

to provide j us t su f f i c ien t dislocation..spf..the fracture surfaces to permit easy 

percolation of the leach solutions. ..In Cointrast to bore-hole fractur ing 

(confined blasting) which produces a zone of fractured ore with minimum induced 

porosity, open fractur ing would produce moderate porosity and a much higher 

degree of permeabil ity. The objective of this, study is to determine the 

minimum amount of opening needed (expressed as " r e l i e f " , the. percentage of 

opening volume to rubble volume) arid the most e f f i c i en t blast ing methojd for 

creating a uniform, rubble column having sat isfactory leachirig characteristics'. 

Since operi .fracturing is largely an extension of conventional underground. 

mining methods, the f i r s t part of the study w i l l involve an examination of 
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present mining techniques to determine the best approach to the problem. • This 

w i l l be followed by underground fracturing tests. To be meaningful, s.uch tests 

w i l l have to be conducted on a large scale, and wi l l - requ i re considerable time 

and expense. 'As only a l imi ted number .of tests can be performed'it is essential . 

that the'mo"st a t t rac t ive methods be selected for testing and that the tests be 

careful ly planned. V ^ ^ > ^ - : ' • ' ' . ' - - • ' 

•-Since the. native copper deposits are (steeply f l i pp ing , the most e f f i c i en t . , 

method of creating-rubble would be to break the ore downwards into the prepared 

opening." This opening would.probably be in the form of a d r i f t . o f suitable 

cros's-sect1o;». p r i l l i n g and loading of the blast zone could-be performed-from 

this d r i f t and frpm the next d r i f t up the mine; the use of-raises may also be : 

advantageous. Since long-hole d r i l l i n g w i l l probably be used, much of the -

blasting w i l l be under semi-confined conditions. Therefore the data obtained 

in the confined-fracturing studies described in the previous section w i l l assist 

•in planning these tests-..' The first'-tes-t. should probably be performed with 

Insuf f ic ient r e l i e f so that the problem areas can be Ident i f ied and correct ive 

changes applied, ei ther in terms ofmqre r e l i e f or more blast ing. . A few additionT 

a l tests should then provide reasonableiidata for estimating the . feas ib i l i t y o f 

open f rac tur ing. - ' 'i : y ' ' • ' " . • l y : '̂.-̂ f-̂ ,-. .';..•;.-/' . 

Underground leaching experiments on the rubble from these tests w i l l not' 

be required as the resul ts can be estimated su f f i c ien t ly well from laboratory 

tests on loose rock. . ^ ' ' Y :'._'•'. •̂ •. • - \ . • • ' ' ' ' . r l . ^ - . ' > • / ' . . ' 

Abandoned mine leaching. The leaching of abandoned mines is characterized 

by a number of unique advantages and disadvantages. The foremost advantage Is 

the presence of large quanti t ies of broken rock from the old mining operations. 

Thus, the cost ly.dr i11ing and blasting steps required in preparing'a v i rg in ore 

body for leaching are avoided. Moreover, the extensive underground openings in 
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abandoned mines will probably permit the movement of large volumes of. solution / 

„it. -little pressure d-.-op. J ^ ^ ^ J ^ ^ . ^ ' ^ / ^ ^ ^ ^ 

The major problems associated with leaching abandoned mines,are: the 

difficulty of gaining access to the old workings because of mine water, caving 

or subsidence; the large volume of leachant required to .flood the old workings;, 

the difficulty of controlling solution flow through the workings; the general 

lack of information on the grade; size and amount of rubble, particularly,in 
^ " • ' ' ' . . ' • - • ' i j v ^ " ' ' ' ' . • " ' ' ' • ' • • ' • ' • " . • ; ' • ' '^-. • " ' : • • " • • ' • ' 

the older mines where records may be incomplete.. Thus, the. leaching bf. 

abandoned mines will be.characterized by minimum expense for ore preparation, 

but large expense for solution inventory and considerable, difficulty .in 

control ling'"and predicting the outcome of the operation. 
. . " • ' - • . - - ^ ^ - ' - • • •• ' • " • ' - • . . " • : . . ' • i X " 

The study of abandoned mine leaching is complicated because it cannot be;^^ ^ 

readily tested on a small scale. The condition and layout of the mine and the 

nature of the rubble will vary from one mine'to another even.and within a 

single mine, making small-sG"aTe''"testing>;quite. unreliable. , 

• The best approach, to determining-the feasibility of abandoned mine 

leaching will be toselect a particular abandoned mine'as a tes.t case and to 

perform a detailed feasibility study.on.lt. The mine selected'should be 

moderately small.or capable of being compartmentalized so that.ari actual 
^ * ' - ' • •• ' - • ^ j i . J j a 

leaching test of controllable size can beperformed if the results of the -

study are favorable.. Because most of the abandoned mines in the. distr ict are 

amygdaloids, the .test case should be of.this type and the mining .methods jUi^ . / n ^ ' j . 

.•.^4,1 

-7 
were employed should have been.conventional.<. If these criteria can be met 

the results of the study will be sufficiently general. It is essential that 

good records of the mine be available. Access to samples of the rubble and 

to the mine water at depth will be important advantages. 

The first part of the study will involve an analysis of the .records to 

-̂  derive estimates of the amount, size and grade of the rubble and the volume 
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of the openings. Mine water w i l l be sampled at various depths and i t s 

composition, density and temperature determined. I f possible, samples of 

rubble.wi l l .be obtained and leachabi l i ty experiments.performed.^ 

"After these basic data have'been obtained, the preparatlo'n.of the mine 

for Teaching w i l l be investigated. The factors to be considered are whether 

to dewater the mine or to use the. exist ing mine water for solution make up; . 

whether some dewatering might be^required to bring the water level low enough 

to prevent leakage out of the mine irito the environment; the best way of 

introducing the leachant into the mine, e .g . , through exist ing openings or 

thro'ugh wells d r i l l e d down to intersect the workings. The strength of the, 

leaching solution w i l l have to.be determined; the ra t io of extractable copper 

to the volume of mine openings w i l l set an upper l imi t .on solution strength'. 

Whether the mine can be leached in sections or whether a l l portions of the 

mine must be leached simultanequsly w i l l be determined and.wilT have an 

ef fect on solution strength-, 'the.-increase in the density of the solution as . 

copper is dissolved w i l l cause movement of the solution.and w i l l , influence, 

the number and posit ion of the pumping stations for bringing the rich solution 

to the surface. ._ -'[':• - y - r ' ' ^ ••:tp:..-:... •;-;' .'• 

After the plan for'preparing the mineriis established, the rate of copper 

extract ion as a. function of time w i l l be estimated. The size of the copper 
„ • ' • • - . • . . ' . • . ' • • • • . ' " • ' » • • . ' ' • 

recovery plant and the'problem of maintaining a constant feed sblution to* 

the plant w i l l be analyzed. The old pumping records of the mine w i l l be 

used to estimate ground water in f lux into the mine which-will-determine how 

much leach solution, must be d i s t i l l e d and discarded. 

These and yarious other factors w i l l be analyzed by the methods described 
in the sub-section on .".Engineering and Economic Analysis" to determine the • 
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f eas ib i l i t y of leaching the mine.; I f the results of the study indicate that 

..J ' ' • such an operation would be prof i tab le , a l l or a portion, of the mine could be 

;. leached on an experimental basis. 

^ -.'This' study w i l l not only determine the f e a s i b i l i t y of leaching the 

selected test mine but w i l l also provide.a general methodology for use in the 

analysis of other abandoned mines. . ' r ' - . , ' 

Solution Treatment Methods . - ' .1 ' . y 

. I n the ammonia leaching of native copper, four solution treatment methods. 

are required: .1) solut ioh make up -preparat ion of thie. i n i t i a l solution and . 

replacement of ammonia and carbonate losses; 2) ox idat ion. - conversion of the 

cuprous "ammine to cupric ammine by reaction with a i r or oxygen;" 3) copper-

recovery - extraction of copper from the pregnant solut ion and conversion to . 

a. marketable form; 4) str ipping - removal of the leaching reagents so that-, 

^ ' ,water of su f f ic ien t purity"-Gari:b.e.{discharged from the process. 

. The technology for these-methods is -fairly well understoodi and in fact ' 

each operation has been demonstrated on a commercial scale. 'Therefore, only 

a l imited amount of experimental work on these methods w i l l be/required. .The.. 

major emphasis w i l l be on col lect ing engineering and cost data arid on studies 

as to how the methods can be best applied to the various in sitM processes. 

Although solution make up and oxidation are generally performed in 

absorption towers i t may be more e f f i c ien t and require less capital i f these 

operations are carried out underground, using.underground chambers and rubble 

as the absorption tower.. I f the.cuprous ammine can be oxidized.underground 

as soon as i t is produced, the maximum driv ing force for leaching w i l l be 

obtained. : ' . . ' •- - V ^ ; / ' 

Some research w i l l be required on the solvent extract ion o f high con­

centration solut ions. Present practice is to t reat fair ly 'diTtTte solut ions, 
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but current studies show that these dilute solutions leach at rather low rates. 

Although there does not appear to be any fundamental reason why solvent 

extraction cannot be applied to concentrated selections, it musi: be -tested : 

experimentally for unforeseen problems. 

..In addition to. solvent extraction, a number of other processes for 

recovering copper from ammonia solutions are possible. They Include distil­

lation, direct electrowinning from ammoniacal solutions, gaseous.reduction and 

chemical precipitation. Even though solvent extraction will, likely be the 

preferred process, each of the alternative processes should be studied to . 

determine its poss ible, appli cab-jlity. Extensive studies will not be required; 

most of the processes can.be evaluated with existing technieai and cost data, 

in some cases laboratory tests will be required to obtain some of the necessary 

information. " •" ''' '•;•• '."•",'"..-l'-^^-.'" ; . ' '-•. 

- A particularly, critical step is. the stripping process.. Large volumes of 
> • • ' . . 1 . . ~ s ' - - - • - - ; " • - • ' : . ' - . . • . ' : 

• • • 0 ^ : ^ ; . - ' - , _ , ^ , J f ^ ; - . • ' . : . - . - . , - • - ; • 

solution might be involved and-the-l.ini.inations on reagent levels in the 

discharge water might be very low. Since there is a poss ib i l i t y that conven-

tional.steam d i s t i l l a t i o n w i l l notfproduce an acceptable e f f luent , a polishing 

process such as ion exchange might haveŝ .to be applied after d i s t i l l a t i o n . A' 

suitable a l ternat ive in some cases might be to pump the di s t i Nat ion effluerits 

to the bottom of neighboring abandoned mines. . 

Environmental Control . . ' ;^'"• '.= ,'; y y ' • ' . ' ' ' • ' ' • : ' ' ' - ' . ' X y .'.••'•' . : ' ' .X : -^ ' . ' -• 

.Introduction o f leaching reagents into the environment.is .a potential 

problem associated-with in s i tu leaching. Reagent loss may occur in three 

ways: 1) by escape of solutioris from the mine into the water table and then 

into lakes,, streams or wel ls ; 2)-by disposal of-spent solutions or leaching 

by-products; or.3) by evaporation of ammonia into the atmosphere. These might 

be termed "external" environmental problems. 
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-In addition to the external environmental problems there are potential 

"internal"'environmental problems. They are: 1) leakage of ground water, into 

the in situ operation; 2) production of flammable or explosive gas mixtures 

(NH3-O2) within the mine;.3) difficulties in performing underground development 

and maintenance .in the presence of toxic levels of ammonia and either high or . . 

low concentrations of oxvqen. <y>^-^Qu- (p^^'^'^o ' - \ . •̂ . •; yy- .^ - . . ' -Y •'-':' 

The external and internal problems are not independent.. ,Fpr examplet:•..,: ..' 

leakage of .water into the mine requires that an equal volume of solution, be 

discarded if dilution is to be avoided. The cost bf removing'Contaminants ••.-., 

from^ the discard solution to an acceptably low level may be prohibitive.'^y,.."/' 

.Similarly, ventilation of the. underground areas undergoing-development may ',!!' 

result in; nuisance levels of ammonia in the atmosphere. . ..-'V̂ -̂  -:• 

The magnitudeof the environmental problems will depend on three general 

factors: I) the characteristics, of the ore deposit and its surroundings; 

2) the type of in situ prbc:'e'ss';;befng';empl.oyed; 3) the statutory regulations-

governing, permissible levels of discharges and safe working conditions.. ...,.' 

The .first factor is highly dep.endent on the deposit being considered. 

Its evaluation wil V. require coll eetio.n̂ .̂of data concerning the. depos it. These:;.,., 

data will include pumping records, water analysies, general tbpb.graphy, land .'' , 

ownership, habitation and hydrology" of the surrounding area.,, and the possible .• 

steps which might be used to isolate the- deposit from the environment. Since 

only a limited number of deposits can be studied, the best"apprpach would be '. . 

to select one or two deposits for detailed evaluations. In thismanner the 

more significant factors would be identified and the general procedures for .-

evaluating other deposits would be developed. '• -^^^?%^)- ";. ..'. 

Study of the'second factor will involve identification bf'the major .. • 

environmental problems associated with each of the, four general.in situ 
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methods. This will be followed by studies of the monitoring and control proce-
' • I . " - ' • ' . ' ' •' ' 

dures which might be applicable to each case. 

The third factor will require collection of federal (EPA, OSHA) and state 

• regulations, affecting discharges and, working conditions.- This study will also 

include collection of data pertaining to environmentally-related properties of . 

the in situ solutions and atmospheres (NH., vapor pressure, solution and gas 

densities, explosive limits, etc.). -^' 

. Engineering and Economic Analyses '-"•'•'•. 

Objectives. Engineering-and economic analyses will be directed toward two 

principal objectives: 1). to guide experimental work into the most useful avenues 

and 2) to evaluate conceptual in situ leachirig systems. .These analyses will be. 

conducted in a stepwise fashion, starting from the simplest basis-possible.' Each 

step will provide a "go-no go" answer, and subsequent steps involving more -.. 

sophisticated design and anal^^ses-wjll.be taken only when all previous steps have 
' •"- ' ' ' ' . : ' ^ y y f - i y i - y X ' ' ^ : , ' . : - ' ^ ' • • .'̂ :-- • • . ' " - ' ' - • ' • '• • . ' • • 

.given favorahle resiA'ti^.y'- ^ . j j - ' H ^ ' . ' ^ - l^ ' -X: .' ••• 

At various times, depending on specific objectives, analyses will be ; 

concerned with overall in situ leaching processes or with individual components . 

of such a sys'tem."'' '- '_ jXy '̂ ••:'''. '"v -/••̂' 

Scope. The analyses will generally follow a sequence such as: 1) describe,, 

or design, the process of interest; 2) establish the engineering feasibility to... 

be sure that the process can be operated physically to produce the desired 

. results, making necessary modification in the original design to iihsure engineer­

ing acceptability; .3) evaluate the economic acceptance of the pro.cess as! finally . 

designed. . ' '' -' .." - '... ••••'; f":.?-

For any.given system (or. part thereof), this analytical procedure may be 

repeated, if necessary, at increasing levels of detail and sophiistication of 

process design, assuming that previous analyses have yielded favor^abl4 results. 

2 9 • ' - . • ' ' '•• " " - " ' 

http://es-wjll.be


^ 

That is, it may often prove desirable to design a process first in an oversimpli­

fied manner, examining only the obviously key parts ofthe process.- Design and 

analysis will then proceed through more detailed stages to some desired .end point.. 

. ..It should be emphasized that the analytical procedure can be stopped at any 

point should either engineering or economic analysis indicate unacceptable . . 

performance of the conceptual leaching system. Should such a result..appear, a .. 

decision will be necessary to choose between the alternatives of abandoning the -."X 

design completely or attempting to modify it as to make it acceptable. . ''. ,„ _̂ \' 

.Analyses as a guide to research and development. The.analyses will serve 

to guide experimentation in two ways. Engineering or economic analysis of a .' 

part of the process may indicate that even under the best conceptual conditions., 

that part will not be-acceptable. An example of such analysis has'been"given . 

in the discussion of work on bore-hole leaching. From an initial engineering 

standpoint, the leaching technique is acceptable since drilling holes in rock . 

is readily accomplished. y'Kbweveriil-'Simple analysis may show that the. maximum 

dollar value of copper which.might be recovered from a hole.(or set of holes) • 

would be less than the cost of drilling. Under such conditions there will be 

no point in conducting the experiments. It is important that In.making such 

simple analyses, which may be subject tdlaV;ge errors due to Inaccuracies in. 

making estimates, judgments based on the analyses should tend to be optimistic. 

As more experimental data concerning a process or one of its parts become . ' 

available, the errors in analysis will be reduced and judgments should become., 

correspondjngly more rigorous. . :̂ - ." ., -

.A. second, way in which engineering and economic analyses will guide experi­

mentation is through identification of problems in leaching-systens. That is, 

In any given system, analysis may well indicate that only one of two parts of • 

the system as conceived are unacceptable from either engineering o r economic 
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considerations. This may indicate that further development studies should be 

conducted in"an effort to overcome the difficulties, and therefore save an 

otherwise useful leaching system. 

:-•;. Thirdly, the analyses will be useful in identifying the parts of a leaching 

system which most greatly influence costs and/or engineering results. Thus,, 

research and development can be focused on these parts, rather than on less 

sensitive parts of the system. ..-••••.'-'"'-. "";....• 

Finally, the analyses will indicate needs for better or more.cbmpTete 

empirical data pertaining to a particular leaching system. This information .. 

can then be ga^thered by the most appropriate method. . 

' .'. Procedures. ,The engineering and economic analyses will be.conducted by 

the most convenient method appropriate to the desired analysis." In the initial .; 

stages simple hand calculations will probably suffice. As the analyses proceed 

in development to include more and more details,, and produce more accurate 

• results, the calculations and eval'ua tibns will require more sophisticated 
- - • • • - • _ ' - - . ' , " - ••'• ' • . ' < . ; ' • - ' • - . . ' • - . ' : - " • . - • ' • 

'" techniques, the ultimate development will almost certainly require use of 

._" computer models as a matter of convenience to allow for efficient and complete" 

•analysis'. '";' X"^-^: fy- - - 'yX. '' ' --^ \ • ~' • y ^ - - ' ' "?-.' •.--

Since the. reliability of a system analysis is only as good as the input, 

data, it will be essential to collect and compile ari extensive .list bf engi­

neering and economic.information. These data bases will cover a broad spectrum 

and will include such items, as drilling and blasting costs and performances, ,; 

reagent costs*-ore properties (leachability,'porosity, reagent, consumption), 

capital expenditures for a solution-treatment plant, scale-up.factors, kinetic 

data, fuel and power costs, e t t : . These data will be obtained-frwri-a variety 

of sources including the technical literature, studies currently underway, 

studies to be performed in the program, equipment manufacturers, .etc- In some 
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cases only estimates w i l l be available and in others, only a range of values. 

One of the valuable features of computerized analysis is that the irifluence of 

a range of values.can be quickly assessed. Another useful technique for l imi ted 

data is to perform the analysis in reverse - to input a prof i table return and.. . 

calculate the range of values which^.will ensure this return. "̂ -

Infonnation w i l l also be needed on the costs of conventional mining. 

These benchmark data are required because in s i tu leaching must.riot only be 

prof i table but also more prof i table than conventional mining methods. 

• " ; In order to assess the feas ib i l i t i es of the various in s i tu processes 

(or any. of thei r parts) the.analyses w i l l be formulated to output both technical 

and prof i t -or iented information. Analyses w i l l be f l ex ib le 'w i th respect t o . 

variations in. input parameters and w i l l allow f o r s e n s i t i v i t y analysis of the 

parameters. \ . - ' ; . . ' " , •'-• . . ' : : ' . - ' ' . - X ' - . •'.'• •'••'•:'•• 

."Thus,, i t w i l l be possible tp. determine under what conditions a giVen 
' ' ' - ' ' ' • ' " ' • ' ' - 'v^-'"**':-. 'X' ^ . • - ; • • ' • " ' " . • • ' • ' • . • • • • . ' . . ' 

technology may be implemented ari'dV-.to-'examine variations in the process.. In 

" addition i t w i l l be possible to examine the f eas i b i l i t y of a mixed process, 

employing both conventional mining and in s i t u methods. The ultimate object­

ive of the analysis w i l l be to define the.optimum process for a,given ore body. 

This w i l l be accomplished by using-the physical characteristics.{dimensions, 

shapei grade, etc.) of exist ing and abandoned mines.as structural constraints 

on the models. \ . ' ': ' •..••>; '̂: 

As mentioned ea r l i e r , these system studies w i l l be used to assist in the 

experimental, phases of the program. Thus, i t is important that there be close 

l ia ison between the system studies and the other phases of the.progr.am.. 

As. a f ina l step in the economic analysis of an acceptable.leachIng system, 

detailed pro forma income statements should be prepaired. These/statements w i l l 

allow managers to assess most careful ly the potential pro f i ts (los'sesj o f a 
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system. -The statements should be developed for a period of five or more years 
' . ( } ' ' . . ' . .) • ' . ' • • - ' . . 

and should conform to the accepted accounting procedures of Homestake Mining, 
• ' - - . : *• . - , • - • - • r . 

Company. Armedwith these data, and engineering data, the feasibility of a . 

complete in situ leaching system can be ultimately established,; ; 

Pilot Scale Studies " ;'" ]'. ' '•^^'••.yXyX'-'' ' XXX' . - • ' •' " / . X 

The results of all research and analysis described previously will . 

ultimately be focused on the design, construction and operatiori.;o'f.one or 

.- more pilot "scale test sites.' Operation of a pilot si te will gerie'r'al ly • ;;. 

. confirm expectations based on previous studies,^wlll provide more .'refined 

' data on which to base engineering and economic evaluation of commercial sCale 

operations, and wil.l define more accurately those aspects of'in situ leaching 

r' operation requiring further study and development. \ . 

At this.time detailed description of a pilot scale operation is not 

t possible, because so many parara^aters will depend on results to be •obtained 
'i ' - • r ' "^ .^ . ' ' - ' : 'X 'X-yX.• :^y ' . ..'. " '.-., 
:j in other studies. There i s , of course, a possibility that these.results will 
• be SO-negative that the entire program will be terminated short.of."pilot 

!•;. . • • • . . - . . . •- . - . ^ i . . , . - ' ' .. . ; • •• . . - . ' I - . • • ' : ' - . t v ' • • • • ' . ' • • 

operation.. .For the moment, this possibility will be excluded iTfom the 

discussion. "_'..[ '. -• .•^ ' : : :•/^. 'y:X••X "•-•":-'Xy.:'X'i '- -'•'.. ^[•X- ' '• ';-̂ -V .-. ,• ̂  

.^While !exact description of .the pilot site is not possible at, present, 

certain significant factors can be described. Of utmost importance is that.. 

"the pilot plant be designed with optimum chance of successful.operation. The 

pilot operation will undoubtedly be very costly - probably 1n.the.range of. .. 

$500,000 to $i,500,000.. If the pilot plant should fail or give very discour­

aging results, it is v e r y unlikely that additional funds will be available for 

"..a.second try.'' ;-
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Therefore, great care must be given to site selection, size of operation, 

method of ore preparation and leaching and copper recovery. . Even more 

important will be to insure that adequate and fail-safe environmental control 

is provided. ". •.; ' • "X'-' X'" ' ' '"y^' ' ••'''X-"X^X";'-. ':-:̂ ^>..'V-.• .''-•-:' . . ; .•" 

• Preference should be given to a site with potential .cortmercial. util ity. 

Other factors influencing site selection wilKbe: 1) similarity to other 

deposits to obtain information of broadest u t i l i ty ; 2) cost of development 

and provision of "^services.; . It is conceivable that more" than'one s i te might • / 

be desirable, either in different'deposits or at different locdtibns within 
. . - ' - • - • • • . < " • " " • • : • ' . ' > ' . ' - . . • • • ' • , • • • • • - < ' - • . • < • , . ' - • ; . - ' . • - . ' ' : - • : - . i - . ' - ' . • ' • • -

a single, deposit.' In any case i t will be advantageous if the.test, s i te Includes 

the major ore types occurring in the mine. '" ;̂ •-'^: --

• • Very.'little can be said at this time abou.t preferred scale, of operat1onlt\._/\'" . j^ 

methods of ore preparation, leaching or copper recovery. Decisions on eachc' ,^ vV 

of these aspects must be based on results of studies yet-to be accompli shed.0\ M ' ^r 
• ' " • • • • : - • • ' : - • : s^ - - ' - . . -y 'y : - . .K . . . - ' " y W / 

Premature commitment, to. any of thes.e.could'well jeopardize opportunity for Vi -W ; 
• ^ - . - • : - ' ' ^ ' ' . - - " . • • - • ; . ' - • • - •• • ' . ' - . ' " = . • • • ; • ' f ' • • " " • ' . . ^ J & ( ^ 

successful operation of the pilot plant, which in turn will jeopardize success J|^ 

of the entire program., : / "#^-\ •^'':'.[-'rX.X ._'. ""': -.y'liri^y. • ?..:. ' . . :••' 

One aspect of pilot'pi ant design.-which should.be kept in mind when'final . / 
• • ' • - - ' • ' - ' • " • ^ 1 - : ^ ^ - - - ^ " "•- . - . - v ^ - J - ' r . " . • • • " . ; • • - - : - \ ; ' VT;-- . ; : v ^ ; - . " : \ . p . . 

design criteria, are set is the possibility of producing sufficient copper to / [ ..i-
••-• =•:• -• . : . . • . ; • • • • - . . ' • ' . • ; . - : - - l y - y - ' . - " / " r - A r -

defray a substantial part of the costs. . However, the pilot plant must be A/) V \ 

considered first and foremost as an experimental tool, designed to obtain (»" 

data for scale-up tocdrrenercial operation. c . ' -o.-. ..!•• 

. ; The pilot plant should operate at least one year. In addition^considerable 

lead time will be required to design and construct the plant,.Provisions should, 

be made to duplicate all phases of anticipated commercial 'operatipn as closely . 

as possible, including production of the final product from'the..system. Great' 

34 

http://should.be


thought should be given to obtaining as much information as possible from the 

pilot plant. This will require designing flexibility into the operation so -

that more than one mode of operation can be studied. Adequate Instrumentation 

must.be provided, not only to obtain operating data, but also to provide for 

acceptable environmental, control^. At the conclusion of the test, the leach 

zone will be mined to evaluate the results of the test. .•.:.- •.•'•' 

Because design of the pilot plant will require substantial effort, certain 

aspects should be commenced as early as possible. In particular,, preliminary . 

section of likely sites should be made so that.the necessary detailed information 

about these si tes. can be gathered. Again, of particular importance will be ='. /f ! 

Information pertaining to environmental control. • -. . '" , ' .>'--•• 

: - . ' T y c ' - i T i ^ - . : - . ' : : : . . . -

. •''• •.- :• • - . ' • ' • . : • • - u ( r ^ - - i . ; 

XX.X.y}X:XX/̂ ~X'& 

" » _ ."-...»" 
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IMPLEMENTATION 

M • -' - . - - ' . " 

- In'this section of the plan; estimates,of the manpower, money,.and time 

required .for each phase of the program are presented. 

It is assumed, that the work will be directed by the five Research Managers 

described on page 4, using various types of support personnel such as miners, 

technicians, student assistants, etc. Nearly all of the cost of the'-program 

will be made up of the salaries and wages of these people.' Equipment costs 

will be relatively small.'-:.It is assumed that underground.test;sites will be . 

readily accessible and will have adequate services. ." ^-i? Vo'^ ' 
" ' - : : . ^ ^ : V ^ - " • : " • r - i - - y - • . • ••.'. • • . ^ • • • ' " ' ' • " ' . - - f - ; ^ ^ ' . - - • 

A rate of.$9/hr is used for the professional personnel and $5/hr for "the ;. 

hourly-rated suppprt personnel. The salary rate for the Project Manager who". .4 

wi l l be involved on a part-time basis throughout the program Is taken as 

$12/hr. Indirect costs are not presented beca.use' these costs cannot be deter-' 

mined without knowing which,:.o.rgariizations wi l l be performing the work., 

• The budget shown on the follbwing"pages l is ts, the personneV;Involved, 
' ^ • • . - • . : . - - • • - . ' • - • / ' . ' • ' • . . ' : ; - : ' • ' ' - » , ' ' ' ' : ' . ' ; • 

the man-hours required,- the cost and the completion time for each, major step ,• 

of the phases making up. the program, ;-In some cases,'special assumptions were., 

required as to the extent of the test wo.rk';..'these are "noted in 'the budget. 

Equipment that w i l l be used in more than one'phase is listed, only pnce. 

The scheduling of the program is shown graphically in Figure 9. This -

schedule was derived from the man-hour and completion time data of the budget. -

The various phases.are. arranged in a logical sequence and in a manner to 

minimize the to ta l time, and make best use of the personnel.; The:numbers In 

the bar graphs are the estimated costs of the itemized studies. ..At the bottom 

of Figure 9 the cumulative cost of the program up to p i lo t plant testing is 

presented. .'"̂  ^ : "^^V'-''^" ' " 
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-x IDENTIFICATION AND AMENABILITY OF ORE RESERVES 

Man-hours Cost 

-1. . Tabulation, of Reserves 

Company .Geologist 

Clerical - :̂ '; 

Completloh-.time- 2 months 

2. Laboratory Examination - assume 12 samples 

a.' -Sample collection and storage 

;.-'<!;'Company Geologist. . ; '":' 

.' j'-''''U...Miner ;.•-. ',;;.-• ".-C-̂ .-'-'-•"--,);v "-';-..-;• ,'\; 

•-;'•,>; (Metallurgist • ' ; - V 

' -V ( t e c h n i c i a n 

•. Supplies and services at 25% of. 
-,;.::;•• .;'_.. salaries and wages 

Completion time - 3 weeks 

: fa.- . Laboratory tests (crushing, screening, 
-. . .e. analysis, porosity,, mineral ogi cal 

. ' • y . y J; . Q i ^ s m i n a t i o n t sbrt1ng).-vK:''.:.'.;'J ,,.. 

' ' X . > " Metallurgist' ^ -;'! "' 

"C; ' :;Jechnic1an 

;-.(Supplies arid clericaliat 10% of. 
. • . salaries and wages ;.'. ;,, ... 

.- .. Completion time - 5 weeksl^;;A 

3. Amenability Leaching Tests - assume 18(iamples 

Metallurgist •.-,'-.'.: ;' "'̂' / 
Technician . . - " . • . ' - • " ' ' . •̂ 

Supplies and-clerical at 10% of • 
. .salaries and wages . ' 

.; '.'.."-'Completion time - 4.months .. 

4.- Indirect Estimation of Amenability 

"-.:..; Metallurgist ' ./ ' 

:; : V Technician ( 

..:..-..(.Computer." time and clerical at 20% of 
.:;• salaries and wages 

...--; Completion time - 1 month 

ieo..;}}' 
": : 80 '( 

' • i ' - . . , .'- '- • 

,•: (: ' -1440 

-̂ •: . " • - : ; • 320 

- : ^ ( ' ' ' i 760 

60 

80 

8 

16 

540 . 

400;. 

72 . 

; 80 

273 .-

1365 

96 • 
• . --

480'\..>.., - ••.-

' . ' • ' ' : ' • ' . . 

' ' • - " ' : • ' ' ; ; • • ; ( ( • ( ' 

1 1 6 - ; . , ' • • " ; • ; : ; 

zBzXy-U' 

. ' V ' 4, -

80 -J-
80 •'-X^X:. 

•̂  XXXx. 

'[ 864 

2400 

X 326. 
..'!3590 

1044 

1260 

• 230 

2534 

; 720 

. 400 

, 224 

• 1344 
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Sunfgnary: 

Company Geolog-ist . , . 
Metallurgist 
M - " ^ • • ' - • ^ ' 

Miner ,; 

Technician . ' ";... •'. -L ;;; '^y-'X^l 

Supplies, services and clerical 

.Completion time - 9 months 

. Man-hours .. 
' ;'.-220. ' • 

.•V. .f.::3:oo."';.;; 
v . : j 80 _-', ^ 
"v,;;:."828r ; '•.; ' 

. • - " '/.. 1 

' •• '•••' X . ' X - X ' ' : 

• ' • ' • ' • . - . • . ; £ : . ' 

Cost 
v:-. 1980 '', 

\!.2700 

- ,-."';' ^po ; 
XX'. 414d.' 
iv •• 1373 

::;($10,593 

; • " • - . • • . : 

', . ' * !••- * -
I - - ,. 

- ' • / ' . ' ' ^ ' - - ' • 

. . - . • •. . • 

\ ' . • ' • - ^ : ' . '",•• • 

•yX-x^'y' (• 

- :̂ ;̂ ; V;.'̂ -̂- "."•: 

*• =• .-.-••• /:- '• t --V̂ .-.. .-...-;«•. „...., I >•,.'•• ,-
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ORE PREPARATION 

.270 

.125 

90 "' 

485 each 

1.. Bore-Hole Leaching 

Assume two mines being tested, three locations In one'mlne and 

two in the other; sub pilot-scale leaching test in one mine, 

a. Determination of Pore Connectivity .. 

Five tests each requiring: Man-hours ' Cost 

Minirig Engr. 30 

Miner .- 25'. 

' '.Technician- 18 

Permeability Measurements 

Four tests each requiring: 

Mining Engr. ; 

Miner > 

Technician '; --'••!'" ,-••/• 

Leaching Test 

Mining Engr. . i-

Metallurgist 

Miner_ y.'- -•::'., 

technician. 

Interim Evaluations 

Mining Engr. 24 

Metallurgist 16 

Economist 40 

•39 
45 •'. 

2 

40. 

11 

546 

60 

351 
225 

10 

586 each 

360 

693 

2730. 

300 

4083 

216 

: 144 

360 

720 

40 



"K 
V 

J] 

. ! / : 

' -0 

/ 

U . • ^'^^'='"•''9 test. ""^"''^'-t^ an, p , „ ^ 

n • '"9 Engr 
U . *'*'«"i/'-9ist" ^ l i o i i r s . 
P, -^ • ^^onoinist 

il] . . Winer 
^ '̂̂ ^nicfan 

. /.'. .. 

1 

41 



Man-hours ( ;• 

60 ''... 

: 64 . ;•-;;' 

17-:' 

Cost 

, 540 

320 

••-• • 85' 

2. Bore-Hole Fracturing 

Assume two mines being tested, sub pilot-scale.leaching test 

in one mine. 

a. Single-hole tests 

Ten tests each requiring: 

Mining Engineer . 

Miner 

Technician 

b. Mult iple-hole tests 

Six tests each requiring: 

Mining Engineer 

•Miner -

technician 

c. , Leaching test . 

Mining Engineer 

Metallurgist 

. Miner •j^.-r.r •-' ' . - . ' 

Technician ' •' .' ( 

d. Interim Evaluations ;., 

Mining Engineer 

Metallurgist . 

Economi st 

945 

29 
52 : 

4 V.',-' 

261 
260 

20 

541 

56 
1 

80 

562 - ': 

60 

504 
720 

( -2810 

. - 300 

4334 

24 . 

16 

40 ... 

216 

'• ... 144 

360 

720 
Summary: 

Estimate seven months to complete single- and multiple-hole tests; 

seven months -for leaching test. (; • v " 

Mining Engineer 

Metallurgist 

Economist 

Miner 

Technician 

Equipment (tanks, pump, controls) 

Supplies, services and clerical at 
• 15% of salaries and wages 

Completion time - 14 months $23,412 

Man-hours - (. 

854 

96 

4 0 '• '•• 

1514 

254 

Cost 

'• X 7686 

864 

360 

7570 

1270 

/ $3000 

2662 



3. Open Fracturing • • '̂• 

Assume two mines being tested, two test blocks in the ifirst and 

one in the second. Test blocks about 100' x 50'. Services and equipment 

available. Labor supplied by Homestake. 

Estimate 5 months and $25,000 required for.each block. 

Completion time - 15 months .. . ' $75,000 

4. Abandoned Mine Leaching 

Evaulation of one test case. 

a. Collection and tabulation of records and water analysis, 

sample collection. 

, Man-hours . Cost 

Company Geologist 

Envir..Geologist 

. • -,'. ^Technician 

Completion time - 1 month 

b. ' Evaluation of Data and Design of Plan 

Company Geologist 

Metallurgist 

Envir. Geologist 

Economist -̂̂  ' y '•-'•' 

Technician " ' 

Completion time - 5 weeks 

c. Analysis pf Plan .;.- , 

Company Geologist 

Metallurgist ' ,.'c"- .. 

Envir. Geologist . ' '•(' 

Economist 

Technician 

Completion time - 6 weeks 
Summary: 

Company Geologist 

Metallurgist 

Envirl Geologist 

Economist 

Technician . . 

Clerical at 10'/. 

Completion-time - 4 months - " . .. $6402 

43 

' 80; 

40 

16' 

'.'.., 

1 

40 

120 

20 

40 

16 

20 . 

120. 

' 2 0 

120 
16 ;̂  

140 

240 

80 

160 • ' " 

;.. 48 ; 

•720 

360 

"'' 80. 

1160 

360 

1080 

180 

360. 

80 

2060 

180 

. 1080 

180 

• 1080 

80 

2600 

1250 

2160 

720 

1440 

240 

582 



SOLUTION TREATMENT METHODS 

Work will consist largely of engineering and costing, along with a limited 

amount of test work. 
• Man-hours Cost 

1. Solution Make-up 

- Metallurgist 80 720 

Economist . 40 • 360 

• • . - .-1080 

2. Solution Oxidation 

Metallurgist 80 720 

Economist 40 .. 360 

• ; • - . . - - • ' • 1080 

3. Copper Recovery -

a.' Literature search and fundamentals 

Metallurgist \ " ̂  80 '.... • 720 . 

b. Distillation 

Metallurgist 

Technician 

c. Solvent Extraction . 

Metallurgist (• '-,!';" 

Technician 

d. Reduction 

Metallurgist ' -̂- 40 - 360 

e. Precipitation ' 

; Metallurgist -( 

Technician 

f. Electrowinning 

Metallurgist r 

Technician 

g. Costing and Economic Evaluation 

Economist 

4. Solution Clean-up 

Metallurgist 

Technician 

Economist 

80 
40. 

80' 

80 

720 
200 

720 

400 

40. 
, . • 40 

80 

. '80 • 

120 

360 
200 

720 

400 

1080 

5880 

80 ' 
40 

40 

720 
200 

360 

1280 
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Summary:' 

Estimate that the time required to complete these studies will be twice 

the metallurgist's hours. 

Metallurgist 

Economist 

Technician. . . .' 

Supplies, equipment and~" clerical at 
15% of salaries and wages. 

Completion time - 8 months 

Man-hours • 

640 

240 

280 

Cost 

5760 

2160 

1400 

1398 

$10,718 
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"t 

80 

- 40' -. 

16 . '. 

'ages 

;. ' '-' 

Monitering ahd Control 

120,,-.^^ ' 

'• . • 4 8 "• ' , ; 

,48 ' 

Fages .-.-"' 

•• ^ 7 2 0 • 

360 

80 

116 

1276 

Procedures 

1080 

'432 

432 

• ' 194 

ENVIRONMENTAL CONTROL 

1. Obtain Regulatory Data'and Solution Properties 
*' Man-hours . . Cost 

Envi ronmen ta1 Geo1og1st 

Metal lurgist 

Technician . 

• Clerical -.aflO^ of salaries ahd wages 

Completion,time -.'1 month 

2. Characterizatibn•of In Situ Methods: 

Erivironmental Geologist 

Mining Engineer 
Metallurgist 
Clerical at 10% of salaries, and wages. 

Completion time - I month •-. 2138 

3. 5tudy of Typical .Mines'^; ' ' •^-\'̂ ; ,;•;• 

Assume two mines to be studied: 

a. Collect hydrological data 

Company Geologist ^--

. Environmental Geologist 

.* Technician,- . •;.--.; X..-X 

Clerical a t 10%. of salaries 'arid wages 

Completion time - 2.months 3828 

b. Data evaluation 

. Company Geologist 

Environmental Geologist 

: Metallurgist 

• Mining Engi neer 

Clerical -at 10? pf salaries and wages 

eompletibn time - 3 weeks, 1426 

80 

240' 

X2p 

720 

•-' 2160 

600 

348 

16-

80 . 

24',(, 

24 :-

144 

• : -720 

• 216 

215 

130 
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Summary: 

Environmental Geologist 

Company Geologist 

Metallurgist 

Mining Engineer' 

Technician 

.Clerical. 

Completion time - 5 months 

Man-hours 

520 

96 

112 

72 • 

Cost 

v.. 4680 

- 864 

1008 

. 648 

680 

788 

$8,668 
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ENGINEERING AND ECONOMIC ANALYSIS (INCLUDING PROv]ECT MANAGEMENT) 

Preliminary - staffing, planning and scheduling of test work, equipment 

procurement and. facility set-up. 

Man-hours Cost 

Project Manager 

Mining Engineer 

Company Geologist 

- Metallurgist . ' . ' • . 

Envir. Geologist 

Economist . '" •' 

• . 01 erica! at 10% of salaries and wages 

Completion .time - 1 month 

Initial Data Collection 

Economist • , 

Mining Engineer 

Metallurgist .- . 

Company Geologist' ( ("-•.•,.-'•;"' 

Envir. Geologist 

Clerical at 10% 
* 

Completion time - 1 month-^ -

Initial System Design and Gross Feasibility Studies 

Ecqnomist '. ' -•̂ •'v.; 

Mining Engineer 

Metallurgist 

Company Geologist 

Technician and clerical at 10% . 

Completion time'- 1 month 2574 

- 80 

80 

40 -

80 : 

40 . ' 

. 40 

.120 

40 

40 

20. 

20. • 

udies 

120 

60 • •' 

' 40 

40 • 

... .950 

':' 720 

' 360 

• 720 

360 

360. 

348 

3828 

' 1080 

. 360 

; 360 

180 

180 

216 

' :.; 2376 

1080 

5 4 ^ 

360 

360 

234 

48 



Continuing Analysis and Evaluation 

Project Manager 

Economist 

Metallurgist 

Mining Engineer 

Company Geologist 

Envir. Geologist . ' • 

Programming. Asst. 

^ Technician and clerical at 10% 

Computer time 

• Completion time - duration of program • 
up to pilot plant design - about two 
years. 

Man-hours Cost 

416 

2340 

2200. . 

2080 

312 . 

340 

2080 

4992 

21060 

-19800 

' 18720 

2808 

3060 

. 10400 

8084 

6000 

$94,924 

Summary: 

•Project Manager ./,:-.-.• '̂ .• 

Economist ' '. •"-

Metallurgist 

Mining Engineer . 

Company Geologist . 

Envir. Geologist 

Programming Asst. 

Technician and clerical 

Computer time 

Completion time - 2 years 

496 . 

2620 

2360 

2260.-

412 -̂  

400 

2080 

5952 

23580 

21240 

20340 

3708 

3600 

10400 

8882 

6000 

$103,702 
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PILOT P.LANT STUDY AND FINAL ANALYSIS OF THE PROGRAM 

> • - . 

The following estimates of requirements for design, construction and 

operation of a pilot plant must be understood to be very rough at best. At 

this stage of planning there is""no basis for establishing such Important 

parameters as the location and size.of the operation, the method of leaching and 

even the information desired from the study. Therefore, the estimates given 

must.be considered"as guidelines only. 

1. Design. Pilot plant design will require the efforts of several 

people to cover such aspects as ore preparation, leaching and 

' copper recovery and environmental control( About. 1 to 1.5 man-year 

• - of effort expended over six to nine months, might be necessary. 

1. 2. Operation. The pilot plant should probably be operated for at 

least one year to Insure that adequate and useful-data are obtained 

to allow for making modifications in the sutdy if necessary," and 

to be sure that-operation'of-i.t.he leaching system does not suffer 

with time due to unexpected side effects in the system. One or 

two engineers will almost certainly spend most.of their time in 

supervising the study and the;part-time efforts of several other 

erigineers and scientists will be(required as assistance is neede.d. 

Analysis. Complete analysis of the pilot, plant study will require 

three to six.months to complete and will probably require 1 to 1.5 

man-years of effort in total. The efforts of all professional 

people having had major responsibility, for the test will be necessary 

to some exterit in making the analysis and preparing, the final report. 

3. . Cost. The total effort of design, construction and operation of the. 

pilot plant, analysis of the results and report preparation will 
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probably cost between $5.00,000 and $1,500,.000. Depending on the 

size and type of operation it may be possible-to defray a portion 

pf this cost by selling the recovered copper. . 

.• .-': 
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I I 
FIGURE 9 . P R O G R A M SC l iEDULE AND GRAPH OF EXPENDITURES 

l y e a r 2years 3yeors 4years 

1.' 
r 
r 

i t 
r. 

y 
I 

MONTHS 

IDENTIFICATION & AMENABILITY ($10,593) 
Tabulat ion 
SsmpUng 
Lab. tes ts 
Leaching tes t s 
I nd i r ec t s tud ies 

ORE PREPARATION ($130,322) 
Bore-hole leaching 
B las t -ho le leaching 
Open Frac tur ing 
Abandoned mine leaching 

SOLUTION TREATMENT ($10,718) 
Copper recovery 
Solut ion clean-up 
Solut ion ox ida t i on 
Solut ion prepara t ion 

ENVIRONMENTAL CONTROL ($8,668) 
Data c o l l e c t i o n 
Method charac te r i za t i on 
Mine study 

EHGRG. & ECOHOHIC ANALYSIS ($103,702) 
Prel iminary 
I n i t i a l data c o l l e c t i o n 
I n i t i a l design 
Continuing ana lys is 

TOTAL BEFORE PILOT PLANT ($264,003) 

PILOT PLANT ($500,000-1,500,000) 
Design S cons t ruc t ion 
Operation 
Analysis 
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^mn mBî i im̂  JUDC 669.753..? 

•nnetics of the cathode z«du'Gtion of antimony sulphide anions 

V S Shestitko, N P Ermilov and N V Ishchenko (Krasnoyarsk Institute of Nonferrous Metals. Department of the 
Metallurgy of light and Rare Metals) 

SUBJ 
MNG 
P F l 

lomBUiT 

The kinetics of the reduction of thioantimonite ions v;ere 
jr.vestigated by a single-pulse galvanostatic method. On the 
potential-time curves after the region corresponding to the 
rharging of the electric double layer the potential was slowly 
displaced towards the negative side, which indicated that 
concentration changes were taking place. The kinetics of 
the reduction ol the thioantimonite ions were therefore 
investigated by analysis of the cathodic chronopotentiograms 
vith a transitional time, recorded without special agitation. 

VI 

It was established that the slowest stage of the overall pro­
cess is transport of the complex ions to the electrode surface. 
The diffusion coefficient of the complete ions was determined 
(0.63-10"^ and 0.68-10"^ cra^/sec for sodium sulphide con­
centrations of 90 and 110 g/1 respectively). The kinetic 
parameters of the process were determined. The rate con­
stant of the investigated process amounted to 3.02 • 10"^ cm,.' 
sec, and the mean exchange current for current densities 
of 40.45 and 50mA/cm^ amounted to 5.75-10'* A/cm^. 

UDC 546.161 669.054 

Pissageof fhiorine into sohition during autoclave-soda leaching of scbeelite concentrates 

Yu P Fedorov and I A Khar'kovskii (Moscow Institute of Fine Chemical Technology. Department of the Technology 
of Rare and Trace Elements) 

Table 1: Effect of temperature on ttie concentration of WO3 
F ' In the solutions from autoclave-soda leaching 

and 
=» } . i 

F i r s t s t age 

Ccnposi t ion of 
so lu t ion g/dm' 

r* 

1.23 
1.90 
1.23 
2.7S 
3.32 
2.17 
2.6S 
2.40 
2.85 

w>, 

31.9 
38.7 
31.4 
81.3 
87.1 
76.1 
86.45 
84.0 
90 .1 

Na,CO, 

80.6 
62 .5 
107 
42.4 
71.0 

-
40 .3 
4 2 . 3 
54.0 

Soda 
e q . 

2 .0 
1.7 
2 .5 
2 .0 
2 .5 
1.7 
2 .0 
1.7 
2 .5 

Second s t age 

Composit ion of 
s o l u t i o n g / d n ' 

F ' 

0 .84 
0 .97 
0 .97 
3.61 
3.80 
3 .60 
4 .10 
3 .60 

" 

WO, 

32.7 
34 .1 
34 .1 
27.7 
19 .8 
33 .8 

1.8 
3 .0 

"~ 

Na,CO, 

115.4 
113.4 
112.0 
101.8 
105.0 
9 5 . 4 
81.7 
89 .0 

— 

Tcnp. 
"C 

1.50 
150 
150 
200 
200 
200 
220 
220 
220 

Table 2: Effectof the length of autoclave leachingon the con­
centration of fluoride and soda in the solution g/dm^ 

Length h 

0 . 5 
1 
1.5 
2 
4 

Soda 

^ 
54.55 
49.06 
40.60 
38.87 

F l u o r i n e 

3.15 
3.80 
4 .06 
2.52 
2 .70 

.'.> 

u ' ^0 I.'., Soda equivalcnL 

r i g . l Dependence o f ti'io f l u o r i n e concon t r j c ion ot t /V ^^oivtio.i 
(1) and the e x t r a c t i o n o f It'O, (21 i n t o the s o i u t i o n on 
the soda e q u i v a i o n t . Cxt.eriracntaJ c o n u i t i o n s : -.•:vii--::t 
of i n t e r m e d i a t e produc t 80 g; s v l i d - l i c j u i d rJCi'o J : - ; , 
! 2 c P c . 2 h . 

.3 =* 

<3 = 

F i g . 2 V a r i a t i o n o f t h e f l u o r i n e c o n c e n t r a t i o n i n tho s o l u t i o n 
as a f unc t i on of the l e a c h i n g t ime i n r.'io f i r . i t l i , ! ) 
anti second (3 ,4) s t a g e s . 1,3 - Soda e q u i v a l e n t . " 2 ; 
2,4 - soda e q u i v a l e n t » 2 . 5 . rx^.crimentaj c o n d i t i o n s : 
S o l i d - l i q u i d r a t i o 1 :4 ; 22cPc. 

Table 3: Effect of soda concentration on the equilibriuni 
concentration of fluoride in the solution 

C o n c e n t r a t i o n 
of soda 

g/dm' 

55 
49 
40 
39 

Equilibrium concn. 
of F ions 
g/do' 

7 .6 
6 . 8 
5 .5 
5.4 

Summary 

The article gives data from laboratory and industrial in­
vestigations of the behaviour of fluorine during autoclave-, 
soda leaching of scheeUte products. The concentration of 
fluorine in the solution during leaching depends on the 
temperature, the soda equivalent, and the length of the 
leaching process. 

It was established that the fluorine concentration of the 
solution does not depend on Its content in the initial concen­
trate. To maintain a minimum concentration of fluorine in 
the solutipns it is necessary to realise the leaching process 
for not less than 2h with a small excess of soda. 

http://fir.it
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HEAVY NON-FERROUS METALS 

THE PRESENT AND FUTURE USES OF SORPTION PROCESSES IN HYDROMETALLURGY* 

UDC 669.2.053.4:661.183 e5?IS¥iilSg?¥: 

B. v . Gromov - i E S E ^ ^ g S I 

The large-scale industrial use of methods based upon sorption processes has 
recently assumed even greater importance in chemical technology for inorganic sub­
stances. The high rates of development in atomic technology, the creation of many 
structural materials, and t h e effective separation of elements with similar proper­
ties are indissolubly linked with advances in sorption and solvent-extraction tech­
nology [1]. 

Sorption and solvent extraction have their own specific advantages: 
high selectivity and cleanness of separation; 
opportunities for flexible control of selectivity by alteration of pH and oxida­

tion-reduction conditions, complexing, and other methods; 
the simplicity and compactness of the process layout; 
opportunities for implementing continuous and automated processes. 
The significant advance in the utilization of ion exchange for technological pur­

poses dates from the creation (at the end of the thirties) of artificial organic 
ion-exchange resins. These resins have a remarkable variety of chemical properties, 
high exchange capacity, and chemical stability in various media; they also maintain 
favorable rates of ion exchange, especially in<he microporous anion-exchange resins. 
Cation- and anion-exchangers and ampholytes have been created, as well as sorbents 
which hold the exchange ions and molecules by coordinate bonds. Many of them show a 
marked capacity for the selective absorption of particular ions. 

The uranium industry is now a major field of application of sorption processes 
[2,3]. 
The Soviet Union was the first country to make effective use of ion exchange in 

uranium technology: even in 1948, B. N. Laskorin had suggested that carboxylic 
resins based upon acrylic and methacrylic acids should be used for the selective 
extraction of uraniujn from solutions and pulps containing a large number of salts. 
Research in this field culminated in 1954 in the industrial adoption of a new con­
tinuous filterless method of sorption from thick ore pulps in specially designed 
apparatus witJi pneumatic mixing [4,5]. ,"f 
An appreciable reduction in the consumption of chemicals and a simultaneous in- ; 

crease in metal extraction into the ion-exchange resin phase are achieved in the .f 
proposed technology by combining the processes of sorption and leaching. 
The method permits drastic reductions in the time for processing tihe ore material 

and simplifies phase separation. For example, whereas the specific speed of filtra- i 
tion is usually 0.5-1.0 tons/(m^-hr), in sorption from pulp up to 50-100 tons/hr of 
ore material can be separated from the resin through 1 m^ of separating mesh. 
The metihod, which was developed in the USSR [4-8] , is suitable for processing '̂ 

pulps containing up to 50-60% solids, including 3-5% of +0.15 mm particles. The 
volume of sorption apparatus is essentially unlimited, reaching hundreds of cubic 
meters and having enormous rates of output; this makes it possible to reduce the 
number of process lines to the minimum. The apparatus used has no moving parts or i 
structures; the process is readily automated and is very stable. 
The gold-mining industry is another fairly typical example of the successful 

adoption of sorption technology in the Soviet Union. ^ 
As early as 1915, when N. D. Zelinkskii was studying the sorption properties of 

activated carbons, an attempt was made to use them for sorption of gold from solu­
tions. Later I. N. Plaksin published a work [9] devoted to the sorption of gold cya­
nide complexes. '; 

In spite of numerous researches [10], sorption technology for gold using synthetic 
ion exchangers was not employed in practice abroad right up to 1972. In the hydro-
metallurgical cyanidation method the solutions have a low gold content and are com­
plex in composition. The researches directed by B. N. Laskorin, I. N. Plaksin, and 
others which confirmed the basic advantages of sorption technology were therefore of 
particular importance in its industrial implementation: these advantages are tJie pos-
possibility of eliminating pulp filtration, a substantial increase in gold extrac­
tion due to the sorption leaching effect, opportunities for processing leaner raw 
material, and the consequent expansion of gold ore reserves [11,12]. 
Application of ion-exchange technology to the most complex auriferous ores is of 

particular interest; processing these ores by normal methods involves considerable 
losses of gold, high reagent consumptions, and massive capital investment. An example 

ISTUi 
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of this is the work on gold extraction from resistant auriferous ore in which the 
presence of carbonaceous material (a constituent part of carbonaceous argillites) 
makes it difficult to achieve a sufficiently high level of gold extraction by tradi­
tional methods because of the adsorptive capacity of the country rock relative to 
the gold-cyanide complex: 65% of the gold in the tailings is in the form of metal 
sorbed by carbonaceous material. Processing such ore became possible only by the 
sorption leaching of gold with an anion exchanger, added to the pulp at the same 
time as the cyanide. In t h e initial leaching period the ion exchanger prevents the 
sorption of gold by the carbonaceous material, which is much less active than the 
principal sorbent (the anion exchanger). As a result, extraction of gold from t h e 
ore increased by 20% in a number of cases. 
Considerable amounts of associated elements pass into solution during cyanidation 

of auriferous ores; the cyanide solutions therefore contain complex copper, zinc, 
iron, nickel, etc. cyanides, which are readily sorbed by anion exchangers. The con­
centration of these elements is many times greater than the gold content, so that 
serious difficulties arise in organizing the repeated multiple use of ion exchanges 
in the sorption circuits. The credit for developing reliable methods for the thorough 
purification of a saturated ion exchanger to remove sorbed non-precious metal impuri­
ties belongs to the research workers [13,14], 
The results of pilot-plant tests on this technology formed the basis for gold-

extraction plant reconstruction projects. The successful adoption of filterless sorp­
tion schemes for gold extraction from pulps has increased the extraction of gold and 
yielded savings of tens of millions of inibles [15]. 
The sorption process is being successfully linked with new metJiods for exposing 

complex sulfide ores (for example, the sorption leaching of auriferous concentrates 
in autoclaves), replacing pyrometallurgical schemes and schemes involving roasting 
and cyanidation of the calcine. 
Sorption processes play an important part in rare metals technology, particularly 

in the case of tantalum and columbium. The use of ion exchange in the production of 
cerium rare earths has increased output by 2-3 times from the same floor area, with 
a 20-30% reduction in product prime cost [16]. 

^ The advances made in the Soviet Union in the industrial adoption of sorption (and 
solvent-extraction) technology formed the basis for Uie extensive use of these 
methods in the national economy. 

s. Up to the present there has been a wide-ranging series of investigations to estab-
fi" lish the scientific and technological principles of sorption processes for use in 

the hydrometallurgy of non-ferrous, rare, and precious metals [16,17]. 
One indication of developments in this field is the large number of papers on 

sorption topics read at the First All-Union Conference on Hydrometallurgy in Decem­
ber 1974: there were more than 80 papers from 34 organizations, or almost 45% of the 
total number, 

ial Papers were read and discussed at the Conference which dealt with research on new 
ca- aspects of the ionic state ,of Au, Ni, Co, Cu, Fe, Zn, Mo, and W and a number of rare 
of and rare earth elements in sulfate, sulfate-chloride, chloride, and nitrate solu­

tions. Data were submitted on peculiarities in the behavior of elements which tend 
to form hydrolyzed ions (Ni, Co, Cu, Fe) and polymerized ions (Mo, W, V). Studies 
were made of the static, kinetic, and dynamic aspects of ion-exchange processes, as 

: well as the selectivity of sorption extraction and elution for the most varied 
media with complex salt compositions. A number of works defined the optimum condi-

: tions for sorption processes using a wide range of ion-exchange materials of various 
natures, compositions, structures, and functional groupings. The investigations have 
made a major contribution to the development of inorganic and physical chemistry. 
Papers with a technological bias, describing the production of practically all the 

non-ferrous, rare, and precious metals, were no less interesting. 
1- In the autJior's opinion, priority should be given to the application of sorption 
Y*" 3nd solvent extraction to radical improvements in technology and to solving the 

basic problem of production, not to matters of secondary importance (further extrac-
itic tion of metals by processing various production wastes and dumps). Efforts should be 
I- concentrated on the adoption of new processes where they can be most conveniently 
m- incorporated into the technology now in use. From this viewpoint the nickel-cobalt 
;d ' Industry is among those best-prepared for the adoption of solvent-extraction and 
of sorption processes. 

POS" Soviet workers [18] have developed a sorption method for the selective extraction 
of impurities from nickel electrolyte, based upon the use of complexing ion exchangers 
selective in relation to the impurity metal (zinc, iron, copper, etc..) with good 
sorption properties and sufficient mechanical strength. The potential value of ion 

f exchangers with a porous structure in the hydrometallurgy of nickel and cobalt was 
e clearly shown, 
mple 
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A continuous sorption scheme for the removal of zinc from nickel electrolyte was j 
introduced at the Yuzhuralnikel' Combine in 1969-1970. Removal of impurities from fr 
electrolyte by sorption is also being adopted at the Noril'sk Combine (19]. ? 
Great savings can be obtained by using autoclave-sorption technology in the nickel :. 

industry; this has the greatest potential at new enterprises processing copper-nickel 
sulfide ores [16]. • * 

The sorption leaching of nickel and cobalt directly from pulps obtained after ^ 
autoclave leaching [20, p. 103] creates the conditions for the future implementation 
of a filterless technology and permits conversion to the hydrometallurgical produc­
tion of nickel and cobalt with good technical and economic results. ^ 
A technical and economic comparison of the ammonia-sorption technology for nickel 

and cobalt extraction from oxidized nickel ores with electric ore smelting to pro- ., 
duce ferronickel has demonstrated the great efficiency of sorption leaching. ^ 

A sorption technology has been developed, as a result of research on copper sorp- ' 
tion from sulfate and ammonia-carbonate media and the synthesis of AMK, VPK, arid VPG 
ion exchangers specifically for copper, for the extraction of copper from oxidized i 
and mixed copper ores and from heap and underground leaching solutions, for the ex- •'': 
traction of copper as a by-product by treatment of copper-bearing products of other | 
non-ferrous metals, and for the extraction of copper from various industrial liquors' 
of complex composition. Provision has been made for various combinations of sorption ; 
for copper extraction with hydrometallurgical and concentration processes, ensuring 5 
on the whole a significant overall increase in copper extraction from the ore. ;> 

Schemes developed in [21-23] have been used for reconstruction projects for con­
centration plants at the Dzhezkazgan and Almalyk Mining and Metallurgical Combines. . 

Using sorption technology for processing a blend of oxidized and mixed ores from 
the Udokansk deposit may appreciably increase the total extraction of copper from ' 
the ore into concentrate and cathode copper by comparison with the ordinary concen- ^ 
tration scheme. if 

Sorption extraction of copper from heap leaching solutions delivering a finished .; 
product in the form of cathode copper is a simpler task. There are plans to bring in 
a pilot section for heap leaching of non-rated ores from the Kal'makyr deposit in 
t h e immediate future, with a capacity of up to 500 m̂  of leach liquor per day. ' 
The wide variety of plants where copper sorption should be used calls for further 

comprehensive research on a wide range of sorbents to ensure efficiency in each spe­
cific case [20]. ^ 

Ion-exchange sorption is of potential value for the extraction of molybdenum from '. 
molybdenum-bearing ores which are difficult to process by ordinary methods [20, *: 
24-27]. 'i 
Two enterprises in the Soviet Union have mastered the industrial production of '-' 

pure molybdenum compounds, using sorption processes in the integrated processing of , 
lean polymetallic ores containing molybdenum. • 

Sorption should be used in tungsten technology. Up to the present, the hydrometal­
lurgy of tungsten has been based upori chemical processes of selective precipitation 
involving a large number of cleaning operations which lead to the formation of con­
siderable amounts of recirculating products; the quality of the finished product 
(tungstic anhydride) often fails to meet present-day requirements. Sorption tech­
nology makes it possible to solve these problems at a higher level [28] . i 

The principal factor which has delayed the adoption of sorption processes in tung­
sten technology has been the lack of high-capacity anion exchangers. 
The tungsten sorption schemes, which are being incorporated into the existing ' 

technology, have been successfully tested on a pilot-plant scale with various pro­
duction solutions from the Nal'chik Plant. .i; 

Staff from the Ust'-Kamenogorsk Lead-Zinc Combine have reported the results of 
pilot-plant tests on a method of removing harmful impurities from production solu­
tions (zinc and cadmium electrolytes) by sorption. ,1 
A number of research projects submitted to the Conference were devoted to the 

sorption of rare earth elements, scandium, germanium, rhenium, bismutih, and other 
metals. Data for implementing the process schemes on an industrial scale were given , 
for most of the developments. ? 
While noting with satisfaction the appreciable advances in the development of sci­

entific and technological studies and in the adoption of sorption, it should be said 
that they are not being brought into practical use quickly enough. The building of 
experimental and pilot sorption installations is slow. (Juicker adoption of the proc­
esses of sorption from pulps which have already been perfected at plants already in 
operation and at those under construction is desirable. i* 
The Conference noted that there were some difficulties in the adoption of sorption 

technology due to a shortfall in the production of ion-exchange materials, bo th in 
quantity and range. The prices of ion-exchange materials remain high, and this can­
not fail to be reflected in t h e economic results of sorption technology as it is "̂  
introduced. -s; 
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On the whole', -as has; been demonstrated at- the Conf erence, the research ahd design 
organ.inations of the USSR Ministry: of. Non-Fer-rous Metallurgy, the institujbes of the 
Academy of Sciences of the USSR arid of the Union Republics, the •industrial, enter­
prises, and the higher educatidnal institutions' have made considerable advances in 
recent years in .studying tiie theory of sorption processes and in tJieir' industrial 
.adoption. . 
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Kinetic charac te r i s t i c s of the react ion of T iCl , with metal l ic titanium in molten sodium chloride 
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Summary 

The extraction of titanium from -wastes during meta l -
thermic refining to titanium depends on the reaction of 
TiC la with metal l ic titanium-, and the .effectiveness of the 
purification of the mel ts from impuri t ies on metall ic 
titanium depends on the ra te of es tab l i shment of the 
equilibrium in the mel ts . The ar t ic le is devoted to an 
investigation into the reaction under dynamic conditions. 

The dependence of the reaction ra te on temperature and 
on the initial concentration of Ti°+ in'the mel ts was in­
vestigated, and the apparent activation energy was de te r ­

mined from Uie r e su l t s . The high value lor the activation 
energy and the order of the reaction (close lo second) 
showed that the reaction of titanium tr ichloride with met­
allic titanium in the sodium chloride medium took place 
under kinetic control. The resu l t s show that real isat ion of 
the p r o c e s s under kinetic control inc reases the reaction 
ra te by approximately 8-10 t imes . The loss In weight of 
the compact metall ic titanium was increased accordingly' 
by 1.5-2 t imes , and this in turn intensified the chemical 
react ion. 

Precipi ta t ion of gold t rom cyanide solutions by metal l ic iron and some of i ts compounds 

L D Sheveleva, A A Golovin (deceased), T T Tatarinova, M N Tagi l ' t seva and N 0 Tyurin 
(Urals Polytechnic Institute - Department ol the Metallurgy of Noble Metals) 

UDC 669.21.6 

; Metallurgy 

Ores with finely impregnated gold form the bulk of un­
yielding gold-containing raw mater ia l . Very often the gold 
in them is associated with iron sulphides. Hydrometallurgical 
t reatment of these o res of Uieir concentration products by 
cyaniding as a rule gives r i s e to a s e r i e s of difficulties 
associated with Increase in the cyanide and oxygen consump­
tion r a t e s , decrease in the dissolution ra te of gold, and 
increased losses with the cyaniding tailings. 

According to the resu l t s from pre l iminary tes ts and also 
published dala^) ' ) , it could be s.upposed that the dec rease in 
the gold content of the solution with decrease in the p.irticle 
s ize and with increase in the length of agitation of the su l ­
phide products in the cyanide solutions resu l t s from prec ip i ­
tation of the dissolved gold by the products from oxidation 
of iron and its compounds. There a r e no detailed investiga­
tions of the conditions for the precipitation of gold in the 
l i te ra ture . The authors made an attempt to investigate 
certain aspects of the phenomenon. 

Precipitat ion by pyr i te . In the f i rs t exper imenls the p r e ­
cipitation of gold from a cyanide solution by a fraction of 
pure pyrite from Uie Berezovo deposit witli a specific 
surface a r ea of 0 . 5 m ' / g was ca r r ied out with agitation at 
18-20°C for 10 min. The free cyanide content of tlie solu­
tion was 0.07g/l, the gold content was 69mg/l , the w e i ^ t 
of the pyrite sample was lOg, Uic liquid-solid rat io was 
10:1, and the pH of the solution was varied between 3 and 
10.5 (fig. 1).. It was established Uiat up to 52-58% of Uie 
gold is precipitated during tfenlment of pyr i te in acidic 
solutions (pH 4-4.5), and this is par t icular ly important 
for the case of acidified cyanide solutions. As found, gold 
is also precipitated in neutral and alkaline media but to a 
somewhat l e s se r degree . 

•S i O I 

F i g . l Doitendence of t'nc aimunt 

Metals) 

The effect of the surface area.of the pyri te (Uie sample 
weight) was investigated under the same conditions, where , 
Uie pH of the solution was kept at 4.5. The resu l t s show < 
that wiUi 20g of pyrite (surface area 10m') up to 65% of 
the gold is precipitated in 10 min. (fig. 2). "in order to e s ­
tablish the degree of precipitation of dissolved gold as a 
function of Uie length of contact between the solution and 
Uie pyri te, the following s e r i e s of exper imenls were setup 
with lOg samples of pyrite under Uie same conditions. 
Under Uiese conditions the process was stabil ised after 
only 10 min. (fig. 3). The variat ion of the amount of precip­
itated gold with increase in the concentration of free cyanide 
in Uie solution is shown in fig. 4 (pH = 2.7). 

F i g . 2 Dependence of the amount 
of p r e c i p i t a t e d 90Jd on the 
s u r f a c e a rea of the ground 
p g r i t e . 

2,5 i,0 -IT 
SuTiacc a rea of 

pgr i t e m' 

t l 

O -^ 
p 

u 5v 

o f p r e c i p i t a t e d go ld on the pll 
o f the medium. 

F i g . 3 Dependence of the amount 
of p r e c i p i t a t e d gold on the 
l e n g t h of c o n t a c t . 

10 31 

10 pit Length o f contact - min. 
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•yiq.'i cf.fQct^of free cgariide^ 
concent ra t i 'on on the=.anwunt 
6f'.precipitated 'gold. 

KCN ' g / 1 

A series of parallel exper invents on the precipitation of 
.jf-jji gold by floated pyrite conc'e'ntrate', .co'rirainiiig-4.9% qf pyrr-

liotite and ground to 0.044mm were carried out under Uie' 
foUoWing'conditions; in itlal concentration of solution in KCN, 
6.0ll%; NaOH 2,3'8g/l; weigtit of concentrate sarhpre 30g; . 

-lanfth'of contact 3h. Under Uiese conditic^ns 98.2-99.8% of 
I Uie dissolved gold was precipitated. By prolonged agitation 
of Uie samples of flotation pyrite concetitrate an'd tlie tpyrite 
fraction for 1.5h with strong aeration after precipitatipn of 
the gold from them it was possible, to'.transfer 97,3-97.6^0 , 
of Oie gold back Into- solution in the first case and Mft̂  In the 
second. However, the gold only passes into solution from the 
pyrite surface at pH = 12-13 even when oxygen is blown • 
UiTougJi the pulp. 

of a fair amount of fneê  cyanide. 

In Ute next series of expeririients (table) we used the mag­
netic fraction isolated from' the calcine after the roasting 
of pyrite concentrate at 500°C, natural magnetite, siderite, 
andmetallic iron. The results show that the magiietic frac­
tion completely precipitates t^e gold over a wide, range of 
alkalinity in the pulp. Natural siderite and magnetite precip-

,itate the gold with increase fpf the alkalinity in theaolutton, 
whlie metallic iron precipitates the gold better in a weakly 
alkaline.medium. An excess of .alkali pasaivates the iron. 
It could be expected that;the gold .would, redissolve from the 
precipitate'on oxidation of the divalent iron. In order to tiest 
this-we stirred a sample of ferrous hydroxide for l,5h with 
strong aeration. In three parallel experiments 87.0-90.0% 
of the adsorbed gold passed into solution. 

Conclusions 

1. Compounds of divalent iron precipitate gold from 
cyanide solutions. ;The degree of precipltaMon depends on 
the conditions under which the process, carried out. 

2. With intensive agitation and,aeration of the pulp in a 

. Table 

i; 
1:|# 

Data on p rec ip i ­
tation p r o c e s s 

Initial cyanide, con­
centration kCN-# 

Ini t ialaLkall .con. 
centr ation NaOH g/1 

Amount of p rec ip i ­
tant g " 

Au precipitated % 

Magnetic 
fraction 
ol calcine 

0.012 

1.85 

25 

100.0 

0.012 

3.70 

25 

100.0 

Natural 
magnetite. 

0,011 

0.012 

lb 
11.4* 

0.011 

2.88 

30 

86.0 

Natural 
sideri te 

0.011 

p . 012 

10' 

19,0, 

p. Oil 

2.88 

30 

99,0 

Metallic 
iron 

0.011 

0.012 

10 

99.9 

0.011 

1.65 

10 

51.9 

0.011 

2.92 

10 

13.0 

El 
m 
».-

Prec^yitatlon by non-sulphide comppimcis of iron. To inves-
llgat« Uie possibility-ot-preclpitation by iron hydroxide we 
added a freshly prepared ferric hydroxide precipitate to a 
spec trie, am oun to l a sblution with a known gold .content. The 
contents of the flask were: stirred at l'8-20P.e 'for l.Sh. At tli.e' 
end of the experiment the gold content of the solution was 
determ In ea„ and Uie amount of gold in the p.recipitate was 
calculated. The Initial solution,contained.4.88mg of gold, and 
the solution after the experiment contained 4,87mg of gold, 
l.e, practically all the gold was found in the solution. The 
same procedure was used for; theprecl'pitatlpn of-gold from 
aj;yanide solution with ferrous hydroxide. Different concen­
trations dt potassium cyanide were maintained in thre.e ex­
periments (0-01, 0.03 and 0.054%). Ferrous hydroxide com­
pletely precipitates the dissolved gold even in the presence 

strongly alkaline medium the .precipitated gold passes back 
into sblution. 

3. During analysts of the operation of a plant;or depart­
ment which processes sulphide ores, concentrates or the 
prod_uctS;Irom their roasting at Ig-w and moderate temperr 
atures by cyaniding account should be taken of the fact 
that part of the lost gold may be due to Incomplete Jtransfer 
of. metal absorbed by-divalent iron compounds into solution. 
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1) V'l Zelenov et alia: Practice in the treatment of gold 
ores by cyaniding: Moscow 1968, p, 12. 
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' ; : 
Electrolytic deposition of gold frptn hydrochlprinatiDn pulps 

UDC 669.2 

M N Zyranpv and N B Bnvdik (irgiredmet) 

Summary 

^7 

A prpmising method fo'r Uie isolation.of gold from 
hydro chlorination pulps is electrolysis. The; article, sets 
out the results from an inve.btVgatipn into the olectrolytlc 
deposition of gbW from the pulps.from hydrpchlprination o.f 
gold-containing concentrates after a prelirhinary investiga­
tion of the process-in solutions. The offects of the cathode 
material (titanium, lead, ;graphite), Uie lenlth'' of electrolysis, 
arid the current density on Uie extraction of the gold were 
.investigated. 

It was .found-that gbld can.be isolated electrplytically Irom 
the pulps at lead pr graphite cathodes. The process takes 
place satisfactorily under Uie following conditions: current 
density 5,0-lbOA/m^'; specific cathode surface 10-20mVm^ I 
particle size.of solid phase of pulp -0.15mm. The degree of 
reduction of gbld was 98-99.3%-, Uie approximate current 
yield was 0.5-1.4%^ and the electricity consumption varied 
between 40 and 170kWh for ikg of rediiced metal. 

'«(t' 
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Permeability of Granite under High Pressure 

W. F. BRACE, J. B.. W.4LSH, AND AV. T. FRAXGOSI 

RESEiim 

Department a] Geology and Geophysics, Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

The permeability of Westerly granite was naeasured as a fimction of effective pressi:re to 
4 kb. A transient method was used, in which the decay of a small incremental change of 
pressure was observed; decay characteristics, when combined with dimenaons of the sample 
and compressibility and viscosity of the fluid (water or argon) vielded permeabiiity-, k. k of 
the granite ranged from 360 nd (nanodarcy = 10"" cm') at 100-bar pressure to 4 nd at 4000 
bars. Based, on linear decay characteristics, Darcj''s law apparently held even at this lowest 
value. Both h and electrical resisti-vity, />„ of Westerly granite varj- markedly with presure, 
and the two are closely related by A; = Cp.'̂ '̂ '̂̂ , where C is a constant. With this relation­
ship, an extrapolated value of fc at 10-kb pressure would be about 05 nd. This -value is roughly 
equivalent to flow rates involved in solute difiusion but is still a great deal more rapid than 
volume diffusion. Measured permeability and porosity enable hydrawlic radius and, hence, the 
shape of pore spaces in the granite to be estimated. The shapes (flat dits at low pressure, equi-
dimensional pores at high pressure) are consistent with those deduced from elastic character­
istics of the rock. From the strong dependence of fc on effective pressure, rocks subject to high 
pore pressure will probably be relatively permeable. 

• # 

INTRODUCTION 

Many geologic processes depend not only on 
•hi properties of solid rock but on character-
iriici of pore fluids. Of particular significance 
:ar mechanical behavior is the relative ease 
Ti-th which fluids can move in and out of a rock. 
For example, the Hubbert and Ruhey [1959] 
•hsxtry of overthrusting is based on the existence 
•J? pore fluids under high pressure near the base 
1̂ a fault block; the high pressure is maintained 

iecause of the very low penneabilitj' of certain 
'jitrs. .A. mechanism for deep focus earthquakes 
a based on the breakdo-ivn of hydrous minerals 
iie serpentine [Raleigh ond Paterson, 1965]. 
The water given off at high temperature causes 
tabrittlement. The eSect, in part, depends on 
•"itiuction of effective confining pressnire, .which 
"wjiiires that the rock be permeable to the high 
Xi-ssure pore fluid. In the many applications 
"sre the law of effective stress is evoked, per­
mability of the rock is involved. 

•̂ though permeability of sediments and most 
'̂ îmentary rocks is well kno-vra, few data are 
-•'i:lable for crystalline metamorphic and igne-
•-' rocks (Table 1). The problem is that these 
•̂•̂fcS h.ive very low permeability. The measure-

•Xd ••>ow at Keimecott Copper Exploration Serv-
'•'••'̂ alt Lake City, Utah. 

ments become extremely diScuIt with conven­
tional techniques. Nevertheless, it would be 
desirable to have values of permeability of 
typical crystalline rocks, not only at laboratory 
conditions but also at presuies and temper­
atures such as found in the earth. 

As a first step, we present here some meas­
urements of permeability for one fairly tjiiical 
crystalline rock, Westerly granite, as a function 
of confining pressure. We describe in some detail 
a technique for measuring permeabHity imder 
pressures of 4 kb or more and show how changes 
in permeabihtj' are related to changes in elec­
trical resistdvitj-. We suggest a method of ob­
taining permeability (wMch is difficult to meas­
ure) from resistivity (which is easy to measure), 
and we use this method to obtain permeabilitj', 
by extrapolation, from resisn-tTty measurements 
we have made above 4 kb. 

E x P E R i a i E N T i L ^ I B T H O D 

Permeability is usually determined from 
measurements of flow rate tarough a sample 
under a constant pressure gradient. We found 
it more con\-enient to use a transient method, 
that is, to observe the decay of a small step 
change of presstire imposed at one end of a 
sample. Pressure and tinie are more easily 
measured in a high pressure experiment than 
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TABLE 1. Previous Measurements of Permeability' 

Rock 

Shale 

Fine-grained limestone 
and dolomite 

Fine-grained dolomite, 
Tennessee 

Fine-grained limestone, 
Tennessee 

Coaree-grained dolomite, 
Tennessee 

Granite, Barriefield, 
Ontario 

Granite, Quincy, Mass. 

Diabase, Hudson, N. Y. 

Permeability, 
nd 

1 to 4000 

I t o 50 

80 

30 

6000 

50 
4600 

0.8 

Reference 

Gondoun. and Scala [1958] 

flowe [1939, 19471 

Ohle [1951, p. 907] 

OhJe [1951, p. 907] 

Ohle [1951, p. 907] 

Ohle [1951, p. 671] 
Ohle [1951, p. 671] 
Ohle [1951, p. 671] 

' The unit of permeability is the nanodarcy, abbreviated nd, which 
equals approximately 10~" cm'. 

flow rate or velocity. We assumed that Darcy's 
law was valid, and from the decay character­
istics of the pressure we calculated the perme­
ability. The "validity of Darcy's law could be 
tested from the decay characteristics as well. 

The experimental arrangement is indicated 
in Figure 1. The sample was a precisely ground 
right cylinder of Westerly granite [Brace, 1965] 
that was 1.61 cm long and that had a S.O-cm' 
cross-sectional area. On one side it made con­
tact with a hollow plug of hardened steel that 
served as a water reservoir; on the other side, 
with a hollow piston that formed one closure 
of the pressure vessel. A %-mm-thick layer of 
200-mesh ZrC separated the sample from both 
plug and piston. The carbide acted as a porous 
plug even under high pressure and distributed 
the pore fluid over the entire end surface of 
the sample. Piston, plug, and sample were en­
closed in a 3-mm-thick polyurethane rubber 
jacket which was clamijed with several loops 
of no. 14 steel wire. 

The experimental arrangement is shown sche­
matically in Figure 2. The sample had a reser­
voir of fluid on either side. Reservoir 1 con­
sisted of the center hole in the piston, as well 
as the volumes enclosed by tubing, valves, and 
a pressure transducer which were outside of the 
pressure vessel. Reservoir 2 comprised the cav­
ity in the steel plug. 

During an experiment the sample wai'-
jected, through the rubber jacket and steej|^ 
and piston, to a confining pressure, called^ 
P I . Fluid imder pressure filled the two resorw 
The fluid pressiu'es, Pi and Pt, were alwaijsre 
nearly equal and less than P j . The effectives 

• ^ 

To pressure transducer, valm 

0-Rlng 

Wire clomps 

Somple 

PERMI 

„.:„;; pressure P, ex-peri 
'""J.. _ p „ which was a 

v P : - ^ - . , 
la 3 typical experunent 

,f, placed in the pressur 
,,.j held constant. Botl 
."jJ under pressure, an 
;.. the pressures Pi and 
. /' was increased a s 
ri'ufting an external vs 
•Jii I'l changed as shown 
i.-cc time approached a c 
.p.. .\s shown below, th( 
^-<nd on tbe permeabil 
,i ihc sample and reser' 
rcaractcristics of the fl 
;ii.-Mncter3 were adjustec 
fif decay times that 
irtcst permeability tha 
vi« fi.\cd by the length o 
•tinrca in pressure due 
;rnture changes or leak 
i'.t. This time was aboui 

Trie permeability k o 
ti.2cd by comparing tbe i 
t.::r in reservoir 1 with 
•jmnrcticilly. As shown 
lincnsional transient fii 

-••^'-'M 

200 meili.?f' 

Rubber' loAS 

^ • $ -

t t 

J^z 

11 X 

y ^ ' 

\ 
J 

Ĥollow plug 

Fig. 1. Experimental arrangement. 

t'l:. 2. Experimental a 
=̂̂ .!cally. Sample, shown 

' ••:-'5 Vi and Fs at either 
'^•0 pressure. Sample is i 
j'tuning presure of Pt -
••' simplicity is not indie 
•^.plo. To measure pern 
••-"-••g'.-d by a small amoui 
;• ''i with time observec 
•i'.-i«'o reservoirs; charat 
"••-'.d permeabihty of the 
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PERMEABILITY OF GRANITE UNDER HIGH PRESSURE 

ii-jg pressure P, experienced by the sample, 
" ^ p . — Pi, which was always very nearly equal 

In a typical experiment, the assembled sample 
(iS placed in the pressure vessel and Pr applied 
jid held constant. Both reservoirs contained 
i;:d under pressure, and, at time to (Figure 
;i the pressures Px and P. were equal. At time 
•__ p, was increased a small amount; AP, by 
Ijiu-ting an external valve. The pressures P, 
ŝd P, changed as shown in Figure 3, and after 

tocsc time approached a constant common value, 
•',. .Ks shown below, the decay characteristics 
icpend on the permeiability, on the dimensions 
ci the sample and reservoirs, and on physical 
.'î jracteristics of the fluid. CertaiD of these 
pirameters were adjusted in the experimeiits to 
jrvc decay times that were convenient. The 
JoiTcst permeability that could be measured 
3-13 fixed by the length of time available before 
.•ionges in pressure due to other causes (tem-
;<.-3iure changes or leaks) began to predomin-
iif. This time was about 30 minutes. 

The permeability k of the sample was ob-
•ained by comparing the observed decay of pres-
KTZ in reservoir 1 with the behavior predicted 
tiforetically. As shown in the appendix, one-
dhnensional transient flow of a compressible 
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I , Time, t _ -

Fig. 3. Changes of pressure during an experiment. 
TjTjical values of pressure are diown. 

fltiid through a porous co-npressble medium is 
described by (A7): 

d'P/dx' = (nfi/k) 

P 
-i- ,(I - 3./3) \(ap/dt) 

Kf 

t t 

Vz 

1 \ 

.>yii 

•'yy> 

t 

1 

t 

V,' 

\ \ 

''S. 2. Experimental arrangement shown sche-
'̂.ically. Sample, shown dotted, has fluid reser-

'«fs Vi and Fi at either end at verj' nearly the 
•^e pressure. Sample is subjected to an effective 
:':fiiiing pressure of Pi — P, ~ Pj — P,, which 
•'•• simplicity is not indicated on the ends of the 
"T̂ pie. To measure permeabihty. Pi is suddenly 
'-Wged by a small amoimt and then the recoveri-
•• r, with time observed as fluid flows between 
^- two resen'oirs; characteristics of this recoverj' 
•̂•5id permeabihty of the sample. 

where n is fluid •viscosity, 77 is porosrty, fi is 
fluid compressibility, t is time, P is pre^ure, 
and I is distance from the end of the sample. 
P.tt is effective compresibility of the rock as 
measured for a jacketed ssmple, and fi. is com-
pressibihty of the minerals in the rock-

In the present experiments, fi is ranch greater 
than either j9.,, or fi.. For example, in units 
of 10*" cm'/dyne, fi of w£ter is about 0.42, and 
fi of argon is about lOO. At 1-kb effecdve pres­
sure fi,tt is about O.iflo for Westerly granite, 
and fi. is about 0.0-20 [Brace, 1955]. Accord­
ingly, the term {fi,„ — fi.)/fi -will be small. 
For Westerly granite and for most crj'sialline 
rocks, porosity, 77, is also small, so thit the ex­
pression above could be further simplified by 
setting TJ = 0. To check this procedure, an 
anal>-Eis was made for flow through a sample 
with finite porosity. As shown in the apptendix 
in (A13), porosity in the siimj-Ie introduces a 
transient. For porosities of about 0.01 the 
transient decays to negligible values in a short 
time (1-10 sec) compared with the ce-urse of a 
tj-pical e.xperiment (300-3000 sjc). 

We assumed that in our esperiment both 
terms inside the braciets in (A?) are nearly 
zero, and the expression reduce to 

a 'P/dx ' (1) 

or 
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dP/dx = i{l) 100 

Thus, the pressure gradient in the sample is 
constant along its length, although it will vary 
with time. 

A second effect, not included in the analysis 
leading to (1), arises from the adiabatic changes 
in temperature caused by suddenly changing 
Pi. This introduces still another transient, and, 
to evaluate its characteristics, experiments were 
done with the rock sample replaced by a glass 
plug of the same dimensions. The transient due 
to temperature changes disappeared in 10-20 
sec, so that, again, the effect would be neghgible. 
No measurements were made in an experiment 
until after about 20 sec. 

The rock 'sample in the experiments is 
equivalent to a resistor in an electric circuit, 
and the reservoirs behave hke capacitors. It is a 
simple matter to show that the pressure gradi­
ent decays ex-ponentially to zero. The pressure 
P, in reservoir 1 is given by the equation 

(P, - P,) = AP[{V,/V,) •{• V . y ' (2) 

where 

a = (fcA/M^L)(l/F, - M / F , ) (3) 

A is cross-sectional area, L is length of sample, 
7i and 7a are volimies of reservoirs 1 and 2, 
P, is final pressure, and AP is the step change 
of pressure in reservoir at time = 0. 

The permeability of a sample is found by 
plotting the pressure decay (P, — P,) on semi­
log, paper against time; examples are showTi 
in Figure 4. Tbe slope of the resulting line is 
— a. Permeability, A:, is found from (3) where 
it is the only unknown. 

It is clear from (3) why AP must be small. 
Both viscosity and compressibility of fluids vary 
with pressure, and, if Pi and Ps were greatly 
different, these two properties would vary along 
the sample and (2) would not hold. Also, as it 
will turn out, permeability varies markedly with 
effective confining pressure P, so that it is neces­
sary to mamtain P nearly constant along the 
sample. Keeping P constant requires that AP be 
no more than a few per cent of Pr and less than 
10% of P, . 

The decay curves in Figure 4 represent one 
of our most reliable and one of our least reli­
able runs. Curve 1 represents an almost perfect 
exponential decay throughout the period of 

c u r v e 1 •• 

2-

800 

200 

Time , 

1600 

400 

sec 

Fig. 4. Sample decay cur\'es. 

observation. Curve 2 becomes nonlinear by 
time the pulse has decayed about two-
of its original value, an effect probably due 
temperature variations in the laboratory. Bol 
cun'es yield a with an acceptable uncertainll 

Measurement of pressure decay in our 
periments required some care. First of all, 
pressure pulse AP was small; initial fluid pi 
sure Pi was usually about 400 bars, and î  
about 20 bars (Figure 3). In addition, the pub 
decayed only a fraction of AP; in a tj-pic! 
setup, Fs/(F, -t- V,) was about 0.2, so thattl: 
decay was only over 3-4 bars of pressur. 
Clearly, a sensitive pressure transducer was ff 
quired. We used a GP Pressure Cell (B.LI 
Co.) that had a maximum sensitivity of abtc 
30 /i%'/bar. As we wished to observe very smt 
increments of pressure at the fairly high pres­
sure level of 400 bars, we used a bucking circ© 
to cancel the voltage output from the cell cor­
responding to the 400 bars, and also to the pres-1 
sure pulse AP. The system was, therefoit 
electrically brought to null at time to. As tk 
ptilse decayed, the small changes in pressun 
produced small changes in voltage in the ceE 
which were ampUfied and recorded. Stability &' ? 
the bucking circuits, the amplifier (Astrodat» \ 
model SS5) and the pressure transducer potvK 
supply (Kepco model ABC) were such thati 
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NUMERICAL 

Dnta are tabulated in 1 
...on Included are total p 
,re P, at time sligbtly 
•̂ cctive pressure P, which 
u noted above, P . and 
during the run by the an 
rfecav. As tbis change is 
rMcetive pressiire durmg th 
,uint and equal to tiie vali 
•.he run. The uncertamty u 
/Ms 1 bar. 

TN. 

Pressure, bars 

Pt P> AP 

2.'.0 150 
2.')0 50 
400 150 
GOO 100 
C.50 150 

1000 110 
1150 150 
11.50 150 

500 410 
,-)20 400 
.i20 400 
400 175 
S95 365 

1.500 415 
1500 390 
2030 410 
2030 410 
2.500 395 
4-l-iO 390 

100 -
200 -
250 • 
500 
500 
890 

1000 
1000 

90 
120 
120 
225 
530 

1085 
1110 
1620 
1620 
2105 
40.50 

-20 
- 2 0 
- 2 0 
- 1 8 
- 2 0 
- l b 
- 2 1 
- 2 1 

+1 
—2 
-i-2 
+2 

+•-
—'. 
— 
-(-
— 
+ 

S t 



PERME.4BILITY OF GR.4NITE UNDER HIGH P E E S S U P L E 2229 

ves. 

linear by tff 
It two-thirS' 
bably dtie^ 
iratory. Boll 
imcertain^; 

V in our'.et'' 
st of all,';tiii 
ial fiuid pr©; 
lars, and iP, 
ion, the puis 
in a t3T3ieil 

2, so tha t the 
of pressure. 

lucer was rt-
CeU ( B . L 1 , 
"ity of abo^ 
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...-iiiiblc drift sensitivity of better than 0.05 
X: i»r hour could be achieved. 

Two fliiifis were used in the experiments, tap 
,..;pr .iiid commercial grade argon. The several 
...^jred bars of fluid pressure used for both 
' ;i.i3 ensured that the flow behavior of the 
i;-on would be nearly that of a liquid. As 
..-in-n by KUnkenberg [1941], permeability. 
«r.h cnses near atmospheric pressure may be 
,-/n- dilTerent from that with liquids, or -with 
ri.̂ -s at pressures such that their mean free 
rrs'.h is smaller than the radius of pore spaces. 
U' !<• sure that gas pressure was high enough, 
=M;-iircment3 were compared a t two pressures. 

NUMERICAL D.WA 

Daia are tabulated in Table 2 for water and 
i.-ton. Included are total pressure P j , fluid pres-
mx P\ at time slightly greater than Jo, and 
fCcctive pressure P , which is equal to P j — P i . 
Si noted above, P i and therefore P change 
during the run by the amount of the pressure 
decay. As this change is only a few bars, the 
cficctive pressure during the run is assumed con-
jant and equal to the value at the beginning of 
ihc run. The tmcertainty in P j is 5 bars, and in 
P, is 1 bar. 

The size of the pressure step AP is found 
with the B L H cell. The probable error for 
AP is 0.1 bar. The volumes of the re:er\oirs 
were known to about 0.1 cm'. Tbe uncertainty in 
•time measurement was a few seconds. The er­
ror in a, which was the slope of the decay cu^^•e 
in a semilog plot, ranged from 10 to 259c, 
depending on the slope. The record length is 
the span of time over which measurements of 
P, — P , were made. 

Compressibilities and viscosities were taken 
from the literature for the presrares and tem­
peratures of each run. Viscosity and com­
pressibility of argon were taken from Coofc 
[1961]. Relative viscosity of water was taken 
from Bridgman [1952], and compressibihty 
from Clerk [1966]. Absolute ^^scosity of water 
at 0''C was assumed to be 1.79 X lO^' dj-ne 
Eec/cm°. Tbe probable error of viscosity is 1 
to 2 % ; of compressibility, less than 1%. In all 
of the experiments (Fi -r P!i)/T''i'7s was 0.25 
cm"*, and the ratio of area of sample to length, 
.A/L, was 3.12 cm. The tmcertainty in both was 
less than 1 ^ . 

In Table 2. calculated permeability k is ex­
pressed for convenience in nanodarcies, abbre­
viated nd. One nd equals 10"* darcy which approxi-

TABLE 2. Measured Permeabilitv of We-sterly Granite 

Pressure, bars 

P- AP 

Temp., Record, Slope a, Viscosity, .3 fc, 
°G sec 10-* sec-' IQ-'dynesec/cm' IO"" cmVdyne nd 

2.50 150 
2.50 ,50 
400 150 
600 100 
G50 150 

1000 110 

100 - 2 0 
200 - 2 0 
250 - 2 0 
500 - 1 8 
500 - 2 0 
890 •16 

n.50 150 1000 - 2 0 
11.50 150 1000 - 2 0 

500 
520 
•520 
400 
SOS 
1.500 
1500 
2030 
20.30 
2.500 
4440 

410 
400 
400 
175 
365 

90 
120 
120 
225 
530 

415 1085 
.390 1110 
410 1620 
410 1620 
395 2105 
390 4050 

-HIO 
- 2 0 
-1-20 
-f20 
-20 
-F20 
-20 
-20 
4-20 
-20 
-f20 

25 
28 
25 
28 
22 
22 
25 
22 

25 
9 
9 
9 
25 
25 
25 
9 
9 

900 
2400 
1200 
1600 
2000 
2000 
3000 
2000 

300 
600 
600 
600 
900 

1500 
1500 
1500 
900 

1800 
2400 

Argon 
11.2 
2.35 
6.9 
1.54 
2.90 
0.92 
1.83 
1.28 

TFoto-
29 
30 
30 
17.2 
13.5 
5.0 
5.8 
3.6 
2,6 
2,7 
0.75 

0.02S 
0.024 
0.028 
0.025 
0.02S 
0.025 
0.02S 
0.028 

0.99 
1.43 
1.43 
1.43 
0.99 
0.99 
0.99 
1.43 
1.43 
0.99 
0.99 

66 
205 
66 

102 
66 
94 
66 
66 

0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 

260 ± 3 0 
148 ± 15 
163 ± 2 0 
51 ± 5 
69 ± 8 
28 ± 3 
43 ± 4 
30 ± 3 

155 ± 20 
•230 ± 25 
230 ± 2 5 
132 ± 15 
72 ± 8 
27 ± 3 
31 ± 3 
28 ± 3 
20 ± 3 
15 ± 3 

4.2 ± 0. 

i 
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mately equals 10-" cm'. Permeability is plotted 
as a function of P in Figure 5. 

DISCISSION 

Decay characteristics such as shoî -n in Fig­
ure 4 test a number of features of the experi­
mental method. They test the applicability of 
Darcy's law to flow under the present condi­
tions, as well as freedom of the high pressure 
system from otber transients. As it is unlikely 
that various transients would always cancel one 
another in an experiment or that nonlinear flow 
characteristics would become linearized by su­
perposition of random transients, we conclude 
that our experimental methods and the use of 
(2) j-ie!d reliable values of the permeabihty. 
Darc}-'s law apparently apphes here. 

The permeabilities obtained for Westei}.! 
granite seem reasonable in terms of measuJ 
ments for other rocks near zero presojl 
(Table 1). Okie [1951, p. 705] gave the effeel 
of pressure on permeability of a coarse-graii^ 
limestone at 40 and 80 bars. His data, shtnp. 
•in Figure 5, suggest a pressure effect not unlifc. 
that found here. 

The scatter in the measurements of pernaJ 
abihty seems to be somewhat larger than tbj 
probable errors assigned to the measuremenU, 
The scatter may be due to a number of sour^ 
As permeability is dependent on pressure, p«, 
ticularly at low pressure, some scatter may jJ 
due to small variation in pressure near W 
contact with the steel. This may be one miraj 
manifestation of end effects [Brace, 196(jl 

«, 

PERMEABILITY OF 

disi; 

P , kb 

Fig. 5. Permeability /; as a function of effective confining pressure P. Length of short bars 
indicates probable error for each measurement. 

;ht differences in thickness or 
••ZrC might produce differences in ' 
._T,..-i distribution within the sample, ev 
I in the present situation, the applie-
, hvdrostatic. 
/m-nll differences in degree of saturatii-

•y be a source of scatter. I t is prob:j 
,-t-..-ibie to completely saturate the sanr 
,j;cr (for runs with water) or to co; 
[-\- the sample (for runs with argoni 
•-i small pressure gradients involved, 
.-rres in the •ncinity of fluid-gas it 
-xht be sufficiently different in diffe 
,r.-iments to cause scatter in the measu 

In any event, the scatter obser\'ed 
;r.nneability is of the same order as i 
•e: in measurements of electrical resis 
s-jtcr-saturated granite [Brace et al. 
r.Tsiimably, the reasons for the scattes 

Differences between permeability : 
riih water and with argon are of the sa 
ĵL! scatter in values for a single fluid 

1 .r-lats near P = 1 kb in Figure 5). T 
:>ir tendency for low pressure argon 
li!l below high pressure values, altlv 
o'̂ aa of high and low pressure values i 
=j->:t or less randomly about the mer. 
'Iter values. Lacking further detail,-
.•iactuation, we conclude that permc: 
•-•-nn and water is the same. 

Tlic limit of measurement. of pe: 
=:;.h w-iter near room temperature 
tjnodarcies. This is set by the 30-mi: 
i'.c-nal available for the experimeir 
-:s?cd above. Unfortunately, perme: 
•-' 2 orders of magnitude lower may 
--^n, and it would be desirable to c-
•--'••• of measurement. Extending 
"•:nt be done either by increasini: 
-•••"•lible for measurement or by sir 
:-'"-Jng the parameters in (3). To iu 
•-̂ e available appears to hold scar. 
"̂ ••'"se of the difficulty of controllii. 

f- ••'•zh pressure system for long perio. 
:!'c parameters in (3), fi and /: 
•••̂••"•Ht latitude. The ideal fluid foi 
"'••; in llie nanodarcy range wouki 
' .1̂  and low ft.. An additional reqi 
••• both fi and p. be known at the 

f>' "leasurement. Search for such an 
'̂ •••JTently under way. 
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;';;ht differences in thickness or distribution 
••ZrC might produce differences in detailed 
f.re-s distribution within the sample, even when, 
II in the present situation, the applied stress 
j hydrostatic. 

Small differences in degree of saturation might 
o be a source of scatter. It is probably not 
viisible to completely saturate the sample with 
•Slier (for nms with water) or to completely 
cTf the sample (for runs with argon). Under 
ie small pressure gradients involved, surface 
iVrccs in the -vicinity of fluid-gas interfaces 
-•cht be sufficiently different in different e.v-
;<;riments to cause scatter in the measurements. 

In any event, the scatter observed here for 
-iC.Tneability is of the same order as the scat-
iT in measurements of electrical resistivity of 

^'^it'Jf-saturated granite [Brace et al., 1965]. 
•'n'-umably, the reasons for the scatter are the 
ume. 

Differences between permeability measured 
riuh water and with argon are of the same order 
JJ scatter in values for a single fluid (compare 
-iiints near P = 1 kb in Figure 5). There is a 
:i«r tendency for low pressure argon values to 
ail below high pressure values, although the 
rjtan of high and low pressure values fluctuates 
Mre or less randomly about the mean of the 
»̂ !cr values. Lacking further details of this 
"Ctuation, we conclude that permeability to 
L-:rin and water is the same. 
' Tue limit of measurement of permeabihty 
"•"•'•'f. water near room temperature is a few 
^nodarcies. This is set by the 30-minute time 
~-'.cm] available for the experiment, as dis-
--';?ed above. Unfortunately, permeabiUties 1 
••-' 2 orders of magnitude lower may be com-

1^-''^, .nnd it would be. desirable to ex-tend the 
-~i> of measurement. Extendmg the limit 
~:nt be done either by increasing the time 
''•i:bble for measurement or by suitably ad-
-'"?iS the parameters in (3). To mcrease the 
--'̂  available appears to hold scant promise 
"-"se of the difficulty of controlling leaks in 
; ••::h pressure system for long periods of time. 
'• ''he parameters in {3), fi and JJ. have the 
"'•itest latitude. The ideal fluid for measure-
•'•••s in the nanodarcy range would have both 
' - /i and low fi. An additional requirement is 

' i ' ^ ^ ^^^ ^ ^^ known at the conditions 
*'*'• ^e.isiirement. Search for such an ideal fluid 

•''rcntly underway. 

Relation of permeability to other phydcal 
properties. Even with the technique -jsed here, 
permeability of rocks such as granite -is hard to 
measure under geologically interesting condi­
tions. It would clearl\- be desirable to find a 
general relation between permeability and more 
easily measured properties. One good possibility 
appears to be electrical resisti\ity. Conduction 
in rocks that are saturated î -ith water is due 
in part to movement of ions. If the •srater con­
tains a high concentration of ions, ionic conduc­
tion predominates [Brace et a!., 1965]. Move­
ment of ions through jjore fluids is probably 
mfluenced by the same parameters that in­
fluence permeabilit>-, so that we might expect 
permeabiht); and resisti-vnty of a given rock and 
given pore fluid to be related in some simple 
way. To test this possibility, resisdnty and 
permeability of Westerly granite were com­
pared at different pressures. The -values of per­
meabihty, taken from a smooth curve through 
the argon and water data points (Figure 5), are 
given in Table 3 together with resistivities for a 
saline pore solution at the same pressures from 
Brace et al. [1965]. The two values are plotted 
in Figure 6 from which it can be seen that most 
of the points fall very close to a straight line 
with slope —1.5 ± 0.1. Additional measure­
ments are needed to tell whether the de^^ation 
of the 4-kb point is due to a real change in the 
situation above this pressure or due simply to 
the large probable error in the meapirement a t 
this pressure. 

We now use the relation found above to ex­
trapolate to conditions beyond those of tbe 
present experiments. In Figure 6 the line through 

TABLE 3, Permeability and Resistivity* 
of Westerlv Granite 

Pressure, 
bars 

50 
100 
250 
500 

1000 
2000 
4000 

Permeabilitv, 
nd 

350 ± 40 
230 ± 2 5 
118 ± 12 
63 ± 7 
35 ± 4 

15.5 ± 3 
4.2 ± 0 . 8 

P.esistivitv, 
ohm met€3 

3.1 X 10= 
4.2 X 10= 
6.5 X 10= 
9.3 X 10= 
1.4 X 10' 
2.5 X 10' 
4.9 X 10' 

\ i ; . 

* ResistiA-itj' from Brcce el al. [196o]. Pore 
ivater had resistii-in- of 0.3 ohm meter. 
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Fig. 6. Permeabihty as a function of electrical 
resistivity. The numbers at each data point give 
confining pressure in kilobars; the size of the box, 
the probable errors. Resistivity of the saturating 
pore fluid was 0,3 ohm meter. The electrical data 
are from Brace et al. [19651. 

the data points is extended to resisti'vities meas­
ured to 10 kb. At this pressure extrapolated 
permeability of Westerly granite would be 
aroimd 0.5 nd. 

Resistivities of a wide variety of crj-stalline 
rocks are now available (Brace et al. [1965]; 
Brace and Orange, unpublished results), and it 
would be highly desirable if these data could 
be immediately converted to permeabilities. The 
form of the k versus p. relation may not be the 
same for all rocks, however. Although, as we 
show below, the slope of the relation seems to 
be predictable from theory and may be gen­
erally applicable, the mtercept could differ from 
rock to rock. Therefore, we cannot go simply 
from resistivity of diabase to permeabihty of 
diabase using the k versus p. relation for granite. 
In a rough qualitative waj', most crystalline 
rocks have similar electrical characteristics; all 
appear, based on resistivity, to be permeable at 
the highest pressures attained, just as Westerly 
granite is. Perhaps the A; versus p, relation will 
not differ too greatly from rock to rock. Using 

the relation for granite, we find that the ̂ ^ .,,-:fIcum industry. Permeabihty of 
permeabihties indicated for crj-staliine rodl^ ' • < •- •^- : 
10 kb wou.y be in the range 10"' to 10^ ^ * 

Permeability is a meisure of the transi 
material, and it is of interes; to compare.'^ 
with those of diffusion. Tbe coimection 
permeabilitj' k and diffusion coeScient;!^! 
given bj' 

- k = uPD 

where p. is %-iscosity and fi is comp 
One-nanodarcj' permeability to water is 
equivalent to tjT)ical solute diffusion, i.e. 
sion of common salts in water [Garrels'Si 
1949], and to surface diffusion in metallic So 
[Brophy et al., 1964]. By contrast, vobm^ 
jvsion in oxides and silicates rarely real 
rate as high as 10"* nanodarcy; it is ty 
orders of magnitude lower. Thus, m teii 
material transport- in recks under pressure 
either solute diffusion or motion of pore., 
is vastly more effective than solid diffusiî  
course, other factors than pressure becoi^' 
portant in the earth. High tenperature n^ 
of particular significance, even apart fi 

PERMEABILITY C 

..,-c-um IS related to porosity, specif 

.1^ of pore spaces, and various g' 
Airacicristics [Wyllie and Spangl 
Xr.dcgocr, I960]. According to the \̂  
hffuiile equation, 

„. = -(mVA-o)(AP/ML.) 

u-'cfc u. is velocity of flow through t 
, «-̂ jf0sity) AP is the pressure differe 
ziz the flow, L. is tlie length of pii 
.„,Te factor that can vary betweer 
lid 3, and vi is mean hydrauhc rad 

•, equivalent to the ratio of volume 
•JM pipe. Our porous sohd is assumed 

» net work of pipes and openings c 
:i.i;iOs -.vith a random pore distributic 
t-J RoK, 1950], that is, that any plai 
> solid exposes a constant fractional 
;-;«portional to porosity r}. We assum 
:•%•« space ui the solid can be represi 
R.-.:!e channel of constant cross-sect 
..I, where A is the cross-sectional a) 
.-•Lli normal to the macroscopic flow 

^ _ V.Tording to this idealization the patl 
. obvious effect on \TScosit}- of pore fluids aSIM ..-.•o.-iily takes, L., is longer than th 

atomic mobility withm grains. High tempm irwiisions of the porous solid L. For 
ture will promote plastic flow of minerals;w^ .̂.-iight pipes parallel with the flow 
could ultunately lead to more or less coi^fe L. L) > Q 
closure of the tiny cavities that pro%'ide'j^ The actual average fluid velocity 
for flow of pore fluids. Thus, at high tan; 
ture or, in general, under conditions that'j 
mote flow or recrj-stallization, we might ex^ 
permeabilitj' to become vanishingly smalL'lS 
sumablj' such conditions prevail deep' in ^ 
earth's crust and in the mantle. -,-:* 

High pore pressure and permeabiUtj' njaw" 
related in an interesting way. As pore p r s ^ 
increases in a rock, effective pressure deae^ 
which in turn leads to increase in perme«bp 
(Figure 5). For example, if a rock soAjj 
Westerh- granite at a depth correspondii^j 
10-kb total presure irere subjected to a jŵ  
pressure close to this, saj' 9 kb, then p a ^ 
abihty wo'old increase by a factor of \w-\̂  
general, we inight expect regions of h ig l ' ^ 
pressure to be relatively penneable. ',|_ 

Theoretical relation between permeability (^ 
resistivity. A relation as clearcut as t iB^ 
Figure 6 deserves some son of theoretiew^^^-'^ nu-d flow is the same as L, fo 
planation. One approach is through the B ^ ^ "^uc;:on in a medium saturated 
equation, which has been widely apphed i ^ l •'-••m!: fluid. Neilson [1953] has que: 

•--- iwrous solid must be greater 
::-i-nifcopic approach velocity u, hi 
"•<e area available for flow is only rjj 
•i-yo ihe actual path length L. is grj 
•-̂  a;pi)arcnt path length L. Thus, 

u. = (u/vXLjL) 

•̂•V fan write Darcy's law as 

g/A = -(k/n)(AP/L) = 

' ^ • t /.- is permeability. If we com 
"r- îions, we obtam 

k = (mykoML/Ly 

••• ft-presents a fictitious average ]: 
•• ̂ 'Ur porous sohd. It is impossible 
-•ittly and is usually evaluated fror 

-'•'inty. To do this one must assui 

file:///TScosit}
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.̂.-oieum industry. Permeabihty of a porous 
.. ..-••um is related to porosity, specific surface 
r_i of pore spaces, and \-arious geometrical 
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liir^-

ure maj-;^ ,.ĵ j no-mal to the macroscopic flow direction, and 
rt f rom .«». 
uids and-*t; ..-.̂ ally takes, L., is longer than the external 

ictcrisiics [Wyllie and Spangler, 1952; 
• '••idcagcr. i960]. Accordmg to the well-known 

....t'uiiie equation, 

u. = -{vr/koXAP/nL.) 

,-,^.!/, is velocity of flow through the pipe, p 
1 r.5co-ity, AP is the pressure differential caus-
^., -.lie 8o-»v, Lc is the length of pipe, k„ is a 

factor that can varj' between about 2 
and "' is mean hydraulic radius, which 

I, rqniv.ilcnt to the ratio of volume to area of 
^ pipe. Our porous solid is assumed to contain 
i Letwork of pipes and openings of various 
c.ip'Os with a random pore distribution [Wyllie 
ĉ : Rose, 1950]. that is, that any plane through 
•2i -olid exposes a constant fractional void area 
;:r.poriioD2l to porosity J;. We assume that the 
. re space in the solid can be represented as a 
--i:;e channel of constant cross-sectional area 
•'., where .4 is the cross-sectional area of the 

'-.-.•ording to this idealization the path the fluid 

h tempc*^ 
erals, wiik^ 
ES complex 
o-vnde patij 
;h temprai; 
s that 
ight exjir 
small. Pre-
eep in i& 

lity maĵ f̂i. „, = (u/ri)(LjL) 
ire pressuJt iX̂  f̂ „ ^.^j.^ Darcv's law as 
e decreases 

:r:fn£ions of the porous solid L. For other than 
''.night pipes parallel with the flow direction, 
L. l ) > 0. 
Thi actual average fluid velocity, Ue, witliin 

••̂  porous solid must be greater than the 
•-'-Toscopic approach velocity u, because the 

•:ri -irea available for flow is only TJA and be-
:i'-i-=o the actual path length L, is greater than 
^ .i|)parent path length L. Thus, 

lermeabiBtj 
:k such SJ 
ponding.it 

to a poit 
aen penint-
of lOO.̂ fc 

: high poff 

'.ability a»5 
as thatfii 
oretical ex-

q/A = ~(k/t,)(AP/L) = u 

'--•;'e k is permeability. If we combine these 
''viitioDs, we obtam 

k = (myko)v(.L/L.r (4) 

^. represents a fictitious average path length 
-'• '••ur porous solid. It is impossible to obtain 
-•̂ "ily and is usually evaluated from electrical 

' --••iivity. To do this one must assume that L, 
nuid Sow is the same as L, for electrical 

the Kozcfiff'̂ ' :.duci:on in a medium saturated with con-
Dhed in tb •••••inc Hiiid. Neilson [1953] has questioned this 

assumption on the basis of differences in hy­
draulic and electrical flow cross sections in a 
tj'pical channel. On the other hand, the same 
fluid-filled paths are utilized for both processes 
[Wyllie and Spangler, 1952], so that, at worst, 
L. SOT the two would differ by a constant factor. 
Of course, this assumption would be unaccept­
able if electrical conduction took place through 
or along surfaces of the sohd part of the porous 
medium. For tj'pical silicate rocks this possi-
bihty is eliminated bj' using highly conductive 
pore fluids, and in our comparison we give 
resistivities of Westerly granite saturated with 
a saline solution. 

The electrical resistance of a fluid-saturated 
porous medium which has a random pore dis­
tribution will be the resistance of a single fluid-
filled channel of cross-sectional area rjA and 
length L,. If p, is the resistivity of the fluid in 
the pores and if p. is the resistivity of the fluid-
filled medium, then 

P.(L/A) = po(L.AA) 

P./Po = {L./L)rf 

If we substitute the ratio p./po, called formation 
factor in (4) we obtain 

k = {m'/koXpo/p.Yv'^ (5) 
In Brace et al. [1965] it was found that for­

mation factor of a variety of crystalhne rocks 
bore a strikingly consistent relationship to po­
rosity throughout the porosity range 0.1 to 
0.001. The data from the Brace et al. paper 
together with observations for seven new rocks 
(to be described in detail separately) are pre­
sented in Figure 7. The data points he verj' 
close to the line 

o-./ô o = Po/p, = v' (6) 

where r is 2.0 ± 0.1. It was shown in the same 
paper that (6) held not only in this comparison 
of several rocks but also when porosity of a 
single rock was changed during hj'drostatic 
compression. As the relationship of formation 
factor to porosity seems to be general, we will 
use (6) to eliminate rj in (5) and obtain 

k = (mVUCpo/p.)^-"'" (7) 

AVith the empirical result that r is about 2, and 

i I, 

: i i . 

I . 

•r 
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P o r o s i f y 

Fig, 7. Electrical resistivity at 4 kb as a func­
tion of pore porositj'. The two points joined by 
the short vertical bar are two directions in a slate. 
The point lying well off the cur̂ 'e at about W 
ohm meters is for rhyohte tuff. 

noting that ko and po are constants, we obtain 

k = Cm^'p,' (8) 
where C = constant. The quantity m is mean 
hj-draulic radius, which for a tube of constant 
cross section expresses the shape of the cross 
section. For example, for a rectangular sUt, m = 
6/2(1 -f- 6/a), where 6 and a are long and short 
sides. Comparison of (8) wnth Figure 6 shows 
close agreement of observation with the rough 
theory above. The comparison also suggests that 
m is constant, which is suprising because pore 
size and shape in the granite must certainly 
change with pressure, particulariy at low pres­
sure, as shown by measurements of porosity, 
linear strains, and elastic moduh [Walsh and 
Brace, 1966; Brace, 1965], Perhaps constant Tn 

reflects compensating changes in 6 and iâ ^ 
ratio b/a. In fact, we can use this observfe 
to obtain an estimate of c3\ity aspect ratio A. 
at different pressures. M 

To calculate m from (7) we use p, rf^ 
ohm meter and k, of 2 i tVyUie and Spi^ 
[1952] show that /:<> must fall between 2 anl 
With the data in this paper for k, p, and p^ 
is about 10^ cm. In the equation abovel 
rectangular shts, the value of 6 has to b e ^ 
mated. It is probably of the order of the pS 
diameter (0.5 mm) at low pressure and p e ^ 
a hundredth of this at 4 kb. The aspect-i^ 
b/a of ca-̂ nties at 100 bars is 10", and at'4$ 
about 10. This ratio seems consistent with i ^ 
of elastic studies of this rock. At low pres^ 
long cracfcs are present [Brace, 1965; Walsh a 
Brace, 1966]; an aspect of ratio of 10" has'^ 
estimated for them on the basis of relating 
actual to theoretical compressibihty. Atri^ 
pressure, cracks are believed to close; tl^" 
maining ca\-itie3 are thought to be more 
in shape. Thus, the concepts that are derii 
from the elastic beha\'ior seem consistent'i 
what maj' be uiferred from flow of pore fluidt-, 

AppExnrx 'tM 

The rate at which fluid flows in the presaB 
of a pressure gradient (dP/Sx) is related|5 
Darcv's law to the cross-sectional area A,& 
fluid viscosity fi, and the permeability k. 

q = -(bA/ii)(dP/dx) 

The net increase in flow dq across a differaiBS 
volume element dx in length is {BqfSx) dxct 

'-^ 
dq = -(JiA/i.){d-Pfdx^ dx ( ^ 

The net storage of fiuid in the differential 'iv 
lune is due to compressibihty of the fluid ^ 
of the sohd. The total storage during a tfe 
increment dt is 

PERMEABILITY OF 

,.yiQi = {n/mdX^/di){.l/AL) 

Jrfi{Vp/AL){dP/dt)] 

yPfOx' = (ji/k)\dv/dt + fiv(.dP/dt)] 
.,vrc ihe porosity r, = V,/AL. Here, 
-. porosity are due only to changes 
r^surc, so that dri/dt can be uniquel; 
'•̂  el'-ci't for a specific rock. The chan 
-rrftriiy due to an increase in internal 

dv = (-1)3. ^P - <*''«) 
vbtrc fi, is the compressibility of 
^•.•.ri\ and drj, is the increase in poros; 
iz increase in external pressure. As i 
triliii [1965] 

dv. = (|8. - /S.fO dP 
ritrc fi.tt is tlie effective corapressibi 
rs.-'i: as measured on jacketed samp 
l.Ki), (.-Vo), and (A6), we find 

>'r/ax' = m k ) m n - fi.)/0 
+ r,(l - fi./fimP/dt. 

We assume, as described in the te 
=. (A7) is verj- small and that fi is mx 
iin fi, or fi^,,, so that the pressure ci 
B liven by 

d=p/ax= = 0 

Ta check this approximation in a s' 
«t assume that all the pore volume 
•"-"•-i: is concentrated at the midsectio: 
=• Figure .-̂ .1. The pressures Pi at ; 
I'l »t reservoir 2, and P« ui the por 
•tilted through three differential eqv 

iPi/dl = - ( P , - P « ) ( X F « / 2 F ; . 

il'.Jdl = - ( P , - Pn)(xVs/2V.: 

(d/dt)(Vpdx/L)dt 

-f ( Vp dx/L).3(dP/dt) dt 

where Vr is the totsl pore volume in a 
of length L. The first term in (A3) represi 
the storage of fluid due to compression of » 
sohd matrix and the scond represents stoi^ 
due to compression of die fluid. The net stoiJ^^ 
given by (A3) must equal the net volume -;^^ 
dt flowing m. From (A2) and (-\3) ''•% 

i f ' , /d t= ( P , - \ - P , - 2Pn)(xVr 

" i t r e 

X = a/finL" 

"•"'le initial conditions are that, nt 
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:^p/a/ = {n!k)[{dVp/dl){l/AL) 

4- fi{Vp/AL){dP/dt)] 

V. 

: ' r lbx ' = {n/k)[dv/dt -I- fividP/dt)] (A4) 

uLcre the porositj- v = Vp/AL. Here, changes 
^ porosity are due only to changes in fluid 
:r;^--ure, so that dr]/dt can be uniquely related 
- iP/iit for a specific rock. The change drj in 

f the ' ' ^ \ 5 ;i'.-osity due to an increase in internal pressure 
is 

i Po of a: 
d Spangle 
;n 2 and 
' and p,,-6 
above {« 
to b e e ^ 

grar 
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rith reai!|j 
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relation-i; 
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vJ 
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' 

1 / 

VR 

2, 

" 

Vi 

le presena 
related t? 
rea A, tfc 
y / ; . 

rfr, = ( - v f i . dP - dv.) (A5) 

T':.-erc /?, is the compressibility of the sohd 
-r.rix and dr;, is the increase in porosity due to 
i: increase in external pressure. .\s shown by 
r<dsh [19G5] 

dv. = (.8. - fi^a) dP (A6) 

tL-re firii is the effective compressibility of the 
.•:.:!; .is measured on jacketed samples. From 
i.Vii, (A5\ and (A6), we find 

•P/dx^ = ( K 3 / 7 : ) [ ( S , „ - fi.)/fi 

+ '?(1 - /3./;3)](aP/aO (A7) 

'A'e .issume, as described in the tex-t, that rj 
- (A7) is very small and that fi is much greater 
:^:[ fi, or fi,.,., so that the pressure distribution 
3 riven bv 

/ 

— L 

Fig. Al. The entire pore volume is concentrated 
at the midsection of the sample. 

Taking the Laplace transform of equations A9 
with AIO, we find 

sP, - P . - } - ( x F « / 2 7 0 

•(P. - P B ) = 0 

sP2 - P o - ^ (xVa/2V^) 

•(P2 - Pn) = 0 (Al l ) 

(P, - f - P j - , 2 P n ) ( x V n / 2 V p ) 

- S P B + Po = 0 

differenta' 
x) dx o r 

( l i ~ •'''̂ "irc .W. Tbe pressures P, at reservoir 1, 
V;-' I ̂ ' '-'- re-enoir 2. and Ps in the pore space are 

ential i"Cr 
fluid asc 

ng a tiffl 

I (Af 
1 a samps' 
represai" 
ion of &* 
its storsl? 
let stonifS 
ume — 

Equations A l l are solved simultaneously for 
Pi, with the result 

J d'P/dx' = 0 (A8) 
" ' cl'.cck this approximation in a simple way, 
' t assume that aU the pore volume Vp hi the .Pi[s - | - x F f l ( F , -|- F2 ) /4F , V 2 ] [ s - \ - X V R / V P ] 
•'•'•'c is con?en;rated at the midsection, as shoT\'n 

^-•ited tliroucb three differential equations 

'-P,''dt = - ( P , - P„) (xVp/2Vi) 

-lV<f( = - ( K - P « ) ( x F « / 2 F , ) -" 

i l ' Jd t = ( P , -i- P , - 2P« ) (xF^ /2T^ ) 

»' ' -ire 

X = 4 V / S M L ' 

'•"-e init:2 conditions are that, a t time = 0 

P . = P.-

= P.-s-l- (xFf l /Fp) 

• [ P , ( 1 - | - F p / 2 F j ) - f P o l V 2 F , ] 

+ ( l A ) ( x ' F / / 4 F , T ' V ) 

• [P.- + Po( F V F , -f TV F,)] (A12) 

We now take the inverse transform of (A12) 
[Churchill, 1958, p . 324] and simphfy for Vp « 
F,, F I , and Fa, \vith the result 

(A9) (P, - P,) / (Po - P,) = F^e-^VCF, + F,) 

+ ( F , . / 4 F , ) e - ^ ' 

P« = Po 

where 

(AIO) a = {kti/fiV)Vn{Vi -h V , ) / V , V , 

and 
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= * • 

Si 

7 = (kp/fiL')4fi, (A13) 

Note that 'for- small "Vp, the coefficient and the 
time constant of the second exponential 'in 
(A13) is small, and so "the influence of storage 
in the pore: spaces can be,negleeted in the pres­
ent cal cui ations. 
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Permeability of Granite under High Pressure 

W. F. BRACE, J. B.. WALSH, AND W. T. FRANCOS^ 

Department of Geology and Geophysics, Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

The permeabihty of Westerly granite was measured as a function of effective pressure to 
4 kb. A transient method was used, in which the decay of a small incremental change of 
pressure was observed; decay characteristics, when combined with dimensions of the sample 
and compressibihty and viscosity of the fluid (water or argon) yielded permeabihty, k. k of 
the granite ranged from 350 nd (nanodarcy = 10"" cm') at 100-bar pressure to 4 nd at 4000 
bars. Based, on linear decay characteristics, Darcy's law apparently held even at this lowest 
value. Both k and electrical resistivity, p., of Westerly granite vary markedly with pressure, 
and the two are closely related by A; = Cp."''* '̂̂ ! where C is a constant. With this relation­
ship, an extrapolated value of k at 10-kb pressure would be about 0.5 nd. This value is roughly 
equivalent to flow rates involved in solute diffusion but is still a great deal more rapid than 
volume diffusion. Measured permeability and porosity enable hydratiUc radius and, hence, the 
shape of pore spaces in the granite to be estimated. The shapes (flat slits at low pressure, equi-
dimensional pores at high pressure) are consistent with those deduced from elastic character­
istics of the rock. From the strong dependence of k on effective pressure, rocks subject to high 
pore pressure will probably be relatively permeable. 

iNTROnUCTION 

Many geologic processes depend not only on 
the properties of solid rock but on character­
istics of pore fluids. Of particular significance 
for mechanical behavior is the relative ease 
with which fluids can move in and out of a rock. 
J'or example, the Hubbert and Rubey [1959] 
theory of overthrusting is based on the existence 
of pore fluids under high pressure near the base 
of a fault block; the high pressure is maintained 
because of the very low permeability of certain 
layers. A mechanism for deep focus earthquakes 
"8 based on the breakdown of hydrous minerals 
' ie serpentine [Raleigh and Paterson, 1965]. 
^ e water given off at high teniperature causes 
^''ibrittlement. The effect, in part, depends on 
"eduction of effective confining pressure, .which 
'Squires that the rock be permeable tb the high 
pressure pore fluid. In the many applications 
'Dere the law of effective stress is evoked, per-
•"Jfiability of the rock is involved. 

Although permeability of sediments and most 
*<nmentary rocks is well known, few data are 
'̂'ailable for crystalline metamorphic and igne-

•"̂ 8 rocks (Table 1). The problem is that these 
''Ocks have very low permeability. The measure-

'Now at Kennecott Copper Exploration Serv-
**. Salt Lake City, Utah. 

ments become extremely difficult with conven­
tional techniques. Nevertheless, it would be 
desirable to have values of permeability of 
typical crystalline rocks, not only at laboratory 
conditions but also at pressures and temper­
atures such as found in the earth. 

As a first step, we present here some meas­
urements of permeability for one fairly typical 
crystalline rock. Westerly granite, as a function 
of confining pressure. We describe in some detail 
a technique for measuring permeabihty under 
pressures of 4 kb or more and show how changes 
in permeability are related to changes in elec­
trical resistivity. We suggest a method of ob­
taining permeabihty (which is difficult to meas­
ure) from resistivity (which is easy to measure), 
and we use this method to obtain permeabihty, 
by extrapolation, from resistivity measurements 
we have made above 4 kb. 

EXPERIMENTAL METHOD 

Permeability is usually determined from 
measurements of flow rate through a sample 
under a constant pressure gradient. We found 
it more convenient to use a transient method, 
that is, to observe the decay of a small step 
change of pressure imposed at one end of a 
sample. Pressure and time are more easily 
measured in a high pressure experiment than 

; i -
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TABLE 1. Previous Measurements of Permeability' 

Rock Permeability, 
nd 

Reference 

Shale 

Fine-grained Umestone 
and dolomite 

Fine-grained dolomite, 
Tennessee 

Fine-grained limestone, 
Tennessee 

Coarse-grained dolomite, 
Tennessee 

Granite, Barriefield, 
Ontario 

Granite, Quincy, Mass. 

Diabase, Hudson, N. Y. 

1 to 4000 

I t o 50 

80 

30 

6000 

50 
4600 

0.8 

Gondoun and Scala [1958] 

Rove [1939, 1947] 

OhU [1951, p. 907] 

Ohle [1951, p. 907] 

OhU [1951, p. 907] 

Ohle [1951, p. 671] 
OhU [1951, p. 671] 

OMe [1951, p. 671] 

' The unit of permeability is the nanodarcy, abbreviated nd, which 
equals approximately 10~" cm'. 

. ••^• 

!-. f 

flow rate or velocity. We assumed that Darcy's 
law was valid, and from the decay character-, 
istics of the pressure we calculated the perme­
ability. The -validity of Darcy's law could be 
tested from the decay characteristics as well. 

The experimental arrangement is indicated 
in Figure 1. The sample was a precisely ground 
right cylinder of Westerly granite [Brace, 1965] 
that was 1.61 cm long and that had a 5.0-cm' 
cross-sectional area. On one side it made con­
tact with a hollow plug of hardened steel that 
served as a water reservoir; on the other side, 
with a hollow piston that formed one closure 
of the pressure vessel. A %-nmi-thick layer of 
200-mesh ZrC separated the sample from both 
plug and piston. The carbide acted as a porous 
plug even under high pressure and distributed 
the pore fluid over the entire end surface of 
the sample. Piston, plug, and sample were en­
closed in a 3-mm-thick polyurethane rubber 
jacket which was clamped with several loops 
of no. 14 steel wire. 

The experimental arrangement is shown sche­
matically in Figure 2. The sample had a reser­
voir of fluid on either side. Reservoir 1 con­
sisted of the center hole in the piston, as well 
as the volumes enclosed by tubing, valves, arid 
a pressure transducer which were outside of the 
pressure vessel. Reservoir 2 comprised the cav­
ity m the steel plug. 

During an experiment the sample was st 
jected, through the rubber jacket and steel p] 
and piston, to a confining pressure, called h 
P J. Fluid imder pressure filled the two reserve: 
The fluid pressures, Pi and Pj , were always vi 
nearly equal and less than P j . The effective ci 

To pressure tronsducer, valve; 

0-Ring 

Wire clomps 

' Sample 

Hollow pis 

Rc55 

200 mesh 

Rubber joe 

Hollow plug Rf. 

Fig. 1, Experimental arrangement. 
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fining pressure P; experienced by the sample, 
wasPj — Pi, which was always very nearly equal 
toPz-Pi-

,In a typical experunent, the assembled sample 
was placed in the pressure vessel and Pi appUed 
ind held constant. Both reservoirs contained 
fluid under pressure, and, at time to (Figure 
;3), the pressures Pi and P, were equal. At time 
,„Pi was increased a small amount; AP, by 

ildjusting an external valve. The pressures Pi 
and P» changed as shown in Figure 3, and after 

I wme time approached a constant common value, 
\fi. As shown below, the decay characteristics 
Miepend on the permeabihty, on the dimensions 
I (rf the sample and reservoirs, and on physical 
characteristics of the fluid. Certain of these 

f parameters were adjusted in the experiments to 
give decay times that were convenient. The 
lowest permeability that cotdd be measured 
was fi.xed by the length of tune available before 

I changes in pressure due to other causes (tem-
""Pepture changes or leaks) began to predomin-

aa sub î̂ at̂  Yĵ ĵ  ^^^ ^^^ ^i^^^ 3Q minuteg 
eel pw! 
led hei* 
servoii* 
ays veo 
tive cot 

"The permeability k of the sample was ob-
taiaed by comparing the observed decay of pres­
sure in reservoir 1 with the behavior predicted 
theoretically. As shown in thei appendix, one-
<fiinensional transient flow of a compressible 
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im • ^' Experimental arrangement shown sche­
matically. Sample, shown dotted, has fluid reser-
JT^ V, and 7a at either end at very nearly the 
/|?'e pressure. Sample is subjected to an effective 
^fip'ng pressure of Pr - Pi =: Pi - P,, which 
j^simplicity jg not indicated on the ends of the 
°^P'e. To measure permeability, Pi is suddenly 
p̂Oged by a small amount and then the recovery 

« > with time observed as fluid flows between 
yi^li"'" reservoirs; characteristics of this recovery 

'̂d Permeability of the sample. 

Fig. 3. Changes of pressure during an experiment. 
Typical values of pressure are shown. 

fluid through a porous compressible medium is 
described by (A7): 

a^p/ax^ = infi/k) 

p.tf - fi. 
fi 

+ '?(! - fi./fi)'\ (dP/dt) 

where fj. is fluid viscosity, r) is porosity, fi is 
fluid compressibility, t is tune, P is pressure, 
and X is distance from the end of the sample. 
fi„ti is effective compressibility of the rock as 
measured for a jacketed sample, and fi, is com­
pressibility of the minerals in the rock. 

In the present experiments, ;8 is much greater 
than either fi„t or fi,. For example, in units 
of 10'" cm'/dyne, fi of water is about 0.42, ajid 
fi of argon is about 100. At 1-kb effective pres­
sure fi.tt is about 0.025 for Westerly granite, 
and fi. is about 0.020 [Brace, 1965]. Accord­
ingly, the term (fi.tt — fi.)/fi will be small. 
For Westerly granite and for most crystalline 
rocks, porosity, rj, is'also small, so that the ex­
pression above could be further simplified by 
setting TJ = 0. To check this procedure, an 
analysis was made for flow through a sample 
with finite porosity. .As shown in the appendix 
in (AlS), porosity ui the sample introduces a 
transient. For porosities of about 0.01 the 
transient decays to negligible values in a short 
time (1-10 sec) compared with the course of a 
typical e-vperiment (300-3000 sec). 

We assumed that in our experiment both 
terms inside the brackets in (A7) are nearly 
zero, and the expression reduces to 

d^P/dx^ = 0 (1) 

or 

ii 

f-' 

•. I 

Sr 

"1-^ 

Ml M 

'>'• ' 
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g£ 

' U-3 

dP/dx = /(O 
Thus, the pressure gradient in the sample is 
constant along its length, although it will vary 
with time. 

A second effect, not included in the analysis 
leading to (1), arises from the adiabatic changes 
in temperature caused by suddenly changing 
Pj. This introduces still another transient, and, 
to evaluate its characteristics, ex'periments were 
done with the rock sample replaced by a glass 
plug of the same dimensions. The transient due 
to temperature changes disappeared in 10-20 
sec, so that, again, the effect would be negligible. 
Nq measurements were made in an experiment 
until after about 20 sec. 

The rock 'sample in the experiments is 
equivalent to a resistor in an electric circuit, 
and the reservoirs behave like capacitors. It is a 
simple matter to show that the pressure gradi­
ent decays exponentially to zero. The pressure 
P, in reservoir 1 is given by the equation ' 

(p, - Pj) = AP[(y , /y , ) -I- v . h - " (2) 

where 

a = (kA/nfiDil/V,-^ 1/V,) (3) 

A is cross-sectional area, L is length of sample, 
Vi and Vs are volumes of reservoirs 1 and 2, 
P, is final pressure, and AP is the step change 
of pressure in reservoir at time = 0. 

The' permeability of a sample is found by 
plot-ting the pressure decay (Pi — P,) on semi­
log paper against time; examples are shown 
in Figure 4. The slope of the resulting line is 
—a. Permeability, k, is fount! from (3) where 
it is the only unknown. 

It is clear from (3) why AP must be small. 
Both viscosity and compressibility of fluids vary 
with pressure, and, if Pi and P j were greatly 
different, these two properties would vary along 
the sample and (2) would not hold. Also, as it 
will turn out, permeability varies markedly with 
effective confining pressure P, so that it is neces­
sary to niaintaiQ P nearly constant along the 
sample. Keeping P constant requires that AP be 
no more than a few per cent of P j and less than 
10%ofP,. 

The decay curves in Figure 4 represent one 
of our most reliable and one of our least reli­
able runs. Curve 1 represents an ahnost perfect 
exponential decay throughout the period of 

100 

- V 

Cu rv e 1 --

2: 

800 

200 

Time , 

1600 

400 

sec 

2400 

600 

Fig. 4. Sample decay curves. 

observation. Curve 2 becomes nonlinear by the i 
tune the pulse has decayed about -two-thirdB; 
of its origmal value, an effect probably due to'j 
temperature variations m the laboratory. Both] 
curves yield a with an acceptable uncertainty. 

Measurement of pressure decay in our ex-1 
periments required some care. First of all, the] 
pressure pulse AP was small; initial fluid pres-1 
sure P, was usually about 400 bars, and APJ 
about 20 bars (Figure 3). In addition, the pulsej 
decayed only a fraction of AP; in a typicallj 
setup, ys/(^i + V,) was about 0.2, so that thefj 
decay was only over 3-4 bars of pressures 
Clearly, a sensitive pre^ure transducer was re-4 
quired. We used a GP Pressure Cell (B.L.H.1 
Co.) that had a maximum sensitivity of aboutj 
30 /iv/bar. As we wished to observe very smaD j 
increments of pressure at the fairly high pres-l 
sure level of 4(X) bars, we used a bucking circuit! 
to cancel the voltage output from the cell cor-1 
responding to the 400 6ars, and also to the presJ 
sure pulse AP. The system was, therefore,! 
electrically brought to null at time to. As the 
pulse decayed, the small changes in pressu 
produced small changes in voltage in the ce 
which were amphfied and recorded. Stabihty oj 
the bucking circuits, the amplifier (Astrodat 
model 885) and the pressure transducer powe 
supply (Kepco model ABC) were such that 
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ble drift sensitivity of better than 0.05 
I hour could be achieved. 
> fluids were used in the experiments, tap 
and commercial'grade argon. The several 
;<1 bars of fluid pressure used for both 
ensured that the flow behavior of the 
"would be nearly' that of a hquid. As 

by KUnkenberg [1941], permeability. 
^ e s near atmospheric pressure may be 
different from that with liquids, or with 
at pressures such that their mean free 
is smaller than the radius of pore spaces. 
i sure that gas pressure was high enough, 
irements were compared at two pressures. 

NUMERICAL DATA 

ta are tabulated in Table 2 for water and 
. Included are total pressure P j , fluid pres-
P i at time sfightly greater than io, and 
ive pressure P, which is equal to P j — Pi. 
oted above. Pi and therefore P change 
g the run by the amount of the pressure 
r. As this change is only a few bars, the 
-ive pressure during the run is assumed con-
and equal to the value at the beginning of 

un. The uncertainty in P j is 5 bars, and in 
I bar. 

The size of the pressure step AP is found 
with the BLH cell. The probable error for 
A P is 0.1 bar. The volumes of the reservoirs 
were known to about 0.1 cm". The uncertainty in 
•time measurement was a few seconds. The er­
ror in a, which was the slope of the decay curve 
in a semilog plot, ranged from 10 to 25%, 
depending on the slope. The record length is 
the span of tune over which measurements of 
Pi — P, were made. 

CompressibiUties and viscosities were taken 
from the literature for the pressures and tem­
peratures of each run. "Viscosity and com­
pressibility of argon were taken from Cook 
[1961]. Relative viscosity of water was taken 
from Bridgman [1952], and compressibility 
from Clark [1966], Absolute viscosity of water 
at O'C was assumed to be 1.79 x 10"' dyne 
sec/cm". The probable error of viscosity is 1 
to 2%; of compressibility, less than 1%. In all 
of the experiments {Vr -h V.)/VrVs was 0.25 
cm"*, and the ratio of area of sample to length, 
A/L, was 3.12 cm. The uncertainty in both was 
less than 1%. 

In Table 2, calculated permeability k is ex­
pressed for convenience in nanodarcies, abbre­
viated nd. One nd equals 10"'darcy which approxi-

TABLE 2. Measured Permeability of We.sterly Granite 

Pr 

2.50 
250 
400 

m 650 
000 
150 
150 

500 
520 
520 
400 
895 
500 
500 
030 
030 
500 
440 

Pressure, bars 

P> 

150 
50 

150 
100 
150 
110 
150 
150 

410 
400 
400 
175 
365 
415 
390 
410 
410 
395 
390 

P 

100 
200 
250 
500 
500 
890 

1000 
1000 

90 
120 
120 
225 
530 

1085 
1110 
1620 
1620 
2105 
4050 

AP 

- 2 0 
- 2 0 
- 2 0 
- 1 8 
- 2 0 
- 1 6 
- 2 0 
- 2 0 

-MO 
- 2 0 
-f20 
+20 
- 2 0 
-1-20 
- 2 0 
- 2 0 
+20 
- 2 0 
+20 

Temp,, 
°C 

25 
28 
25 
28 
22 
22 
25 
22 

25 
9 
9 
9 

25 
25 
25 
9 
9 

25 
25 

Record, 
sec 

900 
2400 
1200 
1600 
2000 
2000 
3000 
2000 

300 
600 
600 
600 
900 

1500 
1500 
1500 
900 

1800 
2400 

Slope tt. 
10-« sec-i 

Argon 
• 11.2 

2.35 
6.9 
1.54 
2.90 
0.92-
1.83 
1.28 

Water 
29 
30 
30 
17.2 
13.5 
5 .0 ' 
5.8 
3.6 
2.6 
2.7 
0.7.-, 

Viscosity, 
IO"* dyne sec/cm' 

0.028 
0.024 
0.028 
0.025 
0.028 
0.025 
0.028' 
0.028 

0.99 
1.43 
1.43 
1.43 
0.99 
0.99 
0.99 
1.43 
1.43 
0.99 
0.99 

0. kl 
10"'° cm'/dyne nd 

66 
205 
66 

102 
66 
94 
66 
66 

0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.42 

260 ± 30 
148 ± 15 
163 ± 2 0 
51 ± 5 
69 ± 8 
28 ± 3 
43 ± 4 
30 ± 3 

155 ± 20 
230 ± 25 
230 ±25 
132 ± 15 
72 ± 8 
27 ± 3 
31 ± 3 
28 ± 3 
20 ± 3 
15 ± 3 

4,2 ± 0.8 

n 

\\ 

f-

• I ' H 

y\ 
2' ' 
• S I . • 

hi 
i 

3,- u 
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r n 

mately equals 10"" cm'. Permeability is plotted 
as a function of P iu Figure 5. 

DISCUSSION 

Decay characteristics such as shown in Fig­
ure 4 test a number of features of the experi­
mental method. They test the applicabiUty of 
Darcy's law to flow under the present condi­
tions, as well as freedom of the high pressure 
system from other transients. As' it is unlikely 
that various transients would always cancel one 
another in an experiment or that nonlinear flow 
characteristics would become linearized by su­
perposition of random transients, we conclude 
that our e-vperimental methods and the use of 
(2) yield reliable values of the permeability. 
Darcy's law apparently apphes here. 

The permeabihties obtained for Westerly 
granite seem reasonable in terms of measure­
ments for other rocks near zero pressure 
(Table 1). Ohle [1951, p. 705] gave the effect 
of pressure on permeability of a coarse-grained 
limestone at 40 and 80 bars. His data, shown 

•in Figure 5, suggest a pressure effect not unlike 
that found here. 

The scatter in the measurements of perme­
ability seems to be somewhat larger than the 
probable errors assigned to the measurements. 
The scatter may be due to a numiber of sources. 
As permeabihty is dependent on pressure, par­
ticularly at low pressure, some scatter may be 
due to small variation in pressure near the 
contact with the steel. This may be one more 
manifestation of end effects [Brace, 1964]. 

10-

10* 

nd 

10' 

•fir-, 10̂  

h ' ~ '"•": •"" 
Westerly g ran i te 

o wafer 4 0 0 bars 

* argon 150 bars 

' argon 100 bars 

• orgon 50 bars 

P , kb 

Fig. 5. Permeabihty fc as a function of effective confining pressure P. Length of short bars 
indicates probable error for each measurement. i 
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Slight differences in thickness or distribution 
of ZrC might produce I differences in detailed 

'stress distribution within the sample, even when, 
as in the present situation, the apphed stress 
is hydrostatic. 

Small differences hi degree of saturation might 
also be a source of scatter. It is probably not 
possible to completely saturate the sample with 

J^sater (for runs with water) or to completely 
Idry the sample (for runs with argon). Under 
Tthe small pressure gradients involved, surface 

forces in the -vicinity of fluid-gas interfaces 
might be suflSciently difi'erent in different ex­
periments to cause scatter in the measurements. 

In any event, the scatter observed here for 
permeabihty is of the same order as the scat-
'ter in measurements of electrical resistivity of 
water-saturated granite [Brace et al., 1965]. 
Presumably, the reasons for the scatter are the 
same. 
J Differences between permeability measured 

jtwiih water and with argon are of the same order 
Ija scatter in values for a single fluid (compare 

points near P = 1 kb in Figure 5). There is a 
clear tendency for low pressure argon values to 
/all below high pressure values, although the 
mean of high and low pressure values fluctuates 
'note or less randomly about the mean of the 
water values. Lacking further details of this 
fluctuation, we conclude that permeability to 

?
*rgon and water is the same. 
' The limit of measurement of permeability 
^th water near room temperature is a few 
panodarcies. This is set by the 30-minute time 
•Dterval available for the experiment, as dis­
cussed above. Unfortunately, permeabUities 1 
^ 2 orders of magnitude lower may be com-
I'on, and it would be desirable to extend the 
"'Oit of measurement. Extend'mg the I'mait 
"'ight be done either by increasing the time 
*'ailable for measurement or by suitably ad-
jnshng the parameters in (3). To increase the 
^ e available appears to hold scant promise 

•V^use of the difficulty of controlling leaks in 
Irvf '̂̂  pressure system for long periods of time. 
I" ' the parameters in (3), fi and jx have the 
lSf«atest latitude. The ideal fluid for measure-
Ir'^ots in the nanodarcy range would have both 
f^ fi and low p.. An additional requirement is 
, ^ t both fi and p be known at the conditions 
. ''Measurement. Search for such an ideal fluid 
j currently under way. 
\ 

Relation of permeability to other physical 
properties. Even with the technique used here, 
permeability of rocks such as granite is hard to 
measure under geologically interesting condi­
tions. I t would clearly be desirable to find a 
general relation between permeability and more 
easily measured properties. One good possibility 
appears to be electrical resistivity. Conduction 
in rocks that are saturated with water is due 
in part to movement of ions. If the water con­
tains a high concentration of ions, ionic conduc­
tion predominates [Prace et al., 1965]. Move­
ment of ions through pore fluids is probably 
influenced by the same parameters that in­
fluence permeability, so that we might expect 
permeability and resistivity of a given rock and 
given pore fluid to be related in some simple 
way. To test this possibihty, resistivity and 
permeability of Westerly granite were com­
pared at different pressures. The values of per­
meability, taken from a smooth curve through 
the argon and water data points (Figure 5), are 
given in Table 3 together with resistivities for a 
saline pore solution at the same pressures from 
Brace et al. [1965]. The two values are plotted 
in Figure 6 from which it can be seen that most 
of the points fall very close to a straight Ime 
with slope —1.5 ± .0.1. Additional measure­
ments are needed to tell whether the deviation 
of the 4-kb point is due to a real change m the 
situation above this pressure or due simply to 
the large probable error in the measurement at 
this pressure. 

We now use the relation found above to ex­
trapolate to conditions beyond those of the 
present e.xperiments. In Figure 6 the line through 

TABLE 3. Permeability and Resistivity* 
of Westerly Granite 

Pressure, 
bars 

Permeability, 
nd 

Resistivity, 
ohm meters 

50 
100 
250 
500 

1000 
2000 
4000 

350 ± 40 
230 ± 2 5 
118 ± 12 
63 ± 7 
35 ± 4 

15-5 ± 3 
4.2 ± 0.8 

3.1 X IC 
4.2 X 10' 
6.5 X 10' 
9.3 X 10» 
1.4 X 10» 
2,5 X 10' 
4.9 X 10» 

•Resistivity from Brace el al. [19651. 
water had resistivity of 0.3 ohm meter. 
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'! 'fc-i 

;; r̂  

10' 

0.25 

G 

\ 

s 
\ 

\ \ 
\ 1 

\ 10 

10" 10' 10' 

Resisiivity, ohm meters 

Fig. 6. Permeabihty as a function of electrical 
resisti-vity. The numbers at each data point give 
confining pressure in kilobars; the size of the box, 
the probable errors. Resistivity of the saturating-
pore fluid was 0.3 ohm meter. The electrical data 
are from Brace et al. [1965], 

the data points is extended to resistivities meas­
ured to 10 kb. At this pressure extrapolated 
permeability of Westerly granite would be 
around 0.5 nd. 

Resistivities of a wide variety of crystalline 
rocks are now available {Brace et al. [1965]; 
Brace and Orange, unpublished results), and it 
would be highly desirable if these data could 
be immediately converted to permeabilities. The 
form of the k versus p, relation may not be the 
same for all rocks, however. Although, as we 
show below, the slope of the relation seems to 
be predictable from theory and may be gen­
erally appUcable, the intercept could differ from 
rock to rock. Therefore, we caimot go simply 
from resistivity of diabase to permeabihty of 
diabase using the k versus p, relation for granite. 
In a rough qualitative way, most crystalline 
rocks have sunilar electrical characteristics; aU 
appear, based on resistivity, to be permeable at 
the highest pressures attained, just as Westerly 
granite is. Perhaps the k -versus p, relation will 
not differ too greatly from rock to rock. Using 

the relation for granite, we find that the lowest 
permeabihties indicated for crystalline rocks at 
10 kb would be in the range W to 10" nd. 

Permeability is a measure of the transport oft 
material, and it is of interest to compare rates 
with those of diffusion. The connection between 
permeabihty k and diffusion coefficient D is 
given by 

k = tifiD 

where /x is viscosity and fi is compressibihty.^ 
One-nanodarcy permeability to water is roughly 
equivalent to typical solute diffusion, i.e. diffu­
sion of common salts in water [Garrels et al., 
1949], and to surface diffusion in metallic silver 
[Brophy et al., 1964]. By contrast, volume dif­
fusion in oxides and silicates rarely reaches a' 
rate as high as IO"* nanodarcy; it is typically 
orders of magnitude lower. Thus, in terms of 
material transport in rocks under pressure alone, 
either solute diffusion or motion of pore fluids 
is vastly more effective than solid diffusion. Of 
course, other factors than pressure become im­
portant in the earth. High temperature may be 
of particular significance, even apart from its' 
obvious effect on viscosity of pore fluids and on, 
atomic mobihty within grains. High tempera-' 
ture will promote plastic flow of minerals, which 
could ultimately lead to more or less complete 
closure of the tiny cavities that provide paths! 
for flow of pore fluids. Thus, at high tempera-I 
ture or, in general, under conditions that pro^ 
mote flow or recrj'stallization, we might expect 
permeability to become vanishingly small. Pre­
sumably such conditions prevail deep in the 
earth's crust and in the mantle. 

High pore pressure and permeability may be 
related in an interesting way. As pore pressure 
increases in a rock, effective pressure decreases, 
which in turn leads to increase in permeability 
(Figure 5). For example,, if a rock such a; 
Westerly granite at a depth corresponding t« 
10-kb total pressure were subjected to a pore 
pressure close to this, say 9 kb, then perme^ 
abihty would increase by a factor of 100. In 
general, we might expect regions of high pon 
pressure to be relatively permeable. • •. 

Theoretical relation between permeability and 
resistivity. -A relation as clearcut as that in 
Figure 6 deserves some sort of theoretical exj 
planation. One approach is through the Kozenj 
equation, which has been- widely applied in th 
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petroleum industry. Permeability of a porous 
imedium is. related to porosity, specific surface 
area of pore spaces,' and various geometrical 
"characteristics [Wyllie and Spangler, 1952; 
Scheidegger, 1960]. According to the well-known 
Poiseuille equation. 

r u. = -{myko)iAP/nL.) 

'where u. is velocity of flow through the pipe, fi 
.̂  fs viscosity, AP is the pressure differential caus­

ing the flow, L, is the length of pipe, K is a 
shape factor that can vary between about 2 
and 3, and m is mean hydraulic radius, which 
is equivalent to the ratio of volume to area of 
the pipe. Our porous solid is assumed to contain 
a network of pipes and openings of various 
shapes with a random pore distribution [Wyllie 
and Rose, 1950], that is, that any plane through 
the sohd exposes a constant fractional void area 
proportional to porosity rj. We assume that the 
jpore space in the solid can be represented as a 

I
single channel of constant cross-sectional area 
3^, where A is the cross-sectional area of the 
sohd normal to the macroscopic flow direction. 
••According to this idealization the path the fluid 
actually takes, L„ is longer than the external 
<fimensions of the porous solid L. For other than 
straight pipes parallel with the flow direction, 
AL./L) > 0. • 

The actual average fluid velocity, u„ within 
'he poroiis solid must be greater than the 
^microscopic approach velocity u, because the 
•ree area available for flow is only ijA and be-
•̂ ause.the actual path length L. is greater than 
**»« apparent path length L. Thus, 

'̂̂ i u. = {u/v){L./L) 

, B ''''"' vvrite Darcy's law as 

qiA = -{k/ix){AP/L) = u 

pnere k is permeability. If we combine these 
[Nations, we obtain 

k = {myko)vWL.Y (4) 

. -̂ e represents a fictitious average path length 
iJ) our porous solid. It is impossible to obtain 
"urectly and is usually evaluated from electrical 

' "^^ t iv i ty . To do this one must assume that L, 
lyy or fluid flow is the same as L, for electrical 

Jjf 
"Dduction in a medium saturated with con­

ing fluid, Neilson [1953] has questioned this ducti 

assumption on the basis of differences in hy­
draulic and electrical flow cross sections in a 
typical channel. On the other hand, the same 
fluid-fifled paths are utilized for both processes 
[Wyllie and Spangler, 1952], so that, at worst, 
L. for the two wpuld differ by a constant factor. 
Of course, this assumption would be unaccept­
able if electrical conduction took place through 
or along surfaces of the solid part of the porous 
medium. For typical sihcate rocks this possi­
bihty is eliminated by using highly conductive 
pore fluids, and in our comparison -lye give 
resistivities of Westerly granite saturated with 
a saline solution. 

The electrical resistance of a fluid-saturated 
porous medium which has a random pore dis­
tribution will be the resistance of a single fluid-
filled channel of cross-sectional area T}A and 
length L.. If p, is the resistivity of the fluid in 
the pores and if p. is the resistivity of the fluid-
filled medium, then 

and 

P.(L/A) = Po{L./vA) 

P./po = {l^./L)v 

If we substitute the ratio p,/po, called formation 
factor in (4) we obtam 

k = (w7fco)(po/p.)%~' (5) 

In Brace et al. [1965] it was found that for­
mation factor of a variety of crystalline rocks 
bore a strikingly consistent relationship to po­
rosity throughout the porosity range 0.1 to 
0.001.. The data from the Brace et al, paper 
together with observations for seven new rocks 
(to be described in detail separately) are pre­
sented in Figure 7. The data points lie very 
close to the line 

o'.Ao = Po/p. = v' (6) 

where r is 2.0 ±: 0.1. It was Eho\vn in the same 
paper that (6) held not only in this comparison 
of several rocks but also when porosity of a 
single rock was changed during hydrostatic 
compression. As the relationship of formation 
factor to porosity seems to be general, we will 
use (6) to eliminate -q in (5) and obtain 

k = (m7fco)(po/p.)'-"'" (7) 
With the empirical result that r is about 2, and 

; I 

ii i 

: - i 
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.001 

Poros i l y 

Fig. 7. Electrical resistivity at 4 kb as a func­
tion of pore porosity. The two points joined by 
the short vertical bar are two directions in a slate. 
The point lying well off the curve at about 10' 
ohm meters is for rhyolite tuff. 

noting that k̂  and po are constants, we obtain 

. k = Cm''p.-'-' (8) 

where C = constant. The quantity m is mean 
hydraulic radius, which for a tube of constant 
cross section expresses the shape of the cross 
section. For example, for a rectangular slit, m. = 
6/2(1'+ b/a), where 6 ahd a are long and short 
sides. Comparison of (8) with Figure 6 shows 
close agreement of observation with the rough 
theory above. The comparison also suggests that 
m is constant, which is suprising because pore 
size and shape in the granite must certainly 
change with pressure, particularly at low pres­
sure, as shown by measurements of porosity, 
linear strains, and elastic moduli [Walsh and 
Brace, 1966; Brace, 1965]. Perhaps constant m 

reflects compensating changes in 6 and in the 
ratio b/a. In fact, we can use this observation \ 
to obtain an estunate of cavity aspect ratio 6/a 
at different pressures. j 

To calculate m from (7) we use p„ of 0.3,' 
ohm meter and ko of 2.5 Wyllie and Spangler { 
[1952] show that k̂  must fall between 2 and 3. j 
With the data in this paper for k, p„ and p., mi 
is about 10^ cm. In the equation above fori 
rectangular shts, the value of fe has to be esti-i 
mated. I t is probably of the order of the grain | 
diameter (0,5 mm) at low pressure and perhaps 
a hundredth of this at 4 kb. The aspect ratio' 
b/a of cavities at 100 bars is 10°, and at 4 kb, 
about 10. This ratio seems consistent with results 
of elastic studies of this rock. At low pressure, 
long cracks are present [Brace, 1966; Walsh and' 
Brace, 1966]; an aspect of ratio of 10° has been 
estimated for tliem on the basis of relation of 
actual to theoretical compressibility. At high, 
pressure, cracks are believed to close; the re-; 
maming cavities are thought to be more equanti 
in shape. Thus, the concepts that are derived] 
from the elastic behavior seem consistent withl 
what may be inferred from flow of pore fluids, i 

] AppENorx I 

The rate at which fluid flows in the presence 
of a pressure gradient {dP/dx) is related by 
Darcy's law to the cross-sectional area A, the 
fluid viscosity /x, and the permeability k. '• 

q = -(JcA/„){dP/dx) (Al] 

The net increase in flow dq across a differentia! 
volume element dx in length is [dq/dx) dx or 

dq = -(kA/M)(d^P/dx') dx (Ai 

The net storage of fluid in the differential vol 
ume is due to compressibihty of the fluid ani 
of the solid. The total storage during a tim 

' increment dt is 

(d/dt)(Vpdx/L) dt • 

~ -i- (Vp dx/L)fi(dP/dt) dt (A; 

where VP is the total pore volume in a samp 
of length L. The first term in (A3) represen 
the storage of fluid due to compression of tl 
solid matrix and the second represents storaj 
due to compression of tlie fluid. The net storaj 
given by (A3) must equal the net volume —di 
dt flowing in. From (A2) and (A3) 
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d^P/dx^ = (ij./k)[(dVp/dt)(l/AL) 

• -^ fi(Vp/.AL)(dP/dt)] 
or 

d'P/dx'' =.Ox/k)[dv/dt -h fiv(dP/dt)\ (A4) 

where the porosity »; = Vp/AL. Here, changes 
m porosity are due only to changes in fluid 
pressure, so that 37j/at can be uniquely related 
to dP/dt for a specific rock. The change dij in 
porosity due to an increase in internal pressure 
dPis 

dv = (-vfi . dP - dv.) (A5) 

where fi, is the compressibility of the solid 
matrix and dv. is the increase in porosity due to 

If-j an increase in external pressure. As shown by 
Walsh [1965] 

Va 
VR 

2 

1 

1 •" 

y-
1 - " " S ' 

V, 

/ 

— L 

Fig. Al. The entire pore volume is concentrated 
at the midsection of the sample. 

i ^ 

dv. = 03. - fi.ti) dP (AG) 
where fi,t, is the effective compressibility of the with AIO, we find 
frock as measured on jacketed samples. From 

J(A4), (A5), and (A6), we find 

Taking the Laplace transform of equations A9 

sP, - P , -I- ( X V H / 2 V , ) 

•(Pt - P H ) = 0 

sP, - PO + ( X F B / 2 F 2 ) 

•(^2 - P«) = 0 

•• 

d'P/dx' = (,ifi/k)[(fi,,. - p.)/fi 

-\- v(l - fi./fi)](dP/dt) (A7) 

We assume, as described in the text, that v ' "(-Pa — PR) = 0 (All) 
in (A7) is very small and tha t^ is much greater /p , p — 2P )(yV /2V ) 
than fi, or fi,„, so that the pressure distribution 
isgivenby - S.PB-F Po = 0 

d'^P/dx' = 0 (A8) Equations All are solved simultaneously for 
Tr, u 1 xu- • .- • • . A, with the result 
AO check this approximation m a simple way, 
we assume that aU the pore volume Vp in the . P,[s H- X F R ( F I -1- F2)/4 7j Vilis - \ - X V R / V P ] 
ôck is concentrated at the midsection, as shown 

"> Figure Al. The pressures Pi at reservoir 1, 
Pa at reservoir 2, and PR in the pore space are 
elated through three differential equations 

•ip./dt = - ( p , - p„)(xy«/2 7.) 

'tt'./dt (Pj - P B ) ( X F « / 2 F , ) 

^Pn/dt = (P, -I- P , - 2Pa)(xVn/2Vp) 

Where 

= P tS- \ - (xVjVp) 

• [P , (H- Vp/2V,)-hPoVp/2V,] 

+ {i/s)(x'V,y4:V,Vp) 

• [Pi + Po( Vp/ F, -I- V,/ F.)] (Al2) 

We now take the inverse transform of (A 12) 
[Churchill, 1958, p. 324] and sunplify for F , «: 
Vi, v., and VB, with the result 

! " ' ' i 

jag* 

X = 4V/SMI' ' (A9) (P, - P,)/(Po 

The initial conditions are that, at time = 0 

P. = P. 

Pfi = Po • (AIO) 

P2 = Po 

P,) = V , e - " / ( V , -f- V,) 

+ (Vp/ ' iV,)e-" 
where 

a = (k,i/fiL') F«( Fl -f V,)/ F, V, 

and 

t • 

't 1 

•< i 

I 
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•>?•; 

7 = (kp,/fiL^)4./v (A13) 

Note tliat for small Vp, the coefficient and the 
time constant of the second exponential in 
(A13) is small, and so the influence of storage 
in the pore spaces can be neglected in the pres­
ent calculations. 
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ning characterist ics of slime frcT. n 
with NaaOcarb-contents: 1-Witho"-

I, 2 - 1 5 g / l a.68), 3 -25g/ l (1.72): e.. 
the ttiickened slime is given in brjrv. 

h.ca 

Fig .4 

Results from the ftickeiiing oi 
obtained during leaching of li-.c-
with synthetic solution (2) and -i 
the solution prepared by lead;:: 
s inter (1). 

1966, (1),52. 

UDC 665-. 

powders alloyed with aluminium 

ksandrovskii and B G Vorotinova 
2nt of the Metallurgy of Light and 

at titanium powders containing up :-" 
sctly by the joint thermic reduciior. < 
melts with sodium. It was shown U-J: 
ively as salt base for the titanij- '-

imi^ ssii 
UDC 669.213 

f^ivation of gold by solphide ions 

; D Sheveleva, I A Kakovskii, S 1 Efremov, and V A Shchekalkov (Urals 
)iB{^technical Institute) 

Ttie passivation of gold in an alkaline cyanide solution can be characterised 
5» fte potential corresponding to the transition of the metal from the active 
B fee passive state. During a previous investigation^) it was established that 
3« potential corresponding to the beginning of passivation in gold is -tO-VSV. 
jLi argument which confirms the possibility of passivation of gold by its oxygen 
tsapounds is 0ie proximily of tiie thermodynamically calculated potentials 
i fee reactions leading to flie formation pf AU3O3 (•^0.67V) and Au(0H)3 (+0.73V) 
c bis value. Metallic gold dissolves in the cyanide solution to form a stable 
awnplex of monovalent gold Au(CN)a • R was therefore of interest to check the 
MJubillty of oxidized compounds of trivalent gold in an alkaline cyanide solu-
90a, since the oxidized compounds of copper, mercury and zinc have fairly 
r»d solubility in tiie above-mentioned solvents (2, pp 212-216). In fact, AujO, 
a!Au(OH), obtained in the laboratory according to published data 0 , p . 34) 
tlBolved in a cyanide solution. Hedge*) solved a s imilar problem 1^ compar-
a( the behaviour of iron and FesOs powder in nitric acid. On the assumption 
feat the layer of the oxide FegOg on an iron plate is passivating, the author 
fefally came to tiie conclusion that the temperature corresponding to the acti-
ntion of passive iron coincides with the temperature corresponding to appre-
rtihle dissolution of FeaO^. It must, however, be remembered that passiva-
^ compounds, be they oxides or sal ts , are surface compounds and are con-
•quently attached to the crystal lattice of the metal. Therefore, both tiie kin-
•slefi of ttie solution of the surface compounds and the thermodynamic charac-
•ristics of Oiese films witii ttiicknesses of one o r several crystal lattice cells 
aadiffer greatly from the characteristics of ttie compact oxides (5, p 255). 

• bis indeed oxidized films with such a thickness of gold which were previously 
\ •Kussed in ttie l i terature (6,7, pp 650-652). 

*' ''*feij:.. 
j sAlow rate of interaction between the surface oxidized compounds of trivalent 
' pW and flie cyanide solution and, ttieir resultant stabilify are favoured by the 

temation of a hysteresis loop when the potentlostatic curves for gold in a 
ijiftlde solution are recorded In tiie forward and reverse direct ions ' ) . It is 

• Jiio favoured by the nondependence, established by the same authors, of 
*• anodic current on the concentration of cyanide In ttie passive state of ttie 

\ ••tal, whereas a clearly defined effect from the cyanide Iron on the magnl-
^fc of ttie current is observed during active dissolution. As known (8, pp 44-62), 
• consequence of ttie passivation of gold is a reduction In Its dissolution rate 
^cyanide solutions, revealed by kinetic Investigations on a rotating disc . 
Alt.. -

*Part from oxide films, passivating films also Include films of poorly solu-
"" salts and films of adsorbed oxygen or ottier substances (9,p 253). The 
^«>ndary formation of films on gold is observed during the treatment of 
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copper and aiKimony ores. The deleterious effect of antimony films was 
demonstrated during the cyaniding of a flotation concentrate obtained from 
tlie ore of one of the Soviet deposits. However, it is extremely interesting 
tliat some of ttie passivating compounds depassivate the metals under certain 
conditions (9, p263). 

It is ttiis du.al role of the impurities iichlch forms the basis of the change in , 
the kinetics of dissolution ol gold in cyanide solutions, i .e . , the degreeof 
passivation, wiUi the addition ol copper'"), tiiallium^' 
ioiis and also organic substances ). 

and xanUiate ') 

In the pio-senl work wu studied Uie effect of sulphide sulphur on the dissolu­
tion rate of gold in a cyanide solution. Sulphide ion was not selected for the 
investigation by chance but as a factor which determines to some degree or 
other Uie composition of the pulp during the cyaniding of ores and products 
which are niineralogically complex and stubborn with respect to the recovep 
ol noble met^ds. The work was carried out by the rotating disc method. 

The preparatory operations and the experimental procedure itself and also 
tlie moUiods lor determining the free cyanide and gold were described in 
detail in Uie literature^). A freshly prepared solution of sodium sulphide 
with a specitic concentration was added to a reaction beaker containing a 
solulion with a known concentration of cyanide and alkali. The concentration 
of sulphide ion In an aliquot portion was determined'*) by argentometric 
titration wiUi potentiometrlc control. We then began tiie experiment wiUi 
tlie following constant conditions: Temperature of solution 25°C, concentra­
tion ol iJrotective alkali 2 • 10"" mole/I KOH. 

The first series included experiments set up in order to determine the etlt 
of Uie intensity of agitation on the dissolution rate of gold fflg.l). 

The second series was carried out in order to determine the dependence rf 
the dissolution rate on Uie concentration of cyanide in the solution with con­
stant concentrations of sulphide ion and dissolved oxygen and witii a con.stari: 
intensity of agitation (fig.2). 

The effect of Uie concentration of sul^ilde ion was Investigated for varioiu 
concentrations of cyanide and dissolved oxygen (the fourth series of experi­
ments, tig. 3). The fifth series of experiments was carried out with consta.'* 
concentrations of cyanide (2.5 •10"''mole/I) and sulphide ion (1 • 10"" mole/1, 
witti a constant intensity of agitation (100 rpm), and witti various contents d 
dissolved oxygen- air and oxygen were blown ttirough the solution. The res­
ults are given in the table. 

A disc which had been previously treated with a solution of sulphide ion al 
various concentrations was dissolved with variation In the Intensity of agiti-
tion durini^ dissolution (experiments of the sixth series, fig. 4). 

OtJier .luUiors^ *")'') have pointed out the passivation of gold by the ions d 
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Dissolution conditions 

CKCN -2 .5-10"" mole/1 
C;'^--10"* mole/1 
a = 100 rpm 

CKCS -*^^ same; Cs^" - 1 ' lO'^raole/l 
n-the same 

V-10° r - a - c m " ' c - ^ 

Concentration of dissolved oxygen 
mole'/I 

1 .5-10- ' 

0.075 

0.06 

2.5-10-* 

0.1 

0.13 

i . ig-io-^* 

0.15 

0.15 

sulphide sulphur.However, whereas some *̂) suppose that the effect is due to 
"adsorbed S''' and HS" ions and surface compounds, others ") assert Uiat a 
lilni of AujS insoluble in the cyanide solution is formed. The character of Uie 
interaction probably depends on the conditions of Uie process. In any case the 
gold is passivated- Oie ion of sulphide sulphur greatly retards tiie dissolution 
of gold in the cyanide. 

The dependence of the dissolution rate pn the intensity of agitation is the main 
criterion of diffusion control (7, p 453). The use of sulphide ion additions makes 
it possible to follow ffig. 1) how various conditions can alter the kinetics of dis­
solution of gold in a cyanide solution, A sulpliide sulphur concentration of 
1 -10"* mole/1 brings the gold dissolution process under kinetic control 
(curves 1 and 2). Account should be taken of the fact that the concentrations 
of jiotassium cyanide in Oie exjieriments differ by more than an oider ot 
magnitude (3.5 and 32.4-10"^ mole/I). The final concentrations of free cyan­
ide are close to the initial value. The ix)ssible formation of thiocyanate ion 
can alter tiie concentration of the free cyanide by a maximum of 4-5%, and 
Uie reduction in the dissolution rate of gold cannot therefore be explained by 
a reduction in the concentration of free cyanide. 

Curves 1 and 5 (fig.l) differ greatly. First, a reduction in the concentration 
of S'" in the solution by tiiree orders of magnitude from 10"* to 10"' M makes 
It possible to dissolve gold in a cyanide solution with the production of con­
siderable maximum rates 0.75 •10-^g-atom/cm»-sec). Secondly, sulpliide 
ion in a nelgigible amount keeps Uie process under diffusion control wiUi disc 
rotation rates more than twice as high (up to 470-480 rpm) as with dissolution 
without the sulphide sulphur [cf. curves 5 and 4 from Uie literature*)]. Thirdly 
curve 5 is as it waere a continuation of curve 4, illustrating the transition of 
Uie gold dissolution process from purely diffusion control (up to 150-200 rpm) 
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into a region complicated by passivation by the slowly dissolving oxygen film, i 
This may signify Oiat low concentrations of sulphide ion reduce Uie formation 
rate of these surface oxygen compounds on gold, altiiough passivation neverti*. 
less liegins with Increase In the delivery rate of the reagents to the metal sur­
face, and the dissolution process from this moment agrees with the law of 
kinetic control (beginning from 480 rpm the dissolution rate does not depend 
c n n ) . 

The role of oxygen here Is not yet clear , but it can be stated with certainty 
tiiat with high agitation rates (more than 740 rpm) the kinetics of the solution 
are'determined only by the concentration of sulphide ion (curves 2 and 3,fig.l 

The retarding action of sulphide sulphur is also demonstrated Ijy the low rau 
of di.ssolution of the metal with a significant increase in the concentration of 
free cyanide in the solution (fig.2). The stability of Uie passivating sulphide 
film is characterised by the fact that when Oie concentration of jxitassium 
cyanide Is increased by almost 27 times in comparison with Ci i„ for pure 
solutions blown witti air (8,p 51) the obtained dissolution rate is 2.5 times 
lower (0.68 •10"°g-a tom/cm^-sec) . The higher Uie concentration of sulphide 
sulphur ion in the solution, the stronger Its retarding action Q'ig.3). With 
increase in Uie concentration of dissolved oxygen (1.19-10"^ mole / I , with 
oxygen blown through the solution) at suliihlde ionj;oncentrations of 10"^, 10'', 
and 10"° mole/I the character of tiie kinetic curve 1 $ig.3) does not change, 
contrary to tiie conviction of some authors tiiat the negative effect of sulphide 
sulphur can easily be neutralized by Increasing the concentration of oxygen 
in the pulp. 

The results from experiments with previous sulphidlzation of the surface 
of the gold disc in solutions of sodium sulphide at various concentrations 
shows that the retarding effect of the sulphide passivating film can be remove! 
by increasing the intensity of agitation (fig. 4). There is some increase in 
U»e dissolution rate of gold when the concentration of dissolved oxygen in Oie 
cyanide .solution is increased (table). 

Consequently, an excess of sulphide ion in the solution passlvates gold mort 
s t rong^ than copper, xanthate, and mercury during cyaniding. At low con­
centrations even Uiis ion Is capable of having some positive effect. To control 
die negative effect of an excess of suljSiide suljSiur (more ttian 10" 'mole/I) ot 
the intensity of dissolution of gold in cyanide it Is necessary f i rs t to oxidize 
or combine it tiy analogy with the constant maintenance of ttie suljrfiide ion 
concentration In the noncyanide scheme for selective flotation of copper-zinc 
ores , where zinc sulphide plays the role of a unique type of buffer^®). What 
has been said is of particular interest in the cyaniding of pyrrhotite ores and 
concentrates. 
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F i g . l 

Dependence of the dissolution rate of gold on 
the intensity of agitation of the solution (disc 
rotation rate) . CKQI , mole /1 : 2.5 • 10"" 
(1,4,5); 3 2 . 4 - 1 0 ^ C2,3). Cs»" , rao le / l : 
1-10-* (1,2,3), 1-10-^(5), 0(4). Co j ,mole /1 
2.5-10-* 0 , 2 , 4 , 5 ) and 1.19-10-= (3). 

Fig . 2 

Dependence of the dissolution rate of gold 
on the cyanide concentration, n = 100 rpm; 
Co2(8oi) = 2 . 5 . 1 0 - * m o l e / l ; Cg, = 1 - 1 0 -
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Fig. 3 ^ ^ 
The effect of ttie concentration (mole /I) of sulp^ 
Ion on tiie dissolution rate of gold In a cyanide se|̂  
tion wltii concentration, mole/I: 1 -2.5 • 10 

6 5 (k IgCs* 

V'lO* g-aeom/cm'-BCC 

2-32.4-10-' 
n = 100 rpm. ^J(80l) = 2.5-10-*moIe/l, 

3i 

Recovery of sil«er 

Fig. 4 
The effect of tiie concentration of sulphldtli 
during sul0ildlslng on ttie dissolution ratatf 
gold in cyanide solution. C, mole/I: l-Cv 
1-10"% CKCN =2.5-10-=, 2 . C s , . =5-10» 
CKCN =2.5•10-^ . ^ 
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M 

from silver-zinc batteries by smelting to borate sixg $: 

V N Ef Imov, I A &adkova, A M Pogodaev and 6 E Lukashenko (Krasnoyu* 
Institute of Nonferrous Metals - Department of Physical Chemlstiy and ttmr 
Theory of Metallurgical Processes) _j0. 

Spent sllver-zlnc batteries provide a secondary raw material for the pn-v 
ductlon of silver. TheMlver In ttie batteries Is present in two forms, I.e., 
metallic silver and silver oxide AgjO. The material of tiie zinc electrodM 
consists of zinc and zincVoxide. The silver, zinc, and their oxides represtA 
finely dispersed powders\:ompressed Into Uie form of ttie electrodes*) 

The moisture content of 
content are determined by 
sodium hydroxide). 

je electrode materials and the sodium hydroxili 
le amount of electrolyte (an aqueous solution o< 

:m: 
Table 1 gives the relative weights of the component parts of STsK-45 b»^: 

terles used In Uie present worK. :.f. 

At the present time sliver Is extracted from spent batteries by smeltlflgt* 
a soda-slllcate slag. The high specific consumption rate of fluxes is dear* 
mined by the impossibility of increasing the zinc oxide content In the sod*-
silicate slags above 20-25% on account of the appearance of solid phase* 
CSnO, ZnSiOa); up to 1.2kg of sodaVnd silica Is used for 1kg of electrodsfc-
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\ T ible 1: "pi© component parts of ttie STs 

Batteiy part 

Sil-.er electrpdes 
r'nc electrodes 
^MvUiene enfelopes and membranes fro 

S - p S \ r o n bolts, nuts, and wash 
.Moisture 

I owl 

ly \ 
edlrc 

\ The high content of metallic sliver in 
.: je to tiie incomplete separation of the 
letiling of ttie melt. The degree of phai 
::f!erence inthe silver-slag melt syste 
f :j\e melt, till settling time, and ttie i 

:ition by Stokes equation shows that wi 
.o.-ilty of 0.5NsVm= tiie limiting size of 
'.: the batti afte°r Ih Is 10"* mm. Finer 
-.-.0 .sing and delermine the magnitude c 

The aim of thi present investigation 
•-!.ĉ .ê  zinc oxide content than In Uie si 
.•j.s.sible considerably to Improve the « 
: r-Ku spent latteries. The use of bora 
' jniaining zinctoxide (cyanide deposit 

•>>'e proposed to use molten borax foi 
••:"4! of spent silj/er-zlnc batteries. Tl 
i.--.ilysis of ttie melting point diagram: 
•̂ <icie and on viscosity measurements 

The viscosity of tiie zinc-borate me 
.-.scosimeter designed by S V Shtenge 
.•alibrated against viscous Ikiuids pre 
tiv Uie previousli described mettiod ) 

-Mixtures of ZnO and NaaB»0, were 
.irade and borax Vhich had been prev 
A-'ier thorough mKing In an agate m( 
-trough a quartz tube Into an alundui 
-ie crucible was filled as tiie materi 
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Permeability of Granite in a Temperature Gradient 

C . MORROW, D . LOCKNER, D . MOORE, AND J . BYERLEE 

U.S. Geological Survey, Menlo Park, California 9402S 

EARTM m 

Changes in permeabihly of granite were measured as water Bowed through samples in a temperature 
gradient. The experimental conditions simulated those around the 'very deep hole concept' nuclear waste 
repositor>^. Temperature was maintained between 200° and 3I0°C, in a borehole ofa cyUndrical sample. 
Confining pressures of 30 and 60 MPa, with corresponding pore pressures of 10 and 20 MPa, simulated 
depths of burial of approximately 1.2 and 2.4 km, respectively. A small pore pressure gradient enabled 
distilled water to flow from the borehole (high temperature) to the outside of the sample (low temper­
ature). Tests were run for intact samples with initial permeabilities of several hundred nanodarcies and 
for samples containing throughgoing fractures, with initial permeabiUties of about 1 mUlidarcy. In all 
cases, permeability decreased l>etween 1 and 2 orders of magnitude at a rate that increased with higher 
temperatures. At 200°C, permeability dropped by an order of magnitude over a 1-raonth period, whereas 
at 310°C. permeability dropped sharply wiihin a few days to 5% ofthe initial value. The dissolution of 
quartz and feldspar and redeposition of these minerals within cracks at lower temperature was found to 
lie the major cause of reduction of permeability. If similar processes occurred near a deep hole nuclear 
waste reposilor>' site in granite, then migration of radionucUdes away from the site might be suppressed, 
even if the rock surrounding the waste contained fractures. 

INTRODUCTION 

Nuclear waste repository schemes, as well as geothermal en­
ergy research, have prompted an increasing need to under­
stand the long-term response of geologic environments to 
fluid flow at elevated temperatures. Fracture systems, as well 
as thermal and hydrauhc gradients, play an important role in 
the transport of solutions through rock. 

The fluid flow properties of crystalline rocks are of particu­
lar interest because of their potential use as a nuclear waste re­
pository medium. Their low porosity, low permeabihty, and 
high strength are favorable characteristics for the safe con­
tainment of nuclear waste. 

To date, few studies have investigated flow properties at 
elevated temperatures. Such information is vital to waste dis­
posal and geothermal studies in assessing the long-term re­
sponse of these systems. Because ofthe limited level of under­
standing of this complex phenomenon we undertook a series 
of experiments designed to study permeabihty changes in 
granite due to the flow of water in the presence of a temper­
ature and pressure gradient. The focus of the study is to ob­
serve changes in a setting that simulated a nuclear waste re­
pository; however, the results are equally applicable to 
problems involved with the extraction of geothermal energy. 

Several parameters can affect permeability, mcluding ther­
mal cracking, chemical alterations due to L'!gh temperatures, 
pressure solution, and variable water chemistry. Past per­
meabihty studies have touched on these and other topics, and 
a few studies are mentioned here for theu- relevance to this in­
vestigation. 

The eflfect of stress on granitic rock permeability has been 
extensively studied by Brace el al [1968], and the transport 
properties of jointed granite are discussed by Kranz et al 
[1979], Praii et al [1977]. Gale [1975], and Iwai [1976]. It is 
known that the permeability of jointed rock is several orders 
of-magnitude larger than that of intact rock. Also, per­
meabihty is greatly decreased by the closure of joints and 
cracks from apphed stress. 

This paper is not subject to U.S. cop>-right. Published in 1981 by 
the .American Geophysical Union. 

The. permeability of crystalline rocks with hydrothermal so­
lutions has been shown both to increase and to decrease with 
time [Potter, 1978; Tester and Albright, 1979; Summers et ai, 
1978]. These results depend largely on the experimental con­
ditions and equihbrium ofthe system, and clearly different re­
sults are desirable depending on the intended appUcation. 

Potter [1978] observed both increases and decreases in the 
permeabihty of granite as a result of differential thermal ex­
pansion and cracking of grains. Permeabihty minima were de­
pendent on the temperature and pressure environments in 
which the rocks equilibrated. Cooler temperatures caused 
contraction and opening of intergranular channelways. Heal­
ing above equilibrium caused expansion and crushing of grain 
boundaries, also producing intergranular channelways and 
thus higher permeabihty. 

Summers et al [1978] measured permeabihty in Westerly 
granite over several days at temperatures up to 400°C and ax­
ial stresses from 0 to 3500 bars. Flow decreased owing to the 
dissolution of mineral grains and subsequent deposition 
within grain boundary cracks. The reduction in flow rate did 
not systematically depend on axial stress. 

This progress report is concerned mainly with the effects of 
temperature-induced geochemical changes on fluid .flow 
through granite under simulated in situ conditions around a 
borehole in a nuclear waste repository. Future studies will 
consider other aspects of the problem in more detail. 

SAMPLE PREPARATION AND PROCEDURE 

Figure 1 shows a schematic view of the sample assembly. 
Cylindrical samples of Westerly granite, 7.62 cm in diameter 
and 8.89 cm long with a 1.27-cm borehole, were used in the 
study. The borehole contained a coiled resistance heater, 
creating a temperature gradient between the inside and the 
outside of the rock. Water flowed from the borehole radially 
out to the edge of the sample. This configuration resembles 
that of the proposed 'very deep hole' method of nuclear waste 
isolation, in which canisters would be dropped down deep 
wells and then plugged with an impermeable material that is 
compatible with the particular wall rock. Flow away from the 
borehole in these experiments is of particular interest, as in 

Paper number SOB 1659. 3002 
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• Fig. 1. Schematic sample assembly. 

the natural case, radionuclides could migrate away from the 
waste via groundwater flow. 

All samples were wrapped with a thin sheet of stainless steel 
mesh to allow drainage of pore fluid from the surface of the 
sample. The mesh was covered with a 0.013-cm sheet of cop­
per. The entire assembly was jacketed io a 0.30-cm viton 
sleeve to seal out the confining fluid. The copper jacket en­
sured that the viton did not press through the steel mesh onto 
the rock surface and inhibit fluid flow. Teflon shims (Figure I) 
prevented water from leaking at the interfaces between the 
sample, sihca cylinders, and steel plugs. The fused sUica cylin­
ders at the ends of the sample acted as thermal insulators to 
help maintain a uniform temperature along the length of the 
sample. Temperature varied by I 'C between the middle and 
the ends of the sample. Temperatures in the range of 200°-

310°C were chosen for these experimenls on the basis of ex-
peaed temperatures around a borehold [Apps et al, 1978]. 

Hydrostatic confining pressure and pore pressure were held 
constant by a microprocessor control system. Distilled water 
was used as the pore Suid medium to allow chemical reactions 
to occur between the solution and the rock and at the same 
time to introduce no new chemical constituents into the sys­
tem. 

In the natural condition, permeabihty around a borehole 
would be strongly dependent on structures developed as a re­
sult of tectonic activity. For this reason u is important to study 
the flow properties of both intact and fractured samples. Thus 
ofthe three experiments described in Table 1 the sample for 
experiment 3 was an mtact specimen, whereas the samples for 
experiments I and 2 both contained a single throughgoing 
fracture. These were made by mechanically expanding the 
borehole, creating two tension fractures 180° apart along the 
length of the rock. 

The confining and pore pressures of experiments 1 and 2 
(/'corf = 600 bars, -Ppo., = 200 bars) represent a depth of burial 
of approximately 2.4 km, where confining pressure is due to 
the weight of the overlying rock and pore pressure results 
from the hydrostatic head. Experiment 3 simulates a depth of 
about 1.2 km in the earth. The lower confining and pore pres­
sures (/"o^ = 300 bars, Ppa„ = 100 bars) were chosen because 
of the much lower permeability expected from an intact 
sample. At these pressures, flow rate and differential pore 
pressure remained in an accurately measurable range 
throughout the experimenL Current feasibihty studies of the 
very deep hole disposal concept extend to a depth of 10 km 
[Roy and While, 1975; U.S. Department of Energy, 1979]. 

Permeabilit)- was determined by either (1) monitoring the 
differential pore pressure between the center and the outside 
ofthe sample while maintaining a constant flow rate (experi­
ment I and the first half of experiment 2) or (2) measuring a 
changing mass flow rate over a constant pore pressure drop 
(experiment 3 and the last half of experiment 2). Differential 
pore pressure could be resolved to 0.01 bar and was kept low 
(5 bars or less) to ensure that flashing to steam was not caused 
by a sharp pressure gradient; thus pore fluids remained in liq­
uid at aU times. The flow condition 'va experiment 2 was 
changed midway through the experiment to prevent a large 
buildup of differential pore pressure. 

Permeabiht>- is not uniform throughout the sample, owing 
to the imposed pressure and temperature gradients and non­
uniform mineral alteration. Thus reported permeability is an 
average value over the radius of the sample. However, we are 

TABLE 1. Experimental Conditions 
Experiment 

Sample configuration 
Confining pressure, bars 
Pore pressure, bars 
Flow condition 

Mass flow rate, g/s 
initial 
final 

Temperature, °C 
borehole 
jacket 

Duration of experiment, days 

1 

spht 
600 
200 

constant flow rate 

1.5 X 10-* 
1.5 X lO-' 

200 
95 
32 

2 

spUt 
600 
200 

consian; flow r^te 
and coQstant head 

1.5 XlO-" 
2.4 X 10-= 

280 
125 

6 

3 

intact 
300 
100 

constant head 

2.0 X 10-* 
1.6 X 10-* 

310 
115 
12 

I .1 

._w 
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TABLE 2. Flow Rate and Resulting Pressure at Room 
Temperature 

Flow rate decreased 
Flow rate increased 

Mass Flow 
Rate Q„, g/s 

2.88 X 10-= 
3.02 X 10-" 
2.88 X 10- ' 

Differential 
Pressure, bars 

5.8 
0.6 
6.0 

-1 

03 

UJ 

2 tr 
LJ 

Z 

UJ o z 

changes in permeabihty that occur over time. 
Permeability for the intact sample was determined assum­

ing that Darcy's law holds. For radial flow, 

27r/' V dr 

or 

k = 
IvlLP I dr 

(1) 

(2) 

where Q„ is the mass flow rate, / is the length of the sample, k 
is permeabihty, r is the radius of the sample, dP/dr is the 
pressure gradient between the center and the outside of the 
sample, and v is the dynamic viscosity of water; P is a func­
tion of temperature and therefore varies with radius in these 
experiments. This equation is not appropriate for describing 
flow in the two cracked samples, because flow is not uniformly 
radial but concentrated along the crack. The parallel plate 
model analogy to Darcy's law [Gale, 1975] is often used to de­
scribe flow in this case. Flow per unit crack length is given by 

Q = {d>/l2v){dP/dx) (3) 

where d is the separation between two parallel plates. To test 
if the parallel plate model was vahd for describing flow 
through the irregular hydrofracture surface, we tested the pro-
portionahty of flow rate to differential pressure at room tem­
perature. When flow rate was increased or decreased by a fac­
tor of 10, the pore pressure also changed by the same amount. 
The results are shown in Table 2. The absolute values of flow 
rate and pressure are not significant here, only their ratios. 
Since the flow rate was indeed proportional to differential 

Fig. 2. Normalized change in permeability of experiment 1 
sample over a period of 32 days. Sample.contained a throughgoing 
fracture and had a borehole temperature of 200°C. 

0.8 -

0.6 

0.4 

0.2 

Fig. 3. Normalized change in permeability of exfitria^ 
sample over a period of 6 days. Sample contained i 
fracture and had a borehole temperature of 280°C. ; 

pressure, then the parallel plate model was applicaUeln 
hydrofractured surface. 

Because the separation between plates (crack «idtS^^ nt..,^. 
not known in these experiments, (3) could not be wci4' '^r ' 
rectly. Then instead of crack width we subslhuie a coesa^ lW 
such that the flow per unit crack length is given by' 

Q 
I 

dP^ 
dx 

• ' • K S . , ' - ^ " 

The constant X is similar to permeability m that it reUioftnt' 
in a crack to the pressure gradient. However, A h u vata^^ 
distance cubed rather than distance squared and thtnltft^ 
not strictly a crack 'permeabihty.' " ' 

OBSERVATIONS 

Permeability was found to decrease with lime foraSiaifer' 
pies. The effect of temperature is pronounced; FtgisB»i^_< 
show the change in permeabihty with time normalixd.feW. 
initial permeability. Temperatures refer to the letnpea^^, 
measured at the borehole as given in Table 1. -^'fPW' 

The cracked specimen at 200°C showed unexplaiBodJg^ 
ular behavior in the first l^ weeks (Figure 2) before « l « » ^ 
trend in permeability was apparent. After 32 <U>V|W- •-
meabiUty had decreased to 30% of the mitial value aflJ « * -
continuing to decline at a slow rate when the experiracffl "** 
ended. At 280°C, again with flow through a attic. W^ 
meabihty decreased rapidly withm the first 4 days t s i w*"' 
continued more slowly thereafter (Figure 3). The inue»«i^' 
men at 310°C showed simUar behavior, although ' * > " ^ - ' * 
cline in permeability was more rapid, extending ° ^ ' " * * ^ . 
day period (Figure 4). " ^B* '̂. 

Initial and final values of permeability for the ihre« 
ments are given in Table 3. The permeability ofthe' 
samples in experiments 1 and 2 is shown as X. •* 
above. Based on flo^- rates of the experiments pnor » 
the temperature, the introduction of a crack " '" '^j^j 
sample raised the flow rate by an order of raagmiuofc 
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rg 0 4 

Fig. 4. Normalized change in permeability of experiment 3 sample over a period of 10 da>-s. Sample was intact, with a 
l>orebole temperature of 310°C. 

The spUt faces of the samples m experiments 1 and 2 and a 
fracture surface ofthe sample in experiment 3 were examined 
using the scanning electron microscope (SEM) and attached 
energy dispersive X ray analyzer. The observations were com­
pared with those of a fresh piece of Westerly granite to deter­
mine changes as a result of exposure to temperature and flow. 
Thin sections were also analyzed to find possible differences 
in mineralogy between the borehole and the outer side of the 
rock. These two techniques revealed somewhat different mfor-
mation, because deposition along grain boundaries exposed 
from fracturing was more easily detected with the SEM and 
thiQ sections were more useful in observing alteration within 
grains. 

At a borehole temperature of 200°C, dissolved and redepo­
sited sihca was found near the edge of the sample with the 
SEM. The sihca occurred as patchy masses or long, thin fibers 
on top of quartz grains. Silica fibers were not present in the 
fresh samples of Westerly granite. Figure 5 shows a typical ex­
ample of deposition features. Here sihca is preferentially pre­
cipitated on a quartz grain. 

At higher temperatures, similar features were observed near 
the edge of the sample. In addition to silica, feldspar constitu­
ents were present in the deposits. Figure 6 shows calcium-rich 
fibers on top ofa calcium-rich plagioclase. These are probably 
fiberous zeohtes, favored over clay precipitation because of 
the neutral pU of the pore fluids. Alteration products tended 
to favor precipitation on grains of similar composhion. Note 
how the fibers have grown down the fresh faces of the albite 
twins exposed from the artificially produced fracture. Such 
structures were not present in the fresh samples of Westerly 
granite. 

It was difficult to identify unequivocally dissolution features 
near the borehole by using the SEM because of the irregular 
fracture surface and misleading surface structures (lines and 
pits) present in the fresh samples. In future experiments this 
difficulty can be overcome by observing etching along saw-
split polished faces. 

Preliminary thin-section analysis >ielded evidence of min­
eral reaction in one of the samples, the intact granite block of 
experiment 3. Fresh Westerly granite shows some evidence of 
natural, probably deuteric alteration that in part consists of 
the partial alteration of plagioclase by sericite, saussurite, and 
calcite. Generally, the sericidc alteration is a very fine 
grained, pale green material that is disseminated in the plagio­
clase cr>'Stals. Saussuritic alteration is also fine grained and 
poorly crystallized, but some good crystals of epidote/clino-
zoisite are observed. 

Reaction features produced during experiment 3 consisted 
of modifications to these natural, preexisting alteration miner­
als in plagioclase, in an 8- to lO-mm-ihick concentric zone ex­
tending into the block from the borehole edge. Within this 
zone the sericitic material was altered to a distinctive bright 
yeUowish-brown, somewhat coarser grained chloritic phyllo-
sUicate that showed anomalous dark yellowish-green inter­
ference colors under the crossed nicols. These yellowish-
brown minerals were especially well developed along cleav­
ages and internal fractures of the plagioclase, although small 
amounts of the phyllosihcaie occurred at some grain bounda­
ries. In addition, saussuritic alteration minerals intergrown 
with the yellowish-brown ph>iIosilicates may be slightly bet­
ter crystalUzed after the experiment on the average than those 
occurring elsewhere in the sample. With increasing distance 

Calculated from 
parallel plate model 

Calculated from 
radial flow model 

TABLE 3. Initial and Final Permeabihues 

Experi- Initial 
mem k, cm' 

1 2.94 X 10-* 
2 1.72x10-5 
3 

Final 
X,cm' 

8.18 X 10-' 
6.29 X 10-^ 

Inilj?! 

fc,darcies 

3.00 X 10-' 

Fmal 
*, darcies 

2-20 X 10-' 

.1 :^BK'i 
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•'"a"--I 

»*> 

Fig. 5. 

- • .-•" ' " . 'H'^. ' i " . . 

• *; '.yt^^^^-t-'i 

SEM photomicrograph of deposition features in experiment 1 sample. Silica from solution has redeposited as 6- •> • ,*4TS','' 
bers on a quartz grain. Magnification is 30,000x. •hr^.-^-

from the borehole, alteration features became progressively 
less pronounced and disappeared entirely 10 mm from the 
borehole edge. 

Siinilar alteration features were not observed in granite in 
the other two experimenls. In these, flow was concentrated 
within the fracture, and solution/redeposition features at the 
surface predominated over chemical reactions within the gra­
nitic block. In the intact block aU flow must occur along grain 
boundaries and cracks of the rock itself, which may promote 
reaction of the water with the minerals in the rock. In addi­
tion, the experunent with the intact block was conducted us­
ing the highest borehole temperature, 310°C, which may have 
facihtated reaaion. The concentration of reaction products 
near the heat source in the txjrehole supports this idea. Cal­

cite and the fine-grained and poorly crystallized sericiiie i i r J^'.; 
saussuritic minerals are the minerals most likely to dx>«lB^~^l' 
most alteration given the short duration of these experitaiaR 5^ 
At the lower maximum temperatures ofthe other tvotsft^.''^'.'.'•: 
ments, mineral reaction rates may have been slo««d SES> >.'-' 
ciently so as not to be detected. • .y^ , 

The observed geochemical changes resultmg from flo»'ii..f 
high temperatures are consistent with other studiesof tjmait. V' 
at elevated temperatures. It is worthwhile to mention scottf „^., 
these results because they explain in part the obsen-aiioai 4f - ' 
this study as well as reactions that may have occnned tosfi ..! 
were not evident from the analysis techniques used hot, «.-

Quartz solubiUty has been extensively studied; much of dfê ^ 
work is summarized by Holland [1961]. For temperatnnBtafe. • 

Fig. 6. SEM photomicrograph of fibrous Ca-rich zeolitic deposits on a plagioclase grain of experiraent 2 sample- Magni­
fication is 30,000x. 

' ' ' • • > ^ A 

••••KVSk." . 
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than about 325°C, quartz solubility decreases with decreasing 
temperature and is extremely low at temperatures less than 
1600°C, Thus simple cooling is an important mechanism in 
precipitating quartz [Holland, 1967]. Decreasing pressure at 
constant temperature also results in a sUght decrease in quartz 
solubihty. Dissolution of quartz is essentially independent of 
pH of the aqueous solution and is abo independent of the 
concentration of dissolved salts in the geologically important 
range of/" and T. In the pressure range of approximately 250-
400 bars, quartz solubihty in water for the three temperatures 
used in these experiments is about 800 ppm at 310°C, about 
700 ppm at 280°C, and nearly 300 ppm at 200°C [Kennedy. 
1950). 

Thus it is not surprising that quartz was observed near the 
edge of the sample (Figure 5). On the basis of the discussion 
above we infer that a large amount of quartz dissolved near 
the heater (borehole). As temperature dropped in the direc­
tion of flow, the pore fluid became supersaturated with respect 
to quartz, and quartz was deposited along cracks and chan­
nelways, the amount of deposition varying with T, P, and the 
flow rate. Cracks that are clogged by deposition very effec­
tively inhibit fluid flow and thus reduce permeabihty. Miner­
als other than quartz behave in a similar manner. For mstance, 
experimental results of a number of workers (see, for example, 
Gruner [1944], O'Neill [1948], Hemley [1959], Orville (1962, 
1963], and Hemley and Jones [1964]) have shown that varia­
tions in T, P,pH, and sah concentration ofthe coexisting fluid 
phase influence the stabihty of feldspar minerals. Feldspars 
remain stable in near-neutral alkaline solutions iu the temper­
ature range 250°-400°C and pressures to 100 bars; at least 
weakly acidic environments are required to permit hydrolytic 
base leaching of feldspars to produce muscovite or clays [Gru­
ner, 1944; O'Neill. 1948; Meyer and Hemley, 1967]. 

Morey and Chen [1955] and Morey and Fournier [1961] 
passed a continuous stream of distilled water over powdered 
samples of albite and microcline in closed vessels. Liquids 
were collected from the vessels and anal>'zed, and samples 
and vessel were examined for the presence of alteration min­
erals. With increasing temperature and pressure, progressively 
larger amounts of albite and microcline are dissolved into so­
lution. At the same conditions of reaction, albite has a higher 
rate of dissolution than does microcline. In addition, Morey 
and Fournier [1961] observed that Na-rich layers of perthitic 
microcline were preferentially dissolved, leaving behind skele­
tal crystals of potash feldspar. 

Charles [1978] passed distUled water over polished disks of 
granodiorite at 295°C and 330 bars total pressure for periods 
of 1-8 months. The disk subjected to 8 months flow of hydro-
thermal fluid showed 14% weight loss. The reactivity of min­
erals in the granodiorite was quartz : » microcline > plagio­
clase > mafic and accessory minerals. The presence of quariz 
contributing SiOj to solution apparently suppressed the reac­
tivity of the feldspars. Throughout most of the experiment the 
lolal concentration of dissolved material in solution was 720 
ppm, and the Si02 concentration was 680 ppm. The amount 
of Na in solution was 24 ppm, the K concentration was near 7 
ppm, and the Ca concenlralion was approximately 0.25 ppm. 
Secondary minerals on the disks included the zeohtes phihp-
site and thomsonile thai formed coatings on plagioclase and 
vermiculite that occurred as prominent black crystals adjacent 
to mafic minerals. Quench fibers of sihca formed on residual 
quariz grains and on other minerals. WoUasionite and sihca 
precipitated on the experimental apparatus. 

It is clear from these examples of feldspar studies that the 
dissolution and precipitation of feldspars and their breakdown 
products are significantly more complex than the quartz sys­
tem, "rhe results of Charles [1978] on the reactivity of minerals 
support our observation that sUica precipitalion in cracks was 
domuiant over that of feldspar constituents, particularly at 
lower lemperatures. .Also, plagioclase feldspars were preferen­
tially altered over orthoclase. as reported by Morey and Chen 
[1955] and Morey and Fournier [1961]. 

DISCUSSION 

It has been shown that permeabihty decreases with time, at 
a rate that is strongly dependent on temperature. At a bore­
hole temperature of 200'C the permeability gradually de­
creased to one third ofthe original value over a period of sev­
eral weeks. With increased temperature the permeabihty drop 
was much sharper, occurring wiihin 4 days at 280''C. For the 
intact sample at 310°C the major permeability drop occurred 
wiihin the first day and a half. Final permeability values of 
the two higher-temperature experiments were about 3 to 5% of 
the initial values, regardless of the stress apphed lo the rock 
mass. 

These results agree with those of Summers et al. [1978], who 
found a rapid decrease in permeabihty with time owing to de­
creasing solubiUty of dissolved minerals, and hence deposition 
and clogging of pores. However, pore water flashing to steam 
caused by the sharp pore pressure gradient was probably re­
sponsible for the marked solubihty decrease. The resulting 
deposition and drop in permeabihty occurred whhin the first 
half day of the experimenls, independent of temperatures up 
to 400'C. 

In the exp>eriments repwrted here, mineral deposhion was 
due mainly to decreasing solubility along the temperature gra­
dient and not to the production of steam through a pressure 
drop. Differential pore pressure was small, and the fluids re­
mained in the hquid stale throughout. Thus the variable rates 
of decrease of permeabihty are consistent with the model ofa 
highly temperature dependent system. 

Variations of physical factors as well as temperature will af­
fect the time required to achieve a permeability drop. For in­
stance, increased effective stress will tend to close cracks and 
inhibit flow bul at the same lime enhance the solubility of 
minerals in the rock by pressure solution. A decrease in the 
flow rate wiU increase the amoimt of lime available for reac­
tion wiihin the rock. 

Clearly, several cheniical and mechanical parameters can 
affect permeabiliiy. Temperature gradients, as well as 
groundwater chemisir\-, in situ stresses, fracture density, and 
rock mineralogy, must be understood in order to make well-
founded decisions on nuclear waste disposal sites. 

Our studies demonsuaie that the permeabihty of granite in 
a temperature gradient decreases with lime. This decrease oc­
curs even in samples containing a throughgoing fracture. If 
the same process occurs in the natural situation, then migra­
tion of radionucUdes away from a repository in granite may 
be suppressed, even when the rock surrounding the repository 
contains preexisung fractures or they are developed at a later 
lime by tectonic activity. 
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THERE are three types of phosphate rock, namely, 
sedimentary phosphorites of marine origin, apatite-
bearing alkaline igneous coiiiple.xes, and phosphorites 
of guano origin. Of these, the sedimentary phos­
phorites have historically dominated the world pro­
duction scene. At the same time the igneous com­
plexes have been gaining and the guano-origin 
deposits diminishing in importance in the last two 
decades. Table I shows those trends and also that 
three countries, the United States. U. S. S. R-, and 
Morocco, dominate both world production and export 
of phosphate. In fact three deposits or mining dis­
tricts are preeminent in this respect and their produc­
tion capacities have kept abreast of world demand. 
These deposits are in Florida, U.S.A.; Kliibiny, Kola 
Peninsula, U. S. S. R.; and Morocco. Other import­
ant deposits, however, include the Phosphoria For­
mation and North Carolina, U. S. A.; Kara Tau and 
European U. S. S- R-; the belt of deposits extending 
along western Africa through North Africa and the 
Middle East; the Sinian of Yunnan, China; Christ­
mas, Nauru, and Ocean Islands, South Pacific; 

Palabora, South Africa; Lao Kay, Vietnam; and 
Udaipur. India (Fig. I ) . 

Large deposits or fields found before 1968 but 
which are not in production at the present time due to 
economic, trade, or political considerations are Bou 
Craa, western Sahara; Georgina Basin, Australia; 
Sechura, Peru; Sokli, Finland; and the Colombian 
deposits. 

In 1971, after a decade or more of stable prices, the 
inadequate production of phosphate rock coupled 
with an increased demand by fertilizer companies who 
wanted to maintain their inventories led to an ex­
plosion of prices. As a result, with support from the 
United States and other North African producing 
countries, Morocco increased its price range such 
that, in the period 1971 to 1975, prices rose expo­
nentially from approximately $11 to $68 f.a.s.' per 
short ton for 75/77 BPL--grade rock; that is, an in­
crease of more than 500 percent. Subsequently, the 
price softened and by early 1978. after world trade fell 

' Free alongside ship. 
- Bone phosphate of lime = percent P I O B X 2.18. 

TABLE 1. World Production of Phosphate Rock by Type 

1956 (1) 1966 (1) 1976 (2) 

Percent (rounded) 
Sedimentary 
Igneous 
Guano 

80 
12 
8 

83 
13 
4 

82 
16 
2 

Total metric tons 30.4 X 10« (100%) 89.2 X 10« (100%) 106.5 X 10« (100%) 

World Production of Phosphate rock by Principal Countries 

1956 (1) 1966 (1) 1976 (2) 

Percent 
U.S.A. 
U.S.S.R. 
Morocco 

47 
11 
16 

40 
22 

n 

41 
23 
14 

Total percent 74 73 78 

World Export of Phosphate Rock by Principal Countries 

1956 (3) 1966 (3) 1976 (2) 

Percent 
Morocco 
U. S. A. 
U. S. S. R.' 

37 
19 
8 

29 
27 
15 

35 
24 

•15 

Total percent 64 71 74 

' Includes an unspecified tonnage of North Vietnam exports. 
Sources: (1) U. S. Bureau of Mines, (2) British Sulphur Corporation, and (3) Isma Ltd. and Institute of Geological Sc lences. 
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into decline, it stabilized :it $39.50. The marked events 
of 1971 fo 1975, however, led to a resurgence of 
worldwide exploration for phosphate rock by many 
nations with a view to self-sufficiency. ATany known 
deposits suddenly became economic, and both com­
panies and governments undertook feasibility studies 
and began development of existing and new deposits 
at Cargill, Canada: in the Tapira-Cataloa belt of 
Brazil: Tobene. Senegal: Nalial Zin, Israel; southern 
Jordan; India; .'\kashat. Iraq; the Mazidag Moun­
tains, Turkey; Thaniyat, Saudi Arabia; Kodjari and 
D'Louhdjouana, Upper Volta ; Kekirawa, Sri Lanka ; 
Bosiljgrad, Yugoslavia; numerous deposits in Ka­
zakhstan and Siberia : and alkaline igneous carbonatite 
complexes in Scandinavia (Fig. 1). However, per­
haps the most significant discoveries of this period 
have been the marine phosphorite deposits of Patos 
de Minas in Minas Gerais. Brazil; the various de­
posits on Baja California, Mexico; and especially the 
expansion of the known districts in Florida e.xtending 
outward from nearly all existing deposits found in 
the mid 1960s. These southeast U. S. deposits com-

lirise a vast addition to potential low-grade reserves 
for the future. 

In this volume are papers on phosphate deposits 
not previously described in the literature, namely, 
Sechura, and Cargill. In addition, European and 
some U.S.S-R. deposits are reviewed; a synthesis is 
presented on the geology of the shelf and onshore 
deposits of South Africa; new views are put forward 
on the weathering, geochemistry, and origin of de­
posits in the Georgina Basin; and a detailed analysis 
is set forth on the sedimentology and origin of the 
Florida fields. Finally, there is a paper which brings 
together, in space and time, data on marine phos­
phorites in terms of paleolatitude, paleooceanic orien­
tation related to plate tectonic theory, and the rela­
tionship of phosphorites to other sedimentary types 
such as iron ores and evaporites. 
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TSVETNYE METALLY / NON-FERROUS METALS 

THE POSSIBILITY OF INTENSIFYING GOLD 
DISSOLUTION IN CYANIDE SOLUTIONS 

L. D, Sheveleva, I. A. Kakovskii, and V. M. Samoilenko 

g-a 'ciB-'aec-' 

Oxygen is essential in the dissolution of gold in cyanide solutions as a receiver of 
electrons, but excess oxygen causes passivation of the metal surface and a drastic re­
duction in speed of dissolution [1]. Passivation has been proved by electrochemical 
methods (2, 3], and it has been established by electron diffraction that the passivat­
ing film consists of trlvent gold oxides and hydroxides [4], 
In cyanide solutions the normal potential of gold is -0.543 V [4], i.e., the metal 

becomes somewhat less rioble and capable of giving up its .electrons to oxygen to form 
oxidized trivalent gold compounds, because the normal potentials for the corresponding 
reactions are +0.532 and +0.590 V for AujOj and AuCOH),. . . 

It has been found potentiositatically [3] that passivation begins at +0.75 V and the 
potentials for these reactions, computed to take account of actual reacting constit­
uent concentrations under the conditions prevailing in this experiment are +0.67 and 
+0.73 V respectively. The results of this experiment accord well with the electron 
diffraction data [4], 
The presence of the oxidized film on the gold surface and the hysteresis loop in 

forward and reverse plotting of the potentiostatic curves [3, Fig. 2, curves 2 and 3] 
lead to the conclusions that these surface films are fairly stable, react fairly slow­
ly with cyanide, and screen the metal surface. 
As a result of these complications, the speed of gold dissolution in cyanide solu­

tions decreases when the rate of mixing rises and the oxygen concentration in the sol­
ution increases (Fig. 1, curves 1 and 2). 
When the number of disk revolutions is above 150-200 per miti, the process of gold 

dissolution makes the transition from a diffusion to a kinetic routine (the speed does 
not depend upon the rate of mixing). 
However, a number of results obtained recently indicate 

gold may dissolve in cyanide solutions according to the prin­
ciples of diffusion kinetics at higher rates of mixing. 
Thus if potassium ferricyanide is used as the oxidizing a-
gent instead of oxygen (see Fig. 1, curve 4) oxidized films 
do not form on the surface qf the gold and there is no re­
duction in ,the speed of dis­
solution even at a high 
rate of mixing 16, p. 62]. 

It was found possible in 
our experiments to increase 
the speed of gold dissolu­
tion somewhat by adding 
carefully washed sand to 
the solution, due to the 
abrasive action of the sol­
id grains. The definite 
beneficial effect of vibra­
tory mixing [7-9] may also 
be regarded as due to abra­
sion of the film by ore 
particles. 
A series of investigations 

[10-12] using activating 
additions also gives grounds 
for the view that the pas­
sivation of gold in cyanid­
ation can be appreciably 
reduced and the process in­
tensified by mixing (see 
Fig. 1, curve 5) and not by 
increasing the cyanide con­
centration (see Fig. 1, 
curve 3), which is less 

t r^re, 9-a.cn-

.? « 
n '/i ftps:) '^' 

Fig. 1. Relationship of 
speed of dissolution 
to mixing rates: 

1 - blowing with air 
[KCN]4.10-^ moles/lit; 
2 - blowing with oxygen 
[KCN]1.0-10-^ moles/lit 
3 - blowing with air 
[Ex]1.5.10-5, [KCN]3. 
•10-^- 4 - [K3Fe(CN)6] 
1.55.10-', [KCNJ4.10-' 
moles/lit; 5 - blowing 
with air [Tl+JlO"'', 
[KCN]3.85.10-\ Curves 
1 and 2 are taken from 
[1]. 

Fig. 2. Effect of the fol­
lowing factors upon speed 
of gold dissolution in the 
presence of dithiophosph-
ates with air blown • 
through the solution: 

a - disk revolutions ([EAf] 
10- , [KCN]10-* moles/lit; 
b - ethyl Aerofloat concen­
tration ([KCN ]10-2 moles/ 
/lit, disk speed 340 rpm); 
c - length of Aerofloat 
hydrocarbon chain: number 
of alcohol CH2 links ([RAf] 
IO-", [KCN].10-2 moles/lit, 
disk speed 340 rpm). 
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economical. 
It was shown in this work that dialkyldithiophosphates (Aerofloats) were exception­

ally effective additives. A kinetic study carried out at 25''C under conditions an­
alogous to experiments in gold dissolution in the presence of xanthates [12] showed 
that the process took place under diffusion conditions and at a very high rate of sol­
ution mixing (Fig. 2a). The speed of dissolution at 1200 rpm was 8 x lOr' g.atom/ 
(cm .sec) or 76% of theoretical with full utilization of the oxidizing capacity of 
oxygen in the above-limit region in terms of cyanide (6, p. 51]. 
When air is blown through pure cyanide solutions, the maximum speed of dissolutions, 

the maximum speed of dissolution in them is 2.1-2.4 x 10-' g.atom/(cm2.sec), or al­
most 4 times lower than in the presence of Aerofloat, The optimum Aerofloat concen­
tration in the solution is •XJ ICT'* moles/liter, but even a tenfold increase reduces 
the speed of gold dissolution only by 18% (Fig. 2b). It is a particularly interesting 
fact that an increase in the length of the Aerofloat hydrocarbon chain has compara­
tively little effect upon the speed of gold dissolution: it is 4.8 x 10"' g-atom/ 
(cm .sec) for the ethyl homolog and 3.8 x 10"' g-atom/(cm^.sec) for the amyl homolog, 
i.e., only 1.25 times lower (Fig. 2c), 
Since there are indications in the literature that the surfaces of minerals (and 

metals) coated with a collector are capable of adsorbing frother from solution [13] 
and this may be accompanied by an increase in the stability of the superficial passi­
vating film on gold, we mounted a series of experiments on gold dissolution in cyanide 
solutions in the presence of certain frothers. The experimental conditions were: con­
centrations of alcohols in the normal homologous series 5,5 x IO-"*, ethyl xanthate 
10" , potassium cyanide 3 x 10-* moles/liter, t = 25"'C, n = 430 rpm, blowing with air. 
It was found that additions of alcohols with a long hydrocarbon chain ranging from 3-
10 CH2 links and also pine oil had no effect whatever upon the speed of gold dissolu­
tion: it was 4.6-4.7 x 10"' g-atom/(cm*,sec) as in the presence of xanthate but with­
out alcohol additions. 

CONCLUSIONS 

1. The anodic phase of gold dissolution in cyanide solutions proceeds without kin­
etic complications; this confirmed by our own work (2, 3] and by the authors of [14], 
who dissolved gold anodically in deoxygenated cyanide solutions. 

2. A reagent has been found which is fairly effective in eliminating passivation 
of gold by atmospheric oxygen during cyanidation, 

3. The process of gold dissolution in cyanide solutions in the presence of Aero­
floats is fairly stable, 

4. Dithiophosphates are much more effective than xanthates as depassivators for 
gold: the adverse effect of excess reagent concentration in the solution and of an 
increased rate of mixing is less apparent [12, Figs. 2 and 3]. It should be noted 
here that although ethyl dithiophosphate is less active than ethyl xanthate [15, p. 
306], nevertheless amyl dithiophosphate has practically the same chemical activity 
(capacity to resist the action of depressants) as ethyl xanthate but also gives a 
greater contact angle (degree of water-repellency). 

These factors make it possible to recommend dithiophosphates for flotation of gold 
from ores instead of xanthates, especially if cyanidation of the flotation concen­
trate is proposed. 
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