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BJECTIONS to the; use of 
' chlorine or of chlorides in metal 
winning are of ten held, by ofthbv 

dox mct-iliiirgists for .apparently sound 
reasons, one of the; chief' arguments 
being Lhc corrnsion of equipment. This 
point of view has not hindered the pro--
diiction'pf magnesiuimj calcium,, lithiutii., 
scdiurri' arid c e r i i i i h from their 
chlorides. Wiih the de%'elppment of new 
materials, of constfucdonj, tlic corro-
sioii problern iSj or can be, minitnized; 
Plastics and perhaps titamum and zir-
coniiirn will, perraiL-eliraihatioifi of some 
of the corrosion troubles. T&us, the 
prospects' of chlorine metallurgy have 
brlghiteiied. 

The. uses of chlorine/or chlorides in 
metallurgy .are many. Anhydrous 
cKibrides maj' have to be made-: gg jj. 
raw msKrial for. the production of 
mut^ls by reductibn with other more 
eiecttbiiigative elementSi or by fiisioh. 
electrolysis. Iron may- have to be 
extrficfed. 'from lowrgrade nickel, 
chromiurn, aluminium.or titanium, ore's 
for. reasoris of bencfidiition. Alloy, cpn-
sntueois.may have t b be removed, with 
chlorine cr with eiilori'de fluxes and 
since the reactions -iri\'olved lead rnqstly 
to equilibria, i.e. iq. .mixed mscals^ 
alloys can .also be made by-reaction of 
rnetalSvWidi chlorides. The^considerable 
drop.^u^ the' price of chloririeih the last 
tvverity years now' permits applications 
of this reagent of which many rrietal-
liirgists arenot 'ye t aware. 

In- their present -state of urtderdeve-
lopmafi:; therihodynamics'^ are-prily of 
little Kelp to the chlelrine. metallurgist 

•and mistakes are_ being made by the 
over-confident use of'theirnal data..F0E 

' instance, ih 'aqueous solutions^ the 
affinity of nickel for chlorine is higher 

•than dl lit of copper; in a fused bath it 
is ire versed^.,, althotigti' publitations and 
textbooks do not take notice of this 
fact?; Pre que ntly the thermpchemisr is 
a poor, chemist aiid, he ignores the; " 
m-any unforeseen side reactions 'thai 
takeplfice, depending, on the tempera
ture. The reaction of HC! •with peO, 
for instance, described in a few line's 
iri one report^ took six publications and 
over- 100 pages to be cleared, uji By 

iSnother author's because of some tem-
pcrature areas for the' fprmation of 
hydrated products, of FeOCl aiid 
; because of valency changes. The most 
impb itant fact, left out entirely b y t h e 
ther niti che mists J which is, however, 
es.sentiat to the •metallurgist, is the 
' 'ignition-' •terriRerature or the know

ledge of fates for a giverî  ierriperat'uce. 
While adniittediy many factors inter-
fer'e in, the'deterrni nat iori of ihese ..3ata-
especially the activity of the surfaces,: 
even icrucle infonnation %ypiild help iii 

iappraisiiig the practical .valuejif. certain, 
teactions:''Many mefals with a'higher 
chlbrihe affimty have, %gaiHst e.^p'ecia-; 
tions, a higher ignition, temperature in 
chlorine,, arid, based on this fact, the' 
iiietaj with the lower aflfinity might be 
.removed vvithoiit touching- the other 
metal. Table, I gives .a, gerieral idea of• 
igriition t'empefatufijs of bxide. ve'rsus 
chlorine reactions as found; - in the 
literatgre.. Reaction *atcs at various 
temperamfes are also given; by" thb 
authors referred to?>S'', 

Most of the.reactipris o'f this Table 
are, at least to.!spine degree,- "reversible 
(see below, equation 4). It .may be . 
noticed that N i p starts reacting; at- a 
lower temperature, than Ee.Oj 'and 
Cb™0;- below" Ta,0=. The 'order of 
decreasing chloririiK attack pri various 
bxi'des'' has been, given' by .Earrefi^ as 
follow.i;: — 

Fe,Oa~^ G r j 0 3 ^ MgO H - GaQ.-j-TiO. 
-> ZrOj ^ AI2O3 -> SiOi 

Similar^ ighi ri oh' tc rti perature 'data Kaye 
been given for the chlorihation of 
oxides; in presence of carbon^. The 
react ton- start depends evidently -bri -
various-, especially .physical, factorSj 
which explains' the sprnetimes -con-. 

siderable variations ipund by various 
authors. 

Bas ic Reac t ions 

. --The chemistry;-cf- chlorine ,m.etal--
.lurgy can be summaTize.d,..]n. a. fe;w 
•equations..-A -nutuber. 06- anhydrpus' 
; chlorides; can be; prepared from 
.'aq'ueous. sohitions by crystallization or 
desiccation, but vvijh many other 
chlorides, hydrolysis takes place, which 
niay also leacj to oxyehloride of basic 
salt fprmation; 
' This cart'be expressed b"y die fdllPi.V-'" 

irig; equations:'— 

1. Hydrolysis; 
a. 'Metalehloride-!• H.O 

Hydroxide-jvHCf 
.̂ M'etal. 

ft. Metalchloriae i-H.Q -^ Metal 
' O^ythibridc + HGi. 

The reaction 1 b is especially d is turn-
ing in the .productipn of antiydrpvis 
magnesiuhi--'*' ;and cerium chloride 
from aqueous solutions. Since there, is 
an equilibrium involved, it is pbssibte 
to shift the feactibn to the. left by pass
ing excess hydrochloric gas ovt*r the 
oxychlpride, '^vh e r e by ' 'ahhydfous 
chloride is bbtairied. 

Sonie anhydrous chlorides caiinpt 
bc,̂ , obtai ned, at all frorn " the" aqiieoii's 
:s61utibris. or from oxychiorides fc'ven in"' 
the presence of excess HClj &i fof 
instahcc'AlC!:, B&Qk and ZrCl.. These • 

TABLE,!—OXIDES VERS US CHLORINE. REACTION START 

Oxide 

ZnO 
PbO 
CdO 

• F e . O , . • 
AIzQi= 
CrjO^ 
MoOa 
WO3 

• ' v„o^ 
NiO 
BeO 
TiO.,, 
TasOi 
Cb^Oi 
B.,Q,~ 

y.o. 
SiO, ' 
MnO 
CoO 
MgO 

T e m p , of 'React , 
Star t- i i i °C; 

ISO; 350 
200 
450 
400i.500; 525' - - • 
1250; SOO; lOOC.; 850 
500 
300; 500 
500; 750 
550 • 
260 
600; 1000 
850 

> i2oa 
.- 900 -
>900 

950 
>1200 

250 
250 . 
350 

.Conipbiiiid 
f o r m e d 

Chloride 
Chtoride 
Chloride 

•Cliroriae- --'-. 
Chloride 
Chloride 
Ox>;chier 
Oxychlor-
Oxychloi-
Chloride 
Chloride • • 
Chloride , 
Chloride 
Chloride 
Chloride 
Oxyctilor 
Chloride 
Chloride 
Chloride 
Chlonde 

- • = • - • • - • • • • " ' 

' : . . - • , • 

--Referei iee 

24 
24 
24 
5; 14,^24- •--

' 5 ,6 ,7 ,14: , 
'5|, 6 
6, 7 
^ , 7 
7 
5 i 6 

• '7, i"4 
7 
7' 
7 
7 
7 
8, 14 
6 

..: :6: 
22: 



are prepared by "t.'ie'Oerstedt" trict>Kjd 
,of •Q,Kide chlorination in .the presence" 
of carboh, as eKpresscd by the 
equation. 

'2. Reductipn ehlorinatipn: 
MeO if 2 C + Cl,.= Ml=CU -h CO/CO. 

Iri a mueh broader conception bf 
the. shine idea other-, cle mentary reduc
ing agents; such as sulphur, .or.'hydrp-
Tgcn, of cPmbiried -ones such= as G O , 
Gtr, can be used iri mixture with 
Chlorine. The lattef' rnay even be' 
directly tied up vvith reducing^ agent's 
in the' forin of compo'iinds, ••which have 

•to 'be broken up to transfer their 
chlorine and to bind oxygen. These, 
are, for instance': HCl, NH,C1, SiCt;, 
SiCL, BCl.i CG1„ SOClii'^'^ arid 

•COC1-, The'reactions relating to the 
.oxide-rchlcride' cxcHang'es will 'be dis
cussed later. 

Iii die -preseiice of 'excess chlorine, 
GO forms phosgene within the .tem-
perature_ stability' range of , the: lattef, 
i:C:.up to about 700°e; The ratio of 
C O / C O L . of the Waste g'asjss depends 
bri the temuerature, on • the excess 'of 
carbon used arid on the 'thickness of 
the layer through which CQi.- '̂wiU'filter 
in ccmiact vvith unreacted carbon with. 
vvhich it reacts; according'tp:—-

3. Carbon monoxide formatipm 

C + G0i-5i-2G0. 
The reaction is- reversible. Siid pfo-

cereds tb the left, at about SOO'C. in 
the preserice of' catalysts. It, is.'there
fore of no practical value to discus's 
whether the reactibn. No. 2, takesptacc 
with predominant 'CO or' "GO: 'evolu
tion. Tile cdnaposiiign of the gases 
varies with the location'th the; chlorih-
ator from which they are taken. In 
,sbme cases thS exhaust'gases may be 
very rich in. GO; especially -when the 

bed used is- shallovvj arid;, when the 
'Chlprination takes-.plade^at low tefripeiv,, 
ature. With ijhbsseii&..as chlorinating 
agent ihc exit gasessnt4*:gracti'cally free 
from CO,, the reductio'n'procecdiug' to 
thc«-end point.with fofiinatibn of carbon 
dipxid'e. •<•. 

The .clilotiriatipii pfpduet is, not 
necessai-ily an anhydrous _ chloride. 
Oxyehloride.'; 'of 'varipus; ek-menis. hvjy 
also forrii, as fof instafice, those pf W, 
V .and Mo, ;md these will be, fuft'ner 
-redviccd only in the presence of excess 
reducing agent-.aci'd :chlorine. 'The 

. stability ' of' such . p.^ychlprides, tinder 
these conditipns has ohly paftiaily' 
been, investiga fed. The ^ complete-
removal of oxygen from ""•vaiia'iium'" 
oxyehloride is,,a' clifficu,lt task: 

The physical i'stafe ,pf the chlorides 
obtained has considerable beafirig on 
the suirces's bf ;the. chlorination; '\Vith 
volatile chlorides such' as those 'pf.Zr, 
T}vand Be ihe eliinirtation'of the.'reac- ' 
tion prbduct is easy since it .is gaseous-
and it can be cbllectecl as liquid or 
sbiici in a condenser of some kind. If 
fused at the. chlpfinatipn temperature, 
the chlorides, impregnate,'the' feactibn 
mixture, as d.O .MnCi:_,and MgGlj; and 
then only chlbrifiatipn of piirous 
brtquetteSj on, a. bed...of .carb.pn, .vyhi.ch. 
permits p^ercplacion: by excess chlorine, 
lead's to "success': The iiised salts; can 
be tapped. With chromium oxide, the, 
mul!;iv.ilericy c.-auses considerable: 
trouble^^I?'J^'; because, jbf the' various 
rneiting, iind bciJ ing, , poin fs of tKb 
cbloridcs formed-. CrCl. melts at 
824°C'. and boils at' 1302''G., while 
GfCli starts subliming-at about'920'^G. 
Excess chlbrinc may bring about fbrm-
atidn of the uristiible CrC!,". Tp; 
yplatilize ehrornjum as CrClj a. con
siderable excess 'of chlorine must be 
maintained bul the forination of GrCl; 

Oxide 

CuO 
BeO 
"MgO 
CaO 

.ZnO 
,BaOa 
T i Q i 
SnOs 
OtjOa. 
M o O j 
MnO:-
F e , o ; 

ALO 3 

NiO 

FejOj 

CaO 
GaO 
VjOi 

T A B L E n 

'Chlor ide 

S iOj 
same 

• same 
same 

.̂  Same 
' same 

iarrie 
sairfe 
same 

. sain'e 
same 
same 

-same 

same 
" 
TiGl4 -

TiClj 
NiGl.j 

- eaCi,' 

^ O X I D E S V E R S U S CKILORIDES 

Refererices 

27" 
27 
27-, a 
27; a: 
27 
27 
27 
27 
27 

-27 
27-
.27 

27 

;2T 
.. 

. b 

4. 
c. 

;35 

Oxide 

Al jO. ' 

s i o v • 

SiOs 

SiO-y 
SiO, 
SiOa* 
ZnO 
ZnO 
MgO 

, CuO 
MgO 

;:P,bD . 
BaO 
BaO 
BaO 
BaO 
CaO 

1 GaO 
CaO ,• •-
CaO 

, MgO 
f 

Chlor ide , 

^BClj 
" • 

BCI , -
— 

ZrCU 

ThCS, -
BeCh 
NaCl 
MnCls 
EeCl, 
PbClj 
PbCl, 
ZnCi. 
SnCli' . 

' N i e i ; 
AgCl 

.PbCli 
TICI 
F e d , 
MgCK 

-.- ZnGli . 
SnGlj 
AlCl, 
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i:; so fast that the. b;ircH plugs, u.p with 
sohd .dichlpride, .Gr̂  when .a higher 
tempcraiure ;is.;uscd, it fuses and' im
pregnates the batch to such an •'extent 
that the surface accessible to the 
chlorine iS .greatly fed need.. Therefpre 
the .temperature has,to be brought ,up 
to above 1000°G- vvhile maintaining a 
considerable excess'' pf chlorine, to 
inhibit the dissociation- pf' ;any tfi-
chloride formed and- to chlorinate up 
thC' dichloride. which impregnates the 
batch. The chloride formed iti this 

. .U'.iy ;is inpsily trivalent. . . . . • ' . 
Free,silica is not elilofinated in the 

presence " of ' carbon 'except'- above' 
1200°C.'*-^. HdweVer, silka tied up.as. 

'sijicatc, for 'instance' iiv ciay'^ '•or'in'' 
'xircon*?, readily 'chlorinates together 
with the oxide With which it is 
associated. 

Iri any chlorination of oxides side 
re.actions -must"be expected; of these, 
inany ' concern exchanges between 
oxides and-ehrorides-f^ These can he 
derive'd tlirectry""'from the,'eqiiilibtia' 
between chlorine and oxides, as 
expressed by the'.followirig equations.''-

4. Chlorine versus oxides: 
MeOp -i-X Cl3 f! MeGl'x+y Oi; 

^.u,,.,.........., ^i.,..^. ,-.-...,..-.̂ ,_,,:(|eeiTable._J! ,̂̂  
5. GiilSides yersiis 'pxides; 

Me,Gl. + Me,OMMej.Cl. -f Mc.O 
• (see Table II). 

Both 'leactiojis. are reversible; This 
means that relation 4 permits the; 
-prcduction of chlorine;wiih oxygen.as 
well 'as; oxygen with chlorine, using 
chloride or oxide respectively- as, a' 
reagent, • These exchanges depend 
lafgt;ly upori; •temperature. Typical 
examples of thei dSJdatibn of chlorides 
are those of H G i " • ' ^ FeCl,'?, GrGl, 
as well as that df tlie chlorides of Si-", 
Al, Zr, Sb, Zn,, Be,- B, Gd, Co, Ni,>V, 
Mb, Mg-'-^^, All 'these chlofides are 

•oxiBised''v/iih''aif'or oxygen at elevated 
temperature. 
.-A hew titariipm. pigiiieni- industry, 
based on the oxidatiPh of litaniiim 
tetraGhloride is in the.,making. This 
will ffge th'e titi^nium pigrnent: industry 
from the use of sulphur. Silicbri tetra-
chtpride can be . burned .in oxygen by 
a similar process^" as shpvifnin a report 
pn German indvistfies. 

-Equatipn 4 is important' in the pro-
duciion 'of'ahhydroiis, oxide-free ZfCh 
and B e d : , since both chlorides, when, 
exposed tp air at their condensation 
temperature, revert partly tp-pxide and 

• chlpVine. I t ajpo plays.a rpie i'ti-;bhloiid-. 
izing rqa.sting, copper oxide among 
othef oxides being chlorinated by free, 
chlorine,;genefated -vvithin th'e batch-?. 
Zintrpxidc can-also be attacked directly 
by'chlG'fine^^. 

Reactipn 5. has .already - been men- , 
tioned; abpve, in cprmectiqri with 
cKlorides of a reducing character. 
Wheii the base metal forming the 
chloride, is also a good fedueing agent, 
Lhis chloride may act like a cbmbinccl 
chlorinating and .reducing' .agent 'For 
instance HGl. redtfces' and chlorinates 

"MgO^Oi; TiCi: -and- BGl, "'attack^ 

'5-
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quartz^^^''. .SiGl,, w^hicli is always 
present in the chlorination of':s,ilicepus' 
'prcSj i^ al.so an "excellent chlorinatiiig 
ageht for a great rnany oxidiiS'''' and it 
may be ;classified ampng the group pf 
reducing and chlorinating ;reageiifSj 
such as COCl;, which work accofding 
to. the principle' of equatipn 2. Table 
I i gives a,;numbcr of such exchanges, 
as •qupted in the .literatiire. The more 
common ones' taking place between 
NaGl, CaGlr,-.:; MgCL - have''' Befen, 
ofnitied. It rnay be, deduced from this 
Table, how complex is the chemistfy 
in tiie varipus; level's of a chlorinatbr-in 
which ores arid'mixtures of oxides are 
being- treated, ^ esp.eeially when by-' 
prpducts such as SiGl,, .and AIGL are 
formed. 

Relation 5' does not always yield a 
pure, chlgride. Soriietiines an. oxy
ehloride is pfoduced, whenever such 
compound is'stable;-c,nough-'within the 
g^yeii tempefature range,, Ori'the other, 
hand new oxide ' double eornpounds 
can also be produced .either .between 
the eleihencs involved, or with the 
Pxides of one of these; the latEerresult-
ing in a switch- of' valency. This" 
happeris frequently with iron; which 
readily produces FejO.; from its tri-

. valent chloride. • • 
The reaction between • silica and 

NaCi^ does not yield SiCl, but free, 
chlorine because of 'the foffna'tion of 
s'odiuhi silicate. This will be discussed 
'below. 

Oxide-chloride equilibriiiin reactidns 
can be. pushed one way by side reac
tions brought about by'the addition to 
the reactipn rnixEure of an oxidic;r'adical, 
.generally bf an acid nature, capable of 
forming; a strongly exptherfnic; dbuble 
;cdmpPLind with the ne-w oxide formed. 
As such one may use; 'SiO;„ SOj, P:0.,, 
CQ= or even AliO.,, .which, latter is 
amphbtefic. These radicals may be 
already tied ' up in some wayj as for 
iris tance 'in silicates, ^ph'osphates fand 
cafbotiates' and, provided ihis de is- not 
a strong one, it can be split. This 
means, that silicate;; ofes can be' used 
instead of free; silica-which, is irnportant 
in the treatment of siliceous' ores, 
v/hidi are usually hard to pfpcess. 
Ghlofidijing, roasting can be expressed 
by the following typical equations v̂— • 

6. Assiste'ci o x i d e - 'chloride ex-
chahge'^'^'^«-5".=ii32. 

a. Mea-f-SiO.-!-GaCh 
=MeGl,:-f-GaQiSiO, 

6, MeO + SO.i +.-1- 0. .+ 2 NaCl 
=-MeCl,^f^^,SO>.._ . 

Whether the one or the other equa
tion, has to be us;ed, depends, rnainly 
on the lemperatuf e' arid ;bn the methocl-
of .recovery of the chloride. This can 
either, be extracted from-the reaction 
•cake by leaching; eventually with the' 
help of" solvcrits (sodium thiosulphate 
for AgCl), or it can be yolatilizedrat; 
,high tcrriperature. .Reaction 6 b is not, 
well adapted to chlori'dizing-volatijiza-
tion (except to that 6f platinurn and, 
gdld^^, -ivhicb takes place at low tem
perature) because. the charge yvpuld 
melt. Silica, is' com rn only used 'as an 
addjtiPh in'chlpridizing volatilization. 

accprding to relation 6flj-in. feOiiibina-
lion ' with, an aifc'ilirie--earth metal 
chloride because, ;̂ f; d-ie rather high 
melting point of' ,tiie silicate fornied. 
This; •p,erri-iit,5,.'dfivi,hg off; th'e .chlorides 
before fusion t.ikes plaqe,. either 
because theif ̂ boiling' poirii is reached, 
or because' they arc carried off by 
partial pressure of their vapour in' the 
furnace gases; 

Chlp'ridizirig roasfirig; according' tp 
equatidh :6 b, operates with cheap 
pyrites ;as ,,a Ep,i;irce,»fpr*sulphuf. Other 
'sulphides are iisable as well Naturally,,-
-sincC' SO;, has to" be forrned, oxidizing' 
.epnditipns . have" tp prevail over the 
batch." "i'his' rnay 'cause' losses of such 
chlorides as are readily oxidized, but^ 
on the other hand, it also hplds '̂do'vvn 
'chlcride formairiori of some ;elementr, 
which- would havc'^to, be extracted arid 
separated 'from the cake by vve: 
•methods".' •'So'diunf "suVphate 'is formb-d' 
in the; ehlorinatipn, ' which ";salt '.is , 

.•thermally, very-':' stabler If; ":Gal'ci'un5 • 

. chloride were; used instead of NaGJ, 
calcium sulphate, which is still more 
stable, would be obtained, siriee'scdiiirn 
chlbride does ndt react with-it. 

•The fusibility of sodium .sUlphate-
chloride„mixtur'es 'interferes frequendy 

" wi th' th e 'c hlo'rid i z ihg' f pas ti ng, bec'a use 
the exchange .;pf„ .the- batch ,'with". th'e' 
chlorine ,pf the furfiace atmpsphere is 
reduced by irnpregnatibn. The; origin 
of this Cihlpfine must be explained. I t 
fesiilt's; from the reaction of sodium 
chloride with air and; S,Q=. according', 
to,; —-

7. Ghlcrine generation: 
2NaCl-[^;S6=;-t-d,='NaiSO, -PCI , , 

'This reaction has f'epeaiedly been 
proposed, especiaUy in, wartime, for 
the" production of ealprine by plain 
chemistry, withoiit having to produce; 
'sodiuni hydroxide ^as. a by-product-of 
an aqueous electrolysis. Other radicafs 
such as SiOij ,A1JO;, and'-'evenGO:; also 
liberate chlorine by the mechanism Pf 
equatipn 7 and miy replace SO^.-l-O:. 
In'the.preserice of "water Vapour hydro
chloric aciii gas is obtained,- the oxygen 
needed; to •form sodium sul phate;; being 
partly taken; ffofn the .-water, as. shov/n 
by the relation:'— 

Si 2NaGr+SO.,+i-0, ,+ H i 6 
-. ' =Na=S0,-^2:HGl.. 

This 'equatiori is the, basis-of'die old 
Hargreaves process of Kydrpehlpric 
acid production. The preserice of HGl 
iri chlofidizirig roasting may eause 
.frpuble because of cc.rro'siop; and forrrir, 
ation of'hydrplyze;d'cpride'nsates."'' 

' Naturally, vvhen dxidizing' pyrites, in 
the presence ;of meial. oxides; varipus 
sulphates ,can be formed,." as for 
iiistanee those' of .iron, copper, riiekll 
and lead, the diermat stability of 

"which is important .in so far''as mast 
.;rsulphates.can be extracted by. aqueous 
methods. Thermal stability can be ex
pressed approximately' :as' follows., -in 
detreasirig order, fof medium temper
a tures , :^ 

CaSO,, MgSO,,, PbSO.,, Ag.,SO,. 
MtiSQ;,GdS07;^NtS0i;ZnS0„ CuSO,, 

- F e S O , - . • - •• ; ' i - , .• - - ' ' . . 

These sulphates react witji excess 
sodium chloride (or 'calciuin -"chlffricle) 
prcducing sodium, (or calcium) 
sulphate andr,anhydrous, chlpfides; ,The-
rcactions; of the*'sulphates of -Mg, Al, 
Fe; Zn,.Mn, Gu, Ni, Pb "with scdiuni 
ehloriUc have been described iri the 
Uterature3'';?5, 

The kind: df ores, to which ctilorid.-
izing fo'a.sting. applies, is ;ngt well 
defined. Usually .this^method ;js,r^pm- r 
•mended for" silicate, 'of sulphide ores 
containing lithium, gold; silver, 
platinum," lepd, copper,' ^inq, afseriic 
'and aniiriipri'y. Zinc ores behave 
erratically. Arsenic and _aritimpny., afe 
.vdtatilizc'Ei. "Neither zif'cpti'ripr beryl 
are at tacked by. GaCl., dr.- Mg C li no r, d o 
tH'esi chlorides react with BeO and 
ZrO, up'to iood°c; " 

The reversibility of reaction 4- is 
usually .oveflooked , by rnetallurgists.. 
The-oxidatipn of chlcridfes by air or 

-'oxygen, which: is;^''cdnditi6ri'ed' largelj^ 
• by'.Tompe'fatVire '̂ riiay be" expressed iri 
• increasing order foV red heat roughly 

as follows;—• 
' AgCl',..Hg=Gl„ PbCt., .CdGl', GaCL, • 
LiCl, MnCl,, Gu.,eL, ZnCl., SnGli, 
NiGl., FeGl.,. MgC!., GrCL,. SnGL, 
TiCl',, 2reh, ,AlCl. , SiCl,, " , , . . 

In *irjdu"stfial fufpaces' usiiig chl.qrid-' 
izing. rdastirig; conditions are - usually 
oxidizing because of the pre'scricfe of 
O::, Gpi , H ; 0 in "the cornbustion gases 
and orily; the most st.i.ble chlorides can 
he prevented frorn being pxidised Vs-
are' th'pse'iof. Ag, Pb, Zn, As; Sb and 
Giiiarid only the oxides of these rnetals 
are chlorinated. Platinum arid gold 
chlpfides 'dissociate at relatively low 

'temperatures but can be volatilized 
eyeri in air, ;since both irte^tals, as well 
.as silver, form no stable oxides-^'. Gold 
clilGride is said to be stabilized fay 
pther^chlorides arid its dissociation caTi 
Be' 'held b'ack by iriaintairiirig a large"' 
excess of chlorine over the batcii^''; 
Chlpfihation.. of dxidizecl platiniiiriT 
nick'el-copper ores vvith NaK'Oj, and 
NaCl is reported^^. The ppefaiiori 
takes .place at.600''-700°Gi arid the ores 
are leaich'ed afterwards. Iron and nickel 
chloride are not usually, found in large 
•quantities- in the reacted, product if-
tli'ere is not a large, excess of chlpfine . 
in the furnace atmdsphere since their 
oxidatipn by furftace gases 'is iis'ualin. 
the .standarid industrial furnaces - sucb 
as fotar.y, kilns pr "Wedge fufriaces, 
Ghlprtnation of oxides or oxidatidn of. 
chi dri des may sorrie times proceed pnly 
half vvay, with formation of oxy-

•; chlorides XW^JVlp, y^f 

If the chloridizing takes place in 
complete absence of air, for instance 
in a vacuum or in a neutral gas, these 
chlorides can be prevented' from being; 
oxidized iind 'can .be, reclaimed'''''^ ss 
ihpwn 'by ;'spriie -patents cpncerning-
ifdn extraci;ion from, low grade ores.'?. 

Cliloridizing roasting may be .fol-. 
lowed by .aque'dus extraction, even
tually vvith the use cf specific sol vents 
such as sodium •thiosulphate and 
cyanide. Otherwise the chlorides, if 
sufficiently volatile, can. be driven o!f 

', .-'ir,i.iG.oriti^nuedcorii^dge-.lSZ') --' 
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exper ience in dealing with the fpuridry 
problems arid .advising the clients -df 
an impor tan t producef of a luminium 
and backed by the "well-known. N e u -
hausen Research Laborator ies . A large 
n u m b e r ;of' neat and instructive draiv-
ings, photographs'-and graphs illListratc 
thp-descfiptidri. 

T h e r e is no doubt t h a t this, book 
will be very; useful t p the avcf'agc 
aluniiriiufn foundfyfnan, both the 
beginner and the "J'S l i ' g h t l , y rnore 

' extjcrieneea wprkef'. 
T h e reviewer may b e , p e r m i t t e d to 

ment ion some ppints which struck him 
as likely ' tp; produce slightly, distorted 
ideas in . the .mir id-of ' the inexperienced 
reader . 

I n deal ing with sorting "of alurriiriium 
scrap, it would seem necessary to 
emphas ize more strongly the j e y e r e 
liriiitatiohs bf rife •very, intefestirig new 
m e t b c d s df eddy current tesi ^(Wirbel-
strorn-'Verfahren) and measurement of 
electrolytic potential. A s the properties 
measured a re not only dependent on 
the M l o y Gpnipositipn bu t alsp stfdngly 
influenced by 'heatTtfeatment, every 

.case; of application W those m"eth'o'a's 
needs intiividual examination. Th.cre 
will remain only a very liinited number 
;pf really psefiii applitCtioris. 

O n p. 117 the author makes a s ta te-
rnent -which :eould produce t he imprc s -
sipri t ha i brie pari riot expecf a rerrielt 
alloy t o be. res is tant t o weathers or sea 
water, to have realiy' lugh; mechanical 
'properties or to take a igotfd ariddic" 
coating. T h e author probably does not 
in tend to produce exactly -tiiis iriipfes-
siori, bu t it would be uVefiit to siate 
clearly that ihe alloying industry has 
proved capable of prpdueirig very high 
quali ty rnaterial riieeting. exacting air-
crafi " specificatipns arid certainly 
permit t ing the use of ' suiiable alloy 
types id exposurcito weather,, sea; Waier 
and to exacting mcchaniEai.,^cpnditiqns 
alpng with metal alloyed frorri vifgin 
alumiriiurri. 

I n dealing; with ;fl.uxes t he reviewer 
is no t in .agfeemeri t vvith the auth or's 
eriaphasis on the "solubility of~alufriina 
in cryolite. T h e r e is' 'rio indication 
i h a i this' feat t i re has any .sigriificarit 
infiuence unde r the conditions unde r 

which fluxc's work i n the foundry. 
Fluxes completely free from fluorides 
haye been, and are being, used with 
complete success in separating alumina 
from liqiud . alurriiniufn and there is 
evefy indicat ipn that the surfa'ce ten-
sipri is responsible fo r the; flux lifting 
the alumina.f i lm bodily from theJ iqu id 
me ta l surface and envelppirig it in 
liquid flux. • 

T h e impor tan t , effect of gas content 
-in remedyirig, shr inkage, and-^hotiShofiT 
ncss 'de fec t s in th in walled castirigs of 
ce r t a in altpys riieriis more crriphasis 
than it receives iri the book. T h i s 
r emedy is i n wor ld-wide use mostly 
.applied '.secretly and with a., guilty 
coriscierice. Th'e> sooner this garhe of 
h ide-and-seek stops and , gives, rppm to 
an opjsh arid •well-controlled procedure , 
the bet ter for bo th t he fpurider and the 
user of castings." 

T h e s e criticisms of detail do no t 
.alter the very, favourable impression 
the. reviewer obta ined from the reading 
of M r . Irihariri's book. 

E . S. 

CJilori-He Metalhivgy^contitiued from pngt̂ ms 
at their boiling point :or eveh 'a t .fdwef 
temperature- by their partial pressure 
in the, exit gases. SiO„ is use's iti this 
case instea'd of SOi^+Qj as a feagerit 
to boost the reaction because o f the 
higher tempera ture needed for volatil-
izatipn of d i e cKlofides, Th i s rnie'thod 
has been reco m m ended,, for instance, 
for the product ion of li thium chloride 
frorri spcdufneri- usiijg calciurii chloride 
as carrier for the.chlorJneS5.,A, vacuum 
has .been prcppsed for the, same 
purpose''-' '^' '. 

'H ; Villa j J, Soc. Chsnt. J-nd., 1950, 69, 
•'supplement, 9, 

', \Vi J, Kroll;" Canadian Patents 441,144 
and 441,145, 1947. 

' 3 K.. 'Kellogg;'Traris'. -A.rM.E., 1950, 
188, ;a~&2, ' 

^ I-I. Schaefer; Z. :anorg. Chem.,. 1949, 
' 2S9,, S3, 75;, id., iSc. .cit,,' 1949. 259= 

.255; "icf;, Idc. cir., 1950, •2"61, 142:" id., 
f<?c, cit,, 1949,'260,. 127;;ia.,,IDC. c i l , 
•1949. 2€0, ;279- id., lot. cit.,. 1551, 
264, '330. 

s P. S. Lcbcdc\f; Alosi:~ow hist. Refer. 
G/ism. /41o£., 193S,-;M,, '28"86. -

6 P. Wahsmut; .Z.. (Mij;. Cfiem,, 1930, 43, 
9 8 ; ' - ' ' ' • " • " 

'̂  W. Kangfd arid R. Tahn;, Z. anb'f'g. 
Clwni.. 1933, 210, 3"25. 

» L, R, Barren, E. H. "Glews an'd A. T . 
Green; Brit. Ci^ramic Soc:. 1942,, 41, 
197; id. .Cas Research Board Gopy-
risht Publ. ISIo, 2, 1940. 

3 C; M, Shiglcy; '7'rati<:. A.I.M.E., 1949, 
"ZSl, 59. . ' 

'•̂  W. 'M'olderiliauer; Z, 'dn'or^, C/iKm.̂  
:j906,,51, 3.59; Gmelin's' ""Hanabuch 
der anorganischen Chemie,"' Mag
nesium, System- No; 27, 112. 

'1 Oerstedf; Pagi- Ann, 1825, S,. 132.. 
t2aH' Hechi; _Z. f^abrg.'Ch'ein^, 1947,2?4, 

37; id. and G.'taridor; I-I,.ScHIapriiari; 
foe. d t , 1947,'254, Z5 5, 

izliC. G. Maicr: Bur cf Mine? Bul. 463, 
1942; ia, U.S. Pat. 2-133,997, 1939; 
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Despi te the fact that: chloridizing. 
roasting and voiatiiization is a very' 
old proces's, and tha t ' i t has beeri tficU 
by many metallurg isis,', its use isj. at 
present , very limited. T h e raain.jieaspn 
is .the cdfrcsive hatu.iie of . the chlorides 
and the difficulty of accurate- cqiitrol 
of the tr icky chemistry concerned. 
Chlor idizing roasting"is b o u n d ' t o m'alce, 
pf ogress, pnce suitable furnaces can be 
built which permit .'operatipn in the 
absence or with con trol led anaouiits, of 
oxygen^^, Ercse.nt-day rotary kilns and 
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APPLICATIONS OF CHLORINE AND CHLORIDES IN . ME T A L L U R G Y 

Chlorine Metallurgy—Part II 
By W. J. KROLL 

(.Consultant, Corvallis, Oregon, U.S.A.) 
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(Continued from METAL INDUSTRY, September 26, 1952) 

WI T H multivalent metals, the 
various . chlorides- formed 
possess different degrees of 

thermal stability, as expressed by 
their tendency to dissociate, to " dis
proportionate." cr to react vdth 
other elements and compounds. Some 
of the chlorides become progressively 
weaker with increasing temperature 
and dissociate with liberauon of 

.chlorine. Others are stable only 
wiihin definite temperature limits 
and they form only at elevated tem
peratures by dissolving more of the 
element of which they are consututed. 
Conversely .this element is precipitated 
by " disproportioning" on cooling. 
While the higher chlorides display 
more the properties of chlorine, 
resembling in that respect peroxides 
which act more like oxygen, the lower 
chlorides have more the character of 
the element dissolved in them. 

Higher chlorides may be represented 
by the prototypes: CrCU, CuCl., VCL, 
and FeCh. Lower ones are, for 
instance, TiCU and AlCl. 

Typical reactions of higher chlorides, 
which involve only the loose last 
chlorine atom, can be performed with 
FeCtj. For instance CO reacts vvith 
this compound as follows^: — 

9. Phosgene formadon. 
C O + 2 FeCl, = 2 FeCU + COCL. 

Phosgene, which is obtained; is' 
known to be itself a weak compound. 
This shows how litde is required to 
detach the last chlorine atom from 
FeCU. • 

As a matter of fact, FeCls can be 
used instead of chlorine to bring about 
the chlorinadon of oxides. in the 
presence of carbon with the " nascent" 
chlorine which it readily gives off, as 
shown in the next equation: — 

10. Chlorination with FeCh: 
•. 2 MgO+ 4 FeCL + C = 2 MgCl. 

+ 4FeCh + CO,. 

Naturally this loose chlorine atom can 
be used also to react with more iron 
or. with some oiher metals, which it 
chlorinates very actively; or it may 
attack and chlorinate various com
pounds as shown by the equations: — 

11. Fe + 2FeCl, = 3FeCl. 
12. 2FeCla + C u , S = 2 F e C l . + 

2CuCl + S. 
TThe back reaction of iron crystals 

deposited at the cathode in the fusion 
electrolysis of iron chlorides in a carrier 

salt with FeCl,, formed at the anode, 
reduces-the current efficiencyconsider-
ably (see equation 11). Similar condi
tions prevail in die dtanium and zir
conium chloride electrolysis. 

While TiCl, is much more stable 
than FeClj, its last chlorine atoms can 
also be knocked off with other elements, 
with alloys, compounds or -with 
dtanium itself whereby lower titanium 
chlorides are obtained. This is shown"^ 
by the following equations which 
include also TiCU: — 

13. 3TiCh + Ti?^4TiCl, 
14. 2TiCl .4rTi^3TiCU 
15. TiCL+Ti;Fi2TiCl:. . . ' . . . 
These . are reversible . reactions and 

conversely titanium metal can be preci
pitated from the lower compounds 
under certain conditions of tempera
ture. TiCU is the more stable of the 
two compounds formed, but it decom
poses at 450"C. as follows: — 

16. 2TiCi3^TiCl2+TiCl4. 

Since the temperature areas of these 
reactions overlap, mixed chlorides are 
usuaUy obtained and the pure com
pounds are difficult to make. The tri--
chloride is violet, the dichloride is black 
and pyrophoric. It is doubtful whether 
the latter has ever been produced in 
the pure state and the products 
obtained are always contaminated -with-" 
titanium, probably because TiClj " dis-
proportionates" under certain condi
tions of cooling according to equations 
14 and 15. The temperature areas of 
formation or decomposition have only 
vaguely been determined. Formation 
of TiCU, according to equation 13, 
takes place at about 600°C. in a pres
sure tube. TiCU forms at 850°C. in 
a pressure tube but dissociates com
pletely in a vacuum at the same tem
perature, as indicated in equation 15. 
Titanium production methods, based 
on this chemistry, have been proposed. 

While the nature of these lower 
chlorides is fairly well established this 
was not so with many others until a 
short time ago. It is a fact, known for 
many years, that the metals Ba, Ca, Sr, 
Mg, Na, K, Zn, Cd, Pb and odiers 
dissolve in their own chlorides, and 
formation of lower chlorides of the 
TiCl, type was suspected. When cool
ing, the "sub-chloride" of the metal 
dissolved precipitates out as a fog. 
This phenomenon was well described 
by Lorenz"' in the fusion electrolysis 
of chlorides. Fog formation was inten

sified by the presence of moisture 
or oxides iri the ba'th,' which'rnade 
coalescing of the precipitate more diffi
cult. Recently Cubiciotti"* put the 
formation of these lower chlorides in 
doubt, and claimed that the metals in 
question dissolve as,such in the salts. 
He established ' the equiUbrium 
diagrams of such chloride-metal mix
tures, of which the one concerning 
Ba/BaClj is reproduced as Fig. 1. He 
gave the foUowing solubUity Table for 

. various metal chloride mixtures: — 

TABLE ra—SOLUBIUTY OF 
VARIOUS METALS IN THEIR 

CHLORIDES 

Metal 

Mg 
Ca 
Sr 
Ba 
Zn 
Cd 
Ce 
K 

Solubility 
Mol per cent 

1-2 
160 
20 appr." 
30 
10-' 
16 
33 

1 

Temperature 
i n O C 

900 
900 
900 
900 
500 
650 
? 
? 

The fact that barium dissolves to a 
very large extent in its chloride makes 
it impossible to produce this metal by 
fusion electrolysis. Addition of other 
salts, such as NaCl, lowers the solu-

• bility-and'fog.^formationj as shbwirby. 
Lorenz. It may be noticed that barium 
metal also dissolves barium chloride. 
If the metal could be produced from 
its chloride, the separatibn from this 
salt might prove quite difficult. This 
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Fig. 1—Equilibrium tSiagrom BaCI^IBa. See 
ref. 44 
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iitso ctsnecrns electrolytic calcium. In 
gcticrs, chlorine is a poison. 

A curious observation 'was mad'i 
years ago by Pcczaiski"^, who dis
covered that solid copper disEolvcs 
inaiiyTused chlorides'such ris those 6f 
Ba, Cil, Na, K, Mg, Fc.and Al, A;kird 
of cqpper-salt alloy i.s formed in this 
way and the copper., is d is in t'e grated. 
On dissolving in water, copper powder 
is'dbtained. Whether this is'caused by 
the fqVmatioh' of ari unkiiown lt)wcf 
copper chloride, or by the rnechaiiistn 
described by Cubiciptti would fce worth 
i.rivc.s tigation.. 

The, use of aluniiriium,'Subchloride 
in the, cxtracffon of .aluminium firoiti 
scrap ha.s been -proposed, and this case 
rnay therefore be examined also. This 
new field of metallurgy was xiperied in 
1939. by Wilmore*^ who stated in, a 
patent that atuminiurn can be. volat
ilized at, 1000"C 'tn; •viiciw, when 
heated Jn mixture with Alpa, The 
formation 'of. aluminium subchlorides 
had been mentioned before by a 
number of authors*'' buc Klemm'"' ;Srst 
brought sbrtii: ' more definite proof 
about the existence of such eornpounds.. 

When .gasepiis AlCI.,, which com
pound sublimes at 182.7 °C; and melts 
at l^O'C. under a pressure of 2 atmos-
phercsi is passed over pure alumiriium 
in the absence of air, at high tempera
ture, aluminium is carried over an the 
condensate together, with the; chloride., 
The condensate: obtained after conlinp' 

,is constituted, as^ shqwn by X-r.ay 
analysis, of highly dispersed alumiriium 
im.pure'AlCl-. 'The mechanism of this 
" catalytic distilLation" can be repre
sented by the .relation: 

17. AiCl;,-r2Al ^3 .MC1 

Similar results have been bbiaiiied 
Avith the cfher aluminium halogenides, 
A summary of the literature of this 
case is.-siven in the bibliographyl''-''^'^"-
5i.S2,5i.5a:',5 Weiss^" found that the 
AlCl cohicnt of ;thc. gases obtairied 
when passing, AlCls over aluminium .at 
atmosoheric pressure is';5Z per cent,at 
10D0°C,, 86 per cent'at'I]00°C.,3iid:9S 
per cent at t2b6°C. At-such tempera
tures the. vapour prcssure'of alumiriium 
metal is much too low to, cause any 

•evaporation. 'WeiES '̂' calculates the 
cner^y-xeguired'to carry over one kilo of 
'alurninium, as monobhlorjde to" amount 
to-1.78 kilowatt hoiirs. Gross**-,?' esti
mates; the he&t (jf formation pf AlGl 
."at rninus'11-58 Calories,'the, comp ound 
being endothermic, Foster^' estab
lishes the cxistcnGe of AlCl by spectro-
^raphic ;niethods. Similar, volatile 
lower alutriinium compounds puch '5s 
AIO- and AIS have been described. 

The scparaiion of the Condensate 
obtained from the aluniiniiirii inyy . 
take, piece by evaporation of The AlCh 
a t low temperaturiJs, or by fliixing, it 
with other chlorides such as NaCl or 
KCl, Ardaivcrk^^ proppses direct high 
temperiature dissolution of aluminium 
scrap "with fluxes, containing AlCI,,, 
separaii'on of the. AtC! bearing salts 
from the undissolved foreign-metals bv 
decantation at high temperature, cool-
'tng< and dccaritati'oh of the aluminiuni 

froni the Ilux. Kjcmrn '̂̂  uses a vacuum' 
in his experiments. 

Lower chlorides arc ijo'iyerlul reduc
ing agents,- since they cpbtiiin e.^cess 
metal in readily jt^'ailabl.-effor'rn. 'rhc.yl 
are ffetjuently pyrophoric and usually 
unstable in a.ir. ' T.tiey 'littack: a ,grcat-
mariy refractprics, -ivhicli th'cy reduce, 
and with metals they cau.sc. alloy for
matipn asshown by Groins-''', and others 
;i ceo rding t(r.— 

, 18: 9:.AlGl=h^-Fc;^^aFeAI,-KlAlC]=; 
19. 3: AlCl -j. Cu ^ Cu Ali i, AlCl,. 
With graphite; Ai,C= is fornied. 

Lower chlorides may be useful in 
brazing; and wcidihg, fluxes.. -.,, 

Direct reduction of AlCL ,to sub-
chipridc by ptlicr metals.ihay ,cxplain; 
ihe plating observed even in such cases, 
when the affinities of aluminiuni and 
that pf the redueiiig 'agent are ;far 
apart (AlGlj-f Fe of Cu)- Intermetallic 
compound formatipn favours, the, 
breaking up of the subchlofide.'fbfmed. 

Aluminium trichloride attacks .a, 
great many rcfraetdries as shown in 
Table H: Thjs^ as well, as the alloy 
formation described makes it very 
difficult to put catalytic distillation into: 
practice^?--? as.fat as the»contairier and 
heating means are concerned, t h i s is,, 
c-veh • worse' for. the "prpduciiori , (if-. 

, titanium from TiClj. 
Gross^' in a patent extends the sub-

chloride idea to other inetals' and^ he 
.very broadly claims that sirnilar separa
tions, can be obtained- by formation of 

,BG1, CbGli FeGl, NiCl, SnCl, GeGl 
and.TiGl- It had been obscrvcd^^ that 
in treating Fc-, Si- iand Cu-be a ring 
aluminium with AlCl.-Jthcre. was ari 
appreciable' and unexplainable volatil
ization of these ciemchts, \%^hether 
such lower chlorides exist, will have to 
be estaBlifhed by further experiments. 

Valency Changes ' and Sulph ide 
React ions 

Iri "reactions of chlorides of rii'ultir 
valent mcials with oxygen or. with 
Pxides there is frequently a shift of' 
valencies,^.3S can be-shpwn by-thc fol
lowing examples '̂'•^^• '̂•'̂ *':— 

20. 2 SriCi. -h Q'. fi^SnCl, -i- SnO;„ 
21. 6FeCL-hl-J0,^'4FcCL."-!-

FejOi?'. 
Sulphide ores would appear in be 

wcU suited for- chloririation with 
;elcment"ai-y chlorine^"-*'^''''•^^•'^ since 
tliey reaci at very low. temperature. 
The :simplicity of-this riKeration has 
been .stressed byiAshcrqftP'^^'who also 
lised carrier salts as" solvent within 
which the chlorination of the povvdered 
sulphide took place. This i.s impofiaht 
in case the chloride fornied suhli'mes. 
The 'operation can. be conducted in 
;such a'way, that elementary sulphur*is 
liberated but excess: chlorine produces 
S,C1,, vy-hich can be burned wiih ,air 
for retb-very; of stilphur as SO.,, tn 
s.prne cases, however, the chlorination 
of siilphides leads to complications in' 
the, condensation, when the. chloride 
produced has a boiling point close to 
that of SaCU, as. has beeri observed in 

the chlorinaribn of tiwiiium.sulphide''', 
E .\ c h a*n'g c .ii of sulphides with 

chlorides?"'^?'''? are also recorded in 
the literature, as; "for hi^taticc; those 
between barium o'xide arid the 
chlorides Ag, Pb, Gu, Ni and Ti^^, 
Silver, .chloride reacts vvith zinc; 
sulphide, producirig .silver sulphide and 
zinc chloride^*. 

The' equilibrium rulinj; "exchanges 
between' anhydrous chlorides nnd 

•hydrogen- sulphide", have .been studied. 
by Jellineck^'' in a few cxarnples,' The 
equation:— 

22. MeGl. I- H.,S ..?i MeS -[- 2 HCt 
is reversible, and anhydrous chlorides 
could be made • by reaction of a 
sulphide with giiscdiis hydrpchlbric 
acid,. Piire titaniuth and zirconium, 
sulphide-can be made by reaction of' 
the tetrachlorides with H.^S, 

Sulphide chlorination • rnay peirmit 
selective extraction of,some,metals but, 
this has'lbeeh littleinvestigated; Fink''';' 

•fo'r instance, selectively extracts iron 
from bauxites by first'sulphidizing the 
irori with elementary sulphur and 
chlorinating the material. afterwards. 
Sulphur does not attack'alumina, sihca 
nor titariium oxide. In the subsequent 
ehlorinatipn,^ however, some silicon, 
titanium - aiid aluminiiini chloride,. is 
produced by'chloriri'ation with S,:Ci;,, 
resulting from the actipn. of the.-
chlprihe oil iron sulphidt:; 

Pur i f ica t ion a n d Sepa ra t i on 
Methods for Cl i lor ides 

Specific niethods for the purification 
of crude TiCl,, ZrCl, arid BeGl; are 
used commercially. Iron chloride con
tained can be reduced with hydrogen 
frorn the Jtri-yalcnt to the; divalentTortri; 
'thus its .volatility is greatly reduced 
and separation is. ma^de possible^"; 
Ffactibriatiori of volatile, chlorides in a 
heated condenser has,-repeatedly been 
tried. The AtCl.i/FeCi, scparatior! by 
distillation, has not been successful-
because-of mixed-crystal forniation':'-. . 
Reduction of.the FeCl, -With aluminium 
powder is recommended before the 
sublimation is started. Fractionation " 
in .solid fprm is; difficult because oi the • 
heat gradient existing in the solid 
deposit between the outer condenser 
vvall and the eorid ens irig inner surface. 
.•Thegro-wihg thickness of tSic deposit 
interferes with the heat flow and con
stant temperature conditipns cannot, be 
easily maihtained. Also-heat dissipation 
in the axis of the condenser isitineven, 

; most of the''heat¥ being-gi.ven.pff-at the • 
pntry'df the'riietalvapouts. FracttOria-
tion of solid deposits is-in its infancy 
and much will have to be done to 
irrip rove .'existing methods, "yanadiurii, 
cPntairied in titanium tetraehlofidc, can 
be separated,by reduction with HnS pr 
with copper powder; iri" this -w'ay less 
volatile" .variadium compovmds arc 
formed'^''. The oxide iisuaily contained 
in zircbriiurii tetraehlof ide can be 
separated by :subliming^^. 
- The possibility of using anhydrous 

chlorides, which are liquid at room 
temperature (SiiCl", BCL, GCl," , SnCl,, 
,FCla, TiClil as il solvent for the purifi

cation or e: 
has receivt 
senkov"' s 
solvent fbr 
separating i 
which the I 

Chloride 
elements ca 
reducing tc 
lower chloi 
volatile car 
tipn of the 

"•Thisf has'' 1 
Schaefer'^ 
CbCh cont; 



cation or extraction of other chlorides 
has received little at tention. T a r a -
.senkov''"' suggests using T iC l i as a 
solvent for T a C L vvith the object of 
separating this chloride" from CbCl-., in 
v.'hich the latter is not soluble. 

Chloride separat ions of mult ivalent 
elements can sometimes be obtained by 
reducing lo a lower valency, and the 
lower chloride so obtained being less 
volatile can be separated by evapora
tion of the more volatile consti tuent . 
This has been done successfully by 
Schaefer'* who reduced .selectively 
CbCl.-, contained in mixed crystals with 

T a C L , to the less volatile tetrachloride, 
and separated both chlorides by distil
lation. 

Another method . of separation of 
closely related chlorides is by way of 
tagging them with another inorganic 
compound , which forms a complex with 
them. T h i s method has been used by 
"Van A r k e l " for the separation of Hf 
and Zr. T h e mixed chlorides are dis
tilled with addition' of PCI.-., which 
complexes both of them but brings 
about sufficient differentiation in the 
boiling points to perrnit fractionation. 

(To be continued) 
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()r srhaller tube and fitting the appro -
Driate set of straightening rollers at the 
feeding end. T h e tubes, it may be 
noted, are ntanufactured in a standard 
range of sizes rising in steps of i in. 
up to 1 in. diameter and in steps of -.',• in. 
above this diameter. 

It ..should be emphasized that 
although—as mentioned earlier—there 
arc two plants , identical in design and 

installed side ' by side, they are com
pletely independent of each other in 
operation. T h e time taken for each 
plant to complete a sheathing operation 
varies somewhat with different types of 
cable, bu t a general indication of pro
ductive capacity can be given by the 
average output per plant which is 3,000 
to 4,000 yards of power cable in a 
10-hour shift. 

Galvanizing 
A M E E T I N G of the Hot Dip 

/ - \ Galvanizcrs Association was held 
•^ - ^ n L o n d o n on T u e s d a y last for 
representat ives of the leading British 
general galvanizing firms to discuss 
Papers prepared for the recent In ter 
national Conference on Ho t ' Dip 
Galyanizirig held at .Diisseldorf which-

"was organized by the Zinc Develop
ment Association. M r . H . T . Eatwell 
(G. A. Harvey and Co. (London) Ltd.) , 
Cha i rman of the Associatioh, opened 
the meet ing by referring to . the 
iniprbvements in zinc supplies since 
the last general meet ing early in the 
year. Mr . R. L . S tubbs (Director of 
the Zinc Development Association) 
explained that the U . K . galvanizers 
had been hit harder than those any
where else by the zinc crisis, which 
had led to severe ra t ioning and the 
prohibi t ion of many uses of zinc coat
ings—a policy others had regarded as 
shortsighted in view of the waste of 
steel it entai led; no other country had 
enforced end-use restrictions on zinc 
coatings. 

Ta lk ing about the design of galvaiiiz-
. ing baths , M r . E . , M . Wilson (of Henry . 

Hdjpc and Sons Ltd . ) emphasized the 
need for cont inuous working to reduce 
costs and descr ibed how the baths and 
equipment ' should be constructed to 
allow a faster t h roughpu t of work. 
Because of the greater ease of control, 
gas is now replacing coke-firing for the 
heat ing of galvanizing baths. 

Stressing the need for economy now 
that raw mater ial and labour costs were 
so high, M r . F . C Braby (of Fredk. 
Braby and Co. , L td . ) suggested how 
best the problem could be attacked. 
He referred to the co-operative work 
of the Association which had contri
buted m u c h to a reduct ion in the 
output of zinc residues, an economy 
which had n o de t r imenta l effect on the 
quality of the galvanized product . 

In t roduc ing a Pape r by M r . A. T . 
Baldwin, one of the four American 
delegates to the In ternat ional Con
ference, M r . R . "W. Bailey (of the 
Z.D.A.) referred t o Mr . Baldwin's 
pioneer work on the study of galvaniz
ing fluxes, which has , also enabled 
galvanizers to reduce their metal 
losses. T h i s kind of scientific research 
on the f i indamentals of galvanizing,was 
very rare 20 years ago bu t its value 
was now geneirally appreciated. 

Discussing the galvanizing of cast 
iron, which often presents difficulties 
to the smaller jobbing galvanizers, Mr . 
Montgomery (of F redk . Braby and Co., 
Ltd.) explained the metallurgical dif
ferences between cast iron and steel 
•and showed how, th rough unders tand
ing them, the galvanizing problems 
could be overcome. H e thought that 
mechanical shot blasting was by far 
the best way to prepare castings for 
dipping. M r . Chivers (of the Z.D.A,) 
talked about the disposal of used 
pickle l iquors and explained briefly 
why it was no longer permissible to 
discharge them direct in to sewers or 
rivers. 
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(Continued Jrpm METAL iNEHJSTRVy Octobers, 1952) 

WHEN^ reducing' chlorides with 
metals or with- hydrogen and 
when chlorinating oje's, ciiIpriri-

atcd fay-products are -obtained, which, 
for economic reasons, must be returned 
after con vers ion to the corisiittientsj to 
obtairi a closed cycle; Reduction of 
such chlorides with more electrp-
negative eleriisnts produces anhydrous 
dt loride s, such as those of Al, JVlg, Na,, 
Ca of which only- the last three cbuld-
be fully brought b^ck in the cycle by 
fusion electrolysis, since the aluminiurti, 
chloride electrplysis isvnot^yet com'merT 
cially praGtii:able; As to the calcium 
electrolysis it is far too costly iti; its 
present state because of high po-we'r 
consumption caused by ihe use of a 
contact cathode. Magnesium; and, 
sodium are outstandiiig; due to the 
eas'ewith which they can be reclaimed 
from their chlorides. 

Hydrochloric acid, beneficiation is a 
prpblem: of first importance in the 
reduction of anhydrous chlorides with 
hydrQge;n. Two, sblutions are offered, 
"v/hich were both, put iiito practice" 
during ihe last war. The first is cofh-
bustibii of flGl with oxygen'^ ,in a 

'KCl /FeGl bath at 450°'C.",, according 
to a modified Deacon's' Prdcess vvhich 
yields,chlorine arid water vapour;, Thc' 

•-waste'gas'from the. ox idation is passed, 
througli S2CI;; which does riioi ,reaci' 
with.mpisture and thusithc: chlorine ga.s 
'is stored as SCli- Ti'cari be liberated 
by heating, whereby sulphur moho-
chlpride is.Vegerierated, A pilot plant 
capable of producing^ 50 "tons of 
.chlorine a day was in. opera tion along 
these 'line's in; Germany.??. The other 
"reclaiming process for hydrpchlpric 

. acid, is the aqueous electrblysis'^?. 
This requires p large amount of 
electric energy and capital investment 
is high. 

Whether reclaihiihg the HGl by way 
(jf the electrolysis of CuCl j -with li be ra
tiori of chlorine arid .oxidation of "the 
HGl/CuGl solution of the cathode-com
partment as proposed by Low''^ will 
be possible, on, ari iridustrial scale Has. 
yet tp; bfe; seeii. A low p ower • con su mp -
tion'is claimed ..for this jnethod,. .,.,-. .., 

Byprcidtict anhydrous iron di- and 
trichloride could be reclaimed by 
reaction with oxygen. In the,, 'Westcottr. 
Comstock process^'' pyrites are.chlorin-
.ated with chlorine.to form sulphur and 
FcCL. The FeCl,,,is oxidized with air, 
atid the chlorine obtained is returned 
in the. cycle. Rotary kiirjs are used in 
this operation. It is'* questionable 
whether' the .Fe.Qj-FeiOi formed in 

the last dperatioii can be e'asily 
removed frorn the-kiln^ No. commer
cial installation has yet been put, in 
pperation hiit pilot plant operation 
seems to sh6>y the way. Tlie=chlorinji-
tion of F.ciOj has been studied b'y 
Galmiche'^^. It appears that the-oxida-
tion of FeGlj, which is the:first rnember 
of the equilibrium Equation;— 

23. :4"FeGl-i-3 0 , ^.2^Ee=Q3-f.6Clr 
•is iargely temperatiire tronditipned, 
,FeCl,.beihg fairly stable a t I00d°C. in 
oxygen while: it is readily decomposed 
at Ip we r temperatures"; 'Urifbrtun ately, 
the rates of oxidation become very; low 
at .500° C, at which tern perature" sinter-
zing; of-the Fe,:0,"-FciO.i obtained could 
be held down; The best rates are 
found at, about 750 °C., where; the 
oxygen efficiency m'ay reach 75 per 
tferii: Under these GonditipnsJ how
ever; the pxide produced already sinters 
hea-yily. 

Kangrb?^ proposed using this reac
tion to extract iron from low gr^de 
irbn,6res arTd it could apply also, to iron 
rethoya! from bauxite, clay, iimenite 
and Ip-vy grade nickel and chrbmiiim 
ores, by he'ating these above ,1000^C. 
in chlorine., cooling the waste; (FeCl, -H 
Qi) gases^down to lowei teiiiperatures 
to bring abbiaE. a> back-reaction of the. 
oxygen presenfj origiiiating" from the 
iron oxide. With, the, af on trichloride. 
The thlbfine reclaimed could be' 
recycled. No refractories cciuld b e . 
found spermitting operation under such 
cdnditibns, Preheaiingithe ehiorine to 
the required; temperatures without 
using electricity constitutes another 
difficult task. , Reclaiming,, chlorine 
from waste FeClj is a problem of,world 
impbrtah'ce, which will have to be 
solved; some day. . . 

"The, treatrnent of by-product FeCl, 
ill order to. make it piay a pari of the 
cost bf chlorination in the form of iron, 
iron oxid e, pigment pr chlorine, ttii ght 
be achieved by various" 'other means 
besides those already indicated above. 
The. fusion electrolysis, in a carrier," 
salt, because pf the double valency 
of̂  iron, presents great difficulties. 
Aqueous: electrolysis is; suecessfulbfily'' 
from a divalent bath"^ which can be 
produced by reaction -of the, trivalent 
solutions obtained a t the aiiode with 
;Rre-reduced ore. The most'interesting 
methedj; however, is that- of Sintef-
metallwerk Berghaus^^ in which 
FeCl,,2'H.b is reduced with hydrogen 
at SSQ-C. -and. the ,hydrpchl6ric re-
clairned, after its elimihatiori. from the 
vyasre gas mixture with water, by dis

solutipn of iron scrap, and precipitatitin 
Pf the aquepus' FeCli formed as 
FeCl3;2H:0 with hydrochloric gas, 
bubbled into the ,sbluiidn. The 
hydfdgeri evolviEd in the scrap ,iron 
treatrnent is used again in the reduc
tion, of the hydraled chloride. This , 
process was put inio operation on pilot 
plant scale on the .basis of 20 tons -a 
day but details are lacking. 'While 
Berghaus employs iron scrap for 
reclaiming aqueous HCil, a cycl^ tin 
which hydrochloric gas would be 
returned through an aqueous electrply
sis cpuld. be proposed as well.. 

Ojiygcn added or present in the chlor
ination brings about rnore general 
exchanges between this" gas'and various 
'chloridel formed, which may break 
down io oxide with liberation ' of 
chlorine,;as showriin reat:tion','4 (METAL 
INI>!JSTRY,. September 26, p . 244). 
Air^ when added ip the. chlorine iised 
to chlorinate oxide/carbon mixtures, 
helps' to maintain the temperature, in 
the apparatus. , However, it inirdduees 
also many new complications. The 
batch, because of the varipiis-'ternp.era-
tures to which; it'is subjected along the 
vertical axis of tli'e chlorinator and due 
tp back reaction with the nurrierous 
.chlorides • which are produced in all' 
chipriiiations, varies in its compositipn 
on different levels. C©^ fortns GO 
with excessive carbbii -which reacts 
with Higher chlorides such as; FeCl.i, 
CuGlai and GrCli, forrning, GOCl.i'and 
lower ihetal chlorides' .as shown 
previously. 

The volatile by-product chlorides 
such as, SiGl,, TiCl,, AlCl,, react in thc 
Kigher zones with iron oxide. These 
chlorides have <even been propps'ed tb 
de.-irpn-thc.pre in a, preliminary step*-' 
Calcium and magnesium oxides, wheri 
chlorinated, impregnate the charge 
with fused chlorides which inhibit 
chlorination. Eutectics may form 
be't^veen the chlorides. With slifficient 
air; addition prbduciiori of such 
;chjqrides could be held down. Mag-
.riesiiim chloride, being fairly volatile, 
frequently iContamiriates the con-^^ 

';densate, It^c^iiibe: understood that theJ 
chemistry'in-an ore chloriiiator is quite 
complex,, and differs "very much from 
the: over-simplified presentation given 
by Maier** fpr the chlorihation of 
ehromites. 

Ghlorit iat ioQ of Low G r a d e 
e h r o m i t e s 

Among the propciscd chlprinations 
are thost; df Idw grade ehromites and 
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la'r,»;riiic, nickel ores; The comniercial 
ECquirements for ferrochrome prescribe 
the use pf a chromite with a chrpriiium 
Eoiroii ratiapf at,ieas,t;3:I. The-islitn-
ination of iron from the low grade ores 
to bring them tip tp standard is there
fore'imperati-ire. and cSibrihatibn w'ould 
:seem to be one of the best chemical 
methods, suggested for this purpose. 
Wfo.rk_d6he • by Maier^*, Mtiskat*^ and 
Griitzher*^ (I. G: ;'Farbenin dus trie) 
throyvs enough light on:these methods 
ib;eyaluate the 'difficuities involved. 

iQlaier avoids batch impregnation by 
fused chlorides and "filming,!' by'the 
usfe bf quartz pebbles as carrier for the 
ore/carbon mbtture, and as a, heat 
ballast'. This', also permits easy gerr 
eolation with excess chlorine^ as 
reguired to inhibit CrClj forriiation 
'and GrClj; dissdciaiiori. The addition 
of air, vvhich he recommends, holds 
.back. to. some extent the •fprrtiatioh' of 
MgGL, bui its action on the Pxygen 
sensitive chlorides such as CrGU-
FeCli-CrGl5-FeClj;,must be difficult to 
ControL The condensed pfoduct con
tains usually at lease 4 per centMgC.l;, 
carried over by partial pressure ih.the 
waste gases. Redistilling of the con
densate' in a HCI+CV" atmosphere, 
and -fractionating does not permit-
clean separation with, good recoveries; 
Washing- of the CrClj with water,, in 
vyhteh this cbrnpPund, wlien pure, is 
insoluble, does not succeed; because-of 
thepresence of catalysts, such as FeCl, 
and CrClj, which, cause dis'sdlution pf 
the chroniium tridiloride. Maier's 

'experirnents were, made only oil -a 
laboratory scale with quartz tubes. 
His results do not "permit transposition 
tp: industrial requirements; 

Muskat^^ Worked with:a shaft 'type 
chlorinatpr, operated at 100O-12O0°C. 
in the Cxhaiist gases, to which .excess 
chlorine vvas added, tp avoid GrCli dis
sociation, oxygeii was,niixed. with, the 
chlorine io control the temperature, of 
the batch, which contained excess-
carbon. Results are, described only iri 
patent specifications atidtheymight-be 
subject tb dpnbt. 

Grutzher*^ goes into his difficulties 
in detail. He chlorinated a peatmoss, 
chromite mixture in a large,.shaft type 
commercial chlorinator on a coke, bed, 
heafed with: electricity. The, volatiliza
tion of chromium and iron chlorides 
was coniparatively "easy, "despite the 
,'bccasibnal formation of ferro-^hrbme, 
but condensation of:the chlprides pre,-
serited inany serious prpblems". A. 
stationary condenser'failed. A rotary 
one, which was heated so as to provide' 
a heat gradient from 600-400°C. to: 

;av6id FeClj condeiisatibn, was not too 
successful and the conderisate analyzed: 
92 per cent GrGli only, besides iron 
aiid. J6 pei- cent.-MgGl;?' Accretions-of 
dense chloride, probably 'agglomerated 
with MgClj, were the; main trouble. 
Gr utz ner suggested the iise of a 
scraper, but it would be difficult to 
find a';suitabre-material of coiistin'ctidh 
fulfilling the requiremerits in such a 
corrodifig.-and, hot .medium, Iri norie. 
of the discussed eases have chlorine 
'efficiencies been recorded, which arc 

ceTriainly low. None.' of'the, investiga; 
tors attempted selective chlorihation of 
the iron 'and' their final decision-w.as to. 
separate the mixed;iron ariH.ehrbmiurri 
chloride condensates obtained iri .a 
fpllpwing fractipnatipn; step. 

The difficulty of- rembyiiig large" 
quantities of iron by selective reduc
tion of the', ore Without .Ipsingi 
chromium is: shown by the w.ork bf 
Bpericke^"^ who.; proved- that^ if only, 
60 per cent of the iron is 'reduced ai-
1200,°C.,'3 per cent bf;the chrbiiaium is; 
extracted with the iron by stilphuric 
acid leaching. In the chlorinaiion of 
pre-reduce:d chrothite where FeClii 
acts as a chlorinating, agent, the 
chrbmium.Ibsses are -̂ rtiuch higher. 

The corisiderable, difficuhies of 
chromite/carb on ehlorinatipn could 
greatly be reduced by using comriit-
nuted high carboh' ferrochrome as 
starting rnaterial. This would elim
inate the interfeifehce of'magnesia and' 
cbnseq'uent chlbrine losses. This 
grade of ferrochrpme can be obtained 
by arc fumace methods at -redu'ctibri 
efficiencies of 90-95 per cent.* Chlorina
tion of. powdered high carbpn ferro.-
ch;rome^^;at ternperatu'res ribtin excess 
of 500" G,- perrnits separation of the; 

"iron, as FeGlj from the: less; volatile. 
GrGlj formetl, but it is questionable 
whether the n'arrow ternpefature limits. 
p;ermissible could be maiiitairied ;in 
conimerciai chlorinators in spite of the 
admixture,of sand, .which, the patents 
recpmrriend, coiisidering'. the highly 
exoiherniic-nattire of the process. 

Chior ina t iQn of Low G r a d e 
Nicke l Ores 

Lateric low grade nickel, ores,, which 
cbhi'ain. the oxide of ihis element 
mostly as hydrosilicate,'vary widely,ih 
their ciirnposirion ,ih„ differerit' geb^ 
:graphic" locations .especially as to the 
iron,.magnesia and silica contents. TTii.s 
•indicates that' a niethbd of beriefici^-
tibn that might apply to one kind of 
pre could- not possibly be used uriiyer-
sally to all other bre cbnipo'sitions. 

Nickel and iron dichloride sublime or 
bpil at 9.73- and; 1023 "G. respectively. 
Iron diehlbride melts at 670°G, while 
the trichloride melts at 282° and distils 
•at 315 °G. Fractionatign of nickej 
dichloride from iron trichloride would, 
therefore appear possible: 

Nickel cbuid be reduced: select-
. iveiy**''° but ' soirie iron has. to be; 
reduced with it, otherwise the nickel 
•recoveries are too low. A foilowing, 
chlorination s.tep and subseijuent 
aqueous extraetioh would permit 
recovering the. nickel by 'taqeuous or 
thermal-methods, as suggested by some, 
patehts^^. Tafel?^ dbtained on , a 
labpratpry; scale- an 80 - per. cent .nickel, 
extractipn frorri.Frankensteiri ores after" 
reducing selectively; at 1000 °G! and 
chlorinating-at 250° C. Higher nickel 
recpveries can be .pbtained "Ohly when 
:reducirig also larger quantities of iron, 
and L(K"ev^^ prefers therefore complete 
ehlorinatipn, of-the =ofe. This, for the;, 
extr action of a l̂ S per cent nickel, iron 
ore of given cpinpPsitiqn, would require 

the use"of'35;5 tons of •chlorine per ton 
of nickel produced^'. 

Nickel oxide cafi be-- chlorinated 
directly with -elementary, ehlprine or 
with chlprine plvis 1 per. cent SGl: but 
the recoveries are low'^. Chlcridizing 
roasting is recprnmended. in a number 
of patents^^ among which sqme;suggesi 
keepihg oxygen but; of the reaction 
zone^^-^''. As showri here, 'the bene
ficiation of low grade nickel,^ ores by 
chlorination is mainly a problem of 
chlorine recoyery from the, by-product 
chlorides such as FeGlj, MgCl, atid 
SiGl.35. 

C h l p r m a d o n on I i idus t r i a l Scale 

Only the outsiardihg features of 
industrial chlorination will be dis
cussed. 'The direct- prpduction oi 
anhydirous chlorides from chlorine and 
oxide-carbon mixtures is apphed to the 
following pxidic; substances: bauxite, 
zircon sand,; zirconium oxide, ruiil, 
titanium pigment, inagnesium oxide. 
The chlprination of. alloys or metals is 
performed with z'irconiu"m cyano-
nitridcj titaniurn . carbide, silicon^*', 
iron?^ and aluminium metal. The 
iridustrial use of phosgene for the 
chlorination of ores has, been put into 
practice in Gemaan'y. 

The aluminium chloridi; from 
bauxite problena has been solved by 
McAfee*^. A German plarit using 
i)hdsgene for . the eh lorin ation , of-
ba,uxiTe. is fully .described in various 
,Tep6ris^ '̂̂ '̂-'̂ '̂ K^°^ I t seems "that never
theless aluminium chloride is now 
made preferably by chlorination of the, 
metaP°'^r 

Tiie production of ZrCl i i rom zircon 
. iŝ  well described by Berty^^. The ore 
has to be ground to 200 meshi which 
causes cpnsiderable wear of the equip
ment. The recoveries are Jow, because 
-pf a carryrbver of.' chloride . with the 
.-waste gases. Better results were 
;obtained by Gilbert"*^ with, zircoriiufn 
oxide. The electrically heated chlorin
ator permits .be tter, control of the tem
perature thani the German model. The 
equipment used by the I:G. Farben-
industrie for chlorinating titanium 
oxide or rutil is shown in-the Berity 
report previously mentioned. The 
production of magnesium chloride .for 
the fusion electrolysis, starting from a' 
magriesia is presented in a Fiat 
reportiQ.'J. 

Silicon chloride has bee'ii rnade by 
ehlorinatipn of SiiG' at 1200°C,^''^;. At 
present it is preferable tp use; high,. 

' grade-;silicon rnetal as 'starting m'aterial 
, and the I.G. Fairbenindustrie operates, 
in a water-cqpJed iron tube°^. ' Once, 
•the silicon starts burning, it continues 
to db so even inside a water jacket. 
Pro vis ion ..has-to be.-made-to elitriiriate, 
residues, for instance by means of a 
helix; = The production of titanium 
chloride-from carbide 'as well as that 
o"f„.-ZrCl, frorn cyariohitride'^''^ is w 
sirnple operation because the reaction 

'is self-susiairiing. T h e recoveries are 
.hi^h arid the .equipinent is small for a 
given output cpmpared with the 
ehlorinatipn oif oxide, Titaiiiurh 
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chloride production from oxide as 
practised in Germany is also described 
by Berty!"*. 

Beryllium chloride has been pro
duced in the U.S.A. by chlorination of 
oxide carbon mixtures in quartz tubes. 
In Germany a large brick-lined 
chlorinator, which was heated inter
nally by electricity, has been used for 
the same purpose*"^. 

Reduc t ions wi th Meta l s 

Equilibrium reactions b e t w e e n 
metallic reducing agents and chlorides 
have various purposes. The first may 
be the production of a pure metal; the 
second if any alloy is used, purification 
and ehmination of obnoxious con
stituents; the third, may aim at pro
ducing alloys of the reducing agent 
with the base metal of the chloride to 
be reduced; the fourth may be the 
obtaining of a valuable anhydrous 
chloride for further use; the fifth, the 
purification of a raw chloride. Examples. 
which may be taken for each case are: 
the production of zirconium by reduc
tion of the chloride with sodium, the 
ehmination of lead from tin-lead alloys 
by reaction with tin chloride, the intro
duction of manganese in aluminium by 
reaction of the latter with MnCl-, 
usually in a flux, the production of 
manganese chloride by reaction of 
ferro manganese with iron dichloride 
and the purification of fused zinc 
chloride with pure zinc. It is apparent 
that quite a multiplicity , of reactions 
is possible. 

"Volatile chlorides may be stabihzed 
in non.-reacting carrier salts or fluxes 
and metallic reagents may be confined 
in a carrier metal, which does not par
ticipate in the exchanges that take 
place. The physical state of the reactor 
may be gaseous, liquid and solid. 
Reactions of gaseous potassium metal 
with chlorides are frequently men
tioned in old references. Gaseous zir
conium chloride is now used in the 
production of zirconium. The most 
common case is the one where metals 
and salts are both liquid, but the case 
where the metal is solid may be exam
ined more carefully, since until now it 
has been almost neglected. Platings 
obtained on solid metals by the use 
cf gaseous or liquid chlorides- are 
common, as those of zinc, aluminium, 
boron, silicon, tin, nickel, chromium 
and copper on iron">'-io8->09-i»o-in-ii2-
113.114.U5.a5_ The penetration may 
easily reach a few tenths of a miUi-
metre. Supposing that, instead of 
compact metal, a fine powder were 
used to react with a chloride, it is 
evident that various alloy powders 
could be obtained, which might find 
important uses in powder metallurgy. 
Or, with a powdery reducing agent of 
high chlorine affinity, complete pre
cipitation of the element of the chloride 
could be brought about. Finally it 
might be possible to extract a valuable 
constituent from a comminuted, 
usually brittie, alloy by reaction with 
a cheap chloride, to produce a useful 
new chloride. Reactions of that kind 

naturally underlie the law of mass 
reaction, but in the first place, <liffu-
sion into and out of the metal particles 
dominates the time factoi'.- The reaction 
may take place in a flash or explosion 
as for instance the one bct->veen mag
nesium powder and niost hea-vy metal 
chlorides, or it may be more slow as is 
the one between powdered fprro man
ganese and FeClj. There is also a 
composition-time factor to be con
sidered since the first particles precipi
tated have a difTerent composition 
from the last ones, which diffusion 
tends to equalize. 

So far it has been assumed that the 
chloride would be perfectly anhydrous 
and free of oxide. This condition is 
difficult to achieve because, according 
to equations 1 and 4, oxygen is readily 
introduced in the fused salts by 
reaction with air and humidity. Even 
water dissolves as such in some fused 
chlorides, mainly in the hygroscopic 
ones (LiCl, CaCl;, ZnCl-), as is shown 
by the fact that when aluminium is 
introduced in fused calcium chloride a 
lively hydrogen evolution takes place. 
This is usually not observed with 
fused NaCl, which, however, shows 

an alkaline reaction in water after 
cooling, indicating a displacement of 
chlorine by oxygen. 

Dissolutions of oxides in chlorides 
may be misleading in reduction experi
ments because the oxide present might 
be reducible, while the chloride is not. 

-This can be shown with aluminium as 
a reducing agent. It is not capable 
of reducing CaCU but forms an Al/Ca 
alloy in a CaO-bearing CaClr bath. 
This compound dissolves large quan
tities of the oxide''^. 

Oxide elimination from a fused bath 
can be performed by equation No. 2 
by bubbUng chlorine in the melt in the 
presence of carbon, or by using a ' 
reducing chlorinated compound such 
as HCl, or CCl,. With volatile 
chlorides, which form no readily boil
ing oxychiorides, distillation or sub-
hming is the standard practice for 
oxide ehmination (ZrCl., BeCh, TiCl,). 
In the fusion electrolysis with a carbon 
anode, conditioning and deoxidation of 
the bath take place by running the cell 
for a while before real production 
starts. 

(To be conlimied) 
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first book was virtually unobtainable 
for years. In 1943 a reproduction by 
Photo-Lithoprint was made in thc 
United States of America, and so per
mitted the circulation of copies in 
scientific circles to a limited extent. 

Now we have this new book, 
"Einfuhrung in die Fcstkbrperchemie", 
which supplements and largely replaces 
the earlier book. It opens with a most 
valuable section on the historical 
development of .' the chemistry of 
solids, pointing out that Faraday was 
one uf the founders by his observa
tions on diffusion in metals, that 
Roberts-Austin carried out the first 
planned research which gave an 
example of particle transport in solid 
matter when he investigated the diffu
sion of gold in lead, and that J. W. 
Cobb enunciated his " Theory of solid 
reactions " in 1910 as a result of his 
researches in glass technology in which 
he had shown that mineral silicate 
formation could take place at tempera
tures which were well below those 

necessary to produce a molten phase. 
Tamman and his co-workers showed 
that metal reactions in the ..solid state 
could provide a new and large chapter 
on the reactibility of solids. It became 
apparent thattrue reactions in the solid 
state were to be looked upon as a 
general phenomenon that conld take 
place at quite low temperatures and 
that the abihty to enter into such 
reactions was a general property of 
matter. The main body of the book 
comprises five major divisions. Chapter 
1 deals with the building of solid 
bodies, (2) with the kinetics of the solid 
state, (3) with reaction in the solid 
state, (4) with some examples of thc 
practical significance and application of 
solid-body chemistry. A perusal of 
this particular chapter provides a broad 
vision of the tremendous extent of the 
field and its importance in industry 
and technology. From powder metal
lurgy and powder ceramics, through 
geochemical and petrological syntheses, 
the question of crystal modification in 

pigments, problems" in the manufacture 
of porcelain and other branches of the 
ceramic industry: all these and much 
more are comprised in this solid-body 
chemistry. The fifth and last section 
of the book consists of a most valuable 
" Atlas of Powder Reactions," in which 
thc elements are arranged according to 
their grouping in the periodic system 
and their inorganic compounds in the 
order in which they usually appear in 
text-books, oxides-carbonates-chlorides 
etc. The components of reactions are 
given, then the product of the reaction. 
Next follow the temperature at which 
reaction is just traceable by a stated 
analytical method, and then the tem
perature at which reaction appears to 
be complete. Then the percentage of 
yield and temperature, and other data 
with literature references in practically 
every case. Finally there is the index 
of literature, a name and a subject 
index. References in the text of the 
book are given at the foot of the page. 

H. W. G. 
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Chlorine Metallurgy—Part IV 
By W. J. KROLL 

(Consultant, Corvallis, Oregon, U.S.A.) 
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TO facihtate understanding and to 
broaden present knowledge of 
chlorine afBnities, a few of the 

author's experiments have been 
collected in Table IV. Similar experi
ments 1 " have been performed before, 
particularly by Tamman"* who 
reduced -various chlorides. In some of 
his experiments he" used a sohd metal 
powder as reducing agent. 

In general a chloride in a fused 
carrier salt of 60:40 per cent KCl/NaCl 
was reacted for J- hour in a closed 
graphite crucible with the stoichio
metric amounl of a reducing agent 
mostly in solid, 100 mesh powder form. 
The melt was stirred every 5 minutes. 
In such operations, sampling of the 
reaction products is difficult and 
rehable data could only be obtained 
from the salt analysis, the metal 
powder obtained after leaching frc-

. quently" being too oxydized and 
inhomogeneous. Approximate metal 
balances were obtained, provided the 
salt did not vaporize. These simple 
experiments are only a first approach 
but they give a general idea of thc 
affinities.' 

The arrows below the equations 
show the direction of the equilibrium, 
established by the weight percentage 
of the reducing agent found in the 
reacted salts relative to its input. 
Dotted arrows indicate that the experi
ment does not disclose the true direc
tion of thc equilibrium, because the 

salt formed was partly volatihzed and 
weights could not be obtained. Mostly 
equilibria were found and the metal 
precipitated was an alloy powder. 
VVhenever the equiUbrium swings 
strongly in one direction, metal separa
tions vvith chlorides or chlorine are 
possible especially with thc following 
alloys: 

Zn from FeZn with FeCU 
Cu from CuNi with NiCf.^ 
Fe from FeNi with NiCh 
Fe from FeCu with CuCl 

. Pb from PbCu with CuCl 
Zn from ZnCu with CuCl. 

Manganese zirconium alloys can" be 
made by reaction of Mn with ZrCl.. 
The cobalt copper, silver nickel, alu
minium iron, tin copper and aluminium 
zirconium affinities are not too fer. 
apart, so that alloys could be obtained. 
Separations could be performed both 
ways by shifting the concentraticn cf 
the reaction salts. This can be done 
by aqueous and by pyrometallurgical 
methods. Fcr instance the salts can 
be dissolved in water and separated by 
known procedures, based on solubiUty 
or affinity, for recycling. According to 
Vogel"9, the separation of cuprous 
chloride, obtained by exchange of 
chlorides with copper bearin.g alloys 
under the conditions shown above, is 
relatively easy because of its low 
solubility in water, when air is absent. 
On the other hand, it is known that 

NaCl, CaCL, -FeCl,, and many other 
chlorides solubilize cuprous chloride in 
water. However, a concentrated solu
tion of NaCl dissolves 16-9 per cent 
CuCl at 90°C. and only 8-9 per cent at 
11°C. Volatilization of one of Ihe salt 
bath constituents by chlorination to 
the form of a higher, more volatile 
chloride is also possible in some 
instances, as will be shown below in 
the case of tin cliloride. Precipitation 
of one salt constituent as oxide within 
the fused bath is someiimes possible 
by selective oxidation with air. 

Even in the many cases where the 
reaction of chlorides with metals is 
orientated the less desired way (for 
instance TiCli + Fe), platings or alloys 
could still be obtained. Higher tem
peratures have a considerable influence 
on the equilibrium as well as on the 
diffusion in the solid state. In certain 
instances the ignition temperature may 
not have been reached in the author's 
experiments. (Run No. 15, W+CuCl) . 
As shown by runs 8 and 9,"silver has a 
comparatively high affinity for chlorine, 
and that of lead for this element 
exceeds that of copper. (Run 13). 
Intermetallic affim'ties influence the 
equilibria considerably as seen from 
the fact that iron reduces aluminium 
chloride. 

Having thus introduced the reader 
to the principles of chloride reduc
tions by other metals, thc most inter
esting data regarding similar reactions, 

in 
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Run 
No. 

1 

2 

3 

4 

5 

6 

7 

.8 

9 

10 

11 

12. . 

,13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

T A B L E IV 

• 

Reac t ion 

Z n + F e C l a = 2 n C L + F e 

2 Cu-|-NiCU.=2 CuCI-f Ni 

C o + 2 CuCl = CoCla-|-2 Cu 

F e + N i C l . , = F e C l 2 + N i 
- > - • • 

- F e + 2 CuCl = FeCla + 2 Cu 
>-

C o + F e C l s = F e + C o C l j 

Zn4-MnCU = M n + A n C l s 

2 A g + N i C U = 2 AgCl + Ni 
-< 

Ag4-CuCl=AgCI + Cu 
-< 

Pb + FeCU=PbCl2- |-Fe 
-t 

S i + 2 FeCU.= SiCl.,-f 2 Fc 
>-

... 2 Al - t3 .FeCU=2.A!Cl3+3.Fe . 
- - ' - - - - " - - - - > - • ' ' " 

P b + 2 CuCI=PbCl2:l-2 Cu 
> • 

S n + 2 C u C l = S n C l 2 + 2 C u 

W-1-5 CuCl = 'WCl.,-f 5 Cu 

2 W4-5 NiClj = 2 WCI5+5 Ni 

2 Zn+.ZrCl4.= 2 ZnClj-fZr 
-t—. 

4 Al + 3 ZrCl4 = 4 AlCIa-fS Zr 
-< 

2 Mn+ZrCl4 = 2 MnCU + Zr 

4 C.u4-ZrCl4 = 4 C u C l + Z r 

2 Fe-f Z r C l 4 - 2 F e C l j + Z r 

Ti- | -ZrCl4=TiCl . - | -Zr 
-< 

2 Sn + ZrClj = 2 SnClj-hZr 
-i 

— M E T A L - C H L O R I D E D I S P L A C E M E N T R E A C T I O N S • 

I n p u t 
Compos idor i 

500 KCl/NaCl 
252 FeClj -
131 Zn 

500 KCl.'NaCl 
131 NiCL 
126 Cu 

500 KCl.'NaCl 
198 CuCl 
59 Co 

500 KCl.'NaCl 
131 NiC'lj 
56 Fe 

500 KCl.'NaCl 
200 CuCl 

56 Fe " 

500 KCl/NaCl 
126 FeClj 
59 Co 

500 KCl/NaCl 
126 MnClj 
65 Zn 

125 KCl/NaCl 
12-5 NiCU 
21-5 Ag 

125 KCl/NaCl 
24-7 CuCl 
27 Ag 

500 KCl/NaCl 
126 FeCl. 
207 Pb 

500 KCl/NaCl 
252 FeClj 
.84 Si 

,.500 KCl.'NaCl . 
"189 FeCl, • 

27 Al 

500 KCl/NaCl 
198 CuCl 
207 Pb 

500 KCl/NaCl 
198 CuCl 
118 Sn 

500 KCl/NaCl 
282 NiCla 

92 W 

500 KCl/NaCl 
233 ZrCU 
130 Zn 

500 KCl/NaCl 
233 ZrCi^ 

36 . \ l < 

500 KCl/NaCl 
233 ZrCl 4 

, l l Q M n 

500 KCI/NaCl 
233 ZrCl 4 
254 Cu 

500 KCl/NaCl 
233 ZrCl4 
n O F e 

500 KCl/NaCl 
233 ZrClj 

48 Ti 

500 KCl/NaCl 
233 ZrCl 4 
237 Sn 

T e m p e r . 
" C 

650 

700 

650 

650 

650 

650 

600 

650 

650 

900 

-.• '700..,. 

600, 

650 

650 , 

700 

' 650 

650 

700 

700 

700 

700 

Analys i s 
Sal t 

p e r cen t 

Zn =-.14-7 
Fe = 1-4 

Cu = 1 5 1 
Ni = 0-7 

Cu = 8-9 
Co = 4-3 

Fe = 7 0 
Ni = 0 - 2 

Fe = 5-8 
Cu = 1-3 

Fe = 7-7 
Co = 1-2 

Ag = 5-5 
Ni = 0-8 

Ag = 1 0 
C u = 8-5 

Si = 1 0 
Fe =11-5 

F c , = .3-6- . 
' Al = i l 

Pb =21-9 ' 
C u = 2-5 

Cu = 8-5 
Sn = 6-7 

W = 0-45 

Zn = 1-6 

Al = 0-8 

M n = 1 0 1 

C u = 0-5 

Fe = 1 1 

T i = 1 0 

Sn = 0 05 

Analys is 
Meta l 

p e r cen t 

Fe =80-9 
Zn = 9 0 

C u = 2 1 - 7 -
Ni =75-5 

Ni =90-4 
Fe = 5-6 

M n = 0 - I 

Pb =100 

Fe =51-5 
Si =48.2 

. AJ . T A : 5 , . . : : 

{ 

.. 

P e r cent of 
r educ ing agent 

in sa l t 

85 

„ " 76 

51 

80 

72 

13 

trace 

36 

6 

3-8 

- ..2a. . .. 

73 

40 
• 

4 

9 
-

-
17 

68 

2 

12 

16 

trace 

O b s e r v a 
t ion 

Equil 

Equil. 

Equil. 

Equil. . 

Equil. 

Equil, 

Equil. 

Equil. 

Equil. . 

No reaction 

Equil. 
Fuming Loss 

. .Equil. . . . 
Fuming LCsS' 

Equil. 

Equil. 

N o reaction 

Equil. 

Equil. 

Equil. 

.Equil. 

Equil. 

Equil. 

Equil. 

- > • 

t 

t 

..-I, 
•:i ' 

':& 

I 

-1 



usually in "the fully liquid slate, have 
been gathered from the literature in 
Table V, which has to be explained. 
Complete reduction (column 4) means 
that a mixture, adjusted in the accurate 
jroichiometric proportions of the equa-
ikm, leaves none of the reducing agent 
behind after the reaction is over, and 
that no alloys form with it. Some 
reactions do not go .to completion, 
because the reducing agent has so high-
an affinity for the metal precipitated, 
that it partiy subtracts itself from the 
reaction by alloying. Equilibria may go 
far to one side or the other. Those that 
proceed only half way or so may be 
especially adaptable to being displaced 
to one or the other side by shifting the 
concentration of the salts. An excess 
uf the reducing agent alloys with the 
"precipitated metal if there is any.ten
dency to alloy. Reactions between Cu, 
Fe and ZnCU help in establishing 
metallic surfaces when soldering with 
ZnCI; fluxes. 

The siliconizuig of iron has acquired 
some importance, thanks to the work 
of Ihrigi^o fi^g reaction of SiCh also 

takes place with other iron group 
metals such as chromium and nickel, 
and alloys are obtained, 

A most interesting reaction, because 
of the principle involved, is the one 
between silicon, sodium chloride and 
calcium oxidei'^', shovvn in the follow
ing relation: — 

24. 4 NaCl-^4 CaO-f Si ^ 
SiO,..2 CaO -f 4 Na + 2 CaCl,, 

This is really a summary of three 
separate reactions, namely: — 

25. '2NaCl + GaO^CaCI, + Na=0. " 
26. 2 N a , 0 + Si?^SiO,-f4Na, 

' 27. 2GaO-rSi0.v^SiO,.2CaO. 

The equilibrium 25 yields Na ,0 , 
which is reduced by silicon (26); thc 
orthosilicate formation (27), which is 
also used in chloridizing volatilization, 
(see equation 6a) helps here in the 
same way, shifting the eqiiilibrium to 
the right. The affinity of silicon for 
chlorine is far too low to permit direct 
reduction of the sodium chloride. 
However, its affinity for oxygen is high 
enough to make it a suitable reducing 

agent for sodium oxide, which is sup
plied by the equilibrium 25, between 
CaO and NaCL Since sodium is con
tinuously removed by voIatiUzation, 
sodium oxide by reduction, equation 25 
can be brought to completion. This 
method does not apply, however, to 
the reduction of LiCl with sihcon, this 
chloride being too volatile. This pro
cess for producing sodium is quite con
venient since it can be operated with 
cheap equipment at only 800°C. in a 
vacuum, and no chlorine is liberated, 
it being only shifted as indicated in 
equation 25 from the sodium to the 
calcium. This avoids the handling of 
chlorine gas. 

Barium chloride is not reduced by 
sodium beyond BaCI, the mono-
chloride. The existence of such salts 
has recently been doubtedi* but no 
barium metal can be made that way, 
nor by fusion electrolysis. 

Considering the low chlorine affinity 
of antimony and arsenic, their plating 
on many metals from their chlorides 
is possiblei^^, but the usefulness of 
such deposits is rather doubtful. Hot 

i 

• » . 

Reduc ing 
Agent 

Na, K, Rb, Cs 

Na, K, Rb, Cs 
Na, K, Rb, Cs 
Na, K, Rb, Cs 
Na, K, Rb, Cs 

Ca, Sr, Ba 
Ca • , 
Ca 
Ca 
Ca 
Cl 

^\g 
Mg 
Mg 

Zn 
Zn 

Fe 
Fe 

.\{ 

Pb 

H., 

Mo,-\V, Cr 

Mn 

Ag 

Co 

Cu 

Ti 

Sn 

T A B L E V _ M E T A L - C H L O R I D E D I S P L A C E M E N T R E A C T I O N S 

Chlor ide 

NaCl, KCl, RbCl, CsCl a. 
CaCU, SrClj 
BaCl, 
T iCl j , ZrClj , MnCU, CrClj, SiCl4, 

. ThCl , , UCI4, CeCl,, BeClj, MgCU, AICI3 
LiCl 

CaCl. , BaClj SrCls,.CeCl3, AICI3, PrCl , 
NdCl'a • 
ZrC!4, TiCl4, ThCf,, SiCl,, AICI3 
UCl j , M n C l . -
BeCl., MgCU, CrCla 
SmCl's, EuCU. b. 

MCU, BeCU, MnCU, CrCl,, TiCU 
TaCls, CbCl, , UCli , VC1„ ThCU 
LiCl, CeCU, ZtCl4 

InClj , PbClj , CujCU, SiCl4 
FeClj , CdClj , SnCU, ZrCU 

AlClj, SiCl.,, TiCU, ZrCU, MoCli 
NiClj , C0CI2, SnClj, CujClj 

BCI3, BeClj, ZrCl4, TiCl4, MnCU, FeCU 

SnClj,-BiCl3, SbCIj, AsClj, Cu^Clj, CdCU" 

FeCU, CoCL, NiCU, CrCU, MoCU 
ZnCU. CujCU, PbCU, AgCl 

SiCl4, NiCU 

CrCU, ZrCU 
ZnCU 

CujCU, NiCU 

FeCU, CusCU 

NiCU, SnCU, ZrCU, SiCU 

ZrCU 

ZrCU -

fEquil ibr ium" means that measurable quantities of red 

No Reduc t ion 
T o M e t a l 

• 

* 

*, 

jcing agenc are dist 

C o m p l e t e 
Reduc t ion 

* 
• 

* 
« 
* 

* 
* 

* 

. . 

ributed in the chlor 

E q u i l i b r i u m f 

• 
* 

* 

• 
* 

f 

de and rnetal phase 

Alloy 
F o r m a t i o n 

- * -
* 

* 

* 

• • 

(a) A. E. Van Arkel. "Reimi MetalU" J. Springer, Berlin 1939, 88. 
(6) F. H. S, Spedding, J . Amer. Cliem. Soc. 1952, 74. 2783. 



TABLE VI—HVDROGEN REDUGTldN OF CHLORIDES AND 
HVDROGEN ASSISTED PLATINGS WITH CHLdRipES 

Chlo r ide 

AIGU 
TiCU 
ECU 
c e i j 
veu 
ueu 
weu 
Mo'GU 

pci, 
ecu 
SriClj 
SbCij-
TiCU 

TaCU: 

FeCU 
GuCl 
ziicu. 
PbCU, 
CrCU 
MgCU 

'MrtCU 
NiCU 

BQU 

SnCU 

TaCU 

.M0CI5 

AgCl 

SiGU 

Aieu. 

Reduc t ion 
t o M e t a l 

• 

* 

to SnCU • 
i 

• b TiCU; 
* 

• 
.* -
• _ • 

'* 

• * 

-

,* 

M e t a l 
P la t ing ibn 

• F e . • 
Fei 
E c -
Fe 
Fe-
Fe 
Fe 
Fc 

Mo 

M o , W 

Fc, Cu, Zn 

Fe; Ni , Cu 

Fe etc. • 

Mo 

,Reference 

124 
124 
124 ' 
124 
124' 
124 
124 
124 

1 3 1 • "• 

131 
111 
131 
131 

125 

126, .133, 13^ 
125 . -
126 
126, . 

,115, 131 
128, 12,9 

5 
5" 

•115, 127 

ICif 

115i 133 

114 

a 

115 

129 

(a) .M. Jouniau.>:. Cotnpiss Reniiiis^lB99, i2f,SS'i . loc. ctf. 1901, ig i , 1270 

12O0 

0 aoo 
iu 
tc 

g 60'0 

S460 2 " 

^ 200 

.C 
/ 

/ 

1 
/ 
/ 

rCI;. 

ZrCl-

^ 
_̂ -' 
p=-

^ 

- -

^ 

• 

Ff'dE 

f M ' i 

y 
/ 

CggCI^ 

fig, 2—£<iui(|bnum;^ressure 
of" hyirog.eri a te r the 
ckiaYiiH of Cr,.Zn, Fe, Pb, 
ant] Cu 

0 10 zo 3b ''̂ 6 50 60 70 BD 90 tOO HgX 
'100 .90 80 70 60 50 40 30 20 lO O MCl-i 

iron parts,rna)r be .heavily attacked by 
the Ghlbrides- of tliese elerrierits'. 

Carbon tetrachloride, is, a .'slightly 
exotherniic, cbmpbuhd, -which breaks 
down quire readily when brought intp 
contact with hot m e t a l s ; . Zinc 
po-vvder'̂ ^ mi'xed with CCU was used 
iri the first world war as a fog producer. 
Iron powder is attacUed by CCli a little 
above 2O0''G. Reactions- of tliis cbm-
p(3und with the metals Al, Mh, Cuj'Sri, 
Pb and As ace describcd'^^. More 

factive' metals, .siieh as magnesiiim or 
calciurn, react •explosively. 

Hydrogen Reduct ion 
This c'ase is exceptibnal because the 

chloride produced is volatile (HCl) 
and it can be. removed continuously 
from the reaction zone, which permits 
easy shifting of the otherwise very, un
favourable equilibrium^. Thus; platitigs 
on other metals, o"r pure;m'etals can be 
obtainea?s,i03,iis,) 14(11 E;ia4_ -jrhey have' 
been .suggested ^ for- gtetings;,ptii ina'hy 
raetals, mostly ; at joyed, and concerii 
deposits of.Tal=^; Si,, Cr, B, Mo, Sh, 
Co, Ni as well* -as cpmpdunds of 
-various ele'rhents (see Table VI). 

/Kitioi iniiiisLry,-wciooer k l , iy32 f 

j 
• Hydrogen reductipn of chlorides for J 

metal winning, ,is recom.niehded by 
mariy authors^ arid the most careful ,• 
in-vestigation .of this, subiect is diat of .' 
Bagdasarian'2", Who redufied PbCUj .' 
AgCl,'GuiCl, 'FeCU -and CrCl,,. ;and . 
Maier^-', who worked, with chromium j 
chloride. Receridy-llie,Germahs^,^'used ?[ 
this metliod* to mak'e iron powder JFrom .| 
the'chloride. ,,' • ' • ^̂  

: Very exothermic chlorides can be -y 
reduced by hydrogen only at extremely ^ 
high temperature, as caii be obtained 5 
in the afc'^^;';^^''^?-'-^^. .At lower tem- ' | 
perature,, with pltiriyalent elemeotSi | 
there' is usually .forrnation of lower I 
chlorides. Meyer^f' reduced PCU % 
SnCl,, AsCU, TiCl,,, e c u , y c U , B C W | 
ShCii iti the chldririe-hydrogen tortih -t-
in absence of air but he only reached "• 
a temperature of about IGOO'C. He | 
could pro'duce in this way elementary '-i. 
carbon and phosphorus^ Titaiiium ^ 
tetra chi bride was' reduced to tri- 'if 
chloride. The well known experiments ll 
of. Weintraub^^'', who reduced B C U k 
-with hydrogen in ari.arc and obtained .1 
pure boron, show the influence Of the '4 
temperature. Quenching thebuigoing. i 
gases, tO'avoid back reactiori, is esseri- lj 
tiai. Table VII gives the rii a in | ' 
references concerning hydrogen reduc- | 

• tidh of chlorides. | 

When passing; hydrogenoyer,rthe less 
exothermic chloridesy reduction can be 
dbtained at reasonably low tempera
ture. The equilibrium concen tra don 
of hydrochloric gas for a given tem
perature,^ as found by Bagdasariahi^^ 
iri the reduction of the Chlorides of Zn, g 
Cui Pb, and Fe and those determined | 
by Maier^% are given in Fig. 2. It .'i 
shows that the reduction, of the "i 
chlorides, is favoured. by higher, teni- f 
peratures. In the reaction of chroniium 
chlbride -with hydrogen*^^ the equili
brium HCl. concentration is only 0.075 
percent at 800^C.,.wHich is'to say, that 
the hydrogen excess needed is very 
large. Since -'this gas has to he: cooled 
for the elim'matibn of- the HGl con-
tainedj the theniiaV economics; of this 
method are questionable.. With the -I 
reductipn of FeGU the eotiditions are 
much more favourable:'''-^^^., sirice the 
H d l equilibrium pressure is about 50 
percent at 800°C. The.'reducdori must, J 
of coursey be perfprmed. at tempera^ ,^ 
tures, low^enougli,,5p'that no sintering: $: 
of 'the batch takes place. If one wants ^ 
to obtain a pow-der, Fusipn of the | 
chloride may also interfere, with t hd -J 
reductitin. ^ ;j, 

The elimination of the HCl from the -;' 
waste gases:-is a problem vsfhich can be ;' 
spi-ved by various methods. Maier uses si 
activated carbon between the tempera- %• 
tures pf - 7Q and 310° Ci Diepschiag?'*'' 
cohdehses the HCl in concentrated ;.> 
CaCU solution from vvhich it can be • 
liberated by boiling. Bbrghaus dis- :'• 
solves it in water. '-"'' 

High purity metal powders can be } 
obtained by this method. However,- it . 

r-has--not reached: the cpmmcrcial stage ''̂ •• 
fpr any of the odier metals, ref erred-fa •, 

Ammonia gas is a much more 
^efficient reducing agent for afihycirbus, . 
chlorides than is plain hydrogen.!^;.. 

.;ia' 

, '" i l . 



TABLE VII- -COMMERCIAL APPLICATIONS OF CHLORIDE 
REACTIONS 

-

1 
2 

3 

4 
5 
6 

7 

8 

9 

10 
11 
12 
13 
14 

Reac t ion 

Dezincing lead with chlorine or PbCU 
Elimination of lead from lead-tin alloys with SnCU 

Producing calcium-lead from sodium-calcium chloride and CaCu 
in presence of lead 
Scparaung indium from zinc bearing lead with PbCU 
Separating lead from Bi/Pb with BiCU or chlorine 
Producing rubidium and cesium by vacuum reduction of the 
chlorides with calcium • 
Chromizing and" siliconizing iron with chromium or silicon 
chloride 
Introducing manganese in magnesium and aluminium by 
reaction with MnCU in a flux 
Introducing zirconium in magnesium and aluminiimi by 
reaction with ZrCU in a flux 
Production of silicon by reduction of SiCU with Zn 
Reduction of ZrCU with magnesium 
Reduction of ZrCl , with sodium 
Reduction of TiCU with magnesium 

. Reducdon of TiCU in a flux with sodium 

Reference 

a 
b,c, d,e,f ,g, 

I ' l i 

j 
k • 
I • 

m 

111, 120 

n 
0 

16 
72 
P 
1 

(a) J, O. Bettcrton. A.I.M.E. Tech. Pub. 504, 1933. (6) W. Savelsberg. Mcialiboerse 1932 22,801,855,897. 
\c) R. Lorenz and G. Schulz. Z. amr? .Chem. 1928, 170, 320. W W. Jander and H. Striebich. Z. Elskiro-
chemie 1937, 43, 193. U) F. Koerber and W, Oelsen. AUit K. Wil. Imt. Bisen-Farsch 1932, 14, 119. (,f) 
R. Pcrrin, U.S. Pat. 2,356,529, 1944. (g) American Metal Co. Brit. Pat. 632,839, 1950. (A) X. V. Billiion. 
Brit. Pat. 631,784, 1949. (i) E. H. Jones. Intl. Mill. Metallurey, 1949, 347, Discussion 1950, 363. 
U) J. O. Betterton. U.S. Pat. 1,941,534 and 1,941,535, 1930. J. Siegens and O. Roder. U.S. Pat. 2,290,296 
1943. H. R. Williams, B/os Fi-«a/-Rs/>Drt 333, PH 63382, (*) Y. E. Lebedev. t / .S. Pat. 2,433,770, 1947. 
(/) Cerro de Pasco, T. H. Donahue. U.S. Pat. 1,778,292, 1930. W. C. Smith, U.S. Pat. 1,870,338, 1932. 
W. C. Smith and P. Mack. U.S. Pat. 1,816,383, 1932, (in) A. E. Van Arkel. ''Reine Mctalle" J. Springer, 
Berlin, 1939,83. (n) E. f-, Emley, J , Imt. Met. 1949, 75,481, (o) D. W. Lyon, C. M. Olson and E. D. Lewis. 
Tram. EUctrccliim. Soi:. 1949,96, 359. (p) W. Kroll. Tram. Electrochem. Soc. 1940, 78,35. (ij) J. S. Smaiko. 
Fiat Report 793, Pb 31, 246, 1946. 

Ammonium chloride is produced, 
which can be recycled by standard 
methods. The reaction goes straight to 
.immonium chloride and no excess 
ammonia is needed. With iroii group 
metals^'^ nitrides are formed, which, 
as far as iron nitride is concerned, can 
be denitrided wilh hydrogen in a 
second step to recover' part of the 
nitrogen contained in the form of 
ammonia. Iron powder made by 
ammonia reduction of chloride may 
contain 4-5 per cent N^ before de-
nitriding. Zirconium and titanium 
chloride also give nitride when heated 
with ammonia but these nitrides are 
stable. The corrosive properties of 
ammonium chloride may interfere 
with die development of such methods. 
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(To be continued) 

Aluminium Plating 

A PROCESS for electrodeposit-
ing aluminium at room temper
atures has been developed by 

the U.S. National Bureau of Standards. 
Dense and ductile deposits are 
obtained from a plating bath contain
ing an ethyl ether solution of 
anhydrous aluminium chloride and 
either lithium hydride or lithium alu
minium hydride. Current densities 
range from 2 amps/dm^ (for thick 
deposits) to 5 amps/dm2. The bath 
is prepared and used in a glass plating 
vessel with a tightly fitting poly
ethylene lid. Anodes of aluminium rod 
pass through the lid and the objects 
to be plated are introduced and 
removed through a central hole which 
is kept closed with a rubber stopper. 

Cathode and anode efficiencies are 
approximately 100 per cent. Deposits 
005 in. thick have been prepared and 
thicker deposits should be possible if 
sharp edges are shielded to prevent 
treeing. 

STANDASUD 
SPECIFICATIONS 

Raw Copper. B.S. 1033-40, 1172-4 and 
1961:1952. Price 4s. Od. 

' VWc. Institution has just issued in 
-^ one booklet die following 10 stan

dards for raw copper: — 
B.S.1035—Cathode copper. 
B.S,1036—Electrolytic tough pitch 

high conductivity copper.-
B.S.1037—Fire refined tough pitch 

high conductivity copper. 
B.S, 1038—99-85 per cent tough pitch 

copper, conductivity not specified. 
B.S.1039—99-75 per cent tough pitch 

copper, conductivity not specified. 
B.S.1040—99-50 per cent tough pitch 

copper, conductivity not specified. 
B.S, 1172—Phosphorus de-oxidized 

non-arsenical copper. 
B.S.1173—Tough pitch arsenical 

copper. 
B.S.117-4—Phosphorus de-oxidized 

arsenical copper. 
B.S.1861-—0.xygen-free high con

ductivity copper. 
This includes revised editions of B.S. 
1035-40 first issued in 1942, revised 
editions of B.S.1172-4 published separ
ately in 1944, and a new specification 
B.S.1861 for oxygen-free high conduc
tivity copper. 

Apart from amending the upper 
limit for phosphorus in B.S.1172 and 
B.S. 1174, only minor changes have 
been made to both the earlier series 
but, in some cases the number of sig
nificant figures quoted for the limits 
has been altered so that the correct 
degree of accuracy is imphed. 

Reference Tables for Platinum/ 
Rhodium v Platinum . Thermo
couples. (B.S.1826). Price 7s. 6d. 

Reference Tables for Nickel/Alu
minium V Nickel/Chromium Ther
mocouples. (B.S.1827). Price 6s. Od. 

nPHESE reference tables are for use 
•*• in converting thermocouple voltages 

into the equivalent measured temper--
atures and in defining the relation 
between impressed e.m.f. and scale 
reading for pyrometers which indicate 
temperature direcdy. 

The tables for platinum-rhodium v 
platinum thermocouples are based on 
the tables formulated by the Nauonal 
Physical Laboratory, which have been 
the basis of reference in the United 
Kingdom for many years. 

The tables for nickel/aluminium v 
nickel/chromium thermocouples are 
based on the tables formulated by the 
National Bureau of Standard of 
America, since no other tables are in 
common use in the United Kingdom. 

The tables specify the e.m.f./tem-
perature relations for the thermo
couples in four ways, as follows: (a) 
millivolts: degrees C; (b) degrees C.: 
millivolts; (c) millivolts;-degrees F.; 
(d) degrees F . : millivolts. Reference 
tables for copper-o constantan thermo
couples are in preparation and further 
tables may be issued in due course. 
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APPLICATIONS- OF CHLORINE AND CH LOK I DES IN METAL WINNING 

Chloriiie 
By W. J. KROLL 

(Consultant, Corvallis, Oregon, U.S.A.) 

(Continued from METAL I.MDUS-FRY, October 17, 1952) 
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EXCHANGES of salts with alloys 
result from many of the reactions 
mentioned in Table V (METAL 

INDUSTRY, October 17, 1952) whenever 
an alloy precipitate is obtained. 
Therefore one may quite as well 
start the exchange with an alloy. 
Calcium carbide may be considered 
as • such. Its activity is due to 
its calcium content and the carbon is 
only a carrier for calcium, vvhich 
normally takes no part in the reaction. 
For some time great expectations were 
held for the calcium carbide reduction 
of oxide-chloride mixtures^'s, which 
gave in a flash a liquid bath with high 
metal recoveries. These concerned the 
reductions of the chlorides of Pb, Ag, 
Cu and Ni which were self-sustaining, 
Cu and Mn were obtained as prills; 
Zn boiled off and Sn recoveries were 
low. In a vacuum, CaC- reacts with 
,\lgCl:'57 and magnesium metal distils 
o.f. Many similar vacuum reactions are 
possible especially with NaCl but 
sometimes the carbon affinity of the 
metal reduced makes such processes 
impossible as is the case with the 
mixture LiCl-f CaC:. Naturally the 
carbon liberated in the reaction alloys 
with the metal produced if the latter 
has any affinity for carbon. The large 
amount of calcium oxide contained in 
the carbide (25 per cent or more) and 
the high price of this reagent make 
its use doubtful. 

Aluminium carbide has been pro
posed for the production of various 
metals with aluminium chloride as a 
by-product^^*. 

With calcium carbide as a reducing 
agent for a chloride and with a metallic 
solvent to collect the. metal reduced 
one can produce cheap alloys. For 
instance a mixture of calcium carbide 
2nd sodium chloride heated in' the 
presence of lead yields a lead-sodium 
alloy and calcium chloride is Uberated, 
Since, however, there is also a 
chemical exchange between sodium-
lead and calcium chloride, as shown 
below, one can also produce in this 
way calcium-lead alloys by taking care 
of a large excess of calcium chloride or 
by reacting the sodium lead obtained 
in a second step with excess CaCU. 
The carbide process is the method 
employed to-dayi'^-i*"-^"' for produc
ing a cheap calcium-lead master alloy 
fipr debismuthizing lead'*2. The cal
cium carbide is sturred into lead which 
ia covered with a CaCl;/NaCl flux by 
•neans of a mechanical mixer. Alloys 

with 5 per cent Ca can be made that 
way^*°. The carrier metal idea was 
used by Caron""' a century ago. 
He reacted sodium-lead alloy with 
barium chloride and produced sodium 
chloride and barium-lead. By renewing 
the barium chloride layer'^''5, sodium 
can be " washed " out completely. This 
method was used in Germany^'"' on a 
large scale after the first world war 
to produce lead-calcium bearing alloys. 
While the fusion electrolysis of calcium 
chloride with lead catliode requires 
one week to produce a 2-5 per cent 
lead-calcium alloy'̂ **, the same alloy 
could be obtained by sodium exchange 
in only a few minutes. Other carrier 
metals may be zinc, bismuth and tin, 
but the most efficient one is lead. It is 
probably not quite inert since its inter
metallic affinity for either sodium or 
calcium differs and the higher calcium 
affinity for lead may bring about a 
shifting towards preferential calcium 
reduction, not observed if lead is 
is absent. 

As shown by Rinck*''', the reaction 
between sodium metal and calcium 
chloride leads to a sodium-calcium 
alloy with a sodium content of 17 per 
cent at 850°C. Thc metals are only 
partly miscible in the fused state and 
calcium forms with sodium, a eutectic 
which melts at 710°C. with 11 per cent 
Na. The 17 per cent sodium-calcium 
alloy is in equilibrium with a salt 
mixture of CaCI./NaCl containing 71 
per cent CaCU at 850°C. By reacting 
this alloy with more calcium chloride 
the equilibrium can be shifted so that . 
pure calcium is obtained. This " all 
l iquid" operation can be performed 
in a counter current. The calcium 
obtained is free of nitrogen but it is 
contaminated with a htde chloride. 

Cheap magnesium-calcium alloys 
with 25 per cent Ca can easily be made 
by reduction of CaCU with sodium in ' 
the presence of magnesium, in an inert 
gas atmosphere. The alloy obtained 
contains a few tenths of 1 per cent of 
sodium, which can be removed by a 
vacuum t r e a t m e n t at elevated 
temperature. 

Rinck studied also the equilibrium 
b e t w e e n sodium and potassium 
chloridei''5 and he could produce in 
that way N a / K alloys of any desired 
composition. By using an excess of 
KCl, pure potassium can be obtained. 

A valuable alloy constituent may be 
extracted from a carrier metal with 
the object of producing an expensive 

chloride. Cheap medium carbon-ferro-
manganese can, for instance; be reacted 
widi FeCl. and MnCU^^. This salt 
can be cleanly separated from the 
metal sponge jn a vacuum- at SOO'C. 
and a high purity product is obtained, 
Silicon-zirconium with 37 per cent Zr 
and 8 per cent Fe, which is cheap, 
can be reacted with FeCU'''''. The 
reaction is self-sustaining and ZrCli, 
besides small quantities of SiCl,, are 
driven off very rapidly. The gas can be 
bubbled through a bath of fused KCl/ 
NaCl, which collects the ZrCl, only, 
SiCU not being soluble. The zirconium 
bearing salt can aftenvards be reduced 
witli magnesium to produce zirconium 
powder. The efficiency of this very 
rapid process is about 60 per cent of 
the zirconium present in the alloy. 
Ferrd-zirconium cannot be used for 
the same purpose because it does not 
react with FeCU, the intermetallic 
compound being too strong. 

A survey of the commercial applica
tions of chloride reactions is given in 
Table VII. Of these only the de-
leading of lead-tin alloys will be con
sidered, because of the principles 
involved. 

E l i m i n a t i n g Lead 
It is frequendy easier to separate 

metals in their chloride phase than in 
thc alloys. This is typified in the so^ 
called " Goldschmidt" process for de-
leading tin. Savelsberg^''^ discussed 
this method, in which the alloy is 
reacted with fused SnCU. Essentially 
the equilibrium reaction described by 
Lorenz^*^, Jander^^o gnd Koerber^^i jg 
used. Tin dichloride is reacted close to 
the melting p.oint of the alloy, at about 
250°-260°C. and the slag is withdrawn 
and treated with chlorine to drive off 
all divalent tin as SnCU. This com
pound is condensed, then reacted with 
tin to produce pure dichloride, which 
is returned in the cycle. Shifting of the 
tin dichloride concentration in the salt 
is thus accomplished by way of the 
tin tetrachloride, vvhich can be separ
ated from the lead chloride slag 
because of its volatility. The equip
ment used is described in various 
patents"2-i53.i5a.i55.is6. gy the same 

process lead can be removed from 10 
.per cent babbit alloys^". Similar ideas 
have been proposed for the elimination 
of Pb, Zn and Fe from a copper bath 
by injection of SnCU'^'?. 

The mixed lead-tin chloride slag 
obtained by the Goldschmidt process 

li •''• 

j . 1 
i 1 1 
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can be de-tinned by oxidation*" 
according to: — 

28. SnCU+ 2 PbO 
= SnO.-f-Pb-(-PbCU. 

The lead chloride is fumed oS in a 
reverberatory furnace. A vacuum 
retort would certainly be more con
venient for this purpose. 

This reaction is the base of many 
propositions to remove tin from lead 
with a lead chloride flux in an oxidiz
ing medium^^'^^'^^8. The lead chloride 
flux can also be used as a means to 
introduce Cu, Sb, As in lead, by way 
of the oxides of these metals^^^. 

Ch lo r ide F luxes 
The solubility of oxides is generally 

not as high in chlorides as in fluorides 
which latter, also have tire reputation 
of releasing the oxide film on metal 
particles so that they can coalesce. 
Besides this, any chlorides entrapped 
in the metal may cause severe local 
corrosion after solidification which 
trouble is not found with fluorides. 
The relatively easy fusibility of 
chlorides compared with that of 
fluorides and the lower cost brought 
about their general use as alloying 
and melting fluxes for aluminium and 
magnesium castings'^". -Frequently 
mixtures of chlorides and fluorides are 
used, and difficulties are encountered 
by formation of nevv compounds with 
a high melting point and halogen 
exchanges. For instance magnesium 
may react vvith alkaU fluorides forming 
magnesium fluoride which is difficult 
to fuse.- Exchanges between salt con-
stiments'^i may also take place and it 
is supposed, for instance, that calcium 
fluoride reacts to some extent with 
magnesium chloride forming mag
nesium fluoride and calcium chloride. 

Alloying fiuxes may contain MnCU, 
CrCU or ZrCU- The introduction of-
zirconium, by way of such fluxes is 
quite tricky^^2 and efficiencies are 
usually low, because- some precautions 
vvhich refer to the nature of this metal 
and of its chloride are omitted. Com
mercial .ZrCU is usually contaminated 
with more than 2 per cent oxide and 
free vvater which is held at the hydro
lyzed surface of the particles. This 
moisture is liable to form a thin oxide 
film on any reduced zirconium par
ticles and then dieir dissolution in the , 
metal becomes almost impossible. 
Furthermore, operation in the presence 
of air combined with the usual stirring 
introduces, more oxide as well as 
nitride, to which the chlorides may 
fasten, causing corrosion of the soUdi-
fied metal'°2, iTie zirconium recoveries 
by this method are very variable and 
frequendy do not exceed 25 per cent,, 
while reduction of zirconium chloride 
with magnesium . under inert gas 
usually approaches 100 per cent. The 
use of resublimed dense chloride, held 
under the surface of the bath, or a flux 
made out . of such chloride,- would 
certainly permit the improvement of 
the zirconium yields. 

The degassing of aluminium which 
contains mostly hydrogen^*5.i64 jj 

obtained by bubbling various gases 
and volatile chlorides through the bath, 
for instance, chlorine, CCU, higher 
chlorinated carbon compounds, TiCU, 
ECU, AlCU and others. For mag
nesium, chlorine'^^ -is the more 
common reagent. If in both cases 
hydrogen is to be removed by 
chemical reacdon, it is evident that 
most of the reagents mentioned will 
not perform since gas reactions need 
lime. It is doubtful whether the 
hydrogen would react with chlorine or 
e c u considering that the gas is dis
solved in the metal and tlie surface 
and reaction time offered by the react
ing gas is too short to bring about rapid 
ehmination. This appears also from the 
fact dial AlCU, which does not react 
vvith hydrogen at the temperature of 
operation, is considered to be a good 
hydrogen cleanser. Also back reaction 
of any HCl formed vvith alumuiium 
would certainly Umit the effectiveness 
of the procedure. It is therefore most 

probable that the hydrogen, as well as 
other gases, if present, are eliminated 
only by partial pressure in the cleans
ing gas and in the gaseous reaction 
products. Using TiCl, and BCU as 
cleanser, some reduction of these com
pounds by die bath takes place which 
dissolves the metals reduced, forming 
high melting compounds. These may 
be beneficial as grain control agents^®®. 

Lead chloride may be used for the 
cleansing of various metals, instead of 
chlorine, which latter .Betterton used 
to de-zinc lead^^'. In this case, lead 
chloride can also be used. Lebedeff'^^ 
eliminates indium from lead with this 
reagent. Cerro de Pasco used chlorine 
to eliminate lead contained in bis-
muth^^', but bismuth chloride can be 
used as well. Zinc reacts the same way. 

Gold is being freed of copper and 
silver by chlorination^"'. Magnesium 
can be removed from aluminium vvith 
an AlCU flux. 

(To be continued) 
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Coarrespondence 

Metal Whiskers 
Correspondence is invited on all sub
jects of interest to the non-ferrous 
metal industry. The Editor accepts no 
responsibility either for statements 
made or opinions expressed by 
correspondents in these .columns 

T o THE EDrroR OF METAL INDUSTRY 

SIR,—I am sorry that my friend Mr. 
Fullman read into my casual reference 
to the scarcity in this country of an 
early issue of a rather young American 
technical joumal any reflection on the 
excellent services provided by his own 
and other libraries. I would take it 
for granted that he could supply a 
copy; and in fact he did so. I intended 
only to imply that the journal is not 
one which is yet seen regularly by most 
metaUurgists in . this country—and so 
to excuse my somewhat tardy discus
sion of a Paper pubhshed nearly a year 
ago. 

Recorder I I . 
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By W. J. KKOLL 
(Consultant, Corvallis, Oregon, U.S.A.) 

{Continued from METAL INDUSTRY, October 24, 1952) 

INFORMATION is given in Table 
VIII about the fusion electrolysis 
of chlorides for metal winning, with 

the main Uterature references. A dis
tinction has been made as to the 
physical state of the metal cathode, 
whether fused or solid. 

The commercial methods applied to 
Beios, M g ' " , N a " ^ C e ' " , L i ' ^ - i " 
and Ca'^'^, will not be considered since 
they are sufficiently covered by text
books and Uterature references^''''. The 
fusion electrolysis of the chlorides of 
Al, Pb, Cd and Zn with Uquid cathode 
will, however, be examined. 

The production of aluminium with 
a fused cathode and with AlCU in a 
carrier salti'^ j^gs been taken up again 
recendyi''3. x h e main problem is 
stabilization of the volatile chloride in 
the salt. This proposition is not too 
promising because of the high ternper-
•.u-ore involved, compared with solid 
dcposidon at. the cathode (700° as 
against 250°C.), and a high energy 
input is needed to keep the cell hot. 

Lorenz*5 studied the deposition of 
Pb, Sn, Zn, Cd and Bi. With cadmium, 
metal fog formation was especially dis
turbing. The most interesting attempts 
at using the fusion electrolysis for zinc 
and lead were those of Ascroft and 
S-vinbum''̂ -*® because they started 
from the sulphide ores which they 
chlorinated in a carrier salt. They 
purified their ZnCU electrolyte witli 
zinc, eliminating Ag, Pb and Fe as 
sludge, after which pure-m.etal could 
be produced. In the last war the LG, 
Farbenindustrie operated an' experi
mental ceU with 2 NaCLZnCU as 
electrolyte at 6000 amp, 4-5-5 volts and 
90 per cent current efficiency'*^. 

Recently the lead chloride electro-
Ivsis has been recommended once 
more^^i. The sulphide ore, according 
to this suggestion, is added around the 
anode where the chlorine liberated 
takes care of the transformation to lead 
chloride. FeS, ZnS and siUca are said 
not to dissolve in the bath. 

Collecting metals difficult of fusion 
in a fused metal cathode has been 
frequently suggested. As such Pb, Sn, 
Zn and Cd might be used. Pyck'^^ 
r e c e n t l y recommended collecting 
titanium in a zinc cathode. The choice 
of suitable metal carriers is Umited. 
Generally the melting point of the 
alloy rises sharply when high melting 
pomt metals are added and the paste 
formed might be quite difficult to 
temove from the cell. Also, there 
niight be liquidation" and formation of 
crusts, which necessitates stirring. 
Separation of the alloy obtained, 
usually in a vacuum at elevated tem

perature, presumes that the solvent 
metal has a low enough boiling point 
for removal at reasonable tempera
tures. Similar electrolytic methods, but 
in an aqueous medium with mercury 
cathodes, have been quite successful'^' 
in winning pure metals such as zinc, 
manganese, chromium, nickel and iron. 

Separation of the aUoy formed in a 
double cell, bridged by a pool of this 
aUoy and provided eventually with 
two different fused electrolytes, has 
repeatedly been proposed, for instance, 
to.produce sodium-:with- a lead-sodium 
alloy bridge'*^, but without success. 

Solid C a t h o d e Depos i t 

The deposition of solid metal from 
a fused chloride bath'ss-iee.isT.isa.isg. 
190,191.192.193.194,195,196, 197, 198, 199.200,201. 

202,203. J5 J, niuch morc universal pro
cess than electrolysis with a fused 
cathode, as can be seen from Table 
VIII. Some metals such as AU Zn and 
Ca can be deposited as solid or liquid. 
Calcium can be obtained in solid form 
from a CaFj/CaCU electrolyte at a 
much lower voltage than by the contact 
cathode method. The temperature 
margin .between the freezing point of 
the salt and the melting point of the 
metal is, however, small and this 
process might be difficult to practise. 

The fusion electrolysis with a solid 
cathode deposit offers some advantages 
over the fused cathode. Because of 
the large surface, presented by the 

dendrites, ohmic losses are reduced; 
compact metals can be disintegrated at 
the anode, and collected as metal 
crystals at the cathode; refining raw 
metals and separation of alloys can be 
achieved without having to use a three 
layer bath; aUoy powders can be made 
either from mixed chlorides, or from 
aUoyed anodes; powders produced by 
this method, because of their angular 
shape, have superior properties for use 
in powder metallurgy. They possess 
high density, are free flowing and com
pact-easily besides being free of'gases. 

Chloride electrolytes offer some 
specific advantages in the deposition of 

' solid metals. They permit lowering the 
melting point of the bath and running 

. the electrolysis much below the tem
peratures used vvith fused metal 
cathodes. This allows the reduction of 
the power input and the energy con
sumption, the radiation losses being 
under such conditions much lower than 
usual. The anodic chlorine, obtained 
in metal winning from chlorides, can 
be recycled for ore extraction; a deci
sive advantage over the feed production 
for the fluoride electrolysis, in which 
pure oxide must be added in the cell, 
the latter being extracted from the ores 
with chemicals, not produced in the 
electrolytic cycle. All these advantages 
are outweighed by thc fact that remov
ing and reclaiming the metal cry-stals 
from the cell and from the cathode 
deposit is a very difficult problem, at 

TABLE Vin—FUSION ELECTROLYSIS OF METAL CHLORIDES 

M e t a l Ch lo r ide 

Be, Mg, Ca, Na, Li 
Ce 
Al 
Pb 
Sn 
Cd 
Zn 
Bi 

Fe 
Ni 
Co 
Cu 
Ag 
M n 
Zr 
T i 
Ca 
Sr 
Al 
Be 
V 
T h 
U 
Cr 

C a t h o d e 

Fused 

* 

Solid 
Refe rences 

177 
177 
177, 179 
62, 184, 177, 43, 181 
177. 43 
177,43 
62, 184, 177, 43, 180 
177, 43 

201, 202, 198, 177, 43, 187 
191, 177,43, 198,201, 199 
177, 43, 191 
177, 43, 198 
177, 43, 198 
177, 43, 187, 198, 188, 189, 190 
200 
186 
Own experiments 
Own experiments 
177, 185, 197a 

• 177,43,195 
Ownexperiments 
193 
194 
177, 43, 187, 192 

(a) -y, Engelhardt. "Handbuch der technischen Elektrochemie" Akadcmische Verlags Buchhandlung, Leipzig 
1934, HI. 384, 

! - . • ! 
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least when this has to be done on a 
big scale. The arrangement of such a 
cell is shovvn in Figs. 3 and 4, 

In the arrangement of Fig, 3 the 
crystals are deposited at the bottom of 
the cell, which is the cathode^"". In 
this way anode and cathode rooms are 
easily separated. This arrangement 
permits building up a cake of metal 
dendrites, entrapped in electrolyte, 
but only to a certain height because of 
thc low electrical conductivity of the 
agglomerate, which, after reaching a 
certain length, freezes. The problem 
of dendrite removal is rather easy in 
this case, since the whole cell can be 
dismantled after freezing. Such a 
method, however, is discontinuous. 

A cell, vvhich irould' be run con
tinuously since the cathode, arranged 
in' the centre, can be lifted out for 
treatment of the deposit, is shown in 
Fig. 4. This cell has the disadvantage, 
compared with the first-mentioned 
construction, that anode and cathode 
compartments must be separated by a 
baffle to avoid attack of the cathode 
plate by stray chlorine aiid to collect 
this gas for further use. This is thc 
normal magnesium cell construction. 

Jaeger'^^ in his ceU for electrolyzing 
beryllium chloride in a carrier salt, 
uses the arrangement-of Fig. 3, with a 
nickel crucible, but he deposits the 
dendrites on the walls from which they 
are.scraped down to the bottom, after 
partially depicting his bath. The 
latter is syphoned over .to another 
container for repletion with BeCU 
while the dendrites are pressed and 
freed of electrolyte, as far as possible, 
before being submitted to an aqueous 
treatment. This method, while applic- ' 
able to small-scale operation as is the 
berylUum electrolysis, could hardly be 
used for large tonriages. 

Cylindrical, cells of the Jaeger type 
are not practicable on a large scale 
because of the unequal anode and 
cathode current density. On plant scale 
a number of equal size plates will have 
to be used in a box type cell, and these 
will have to be Ufted out periodically. 
The dendrite deposit of most metals. 

except copper, adheres but loosely to 
the cathode sheet, and the slightest 
shock causes it to drop off to the ceU 
bottom, where it forms very tough 
accredons, which are most difficult to 
remove. It is possible to freeze thc 
deposit to the cathode sheet by using 
a cooling system widiin thc cathode. 
This adds to the complications of the 
already complex cell construction. . 

The LG, Farbenindustrie'^'' as a 
means of obtaining a denser deposit 
in the electrolysis of aluminium 
chloride, suggests compacting with 
cylinders of non-conducting material. 
This might work on a laboratory scale 
in low temperature electrolytes. 

The dendrites are a felty mass of 
crystals, which entrap usually SO per 
cent electrolyte. After removal from 
the bath preliminary "washing" with 
fused carrier salts has been suggested. 
The electrolyte must be squeezed out 
before submitting the cathode material 
to the next step of dendrite extraction. 
Hot pressing permits raising the metal 
content to more than 50 per cent. 
However, with very active metals this 
operation, when performed in air, 
usually results in burns. 

For the extraction of the dendrites 
contained in the cathode deposit two 
methods are available: evaporation of 
the chlorides at high temperature in a 
vacuum, leaving the slightly agglomer
ated metal behind, or leaching with 
water, with the help of some acid. 

The former method, used on a large 
scale in titanium and zirconium pro
duction by magnesium reduction of the 
chlorides, does not permit elimination 
of foreign particles, if these are not 
volatile, and all the oxide contained in 
the electrolyte, in dissolved or sus
pended form, concentrates in the dis
tillation' residue. This rules out this 
method for oxide sensitive metals such 
as zirconium and titanium when the 
electrolyte has to contain oxide for 
smooth ceU functioning. 

Aqueous extraction allows separa
tion of entrapped particles by tabling. 
However, it usuaUy introduces oxides, 
either because lof grinding, or by 
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chemical action of the vvater on the 
crystals, or because of die hydrolysis of 
entrapped electrolyte. This also has 
some bearing on whether the cell 
should be operated in batches or con
tinuously. In a cell running con
tinuously vvith addition of fresh 
electrolyte the cathode deposit naturally 
contains salts, which might be easily 
hydrolyzed on leaching (BeCU, TiCU, 
ZrCU) this causing oxide containina-
tion of the product. One would think 
that operation in batches, with com
plete depletion of the bath and elimin
ation of the salts which hydrolyze, 
would avoid this drawback. This 
is true only to a limited degree. 
The dendrites entrap rich electrolyte 
at the start of the operation, which is 
not reduced at the end, even after the 
carrier salts start decomposing with 
deposition of active reducing agents, 
such as sodium, for instance, thc action 
of which extends only to thc surface 
pf the cathode deposit. Both methods, 
continuous and- discontinuous as well 
as depletion or no depletion, have been 
used in beryllium electrolysis. In any 
case reclaiming the hydrolyzed pro
ducts might become a high cost item. 

When operating a chloride cell con
siderable difficulties may be found 
before the deposition can be started. 
The bath may foam or froth and the 
metal obtained may then be mushy and 
of low quality. Lorenz described this 
phenomenon weU. The ceU must'first 
be conditioned. I t has been mentioned 
before that anhydrous chlorides, 
especially the hygroscopic ones, even 
in the fused state, retain water which 
reacts with the first metal deposited 
at the cathode with hydrogen evolu
tion. The anode also takes part in this 
cleansing, by reaction of the carbon 
with water. To speed up the cleansing 
one may add to the bath such reducing 
agents which'react with water. Fur
thermore moisture in the air reacts 
with the fused chlorides at the bath 
surface according to: — 

MeCl, -f H=0 ^ M e O + 2 HCl 
(see equation 1), 

On damp days cells containing 

Fig. 3—Arrangement of 
cell in which anode and 
c a t h o d e o re e a s i l y 
separated 

1—Graphite anode 
2—Eleccrolyce 
3—Dendrite deposit 
4—Graphite cathode 
5—Iron shell 
6—Refractory 
7—Insulation 
8—Chlorine escape 
9—Feeder opening 

10—Tight joint 

Fig. 4—Arrangement of ce l l for continuous working H 
H 

1—G'-aphite anode, 2—Electrolyte. 3—Dendritic cathode deposit, .-• 
•4—Cathode sheet. 5~ l ron shell. 6—Refractory. 7—Insulation. 
8—Chlorine escape: 9—Feeder opening, 10—Tight joint. 11—Refractory ' 
baffle, 12—Cachode room, 13—Anode room f* 
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hydroscopic salts arc very difficult to 
operate and production may stop 
entirely because of interference of 
moisture from the air. I-Iumidity 
present in hydroscopic salts also reacts 
on drying thus introducing oxide. 

Another source of oxide is the direct 
exchange between oxygen of the air 
and fused chlorides, as shown in equa
tion 4. Metals which are sensitive to 
oxide will either react widi those con
tained in the bath or will dissolve 
them. This is facilitated vvith the 
dendrites, which present a large reac
tion surface. On the other hand, there 
is a coritjnuous reconditioning action 
of the anode, vvhich results in forma
tion of anhydrous chloride with 
C O / C O J evolution exacdy as described 
in equation 2. Oxide can be eliminated 
also by artificial means, e.g. by bubbling 
HCl gas or CCU through the melt. 

The delicate reconditiom'ng action of 
the anode may go too far, in which case 
the cell develops what is called "anode 
effect." This phenomenon, which 
results in a sudden very great increase 
of the voltage with consequent drop 
of the amperage, while the anode starts 
sparking and repulses the electrolyte,,' 
is caused by an anodic gas skin, vvhich 
is almost impervious to the passage of 
the current. During anode effect some 
carbon tetrachloride may form within 
the stability range of temperature for 
this compound, but the main anodic 
gas is chlorine with a reduced' amount 
of CO/CO. . When a Uttle oxide is 
added to the bath it starts operating 
again. It has been claimed that 
chlorine, being negatively charged,- is 
attracted by the anode, which, under 
certain conditions, it covers with a film. 
Carbon mono.xide and dioxide are said 
to be positively charged so that they 
would be repulsed by the anode where 
they are liberated, thus rupturing the 
chlorine gas film. However, anode 
effect has also been observed in cells 
filled with an o.^de electrolyte such as 
mngstic oxide in a borax bath^"^ vvhich 
invaUdates this concept The necessity 
of having oxide present in a bath oper
ating with a carbon or graphite anode 
is especially apparent for a ceU running 
with a fluoride electrolyte, as for 
instance in the aluminium electrolysis 
using cryolite. No fluorine is deve
loped in such a cell and the anode 
gases contain only GO/GOj as long as 
there is no anode effect. Oxide must be 
added regularly, and the electrolysis 
proceeds exclusively with consumption 
of anode carbon. As soon as this oxide 
is uscd up, anode effect appears, during 
vvhich the cell also discharges some 
CF,, It has been found diat at low 
temperatures, such as those used in 
fluorine electrolysis, the anode effect 
corresponds with the formation of a 
layer of non-conducting carbon mono-
fluoride^°''' at the arode, which is 
unstable above 400°C, This causes dis
integration of the carbon, which then 
spoils the electrolyte. In the cryolite 
electrolysis, which works at much 
higher temperatures, this explanation 
for the anode effect cannot be upheld. 

Nor is it valid for the chloride electro
lysis in which no such compounds can 
form. This shows that the anode effect 
must be attributed to various causes. 

While a chloride electrolysis can 
sometimes be operated in exactiy the 
same vvay as die cryolite ceU works, 
namely exclusively on account of 
oxide additions to the bath^'*'' a'nd no 
evolution of chlorine, as shown for the 
magnesium chloride electrolysis, small 
amounts of oxide must be, and are, 
present in all chloride cells working at 
high current density. Since the anode 
effect depends also on the current 
density, as has been proved for the 
aluminium electrolysis in cr^'olite-"', 
it could be avoided by increasing the 
anode surface, for a given current 
input. Indeed this has been done with 
the beryllium fluoride electrolysis. 
Here a circular pot of graphite vvith 
internal fins was used as anode to 
overcome the anode effect. This 
expedient has limitations, since the 
graphite is consumed and the fins 
smooth out. Large production pre
sumes the use of ceUs with equal size 
anodes and cathodes and an increase 
of the anode siurface wotild also aug
ment the radiation area, making it 
difficult to maintain .the .ccU. tempera.-
ture solely, by current input. 

Thc I.G. Farbenindustrie, to avoid 
anode effect in a chloride bath, recom
mends the use of a tungsten anode, up 
to a temperature of eOO'C.'"' This 
kind of anode could not, of course, be 
employed for large ceUs. 

Some chlorides, such as FeCU and 
AlCU disintegrate graphite either by 
formation of some kind of addition 
compounds^"^ or by production of 
CCU vvithin the area of temperature 
within which this compound is stable. 

The phenomena at the cathode are 
not quite as complex as those of the 
anode. The dendrites grow towards 
the anode, wherewith the current 
density decreases very rapidly. Indi
vidual crystal branches tend to take 
more current and grow ahead of others 
towards the anode, until short circuit 
lakes place, after vvhich the cathode 
must be removed. 

A fluoride ceU to vvhich chlorides are 
added, behaves, if enough chloride is 
present. Like a chloride celP^^'^n^''^ ^ j^^ 
chlorine is evolved at the anode. Such 
electrolytes have been recommended 
for titanium deposition''^. Minet^'^ 
used sodium chloride additions to a 
cryolite bath to produce aluminium. 

. The disadvantages of this cell have 
been discussed. by Haber^n. 

(To be concluded) 
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etaiiiirgy-
By W. .1. KROLL 

(CoKsultaittj Corvalliss Oregon, U'.$fA.) 

(Concltided from. METAI^ .iNDysTRV, OaoHer 31, 1952) 

C ONSIDERABLE, diffieuldes are 
experienced vyhen electrolyzing 
the chlorides of' pluri-valent 

metals, such as those of Fe; Cl, 
Cr, Ti, Zr, Mp, V and. others^ 
T-he atibde chlorinates the bath up, the 
cathode does • the opposite, which 
results in poor currerit efficiencies.. The 
electrtjlysis of titamum trichloride^"^ 
in a carrier .salt may be taken as an 
exarnple^ ^ - -
Supposirig that TiGU can be stabil-. 

ized in a" carrier saltj which fact the 
author -revealed in k friemoratiddra 
at the Titanium Symposium, Novem
ber 8-9, 1950, in Washington, D . C , 
the chlorine evolved at the graphite 
anode chlorinates some- of the lower 
titariium Ghloride present iri this area, 
up to the, tetrachloride whiehj being 
very volatile: and inspluble in the bath^ 
escapes with the anodic -gasesi .Sirnilar 
conditions exis.t. in the tin 'and iron 

' dichloride'^7 fusion eltetrolysis acid 
losses of ShCl. and FeCl, are observed. 

, The titamum trichloride itself reacts 
with the dendrites, which it dis solves j 
giving dichloride according to equation 
14. vvhich cornp„ound formS; a diffusion 
layer around the cathode, GorTespdtid-
ingly the current, efficieney. is, reduced 
in prppoftidn with this back reaction. 
Dichloride, Once it reaches die 'anode, 
is itself chlorinated up to tri- and tetra-
chlbride,'thus helping to depolarize'the 
anode. As.seen herefrom,,it does not 
matter whether one starts from tri- or 
ditihlofide, since after a wHUc the-
.chlormation effect of the anode makes 
itself feltj brjiiging the. bath up ,to its 
stable workihg composition oif mixed 
di-; and trivalent titaiiium sal^s. If a' 
start could b.e rnade. frotici divalent salt, 
the current efficiency woul^ be High in 
the beginning; ' decreasing -with the 
Rrcgiress of the chldrin^ting .action^of 
th<; anode. If titaniutft teu*achl6ride.was 
soluble in the bath the .current 
efficiency could be exp'ected to be lower 
than v '̂ith a tri—or-divalent electrolyte. 
A larger.' electrode distance increases 
the current'efficiency to a polht because 
of the reduced mixing action df the 
anodic chlprine and because of the 
restricted diffusion of titahiurri ''corn-
pounds from and to.die anode. 

Since it is desirable =to maihtain. the 
lovt' valency condition, and the use pf 
a diaphragm.j which would solve this 
prbBleni, is not possible,- the anode 

' might be depolarized. This has been 
'suggested: by Neesi92j who- injects 
.'lydrogen in.the;anode, made.of porous 
i^srbpn, while eiectrolyzirig chromium 

chlcJride in a carrier'salt. This amounts" 
pracdeally to reducing " the chloride 
e:ntirely with, hydrogen, foririirig HCi, 
High purity hydrogen., might not .be 
required, for. depplarizing, which w.ciuld 
be im adv'antagE; over direct hydrogen 
rediictioii. Cfordner?P* uses, probably 
with the same intention, a, hydrogen 
atmosphere. In this: prdcess reeiama^ 
tion of the HCt formed becomes a 
ne'cess'ity; 

Titanium alloy anodes would dissolve 
in. the bath to tri- and dichloride,. thus 
depolarizing automatically. Hd-wever, 
the. second constituent of die alloy 
•W.puld have, to form siich chlorinated 
eornpounds as do not' dissol-ve in the 
bath, otherwise they would plate out 
withrthe titaiiium- - - -• 

At low current densities,. titanium 
dichloride' deposits-at the cathode. This 
can be avoided only by dperatfrig with 
a bath that contains little titanium 
halogenide, tp, force conlepos.itiPri of 
some active metal of the carrier salt 
(Na, Ca, Mg, Li, K) which reduces the 
dichloride to inetal. Hijgh current 
density by. which the area around the 
cathode is artificially .depleted of 
titariium chloride, penriits siniilar 
results being obtained. However, the. 
steadily incj-easing surface of. th'e den
dritic-deposit interferes with the iti ten
tion of maintaining a, constant high 
currehf, derisity. 

As soon-as the-current is interruptedj 
the dendrites deposited react rapidly 
back with the bath arid they dissolve 
with' formation of lower chlorides. This 
is even worse if one tries to.mix the 
crystals with the bath in view of 
fluidizing them for easy removal frpm 
the'cell: The product obtained in this 
case-is a -very fine powder; niixed with 
the' electrolyte, which, can be extracted 

, by jyet iiiethods, ohly with corisiderable 
losses; 

P r o d u c t ion of Alu ra in iu nt 
a n d Aianganese 

The electrolytic decomposition of 
AlCl J and; MriClj; is- corn para t.i v.ely 
easy, because, no lower chlorides-.are 
formed-. The. alilminium chioride elec
trolysis would appear to be attractiye; 
sirice it can be performed at very low 
temperatures so that the energy input, 
require-d to keep the cell ihbt, is low. 
Double aluminium and s o d i u m 
.chloride, melts below. -lOCi/C and the 
cell can' be ODcr'atcd at tefnperattires 
of this!.order. The I.G. Farbj:nindustrie, 
which experimented with this type: of 

electrolysis, had, difficulty with, the 
anodes, made of graphite, which were 
severely attacked. There seems, to be 
formation of some, carbon tetraehtoride 
at this low temperature,•resulting in a 
disintegration of the giraphite. There
fore the company tried tungsten anodes 
which, are said tp' hpld out up to 
600°C. Sbtuble'aribdesibf a 13 per cent 
alumi nium-s ill con alloy could be 
refined on pilot plarit- scale in a bath 
of AlGl.. in-KCl/NaCl (1 •. 1:1.4 mols.) 
by 'the Aluminiumindustrie Neu-
hausen^is. Lead chloride was added tb 
the elecixolyte to obtain ' smooth 
deppsits arid the altiminiuiB so .pro
duced coritained 0-2 per cent Pb, The 
cells had tp be. closed and the eleetrp-
lyte was circulated through pipes. The 
cell voltage eould fce kept between 
0-15 and 6-6' volts. ' The aluminium 
chloricie electrolysis has a future, since 
the chloride is easily made and the 
chlprine obtained iri the cell can be 
recycled. The • low power consumption 
should be an.incentive for the develop
ment "of; this process. 

The same-holds true for the rnan-
ganeSe. chlptide electrolysis in a carrier 
salt which can be perfofrrieel at higher 
current efficiencies and with -a lower 
energy coiisuinptipri than the. aqueom 
elfeciifolysis. Removal of the cathode 
deposit in this case' as well as in, the 
aluriiiriiiim ehlbride electrolysis is one 
of the-maih problems to be solved." 

Soluble Alloy Anodes 
Since the meriiorable work of 

Loren'i^^, practically -nothing has been 
done as to the separation of. rnetals arid 
chlorides by fusion feleetrolysis. This 
pioneer referred to the. separation of 
Pb,/Zn, Pb"/Cd/Zn, Ae/Zn, Gu/Zri 
arid Fe/Zii. The. author extended this 
work to. the purification of iron and 
f c rro-^raa nga n es e 18 7. 

In a fusion electrolysis with, soluble 
metal anode the chlorine attacks the 
anode constituent uniformly.- The 
chlorides formed go either j n soliition 
in the bath, or, if volatile (SiClj, S-CVi, 
PClj) and insoluble'at the given tem-: 
perature, boil off. Carbon iri low carbon 
aUbys is. not attacked, and, Boats to the 
surface; of the electirolyte. High carbon 
alloys behave like plain graphite wheri 
used as anodes. In this w ây a separa-^ 
tiph of rnany constituents can be 
achieved either by.leaving them behind 
in the.ariode, sludge OE by volatilizing 
them as chlbrides, Silicon, in a low 
tcmDeratiire-electroly,sis .such as that bf 
Ai/Si alloys ih' 'a NaCi/AlG!, bath;, 
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which operates below 200 "C., remains 
unattacked in the anode residues^i^. 

At the cathode the most readily 
reducible elements deposit first, when 
the electrolysis starts. This leads to a 
variation of composiuon of the bath in 
which the most electronegadve salts 
accumulate and play the role of a 
carrier until a limit concentration is 
reached, where these salts are also de
composed. Their base metal is now 
co-deposited at the cathode where it 
may form alloys, if there is any ten
dency to alloy, with the first deposited 
metal. Once the bath has reached its 
equilibrium composition, the same 
alloy as present at the anode is 
deposited at the cathode, minus the 
constituents that form volatile 
chlorides. This also points the way for 
producing alloy powders, which can 
be obtained from mixed chlorides or 
with soluble alloy anodes provided 
the bath is adjusted as to its composi
tion for co-deposition. In this way, 
BHckslager^9i made FeCo and NiCo 

alloys. . 
By adjusting the bath composition 

the electrolysis can be continued with
out co-deposition of the more electro
negative metal, if part of this chloride 
is systematically extracted from the 
electrolj^tc to maintain the correct ratio 
of the carrier to the decomposable salt. 
In aqueous electrolysis, too, this is 
common practice. It can readily be 
done by treating only the electrolyte, 
entrapped in the dendrites, which has 
to be removed anyway. Aqueous 
methods frequently permit easy separ
ation because of insolubility in water 
(CuCl)"^. The salt can also be treated 
by thermal and chemical methods, as 
has been shown under the seoarauon 
methods for tin-lead alloysi^s.iM.iso.tsi, 
I53.i53.is4.i55_ Chlorination of the fused 
salts m.3y bring about volatilization of 
the higher more volatile chlorides. 
. ^Separation by precipitation of one 
of the constituents with, oxygen blown 
into the fused salts might apply to some 
specific cases (see Table II) . 

A peculiar way of inaking alloys has 
been devised by Andrieux^^'. Metals 
which form readily fusible eutectics can 
be used as solid cathodes on which the 
second, eutectic forming element is 
deposited. The eutecdc runs off the 
surface and it can be collected on the 
bottom of the cell. The "icicle" 
method works well wjth nickel boride 
and titanium^** and beryllium-copper 
eutectics^i^, jn which case a fluoride 
bath must be used. It might- be adapt
able to chloride electrolytes. Naturally 
alloy platings cari be made the same 
way^'^ 

Intermetallic compounds have been 
produced by Andrieux in a fluoride 
bath with oxide additions. Similar ideas 
apply also to the chloride electro
lysis^^ ̂ . 

Alloys, fused or solid, can be pro
duced also with a subsidiary soluble 
anode, switched in parallel with the 
main anode, but shunted with an 

. adjustable resistance to regulate the 
rate of dissolution. This anode contains 

the metal to be . co-deposited. Alter
natively, chlorides of more electro
positive metals than that of the metal 
deposited at the cathode are fed 
regularly into the electrolyte. These ate 
reduced by the cathode metal with 
which they alloy. 

The possible uses of the methods 
described in scrap recovery must be 
stressed. The separation of zinc and 
lead from desilvetization residues, the 
separation of ferro-nickel, copper-
nickel and copper-silver, the produc
tion of copper from brass, of iron from 
hard zinc, the separation of tin bronzes 
and recovery of SnCU by volatilization 
from the electrolyte are all within the 
reach of the electrochemist, provided-
suitable cells can be constructed. 

Conclus ion 

The reader has been offered a panor
amic view of chlorine metallurgy. First 
its basic reactions were stressed, such 
as chlorine/oxygen exchanges, equi
libria of oxides with HCl, Oerstedts 
reduction-chlorination and its exten
sion to reduction-chlorination by com
pounds, the relations ruling oxide/ 
chloride exchanges, which may be 
assisted by side reactions between a 
base and an acid, as are used .iri. 
chloridizing roasting. The importance 
of oxygen control in chloridizing roast
ing and in chlorination is emphasized 
and the possibility of producing pure 
oxides from chlorides, such -as silica 
and titania by combustion in oxygen 
is mentioned. Purification methods for 
chlorides and their separation are dis
cussed as well as the problem of 
reclaiming by-products such as FeCl, 
and HCl. The question of higher and 
lower chlorides and its implication as 
to phenomena in the chlorinator and 
for metal winning are discussed. A few 
examples are given concerning the 
possible use of chlorine in the bene
ficiation of low grade ores and the main 
applications of chlorination in the 
production of anhydrous chlorides on a 
commercial scale. The reduction of 

-chlorides with other metals and with 
alloys, either with fused or with solid 
reaction products is exemplified and the 
reduction of chlorides with hydrogen 
which also concerns platings, is pre
sented. The separation of lead from 
tin is offered as an example to show 
how an equilibrium can be shifted orie 
way, and how the reagent, SnCh, can 
be reclaimed from the salts by way of 
chlorination to the more volatile tetra-
fcrm, A large section is devoted to the 
fusion electrolysis with special refer
ence to the deposition of metals in 
solid form. The possibilities of using 
such methods in metal winning and i" 
alloy refining or production are dis
cussed. The main problems, namely 
the behaviour of an electrolytic cell 
operating with fused plurivalent salts, 
and the rerhoval of cathode deposits 
from the bath are examined in detail, 
especially in relation to the possible 
production of titanium metal. There is 
a widespread belief that the electro
chemistry of fused salts has reached 

the status of stagnation. I t has been 
shown that, on the contrary, a.broad 
future is open to all those who want 
to leave the beaten tracks and to pick 
up again, where the pioneer Lorenz 
left off forty years ago. If the electro-
chemists now engaged in developing a 
fusion electrolysis method for the pro
duction of titanium are successful, they 
will open also the very large field of 
metal winning and purification with 
solid cathode deposit, which has been 
outlined above. 
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en ond MeSals 
"^/n^BEN armouncing, in the last 
- '-'̂ - issue - of - this journal, that the 
City and G u i l d s , of London 
Instimte had decided to establish 
under its Royal Charter an Insignia 
Award in Technology, we did not 
expect that within a few days we 
should learn of the first presentation of 
this award. 

On Monday last, at Goldsmiths Hall, 
London, the Duke of Edinburgh, Presi
dent of the Institute, handed the 
Insignia Award to Sir Arthur J. G. 
Smout. The award is intended to be a 
mark of distinction for those who have 
combined with a sound and adequate 
knowledge of the fundamental scien
tific principles of their industry, a 
capacity for leadership and administra
tion. 

Sir Arthur is a past president 
of the Institute of Metals and a 
director of Imperial Chemical Indust
ries Limited. During the last war 
he was prominent in the Ministry 
of Supply as Director-General of 
Munitions Production. 

A T a recent meeting of the Council 
•*^ of the Gauge and Tool Makers' 
Association, Mr. F . W. Halliwell, 
M.I.Mech.E,. M.I,Prod,E., was re
elected President of the Assodarion for 
the new session of 1952/53, 

Mr. A. L. Dennison, M.I.Prod.E,, 
vvas elected Chairman of the Associa
tion and the two vice-chairmen are 
Mr. L. E. Van Moppes and Mr. 
S. J. Harley, B.Sc, M.I.Mech.E., 
M.I.Prod.E, 

Mr. R. Kirchner, M.I.Mech.E., 
M.I.Prod.E,, was re-elected as honor-
arv treasurer, and the immediate past-
chairman, Mr. H. S. Holden, 
M.I.Prod,E., will continue service on 
the Council of the Association during 
the new session. 
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Computauonal models of dynamic ductile.and.briltle fracture are developed for wave propagation in oce-
and two-dimensional .geometries. The inodel features have been taken mainly from detailed o'oser\ atk-ns of 
samples parti.ally fractured during impacts, but the functional forms are consistent with theoretical reS4;!is 
whe.-e applicable. Basic features of the models are the nueleation and growth (hence, the acronym S.-^G 
for the models) of voids or cracks, and Ihe stress relaxation resulting from the growing damage, Tne res-jUs 
of the calculations include number and sizes of cracks, voids, or fragments as a function of position in the 
material. The NAG analysis presents the nueleation law, detennined from expe.rim-;nt, aud two gra'.vih 
laws: both growth and nueleation are functions of stress and stress duration, Proceduns for treating cracks 
with a range of sizes and orientation are presented with the method for computing the stress rela-xation 
that accompanies growth of damage. Brilile fracture is essentially anisotropic in actuality and in the ac<!el: 
cracks nucleate and grow as a function of stress normal to their plane, and the stress rela.xatica is a 
function of crack opening in the direction of the stre,ss. Criteria are presented for the coalescence of cracks 
to form fragments and for complele fragmentation. The computational models have been applied to cne-
and two-dimensional wave p.'-opagation problems. The NAG models have been shown to 'oe appUcaite to 
several metals, a plastic, and a quartzite, to stress levels from just above threshold to ten tinss the 
threshold, and to load durations from 20 nsec to several microseconds. The damage has been computai for 
stress waves caused by impact, thermal radiation, and explosion. 

PACS numbers: 62.50.-fp,.44.30.Ni, 44.30.Ea, 62.20.Mk 

I. INTRODUCTION 

In this paper we describe computational models that 
we have developed to describe the fracture p rocesses 
occurr ing under conditions of projecti le impact, a i r 
shock loading, deposition of intense thermal radiation 
(from x - r ay , e lec t ron-beam, or laser sources) , or 
explosion. The raodels descr ibe the p rocesses of nu
eleation of c racks or voids, the growth of these c racks 
or voids, and the effect of the growing damage on the 
s t r e s s - s t r a i n re la t ions . The damage in the models is 
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FIG. 1. (a) Impact configuration of a flat plate impact exper i 
ment in 1145 aluminum specimen No. 8-72 and (b) obsei-ved due-
t i le fracture damas-e on a c ross section through target . 

related only to the s t r e s s and s t r e s s duration and is 
therefore independent of the tyjje of loading. The com-^ 
putational models presented here represen t a continua 
tion of the development repor ted in Ref. 1, These modi 
were originaUy constructed ior f racture under one-
dimensional impact conditi-ons in uhich the tensile s-treiL^ 
duration was 100 nsec —1 , rsec , '~" However, the modsb 
have now been tested under more general , two-dimen
sional projectile impacts and under many radiation an.d-:! 
explos ive-loading conditio,-!3. The models have been • j-
successfully applied to s t r e s s durations as shor t as ' J-
20 nsec and as long as several microseconds . Other 
r e s e a r c h e r s have also applied the nueleation and gro-^'i 
method to fracture problems, Stevens, Davison, and 
Warren^ reported using: a model like our ductile fracture 
model for s ingle-crys ta l al-iminum. Recently, Davi,soD. 
Stevens, and Kipp- have developed a more elegant treat
ment of ductile fracture and applied this analysis to an 
impact in 1145 aluminum. 

In the present paper , the i r ac tu re phenomena to be 
t reated computationally ara f i rs t introduced through , 
experimental esan-iples. Then, the mode! raquirc-rnenij; | 
deduced from these observations a r e l isted, and the 
computational models a re presented . Som.e computed :fi 
suits a r e given to show the .nature of the resu l t s , 

II. BACKGROUND: OBSERVED'FRACTURE 
PHENOMENA 

The experimental data presented here i l lustrate daî i-
age phenomena and provide a common basis for con
sidering damage c r i t e r i a . Figiore 1 is a c r o s s section 
an aluminum target plate (0, 635 cm thick) that has una*-
gone a planar impact at 15-= m / s e c by another aluminum-' 
plate (0.231 cm thick). FoUoWing the compression v̂ -av 
result ing from the impact, rarefaction waves have in
tersected near the middle of the target plate to ca-ase 
damage in the form of neariy spherical voids. The dac 
age is spread over a signiiic.a.nt portion of the target 
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•jte (aBciut two-thirds of the plate thickness appears in 
Jlj,.section of Fig, 1), but the heaviest damage is in a 
ĵjfrow zone. Both the number and the s ize of voids de -

|.-e-iSe with distanc'e from this zone. This type of dani-
Jj,; is termed ductile fracture because of the high ductil-
|;fj (ability to flow) required of the plate mater ia l . 

)si example ot br i t t le fracture is shown in Fig. 2. An 
Mgnico iron target was impacted by a flyer p la te , which 
Ijij tapered on the back to provide a varying tensi le 
love duration ac ross the plate . The damage, which 
Ijoears as randomly oriented mic roc racks , va r ies in 
lyjportion to the tensile wave duration. The damage in 
W 2 is termed " b r i t t l e , " although the crack growth 

Rj.auch slower than elast ic crack veloci t ies , indicating 
l^niiderable plastic flow at c rack t ips . 

I =.Vhen c racks coalesce , fragmentation occurs , a s 
•jiistrated in Figs , 3 and 4. F igure 3 is a c ro s s 
ĵ̂ ction of a 1 .27-cm-diam target of Arkansas novaculite 

ifce-grained quartz) encased in an aluminum box. The 
;et was impacted by a 0 .079-cm-thick Lucite plate at 

f̂l.5 m/ sec . An identical plate was impacted at 48.9 
g/sec, but instead of sectioning i t , we performed a 

tpiie analysis on the fragments . The resul t ing fragment 
[pups a re shown in F ig . 4. All the fragments a re bulky, 
[hting six to eight major sur faces . By comparing the 
[l.-^ults of F igs . 3 and 4 , we may deduce that a family of 
cicks of various lengths and orientat ions has led to a 
iisily of fragments of various s i z e s . 

.A sample of full separat ion is sho-wn in Fig. 5. An 
faninum target impacted by a flat plate in a- configura-

j!ai similar to that shown in F ig . 1 has been damaged 
I'a'ihs e.xtent that full separat ion occur red near the 
jMter of the target . This full separat ion appears a s a 

|;sicrocrack running through heavily damaged mater ia l . 
j-TOrak'" has pointed out that br i t t le fracture in poly-
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FIG. 3. (a) Configuration of impact experiment and (b) re
sulting damage on cross section of Arkansas novaculite. 

i ' fri 

11 

li 
• i ' 

l l 

6.31 
mm 

•'-''5R \ M 

' . . . . . .-Vrv. .?S 

. • 2. Configuration of a tapered flyer impact experiment in 
^ • ^ iron and observed damage on a cross section of the 

crystal l ine mater ia l also occurs by the coalescence of 
small microcracks ahead of the observed microcrack . 
The microcracks cleave individual grains; these smal l 
c racks widen and join to form the main crack. 

F r o m the review of the typical fracture cases above 
and from other observat ions, we have deduced the 
following: 

(i) A range of damage is possible; there is-no instan
taneous jump from undamaged to fully separated. ' 

(ii) Damage grows as a function of t ime and the applied 
s t r e s s . Hence, a single s t r e s s or s t ra in at any t ime 
cannot be e.xpected to charac ter ize the dynamic fracture 
p roces s . At leas t , some t ime-integral quantity (such 
as impulse) must be used to represent the dynamic 
strength. 

(iii) As the damage occur s , the stiffness of the mater ia l 
decreases : hence, the wave propagation charac ter 
changes. If the developing damage is not permit ted to 
a l te r the wave p roces se s in a computational procedure , 
then subsequent s t r e s s his tor ies and damage must be 
invalid. 

(iv) Even incipient damage levels a re important , be -

m 
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FIG. 4. Photomicrographs of fragments of various sizes from 
an impact experiment on an Arkansas novaculite target. 

cause , while difficult to observe , the \'oids or c racks 
may seriously weaken a s t ruc tu re . 

While the foregoing features represen t experimental 
observations well enough, it may be possible to simplify 
or eliminate some of these features for computational 
purposes . 

I I I . COIVIPUTATIONAL MODELS FOR FRACTURE 
A. Introduction 

Our computational models have been constructed to 
represen t fracture and fragmentation in one- and two-
dimensional geometr ies and have been applied to wave 
propagation problems. The models represent the follow
ing phenomena: 

Nueleation of c racks or voids a s a function of s t r e s s 
level and s t r e s s duration. 

Growth of c racks or voids a s a function of s t r e s s . 

A range of void or crack s izes at all s tages of f rac ture . 

Coalescence of c racks to form fragments. 

A range of fragment s i zes . 

4816 J. Appl. Phys,. Vol, 47, No. 11, November 1976 

A smooth transi t ion from no damage through fracture^ 
to full sepai-ation, "? 

These phenomena, which a re included in the models,^, 
actually provide all the features noted previously-in ob-r 
servat ions of dynamic f rac ture . Some of the phenomenal 
a re fairly well understood, and a few have been treated: 
analytically. Other fea tures , pai-ticularly those occur-J 
ring near full separat ion, arie understood only in broad? 
qualitative t e r m s . \Vhere neither analytical guidance i 
nor e.xperimental evidence was avai lable, es t imates of* 
appropriate functions and p rocesses have been made. 
These es t imates were necessary to produce complete -i 
models so that full separation could be handled. With . | 
complete models available, it may be possible later tos 
ree.xamine elements of the models and to improve thens 
based on experimental evidence. î  

The models constructed here a r e based largely on J 
microscopic observations of mater ia l that has reached^t 
various s tages of f racture . The damage is described hj, 
s tat is t ical distribution ot c racks or voids, not by in 
dividual c racks o r voids. This level of detail c i r c u m - ^ 
vents many of the ser ious problems encountered in ex4 
tending microscopic- level theory to the macroscopic d 
level , while enough detail is re ta ined to represent the^ 
underlying p rocesses of growth and nueleation, 4 

The computational models represent simplifications'* 
of the actual fracture p roces se s . Physical ly , nucleatioj 
may occur by widening of inherent flaws in the material, 
cracking of hard inclusions, separat ion along grain r 
boundaries, or by other mechanisms. In the model, 
however, nueleation means the appearance of the voidc 
crack at an observable and easily identifiable s ize on 
photomicrographs at a scale of about 100 x. This nuclei 
tion occurs in the model as a function of s t r e s s and * 
s t r e s s duration. .After nucleating, the voids or cracksi-
grow (in the model) at a ra te dependent on the s t r e s s : 
(or s t r e s s intensity K,) level , duration of loading, and; 

? 10̂  
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r 
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FIG. 5. Ductile cracks, (a) Ductile crack propagation by voic 
coalescence, (b) Tip of ductile crack shown in (a), at higher 
magnification. Material failure by void coalescence due to ; 
necking of the regions separating the voids is apparent near;, 
the points marked .A, 
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VS'j. 8. Observed volume distribution of voids on the free sur-
t:« Side of the spall plane in an OFHC copper target after a 
:t:«-<]imensional impact. Shot 324. 

',;.; i'vcG of the void or crack. The model also accounts 
.-..• ihe s t ress reduction that accompanies the develop-
-Trn! of damage. 

•Vnea the nuniber and size of c racks meet a coa les -
•'•~,i:e criterion in the bri t t le model, the c racks begin to 
':---. and to form isolated fragments . With continued 
nuii.'-,!;, the ent i re mater ia l forms fragments , and com-
;i<tc separation may occur . Fo r ductile f rac ture , the 
w-.ii continue to increase in s ize until the void fraction 
'-ii'Wds a cri t ical value and separat ion occurs . 

The two computational f racture models (termed NAG 
*C'',els tor nueleation and growth) a re implemented in 
=;croutines that may be readily inserted into one- and 
•'^i-dtmensional Lagrangian wave propagation computer 
•~'«s. While the mater ia l is undergoing f rac ture , these 
'^routines a re cal led instead of the usual subroutine 
"ruining the s t r e s s - s t r a i n re la t ions , 

'•"e analytical bas i s for the two models is presented 
t i t -g 

^ 1 '̂  Ductile fracture 

431' 

'$ 

^ '-s ductile f racture model was formulated on the 
"•-"sof observations of ductile f racture in soft a lumi-
'•~" Jnd copper.^ These observat ions , which were made 

i^Ushed c ross sections of t a rge t s after impact, 

ti7 
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showed that the fracture occurred by the nueleation and 
growth of nearly spher ical voids. The observed voids 
were measured and counted and assembled into number -
ve r sus - rad ius s ize distr ibutions. These surface d i s t r i 
butions were then transformed stat is t ical ly to volumetric 
distributions with the BABSl^ computer p rogram. A 
sample set of void s ize distributions is shown in Fig. 6. 
Curves a re given for four depths within the sample; the 
maximum damage is at the plane FOI. All the volumetric 
distributions obtained with aluminum and copper had a 
form, that could be approximated by the equation 

iV^(/l) = A'oexp(-i?/Ki), (1) 

where A'̂  is the cumulative number/cm^ of voids with 
radi i larger than R: N^ is the total number/cm* of voids: 
and K, is a pa ramete r of the distribution. 

The total void volume is obtained by integrating over 
the entire distribution: 

• - ' ^ d R yy 
-HH-̂ yi-fy" 
= B T T N ^ I (2) 

The void s ize distribution at any t ime and at any point 
can be represen ted by N„ and either R^ or V ,̂. For com
putational purposes , N„ and V„ a re selected. 

/. Nueleation 

Nueleation in the model occurs as the addition of new 
voids to the existing set . These new voids a r e presumed 
to occur in a range of s izes with a s ize distribution given 
by Eq. (1). At nueleation, the parameter R^ equals R„, 
the nueleation s ize parameter (a mater ia l constant). The 
number of voids nucleated is governed by a nueleation 
ra te function that was derived from our work in both 
ductile and br i t t le mater ia l s : 

i<l=Noexp[{P,.- P j / P t ] P , > P„, 

: 0 , P « P 
(3) 

nO 

where Ân> Pnoi ^""^ -^i ^xe mater ia l constants , and P^ is 
the tensile p r e s s u r e in the solid mater ia l (not the a v e r 
age p r e s s u r e in the solid and voids). The constant P^g 
is the threshold for nueleation. 

The void volume nucleated in a t ime interval A/ is 
found from Eqs . (2) and (3). 

AV=8irNAtRl . (4) 

2. Growth 

In the model, damage increases by nueleation of new 
voids and by groNvth of the existing voids. In our studies 
of aluminum and copper , it was found that growth was 
linearly dependent on the p re s su re level and cur rent 
void s i ze , so the growth ra te R is 

R = [ { P , - P j / 4 v ] R (5) 

where P^Q is the threshold p re s su re for growth, and TJ 
is the mater ia l viscosi ty. This is the usual form for a 
growth law in a viscous material with no strength. 
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'Reference 3 showed that Eq. (5) is accurate for smal l 
voids, but.for la rger radii inert ial effects reduce the 
velocity below that given by Eq. (5). The growth r e -
preseftted by Eq, (5) is spherically symmetr ic because 
the void expands equally in all direct ions. Reference 3 
showed that -Eq, (5) is an appropriate description of 
void growth in mater ia l with strength undergoing one-
dimensional planar flow as well as spherical flow. 

The groNvth of a void during a t ime interval A/ is 
obtained by integrating Eq. (5) to obtain the new radius 

ie = H , e . x p ( 5 l ^ ^ A / ^ , (6) 

where R^ is the radius at the beginning of the t ime in
te rva l . Since every void in the distribution grows by the 
same exponential factor, even the s ize pa ramete r R^ 
grows according to-Eq. (6): r 

A, = / ? , „ e x p ( ^ ^ ^ ^ A / ) , (7) 

where R^^ is the s ize pa ramete r at the beginning of the 
t ime interval . Then the new void volume can also be 
found from Eqs . (2) and (7): 

V^=8 t ,N^] 

= ^ . o e x p ( 3 ^ ^ A / ) , (8) 

where V^„=8TiNgRl„. the void volume at the beginning of 
the t ime interval . 

The total change in void volume is the sum of the con
tributions associated with nueleation and growth. Thus , 
the total void volume at the end of the interval is 

l ' „=V 'oexp ( 3 ^ i ^ ^t) + AV (9) 

3. Pressure-volume and stress-volume relations 

The s t r e s s - s t r a i n relat ions for mater ia l undergoing 
fracture account for the presence of voids. As usual , 
the s t r e s s is separa ted into p r e s s u r e and deviatoric 
components. 

The p r e s s u r e is related to the specific volume and 
internal energy through a combination of the Mie-
Gruneisen equation of state for the solid and a relation 
between p r e s s u r e Ln the solid and average p r e s s u r e on 
the porous mate r ia l . We assum.e that an average p r e s 
sure in the solid mater ia l can be computed from the 
specific volume of the solid and the internal energy 
through use of a smal l - s t ra in form of the Mie-Gruneisen 
equation: 

p , = C ( p , / p „ - i ) + r p , £ , (10) 

where C is the bulk modulus, T is the Gruneisen ra t io , 
E is internal energy, p, is the solid density, and Pg is 
the initial density of the solid. The p r e s s u r e computed 
from Eq. (10) is necessar i ly an average , because the 
actual s t r e s s s ta tes will vary greatly through part ial ly 
fractured mate r ia l . 

The average p r e s s u r e on the g ross section of the 
fractured mater ia l can now.be related to the p r e s s u r e in 
the solid components according to a relation derived by 
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Carrol l and Holt" for porous ma te r i a l : 

P=PsP/Ps , (ill 
where P is the average p r e s s u r e on a section and p i s j 
the average density of the porous mater ia l . A combinai 
tion of Eqs . (10) and (11) re la tes the average pressure^ 
P to the energy E and density p . 

The deviator s t r e s s e s a re computed by the usual -^ 
elastic and plastic re la t ions . However, the damage that 
occurs is presumed to affect both the yield strength and-
the effective shear modulus of the mater ia l . The moduli Q Brittle fract 
is reduced as a function of the developing porosity ac 
cording to the elast ic relat ions of MacKenzie. '" His -
formulation, in the present nomenclature , is ^ 

C = G^{l -Vj^F) , 

where G is the effective shear modulus, GQ is shear 
modulus of the solid, V̂ , is the specific volume of voidsg' 
and 

F=,l^^^'3=l^'-^ 
9C + 8Go 7 - 5 i / ' 

where u is the Po isson ' s rat io and C is the bulk modulm 
of the solid. 

The yield strength reduces somewhat more rapidly:^ 
than the modulus as the porosi ty i nc r ea se s . Dynamic 
calculations of void gro'.vth^ indicated that the yield 
strength should reduce in the following way: 

Y ^ Y , ( l - A V ^ p ) . {ii 
' ^ 

This expression is used in the i r ac tu re subroutine, s 
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FIG. 7. Crack size distributions in zones near the spall plane 
in an Armco iron target after a one-dimensional impact. Shot 
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'm 
...iniullaneous solution must be obtained for the nuni-

!. r,!*voids, void voiume, and pressure; however, the 
]\,.;gi-,3 between them are highly nonlinear; therefore, 
y^.j-^tive solution procedure was adopted. First, an 

I -.-r'ate of the appropriate pressure P^ is made based 
J linearization of the relevant equations. Then, a 

- -.i'.iicd regula falsi method is used to obtain the final 
,,,•..us of pressure and void volume. Sufficient accuracy 

..i-ja!!v obtained with two to five iterations. 

C Brittle fracture 

p.e brittle fracture model was formulated on the basis 
-fubservations of fracture in .Armco iron,^-'* beryllium,'' 
V racelite," and Lexan polycarbonate^ (a transparent 
-ajtic). Fracture is termed "brittle" in.this article 
,» .̂nover the primary damage mode appears as cracks 
t, ;: did in these materials. This definition contrasts 
Ji!) ;he more common one which indicates simply a 
txtr iimited amount of plastic deformation. In many 
iit.:ur "brittle" cases, such as Armco iron, the cracks 
£,-5'w slowly and with extensive adjacent plastic flow. In 
;ur impacted targets the cracks were measured for 
in'-C-'i ^'^ angular orientation with respect to the direct-
'iirtof loading. The observed cracks were then orga-
;i:c-.i into groups according to size interval and angle 
.•;«,-r-;nl. These surface distributions were transformed 
:c.::iitically to volumetric distributions in size and angle 
»•,!;-. the B.ABS2' computer porgram. For this transfor-
Raitcn, it was assumed that the cracks were penny 
î jped and that the distribution was axisymmetric 
i.-':i:r,d the direction of propagation. Figure 7 shows a 
luspi.e set of crack distributions. Here the angular 
n.-tation has been s-jppressed, so the ordinate is the 
fdi i\uniber of cracks larger than the indicated radius. 
"V •.oiumetric distributions obtained with Armco iron 
\'~: !.-!o exponential form found in Eq. (1) for voids. 

- ;"ir the model calculations, both size distribution and 
•-'•••ra.ition distribution for the cracks, assumed penny 
=.̂ :̂-Ki, must be considered. These distributions can be 
•"!ar,KteriEed by a density function n{R,cp,<l)), so that 
''-•'-,-, '.)dR dip dil is the number of cracks per unit vol-
!—•: -vithin the size interval R i o R-\-dR and the spher-
-»; a;ii;le intervals from ^ to b-i-dtp and from i/i to ^ 
' ' . . For the computer calculations, the continuous 
''~j::io.n I! was discretized in tp and iji and given an analy-
••-'n: form in R: 

.:(.'<, o„i!,j)=-{.\%WR[nem{-R/R['), (15) 

°-«*e i andj designate an element in the orientation 
-•^rroution array: Ny is the number of cracks per unit 
•"•hrr.e in the (ij)th element of the array; and R [ ' is a 
jst^inoter giving the shape of the crack distribution of 
"̂  ':;)-" element. The cumulative crack concentration, 
'1* ' ( / • '-or each elem.ent, is 

.R 

(16) •''^!«) = Ĵ  ndR = N l ' e x p i - R / R [ ' ) . 

•>,! .""^ °̂  ^^- ^̂ ^̂  ^^^ chosen because it closely 
•i.7]^"'^ *̂ie observed crack size distributions, typified 

]̂J-"«se shown in Fig. 7. Each element of the iVj> and 
^̂  .^.atrices is associated with cracks of a specific 

^ ------ation e)| and tb̂  at the center of a spherical surface 
A -ent, as shown in Fig. 8. Cracks with an orientation 

FIG. 8. Definitions of the orientation coordinates for each ele
ment of the crack orientation matrix. 

(p, Ip cannot be distinguished from those with an orienta
tion (jp-l-180°, 180° - !/.•; thus only one hemisphere needs 
to be represented. For the present calculation only five 
elements were used: ((p,ip) = (0°, 90°), (45°, 54.8°), 
(90°, 90°), (135°, 54.8°), and (undefined, 0°). Hence, 
three elements are in coordinate directions initially, 
and the other two are in directions which are equiangu
lar to the X, y, and z directions, and the - x , y, and 
z directions. 

In two-dimensional axisymmetric or planar flow, the 
material may rotate in the x-y plane and it is necessary 
to let the cracks rotate with the material. This rotation 
of the crack arrays is accounted for by allowing the 
orientation coordinate in the x-y plane (<p) to rotate with 
the material. The angular rotation is given by the vari
able Pf. The orientation of the ith row of elements in the 
x-y plane is then given by 

'Pi = <PiO+Pf (17) 

where tp, is the current angular position, and ô jo its 
initial position. At the end of a computation, pj is listed 
so that the orientation of the yth element can be related 
to the fi.xed x-y grid. The element rotation is indepen
dent of the initial orientation of the computational cell 
and of rotations that the cell undergoes before fracture 
begins. 

/. Crack opening 

The opening of cracks, as well as nueleation and 
growth, is a function of the stress applied normal to the 
plane of the cracks—neither shear nor torsional distor
tion of the crack surfaces is considered. In the termino
logy of fracture mechanics, we are treating only mode-
I behavior, and disregarding modes n and HI. For two-
dimensional problems, inwhich T^=T^^ = 0 , the general 
expression for this normal s tress is 

%* = <^f + «','"' + ^ y + 2i-„«m, (18) 

where the direction cosines I, m, and n are related to 
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Ip and i/i a s follows: 

*—sinuicosc', 

m —sinijisim?', 

«=C0Si^. 

The c racks a r e presumed to open elastically to the 
value given by Sneddon and Lowengrub^': 

5 = [ 4 ( l - i . ^ ) A £ ] i i a „ „ , (19) 

where 6 is one-half the maximum separation of the crack 
faces and £ is Young's modulus. The c rack faces form 
an ellipsoid with three semiaxes 6, fl, and fl. Then the 
volume of a c rack is 

V, ,= [ 1 6 ( l - ^ = ) / 3 E ] i i X (20) 

The volume of the ent ire c rack distribution is obtained 
by combining Eqs . (16) and (20) into the following 
integral : 

y ^ S v M ^ s A « e x p ( - f l / f l p ) ] ^ ^ 
ill i.i-J dR 

^ 3 2 ( | - j ^ g ^ ^ ; ^ ^ , , j 3 ^ ^ , ^ (21) 

This elastic formula may be an accurate representat ion 
of the crack opening volume in a fevv cases where there 
is l i t t le plast ic flow. However, for most of the mater ia ls 
and load levels we have considered, there is extensive 
plastic flow. In fact, in most df our s tudies , most of the 
mater ia l around the c racks is above the yield s t r e s s . 
When such l a rge -sca le plastic flow occu r s , Eq. (21) must 
provide only a low est imate of the actual opening. 

2. Crack nueleation 

Nueleation in the model occurs as the addition of new 
cracks to the existing set . These new cracks a r e p r e 
sumed to occur in a range of s izes with a s ize dis t r ibu
tion like Eq. (16). At nueleation, the pa ramete r flj^ 
equals R^, the nueleation s ize parameter (a mater ia l 
constant). The number of c racks nucleated is governed 
by a nueleation ra te function s imi lar to that used for 
ductile f racture: 

N = N ^ e x p [ ( o , ^ ^ - a J / o , ] , (22) 

where Ng, a^ ,̂ and o, a re fracture p a r a m e t e r s and o^^ is 
the s t r e s s normal to the plane of the c r acks . This form 
of nueleation function resembles the relation deduced 
by Zhurkov" for the rate of breakage of atomic bonds. 
We have found it applicable to ductile mate r ia l s and also 
to such diverse bri t t le mater ia l s as Armco i r o n , ' bery l 
l ium, ' ' and polycarbonate . ' (In beryll ium it was found 
that the deviator s t r e s s governs nueleation and not the 
s t r e s s o, j) . The ne-\V cracks a r e nucleated with a range 
of s i zes so that the number grea ter than fl is 

AN"/ N ' ^ A t e x p i - R . / R J , (23) 

where iV' Af is the total number nucleated in the ijth 
element , R is the nueleation distribution p a r a m e t e r , and 
At is the tirae s tep . The volume of the ent ire nucleated 
distribution is obtained by combining Eqs . (21) and (23): 

V„ = T ; v l ' = T , Ĵ  V,^[d[N"Atexp(-i?/fl„)]dfl}/rffl 

= [32(1 - u ' ) A t R i y E EiV'J o'J,. (24) 
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•If the mater ia l is isotropic and under a uniform ten-4j 
sile s t r e s s , the probability of crack nueleation is equal?, 
in any direction. Then, the number of c racks assigned.< 
to each element is proport ional to the solid angle sub--.^ 
tended by the element. The fraction of the total solid ,', 
angle for each element is cal led f l ' . If the mater ia l is^, 
not isotropic, F'J caii be set to reflect the observed fUK 
orientations, '2 

3. Crack growth 

The grovrth law derived from e??)erLmental data on .w 
both ductile and br i t t le I racra re is' ' .••̂ , 

(IR 

dt 
= T,(a-a^^)R, (2| 

where T̂  is a growth coefficient and o^ is the g r o w t h ^ 
threshold s t r e s s . Here , ' f O is t reated a s a constant 
mater ia l pai-ameter, teit in some c a s e s , it has been i 
taken as the cr i t ical s t r 
to fracture mechanics . 

- ^ 0 = •.{ii/4R)"'K,^, 

where K^̂  is the fracture toughness 

;S'3 for c rack gro'slh according! 

. -ri 

m 
'Ji Since ô g is usuaUj 

very small for impact p rob lems , â ^ in Eq. (25) can be
taken as a smal l constant. 

When Eq. (25) is integrated over a t ime s tep At (holj 
ing ^̂ ,0 constant), the final value oi the radius is -jS 

fl = flje.xp[r^(a„-.7,,)A/], ( | 

where flj is the radi'js at the beginning of the interval^ 
and cf„̂  is the average s t r e s s in the interval . When Eq? 
(21) is combined with Eq. (27), the c rack volume assoi^ 
ciated with growth ai the end of the t ime s tep is 

V'/ = 32 ty'J[{l - u V / Z ^ Y f a%exp[^T,(aiJ^ - o^) Af], (2J 

The total number of cracr:= 
of the t ime step is 

i\[' = Ny -i-N^'Af. 

in the ijth element at the ek 

(K 

The total volume V'J raay be represented as the sum of 
V'J and V*/ from Eqs . (24) a.nd (28), or the combinatia 
of cracks may be described by a single analytical form 
with Nl^ c racks and s new shape pa rame te r R'^': \; 

yii + \'ij •(£ V\^-

or 

V|' = 32 Af [(1 - ^'^)/£] (fl-'P <rV (S 

Equating the two e.-raressions for Vy provides a means 
for evaluating fl^-', the distribution parameter appro-:/ 
pr iate to the end of the t ime s tep: •-• 

'{Ri' )̂  = {Nl{R[n' e.xp[3r,(cV^ - O,,) Af] - .VVAf fl^/iV'/.| 

Now the damage at the end of the t ime step can be coo-
pletely charac ter ized by two p a r a m e t e r s , Af and R'Jr 
obtained from Eqs . (29) - (32) . -i 

D. Fragmentation model i 

The fragmentation p rocess envisioned in our model 
a natural extension of the br i t t le fracture p rocess . V* 
brit t le fracture p rocess is presumed to occur until S0-
point at which interaction of the c racks becomes sigaf 
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icant and coalescence begins. At this point, the gross 
stress on the cross section is still approximately equal 
to the stress in the solid material. The grov.'th and 
nueleation processes are presumed to continue beyond 
the beginning of coalescence. Eventually, isolated frag
ments will occur within the solid material. As these 
fragments separate, they form voids in the continuous 
solid material, which cannot support the applied stress. 
The stress in the reriiaining solid material must in
crease to maintain the external tensile stress. The in
creased stress in the solid will lead to more growth and 
nueleation of cracks; hence, the final stages before com-
•plete fragmentation are cataclysmic and will tend to con
tinue with very little outside encouragement. The cres
cendo of damage which occurs in our model just before 
full separation is probably very similar to the damage 
that actually occurs. This process will tend to empha
size damage in a few regions while allowing adjacent 
regions to be only slightly fractured. 

• A relationship between the fragment sizes and the 
numbers and sizes of the preceding cracks is required 
to model the fragmentation process. From our observa
tions in both rock and metals, it appears that the frag
ments are typically chunky objects with an average of 
six to eight sides, each side probably being produced 
.by one crack. Thus, for large fragments, the crack 
radius may approximate the fragment radius and the 
number of fragments may be one-third to one-fourth the 
number of cracks. Each large fragment contains a great 
number of uncoalesced small cracks; thus, only some 
fraction of the small cracks leads to fragments. The 
small fragments have the same shape as the large frag
ments. The number of fragments in-a size range appears 
to increase as the size decreases, indicating the frag-

-'ment-size distributions have a shape similar to crack-
•;size distributions. These observations of actual frag-
^nients have been incorporated' into the computational 
model. 

& 
^:The computational model provides (i) a criterion for 
crack interaction to begin the crack coalescence process; 

•̂ (ii) a criterion for the beginning of fragmentation, i . e . , 
-formation of the first isolated chunks; (iii) a criterion 
for completion of fragmentation; (iv) provision for 
•Stress-strain relations for material that is partially 
-fragmented; (v) a method for computing a fragment-size 
-flistribution. In describing the model, we first present 
•^e method for transforming from cracks to fragments. 
'The criteria and stress-strain relations are then 
introduced. 
• > • ' . 

^Formation of the fragment size distributions 

•rJA fragment is produced by the intersection of a number 
of cracks, each crack forming surfaces on two adjacent 
fragments. Generally, the size of the fragment face will 
^ similar to the size of the cracks that have caused 
^s fragment. In the model, the crack radius is R^ and 
•he fragment size is defined by a radius Rf. The ratio 
of these radii is y.-

'••" y = i y R „ (33) 

*here y is a number near 1.0. For chunky fragments 
*ith a small number of faces, one can relate the number 

:kev 48?-

PARTIAL FRAGMENTATION 

FIG. 9. Schematic depiction of the fragment formation process. 

of fragments produced to the number of cracks, 
parameter ^ is defined as 

The 

^/ = dR 

^ = V A ' ^ , (34) 
where, for example, j3 is 5̂  for eight-sided fragments. 
The fragment size distribution has the same form as 
the crack size distribution, Eq. (16). Thus, 

A'Ĵ  = A^;^oexp(-fl/fl;{), (35) 

where N̂ '̂ and flj{ are related to iV*̂  and R̂ ^ through 
Eqs. (33) and (34). Thus, the fragment size distribution 
is completely determined from the crack size distribu
tion and the factors fi and y. 

The volume Vf of a fragment of radius fly is 

Vf=Tf(Rff, (36) 

where T̂  is a coefficient that reflects the shape and num
ber of sides of the fragment. The total volume, of frag
ments can be determined by multiplying the number of 
fragments of radius R, {dN/dR)dR from Eq. (16), by 
the relative volume per fragment, and integrating the 
result: 

= Qfil^T,T,Nil{R['f. 
i l 

2. Criteria for fragmentation 

The transition from slightly cracked to fully frag
mented must occur gradually and with no discontuiuities. 
The transition process is assumed to occur as follows: 
Cracks form and grow initially with little interaction 
between adjacent'cracks. Under continued loading, 
cracks begin to interact, coalesce; and form fragments 
that are completely contained in the solid material (Fig. 
9). The fragmented material no longer carries any loads, 
so the stress in the remaining unfragmented material 
may increase to sustain the external loads. This stress 
leads to more crack growth and fragmentation until the 
material is fully fragmented. In our computational 
model, the early 'stage of interaction is characterized 
by the concept of a "crack range," defined as a volume 
surrounding each crack. When the crack ranges of two 
cracks overlap, the cracks interact strongly, that is , 
the subsequent growth velocity and direction of one 
crack are altered by the presence of the other crack. 
The crack range is visualized as having a pancake or 

(37) 
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FIG, 10, Possible cross sections and shapes of the crack range 
surrounding penny-shaped cracks. 

doughnut shape, as indicated in Fig. 10. Crack range 
i s a function of the crack s ize only, and therefore , its 
volume is 

V . = T R ' (38) 

where T^ is a constant. The magnitude of T^ will depend 
on the mate r i a l . For very br i t t le ma te r i a l s , T^ could 
be large (say, 20), but for very ductile ma te r i a l s , the 
value may be near unity. In the computational model, 
we presume that fragmentation begins when the crack 
ranges of all the cracks completely fill the volume of 
the ri-iaterial. The total c r ack range. is derived by sum
ming the ranges for cracks of all s izes and from all 
c r ack orientat ions: 

V = T E J R ^ dN. (39) 

This integral is like Eq. (24) in which the value of dN 
from Eq. (16) is inserted. The result is 

V =6T ,E iVi ' ( f l l ^ ) \ (40) 
c r c f j " I 

The cr i te r ion for beginning fragmentation is then 

V „ = l . (41) 

With a cr i ter ion for the s ta r t of fragmentation, we can 
now define the process by which the fragments a r e 
formed in a way that is physically reasonable and math
ematically cons'tstent but nonrigorous. At the comple
tion of fragmentation, the 'Volume V̂  from Eq. (37) is 
unity. At the beginning of fragmentation, it has a value 

POTENTIAL -» ACTUAL 
1.0 

UJ < 
s o : 
3 " -

> 3 

< 

1.0 

VOLUME OF POTENTIAL FRAGMENTS 

FIG, 11, Proposed relationship of actual fragments to potential 
fragments. 
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V* obtained by solving (37) with the conditions of (40) i | 
and (41): ' ••; 

V * ^ ' 3 > % / T ^ (42) 

Now we define V^ as the potential fragment volume, .4 
because there a re no fragments until V, exceeds V*. ^ 
The actual fragment volume is computed according to -̂ J 
the relation in Fig. 11: ti 

w h e r e / , is the unfragmented fraction of mater ia l . We -fS 
presume that this same fraction (1 - /_) per ta ins to all 3|, 
fragment s izes and or ienta t ions , so the actual number r̂ ' 
of fragments is 

(A"/o)<. = A l i ( ! - / „ ) • 

3. Stress-strain relations for brittle material 

(441 

I 
The s t r e s s - s t r a i n relat ions for mater ia l undergoing^ 

fracture and fragmentation account for both the opening^ 
of c racks and the voids produced by internal fragments^ 
As usual , the s t r e s s is separa ted into p r e s su re and de 
viatory components. -j 

The p r e s s u r e is related to the specific volume and ' 
internal energy in the same way. as for ductile f racture* 
For br i t t le f racture , however, the porosity is the sum:; 
of the crack opening volume V̂  and the volume of the "i_ 
fragmented mater ia l (1 - f„) '^ , , where V̂  is the specific^' 
volume of the solid ma te r i a l . The mater ia l in a f r a g m ^ 
is t reated as having the saine specific volume a s the r e | 
maining solid, which is under s t r e s s . The fragment i s ^ 
completely surrounded by solid, a s shown in Fig. 9; S 
therefore , the volume associated with the fragment, in? 
eluding the fragment volume at original density and the|! 
void around the fragment, ' is assumed to equal the '$ 
volume that the fragment would have at the cur ren t '"t 
specific volume of the s t r e s s e d solid. The deviator - •? 
s t r e s s is computed from an expression which accounts-'iS 
for the anisotropy of damage: 

Aoi; = 2 G ( A , ; ; - A , - ) , 

where Ag' is the deviator s t ra in (total s t ra in less mean* 
strain) in the // direct ion, and Ae'.' is the deviator strata 
taken up by changes in the porosity in the It direction. .,; 
The contribution to e'/,' from any element of the crack .* 
orientation a r r ay is the total c r a c k opening ahd f rag
mented volume of the element multiplied by the s q u a r e | 
of the cosine of the angle between the element and the ••* 
h direction. As in ductile f rac tu re , the deviator stress'^ 
from Eq. (45) is modified tf yielding occurs . -ii 

As for ductile fractirre, an iteration procedure is re'ri 
quired to solve simultaneously for damage and stresses. 
Here , however, the initial s t r e s s est imate is based i 
simply on a purely e las t ic-plas t ic calculation. Damage? 
is then computed based on these s t r e s s e s . The comput* 
damage leads of s t r e s s e s from E q s . (10) and (45). The*' 
new s t r e s s e s se rve a s es t imates for the next cycle . TW 
changes in c rack s t ra ins A^j a r e heavily damped f romi | 
cycle to cycle t o f o r c e convergence. 

5 
{4i) 

IV. COMPARISON OF CALCULATIONS WITH DATA 
1.1. 

Five of the many-simulations of actual experiments-^ 
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\r I Tt-st configurations for sample fracture computations. 

ia<3cription No, Layer Material Thickness 
(cm) 

Velocity 
(cm/sec) 

U iron impact 

IS novaculite 

J-(j flyer impact 
>Jt-9 

tceous 
ar 5.iee\ 

trio-be^itn 
t'xti 

Rjuminuin 

S25 Project i le 
Target 
Gage backing 

Project i le 
Front cover 
Target 
(gap) 
Rear cover 

Armco iron 
Armco iron 
C7 epo.Nj' 

PMMA 
-Aluminum 
Kovaculite 

Aluminum 

0.0038 
0.3106 
0.5" 

0.079 
0.157 
0.610 
0.002 
0,152 

1,96X10 

4.89X10 

• • • 

2024-2 Projectile OFHC copper taper 3.065xio' 
(thickness of 0.25-15—0, 6355 cm varying over 3.81 cm) 

Target XAR 30 1,016 
Gage backing PMMA 0,508 • • • 

939 

(single layer) 

Project i le 
Targe t 

S200 beryllium 

1145 aluminum 
1145 aluminum 

0.386 

• 0.114 
0,318 

[410 J/cm^l 

1.856x10* 

f-Md during development of the preceding models 
^fsented here to indicate some of the variety of 

The first sample is a flat plate impact in Armco 
T>,e e.x-perimental conditions a r e given in Table I. 

^apact produced compress ive s t r e s s e s of about 40 
This experiment is one of those from which the 
te parameters for Armco iron were derived. 

»(ore, good correlat ion is expected. The computed 
;iize distributions for severa l cel ls a re shown in 

U2and compared with severa l of the experimental 
iihilions (also shown in Fig. 7). The inset of Fig . 

»s the relative positions of measured zones and 
liUtional cel ls . The total number of c racks and 
Je distribution on and near the plane of maximum 
« is well represented by the computations. The 
'iy of the calculated resu l t s appears to diminish 

l '̂iijitxnce from this plane. 

act e.vperiments in Arkansas novaculite provide 
laple of computations which simulated full-frag-
lion. For these calculat ions, the cracks were 

^«d with the observed initial flaw size distribution 
•than by a nueleation p r o c e s s . A l s O j t h e c r a c k s 

|?«rmitted to grow at one- third of the sound speed, 
lilting fragment s ize distr ibution from the com-

*"i3 is compared with the measured distribution in 
; ' 3 . The comparison indicates that the fragment 
'•flstribution can be obtained from our computational 

• ^ fracture p r o c e s s , there a r e no la rge c r acks , 
gaicrocracks. However, la rge c r acks may be 
"̂Mby the coalescence of smal l c r a c k s : in such 
' "^^ method may be able to s imulate the appear -

S'sa propagation of large c r a c k s . Such a simulation 
8««npted for a tapered t lyer impact l isted in Table 

«cwT) in Fig. 14. The damage actually occurs as 
'plane, which proceeds a c r o s s the plate. The 

' progress of this la rge spal l c rack is shown 
'5. The final appearance of the c rack is com-

'" '̂h the computed position in F ig . 16. Hence, 

•••Appl, Rhys., Vol. 47, No. 11, November 1976 

there is some hope that large c racks may be treated by 
this method. 

The fourth sample (S200 beryllium) was i r radia ted 
by Buck and Shea ' ' in an electron-beam machine at a 

0.005 0.010 0.015 
CRACK RADIUS (cm) 

0,020 

FIG, 12. Computed crack size distributions in Armco iron tar 
get: simulation of shot S25, 
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FIG. 13. Comparison of experimental and computed-fragment 
size distributions for experiment 53 in Arkansas novaculite. 

fluence of 410± 10% J /cm^. The distribution of the energy 
with depth is shown in F ig . 17. The deposition occurred 
in approximately 50 nsec causing compression throughout 
the sample . Rarefaction waves generated at the free 
sur faces met near the specimen center to produce ten
sions of 0.95 GPa (according to the calculations) and 
caused an intermediate level of damage. The measured 
c rack s ize distribution on the plane .of maximum damage 
is shown in Fig. 18, together with three computed 
cu rves . The fracture computations use pa rame te r s de
rived from the fracture damage measured by Shockey et 
a l . •* in targets from a s e r i e s of flat plate impacts con
ducted by Warnica. '^ The undamaged state of the beryl
lium was represented by the dislocation dynamics model 

IMPACT V5LOCITY = 306.5 m/sec 

0.6355 cm 

TAPERED FLYER - OFHC COPPER 

1.016 cm 

1__ 
0.503 cm 

SPECIMEN 
XAR30 ARMOR STEEL 

TARGET SACKING - PMMA 

-3.81 cm-

FIG. 14. Configuration for the tt^-o-dimensional simulation of 
fragmentation in a tapered flyer impact. 
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2.97 fisBC 

3,19 psec 

3.42 ^sec 

3.54 psec 

3.87 /Llsec 

4.09 /isec 

4.32 llsec 

- . " v • < • • ' . • • 

•'^'C^s^isl 
-̂  

>"A,p--^*>,^-^ '̂-->rr- -- T ^ - r - ^ ^ 
j ' ^ ' T ^ 

.^-^<r,j^^;i^ 

4.54 psec 

4,77 fisec 

'% 

'.•Ir. 

1 

- ^ % 

3 

• | 

•m 

\ t 

FIC. 15. Sequence of cross sections of XAR30 steel speciiaenf 
showing progress of fracture and partial fragmentation flight.^ 
shading) and full fragmentation (dark shading) resulting from i 
tapered flyer impact: Xo. 2024-2. 

i l ) 

lb) 

fiO. 16. Comi 
5pi-cimen impa 
c.-oss section-< 
•orsret showing 

The measu 
0! damage th 
;hree differei 
bv taking poi: 
it various de 
b*rs of c rac l 
r.-jmbers, bu' 
indicated in t 

These four 
.-Mge of appl 
blenis. They 
'.a! data at lo 
that this mic 
jress of larg 
plate impacti 
radiation. 

The fifth e; 
'..T which duel 
Tne compari 
void volume 
Tne NAG par 
•"̂ ore -able to 

constructed by Read and Cecil . " The computed curves • 
thus a r e predictions of damage in a radiation environ-? 
ment based on data from plate impact: no tiiodifications 
were made in any aspect of the model to improve the -̂ • 
agreement with the measured damage shown in F ig . 18; 
.The observed damage does fall near the computed rang?-
especially for the l a rge r , and therefore more serious;., 
c r a c k s . Evidently, the precis ion of the fluence measur^ 
ment is not sufficient to more precise ly a s s e s s the 
agreement of the measured and computed damage distrj' 
butions. -^ 
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33;, '.••'. Comparison of computed and observed damage in a 
:(;«i.-.;en imp.icted by a tapered flyer, (a) Computed damage on 
iic-i.-i section of XAR30 target, (b) Cross section of XAR30 
, j^j,;t ŝhowing partial spall. 

Tt-.e measured and computed (at 410'J/cm^) distribution 
-.1 lianiage through the specimen is sho'wn in Fig. 19 for 
iMcs: different crack s i z e s . These curves a r e obtained 
>v uxing points from damage curves (such a s in Fig. 18) 
fcl nrious depths in the specimen. The measured num-
\Kti o( cracks a re generally la rger than the computed' 
B:=:ijers, but the spatial extent of damage is fairly well 
jt.i:cated in the computations, 

T>.̂ :5e four experiments indicate, to some extent, the 
.•i-.^c of applicability of the NAG model to fracture p r o -
y-r~:s. They show that the bri t t le model fits experimen-
1:.' •••ji.i at low damage levels and at full fragmentation, 
..Ul '.hi.s microfracturing model can represent the p r o -
jrf-iii of large c r a c k s , and that fracture data from 
}t-i:c impacts can predict damage under thermal 
: •-'.'j.V.on. 

T>.e fifth experiment is an impact in 1145 aluminum-
-•- '••-.ich ductile fracture reached a damage level of 12%. 
*V comparisons of measured and computed relat ive 
"•-•••i '.-oiurne and void concentration a r e shown in Fig. 20. 
• 'i< ;.',\G parameters on ^7hich these resu l t s a r e based 
•'t.-o able to simulate damage in impacts from 1.0 to 

0.2 

DEPTH IN BE — cm 

' •Ti 1 - V 

.... " . • 'formalized depth-dose profile for the electron-beam 

O 
Z o 

10' 

—*—~ Experlmeiit 

Compulation 

(451 J/cm') _ 

0.0: 0.02 0.03 0.04 0.05 

CRACK RADIUS — cm 

0.06 0.07 

FIG. 13, Comparison of predicted and measured damage dis
tributions curves for the zones of maximiim damage in elec
tron-beam specimen 4. 

1,4 GPa and ranges of peak damage for 1% to 10% void 
volume. Thus far , good corre la t ions with the ductile 
fracture m.odel have been obtained up to about 10% void 
volumiC. The ductile f racture with pa rame te r s derived 
from plate impact data has also been successful in p r e 
dicting damage under thermal radiation. 
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FIG. 19. Comparison of predicted and measured fracture dam
age as a function of depth into electron-beam specimen 4. 
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FIG. 20. Computed and observed damage in 1145 aluminum 
sample after 1.43 GPa impact. 

SUMMARY 

We have developed computational models af ductile 
and bri t t le fracture for wave propagation calculations in 
one- and two-dimensional geometr ies . The model fea
t u r e s were constructed from detailed observations of 
the dynamic fracture p rocesses in a wide range of ma
t e r i a l s , including severa l me ta l s , a polycarbonate, and 
a fine-grained quartzi te . These observations show the 
nueleation and growth of voids or c racks ; hence, these 
two p rocesses a r e represented in the models . The 
s t r e s s - s t r a i n relat ions for mater ia l undergoing fracture 
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y 
and the treatment of coalescence and fragmentation are* 
very approximate in the models . In spite of the approxi 
imations, the models have been shown to represent 1=̂ . 
fairly well the d.\-namic fracture processes over a wide 
range of mater ia l types , s t r e s s levels , and load :J 
durat ions. 
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Computer Model of In Situ 
Leaching Hydrology 
Objective 
Determine the site specific 
flow beliavior of leachants and 
groundwater during develop
ment, production, and restora
tion phases of an in situ 
leaching operation. 

Approach 
A computer program has been 
developed which simulates 
the hydrologic activity 

associated with in situ mining. 
Various user options enable 
modeling of many of the site 
specific geologic conditions 
and well field specifications 
that affect the hydrology of 
solution mining. 

How It Works 
In situ hydrology is modeled, 
using a closed-form solution 
to the three-dimensional, par

tial differential equation that 
describes changes in 
hydraulic head as a result of 
pumping from leachant injec
tion and recovery wells. 

Model capabilities include 
arbitrary well patterns and 
pumping schedules, partially 
penetrating well screens, 
directionally anisotropic 
permeability and natural 
groundwater flow, in either 

Isolated 5-spot. Five-spot with four guard wells. 

Streamline graphics for various well and pumping configurations. 

This document was prepared by the Bureau of Mines. Neither the United States Government nor any person acting on behalf of the United States Government 
assumes any liability resulting (rom the use of the information contained in this document, or warrants that such use be free from privately owned rights. 



leaky or nonleaky, confined 
aquifers and under steady 
state or time dependent flow 
conditions. 

Model output is presented 
numerically and graphically. 
Numeric values are given for 
(1) hydraulic head, velocity and 
direction of flow, (2) volume of 
solution passed between in
jection and production wells, 
and volume escaped into the 
aquifer, (3) production well 
breakthrough time for each 
streamline, and (4) areal sweep 
of a well pattern. Graphic out
put is used to describe 
leachant stream flow lines, as 
shown in the figure. 

Test Results 
In addition to extensive 
laboratory testing, the Twin 
Cities Research Center has 
closely monitored the applica
tion of this model at three dif
ferent mine sites. At each site 

the solution breakthrough 
time and the hydraulic head at 
observation wells (predicted 
and actual) were used to 
"tune" the model. The model 
was then used satisfactorily 
to assess suitability of various 
well configurations and pump
ing schedules, in terms of 
fluid dispersion within the ore 
pod and fluid excursions into 
the surrounding aquifer. The 
hydrology of groundwater 
restoration measures was also 
simulated. 

A computer model of in situ 
leaching hydrology was 
developed at the Twin Cities 
Research Center. The project 
leader was Robert D. Schmidt. 

Patent Status 
The United States Department 
of the Interior is not applying 
for a patent on this 
development. 

For More 
Information 
Two Bureau of Mines Reports 
of Investigations are available: 
8287—Computer Modeling of 
Five Spot Well Pattern Fluid 
Flow During In Situ Uranium 
Leaching 
8479—Computer Modeling of 
Fluid Flow During Production 
and Environmental Restora
tion Phases of In Situ 
Uranium Leaching 

A copy of each can be ot>-
tained without charge from 
Bureau of Mines, Publications 
and Distribution Division, 4800 
Forbes Avenue, Pittsburgh, PA 
15213. 

To learn more write to: 
Technology Transfer Officer 
Bureau of Mines 
Twin Cities Research Center 
5629 Minnehaha Avenue 

South 
Minneapolis, Minnesota 55417 

Five-spot pattem with directional penneability. Streamline pattem, fluid excursions. 
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COMPUTER MODELING OF FIVE-SPOT WELL PATTERN FLUID FLOW 
DURING IN SITU URANIUM LEACHING 

by 

Donald 1. Kurth ' and Robert D. Schmidt ' 

This Bureau 
a computer model 

ABSTRACT 

of Mines report describes the development and application of 
of aquifer hydrology associated with in situ leaching of 

uranium. The model provides uranium resource developers with a simulation of 
leachant flow characteristics in a preproduction or pilot five-spot leaching 
operation. 

Various types of aquifers are modeled using closed form solutions of the 
partial differential equations describing the change in fluid head (pressure) 
as the leaching operation is carried out. 

User-suppli 
flow charaeteris 

Led descriptive input consists of aquifer, well, and leachant 
tics. Numeric and graphic outputs such as isopressure, is'o-

velocity, and isotime contours are available. A typical application is shown. 

INTRODUCTION 

In recent Vears the increased demand for uranium has focused interest on 
the extraction pf uranium from low-grade ore deposits. Current Bureau of 
Mines research has been directed toward improved uranium extraction using 
in situ leaching techniques. This report is the most recent effort of the 
Bureau to provijde the mining industry with a means of simulating the hydrologi
cal activity in a uranium-bearing aquifer when in situ leaching is underway. 
The simulated fluid movement that results from user selection of aquifer and 
well characteristics is given in graphic and numeric forms designed to show 
the effect of vjell spacing, input and output flow rates, and other parameter 
values on the pattern of leachant flow in the aquifer. 

The model was developed directly from closed form solutions to the aqui
fer hydrology partial differential equations of Hantush and Jacob (8̂ , 11)^ 
which describe fluid flow in a variety of aquifer types. The model allows the 

iMatheraaticianL Twin Cities Mining Research Center, Bureau of Mines, Twin 
Cities, Minn. 

^Underlined nuinbers in parentheses refer to items in the bibliography preced
ing the appendixes. 
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simulation of flow resulting from wells partially, penetrating an aquifer 
bounded above by either a leaky or a nonleaky layer. This allows for the 
determination of differential fluid movement at different levels in the 
aquifer. 

singl 
the 

The utility of a computer hydrology model dealing exclusively with a 
e five-spot in situ well pattern, and providing a detailed description of 

_.,_ asic hydrological parameters associated with leaching, rests, to a large 
extent, on the suitability of implementing a pilot or experimental five-spot 
leacliing operation prior to developing a full-scale production plant. Most 
in situ.leaching projects begin in this fashion. 

The conventional use of five-spot patterns for pilot production is in 
part due to the effectiveness of this, patterri in waterflooding projects of the 
oil industry. Waterflooding of an oil-bearing formation to boost recovery was 
introduced in 1924, and it has since become a common industry practice (4^), 
Waterflooding.is a two-phase flow process inwhich, as applied to five-spot 
pattierns, water is pumped into the corner wells and displaces oil in the forma
tion. The oil is then pumped out the center well. 

In addition to this established precedent, literature analysis and numer
ous Bureau discussions with mineral exploration companies involved in leaching 
profjects have revealed that there are still some major problems associated 
with profitable leaching of uranium. These prdblems are concentrated primar
ily in the geochemistry of leaching and involve detrimental chemical interac-
tiolns between formation rock and leachant solution. 

The leachant environment of a single five-spot pilot operation is easily 
regulated from the standpoint of fluid dispersion and flow rates. Thus, such 
anioperation is better suited than a large production operation to an optimal 
analysis of site-specific geochemistry problems. The detailed output of the 
Five-Spot In Situ Leaching program (5-SISL) can assist in the regulation of 
thjLs leaching environment. 

Future Bureau modeling will include an expanded hydrology model capable 
OE simulating a multiple-well, production-type leaching operation and a chemi
cal model of the leaching process. The goal of this effort will be to opti-̂  
mize well and leachant parameter values through computer simulation of the 
iiji situ mining process. 

WELL-AQUIFER GEOMETRY AND NOMENCLATURE 

Fbr t 
slinks or s 
tti 

his model'the input and output wells have been idealized as line 
ources (the well radius is not taken into account). Figure 1 shows 

e arrangement of wells for a conventional five-spot pattern 
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FIGURE 1. - Five-spot well pattern. 

A well is constructed to intersect an aquifer, which may be confined or 
leaky, as shown in the cross section in figure 2. A leaky aquif ier is one that 
is slightly permeable, with the permeability assumed to be totally vertical, 
from an aquitard layer. An aquitard layer is a semipervious, confining layer 
that is above.or below (usually above) the leaky aquifer. 

The definitions and nomenclature presented here apply to the subsequent 
account of .the development of hydrology and drawdown equations. As far as 
possible these variable names are used in the FORTRAN computer program listed 
In appendix C. The important variables are as follows: 

Ah = change in head (dr pressure or drawdown) from the original 
piezometric surface, in feet. 
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FIGURE 2. - Well-aquifer cross sect ion. 

( r ,e ,S) = cy l indr ica l coordinates of the point at which Ah is calculated. 

r = radius of the point from the well center , in feet ( f igs . 1 and 
2) . 

e = angle in horizontal plane of the point from the X-axis, in 
degrees ( f ig . 1) . (Note that e does not-appear exp l i c i t l y in 
the following equations because of rad ia l symmetry.) 

X = r cos Q. 

Y = r sin 9. 

Z =• vertical distance of the point (r,e,Z) from the top of the 
aquifer, in- feet (fig. 2). 

t = time interval of evaluation, in hours. 

K = aquifer penneability, in feet per second. 

K' = aquitard permeability, in feet per second. 

b = aquifer thickness, in feet (fig. 2). 



b' = aquitard thickness, in feet (fig. 2). 

/K-b-b' 
B = leakage factor = J — — , — , in. feet. 

Y =.specific weight of fluid, in pounds per cubic foot. 

a = compressibility of solid "skeleton," in square feet per pound. 

3 = compressibility of fluid, in square feet per pound. 

n = porosity, dimensionless. 

Q = input (+) or output (-) flow rate, in cubic feet per second. 

rg = radius of influence (minimum radius at which no head change 
occurs), in feet. 

bg = depth of penetration (of partially penetrating well) below 
aquifer top, in feet (fig. 2). 

T = Kb = transmissivity, in square feet per second. 

S = Yb(Q' + n3) = storativity, dimensionless. 

HYDROLOGY (LEACHANT FLOW) EQUATIONS 

Hantush (8) developed one of the more general models in the leaching 
hydrology literature. .This model describes the time-dependent flow in a leaky 
aquifer being pumped from a well that only partially penetrates the aquifer. 
The leaky aquifer with a completely penetrating well, the confined aquifer 
with a partially penetrating well, the confined aquifer with a completely 
penetrating well, and steady-state versions of most of these are special cases 
of Hantush's general model. Stating the general flow problem mathematically, 
the boundary value problem is given by 

Ŝ Ah 1 SAh a Ah Ah Y(Q' + pn) 
+ — • + 
r ar az^ B̂  . K 

aAh 
at 

(1) 



where Ah = Ah (r,2,t). 

Ah (r,z,0> = 0, 

Ah (oo,z,t) = 0, 

a Ah 
az 

(r,0,t) = 0, 

1 ' S ^ (r,b,t) = 0, 
az 

a n d •• 1^™ ?TTKr 
r—0 

0 / 
SAh 
ar 

dz = -Q: 

The numerical anaiysis approach used in this computer program consists of 
finding the classical closed form solutions of the partial differential equa
tions developed extensively in the hydrological literature. This method of 
solution is normally preferable to finite difference or finite clement meth
ods because closed form methods generally require less computing tirae. 

Specifically, a finite difference method used to model the relatively 
simple hydrology of an in situ leaching operation with two space dimensions 
(x, y) and a time dimension (t) requires calculation of fluid head at more 
(x,"y) grid pointJs than are normally of interest to the analyst. This often 
results in the inefficient use of data processing facilities. Other research
ers, for example, McKee (17), concur with this judgment, although it is not an 
absolute; for some partial differential equations and boundary conditions, 
finite difference methods may be more efficient. In the more complex, non
linear forms of hydrological partial differential equations, finite differ
ences (or finite elements) must be used because of the lack of closed form 
solutions and in some situations, portions of several methods may be used. 

Using a particular closed form solution of the partial differential equa
tion with the method of images and some integration (which brings in the depth 
of penetration b, ), the following final closed form solution is obtained: 

Ah = 2 . 
4TrKb 

2b 

Ttbc 

".(-5) 

(2) 

! 



where u = v(o' + Bn). . r3_ 
4K t 

(3) 

and W- (u,x) = f i exp f-y - 2L-] dy. 

' J y \ 4yy 

oo 

W(u) = W, (u,0) = r i exp (-y) dy. 

(4) 

(5) 

Wi(u,\) and W(u) are the so-called well functions. Since the integral forms 
of Ŵ  and W are not convenient for digital computer application, truncated 
infinite: series, which usually converge quite rapidly, are used. These are as 
follows: 

Ŵ  (U.V) = 2 K„(X) - Io(x) • «(£)•*• "^P ("•£) 

I 0.5772 + ln(u) + W(u) - u + u(Io(x)-l) ( M 

-"' ' z z 
1=1 m=l 

(-D^-^X^-m+l)! /Xl\ 
[(iL+2)! ]2 • V ^/ " J 

4/ 
U'' 

(6) 

(7) . and W(u) = -0.5772 - ln(u) + u - j ^ + ̂ -jj- - + . . . 

In the preceding series 

0.5-772... = Euler's constant, 

KQ (X) = modified Bessel function of zero'** order, dimensionless, 

and Ig (X) = modified Bessel function of zero*** order, dimensionless. 

The following polynomial approximations for K,, (X) and Î  (X) (1̂ ) were used 
for the computer program: 

For 0 g X ̂  3.75: 

Io(x) = 1. + 3.5156229 (X/3.75)2 + 3.0899424 (X/3.75)'̂  

+ 1.2067492 (x/3.75)6 + .2659732 (X/3.75)S 

+ .0360768 (X/3.75)10 + .0045813 (X/3.75)i?'. 

[ . rrorj < L.6 ^ IQ-^ (8) 

^In the program, FUNCTION WU^ calculates this series only to £ = 5. 
*In the program, FUNCTION WU calculates this series only to u^. 



-1/2 
IQCX) = X . ,exp(x) 

For 3.75 .s X < c°: 
/ 9 • 

.39894228 -1- .01328592 (X/3.75)-i 

+ .00225319 (X/3.75)-2 - .00157565 (X/3.75)-3 

+ .00916281 (A/3.75)-* - .02057706 (X/3.75)-B 

+ .02635537 . (X/3.75)-® - .01647633 (>/3.75)-'' 

•f .00392377 (X/3.75)-8 . 

jError I < 1.9 ^ IQ-^ 

For 0 < X s 2: 

Ko(X) = -ln(x/2) Io(x) - .57721566 + .4227842 (X/2)2 

+ .23069756 (X/2)4 -I- .03488590 (X/2)6 

-I- .00262698 (X/2)8 + .00010750 (V2)^° 

•f .00000740 (X/2)13. 

I Error) < 1 x lO-s . 

For 2 ^ \ s 

Ko(x) = X" exp(-x)[l.25331414 - .07832358 (2/x) 

+ .02189568 (2/x)2 - .01062446 (2/X)'^ 

+ .00587872 '(2/X)* - .00251-540 (2 /X)^ 

+ ,00053208 (2/X)6j . 

[ (Error| < 1.9 x IO"''1 . 

(9) 

(10) 

(11) 

Four main aquifer models for head change in a single pumped well are con
sidered in the computer program. These are: 

1. Steady-state flow in a confined aquifer (SUBROUTINE SSCONF). 

2. Nonsteady-state flow in a confined aquifer (SUBROUTINE TMECONF). 

3. Steady-state flow in a leaky aquifer (SUBROUTINE SSLEAKY). 

4. Nonsteady-state. flow in a leaky aquifer (SUBROUTINE TMELKY). 

The formulas for calculating change in head (Ah) used in these subroutines are 
found in (8̂ ) and are special or degenerate cases of equation 1. 

wel 



All of these models allow for a partially penetrating form of a single 
well, where the casing ends at the top of the aquifer and the screen runs from 
the top partway down into the aquifer. 

The formula for the steady-confined case is 

Ah = -2-
2TTKb Hr) 2b 

Trbt 
X 1 cos fHEi 
m«l m 

\ b 

where ^(SI) .K„(=l)-Ko(EI^) 'O(T^). 

(12) 

L) 

The formula for the nonsteady-confined case is 

A.h = — 2 _ 
4TTKb 

m=l 

(13) 

The formula for the steady-leaky case is 

A h = - ^ 
2TTKb ''o(i) 

+ It i ic„s(=.)s.„(̂ )K„(v'(0= ^(=rj 
m=l 

The formula for the nonsteady-leaky case is 

Ah = -2-
4rrKb ". (-i) 

2b 
TTb 
, i"s(=f)si„(=^)w,(„,v(rT(^') 

m=l 

(14) 

(15) 

Now the s o l u t i o n of equat ion I f o r Ah in the case of the f i ve - spo t ( f ive 
wel l s ) i s e a s i l y found by not ing t h a t : 

Ah = ± Ahi ± Ahj ± Ahg' ± Aĥ  t A h g , 

re where the plus sign is chosen if the well is an input well and the minus sign 
is chosen if the well is an output well. This additivity of solutions is a 
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simple but important consequence of the linearity of equation Ij that is, if 
hj is a solution of equation 1 and hj is a sdlution of equation 1, then 
(hj + hj) is also a solution of equation 1. 

The velocity in the x-direction, V^, and the velocity in the y-direction, 
Vy, are then easily found from Darcy's law: 

I 

aAh' 
•̂̂  = --^ ax ' 

and 
aAh 

Vy = -K 
^ 9y 

iir' 

\ ' " 

_., 1: 

by calculating the two partials rather than obtaining analytical expressions 
for them. These are calculated quite simply by replacing the partials with 
difference quotients. 

Finally, streamlines are constructed by integrating the expressions: 

^ = V , 
dt ^ ' 

and ^ = V 
dt y 

Again, rather than integrate analytic expressions to obtain further analytic 
expressions for x and y, the integration is performed with the use of differ
ence approximations, for example. 

and 

Xnn = Xn + v„(x„.,Y„) • (t„+, - t„), 

. Y„+i = Y„ + Vy(X„-,Y„) • (t„+i - t„). . 

PERMEABILITY CALCULATION FROM FIELD MEASUREMENTS 

The objective of the so-called "inverse problem" is to obtain storativity, 
S, and transmissivity, T, from field measurements of Ah at various times, t, 
during a drawdown test. Thus, data are taken in the form (Ah^,tj), (Aihgjtg), 
(Ahgjta), .., (Ahn,t„).. For a confined aquifer several methods can be used to 
find S and T, among them Theis ' graphical method. The following equivalent 
method using least squares lends itself to digital computer application. 

Using the single well (one operational output well and one observation 
well), for the nonsteady confined aquifer case. Ah is given by 

Ah = - ^ . W(u). 
4nT (16) 

from equation 13 with bg = b. 
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If u i s smal l , ^ the f i r s t two terms of the W(u) s e r i e s s u f f i c e . Thus,-

Ah 
( * ) 

- .5772 - 1 nfSr i . 1\ 
\4T t ) 

or Ah ^_SL\ r .5772 + In / S r ^ x l + _ S L l n ( t ) , 
W T / I L V4T ) \ n̂T 

Ah a; AQ -I- Â  T , 

T = l n ( t ) 

or 

where 

linearizes the equation. 

The least-squares solution for A^ and Aĵ  is found by setting 

and 

where 
R = ^ (Ah. 

i=l 
i - \ - \ ' y 

and solving for Â.̂  and Â  . Solutions from equations 20 and 21 are 

Ao = 
1 1 1 . 1 

"(z^i=) - ( Z n V 
1 1 

and ^ 

•(!•.) ( i -

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

^After calculating S and T, the user should estimate u using " = 7^» to insure 

that u is sufficient:ly small. 
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Because Â  = 2;^ (equations 17 and 18), T is given by: 

T = Q/4TTAI . (25) 

Substituting expression 25 into A^ as given by equations 17 and 18, gives 
the following expression for AQ : 

Solving equation 26 for S yields 

S = (Q/-rTr2Â ) • exp(-Ao/\ - 0.5772). 

Permeabilit:y, K, and porosity, n, are obtained from T and S by 

K = T/b, 

^"^ • n = (S - Y • cy • b)/(Y • e • b) 

from the definitions of S and T. 

(27) 

(28) 

(29) 

Using the five-spot pattern (five operational wells and one observation 
well) for the nonsteady confined aquifer case with conservation of flow 
(EQ in = J] Q out), the model .Ah becomes:' 

Ah = W(uo) - l/4[w(u^) +W(Ug) +W(U3) +W(u^)J 

. Let r^ = /(xĵ  ± s)3 + (y^ ± s)2 . 

(30) 

(31) 

r S 
Again, if û  = ^ is small,^ the first two terras of the W(u^) series suffice 

so that 

Ah = - ^ 
^ 4TTT 

-.5772 - lnfi££^'\ -4-
Srn2 

\4Tt I 4Tt 

-1/4 • -2-
" 4̂ T 

,5772 - 1 
\4Tt / 

+ ill-' 
4Tt 

-1/4 • -S_ 
4TTT 

,5772 - 1 "(^1 Sr 2 
-I- _i-

4Tt 

^Work cited in footnote 5 
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.1/4 

-1/4 

4TTT 

4nT 

.5772 - 1 n ( ^ \ 
"" \4Tt I 

.5772 - 1 
V4Tt / 

-f-

+ 

S'^.,^" 

4Tt 

Sr^^ ' 
4Tt 

. 

or 

or 

^h = _S_ ( -In ro^ + 1/4 In r 2 + 1/4 In r̂ s + 1/4 In r, 
4TTT ^ • 

.l/4 1nr,2) .(^):y).( 

-1/4 r^^ - l/4r,2).(i) , 

r„2 - 1/4 r̂ 2 - 1/4 r̂ ^ 

Ah = B + B̂  X: 

where \ = — is the linearizing transformation. 

(32) 

(33) 

Clearly BQ and B̂  have the same form as AQ and Â  (equations 23 and 24) in the 
single well case; that is 

B = 
o 

( z " > 0 ( z ^ O -(Z'^^^O (z^O 
1 1 1 1 

" (Zxi3) . ( z xif 

(34) 

and \ = 

n n n 

"(I Ah. Xi) "(Z Ahi) (2 ̂ n) 
1 1 1 . 

n n 2 

" ( Z H = ) - ( Z . O 
1 . 1 

From the expression for Bĵ  (equations 32 and 33), T is found to be 

T = — 2 _ ( -In r 2 + 1/4 In r 2 + 1/4 In r,= 
4nB„ ' o. 1 2 

(35) 

+ 1/4 In r̂ 3 + 1/4 in r^2) (36) 
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Substituting this expression into the expression for B̂  in equations 32 
and 33, S is found to be 

BiQ 
S.= — ^ (-In r^^ + 1/4 In r^^ + 1/4 In r^^ + 1/4 In r^^ + 1/4 In r ^ ^ ) ^ f 

Bo^n 

(r^^ - 1/4 ri= - 1/4 r^^ - 1/4 v^^ - 1/4 r^^). (37) 

Permeability, K, and porosity, n, are obtained frora T and S by equa
tions 28 and 29. This procedure is used in SUBROUTINE IN.VERSE. 

COMPUTER PROGRAM DOCUMENTATION 

• - . < . 

The program documentation is arranged in three sections. The first is 
devoted to general details which may be helpful to the user of the five-spot 
model computer program (5-SISL).- Various aspects of program development are 
discussed, as well as the available options. The logical structure of the 
program is also outlined. The second section summarizes the functions per
formed by each subroutine. The final section gives a description of the 
required input parameters and their formats. 

Program Development 

The 5-SISL program has been designed to be flexible in adjusting to 
unique field situations and in providing a wide variety and quantity of 
aquifer hydrology information as output. 

The logic of the 5-SISL program develops sufficient generality to accom
modate all types of aquifers and a broad range of recovery operations within 
the basic five-spot well pattern.. Generality has been achieved particularly 
with regard to the spacing of the wells, their characteristics as they relate 
to the aquifer, and the function of each well in the leaching process. 

To evaluate the hydrology, the program uses a horizontal matrix of points 
specified b.y the user. Each point is evaluated in terms of tihe change in 
head, velocity, and direction of particle flow. 

The program provides several user options for describing the nature of 
the aquifer and its confining beds as well as the time inteirval since the 
initiation of pumping these options take the form of four basic models: 
steady-state confined, nonsteady-state (time dependent) confined , steady-
state' leaky, and nonsteady-state leaky. Corresponding to these four models -
are four subprograms. Additional details concerning the applications of 
SSLEAKY, TMECONF, SSCONF, and TMELKY are contained in the 5-SISL routines 
section and on flow card 2 of the Input Variables Section. 

For each subprogram the penetration depth of the well screen into the 
aquifer can also be specified (fig. 2). This option, can simulate any of the 
following four disruptions of radial flow that commonly occur in the leaching 
process. 
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1. Incomplete penetration of the well screen through the aquifer caused" 
by irregularities in screen placement or aquifer thickness. 

2. Buildup of material over time at the bottom of a completely penetrat
ing screen. 

3. Blockage of the lower part of the well screen by particles of rust, 
drilling mud, or other debris caused by improper drilling. 

4. Precipitation of minerals on the screen caused by changes in the 
chemical equilibria in the aquifer. 

Pressure and velocity data, as well as derivations such as particle tra
versal time, cah be presented to the user in both graphic and tabular form. 
Thus, the program contains several options to insure that the hydrology data 
are available in the forra that can best satisfy the requirements of a given 
pilot uranium recovery operation. 

Simplifying Assumptions 

The 5-SISL program incorporates certain simplifying assumptions. While 
some of these are not absolutely warranted, they do permit programing of a 
less complex nature without significantly reducing the accuracy of results, as 
verified by the field situation in which they were tested. 

First, as mentioned earlier, the program assumes wells.are located in a 
symmetric five-spot pattern. While the program can account for any combina
tion of well input and output fluid voluraes, only points in the first quadrant 
are evaluated. Thus, this quarter five-spot technique necessitates three more 
90° rotations of the pattern about the center well to obtain a complete evalu
ation of points located in all four quadrants of a five-spot pattern having 
different corner.well inputs or outputs. 

Second, the program assumes that permeability is isotropic throughout the 
area of- evaluation. Normally, this affects analysis only if the five-spot 
pattern covers a large area. However, there could be leaching situations in 
which this would be a definite limitation. 

Third, the program assumes that no natural ground waterflow is present. . 
The qualifications and limitations implied by this assumption are similar to 
those for the permeability assumption. 

FORTRAN Versions 

The 5-SISL program was written initially in the FORTRAN IV language for a 
CDC 6600 computer.'' The default core memory required for execution of the 
program is 75K octal. 

'''Reference to specific equipment (or trade names or manufacturers) is made for 
identification only and does not imply endorsement by the Bureau of Mines. 



il-

,. 1 6 • 

Ijvj Minor revisions of the 5-SISL program may be required to adapt to systems 
using other FORTRAN versions. 

Program Control Structure 

The flow of control through the program is shown in figure 3. This flow 
diagram identifies the procedures that determine the basic parameters associ
ated with the leaching, such as the change in head and velocity at each coord
inate of the evaluation matrix. These parameters are then translated into the 
graphic and numeric output that are more useful to the development of the well 
field. 

I J S ' 
, A more detailed diagram of the structural relationship that exists 
jin between routines that comprise 5-SISL is shown in the two parts of figure 4. 
|H I Each routine is designed to operate independently (ot nearly so) in fulfilling 
jf'; a particular function; consequently, many patterns of control transfer.can 

occyr. Program control is transferred to a routine for a specific computation 
and returned to the calling routine when the required computation has been 

ja '' completed. 

/•, Five-Spot In Situ Leaching (5-SISL) Routines 

i ' i " 

•i ,. 

The following is a brief discussion of each routine in program 5-SISL in 
terms of its contribution to the simulation. 

SETUP is a dummy main program. Its primary functions are to control the 
dimensions of the evaluation matrices and to determine if a drawdown data 
analysis is needed for an empirical estimate of aquifer permeability before 
the leaching parameters are evaluated. If perraeability and porosity estimates 
are required, an INVERSE routine makes these estimates from user-supplied 
drawdown data. If permeability estimates are supplied as input data, the pro
gram proceeds to INSITU, the driver routine for 5-SISL. 

INSITU is the main control routine. It begins with a call to the data 
input routine INPT and then calls all the routines that are riecessary to meet 

' the user's evaluation requirements. INSITU initiates this data collection 
J process by collecting and maintaining changes in head and velocity measure-
i mehts for points on the user-specified evaluation matrix. Once these measure

ments have been computed, INSITU calls streamline evaluation and plotting 
•...I routines, or contour mapping routines for further development of these basic 

parameters. INSITU also handles special output file requirements and the 
omission or addition of special points not on the matrix. 

INPT is resporisible for input of matrix specifications, output require
ments, aquifer characteristics, well penetration data, and depth of arialysis 
within the aquifer. 

aAh . , aAh 
PARTIAL approximates - — and r — to be used later in calculating velocity 

by Darcy's law. This approximation for each value of x and y on the evalua
tion matrix is accomplished by differencing the Ah values calculated at points 
intermediate to the grid values. 

I 
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VXVY applies Darcy's law to the approximated partials and the aquifer 
permeability estimate to obtain the velocity of particle flow during the 
leaching process. 

ODDPLOT evaluates points in the aquifer, in terms of pressure, velocity, 
and direction of flow, that are not on the previously established matrix. 
This includes special interest points as well as those resulting from stream
line evaluation. 

WU computes a numerical approximation of the well function given by equa
tion 5. This is used in the determination of Ah, in the time-dependent 
confined aquifer flow model. 

WUl computes a'numerical approximation of the well function given by 
equation 4. It takes into account the aquifer depth (Z) at which the hydrol
ogy analysis.is performed, and is used in the calculation of Ah, in the time-
dependent leaky aquifer case. 

DELTAH accumulates the weighted well functions associated'with individual 
wells in the five-spot pattern. This routine determines the relative ..impor
tance of each well (input and output characteristics) in terms of tts effect 
on the fluid head at each coordinate of the aquifer matrix. A weighted com
bination yields the change in head for any point in the aquifer evaluation 
plane. 

SSLEAKY determines the individual well's contribution to Ah, for the case 
when fluid flow has reached a steady-state condition in the aquifer and the 
leaching aquifer is slightly permeable from an above confining layer. Each 
coordinate point which is evaluated using this routine requires five itera
tions, one for each well. Limits of evaluation on each of the five integrals 
being approximated are specified by the relative distance of the matrix: coord
inate from each-well. 

TMECONF determines the individual well's contribution to Ah for- the case 
when fluid flow parameters have not yet reached a steady-state in the aquifer, 
and the aquifer is bounded on top by an impervious confining bed. 

SSCONF combines the steady-state and confined characteristics from 
SSLEAKY and TMECONF. This permits steady-state flow evaluation when the 
aquifer is confined from above. 

TMELKY allows a time-dependent flow evaluation in conjunction with an 
unconfined, leaky layer above the aquifer. Each of these four routines per
mits a partially penetrating well screen, such that the depth of penetration 
and resulting impact on cbmpiete radial flow is individually specified for 
each well. 

BESSK and BESSI are numerical approximations of I and K Bessel functions 
which are used in steady-state flow evaluation. 

w 
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STIIMLNE determines points ih the aquifer evaluation plane- that comprise 
streamlines or fluid jElow directioi^al line's., while the leachirig prpcess is . 
underway. This routine, references ODDPLOT in determining the direction of 
particle flow from any given point in the aquifer. The initial, angle of par
ticle flow and the -incremental unit (in both feet and hours.) is sufficient to 
define both equidistance ahd equitime streamlines. Streamlines' are defined in 
.a horizontal plane withiri the aquifer. The o.utput from this routine can be 
the input to PLOTLNE. Alternatively, the user may divert STRMLp: output to an 
auxiliary file fpr online storage and use this as input to an independent 
plPtting program. 

PLOTLNE constructs printer streamline plots for both equitime interval 
and equidistanc'e interval versions. While the equidistance interval version 
can assess the eventual path that leach particles will follpw, the equitime 
plot displays the change in velpcity of leach fluid as it traverses a stream
line. It also indicates the time required fpr leach splution tp reach, a cer-' 
tain point on the aquifer. 

INVERSE is used for a drawdown estimate of aquifer permeability. The 
analysis Is appropriate only for a nonsteady-state, confined-aquifer situation. 
The user can specify either a drawdown, test that involves th.e simultaneous 
operation of all five wells in the leachirig pattfern and dne. pr mPte .pbserva
tion wells, or a single' output well arid prie pr mbre observation wells. Thus 
field measurements of Ah taken from either arrangement can be input to the 
INVERSE routine to yield a field estimate of transmissivlt.y and storativity. 
to obtain gopd average estirnates of S and T over a large horizpntal aquifer, 
drawdown, data should be; taken, from wells at various locations because S arid T 
may differ spraewhat from well to well. 

ERROR is simply an error processing routine, 
the user in locating input-related prpblems. 

It is; designed to, a,s_slst 

CONTOUR deveipps line-sprinter contour maps to aid risers who do not have 
more .sophisticated mapping programs or facilities available. The routine can 
produce first quadrant Isohead and isovelocity maps. The user specifies the 
coritpur value for each line, and the range of values for each,specificatipn 
t:hat will resu'lt in a Gharacter's, being printed on the map. 
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Iriput V a r i a b l e s , Def in i t ions^ and Format 

Var iab le 
;Nd.. Name 

Card Format 
C plumn 

De'scrlpti'Pri 

i . • 

. (Assignment card:) 

1 ASSIGN 1-5 15 INVERSE program leach arialysis optiori. 

If ASSIGN £0, leach analysis is performed 
(see Leach Analyses Data Set) with or 
withput calculation of permeability and 
porosity using INVERSE subprogram. (See 
drawdown evaluation data set.) 

If, in addition, permeability"and poros-
, • ity (flpw card 4) are equal tP zero then 

I ASSIGN [ = the riuiiiber of pbservation 
wells that are used in calculating the 
average value of permeability and 
porosity. 

, . •. • If ASSIGN >0, only the INVERSE subprpgram 
• . ' (Drawdpwn Evaluation Data Set) is run., 

. Iri this case ASSIGN = the number pf 
observation wells iitvolveid in the draw
dovm analysis.' Approximate aquifer per
meability and p'oTpslty are pbtained by 
averaging the values obtained fbr each of 
the observation wells . 

Drawdown Evaluatipn Data Self' 

The complete drawdown evaluation data set (fpur cards) is required only If " 
ASSIGN ^0, This drawdpwn analysis is appropriate only far the nonsteady-state, 
confined aquifer case. 

(INVERSE card 1) 

1-15 E15.5 

2 

3 

4 

5 

ALPHA • 

.BETA 

GAMMA 

B 

16-3.0 

31-45 ' 

46-60 

61-75 

E15.5 

E15.5 

E15.5 

E15.5 

S = the X arid Y component of the diagonal 
distance between the center well and each 
of the 4 symmetric peripheral wells 
(feet). This is required pnly If the 
entire fi-ve-spot pa.ttern is in operatipn 
duririg the drawdown test (WELLUSE >0). 

CPrapresstbility of aquifer solid (ft^/tb). 

Compressibility of fluid (ft^/lb). 

Specific weight of fluid (Ib/ft^). 

Thickriess of aquifer (feet). 
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Variable 
No. Name 

Card Format 
column 

Descriptipn 

INVERSE cards 2-4 arfe required in the leach arialysis program (after flow 
card 8) if no permeability or porosity ts specified. 

1 

2 

3 

SAMPLES 

WELLUSE 

INPUT(1,1) 

INPUT(1,2) 

INPUT'(1,3) 

1-5 

6-10 

12 INPUT (1,12) 

1-6 

7-12 

.13-18 

67 -72 

'(INVERSE card 2) 

15 

15 

15-30 £15.5 

•31-45 E15.5 

46-6Q E15,5 

Number of water depth samples taken from 
each well. 

If WELLUSE = 0, pnly the center well is 
used in the drawdown test.. The center 
well is an output well. 

If WELLUSE = 1 or 2, the, .entire five-spot 
pattern is in operation during the draw
down test, If WELLUSE = 1, the corner 
wells are output wells and t;he center ' 
•well is an iriput well. .If WELLUSE = 2;, 
the center well is an output well arid the 
cprner wells are input w.ells. 

Average output flow rate (ft^/sec) pf 
fluid during drawdown test. Total input 
flpw must equal total output flow wheii 
the entire five-spot pattern is in opera
tion fpr the drawdown test, 

X e por dina t.e of observation well during 
drawdown test. 

Y-coordinate of observation well during 
drawdown test.. 

(INVERSE card 3) 

F6.G 

F6.0 

F6.0 

P6.0 

The depth to the, water level in the 
obseryation well at a maximum of 12 time 
points .(feet) ., 
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Variable 
No. Name 

Card Format 
column 

Description 

(INVERSE card 4) 

[ U •' 

' ' J 

If-
iin''< 

m 
It. 

•t • • v 

m 

l l . . . t 

1 

2 

3 

INPUT.(2,1) 

INPUT(2,2) 

INPUT(2,3) 

1-6 

7-12 

13-18 

F6.0 

F6.0 

F6.0 
The time points at which the previous 
observations (12 maximum) were made. 
(Time, minutes, is zero at the start of 
the drawdown test.) 

12 INPUT(2,12) 67-72 F6.0 

Inverse cards 2-4 are repeated for each observation well in the- drawdown test. 
If ASSIGN >0 (assignment card), the leach analysis data set is not required. 

Leach Analysis Data Set 

the following data cards are required for in situ leaching fluid flow analysis 
(ASSIGN 50). 

Ml 

Ll 

(Flow card 1) 

1-5 15 

6-10 15 

Dimension of the first quadrant square 
matrix over which the flow analysis is 
performed. Ml^ is the number of grid 
nodes on the matrix that will automati
cally be evaluated by the program 
(maximum. Ml = 30). 

Ll/2 = the total number of streamline 
points that may be generated for one 
streamline plot (maximum, Ll = 1,000). 

Changes to these two variable specifica
tions that are greater than maximum 
values also require new common storage 
Specifications, in SETUP. 

i 
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Variable 
No. Name 

Card Format 
column 

Description 

ITOT 

(Flow card 2) 

1-3 13 Total number of fluid flow analyses to be 
made. 

2 

3 

IRUN 

AQR 

4' ITME 

NPR 

NUMODD 

NUMOMT 

8 XSTART 

XFINISH 

10 YSTART 

11 YFINISH 

4-6 . 13 

7-9 13 

10-12 13 

13-15 

16-18 

19-21 

22-24 

25-27 

28-30 

31-33 

13 

13 

13 

13 

13 

13 

13 

The number of this leach analysis. 

Leaky or nonleaky aquifer parameter. If 
AQR = 1, aquifer is nonleaky. If AQR'=2, 
aquifer is leaky. 

Time dependent or time independent flow 
parameter. If ITME = 1, flow is assumed 
to have reached steady-state. If ITME = 
2, flow is time dependent. In this case, 
flow analysis is usually made for the 
normally short time interval prior to 
steady-state. 

NPR = auxiliary output file number, 
name is TAPE(NPR). 

File 

NUMODD = the number of special interest 
points, if any (not on the Ml^ flow 
matrix), that are to be evaluated. 

NUMONT = the. number of points, if any, 
that are on the flow matrix but are not' 
to be evaluated. 

XSTART = the X coordinate of the left 
most grid line of the first quadrant flow 
evaluation matrix (XSTART ^0). 

XFINISH = the X-coordinate of the right 
most grid line of the first quadrant flow 
evaluation matrix (XFINISH s XSTART). 

YSTART, = the Y coordinate of the lowest 
grid line of the first quadrant flow 
evaluation matrix (YSTART >0). 

YFINISH = the Y coordinate of the highest 
grid line in the first quadrant flow 
evaluation matrix (YFINISH > YSTART). 
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Variable. 
No. Name 

Card Format 
column 

Descriptipn 

12 NLINES 34-36 13 -Number of first quadrant fluid flpw; 
streamlines to be calculated. 0 s NLINES 
£ 15. If NLINES = 0, streamline rputirie" 
is pmitted. 

•mtm, { 
\ t l . 

13 OUTOPT 37-39 13 

I 

mm 

n 
Tik '• 

fl' "I. 

mm.\ 

14 ITEREND 40-42 13 

15 IPLQT 43-45 • '13 

'f . 
I i ' i 

Output specification of fluid flow mpdel. 
If OUTOPT = "1, leach analysis of grid 
matrix is skipped. Odd pp ints arid 
-Streamlines, if specified, are evaluated. 
Grid data (see OUTOPT- = 2) is read from 
auxiliary NPR file (flow card 2) and used 
to coristruct ispheacJ and isovelocity con
tour maps on printer facilities. This 
option is designed primarily for conven
ient tnexpenslye improvement in the dif
ferentiation of contour lines- of these 
maps. If OUTOPT = 1, all output is 
directed splely to the printer, Np 
auxiliary file is saved, If OUTOPT = 2, 
grW evaluated points are directed solely 
to auxiliary' file NPR. This option 
facilitates the use of pther plotting and 
mapping routines. If OUTOPT = 3, grid 
data and streamline values are directed 
to bp.th pririter and auxiliary NPR file. 

Maximum number pf iterafeions allowed in 
Ah calculafelpu. More iterations are 
required tp evaluate ppints near the 
wells. 

NOTE.--Erratic Ah Values may indicate 
insufficient number of • 
iterations. 

Number of str.earaliries. to be shown on 
first quadrant, streamline printer plot.. . 
0 ^ IP LOT 5 5. If IPlJOT = 0,, plotting 
routine is skipped. 
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Variable 
No. Name 

Card Format 
column 

Description 

16 LINES(1) 

I 17 LINES(2) 

46-48 13 LINES(1) = the number of isopressure con
tour lines to be shown on a first quad
rant printer contour map. -105 LINES(1) 
^10. If LINES(1) = 0, no contour map is 
constructed. If LINES(1) <0, then INTRVL 
(1,1) and PERCNT (j,l) must consist of 
actual measurements of Ah at which con
tour values will be accepted and posi
tioned. If LINES(1) >0, then INTRVL 
(1,1) must consist of proportiotial dis
tances along the first quadrant input 
well, output well diagonal. PERCNT (j,l) 
must consist of a proportion of the Ah 
value that is calculated at the coordi
nates specified by INTRVL (1,1). (See 
isopressure cards 1 and 2). 

49-51 13 LINES(2) has a meaning analogous to 
LINES(1) for the construction of iso
velocity contour maps. -10 ̂  LINES(2) 
<10. The only difference occurs when 
LINES(2) >0. Then INTRVL (1,2) must 
consist of proportional distances along 
the' diagonal from the first quadrant 
peripheral well to the corner of the 
fluid flow evaluation matrix. The inter
pretation of PERCNT (1,2) is analogous to 
PERCNT (1, 1). 

(Flow card 3) 

INCRX 

INCRY 

1-15 E15.5 

16-30 E15.5 

31-45 E15.5 

4 

5 

B 

GAMMA 

46-50 E15.5 

61-75 E15.5 

INCRX is the increment between X coordi
nates of the fluid flow evaluation matrix 
(feet) . 

INCRY is the increment between Y coordi
nates of the fluid flow evaluation matrix 
(feet). 

S is the X and Y component of.the diago
nal distance between the center well and 
each of the four symmetric peripheral 
wells (feet). 

Thickness of aquifer being leached (feet). 

Specific weight of leaching fluid 
(Ib/ft^). 
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Variable 
No. Name 

Card Format 
column 

Description 

1 

2 

3 

ALPHA 

BETA 

Z 

1-15 

16-30 

31-45 

E15.5 

E15.5 

E15.5 

4 XINC 

(Flow card 7) 

Compressibility of aquifer solid (ft^/lb). 

Compressibility of fluid (ft^/lb). 

The distance, from the top of the aquifer, 
at which the horizontal x, y matrix of 
points is evaluated (feet) . 

46-60 E15.5 X ± XINC is used to approximate 
SAh 

Normally XINC INCRX 

5 YINC 61-75 E15.5 Y ± YINC i s used to approximate 
5Ah 

Sy 

Normally YINC = INCRY 

1 TERM 

(Flow card 8) 

1-15 E15.5 Termination value for convergent series 
calculating DELPART(I), the influence of 
individual wells on each matrix point 
(range 10"^ to 10"^). Points very near 
the well require more iterations for 
stable values. 

Insert inverse cards 2-4 here if variables 1 and 4 equal 0 on flow 
card 4. Insert one set of inverse cards for each observation well in the 
drawdown analysis. 

(Leaky aquifer card) 

This card is required only in the leaky aquifer case. Variable 4 on flow 
card 2 = 2 . 

BPRIME 1-15 E15.5 The thickness of the aquifer above the 
aquifer to be leached (feet). 

2 KPRIME 16-30 E15.5 The permeability of the aquifer above the 
aquifer to be leached (ft/sec). 



l ^ i . ' i : 

30 

1l! 

Variable 
No. Name 

Card Format 
column 

Description 

(Steady-state, nonleaky card) 

This.card is required only in the steady-state, nonleaky case. Variables 4-5 
on flow card 2 both equal 1. 

RE 1-15 E15.5 

:l 

.' .' 

; 'i 
•'' I « 

Minimum radius of influence about each 
well outside of which the head does not 
change significantly (feet). (For 
default RE = 600 feet, insert blank 
card.) 

(Omission card) 

Omission card(s) are.included only if variable 8 on flow card 2 >0, one card 
for each omission. 

1 OMIT(1,1) 

2 OMIT(1,2) 

1-10 FIO.O X coordinate of a point of the flow evalu
ation matrix that is not to be evaluated. 

11-20 FIO.O Y coordinate of a point on the flow evalu
ation matrix that is not to be evaluated. 

(Odd point card) 

Odd point card(s) are included only if yariable 7 on flow card 2 >0, one card 
for each odd point. ;> 

ODDPT(l,i) 1-10 FIO.O X coordinate of a point off the flow 
evaluation matrix that is to be 
evaluated. 

2 0DDPT(2,i) 11-20 F10.0 Y coordinate of a point off the flow 
evaluation matrix that is to be 
evaluated. 

0DDPT(3,i) 21-30 FIO.O X increment for approximation of pressure 

change C normally 0DDPT(3,i) = M|M. ̂  . 

4 0DDPT(4,i) 31-45 FIO.O Y increment for approximation of pressure 

change Q normally 0DDPT(4,i) = i^^S^ J . 
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Variable 
No. Name 

Card Format 
column 

Description 

il 

The following two 
card 2 >0. 

1 DISTME(l) 

2 DISTME(2) 

RADIUS 

4 MAXID 

. 1 ANGLE(1) 

2 ANGLE(2) 

3 AN(5LE(3) 

15 ANGLE(15) 

cards are to be included only if variable 13 on flow 

(Streamline card 1) 

1-10 FIO.O 

11-20 FIO.O 

21-30 FIO.O 

31-40 110 

DISTME(l) >0 causes an equal distance 
interval, streamline plot to be 
generated. 

DISTME(l) = the distance between points 
of evaluation on the streamline (feet). 
(The length of individual, streamline 
vectors.) 

DISTME(20 >Q causes an equal time inter
val, streamline plot to be generated. 

DISTME(2) = the time interval between 
points of evaluation on the streamline 
(hours). 

(Both variables must be >0 for generation 
of streamline plots.) 

This is a radius about each well, at 
which evaluation of streamlines will 
begin and end (feet). (A 1- or 2-foot 
radius is usually practical.) 

Maximum number of streamline coordinates 
that may be calculated for any one 

streamline f MAXID 5 ̂  \ 

(Streamline card 2) 

1-5 

6-10 

11-15 

F5 

F5 

F5 

0 

0 

0 

ANGLE(i) specifies the initial angle of 
each streamline to be calculated. Number 
of angles = NLINES. If center well is 
input, 0° < ANGLE(i) < 90°. If periph
eral wells are input, 270° < ANGLE(1) 
< 360° (maximum of 15 angles). 

70-75 F5.0 
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Variable 
No. . Name 

Card Format 
column 

Description 

The following two cards are included only if variable 17 on flow card 2 >0. 

(Isopressure card 1) 

1 INTRVL(1,1) 

2 INTRVL(2,1) 

3 INTRVL(3,1) 

1-8 F8.0 

9-16 F8.0 

17-24 F8.0 

10 INTRVL(10,1) . 72-80 F8.0' 

INTRVL(i,l) represents the intervals at 
which isohead contour lines are con
structed. INTRVL(i,, 1) can be expressed 
in terms of proportions of the diagonal 
distance between the center well and thc 
first quadrant peripheral well, or as the 
actual Ah values through which contour 
lines are to be constructed. In the lat
ter case, contour values must be input as 
negative values. 

Proportional values, are useful when the 
user has no idea what relevant Ah values 
will be, prior to map construction. 
Maximum'of 10 contour lines- permitted. 
Number of contour values = LINES(1). 

(Isopressure card 2) 

1 PERCNT(1,1) 

2 PERCNT(2,1) 

• 3 PERCNT(3,1) 

10 PERCNT(lO.l) 72-80 F8.0 

1-8 

9-16 

7-24 

F8 

F8-

F8 

0 

0 

0 

PERCNT(i,l) represents the range.of 
acceptability about INTRVL(i,l). 
PERCNT(i,l) can be input as a -proportion 
of the Ah value for each INTRVL(i,l), or 
as an actual Ah value range, in this case 
PERCNT(i,l) is input as a negative .number. 
The sign of PERCNT(i,l) must coincide with 
INTRVL(i,l). 

The following two cards are included only if variable 18 on flow card 2 >0. 

(Isovelocity card 1) 

1 INTRVL(1,2) 

2 INTRVL(2,2) 

3 INTRVL(3,2) 

1-8 F8..0 

9-16 F8.0 

17-24 F8.0 

10 INTRVL(10,2) 72-80 F8,0 

The interpretation of INTRVL(i,2) is 
analogous to that of INTRVL(i,l) except 
that proportional distance is a measure 
of the diagonal distance from the first 
quadrant peripheral well to the upper 
right corner of the flow evaluation 
matrix (that is, the distance between the 
points (s,s) and (XFINISH, YFINISH). 



33-

Variable 
No .1 Name 

Card Fprmat 
column 

Descriptipn 

1 PERCNT(1,2) 

2 PERCNT (2,2-) 

3 PERCNT(3,2) 

(Ispyelocit:y card ,2) 

:i-8 ;F8.,0 

.9-16 F8.0 

l7-?-4 FB.O; 

le 10 PERCNT (10,2) 72-8.0 F8.0 

The i r i t e rp r e t a t i o r i of' PERCNT(i,2) i s 
analogous to t h a t of PERCNT(i., 1)-. The 
s ign pf PERCNT(1,2) must co inc ide with 
INTRVL(1,2). , 

r. 
th 

PROGRAM APPLICATION AND VERIFICATION 

A field application of ,5-SISL was designed tp verify some program' results 
and to Illustrate the program output. This applic'ation Is the result of a ' 
cooperative .agreement betweeri the Bureau of 'Mines and a private mineral deyel-
opment corporation. A pilot five-spot in situ uranium leaehing pperatipn 
located in the. West-Gent'ral United States proyided the iriput parameter values. 

A'pp̂ endix A cpritalns the' physical recprds of inforination that comprise the 
input for this ajpp Ilea tion. For this example the INVERSE subprogram waS' used 
in obtalriirig permeability and porosity estimates from a drawdown test involv
ing a single pbservation well. However,, only the permeability value obtairied 
was part pf the leach analysis data set bi this application; the required 
pprosity estimate was taken frpm core measurement. 

F-low analysis output corisists of change, in head, fluid velpcity, and . 
direction of fluid flow for every point on the aquifer evaluatipn matrix. 
Printer output for this applicatipn also includes we11-to-well traversal times 
fqr individual streamliries, and-two streamlirie plots, bdth distance arid time 
incremented versioriS; A listing of output from this application is contained 
in apperidix B. 

Examples of the first quadrant 
incremented versions, are presented 
Figure B-1 approximates the path of 
intervalsj between the center input 
indicate input and output orientati 
time-lricremetited versioii of the str 
Here the Increments between plotted 
fluid movement iri fixed 3-hour time 
streamlines indicate np. appreciable 
intervals. 

streamliiie plots, bath distance and time 
in figures B-1 and B-2 of the appendix, 
leachant partlcie movement, at 2-foot 
well arid peripheral putput wells. Arrows 
on at coordinates (0,0) and (23,25).. A 
earn!ine plot is approximated in figure B-2 
points (denoted by asterisks) represent 
intervals. Numbers plotted on these 
fluid mpvement, over one p,r mpre fixed 
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[l( I • In this application, line printer isopressure and isovelocity contour 
*]•! maps were not developed. Instead, an independent contour mapping routine 
(liiii (SACMS) which used output from the auxiliary (NPR) file was developed. 

An isopressure contour map superimposed on a.first quadrant streamline 
plot and a first: quadrant isovelocity .contour map comprise figures B-3 and 
B-4. . 

Verification of this computer model was obtained from two sources. The 
first compared model prediction and field measurement of the leachant tra
versal time between input and output wells. The second compared the stream
line plots generated by this model with those that have been empirically or 
analytically described by other researchers. 

Jj The correspondence between predicted and observed leachant traversal 
||l' times was obtained for the pilot five-spot operation mentioned earlier. Given 

the input parameter values that describe the in situ test site, the model 
predicted that initial breakthrough of the leachant would occur after approxi-

f|J' mately 160 hours. This is the traversal time for leachant particles moving 
along the shortest route, the 45° streamline. Field measurements indicated 
the initial breakthrough would occur after approximately 120 to 140 hours. 

The graphic output from this model was compared with those outputs 
J obtained by DeWiest (4) and by McKee in a proprietary model of leaching hydrol-

?i.Ii ogy- The fluid streamline patterns associated with the five-spot well 
arrangement were consistent across all three sources. 

DISCUSSION 

Some problems were encountered in the development of this program that 
are related to computational characteristics of the program and sources of 
required input data. Similar problems may be encountered in other applica
tions of the 5-SISL program. 

[', jgj' 1. A considerable discrepancy shows up between porosity estimates that 
': K̂ji were derived from aquifer core samples, and those obtained from drawdown tests 
' ' conducted at the leaching site. Discussions with other individuals active in 

the field confirmed that this discrepancy is not uncommon. The field applica
tion shown in this report uses a drawdown test estimate of permeability and a 
core measurement estimate of porosity. 

ĵ >( 2. The input values of a (compressibility of solid skeleton) and 0 
J*.' (compressibility of the fluid) are approximate values found in the literature 
Mji (5̂ ); there is no knox̂ m practical way of measuring these in situ. 

' 3. Estimates of b (aquifer thickness) and b' (aquitard thickness) were 
taken from coring data. 

''i^- 4. The radius of influence, r,, is assumed to be some very large number. 
.il, Literature estimates typically range from 600 to 2,000 feet (default RE = 600 
m. feet). 
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.5. The various series used tend to converge too slowly for efficient 
computation when matrix points near the wells are being evaluated. During 
program development, tests indicated that this occurs when a matrix point is 
less than 1 foot from either an input or output well; for this reason, the 
program contains safeguards to prevent an extremely large or infinite, itera
tive loop in the process of finding convergent values. The user specifies.a 
convergence requirement (TERM) for the individual contributory factor of Ah, 
along with a maximum number of iterations that can be performed in attempting to 
achieve this limit (ITEREND); the two prevent the waste of computer time. If 
points very near the wells are to be evaluated, a small TERM value coupled 
with a large ITEREND are recommended (l.XlO"^, 200). If all matrix points 
are at least a foot from the well, less stringent requirements are adequate to 
achieve five decimal place accuracy (l.xlO"^, 50). Erratic Ah values for 
points near the wells indicate that convergence requirements have riot been 
adequate. 

This model was developed for uranium leaching applications, specifically 
to assist in regulation of the aquifer hydrology, so that further attention 
can be directed toward site-specific geochemistry problems. However, the 
fluid- flow equations involved in this model are applicable to any mineral 
leaching operation that uses a five-spot pattern of input and output wells. 

CONCLUSION 

The computer model (5-SISL computer program) described here provides 
uranium resource developers with a sitmilation of leachant flow characteristics 
in. a preproduction or pilot five-spot leaching operation. 

The model was verified with field measurements and by comparison with 
similar models developed by other researchers. Input requirements are readily 
obtainable and the model is supplied with several options for convenient 
numeric and graphic output. These include various isoparameter contours and 
streamline plots. A typical application has also been included. 
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APPENDIX A.--APPLICATION INPUT DATA 

DRAWDOWN EVALUATION DATA SET 

LO 
CX> 

1 
2S.OO0OOE0 2.57000E-8 2.32000E-8 44.00000EO 

5 0 1.44000E-2 25.00000E0 25.00000E0 
2.90 3.17 3.33 3.42 3.60 
90,00105.00128.84150.171*9.00 

13.90000EO 

(ASSIGNMENT CARD) 
(INVERSE CARD 1) 
(INVERSE CARD 2) 
(INVERSE CARD 3 ) 
(INVERSE CARD 4 ) 

LEACH ANALYSIS DATA SET 

- 1 
3 0 1 0 0 0 

1 1 1 1 6 
2 .00000E0 

.28000EO 
1 . 7 8 2 0 0 E - 2 
1 3 . 9 0 0 0 0 E 0 
2 . 5 7 0 0 0 E - 8 
l.OOOOOE-5 

600.00000EO 
2 . 0 

0 0 10 0 
2.000.00EO 
2 .93333E0 
. 4 4 6 0 0 E - 2 

1 3 . 9 0 0 0 0 E 0 
2 . 3 2 0 0 0 E - 8 

10 

3 . 0 1 . 0 

5 1 30 5 
2 5 . 0 0 0 0 0 E O 
1 . 5 8 4 6 5 E - 4 

. 4 4 6 0 0 E - 2 
13 .90000E0 

3.00000EO 

300 

13 .90000E0 

. 4 4 6 0 0 E ' 2 
13 .90000E0 

l.OOOOOEO 

64 .00000E0 

.44bOOE-2 
13 .90000E0 

l.OOOOOEO 

1 5 . 0 2 0 . 0 S 5 . 0 3 0 . 0 4 5 . 0 

(ASSIGNMENT CARD) 
(FLOW CARD 1) 
(FLOW CARD 2) 
(FLOW CARD 3 ) 
(FLOW CARD 4 ) 
(FLOW CARD 5 ) 
(FLOW CARD 6) 
(FLOW CARD 7 ) 
(FLOW CARD 8 ) 
(STEADY STATE NONLEAKY CARD) 
(STREAMLINE CARD 1) 
(STREAMLINE CARD 2) 

mm> 
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APPENDIX B.--APPLICATION OUTPUT DATA 

.POROSITY AND PERMEABILITY COMPUTED FKOM FIELO OBSi<JS. OF WELL DRAWDOWN 

CONFINED AQUIFER CflSE 

OUTPUT WELL(S) IS/ARE CENTER WELL(S) 

MAJOR EFFECT ON OBSN. WELL 1 IS FROM THE CORNER WELL(S). 

OBS.N. NUMBER WELL DRAWDOWN TIME(MIN.) STORATIVITY TRANSMISSIVITY PERMEABILITY POROSITY 

1 .29000E*01 
2 .31700E*01 
3 . 3 3 3 0 0 E * 0 1 
A . 3 A 2 0 0 E * 0 1 
5 .36001JE + 01 

• . 9 0 0 0 0 E * 0 2 
. 1 0 5 0 0 E » 0 3 
. 1 2 B 8 A E * 0 3 
. 1 5 0 1 7 E * 0 3 
. 1 6 9 0 0 E « 0 3 

. 5 9 9 S 1 E - 0 3 . 1 1 2 9 A E - 0 2 . . 8 1 2 5 2 E - 0 A . 2 7 9 A 0 E * 0 2 

I O 



RUM NUMBEH i 
CHANGE IN HEA'O IS TIME INDEPENDENT . 
l ltAh INTERVAL or EVALUAtlOKl IS: .0 DAYS 2.933' HOURS 
AQUIFER, IS NON-LEAKY ' 
IJNPUT WELL{i) IS (ARE) LOCATED AT CENTER • 
AVE. INPUT VOLUME OF LEACHING FLUID 7.99B GAL./MIN./WELL 
AVE; OUmUT VOLUME GELEA.Cft LNG FLUID 2 .-00,2' GAL ,/MIN ./WELL 
A.VE. PEKMtA'BILITy OF AOUIfER ,lS847e-03 FT./SEC. 
AVE. POHOSITY OF .AQUIFER . 2600 OE* Q.O " 
DEPTH OF PFNETRATIO.N OF EACH PIPE INTO THE AQUIFER 13.90 13.^0 13.90 13.90 IT 90 Ft 
HEIGHT OF ANALYSIS C:Z) IN AQ.UIFER 3,00.,0 FT. ,' 

o 

. X CO-ORD 
(FEET) 

Y CO-O.RD 
tFEET) • 

DRAWDOWN 
(FEET) 

VELOCITY 
(FEET/SEC) 

DIRECTION OF FLOW 
(DEGREES)' 

.20 0OOE+01 

.40000E*01 

.-60 0 OOE* 01 

.B.OOO6E*OI 

.10000E*02' 

0. 

.20000E*OI 

.400PP.E + 01 

.bO0O0E*0I 

.aaoooE-*oi 

.100OOE*02 

0. 

.20000E+01 

0 . 

0 . 

Oi 

0:. 

0 . 

. 2 0 0 0 0 E * O i ' 

.2.0 0'OOE*OI 

. SO.O 0 0 E •̂ .0 1 

..2OO'0OE*6l 

.20.0 OOE* 01 

-20 000E+01 

.40pOpE•^01 

.40O0'0E*01 

. 3 6 9 4 3 E + 0 I . 

. 2 8 0 i a E + 0 1 

.2-2800E + 0 ' l ' 

. 1 9 1 0 1 6 * 0 1 

. 1 6 2 4 0E*01 

. 3 6 9 4 3 E + 0 1 

.-32480E + P1 

. 2 6 5 a i E * 0 1 

. 2 2 I 2 0 E * 0 1 

. l ; e 7 0 8 E * 0 i 

. 1 5 9 8 3 E + 01 . 

. 2801 'aE*01 

• . 2 6 5 8 1 E * 0 1 

.4'O0 26E-.03 

. i e 6 0 9 E - 0 3 

, 1 2 2 4 9 E - 0 3 

.913'26'E-04 

.7264 7E-04 

.40028E-03 ' 

.24:619E-0'3 

.16219E-f)3 

.11546E-03 

.88463E-04 

.7L265E-04 

. i a 6 0 9 E - 0 3 

.162 I9E-03 

0 . . 

. 1238 IE -11 

0 . 

0 . 

0 . 

0 . 

.45000E-t:02 

- ,2S6'8;6E + 02 

.1804.1E + 02 

.13946E*{J2 

..11460E*02 

.1238 IE-11 

.25686E+02 

. ^ n pl f\ t i c ^ A. 



1̂ iir 0 U- *J ^ 5-

.40 0OOE+01 

.600.00E*01 

.800:0OE*01 

.lOO.OOE + 02 

0. 

.2600QE+01 

-.4 00 OOE+ 01. 

.6OO..0 0E+'or 

.aoO'OOE + Ol 

.100OOE+02 

0. 

. 2.00 0 OE*01 

.4O:'0 0UE*g.l , 

.6uoooe; + oi 

..aooouE + oi 

. 1 000.0 E+ 02 

0'. . -

.2OOOOE+01 

, ' 4 0 0 0 0 £ * 6 l 

.•60000E + 01 

.aooooE*oi 

.1000pE*02 

.40000£-^01 

.40000E+01 

.•40000E + 01 

.4o60 0E*Oi 

.6000,0£+;01 

.60 0OOE+01 

y60000E*01 

.6000dE*01• 

.600pOE*Oi 

.60OO'pE + 01 

, aooOOE+ 01 

.•60.0bOE+01 

.8000;OE + 01 

.80.0 OOE+ 01 

.800OOE+01 

, 8;0;O0 0 E +0 1 

.lOOOOE+0 2 

..ippo:oE*62 

.lOOOOE + 0-2 

.ia0 00£*02 

.lOO.OOE+02 

.lOOOOE + 02 . 

,23553E+01 

..•2042'&E + 01 

..17653E + 01 

.15266E+01 

.i226pOE + Ol 

.•22120E + 01 

.2b426E*01 

,ia324E+01 

.16202E+01 

.14219E+01 

.19101E+01 

i.l870'6E*Ol 

.17653E+01 

.16202E*01 

: 14596E+,0 1 

'.129e4E+.0 1 

.16240E+01 

.15983E.+ 01 

.152:66E + 01 

.142r9E + 01 

.129.e4E + 01 

.11674E*'01 

,1275;3E-03 

.100.71E.-03 

•.81465E-04 

.6763IE-04 

.12249E-03 

.1154,6E-0'3 

,.10 071E-0 3 

.8S761E-04 

,.73 055E-04 

.62806E-04 

.91326E-04 

.88463E-04 

.81465E~04 

.73055E-04 

;.64919E-04 

.57689E-04 

.'72647E-04 

.7126SE-04 

.67631E-04 

.62a06E-p4 

.57689E-04 

i527'89E-04 

.45000E+P2 

. _:..33502E + 02 

,26564E + 02-

,:22131E*0;2 

0* 

.18041E+02 

..33.562E + 02 

.4500 0E+02 

.36967E+02 

,3141 7E* 0-2' 

0.. 

.13946E+02 

.2A564E*02 

.36967E+02 

.450 60E + 0 2', 

,..39042E.+ 02 

0. 

.11460£+0 2 

.22131E+02 

.31417E+02 

.39P42E+02 

,45000£+02 

http://100.71E.-03
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TOTAL NUM8KS OF COORDINATES PRODUCED = 27 FOk STREAMLINE NUMBER 'l INITIAL ANGLE OF STREAMLINE = 15.00. DEGREES 

TOTAL TIME TO TRAVERSE STREAMLINE = 540.575 HOURS 

X CO-ORD 
Y CO-ORD 

1 .9J 
. 5 2 

3 . 8 9 
. 9 2 

5 . 8 4 
1 .35 

7.eu 
1 .7t> 

9 . 7 5 
2 . 2 3 

1 1 . 7 0 
2 . 6 8 

1 3 . 6 4 
3 . 1 4 

1 5 . 5 8 
3 . 6 2 

1 7 . 5 2 
4 . 1 3 

19.^.4 
4 . 6 9 

2 1 . 3 4 
5 . 3 1 

2 3 . 2 1 
6 . 0 1 

2 5 . 0 4 
6 . 8 1 

2 6 . 8 1 
7 . 7 5 

2 8 . 4 * 
8 . 8 3 

X CO-ORD 30.0t> 31.43 32.57 33.40 33.85 33.85 33.35 32.35 30.91 29.14. 27.19 26.00 
Y CO-ORO 10.0-» 11.54 13.16 15.OU 16.95 18.95 20.88 22.62 24.01 24.94 25.35 26.00 

TOTAL NUMBFR OF COORDINATES PRODUCED = 24 FOR STREAMLINE NUMbER 2 INITIAL ANGLE OF STREAMLINE = 20.00 DEGREES 

TOTAL TIME TO TRAVERSE STREAMLINE = 357.375 HOURS 

X CU-ORO 
Y CO-ORO 

1 . 80 
. 6 d 

3 . 8 0 
1.24 

5 . 7 1 
1.82 

7 . 6 3 
2 . 4 1 

9 . 5 3 
3 . 0 1 

1 1 . 4 4 
3 . 6 2 

1 3 . 3 4 
4 . 2 4 

1 5 . 2 3 
4 . 8 9 

1 7 . 1 1 
5 . 5 7 

1 8 . 9 7 
6 . 3 0 

2 0 . 8 0 
7 . 1 1 

2 2 . 5 9 
. 8 . 0 1 

2 4 . 3 1 
9 . 0 3 

2 5 . 9 3 
10 .20 

2 7 . 4 2 
11 .54 

X CO-ORO 28.71 29.74 3C;43 30.69 30.44 29.64 28.31 26.54 26.00 
Y CO-ORO 13.0' 14.78 16.66 18.6" 20.63 22.46 23.95 24.89 26.00 

TOTAL NUMHFK OF COOHDINATES PRODUCED = 21 FOP STREAMLINE NUMBER 3 INITIAL ANGLE OF STREAMLINE = 25.00 DEGREES 

TOTAL TIME TO TRAVERSE -STREAMLINE = 260.738' HOURS 

X CO-ORO 
Y CO-ORO 

1.81 
. H 3 

3 . 6 0 
1.5b 

S.S ' . 
2 . 3 1 

7 . 3 9 
3 . 0 6 

9 . 2 4 
3 . 8 2 

1 1 . 0 8 
4 . 5 9 

1 2 . 9 2 
5 . 3 7 

1 4 . 7 5 
6 . 1 8 

1 6 . 5 6 
7 . 0 3 

1 8 . 3 5 
7 . 9 3 

2 0 . 1 0 
8 . 9 1 

2 1 . 7 8 
9 . 9 8 

2 3 . 3 8 
1 1 . 1 8 

2 4 . 8 6 
1 2 . 5 3 

2 6 . 1 7 
1 4 . 0 4 

X CO-ORD 27.23 27.97 28.29 <;8.l0 27.33 26.00 
Y .CO-ORO 15.V* 17.60 19.57 21.56 23.40 26.00 

.S-Jf^l0mami0^tmmnmam 
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TOTAL NUMfiEH OF COOROINATEb PRODUCED = 20 FOR STREAMLINE NUMBER 4 INITIAL ANGLE OF STREAMLINE = 30.00 DEGREES 

TOTAL TIME TO TRAVERSE STREAMLI'^E = 210.503 HOURS 

CO-OPO 
CO-OPU 

1.7J 

1 .00 
3.52 
1 .89 

5.30 
2.80 

7.0b 
3.72 

B.85 
4.65 

10.62 
5.58 

12,38 
6.53 

14.13 
7.50 

15.86 
8.51 

17.56 
9.56 

19.21 
10.69 

20.80 
11.90 

22.30 
13.R2 

23.67 
14.68 

24.86 
16.29 

X CO-ORU 25.7-y 26.37 26.51 26.10 ' 26.00 
Y CO-OPU 18.06 19.97 21.97 ^3.9<r 26.00 

TOTAL NU.-.18FR OF COORDINATES PRODUCED i 18 FOR STREAMLINE NUMBER 5 INITIAL ANGLE OF .STREAMLINE 

TOTAL TIME TO TRAVERSE STREAMLINE = 160.004 HOURS 

45.00 DEGREES 

X CO-OPO 
Y CO-ORD 

1.41 
1.4l 

2.83 
2.83 

't.24 
4.24 

5.66 
5.66 

7.07 
7.07 

8.4V 
8.2.9 

9.90 
9.90 

11.31 
11.31 

12.73 
12.73 

14.14 
14.14 

15.56 
15.56 

16.97 
16.97 

18.38 
18.38 

19.80 
19.80 

21.21 
21.21 

X CU-ORD 
Y CO-OPO 

22.6J 
22.63 

24.04 
24.04 

26.00 
26.00 

5 FIRST OUADRANT STREAMLINE(S) PLOTTED WITH THE FOLLOWING DATA 
HEIGHT IN AQUIFER 3.00 FT. 
INITIAL ANGLE(S) 15.00 20.00 25.00 30.00 45.00 DEGREES 
STREAMLINE INCREMENT 2.00 FT. 
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FIGURE B-1. - F i r j l quodioni slreomlino plot (dislancc incroments). 
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TOTAL NU.MBER OF COORDINATES PRODUCED = 152 FOR STREAMLINE NUMBER I INITIAL ANGLE OF STREAMLINE " 15.00 DEGREES 
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FIGURE B-1. - First quadront streamline plot (distance increment's). 
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TOTAL NUMBER OF COORDINATES PRODUCED = 152 FOR STREAMLINE. NUMBER 1 INITIAL ANGLE OF STREAMLINE = 15.00 DEGREES 

TOTAL TIME TO TRAVERSE STREAMLINE = 461.534 HOURS 

X CO-ORO 1.93 5.97 7.24 8.27 9.18. 10.00 10,74 11.44 12.09 12.70 13,28 13.84 14.37 14.88 15.37 

Y CO-ORD .52 1.3'. 1.62 1.8b 2.05 2.23 2.40 2.56 2.71 2.86 3.00 3.13 3.26 3.39 3.51 

X CO-OPO 15.84 16.29 16.73 17.16 17,58 17,98 18.37 18.75 19.12 19.48 19,83 20,17 20.51 20.83 21,15 

Y CO-ORD 3.63 3.76 3.87 3,9'* 4.11 4.22 4.34 4.45 4.57 4.68 4.80 4.91 5.03 5.14 5.25 

X CO-ORO 2 1 , 4 0 2 1 . 7 7 2 2 - 0 7 2 2 . 3 6 2 2 , 6 4 2 2 , 9 2 2 3 , 1 9 2 3 . 4 6 2 3 , 7 2 2 3 . 9 8 2 4 . 2 3 2 4 , 4 7 2 4 . 7 1 2 4 . 9 5 2 5 . l a 
Y CO-ORD 5 , 3 7 5 . 4 a 5 . 6 0 .5 .72 5 , 8 3 5 . 9 5 6 . 0 7 6 . 1 9 6 . 3 0 6 . 4 2 ' 6 . 5 4 6 . 6 7 6 . 7 9 6 . 9 1 7 . 0 3 

X CO-ORD 2 5 , 4 1 2 5 . 6 3 2 5 . 8 4 ' 2 6 . 0 6 2 6 . 2 6 2 6 . 4 7 2 6 . 6 7 2 6 . 8 6 2 7 . 0 6 2 7 . 2 4 2 7 . 4 3 2 7 . 6 1 2 7 , 7 8 2 7 , 9 6 2 8 . 1 3 
Y CO-ORO 7 , 1 0 7 , 2 8 7 , 4 1 7 , 5 3 7 , 6 6 7 , 7 9 7 . 9 1 8 . 0 4 8 . 1 7 8 . 3 0 8 . 4 4 8 . 5 7 8 , 7 0 8 . 8 3 8 , 9 7 

X CO-ORO 2 8 , 2 9 2 8 . 4 5 2 8 . 6 1 <:a.77 2 8 . 9 2 2 9 , 0 7 2 9 , 2 1 2 9 , 3 5 2 9 , 4 9 2 9 , 6 3 2 9 . 7 6 2 9 , 8 9 3 0 . 0 1 3 0 . 1 4 3 0 . 2 6 
Y CO-ORO 9 . 1 0 9 . 2 4 9 . 3 8 9 , 5 1 9 , 6 5 9 . 7 9 9 . 9 3 1 0 , 0 7 1 0 . 2 1 1 0 . 3 6 10 .50 1 0 . 6 4 1 0 . 7 9 10 .93 1 1 . 00 

X CO-ORD 3 0 , 3 ' / 3 0 , 4 9 3 0 , 6 0 3 o , 7 0 3 0 , 8 1 3 0 , 9 1 3 1 , 0 1 3 1 , 1 0 3 1 . 2 0 3 1 . 2 9 3 1 . 3 7 3 1 . 4 6 3 1 , 5 4 3 1 . 6 2 3 l , 6 9 
Y CO-ORD 1 1 , 2 2 1 1 , 3 7 1 1 , 5 2 i r , 6 " / 1 1 , 8 2 1 1 , 9 7 1 2 , 1 2 1 2 , 2 7 1 2 , 4 2 1 2 , 5 7 1 2 . 7 3 1 2 . 8 8 1 3 . 0 4 1 3 . 1 9 1 3 , 3 5 

X CO-ORO 3 1 . 7 o 3 1 . 8 3 3 1 . 9 0 3 1 . 9 6 3 2 . 0 2 3 2 . 0 8 3 2 . 1 4 3 2 , 1 9 3 2 , 2 4 3 2 , 2 8 3 2 , 3 3 32,3 '7 3 2 . 4 0 3 2 . 4 4 3 2 . 4 7 
Y CO-ORO 1 3 . 5 1 1 3 . 6 6 1 3 . 8 2 1 3 . 9 0 1 4 , 1 4 1 4 , 3 0 1 4 , 4 6 1 4 . 6 2 1 4 . 7 8 1 4 . 9 5 1 5 . 1 1 1 5 , 2 7 1 5 , 4 4 15 ,60 15 ,77 

X CO-ORU 32.4-v 3 2 , 5 2 3 2 , 5 4 3 2 , 5 6 3 2 , 5 7 3 2 , 5 8 3 2 . 5 9 3 2 , 5 9 3 2 , 6 0 3 2 , 5 9 . 3 2 , 5 9 3 2 , 5 8 3 2 . 5 6 3 2 . 5 4 3 2 , 5 2 
Y CO-OPD 1 5 , 9 J 1 6 , 1 0 16 .27 1 6 . 4 4 1 6 . 6 1 1 6 . 7 8 1 6 . 9 5 1 7 , 1 2 1 7 , 2 9 1 7 , 4 6 1 7 , 6 3 1 7 , 8 1 1 7 . 9 8 18 .16 1 8 , 3 3 

X CO-ORO 3 2 . 5 0 3 2 . 4 7 3 2 , 4 3 3 2 , 3 9 3 2 , 3 5 3 2 , 3 0 3 2 , 2 5 3 2 , 1 9 3 2 , 1 3 3 2 , 0 6 3 1 . 9 8 3 1 , 9 0 3 1 . 8 1 3 1 . 7 2 3 l , 6 2 
Y CO-ORO 1 8 . 5 1 1 8 , 6 9 1 8 , 8 6 l 9 , 0 4 1 9 , 2 2 l 9 , 4 0 1 9 , 5 8 1 9 , 7 6 1 9 . 9 4 2 0 . 1 3 ' 2 0 . 3 1 2 0 . 4 9 2 0 . 6 8 2 0 . 8 7 ' 2 1 , 0 5 

X CO-OPO 3 1 . 5 1 3 1 , 3 9 3 1 , 2 7 3 l , l 3 3 0 , 9 9 3 0 , 8 3 3 0 , 6 7 3 0 , 4 9 3 0 . 2 9 3 0 . 0 8 2 9 . 8 5 2 9 . 5 9 2 9 . 3 1 2 9 , 0 0 2 8 , 6 5 
Y CO-ORD 2 1 . 2 4 2 1 . 4 3 2 1 , 6 2 2 1 . 8 1 2 2 . 0 0 2 2 . 1 9 2 2 . 3 9 2 2 . 5 8 2 2 . 7 8 2 2 , 9 8 2 3 , 1 7 2 3 , 3 8 2 3 , 5 8 2 3 , 7 8 2 3 , 9 9 

X CO-ORD 2 8 . 2 - 2 7 , 7 5 . . 
Y CO-ORO 2 4 , 2 0 2 4 , 4 1 



TOTAL NUMBER OF COORUINATES PRODUCED = 105 FOR STREAMLINE NUMBER 2 INITIAL ANGLE OF STREAMLINE = 20.00 DEGPEEi 

TOT.AL TIME TO TRAVERSE STREAMLINE = 320.039 HOURS 

X CO-ORO 1.80 5.72 6.98 8.01 8.91 9.72 10.45 11.14 11.78 12.38 12.95 13.50 14.02 14.52 15.01 
Y CO-ORD ,68 1,79 2.17 2.4^ 2.76 3.02 ' 3.25 3,46 3.67 3,87 4,05 4,24 4,41 4,58 4.75 

X CO-ORO 1 5 . 4 7 1 5 . 9 2 1 6 . 3 5 . 1 6 . 7 7 1 7 . 1 8 - 1 7 . 5 8 1 7 . 9 6 1 8 . 3 4 1 8 . 7 0 1 9 , 0 6 1 9 , 4 0 1 9 , 7 4 2 0 , 0 7 2 0 , 3 9 " 2 0 , 7 l 
Y CO-ORD 4 , 9 2 5 . 0 8 5 . 2 4 5 . 4 0 5 . 5 6 5 . 7 1 5 , 8 7 6 , 0 2 6 . 1 8 . 6 . 3 3 6 , 4 8 6 , 6 4 6 , 7 9 6 . 9 5 7 , 1 0 

X CO-ORD 2 1 , 0 1 2 1 , 3 1 2 1 . 6 1 2 1 , 8 9 2 2 , 1 7 2 2 , 4 5 2 2 , 7 2 2 2 , 9 8 2 3 , 2 3 2 3 , 4 8 2 3 , 7 3 2 3 , 9 7 2 4 , 2 0 2 4 , 4 3 2 4 , 6 5 
Y CO-ORO 7 , 2 5 7 , 4 1 7 . 5 6 7 . 7 2 7 . 8 8 8 . 0 4 8 . 2 0 8 . 3 6 8 . 5 2 8 . 6 8 8 . 8 4 9 , 0 1 9 . 1 7 9 , 3 4 9 , 5 1 

X CO-ORD 24.87 25,09 25,29 " 25.50 25.70 25.89 26.08 26.26 26.44 26.62 26.79 26.96 27.12 27,27 27,43 
Y CO-ORD 9.68 9,85 10,02 10,20 10.37 10.55 10.73 10.91 11.09 11.28 11.46 11.65 11,84 12,03 12,22 

X CO-ORD 27,57 27,72 27,85 27,9V 28,12 28,24 28.36 28,48 28,59 28.69 28.79 28,89 28,98 29,06 29.14 
Y CO-ORO' 12,41 12.61 12.80 13.00 13.21 13.41 13,61 13,82 14,03 14,24 14,45 14,67 14,89 15,10 15,33 

X CO-ORO 29.22 29.29 29.35 29,41 29,46 29.51 29.55 29.58 29,61 29,63 29,64 29,65 29,64 29.63 29.61 
Y CO-ORO 15.55 15,78 16,01 16.24 16.47 16,71 16,95 17,19 17,43 17,68 17,93 18,18 18.44 18.70 18.9? 

X CO-OPD .29.51 29.54. 29.49 29.43 29.35 29.26 29.16 29.03 28.89 2«.72 28.53 28.30 28.03 27.70 27.2^ 
Y CO-ORO 19.23 19.51 19.78 20.06 20.35 20.64 20.94 21.24 21.56 21.88 22.21 22.55 22.90 23.27 «:3.67 

TOTAL NUMBER OF COORDINATES PRODUCED = 80 FOR STREAMLINE NUMBER 3 INITIAL ANGLE OF STREAMLINE = 25,00 DEGREES' 

TOTAL TIME TO TRAVERSE STREAMLINE = 244.911 HOURS 

X CO-ORO 1.81 5.43 6,67 7.6B 8.56 9,35 10.07 10,74 11,36 11,95 12,51 13,05 13.56 14.05 14,52 
Y CO-ORD .85 2.23 2-73 3.14 3,50 3,62 4,11 4,39 4.65 4.90 5.14 5.38 5.60 5.82 6.03 



TOTAL NUMBER OF COORUINATES PRODUCED = 65 FOR STREAMLINE NUMBER 4 INITIAL ANGLE OF STREAMLINE = 30.00 DEGREES 

TOTAL TIME TO TRAVERSE STREAMLINE = 200,842 HOURS 

X CO-ORO 1,73 5,09 6.30 7,29 8,14 8.90 9.59 10.24 10,84 11,41 11,95 12.46 12.96 13.43 13,89 

Y CO-ORO 1,00 2,67 3.29 3.80 4,24 4,63 5,00 .5.34 5.66 5.97 6.26 6.54 6.81 7.08 7.3'* 

X CO-ORD 1 4 . 3 3 1 4 . 7 5 1 5 , 1 7 1 5 , 5 7 1 5 . 9 5 1 6 . 3 3 1 6 . 7 0 1 7 . 0 6 1 7 . 4 1 1 7 , 7 5 1 8 , 0 8 1 8 . 4 1 1 8 . 7 3 1 9 . 0 4 1 9 . 3 5 
Y CO-ORO 7 . 5 ^ 7 , 8 4 8 , 0 8 8 , 3 2 8 , 5 6 8 . 8 0 9 . 0 3 9 , 2 6 9 . 4 9 9 , 7 2 9 , 9 5 1 0 , 1 8 1 0 . 4 1 1 0 , 6 4 1 0 , 8 ? 

X CO-ORO 1 9 , 6 4 1 9 . 9 4 2 0 . 2 2 2 0 . 5 0 2 0 . 7 8 2 1 . 0 4 2 1 . 3 1 2 1 . 5 6 2 1 . 8 1 2 2 . 0 6 2 2 , 3 0 2 2 . 5 4 2 2 . 7 7 2 2 . 9 9 . 2 3 . 2 1 
Y CO-ORO 1 1 . 1 0 1 1 . 3 4 1 1 . 5 7 1 1 . 8 0 1 2 , 0 4 1 2 , 2 8 1 2 , 5 2 1 2 , 7 7 1 3 , 0 1 1 3 . 2 7 1 3 . 5 2 1 3 , 7 8 1 4 . 0 4 1 4 , 3 0 1 4 . 5 7 

X CO-ORU 2 3 . 4 ^ ; 2 3 . 6 3 2 3 , 8 3 2 4 . 0 3 . 2 4 . 2 2 2 4 . 4 0 2 4 . 5 8 2 4 . 7 5 2 4 . 9 1 2 5 . 0 7 2 5 . 2 1 2 5 . 3 5 2 5 . 4 8 2 5 . 5 9 2 5 . 6 9 
Y CO-ORO 1 4 . 8 5 1 5 . 1 3 1 5 . 4 2 1 5 . 7 1 1 6 . 0 1 1 6 . 3 2 1 6 , 6 3 1 6 , 9 5 1 7 , 2 9 1 7 . 6 3 1 7 , 9 9 1 8 , 3 6 1 8 , 7 5 1 9 . 1 5 1 9 . 5 ? 

X CO-ORO 2 5 . 7 6 2 5 , 8 5 2 5 , 9 0 2 5 . 9 2 2 5 . 9 1 
Y CO-ORO 2 0 . 0 2 2 0 . 5 0 2 1 . 0 2 2 1 . 5 9 2 2 . 2 3 



TOTAL NUMBER OF COORDINATES PRODUCED = 51 FOR STREAMLINE NUMBER 

TOTAL TIME TO TRAVERSE STREAMLINE 

5 INITIAL ANGLE OF STREAMLINE = 45.00 DEGREES 

158.680 "HOURS 

X CO-ORO 
Y CO-ORD 

1 .41 
1 .41 

3 . 9 4 
3 . 9 4 

4 . 9 3 
4 . 9 3 

5 . 7 2 
5 . 7 2 

6 . 4 1 
6 . 4 1 

7 . 0 2 
7 . 0 2 . 

7 . 5 8 
7 , 5 8 

8 , 1 1 
8 . 1 1 

8 . 5 9 
8 . 5 9 

9 . 0 6 
9 . 0 6 

9 . 5 0 
9 . 5 0 

9 . 9 2 
9 ' .92 

1 0 . 3 3 
1 0 . 3 3 

1 0 . 7 2 
1 0 . 7 2 

1 1 . 1 0 
1 1 . 1 0 

X CO-ORO 
Y CO-ORD 

11.47 
11.47 

11.83 
11.83 

12.18 
12.18-

12.52 
12.52 

12.85 
12.85. 

13,18 
13.18 

13.50 
13.50 

13.82 
13.82 

14.14 
14.14 

14.45 
14.45 

14.75 
14.75 

15.06 
15.06 

15.36 
15.36 

15.65 
15.65 

15.95 
15.95 

X CO-ORD 
Y CO-ORO 

16,25 
16,25 

16,54 
16,54 

16.8J 
16.83 

17.13 
17.13 

17.42 
17,42 

17.72 
17,72 

18.01 . 18.31 
18.01 18.31 

18.61 
18.61 

18.92 
18.92 

19.23 
19.23 

19.54 
19.54 

19.86 
19.86 

20.19 
20.19 

20.53 
20.53 

X CO-ORO 
Y CO-ORD 

2 0 , 8 8 
2 0 , 8 8 

2 1 . 2 4 
2 1 . 2 4 

2 1 . 6 3 
2 1 . 6 3 

2 2 . 0 4 
2 2 . 0 4 

2 2 . 4 8 
2 2 . 4 8 

2 2 . 9 7 
2 2 . 9 7 

5 FIRST OUADRANT STREAMLINE(S) PLOTTED WITH THE FOLLOWING DATA . 
HEIGHT IN AOUIFER 3.00 FT. 
INITIAL ANGLE(S) 15.00 20.00 25.00 30.00 45.00 DEGREES 
STREAMLINE INCREMENT 3.00 HRS. 

PM 
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FIGURE B-3. - isopressure {feet of v/oter) cont'dur mop. 



51' 

10 20 30 40 

X.feet 

FIGURE B-4. - Isovelocity (feet per second) contour mop. 
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APPENDIX C.--PROGRAM LISTING 

r 

c 
c 
c 
c 
c 
QtHHHHt 

C»oo.«o 
C 

1 
2 
3 

PROGRAM SETUP (INPUT. OUTPUT* TAPE5=LNPUT, TAPE12» TAPE6. 
1 TAPE13. TAPEIA, TAPE15) 
'COMMON /DATA/ PNDEPTHV X, Y, Z» RE 
COMMON /CONST/ ITME* NPR» S» B i K, T, Tl» T2» GAMMA* N« N2* VT 

.1 (J, ALPHAi BETA* Nl* Kl* SS* SCO* IHUN* ITOT* AOR* BPRIME* 
2 KPRIME* ITEREND* TERM 
COMMON / LINES/ ANGLE. RADIUS* NLINES, OUTOPT* MAXID* IPLOT* 

1 DlSTME (2) 
COMMON /CONTR/ LINES (2). PERCNT <10* 2), INTRVL (10, 2) 

THIS DUMMY MAIN PROGRAM CONTROLS SIZE OF MATRICES. LARGER 
MATRICES MAY BE IMPLEMENTED VIA THE READ STATEMENT OR CHANGES 
TO THE COMMON DIMENSIONS. 

IOOO 

1 
1010 

. 10 
20 

THIS PROGRAM EVALUATES THE PARTICLE FLOW PARAMETERS ASSOCIATED 
WITH INSITU LEACHING OF URANIUM AT EACH GRID NODE OF A USER 
SPECIFIED HORIZONTAL MATRIX OF POINTS AT A SPECIFIED AOUIFER 
DEfTH. CHANGE IN HEAD *VELOCITY OF FLOW*DIRECTION AND STREAMLINE 
VALUES ARE AVAILABLE FOR OUTPUT. 
INVERSE DECISION MADE IN MAIN PROGRAM,SPECIFIES PROGRAM CALCUL
ATION OF AQUIFER PERMEABILITY AND POROSITY. 

DIMENSION 
THETA (30 
(iOOO) 
YLIST 

INTEGER 
READ (5* 
IF (ASSIGN 

ANGLE (20), PLOTFLE(1000*3)* PNDEPTH (5)* 
30)* VRAD (30*30)* VX (30*30)* VY (30*30) 

XLIST (60). XPART (30 
(60)* YPAHT (30*30) 

ASSIGN 

.30)* XYLIST (30*3-0) 

0 (5) * 
XCOORD 

YCOORD(IOOO) 

10) 
.LE. 

RELAD l̂ S, 20) 
INV '" (K 

ASSIGN 
0) GO TO 1000 
S, ALPHA, B£TA. GAMMA, 8 
N, S* ALPHA* BETA. GAMMA* B* ASSIGN) 

Ml* 
Ll 

Ll 
1000 

CALL INVERSE. 
GO TO 1010 
READ (5, 10) 
IF (Ll .LE. 0) 
M2 = 2 » Ml 
CALL INSITU (Ml, M2* Ll* XLIST, YLIST, XYLIST* XPART* 

VY* VRAD. THETA* PLOTFLE, XCOORD* YCOORD*ASSIGN) 
CONTINUE 

FOHMAT ( 215 ) 
FORMAT ( 5E15.5 ) 

ENU 

YPART. y X i 

SETU 
SETU 
SETU 
*SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
*SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 
SETU 

10 
20 
30 
40 
50 
60 
70 
BO' 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 

C 
C' 
C< 
C< 
Ĉ  
C 

•C<̂  

11 

1( 
U 

C«* 
IC 

10 

10 

10( 
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c / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / I N S . I 

1 
C 

C 

SUbROUTlNE INSITU (Ml, M2. Ll, XLIST, YLIST, XYLIST, XPART, 
tPAPT, VX, VY, VRAD, ThETA, PLOTFLt, XCOORD, YCOORD. ASSIGN) 

SUdROUTlNE INSITU ACTS AS THE DRIVER- ROUTINE 8Y- CALLING ALL 
SUBROUTINES NECESSARY TO MEET - SPEC IF I ED OUTPUT REOUIREMENTS. 
OUTPUT OPTION SPECIFIES' PRINTER OR LOiilCAL FILE STORAGE FOR 
LATER USE AS INPUT DATA TO CONTOUR MAPPING OR PLOTTING PROGRAMS. 

RE 
K, T, 
. IRUN, 

Tl, T2< 
ITOT, 

GAMMA', N, N2 
AOR, BPRIME, 

OUTOPT, MAXID, IPLOT* 

2 ) . INTRVL (10. 2) 
ODDPT (4,2(j) , OMIT 
OUTD (2), OUTE (2), 

COMMON /DATA/ PNDEPTH, X. Y. 'Z, 
COMMON /CONST/ ITME, NPR, S, 8, 

U, ALPHA, BETA, Nl, Kl, SS, SCO 
rvPRIME, ITEREND, TERM 

COMMON /LINES/ ANGLE, RADIUS, NLlNLS. 
UlSTME (2) 

COMMON /CONTR/ LINES (2). PERCNT (10. 
DIMENSION ANGLE (20), ODDLIST (9,20), 

(10.2). OUTA (2). OUTB (?), OUTC (2), 
HLOTFLE (Ll,3), PNDEPTH (5), 0 (5), THETA (Ml,Ml)', VRAD. 
(Ml,Ml). VX (Ml,Ml), VY (Ml,Ml), XCOORD (Ll), XLIST (M2) 

XYLIST (Ml,Ml), YCOORD (Ll). YLIST (M'2), YPART 
AOR. DAYS. OUT, OUTOPT. SCO. XFINISH. XSTART. 

YSTART. ASSIGN 
INCRX, INCRY, K, KPRIME. KI, N, Nl, N2 

OUTD. OUTE / 8HINDEPEND, RHDEPENDEN 
8HNdN-LEAK , 8HLEAKY . SHY 
8HC0RNERS / 

VT. 

(Ml.Ml), 
INIEGER 

YFINISH. 
REAL 
DATA OUTA. 

OHENI , 
an , 

PRINT 10 

INSI 
INSl 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 

. XPAkTINSI 
(Ml,Ml) INSI 

INSI-

OUTB 
ahT 
HhCENTER 

OUTC, 

INSI 
INSI 
INSI 
INSI 
INSI 
INSI 

(^<n>u<nnstnnnnt»'iitnnnnnnn>in>«.stn>4n:.»» »<. ftft tj.ti t->>-:>.in><n>o»i>e'.nn>«inn>«innn>iHnnnnnnt»»»jMSI 

1000 
1 

1 

1010 
1020 

QOtmtm 
QtKtoati 

1030 

1040 

lObO 

CALL TO INPUT ROUTINE IS INIATED HERE.' 
CALL INPT (OMIT,NUMOMT, NUMODD. Y S T A K T , YFINISH, XSTART, 

AFINISH, INCRX, INCRY., XINC, YINC. ODDPT. ASSIGN) 
IF (XSTART .LT. 0 .OR. YSTART .LT. 0 .OR. AFINISH .LT. 0 . 

YFINlSH.LT.0) CALL ER>^OP (1) 
IF (S .LE. 0) CALL ERROR (2) 
IF (Z .GT. 8) CALL ERROR (7) 
IF (ITME .LE. 1) GO TO 1030 
FOFT = GAMMA ^ (ALPHA • N « BETA) 
I.NITIAIE COMPUTATION FOR CHANGE IN 
DIKECTION OF LEACHING PARTICLES IN 
IF (0(1) .LT. 0.0) GO TO 1040 
IN = I 

.OR. 

/ (4. <> K ** 
HEAD,VELOCITY 
THE AOUIFER. 

T) 
AND 

our : 
GO TO 
IN = 
o u l = 

2 
1050 
2 
1 

IF (OUlOPT 
00 1080 
Y = -
NN = 0 

DO 1070 IX = IY, 
REALX = (FLOAT(IX) 
DO 1070 NM = 2 

NN • 1 
REALX - 3 

.EO. -1) GO TO 1210 
IY = YSTART, YFINISH 
INCRY • INCRY " FLOAT (IY) 

X F I N I S H 
- 1) « INCRX 
I 4, 2 

NN 
X 
IF 
IF' 

1060 

» XINC • NM « XINC 
(X .EO. 0.0 .AND.. Y .EO. 0.0) GO TO 
(X .NE. S .OR. Y .NE. S) GO TO 1070 

NUMOMT = NUMOMT * I 
UMIT (NUMOMT, 1) = REALX 
OMIT (NUMOMT, 2) = Y 

1060 

INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 
INSI 

10 
20 
30 
40 
50 
•60 
70 
80 
90 
100 
1 10 
120 
130 
140 
150 
160 
170 
IBO 
190 
200 
210 
220 
230 
240 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
330 
490 
500 
510 
520 
530 
540 
560 
560 
570 
580 
590 
600 
610 
620 
625 
-630 
640 
650 
660 
670 
680 
690 
700 
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C 
C 
C 

GO TO 1 0 8 0 ' 
1070 ' CALL DELTAH ( X L I S T ( N N ) , FOFT) 

CALL PARTX ( M 1 , ' M 2 . X L I S T . Y L I S T , XPART* YPART* I X * I Y * 
1 X F I N I S H * YSTART. X I N C . YINC) 

1060 CONTINUE 

DETERMINE PARTIAL WITH Y . . 

UO 1110 IX = XSTART* X F I N I S H 
X = - INCRX • INCRX « FLOAT ( I X ) 
NN = 0 

DO 1100 IY = YSTART. IX 
REALY = ( F L O A T ( I Y ) - 1. ) » INCRY 

UO 1100 NM = 2 * 4 , 2 ' 
NN = NN • 1 
Y = REALY - 3 . *> YINC • NM » YINC 
IF (X . E U . 0 . 0 . A N D . Y . E O . 0 . 0 ) GO TO 1090 
I F (X . N E . S . O R . Y . N E . S) GO TO 1100 
NUMOMT = NUMOMT • 1 
OMIT (NUMOMT. 1) = X 
UMIT (NUMOMT. 2) = REALY 
0 0 TO 1 1 1 0 
CALL DELTAH ( Y L I S T ( N N ) * FOFT) 

CALL PARTY ( M l , M2 , X L I S T . Y L I S T , XPART* YPART* I X * I Y * 
X F I N I S H , YSTART, X INC* Y INC) 

CONTINUE 

1090 

I I U O 

1 1 1 0 

DETERMINE HEAD CHANGE AT EACH GRID P O I N T . 

1120 
1130 
1140 

00 1140 IX = XSTART* X F I N I S H 
DO 1140 IY = YSTART. IX 
X = - INCRX + INCRX <* FLOAT ( I X ) 
Y = - INCRY • INCRY » FLOAT ( l Y ) 

UO 1120 I I = 1 . NUMOMT 
IF (X . E Q . O M l T d l . l ) . A N D . Y . E Q . 0 M I T ( I I * 2 ) ) GO TO 1140 
CONTINUE 

" C A L L DELTAH ( X Y L l S T d X . I Y ) . FOFT) 
CONTINUE 

r 
C 
C 

. DETERMINE VELOCITY ANO DIRECTION AT EACH GRID P O I N T . 

CALL VXVY ( M l . VX. VY. VRAD, THETA, XPART, YPART, XSTART* 
1 A F I N I S H , YSTART) 

Q < > t t t t t t t i t > 1 t 1 i l i l t t t t t < t t i i > t i 1 i t l < > t i t l l > t t t > t i t > t H K H H H H H i t H > < i < H H > t H H H H H t t H t ' l H H H H H H H i t i t > » i H H H H H H H H i t H i 

HRS = T / 3600. 
DAYS = HRS / 2 4 . 
HRS = HRS - FLOAT (DAYS) » 2 4 . ' 
I F ' ( 0 ( 1 ) . L T . 0 . 0 ) OIN = ABS (Q ( 2 ) + 0 (3 ) • 0 (4 ) • Q ( 5 ) ) 

1 / 4 . 0 
I F ( Q ( l ) . G T . 0 . 0 ) OIN = 0 ( 1 ) 
OOUT = ABs ( 0 ( 1 ) ) • (ABS ( 0 ( 2 ) • Q ( 3 ) • 0 ( 4 ) • 0 ( 5 ) ) ) / 4 . 0 -

1 OIN 
GALIN = ABS (O IN) *» 7 . 4 8 0 5 » 6 0 . 

: GALOUT = ABS (QOuT) » 7 . 4 8 0 5 » 6 0 . 
PRINT 2 0 * IRUN, OUTA ( I T M E ) , OUTS 

1 ( I T M E ) * DAYS, HRS, OUTC (AOR)* OUTD ( A O R ) , OUTE ( I N ) , G A L I N , 
2 GALOUT* K, N , PNDEPTH* Z 

. PRI.NT 30 • 
DO. 1150 IX = XSTART* X F I N I S H 

DO 1150 IY = YSTART, IX 

I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 

I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 
I N S I 

710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
825 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 

I N S i l O O O 
I N S I I O I O 
I N S I 1 0 2 0 
I N S I 1 0 3 0 
I N S I 1 0 4 0 
I N S I 1 0 5 0 
I N S I 1 0 6 0 
I N S I 1 0 7 0 
I N S I 1 0 8 0 
I N S I 1 0 9 0 
I N S I l l O O 
I N S I l l l O 
I N S I 1 1 2 0 

» I N S I 1 1 3 0 
I N S I 1 1 4 0 

. 1 N S I 1 1 5 0 
I N S I 1 1 6 0 
I N S I 1 I 7 0 
I N S I 1 1 8 0 
I N S I 1 1 9 0 
I N S I 1 2 0 0 
I N S I 1 2 1 0 
I N S I 1 2 2 0 
I N S I 1 2 3 0 
I N S I 1 2 4 0 
I N S I I 2 5 0 
I N S I 1 2 6 0 
I N S I 1 2 7 0 
I N S I 1 2 8 0 
I N S I 1 2 9 0 ' 
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1150 

XYLIST (IY,- IX) 
XPART (IY* IX) 
YPART (IY* IX) 
VX (IY* IX) = 
VY (IY* IX) = 
VRAD (IY* IX) ': 
THETA (IY* IX) 

= XYLIST (IX* lY) 
= XPART (IX, IY) 
= YPART (IX, IY) 
VX (IX, IY) 
VY (IX, IY) 

VRAD (IX, IY) 
= THETA (IX* IY) 

1 
1160 

1170 
1 

1180 
• 1190. 

1 
1200. 

Q H t t t K H t t t 

Q t t t H H H t 

1210 

DO 1200 KK = YSTART. YFINISH 
XKl = (FLOAT(KK) - 1.) • INCRY 

DO 1200 M = XSTART* XFINISH 
XL = (FLOAT(M) - 1.) « INCRX 

DO 1160 II = I* NUMOMT 
IF (XL .EQ. OMITdl.l) .AND. XKl .EQ. 0M1T(II.2)) 60 TO 

. 1 1 8 0 
IF (XKl .EO. OMITdl.l) .AND. XL- .EO. 0MIT(II.2)) GO TO 

1180 
CONTINUE 

IF (OUTOPT 
PRINT 40'. 

VRAD(M, 
IF (OUTOPT 
WRITE (NPR, 

THETA (M, 
CONTINUE 

.EQ. 
XL, 

KK) , 
.EQ. 

50) 
KK) 

2) GO TO 1190 
XKl. XYLIST (M, KK) 
THETA (M, KK) 
1) GO TO 1200 

XL, XKl* XYLIST (M, KK)* VRAD (M* KK)* 

« » e 0 0 O 0 » » » . t H > < H H H > l H H H H H > i H > i H H > < H H H H H H H H H H H H H » ' l > « « i H H H H H H H H K H H * « » « 0 < H H H t » 

INITIATE COMPUTATION OF ODDPOINTS NOT ON THE MATRIX.IF REQUIRED. 
IF (NUMODD .LE. 0) GO TO 1250 
CALL ODDPLOT (FOFT* NUMODD* ODDLIST, K, ODDPT) 
IF (OUTOPT .EO. 2) GO TO 1230 
UO 1220 NODD = 1, NUMODD 
PRINT 40, (ODDLIST(J* NODD), J=l 9) 

.EO. ODDLIST(2,NODD)) 
(2, NODD), ODDLIST d 

GO TO 1220 • 
NODD)* (ODDLIST(J* 

1) GO TO 1250 
I NUMODD 
(ODDLIST(J* NODD)* J=l* 3 ) , (ODDLIST (J. 

TO 1240 
.EQ. 0DDLIST(2.N0DD) GO TO 1240 

50) ODDLIST (2. NODD), ODDLIST (1, NODD), 
NODD), ODDLIST (8, NODD). ODDLIST (9. NODD) 

IF (ODDLlSTd.NODU) 
PRINT 40, ODDLIST 

I NODD), J*3, 9) 
1220 CONTINUE 

IF (lAoS(OUTOPT) .EQ. 
1230 . UO 1240 NODD = 1 

WRITE (NPR, . 50) 
1 NODD), J=8, 9) 

IF (NPR .LE. 10) . GO 
IF (OODLlSTd.NODD) 
WRITE (NPR* 

1 ODDLIST (3. 
CONTINUE 

CONTINUE 
IF (lABS(OUTOPT) .EO. 1) GO TO 1260 

C»»«oo ODDPOINTS ARE NOT USEO IN CONTOUR MAP 
NUMBER = (XFINISH - XSTART) » « 2 
PRINT 60* NPR, NUMBER 
PRINT 70 
INITIATE CALCULATION OF" STREAMLINES,IF REQUIRED. 
IF (NLINES .GT. 0) CALL STRMLNE (FOFT* K* NPR* INCRX, INCRY* Z 

1 S* IN, OUT* Ll, PLOTFLE, XCOORD* YCOORD) 
IF (LINES(I) .GT. 0 .OR. LINES(2) .GT. 0). CALL CONTOUR (INCRX. 

1 INCRY, K, XSTART, XFINISH, YSTART, YFINISH, S, FOFT, Z* Ml* 
2 XYLIST, VRAD, OUTOPT, IN, OUT, NPR) 

IF (IRUN .LT. ITOT) GO TO 1000 
RETURN 

10 FORMAT ( IHI ) 

1240 
1250 

1260 

GENERATION. 
NUMOOD • 

INSI1"300 
INSI1310 
INSI1320 
INSII330 
INSI1340 
INSI1350 
INSI1360 
INSI1370 
INSI1380 
INSI1390 
INSI 1400 
1NSI1410 
INSI1420 

INSI1430 
INSI1440 
INSI1450 
INSI1460 
INSI1470 • 
INSn480 
INSI1490 
INSI1500 
INS.I1510 
INSI1520 
INSI1530 
INSI1540 
INSI15S0 
INSI1560 
INSI1570 
INSI1580 
INSI1590 
INSI1600 
INSI1610 
INSI1620' 
1NSI1630 
INSI1640 
INSI1650 
INSI1660 
INSI1670 
INSI1680 
INSI1690 
INSI1700 
INSI1710 
INSII720 
INSI1730 
INSI1740 
INSI1750 
INSI1760 
INSI1770 
iNsn7ao 
INSI1790 
1NSI1800 
INSIIBIO 
INSI1820 
INSI1830 
INSI1840 
INSI1850 
INSI1860 
INS11870 
iNsuaao 
INSI1890 
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itQ 

30 

FORMAT ( IHl, JOX «RUN NUMBER" IX 
30X 

X "TIME INTERVAL OF EVAL 
ix <»H0UHS** / 30X ^AOUIFE 
RE) LOCATED AT'* IX. A6 / 
LuID'-> IX, FH.3. IX '^GAL. 
OF LEACHING FLUID<» IX. 

'•0 
30 
60 

70 

^:A8 / 30 
lxFb.3. 
*'S) 1S(A 
**CHING F 

• ** VOLUME 
<*AVE. «. 
**PERMtAB 
«AVE. o 
<>PORUSIT 
» EACH P 
*HEIGHT 

FOKMAT (IH 
»VtLOCIT'Yo 
12X,»(l-EET 

FORMAT dHO 
FOKMAT ( 
FORMAT ( 

^IRECTIO 
'̂R Ot- CO 

FOKMAT ( 

ENU. 

. 13 / 
•̂ CHANGE IN HEAD IS TIME" IX. 

UATION IS" 1X15. IX »DAYS» 
R IS« 1X2A8 / 30X »INPUT wELL(« 
30X »AVE. INPUT VOLUME OF LEA» 

/MIN,/WELL» / 30X »AVE. OUTPUT« 
F6.3, IX »GAL./MIN./WELL* / 30X 

ILITY OF AUUIFER** IX, ElS.b. IX <>FT./SEC.» / 30X 

Y OF AQU 
IPE INTO 
OF ANALY 
0,26X.»X 
.5X,*>0IR 
)», 1 lX,o 
,?0X,5(E 
5E15.5 ) 
lOX <»MAT 
N(ANGLE, 
-ORDINAT 
IHl ..) 

IFER» IX, E15.5 
THE AQUIFER** IX 
SIS(Z) IN AOUIFE 
CO-ORD«.10A.«Y 

tCTION OF FLOWo, 
(FEET/SEC.)«,7X* 
15.5.3X)) 

RIX CO-ORDINATES 
DEGREES) OUTPUT. 
ES OUTPUT =« IS 

/ 30X »DEPTH OF PFNETRATION 0F» 
* 5(?X, F5.2), IX, »FT.» / 30X 
H« 1XF7.3, IX »FT.o /// ) 
CO-ORD*.10X.«DRAWnOWN»,llX. 
/, 2fiX, «(FEET )»,12X,»( FEET )<», 
»(0£GREES)«.//) 

.CHANGE IN HEAD,VELOCITY AND .0« 
ON FILE** 15 / lOX «TOTAL NUMBE** 
) 

INSIl'900 
INSI1910 
1NSI1920 
INSI1930 
INS 11940 
INSI1950 
INSI1960 
INSI1965 
INSn970 
INSI1975 
INSI1980 
INSI1990 
INSI2000 
INSI2010 
INSI2020 
INSI2030 
INSI2040 
INSI2070 
INSI2080 
INSI2090 
INSI2100 
INSI2110 
INSI2120 
1NSI2130 
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C / / / / / / 

1 
Qntto tu t 
Qt>l>(rl>l> 

1000 

c»«<»«<» 

1010 
1020 

lOJO 
1040 

lOSO 

1 
1060 

1 
9999 

10 
20 

' 30 
^0 
bO 

60 

///////////////////////////////////////////////////////////////// 
SUbROUMNE INPT (OMIT* NUMOMT, NUMODD. YSTART, YFINISH, XSTART* 

AFINISH, INCRX. INCRY. XINC. YINC. ODDPT, ASSIGN) 
INPUT MATRIX SPECIFICATIONS,OUTPUT REQU IREMENTS,AQUIFER 
CHARACTERIS1TCS,WELL PENETRATION DATA,DEPTH OF ANALYSIS. 
COMMON /DATA/ PNDEPTH. X. Y. Z. RE 
COMMON /CONST/ ITME. NPR. S, B, K, T, Tl, T2. GAMMA. N. N2* VT, 

0, ALPHA, BETA, Nl, Kl, SS, SCO, IRUN, ITOT, AOR, BPRIME* 
KPRIME, ITEREND, TERM 

COMMON /LINES/ ANGLE* RADIUS, NLINES, OUTOPT. MAXID, IPLOT* 
UISTME (2) 

COMMON /CONTR/ LINES (2)* PERCNT (10* 2 ) . INTRVL (10. 2) 
DIMENSION 

(5) 
INTEGER 
.ASSIGN 

REAL 
READ (b, 

XSTART, 
iPLOl , 

READ (b, 
(Od) ,. 1 = 1. 

IF (XINC .LE. 
IF (YINC .LE. 
T = T » 3600 
IF (K .EQ. 0.0 
BETA. GAMMA, 

IF (AOR 
IF (AQR 
XSTART 
YSTART 
XFINISH 
YFINISH 
OMIT 
DM IT (1 
OMIT (2 
NUHOMT = 
IF (NUMOMT 

UO 1010 
K E A D (5. 

IF (NUMODD 
DO 1U30 
.READ (5. 

IF (NLINES 
READ (b, 
DISTME (2) 
READ (b, 
IF (LINESd) .LE 
READ (5, 60) 

10) . 
IF (LINES(2) .LE 
READ (5, 60) 

10) 
RETURN 

ANGLE (20). ODDPT (4,20), OMIT (10,2), PNDEPTH (5) 0 

AQR, OUlOPT. SCO* XFINISH. XSTART, YFINISH, YSTART 

INCRX, INCRY, K, KPRIME, Kl. N, 
10) ITOT, IRUN, AQR, ITME, 

XFINISH, YSTART, YFINISH, NLINES, 
LINES 

20) INCRX, INCRY. S. B, GAMMA, 

Nl, N2 
NPR, NUMODD, NUMOMT' 
OUrOPT, ITEREND* 

PNDEPTH, 
XINC = 
YINC = 

ALPHA, 
INCRX 
INCRY 

BETA, 
/ 2. 
/ 2. 

N* T* K, DUMl, DUM2 
XINC, YINC* TERM 

0.0) CALL INVERSE (K, N, .OR. N .EQ. 
B* ASSIGN) 

.GT. 1) READ (5, 20) BPRIME, KPRIME 
•EO. 1 .AND. ITME .EO. 1) READ (5* 20) 
= IFIX (FLOAT(XSTART) / INCRX • 1.0) 
= IFIX {.FLUAT(YSTART) / INCRY + 1.0) 
= IFIX (FLOAT(XFINISH) / INCRx • 1.0) 
= IFIX (FLOAT(YFINISH) / INCRY • 1.0) 

ALPHA, 

RE 

INCALCULABLE 
I) = 
I) . = 

2 • 
.LE. 
II 

OR UNWANTED MATRIX 
OMIT .(1,2) = 0.0 
OMIT (2. 2) = S 

NUMOMT 
2) 60 TO 1020 

= 3. NUMOMT 
30)• OMIT (II- 1). OMIT (11, .2) 

.LE. 0) GO TO 1040 
I = 1 . NUMODD 

30) (ODDPT(J, I), J=l, 4) 
.LE. 0) GO TO 1050 
40) DISTME* RADIUS, MAXID 
= DISTME (2) •* 3600. 

COORDINATES HERE. 

50) (ANGLE (I) . 
0) GO TO 
(INTRVL ( 1 . 

0) GO TQ 
(INTRVL ( I . 

1=1. NLINES) 
1060 
I). 1=1, 10), (PERCNT (I, 1). 1=1, 

9999 
2 ) , 1=1, 10), (PERCNT (1, 2 ) , 1=1, 

FQKMAT 
FORMAT 
FOHMAT 
FORMAT 
FOKMAT 

FORMAT 

END 

( 

1713 
SFI 5-, 
4F10. 
3F10, 
15F5. 

) 
) 
15 

0 ) 
0. IIO 
0 ) 

( 10F8.0 / 10F8.0 ) 

INPT 
INPT ' 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INRT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
.INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 
INPT 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
155 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
360 
390 
400 
410 
420 
430 
440 
450, 
460 
470 
460 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 

1 
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It < 

YPART (Ml.Ml) 

58 

c////////////////////////////////////////////////////////////////////// 
SUBROUTINE PARTIAL (Ml. M 2 . XLIST. YLIST, XPART, YPART* IX, IY, 

1 XFINISH, YSTART, XINC, YINC) 
Coo«<n» CALCULATE APPROXIMATIONS OF THE PARTIAL DERIVATIVES HERE 
C«o»«» TO BE USED LATER IN CALCULATION OF VELOCITY AND DIRECTION OF 
Co»«o» PARTICLES IN THE LEACHING AOUIFER. 

DIMENSION XLIST (M2). XPART (Ml.Ml), YLIST (M2) 
INTEGER XFINISH* YSTART 
ENTRY.PARTX 
NM = - 1 

DO 1000 J 
NM = NM 

1000 XPART (J. 
GO TO 9999 
ENTRY PARTY 
NM = - 1 

DO 1010 J 
NM = NM • 

1010 YPART (IX-, 
9999 RETURN 

END ; 

IY. XFINISH 
• 2 
IY.) (XLIST (NM • 1) XLIST (NM)) / (2. » XINC) 

= YSTART, IX 
2 

J) = (YLI.ST (NM + 1) YLIST (NM)) / (2. « YINC) 

/PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 

. PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 
PART 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 

r 

c//////////////////////////////////////////////////////////////////// 
SUbROUTlNE VXVY (Ml* VX, VY, VRAD* T H E T A , XPART, YPART, XSTAR 

' 1 X r l M T C W . Y C T A B T l 

K, T, Tl, T2. 
IRUN* ITOT* 

GAMMA* N. N2* 
AOR* BPRIME* 

1 XFINISH* YSTART) 
C«»<»o» VELOCITY AND DIRECTION OF FLOW OF PARTICLES IS CALCULATED 
C««*o» HERE. USED IN DETERMINATION OF STREAMLINES. 

COMMON /CONST/ ITME, NPR, S, B, 
-1 U, ALPHA, BETA, Nl* Kl. SS* SCO 
2 KPRIME, ITEREND* TERM 

DIMENSION THETA (M1*M1)* VRAD 
1 XPART (M1*M1), YPART (Ml.Ml) 

INTEGER XFINISH. XSTART, YSTART 
REAL K, N 

DO 1010 I = XSTART, XFINISH 

(Ml.Ml), VX (Ml.Ml), VY (M1,M1) 

1000 

1010 

DO 1010. J = YSTART* 
. IF ( X P A R T d . J ) .EO. 0. 

VELOCITY IN X AND Y. 
VX (I* J) = - K » 
VY (I. J) • = - K « 
•VRAD d * J) = SORT 
;ETA = ATAN2 ( V Y d * 
-TKETA (I* J) = ETA 
IF (THETA(I*J) .GE. 0.) 
TH&JA (I* J) = 360. • 
GO TO 1000 
CONTINUE 

RETURN 
END 

I 
.AND. Y P A R T d . J ) .EQ. 0.) GO TO 10 

XPART (I, J) / N 
YPART (I* J) / N 
(VX (I* J) » « 2 • VY (I* J) 
J) * V X d * J) ) . . 
« 180. / 3.141592654 

GO TO 1010 
THETA (I* J) 

2) 

///VXVY 
T, VXVY 

VXVY 
VXVY 
VXVY 

VT.VXVY 
• VXVY 

VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 

10 VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 
VXVY 

10 
20 
30 
40 
50 
55 
58 
59 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 

lll̂  
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Q O I t O t U t 

Qtmfii « « 

1 

1 

c/ / / / / / / / / / / / / / / / / / / / / / / / / /////// 
SUBROUTINE ODDPLOT (FOFT, 
COMMON /DATA/ PNDEPTH. X 
ALL ODDPOINTS (NOT ON ThE 
INCLUDES POINTS REQUIRED F 
OTHER SPECIAL INTEREST PQ 

DIMENSION ODDLIST (9,20) 
YLIST (2) 

REAL K 
uo 1020 JJ = 1. NUMOD 
IF (OODPTd.Jj) .EO. 0 . 
0DUPT(1,JJ) .EO. S .AN 

lY = 1 
Y = ODDPT (2, JJ) 

DO 1000 IX = 1, 2 
X = ODDPT (1. JJ) -

1 ODDPT (3. JJ) 
1000 CALL DELTAH (XLlST(IX) 

CALL PARTX d* 2. XLIST* 
1 • 0DDPT(3. JJ), 00DPT(4, 

IX = 1 
A = ODDPT d , JJ) 

DO 1010 IY = 1, 2 
Y = ODDPT (2. JJ) -

1 ODDPT (4, JJ) 
1010 

////////////////////////////////// 
NUMODD. OUOLIST* K, ODDPT) 
, Y, Z, RE 
FSTAbLISHEO MATRIX) ARE EVALUATED 
oy STREAMLINE EVALUATION AS WELL A 
INTS. 
, ODDPT (4,20), PNDEPTH (5), XLIST 

U 
AND. 0DDPT(2.JJ) .EO. 0 .OR. 
D. 0DDPT(2.JJ).EQ.S) CALL ERROR ( 

3. « ODDPT (3* JJ) • 2i «* FLOAT (I 

. FOFT) 
YLIST, XPART, YPART, IX,. IY, 1, 1 
JJ) ) 

CALL DELTAH 

CALL PARTY d, 
0DUPT(3, JJ) 

CALL VXVY (Ml, 
Y = ODDPT (2 
CALL DELTAH 
ODDLIST (1, 

1020 

ODDLIST 
ODDLIST 
ODDLIST 
ODDLIST 
ODDLIST 
ODDLIST 
ODDLIST 
UDDLIST 

RETURN 
ENU 

(2' 
(3i 

(4, 
(5-
(6. 
(7. 
(8' 
(9. 

(YLlSTdY) 
2, XLIST, 
, ODDPT(4, 
VX* VY, V 
. JJ) 

(DELH. FUFT) 
JJ) 
JJ) 
JJ) 
JJ) 
JJ) 
JJ) 
JJ) 
JJ) 
JJ) 

OUDP 
ODDP 
DELH 
XPAR 
YPAR 
VX 
VY 
VRAD 
THET 

3. » ODDPT (4. JJ) • 2. » FLOAT (I 

. FOFT) 
YLIST. XPART. YPART, IX, IY, 1* 1 
JJ)) • 

RAD* THETA, XPART, YPART, 1, 1, 1) 

r (1, JJ) 
T (2, JJ) 

T 
T 

/////ODDP 

HERE 
S 

(2) 

3) 

X) » 

« 

Y) » 

< 

ODDP 
ODDP 
.ODDP 
ODDP 
ODDP 
,ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODPP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP 
ODDP' 

10 
20 
30 
40 
50 
60. 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
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c//////////////////////////////// 
FUNCTION WU (WUIN) 

Co»»o» CALCULATION OF WELL DRAWDO 
C»»»»» EQUATION FOR TIME DEPENDEN 
C«»'«»« REPRESENTED AS CONVERGENT 

COMMON /CONST/ ITME* NPR 
1 ALPHA, BETA, Nl, Kl, SS, 
DIMENSION Q (5) 
IF (WUlN .GT. 1.) GO TO 1 

1000 WU = - .57721566 • .999 
1 -» .05519968 » WUIN » » 
2 » WUIN o .» 5 - ALOG (WU 
GO TO 9999 . 

1010 WU = (WUIN « » 4 • 8.5 
1 » WUIN « WUIN •• 8.634760 
2 4 • 9.5733223454 » WUIN 
3 21.0996530627 » WUIN • 3 

9999 RETURN 
END 

////////////////////////////////////// 

WN SOLUTION 
T FLOW IN A 
INFINITE SER 
, S, B, K, T 
SCO* IRUN, 

010 
99193 » WUIN 
3 - .0097600 
IN) 

733287401 » 
8925 » WUIN 
» « 3 • 25. 
.9584969228) 

OF PARTIAL DIFFERENTIAL 
NON-LEAKY AQUIFER. 
IES. 
1. T2* GAMMA, N, N2* VT* Q 
ITOT* AOR* BPRIME, -KPRIME 

- .24991055 » WUIN » WUIN 
4 » WUIN o t> It * .0010785 

WUIN »' » 3 • 18.059016973 
• .2677737343) / (WUIN « 
6329561486 « WULN •<» » 2 • 
/ (WUIN o EXP(WUIN)) 

C////////////////////// 
FUNCTION WUl (J 

C<nnn»« CALCULATION OF W 
C«»<»«« EQUATION FOR TIM 

CQNMON /CONST/ 
1 0, ALPHA, BETA 
2 KPRIME 
DIMENSION 0 (5 
REAL 
PRT4 
PRT5 
PRT6 
PRr7 
PRTIO 
UO 

K, C 
= PRT2 / 
= EXP ( -
= .5772 -
,= U (J) < 
= 0.0 

1020 L = 

1000 

1010 
1020 

1 

-DO 1020 M 
IPRT8 = L 
IPRT9 = L 
FACT8 =. 1. 
FACT9 = 1. 
00 1000 I 
FACTS = 
DO 1010 I 
FACT9 = 

PRTIO = PR 
» 2)) « (p 

WUl = 2.- « BES 
(PRT6 • PRT7 -

RETURN 
END 

//////////////////////// 
, U* PRTl, •PRT2) 
ELL DRAWDOWN SOLUTION OF 
E DEPENDENT FLOW IN A LE 
ITME* NPR, S* B, K, T, 
, Nl* Kl* SS* SCO* IRUN, 

) , U (5) 
PRIME 
U (J) 
PRT4) 
ALOG (U(J)) • WU (U (J) 
( (BESSKPRTl) - 1.) / 

l.b 
= . 1, L 
- M • 1 
• 2 

/////////////////////////WUI 

PARTIAL DIFFERENTIAL 
AKY AOUIFER. 
Tl* T2* GAMMA* N* N2* VT 
ITOT, AQR, BPRIME, 

) - U 
PRT2) 

(J) 

COUNT = 1, IPRT8 
FACT8 » FLOAT (ICOUNT) 
COUNT = 1, IPRT9 
FACT9 o FLOAT (ICOUNT) 
110 • ( ( ( ( - I) » .o (L < 
RT2 ^ *» M) « (U(J) *> » 
SK (PRTl) - BESSI (PRTI) 
(U(J) » » 2) « PRTIO) 

M) ) 
(L -
» WU 

« FACT8) / (FACT9 
M) ) 
(PRT4) • PRT5 » 

/WU 
wu 
wu 
wu 
wu 
,wu 
wu 
wu 
wu 
wu 
7WU 
wu 
- wu 
owu 
«WU 
wu 
WU 

wu 
wu 

/WUI 
WUl 
WUl 
WUl 
*WU1 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
WUl 
wUl 
WUl 
WUl 
»WU1 
WUl 
WUl 
WUl 
WUI 
WUl 

•10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 

. 10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 

c-
Qtl 

c» 

10 

10 

10 ' 

10-' 

104 
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C/ 

C 
c« 
c 
c 

///////////////////////////////////////// 
SUbROUTlNE DELTAH (DELH, FUFT) 
DELTAH MAKES A DETERMINATION OF WhIC 
EVALUATING CHANGE IN HEAD. ALSO OET 
IMPORTANCE OF EACH WELL IN ThE 5-SPO 
CHANGE IN HEAD AT A GIVEN GRID NOCE. 
COMMON /DATA/ PNDEPTH. X. Y. Z, RE 
COMMON /CONST/ • I TMt, NPR, S. B. K, 
0, ALPHA. BETA, Nl, Kl, SS, SCO, I 
^ P R I M E , ITEPEIMD, TERM 

tumty 

1 
2 

///////////////////////////// 

H wOUTINE IS TO HE USED IN 
ERMINES THE RELATIVE 
T PATTERN, IN DETERMINING THE 

T. Tl, T?, GAMMA, N, N2* VT. 
RUN. ITOT. AOR, BPRIME. 

1000 

DIMENSION 
INTEGER 
REAL 
Fl = (X 
F2 =• (Y - S) « 
F3 = (X • S) » 
F4 = (Y • S) » 
R d) = . SORT (X 
R (2) = SORT (F.l 
R (3) = SORT (Fl 
R (4) = SORT (F3 
R (5) = SORT (F3 
UO lOOO J = 1 
U (J) = FOFT <* 

IF (ITME .GT. 1) 
IF (AQR .GT. 1) 

DELPAPl (b) 
AOR. SCO 
K. KPRIME 
S) » (X - S) 

(Y - S) 
(X • S) 
(Y • S) 
» X •. Y 
• F2) 

•PNDEPTH ( 5 ) . Q (5 ) * R ( 5 ) . U (5 ) 

Y) 

F4) 
F2) 
F4) 

5 
<* R ( J ) « * 
• GO TO 1020 
GO TO 1010 

CALL SSCONF (DELPART. R) 
GO TO 1040 

1010 BB = SORT (K o B <* BPRIME / KPRIME) 
CALL SSLEAKY (DELPART, R, U* BB) 
GO TO 1040 

1020 IF (AQR .GT. 1) GO TO 1030 
CALL TMECONF (DELPART* R, U) 
GO TO 1040 

1030 BB = SORT (K « 8 » BPRIME / KPRIME) 
CALL TMELKY (DELPART, R, U. BB) 

1040 DELH = DELPART (1) - DELPART 
1 DELPART (5) 
RETURN 
END 

(2) T DELPART (3) - DELPART (4) 

DELT • 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT' 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 
DELT 

10 
20 
30 
40 
50 
60 
70 ' 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
260 
270 
280 
290 
295 
300 
310 
320 
330 
340 
345 
350 
360 
370 
380 
390 
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C/////////////////y>/////////////////////////./,//////////////////////////'/SSLE 

QtHHHHI 
Qt t t f lHHi 

Qtnitum-. 

• 1 

2 

1 

1.000 

1010 

1020. 

1 

1030 

1040 
1050 

1 
1060 

C 
10 
1 
2 

c 

SUbROUTlNE SSLEAKY (DELPART* Ri U* HB) 
THIS'ROUT I'NE DETERMINES THE LEAGHING PARAMETERS QFTIME INDEP. 
FLOW IN A LEAKY AQUIFER. PARTIAL PENETRATION O'F WELLS INTO 
THt AQUIFER is SPECIFIED BY PNDERTH. 
C0MM(3N /DATA/ PNDEPTH* X. Y* Z.i RE . 
COMMON /CONST/ ITME, NPR, S.. B.. K, T. Tl, T2., GAMMA, N, N2* VT 

U, ALPHA, BETA, Nl* Kl., SS., SCO* IRUN, ITOT. AOR. BPRIME* 
KPRIME, ITEREND, TERM 

DIMENSION DELPART (b), PNDEPTH (5)* 0 (5), R (S)*. SUM (5), U 
(5) 

REAL ,K 
KEY = 0 • 

D.O 1000 I = 1,* 5 
SUM d ) = 0.0 
DO 106O I =. 1* 5 
C = Q d ) / (2. •» 3.14159 «• K » ,B) 
PRTl = . R d ) / BB 
IF (PNOEPTHd)- .NE. B') GO TO' iO.lO 
DELPART d ) = C "̂  BESSK (PRTl) 
60 TO 1060 • 
IF (PNDEPTH d ) .LE. .0), PNDEPTH (1) = .0001 
SUMN = 1 . 0 

5SLE 
SSLE 
S5LE 
SSLE. 
SSLE 
,SSLE 
^SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 

ARG = SORT (PRTl * « 2 * (.SUMN » 3.14159 * RCI) / B) * -» 2)SSLE 
PART = COS (SUMN « 3.14159 «- Z / B) « SIN (SUMN i> ,3,14159 « 

PNDEPTH d ) / fci) » (1. /SUMN) » BESSK (ARfi.) 
SUMN. = SUMN + 1.0 
SUM (I) - SUM' d ) * PART 
IF (KEY .GT. G .OR. ABS (PART) .LE. TERM) ^ 0 TO" 1030 
IF (SUMN .GT. ITEREND) GO TO 10%0 
GO TO 1020 
KEY = KEY t 1 
IF (ABS(PART) .GT. TERM) KEY = 0 • 
IF (KEY ,G,T. 3;) GO TO 1050 
GO to 1020" 
PRINT 10* SUMN, X, Y, SUM d ) , PART 
DELPART (I) = G * (BESSK (PRT1)'> 2. •» (B / (,3.14159 « 

PNDEPTH d)) ) « SUM (1) ) 
CONtlNUE 

RETURN • . 

FORMAT ( roX «SERIES DOES NOT CONVERGE SUFFICIENTLY AFTER » F3. 
.** ITERATIONS FOR THE POINT X=i» F5.2, 2X *Y=« F5,2 / 10X„ 
*FINAL SUM =* E15i5 /'lOX «FINAL TERM =» E15.5 ) 

-
ENU . . . 

SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
SSLE 
OSSLE 
SSLe 
SSLE 
SSLE 
SSLE 

• 10 
20 
30 
40 
SO 
60' 
70 
80 
9.0 
1.00 
110 
120 
130 
14(1 
150 
160 
170 
180 
190 
200 
210 
220 
.23 () 
240 
250. 
260' 
270 
280 
290 
'300 
310 
320 
330 
340 
350 
36b 
370 
380 
390 
400 
4lO 
420 
430 
440 
450 
460 
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10 
20 
30 

'40 
50 
60 
-70 
«0 
90 
00 
' 10 
20 
30 
' un 
50 
I 60 
'70 
'SO 
' 90 
'00 • 
M O 
'20 
•'30 
i4 0 
£50 
?60 
570 
280 
^90 
300 
.TIO 
."20 
J30 
340 
150 
360 
370 
380 
390 
400 
410 
420 
430 
'.4 0 
450 
460 

c / / / / / / 

Qtumot t 

1 
2 

1000 

1010 

1020 

1 

1030 

1040 
'IODO 

1060 

C 
10-

1 

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / • / / / / / / / 

SUbROUTlNE TMECONF (DELPART, R, U) 
THIS ROUTINE DETERMINES THE LEACHING PARAMETERS OF TIME DEP. 
FLOW NON-LEAKY AQUIFER SITUATION. PARTIAL OR TOTAL 
PENETRATION OF AQUIFER IS SPECIFIED. 
COI"MON /DATA/ PNDEPTH, X, Y, Z* RE 
COMMON /CONST/ ITME. NPR. S. B. K. T* Tl* T2* GAMMA* N* N2* VT 

0, ALPHA, BETA, Nl, Kl, SS., SCO, IRUN, ITOT, AQR, BPRIME, 
KPRIME, ITEREND, TERM 

DIilENSlON DELPART (5), PNDEPTH (5), Q (5), R (5), SUM (5) U 

B) 

0) PNDEPTH (1) = .0001 

(5) 
REAL K 
KEY = 0 

UO lUOO 1 = 1 , 5 
SUM (I) = 0.0 
UO 1060 I " = 1,5 
C = 0 d ) / (4.0 « 3.14159 * K o 
IF (PNDEPTH(l) .NE. B) GO TO 1010 
UELPART (I) = C » WU (U (I)) 
GO TU 1060 
IF (PNDEPTHd) .LE. 
SUMN = 1.0. 
ARGl = SUMN » 3.14159 <* R ( I ) / b 
A>JG2 = ARGl *» *> 2 / 4.0 
HART = COS (SUMN « 3.14159 « Z / 

PNDEPTH d ) / B) » (1. / SUMN) <* 
SuMN = SUMN -* 1.0 
SUM (I) .= SUM (I) -* PART 
IF (KEY .GT. 0 .OR. ABS(PART) ,LE. 
IF (SUMN .GT. ITEREND) GO TO 1040 
OO TO 1020 
r̂ EY = KEY • 1 
IF (ABS(PART) .GT. TEKM) KEY = 0 
IF (̂ EY .GT. 10) GO TO 1050 
oO TO 10<;0 
HRINT 1.0, SUMi-g, X. Y, SUM (I), PART 
DELPART (1) = C » (WU (Ud)) • 2. *> 

(I)) » SUM (I) ) 
CONTINUE 

RETURN 

H) ' 
WUl 

SIN (SUMN * 
(I, U, ARGl 

3.14159 
ARG2) 

TERM) GO TO 1030 

B / (3.14159 » PNDEPTH 

FOKMAT ( lOX «SERIES DOES MOT C O N V E K G E SUFFICIENTLY AFTER » F3. 
•» ITERATIONS FOR Tnt POINT X = '-> F5.2. 2x »Y = <» F5.2 / lOX 
»FINAL SUM =» ElS.b / lOX »FINAL TERM =« E15.5 ) 

ENU 

/TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
.TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 
TMEC 

OTMEC 
TMEC 
TMEC 
TMEC 
TMEC 

10 
20 
30 
40 
50 
60 
70' 
80 ' 
90 
100 
lin 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
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. k 

i ' 

c / / / / / / 

QotHKUt 

e 0 
C P 
c P 
c P 

//////////////////////////////////////////////////////////////// 
SUbROUTlNE TMELKY (O E L P A R T . R, U, BB) 

LEACHING PARAMETERS OF TIME DEPENDENT FLOW,LEAKY AQUIFER 
SITUATION. PARTIALLY UR TOT ALLY.PENETRATING OPTIONS AVAILABLE. 
PTlONS; 
NDtPTH = n (TOP OF AOUIFER), 
NDtPTH = B/2 (MID AQUIFER) 
NDtPTH = B (BOTTEM OF AOUIFEK) 
CQi-iMON. /DATA/ PNUFPTH, X, Y. Z, 
COMMON /CONST/ ITME. NPR, S, B, 

u, ALPHA, BETA. Nl. Kl, SS. SCO 
KPRIME. ITEREND. TERM 

DELMART (5) 

RL 
K. T. Tl, T2. 
, IRUN, ITOT, 

GAMMA. N. N2* 
AOR* BPRIME* 

VT 

Dl'''ENS ION 

1 (5) 
RE-̂ L 
KEY = 0 

Du 1000 
1000 i>UM (I) 

DO 1U60 
PRTl = 
PRT2 = 
C = 0 
IF (PNDEPTHd) 
uELPAPT (I) = 

P N D E P T M (5). 0 (5). R (5). SUM (5). U 

. 5 
BB 

I = 1* 
= 0.0 
I = 1 , 
R (I) / 

.PRTl » o 2 
( I , ) / (4.0 « 

.NE. 
C « 

1010 

1020 

1030 

1040 
lObO 

1 
1060 

1 

10 

oo 
IF 

TO 1060 
(PNDEPTHd) 

buMN = 1.0 
ARGl = SORT 

2) 
AKG2 = ARGl 
t̂ ART = COS 

PNUEPTH (I) 
SUMN .= SUMN 

LE, 

(PRTl 

/ 
3. 

B) 
WUl 

0) 

4.0 
14159 « 
GO TO 
(I, U, 

K o B) 
1010 
PRTl, PRT2) 

PNDEPTH (I) 

** 2 + (SUMN ^ 

= .0001 

3.14159 « R d ) / 8) 

o it 
(SUMN 
/ B) 
• 1.0 

/ 4.0 
3.14159 « Z 
d . / SUMN) 

/'B> » SIN (SUMN » 
« WUl d . U. ARGl* 

3.14159 
ARG2) 

TERM) GO TO 1030 
SUM (I) =. SUM (1) • PART 
IF (KEY .GT. 0 .OR. •ABS(PART) . L E . 

IF (SUMN .GT. ITEREND) GO TO 1040 
GO TO 1020' 
KEY = KEY • 1 
IF (ABS(PART) .GT. TERM) KEY = 0 
IF (KEY .GT. 10) GO TO 1050 
GO TU 1020 
KRINT 10. SUMN, X, Y, SUM (I),' PART 
UELPART (I) = C <» (WUl (I, U, PRTl^, 

(3.14159 *» PNDEPTH ( D ) « SUM ( D ) 
CONTINUE 

RETURN 

FOKMAT ( lOX <»SEPIES DOES NOT CONVEKGE SUFFICIENTLY AFTER » F3 
•» ITERATIONS FOR THE POINT- X = » F5.2. 2X »Y = » F5.2 / lOX 
»FINAL SUM =» E15.5 / lOX "FINAL TERM =*> EIS.5 ) 

END 

PRT2) •. 2.0 » B / 

/TMEL 
TMEL' 
TMEL 
TMEL 
TMEL 
TMEL. 
TMEL 
TMEL 
TMEL 
.TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 

TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 
TMEL 

•OTMEL 
TMEL 
TMEL 
TMEL 
TMEL 

10 
20 
30 
40 
50 
60 
.70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 

It! 

;M 

\ . i . ' 
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C////////////////////////////////////////////////////////////////////// 
SUBROUTINE SSCONF (DELPART, R) 

C»«»«« LEACHING SITUATIUN INVOLVING TIME DEPENDENT FLOW, NON-LEAKY 
Ce»*»»« AOUIFER. PARTIAL OR TOTAL PENETRATION. 
C STEADY STATE FLOW, CONFINED AQUIFER. 
C DEPTH OF PENETRATION = PNDEPTH 

COMMON /DATA/ PNDEPTH* X, Y, Z, RE 
COMMON /CONST/ ITME, NPR, S, B, K, T, Tl* T2* 

U, ALPHA, BETA, Nl, Kl, SS, SCO, IRUN, ITOT, AOR, BPRIME* 
KPRIME, ITEREND, TERM 

DIMENSION DELPART (5), PNDEPTH (5)* Q (5) 
REAL K 
IF (RE .EQ. 0.0) RE 
KEY = 0 

1000 

1010 

1020 

1030 
1 

1040 

lObO 
1060 

1070 
1 

10 

GAMMA* N* N2* VT 

R (5)* SUM (5) 

= 600. 

I 

I 
(I) / 

Do lUOO 
SUM ( I) 
Do 1070 
C = Q 
IF (PNDEPTHd) 
DELPART (I) .= 
oo TO 1070 
iF (PNDEPTHd) 

= 1* 5 
0.0 
= 1. 5 

(2. « 
..NE. 
C *» 

3.14159 » K » B) 
B) GO TO 1010 
ALOG (RE / R (I)) 

.LE. 0) PNDEPTH (I) .0001 
SUMN = 1.0 
bESSFN2 = 1.0 
ARGl = 3.14159 » R (I) « SUMN / B 
ARG2 = 3.14159 » RE » SUMN / B 
BESSFNl = ' BESSK (ARGl) 
IF (BESSFN2 .EQ. 0.0) GO TO 1030 
bESSFN2 = BESSK (ARG2) » BESSI (ARGl / BESSI (ARG2) 

5) 8ESSFN2 = 0.0 
B) * SIN (SUMN » 3.14159 
(BESSFNl - BESSFN2) 

IF (BESSFN2 / BESSFNl .LE. l.OE -
PART =. COS (SUMN » 3.14159 « Z / 

PNDEPTH d ) / B) *» (1. / SUMN) » 
SUMN = SUMN • 1.0 
SUM (I) = SUM d ) • PART 
IF (KEY .GT. 0 .OR. ABS(PART) .LE. TERM) GO TO 1040 
IF (SUMN .GT. ITEREND) GO TO 1050 
OO TO 1020 
KEY = KEY • 1 
IF (ABS(PART) .6T.. TERM) KEY = 0 
IF (KEY .GT. 3) GO TO 1060 
60 TO 1020 
PRINT 10. SUMN, X, Y, SUM (I), PART 
UELPART. (I) = C » (ALOG (RE / R(I)) 

PNDEPTH (I)) » SUM (I)) 
CONTINUE 

RETURN 

FORMAT ( lOX »SERIES DOES NOT CONVERGE SUFFICIENTLY AFTER » F3 
» ITERATIONS FOR THE POINT X=» F5.2, 2X »Y=» F5.2 / lOX 
"FINAL SUM =» E15.5 / lOX "FINAL TERM =» E15.5 ) 

END 

-• 2. « B / (3.14159 » 

/SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
.SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 
SSCO 

.OSSCO 
SSCO 
SSCO 
SSCO 
SSCO 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

no 
120 
130 
140 
150 
160 
170 
180 
190 
2.0 0 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
44 0 
450 
460 
470 
.480 
,490 
500 
510 
520 
530 
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c///////////////////////////////////////////////////////////////////// 
FUNCTION BESSK (BESSIN)-

C 
C K BESSEL FUNCTION APPROXIMATION. 
C 

IF (BESSIN .GE. 2.) 1010. 1000 
1000 BESSK = - ALOG (bESSIN / 2.) " BESSI (BESSIN) -

1 .42278420 « ((BESSIN / 2.) » " 2) • .23069756 » 
2 2.) « » 4) • .0348859 » ( (BESSIN /.2.) *» » 6) 
3 ( (BtSSIN / 2.) " « 8) • .0001075 « ( (BESSIN / 
4 .0000074 " ( (BESSIN / 2.) » *» 12) 

2.) « » 4) 
( (BtSSIN / 
.0000074 

GO TO 1020 
1010 BESSK = (1. 

1 .078-32358 » 
2 - .01062446 
3 bESSIN) « * 
4 .00053208 • 

1020 CONTINUE 
RETURN 
END 

.57721566 • 
( (BESSIN / 
• .00262698 
2.) » » 10) 

/ (SORT(BESSIN) " EXP(BESSIN))) 
(2. / BESSIN) • .02189568 
» ( (2. / BESSIN) « « 3) 
.4) -
( (2. 

.00251540 
/ BESSIN) 

( (2. 
« 6) : 

/ 

(1.25331414 -
" ( (2. / BESSIN) « » 
• .00587872 « ( (2. / 
BESSIN) " « 5) • 

//BESS. 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 

« BESS 
••BESS 
BESS 
BESS 
BESS 

2)BESS 
BESS 
BESS 
BESS 
BESS 
•BESS 
BESS 

10 
20 
30 
40 
50 
60 
70-
60 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

•^'? 

,« '-

C/////////////////////////////////////////// 
. FUNCTION BESSI (bESSINI) 

C 
C 1 BESSEL FUNCTION APPROXIMATION. 
C 

BESSIN = BESSINI / 3.75 
IF (BESSINI .LT. -3.75 .OR. BESSINI . 

1000 BEbSI = i. • 3.5156229 » (BESSIN » 
1 » e A) • 1.2067492 « (BESSIN « « 
2 «) • .0360768 « (BESSIN * " 10) * 
GO TO 1020 

1010 BESSI = (EXP(BESSINl) / SQRT(BESSI 
.01328592 » (BESSIN » » ( - ! ) ) • 
2)) - .00157555 » (BESSIN » " ( -

//////////////////////////// 

1020 

" ( - 4)) 
(BESSIN » 
.00392377 

CONTINUE 
•RETURN 
ENU 

.02057706 
• ( - 6) ) • 
(BESSIN » 

(BESSIN » 
.01647633 » 
« ( - 8) ) ) 

GT. 3.75) GO TO 1010 
" 2) • 3.0899424 " (BESSIN 
6) • .2659732 " (BESSIN » " 
.0045813 » (BESSIN • » 12) 

N D ) « (.39894228 • 
.00225319 » (BESSIN » » ( • 
3) ) • .00916281 » (BESSIN » 
" ( - 5)) • .02635537 » 
(BESSIN » » ( - 7)) • 

BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS. 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 
BESS 

10 
20 
30 
40 
50 
60 
70 
•80 
90 
100 
110 
120 
130 
140 
150 
160 
17P 
180 
190 
200 
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) 

') 
1 
1 
Q 
-1 

• f l 

0 
0 
5 
0 
0 
D 
0 
,̂,0 

' D 
'0 
<0 

• 

• 

i 

C////////.///////////////////////////////////////////////////////////////STRM 
' SUBROUTINE STRMLNE (FOFT. K.* NPR, INCRX;; INCRY, .Z. St INWELL, 
1' UUTwELL* Ll,* PLOTFLE, XCOORD, Ŷ GOORU) 

. C -
C THIS SUBROUTINE CALCULATES THE VALUE OF STREAMLINES 
C {DIRECTION OF FLOW) p f PARTI'GLES AT A SUFFLCIENT NUMBER OF POINTS 
C TO ENABLE CONSTRUCTION OF' A CONTOUR MAP. 
G 

COMMON /LINES/ ANGLE, RADIUS. NLINES, OUTOPT, MAXTD, IPLQT* 
1 UIST'ME (2) 
DIMENSION ANGLE (120), COORD (2), INCR (2). PLOTFLE (L.1,3.)* 

1 STR£AM(300*3) , STRMLST (9). STRMPTS ('4J, WELL (2); XC0(3R0 (Li) 
2 YCOORD (Ll) . 

INTEGER OUTOPT* OUTWELL 
REAL INCRX, INCRY* INTRVAL.. K, MAX 
DATA COORO' / iiH^ COMORO * 8HY CO-ORD / 
DATA .INCR / eno IS TANCE* BHT IME / 
WELL (1) = O.b 
WELL (2) = S 
IF (DIS.TMEd) .LE. 0 ,CJR. 0ISTME(,2) -LE, 0,) CALL ERROR. (S) 
00 U50 JJ '= 1* 2 
LNENU = 0 
MAX = 0 . 0 

- IF (JJ ,E0. 1) blST = DISTME (i) 
IF (JJ .EO.. '̂ ) INTRVAL = DISTME '(2) 
00 1,140 , ' I = 1.. NLINES 
J = 1 1 
SUf̂ INT = 0.0 
IF (WELL(INirfELL) .EQ. 0.0) GO TO 1000 

STRM 
StRM 
STRM 
S.TRM 
STRM 
STPM 
STRM 
STRM 
STRM 
STRM 
*'STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRN 
S.TRM 
'STRM 
STRM 
STRM 
STRM 

IF (AMGLEd) ,LT. 225,. 0 .OR, ANGLEd) ,GE. 360.0) CALL ERRORSTRM 
•' , 1 .(4) 

60 TO 1010 
10 00 IF (ANGLE (I) .LE. ,0.0 .OR. ANGLEd) .GE. 90,0) CALL ERR.OR 

1 (4) 
1010 RAU IAN = ANGLE d ) *" 3,14159 / IBO. 

STREAM (J* 1) = STRMPTS 11) = WELL (INWELL) * (RADIUS * 
1 1.) " COS (RADIAIM) 

STREAM (J, 2) = STRMPTS (2) = WELL (INWELL) * (RADIUS •• 
1 1.) « SIN.(RADIAN) 

STREAM (J, 3), = FLOAT d ) 
STRMPTS (3) = DISTME d) / 2.0 
STfiMPTS (4) - DISTME .(1) / 2,0 

1020 ' CALL ODDPLOT (FOFT, 1,* STRMLST* K, STRMPTS) 
'. J = J • .1 

IF (JJ .EQ. 1) INTRVAL = DIST / STRMLST (8) 
IF (JJ .EG). 2J DIST = INTRVAL •'» STRMLST {.8)-
STREAM (J, 3) = FLOAT (T) 

" • STREAM (J, 1) = STRMPTS (i) = STRMPTS d ) • STRMLST "(6) 
1 INTRVAL 

STREAM (J, 2) = STRMPTS (2) .= STRMPTS (2) * STRMLST (7) 
1 INTRVAL 

SUMINT = SUM INT + INTRVAL 
C CHECK APPROACH TO WELL. 

FARWELL = SORT ((STREAM(J, 1> - WELL (OUTWELL)) * » 2 • 
1 (STREAM(J, 2) - WELL (OUTWELL))- » * 2) 

IF (FARWELL .Lt. 1.5»DISTME d } ) GO' TO 1030 
IF (J .Lt.. MAXID) GO TO 1020 
PRINT 10* .MAXro* I 
GO TO 104 0 

1030 STNMPTS d ) = STRMPTS (2) = WELL (OUTWELL) * RADIUS 

ST.RM 
STRM 
STRM 
STRM 
STRM 
' STRM 
STRM 
STRM 
S-TRM 
STRM 
S.TRM 
STR'M 
STRM 
STRM 
STRM 
STRM 
STRM 
eSTRM 
STRM 

"STRM 
STRM 
STRÎ  
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 
STRM 

,'STRM 

1-0 
20 
30 
40 
50 
60 
70 
81) 
90 
100 
JlO 
120 
13*0 
14 0 
150. 
160 
170: 
180 
190 
200 
?AQ 
220 
230 
240 
250 
26,0 
270 
t&.O 
290 
300 
31,0 
320 
33Ci 
34 0 
350 
360 
370 
380 
390 
4CiO 
410 
420 
430 
440 
450 
460 
470 
480 
490 
SOO 
510 
520 
530 
540 
• 550 
5'60 
S70 
560 
590 
600 
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C////,/ 

1 
C'0»'»»0 

C 4 * « « » 

1 

1 
•2 

1 

1 

• 

1000 

1.0,10 

> 

• 1 02.6 

l O J O 

1 

1 
1040 

104 5, 

///////•////•///////////////////////////////////////////////////////PLOT 
SUBROUTINE PLOTLNE- (MAX* LNEND, Z* WELL*/ 

L.l, PLOTFLE* XCOORD, YCOORD) 
INWELL, OUTWELL* JJ, PLOT 

, PLOT 
THIS ROUTINE ALLOWS PRINTER, PLOT OF STREAMLINES CALCULATED PLOT 

IN STRMLNEi MAXIMUM OF 5 STREAM LINES MAY BE PLOTTED. PLOT 
COMMON /LINES/ ANGLE', RADIUS, NLINES, OUTOPT, MAXID* IPLOT* • PLOT' 

DISTME (2) 

DIMENSION 4NGLE (20)* GRAPH (3)* PLOTFLE 
PLOT 

(Ll,3), ROW (100) , PLOT 
UNIT (2)* WELL ( 2 ) , WELLPT 121* XAXIS, (12), ^CQORD (Ll), XVALUEPLOT 
. (12) 1 YAXIS ( 60 ) , Y.COORD (L 1.) . CHAR ( 20 ) PLOT 

INTEGER OUTWELL, XCOORD, XVALUE* XY* Y C O O R D * YVALUE PLOT 
•ROW* WELLPT* CHAR 

REAL INCRE, MAX 
DATA UNIT / 4HrT. , 4HHRS. ./ 

PLOT 
PLOT 
PLOT 

DATA YAXIS / 20 •" iH ., IHY, IH , IHD., IHI, .IHR, IHE* IHC* 1HT*PL0T 
IHI, IHO* IHN* IH . Iri-* IHF* IHE, IHE, 

P I A T A f i R A P H ' / I H T . 1 M + . T f iUA. — — —.. — — — —— / 
U H i H y^Mi^n / i n i * i.n-* ivnT ^ .̂_— ^ 
QiIkTA C.HAR- /IH *IHS>,lH2r'lH3:,lH4,lH5.*lH6^, lH-7* 
IF -(JJ .EQ. 1) SEINE = DISTME d ) 

IHT* IH-, 20 » IH / .PLOT 
PLOT 

1H8, 1H9,B«IH0,1H.I., IH-h/ PLOT 
PLOT 

IF (JJ .EO. 2) SEINE = DISTME (2) / 3'60 0. " PLOT 
PRINT .10* NLINES, Z* (ANGLEd)* 1 = 1* 5 ) * 
IF (-JJ .EO. U PRINT 20 
IF (JJ iEQ. 2) PRINT 30 
ICOUNT = .0' 
DO 10 00 J = 1, LNEND 

IF ( PLOt.FLE.(J, 3) .GT. 0.0 )- 60 TO '1000 
ICOUNT = ICOUNT * \ 
' PLOTFLE' (LNE-NO + ICOUNT, \ ) = PLOTFLE 
, PLOTFLE (LNEND' + ICOUNT, 2 ) = PLOTFLE 
. PLOTFLE (LNEND * ICOUNT* .3 ) = PUO'TFLE 
CONTiNUE 

LNEi^O = LNEND + ICOUNT 
X'Y = INT (MAX / se, « 6. * 1.0) 
YFRAC, =, FLOAT (XY) / 6.0 
XFHAC = FLOAT (XY) / IC-iO 

IJO lU'iO J = I, 2 
00' 1010 K , - 1* .2 

, PLOTFLE (LNEND * J. K) = WELL (J) 
LNP.LUS = LNENd * 2 

UO 1020 J = 1* LNPLUS 
FRACTX = AMOD (PL-6TFLE(J* 1 ) , XFRAC) 
FPAGT-Y = • A-MOD (PLOTFLE {J, 2 ) , -Y.FRAC) 

SEINE, UNIT (JJ) PLOT 
PLO'T 

- PLOT 
PLOT 
-PLOT 
PLOT 
PLOT 

(J, 2) = -PL{DTFLE{J* 2)PL0T 
(J* 1) = -PL6TFLE'(J* I.IPLOT 
(J* 3) = -PLOTFLE(J* 3)PLOT 

PLOT 
PLOT 
PLOT 

' PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PL(3T 
PLOT 
PLOT 
.PLOT 

AGOOKD (J) = irix (PLOTFLE (J, 11 / XFRAC) PLOT 
•VCOOKD (J) =, IFIX (PLOTFLE ('J. 2) / YFRAC) PLOT 
IK (FRACTX ,GE. .5.) XCOBPn (J) = XCOORD (J) -f 1 PLOT 
IF (FR AC'TY .GE, .5) YCOORD (J) = YCOORD (,J) * 1 PLOT 

WELLPT (INWELL)' = 19 
WELLPT (OUTWELL) = 20 
' UO 1.06:0 K = I* 54 . , 

09 1030 M = 1, 100. 
RUW(M) = 1 
INiUM'ROw = 58 - K 

00 lO^G J = 1 , LNPLUS 
IF (YCOOR.DiJ) .EO. NLiMROw .ANO. J .LE 

(/) +, ij = ROW (XCOORD (:J) + 1) -̂  i 
IF (VeOORD.l.J) ' -ElJ,. NUMfiOW .AND. J .GT 

\ J \ ^̂  \ \ = WELLPT (J - LNENU) 
CONT.INIJ.E 

UO 1045 M = I, 100 
Hpw (M) = CHAR (ROW'IM) ) 

PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 

. LNEND) ROW (XCOORD PL(3T 
PLOT 

- LNEND) ROW (IXGOURD PLOT 
PLOT 
PLOT 
PLOT 
PLOT 

, 10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
11 0 
M S 
120 
130 
140 
150 
160 
165 
170 
lao 
190-
2()'o 
210 
215 
220 
225, 
227 
230. 
240 
250 
260 
265 
270 
280 
290 
30 0 
310 
320 
330 
34 0" 
350 
360 
370 

380 
390 
4 0 0, 
410 
420 
430 
440' 
450 
460 
470 
480 
490 
500 
510 
520 
525 
527 
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' } ' • 
I..' '. 

h 
I 
y. 

I- •:-
if 'i 

11',, ', 
I: 
I" '• 

•m-' 

1 

1050 

1060 

1070 

1080 

10 

IF (NUMR0W/6»6 .EO. NUMROW) (30 TO 1050 
PRINT 40, YAXIS (K)* GRAPH (11* (ROWfM), M=l* 100) 
GO TO 1060 
YVALUE = XY « NUMROW / 6 
PRINT 50, YAXIS (Kj. YVALUE* GK:APH (2) , (ROW(M), M= 1, t'OQ) 
CONTINUE 
DO 10.70 I = 1, 12 
XAXIS d ) = GRAPH (3) 

-PRINT 60, XAXIS 
' DO 1080 1 = 1 , 1 2 
XVALUE d ) = d - 1) « XY 

PRINT TO* XVALUE 
RETURN ' ; 

20 
1 

30 
] 

40 
50 
6Q 
70 
1 

FORMAT (• ///// 30X* 15 « FIRST QU ADR ANT 
"WITH THE FOLLOWING DATA** / 40X -SHhlGHT 

- " F T . " / 40X "INITIAL fiNGLE(S)" 5(2X* FS 
"STREAMLINE INCREMEN'T" F7,.2,, IX, A4 ') 

STREAML INE'(S) PLOTTED 
IN .AQUIFER » F6.2 
.2) " DEGREES" / .4-OX 

FORMAT 
".N E 

FORMAT 
«N E 

FORMAT 
FORMAT 
FORMAT 
FORMAT 

) 

END 

IHl 
L 0 
IHI 
L 0 
2X,' 
H.X.* 
8'X * 
6X, 

• 30X *F I R S T 0 U fl D R A N T, S T R E A M 
T (DISTANCE, INCREMENTS)" / 7X, 121 (IH- ) ) 
. 3DX t>F I H S T 0 U A D" .R. A N T S T R E A M 
T (TIME INCREMENTS!" / 7X> 121 (iH- ) ) 

L I 

L I 

lAl* 4X 
161* IX 
12A10 ) , 
12(13. 7X) 

lAl, lOOAl , 19X* IHI • ) 
1-3, lAl* 100, A I, 19X*' IHI ) 

/ 40X " X D I R E C T I 0 N (F E E T 

PLOT 
P'LOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 

, PLOT 
PLOT 
PLOT 
PLOT 
PL(JT 

"PLOT 
PLOT 
PLOT 
PLCiT 

"PLOT 
PLOT 

"PLOT 
PLOT 
PLOT 
PLOT 
PLOT 

)"PLOT 
PLdT 
PLOT 
PLOT 

530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
,6,40 
650 
660 
670 
660 
690 
700 
710 
720 
730-
74 0 
750 
760 
770 
78n 
790 
800 
Bid 

I 

Em 

I'f- • 



71 

c/////////////////////////////////////////////////////////////////////// 
SUBROUTINE INVERSE (PERM, PQROS. S, ALPHA, BETA. GAMMA, B, 

1 ASSIGN) 
C 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

OF 

THTb ROUTINE COMPUTES PERMEABILITY AND POROSITY FROM . 
FIELD OBSNS. OF WELL DRAWDOWN, AT SPECIFIC TIME INTERVALS. 
A FIVE SPOT PATTERN OF INPUT AND OUTPUT WELLS IS ASSUMED. 
DISTANCE FROM CENTER WELL TO EACH OF FOUR PERIPHERAL WELLS 
IS GIVEN BY -S-. 
AN INPUT WELL OPTION EXISTS WHICH ALLOwS THE SPECIFICATION 
CENTER "'vELLS OR PERIPHERAL WELLS AS INPUT. 
THE ROUTINE INCORPORATES A MODIFICATION FOR COMPUTING PERMEABILITY 
•AND POROSITY FROM CENTER WELL AND 1 PERIPHERAL WELL OR FROM 
THE ENTIRE 5 SPOT PATTERN. IN THE LATTER CASE THE COORDINATES OF 
OBSN WELLS MUST BE SPECIFIED. 
LIMIT OF 12 TIME PERIOD MEASUREMENTS / WELL. 

DIMENSION 
INTEGER 
REAL 
DATA WELL / 6HCENTER. 
ASSIGN = lABS(ASSIGN) 
SUMPOR = 0.0 
SUMPERM = 0.0 

' DO 1090 OBWELL = 1, 

INPUT (2.12). LOOR (5), R (5), WELL (2) 
ASSIGN, OBWELL* OUTWELL, SAMPLES, WELLUSE 
INPUT, LOGR 

6HC0RNER / 

1000 

1010 
1020 

1030 

1040 

1050 

SUMDELH = 
READ (5, 

DO 1000 
READ (5, 
DO 1030 
IF 
FN 
GO 
FN = 1.0 
SUMDELH = 
SUMTAU = 
SUMTAU2 = 
DELTAU = 

bCONST = 
(SAMPLES) 

tiSLQPE = 

ASSIGN 
SUMTAU2 = 
WELLUSE* 

DELTAU 
0, X, Y 

SUMTAU 
10) SAMPLES, 
l' = 1* 2 
20) (INPUTd* 

K = I* SAMPLES 
(WELLUSE .NE. 0) GO TO 
= ALOG (INPUT(2, K) " 

TO 1020 
/ (INPUT(2, K) " 
SUMDELH -. INPUT 
SUMTAU -• FN 
SUMTAU2 • FN " « 2 . 
DELTAU • INPUT (1, K) " FN 
(SUMDELH " SUMTAU2 - UELTAU 
"'SUMTAU2 - (SUMTAU) " " 2) 
(FLOAT(SAMPLES) " DELTAU - SUMDELH 

= 0.0 

J) , J=l, SAMPLES) 

1010 
60.) 

» 60.) 
(1. K) 

SUMTAU) / (FLOAT 

" SUMTAU) / 
(FLOAT (SAMPLES) « 

R (̂1) = SORT (X " 
IF\(WELLUSE .EQ 

(X -
(Y -
(X • 
(Y • 

K 
H 
R 

F 1 '. = 
F2 = 
F3 = 
F4 . = 
H (2) 

(3) 
(4) 
(5) 
DO 1050 
LOGR (I) 

TRANS = Q 
LOGR (2) 

STORE = 
LOGR(3) • 
o » 2) o 

OUTWELL = 

S) 
S) 
S) 
5) 

SORT 
SORT 
SORT 
SORT 
I 

SUMTAU2 -
X •* Y " Y) 
GO TO 1060 
- S) 
- S) 
•. S) 
• S) 
F2) 
F4) 
F2) 
F4) 

(SUMTAU) 2) 

. 0) 
» (X 
" (Y 
» (X 
" (Y 
(Fl • 
(Fl • 
(F.3 • 
(F3 • 
1,5 

= ALOG (R (I) " « 2) 
/ (4.0 " 3.14159 " BCONST) » ( - LOGR (1) • .25 » 

• ..25 " LOGR (3) • .25 " LOGR (4) •• .25 " LOGR "(5)) 
(BSLOPE 3 Q » ( - LOGR(l) -• .25 " L0GR(2) • .25 " 
.25 » L0GR(4) • .25 " L0GR(5)) " " 2) / ( (BCONST 
3.-14159) 
WELLUSE 

INVE 
INVE 
INVE 
INVE 

INVE 
INVE 
INVE 
INVE 
INVE 
INVE 

INVE 
INVE 
INVE 

INVE 
INVE 
INVE 

INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 

10 
20 
30 
i.0 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
213 
215 
216 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 

>. 
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(4.0 3.14159 U / 
(0 / (3.14 159 " (R(1) 

/ bSLOPE) - .5772) 
1 

TRANS 
STORE 

• : 1 

(,•'•' 

00 TO 1070 
1060 IRA.vjb = 

STORE = 
1 (dCONST 

UUTWLLL 
1070 ATRANS = 

ASTQRE '= 
1 = 1 
IF (TRANS .GE. 0.0 .OR 
IRANS = ABS (XTRANS) 

STORE = ABS ( X S T O R E ) 
P£RM = THANS / h 
KURDS = (STORE - GAMMA 
bUMPERM = SUMPERM • PERM 
SUMPOR = SUMPOR • POROS 

BSLOPE) 
" 2) " BSLOPE)) " EXP ( -

STORE .GE. 0.0) I = 2 

" ALPHA " B) / (GAMMA " BETA " B) 

' i - ; 

\-: 

Qt> tmtn t tKumuin io i i o tK t 

lObO 

1090 

C 
10 
20 
30 

1 
2 

40 
50 

1 
t>0 

1 
2 

70 
10 

PRINT 3 
PRINT tt 
"KRI NT 5 
PRINT b 

DO 1080 
PRINT 

PRINT H 

CONTINUE ' 
PERM = SUMPE 
POROS = SUMP 
RETURN 

FOKMAT ( 2 
FOKMAT ( 1 
FOKMAT (.1 

"M FIELD 
t-E» ) 

FOKMAT ( 1 
FOKMAT ( 

A6 " WELL 
FOKMAT ( 1 

bx "STORE 
"POROSITY 

FQKMAT ( 1 

FOKMAT ( 6 

otKHHHnnma-^inttnnni-iUKnn; .^tmioinnttiaa 
0 
0 . WELL (OUTwELL) 
0 . OowELL, WELL ( I ) 
0 

,J = 1 , SAMPLES 
7 0 , J . ( I N P U T d . J ) , 1 = 1 , 2) 

0 , STORE, TRANS, PERM, PORQS 

RM / ASSIGN 
OR / ASSIGN 

IS, 3E15.5 ) 
2F6.0 ) 
HI //// JOX "POROSITY AiMD PERM 
OBSNS. OF WELL DRAWDOWN" / / SOX 

HO / 30X "OUTPUT wELL(S) IS/ARE 
// 40X "MAJOR EFFECT ON OBSN. WE 
(S)." // ) 
OX. "OhSN. NUMBER" 5X "WELL DRA 
ATIVITY" 5X "TRANSMISSIVITY" 5X 
" // ) 
5X14, 5XE12.5, 4XEI2.5 ) 
OX. E12.b. SX. E12.5. 5X, E12.5. 

ti iHHKnnm o on i> o im tnnt a turn 

EABILITY COMPUTED FRO" 
"CONFINED AQUIFER CAS" 

" A6 " WFLL(S)" ) 
LL" 15 " IS FROM THE » 

WDOWN" 5X "TIME(MIN.)» 
"PERMEABILITY" 5X 

5X, E12.5 ) 

ENu 

INVE 
INVE 
INVE 
INVE 

INVF 
INVE 
INVE 
INVE 
INVE 
INVE 

INVE 
INVE 
INVE 

INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 

INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
INVE 
iNVE 
INVE 
INVE 
INVE 

INVE 
INVE 
INVE 

INVE 
INVE 
INVE 

INVE 

INVE 

INVE 

580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
705 
707 
710 
720 
730 
740 
750 
760 
770 
780 
790 
795 
797 
800 
810 
820 
830 
840 
H50 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
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C///////////////////////////////////////////////////////////////////////ERRO 
SUBROUTINE ERROR (NUMERR) ERRO 
PRINT 10 ERRO 
GO TO ( 1000, 1010, 1020, 1030, 1040, 1050, 1060, 1070* 1080) ERRO 

1 NUMERR ERRO 
1000 PRINT 20 ERRO 

GO TO 1090 ERRO 
1010 PR.iNT 30 ERRO 

GO TO 1090 ERRO 
1020 PRINT 40 ERRO 

GO TO 1090 ERRO 
1030 PRINT 50 ERRO 

GO TO 1090 . ERRO 
1040 PRINT 60 ERRO 
IODO PRINT 70 ERRO 

GO TO 1090 ' ERRO 
1060 PRINT 80 ERRO 

GO TO 1090 ERRO 
1070 PRINT 90 ERRO 

GO TO 1090 ERRO 
lOdO PRINT 100 ERRO 
1090 CONTINUE . ERRO 

STOP ERRO 
RETURN ' ERRO 

C ERRO 
FQKMAT ( ///// 30X "////////// ERROR STOPS EXECUTION /////////"ERR(i 
"/" // ) ERRO 

FORMAT ( 30)i; "GRID 60UNDRIES ARE NOT LOCATED IN THF FIRST QUADR"ERRO 
"ANT" ) ERRO 

FOKMAT ( 30.x "BOTH wELLS ARE NOT LOCATED IN THE FIRST OUADRANT" ERRO 
) ERRO 

FQKMAT ( 30X "AN ATTEMPI WAS MADE TO EVALUATE THE WELL COORDINA"ERRO 
"TES" ) ERRO 

FOKMAT ( 30X "AN INITIAL STREAMLINE ANGLE IS OUTSIDE BOUNDRY CO«ERRO 
"NDHIONS" ) ERRO 

FOKMAT ( JOX "MAXIMUM OF 10 CONTOUR L INES MAY BE SPECIFIED". ) ERRO 
FORMAT ( 30X "A CONTOUR PROPORTION IS GREATER THAN OR EQUAL TO "ERRO 

"1" ) • . ERRO 
FOKMAT ( 30X "HEIGHT OF ANALYSIS(Z) IS > AOUIFER THICKNESS(B)" ERRO 

) ERRO 
FQKMAT ( 30X "EKROK IN STREAMLINE SPECIFICATION" ) ERRO 
FOKMAT ( 30X "TOTAL NUMbER OF STREAMLINE POINTS EXCEEDS(Ll) SPE"ERRO 

"C." ) ERRO 
ERRO 

ENU ERRO 

10 

20 

30 

'•0 

bO 

oO 
70 

ttO 

90 
100 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
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C///////////////////////////////////////////////////////////////////////CONT-
SUBROUTINE CONTOUR (INCRX, INCRY, K, XSTART, XFINISH, YSTART, CONT 
'YFINISH, S* FOFT* Z* Ml, XYLIST, V R A D , OUTOPT,-INWELL* OUTWELL*CONT 
NPR) CONT 

CONT 
SUbR(DUTlNE CONTOUR CONSTRUCTS ISOPRESSURE AND ISOVELOCITY CONT 
PRINTER CONTOUR MAPS. INPUT TO THIS SUBROUTINE IS READ FROM CONT 
TAPE(NfR). THIS FACILITATES INDEPENDENT OPERATION OF THE CONTOURCONT 

1 
2 

Qtumtut 
G o « " « " 
Go«"»" 
Qtnnmo 
G'»»"«o 
G»o"«» 
Co»"o» 
Qit.innm 
Q O O U O O 

ROUTINE FOR THE PURPOSE OF OPTIMIZING CONTOUR DISTINCTION. 
MAXIMUM OF 10 CONTOUR LINES MAY BE PLOTTED. 
MAXIMUM OF 3000 DATA POINTS / MAP. (WITH MODIFICATION OF COMMON 
STORAGE ASSIGNED TO THE PROGRAM. 

COMMON /CONTR/ LINES (2). PERCNT (lO. 2 ) . INTRVL (10* 2) 
DIMENSION ACCEP (10,2), CONTU (12), GRAPH (3), ODDLIST (9,10) 

UDDPT (4,10), ROW (100), VRAD (Ml,Ml), WELL (2), WELLS (2), 
XAXIS (12)* XVALUE (12)'* XYLIST (Ml,Ml), YAXIS (60) 

INIEGER CONTU, OUT, OUTOPT, OUTWELL, ROW, WELLS, XCOORD, 
XFINISH, XSTART, XVALUE, XY, YCOORD, YFINISH, YSTART, YVALUE' 

INTRVL, K 
1H3, 1H4, 1H5, 1H6, 1H7, IHB,.1H9, 

1 
1000 

1010 

1020 

1030 
1040 
1050 

1060 

INCRX, INCRY, 
CONTU / IHl, 1H2, 

1H4. / 
YAXIS / 20 " 

IHO,' IHN, IH 
GRAPH / IHI, 

(1) = 0.0 
(2) = S 

IFIX (WELLdNWELL) 

IH , 
1H-, 

IH*, 

IHY, 
IHF, 
lOH*-

IH , 
IHE. 

REAL 
DATA 

iH*, 
DATA 

IHI, 
DATA 
WELL 
WELL 
IN = IFIX (WELLdNWELL) / INCRX • 
OUT = IFIX (WELL(UUTWELL) / INCRX 
IF (OUTOPT .GE. 2) GO TO 1000 
READ (NPR, 10) ((XYLISTdX, IY) 

XFINISH), IY=YSTART, YFINISH) 
XMAX = (MAXO(XFINISH, IN,.OUT, 
XY = INT (XMAX / 58. " 6.0 • 1.) 
Y F R A C = FLOAT (XY) / 6.0 
XFRAC = FLOAT (XY) / 10.0 

DO 1270 IM = 1, 2 
iMAP = . 5 " IM - 2 
IF (LINES(IM) .EQ. 0) GO TO 1270 

(LINESdM) ) 
10) CALL ERROR (5) 
.GT. 0) GO TO 1020 

IHD, IHI, 
IHE, IHT. 

/ 

IHR, 
IH-

IHE 
20 

IHC, 
" IH 

CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 

IHO,CONT 
CONT 

IHT,CONT 
/ 

1) 
1.) 

, VRADdX* IY), IX = XSTART, 

- 1) - 1) " INCRX 

LOOP = IABS 
IF- (LOOP .GT. 
IF (LINESdM) 
DO 1010 I = 
ACCEP (I. IM) 
ODULIST (IMAP 

00 TO 1070 
DO 1050 I 
IF 
IF 

I ' 

I) 

LOOP 
PERCNT (I, 
= INTRVL 

IM) 
(I, IM) 

= 1, LOOP 
(INTRVL.d.IM) .GT. 1.0) 
( IM .EO. 1) GO TU lOJO 

CALL EF'ROR (6) 

1 
OObPT 

- I) 
60 TO 
ODDPT 
ODDPT 
ODDPT 

CALL 

DO 

( 1 , 1 ) = 
» INCRX -
1040 
(1,1) = 
(3, I) = . 
(4, I) = 

ODDPLOT (FOFT 
lOftO I = 1 

ODDPT 
S) • S 

ODDPT 
INCRX 
INCRY 
. LOOP. 
p LOOP 

(2, I) 

(2, 1) : 
/ 2.0 
/ 2.0 
ODDLIST. 

INTRVL (I* IM) " ( 

INTRVL (1. IM) 

OODPT) 

ACCEP d ) ABS (ODDLIST (IMAP, I) " PERCNT.d. 

CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT' 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 
CONT 

(XFINISHCONT 
CONT 
CONT 

S CONT 

CONT 
CONT 
CONT 
CONT 

IM)) CONT 
Qtt <> t> t> it tt <t ti <* It i> 9 It a <t 'i t> ti ti t> li ii '.;• ii <i li it .i ti <i It it 'i li <> li i> ti i> i> tt a <> ti tt (i ti tt >.i It o ti ii ti i m n o t n n m t ) t m t n n n t t m QQf,ij 

10 70 IF (IMAP .EO. 8) GO TO 1090 CONT 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150-
160 
170 
180 
190. 
200 
210 
220 
230 
240' 
250 
260 
270 
280 
290 
300 
310 
320 
330 
-340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
5?0 
530 
540 
550 
560 
570 
580 
'590 
600 

1 1 

1 1 

11 

1 1 

1 It 

1 I i 

IH 

1 1-̂  

120 

121 

122 

12J 
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loao 

1090 

1100 

1110 

H R I N T 20 

PRINT 30, ,. 
PRINT '•O 

DO lOPO I 
PRINT 50' 

PRINT 60 • 
GO TU 1110 

1, LOOP 
ODULIST (IMAP. I ) , ACCtP (I) 

PRINT 
KRINT 
PRINT 

DO 

70 
30. 
bO 

1 100 1 
PRINT 50, I 

1, LOOP 
ODDLIST di-lAP, I ) , ACCEP d ) 

1120 

1130 

KRINT 90 
»«.<'<>««« o »«»^ i««< t ««-;><-<> <t -ii «>* t- <> -i .fc -a •» i» •:*«<><> <f <> <f -a .-•«««'> <t««. i <> .J i i c -li <i»i> ft « « a %>« ( t« » 

U = MAXO ( I N , OUT, Y F I N I S H , - 1) 
00 1120 13 = 1 , 2 
FRACTY = AMOO ( - ^ l E L L d J ) . YFRAC) 
WELLS (13) = IFIA (WELL (13) / YFRAC) . . 
IF (FRACTY .GE. .5) WELLS 

58 

1140 
1 

1150 

1 loo 

1170 

1 
1180 

1190 

1200 

1210 

1220 

1230 

(13) = WELLS (13) • 1 
DO 1240 KNUM = 1 
YCOORD =• 5'a - KNUM 

UO 1130 ,12 = 1. 100 
ROW (12) = IH 

Y = (FLOATdl) - 1.) " INCRY 
FR/iCTY =. AMOD (Y. YFRAC) 
NUMROW = IFIX 
IF (FRACTY .GE 
IF (YCOORD..Eu. 
IF (YCOORD .Nt. 

1220 

'L0UP2 •= MAAO 
DO 1210 J 

(FLOAT(J) 
.NE. IN .uR 
12 

1200 
.NE. 
1 1 

1200 

(Y / YFRAC) 
,5) NUMROW : 

NUMWQW) GO TO 
wELLSd) .AND. 

.•JIJMROW * 
1150 
Y.COQRO .NE WELLS(2)) GO TO 

(IN. 
1. 

A 
IF 
KK 
60 
IF 
KK 
b(J 

IF 

(J 

TO 
(J 

OUT, AFINISH. 
L0UP2 
• 1.) " I NCRA 
. II .NE. IN) 

- 1) 

GO TO 1160 

OUT .UP. II .NE. OUT) GU TO 1170 

TO 
(YCOORD 

00 1190 
IF (IMAP .t(J. 

TO 1210 W U M K O W ) GO 

1. LOOP 
B1 GO T 0 1180 

IF (A8S(0DUL1ST'( 1 M A P , K K ) - X Y H S T ( J. II) ) 

GO TO 1200 
GO TO 1190 
IF (AhS(ODDLIST.(IMAP.KK) 
• TO 1200 

.LE. ACCEP(KK)) 

«/RAU(J,Il)) .LE. ACCFP(KK)) GO 

(A, XFRAC) 
(X '/ XFRAC) 
.5) XCOORD = 
= CONTU (KK) 

CONTINUE 
OO TO 1210 
FRACTX = AMOD 
XCOORD = IFIX 
IF (FRACTX .GE. 
Row (XCOORD • 1) 
CONTIMUE 

II = II - 1 
IF (YC00PD/6"6 .EO. YCOORD) Go 
PRINT 100, YAXIS (KNUM), GRAPH 
GO TO 1240 
YVALUE = XY " YCOORD / 6 
PRINT 110, YAXIS (KNUM), YVALUE. 

XCOORD • 1 

TO 1230 
d ) , (ROW(N) N=l, 100) 

GRAPH (2), (ROW(N). N=l 

CONT610 
CONT 620 
CONT 630 
CONT 640 
CONT 650 
CONT 660 
CONT 670 
CONT 680 
CONT 690 
CONT 700 
CONT 710 
CONT 720 
CONT 730 
CONT 740 
CONT 750 
CONT 760 
CONT 770. 
CONT 780 
CONT 790 
CONT 800 
CONT 810 
CONT 820 
CONT 830 
CONT 840 
CONT 850 
CONT 860 
CONT 870 
CONT 880 
CONT 890 
CUNT 900 
CONT 910 
CONT 920 
CONT 930 
CONT 940 
CONT 950 
CONT 960 
CONT 970 
CONT 980 
CONT 990 
CONTIOOO 
CONTIOIO 
CONT1020 
CONT1030 
CONT1040 
CONT1050 
CONT1060 
CONT1070 
CONT1080 
CONT1090 
CONTllOO 
CONTI110 
CONT1120 
CONT1130 
CONT1140 
CONTI150 
CONTI160 
CONT 11.70 
CONT1180 
CONT 11.90 
CONT1200 

T'. 
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I ' * ' ' , 

M 

i' n 

Is 

i 

5 J; '< 

!i 

1 
124 0 

1250 

1260 

1270 

10 
'20 

30 
40 

50 
60 

70 

60 

90 

100 
110 
120 
130 

100) 
CONTINUE 
DO 1250 MN = 1, 12 
XAXIS (MN) = GRAPH (3) 

PRINT 120, XAXIS 
DO 1260 MN = 1, 12 
XVALUE'(MN) = (MN - 1) 

PRINT 130* XVALUE 
CONTINUE 

RETURN 

XY 

FORMAT ( 30X 
FQKMAT ( IHI 

"UR MAP" ) 
FQKMAT ( / 
FORMAT ( // 
"ACCEPTANCE 

FORMAT ( / 
FOKMAT ( IHl 
" U R E C 

FORMAT ( , // 
FORMAT ( // 

lOX "ACCEPT 
FORMAT { IHl 

" I T Y C 
FQKMAT ( 2X» 

* 2 E 1 5 . 5 ) 
/ / / / / / 45X " F I R S T QUADRANT ISOPRESSURt(HEAD) CON 

FORMAT 
FQKMAT 
FORMAT 

»)» 

47X "HEIGHT OF ANALYSIS IN AQUIFER" F 5 . 1 » F T . " 
25X "CONTOUR INTERVAL" lOX " H E A D d N F E E T ) " lOX 
R E G I O N d N FEET) ( • , - ) " ) 

32X* 12* 16X* E 1 2 . 4 * 1 7 X E 1 4 . 7 ) 
* 35X " F I R S T Q U A D R A N T I S O P R E S 
O N T O U R M A P " / 7 X , 121 ( I H - ) ) 
/ / / / 45X " F I R S T OUADRANT ISOVELOCITY CONTOUR MAP" 

25X "CONTOUR INTERVAL" lOX " V E L O C l T Y d N F T . / S E C . 
ANCE REGION ( I N F T . / S E C . ) ( • , - ) " ) 
, 3 5 X " F I R S T Q U A D R A N T I S O V E L O C 
O N T O U R M A P " / 7 X , 121 ( I H -

l A l , 4 X , l A l , l O O A l , 19X , I H I ) 
( 2 X , l A l , I X , 1 3 , l A l , l O O A l , 19X , I H I 
( 8 X , 12A10 ) 
( 6 X , 1 2 ( 1 3 , 7X) / 46X "X D I R E C T I O N ( F E E T 

) ) 

) 

CONT1210 
CONT1220 
CONT1230 
CONT1240 
CONTI250 
CONT1260 
CONT1270 
CONT1280 
CONT1290 
CONT1300 
CONT1310 
CONT1320 

TO«CONT1330 
CONT1340 
CONT1350 
CONT1360 
CONT1370 
CONT1380 

"CONT1390 
CONT1400 

)CONT1410 
CONT1420 
CONT1430 

"CONT1440 
CONT1450 
CONT1460 
CONT1470 
CONT1480 

"CONT1490 
CONT1500 

)« 

] 
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•il 
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y 
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UDC 6«9.017 

imeter of 
luccessivp 

SUBJ 
MNG 

1.8 aiul Br.l CNO 

ontact surl 
)f welds 

Br.KhTsr 

4000 

0.70 

SOOO 

0,79 
57 
51 
58 
66 

62 
62 
72 
51 
54 

67 
67 
51 
52 
52 

75 
55 
60 
65 
46 

0.68 
0.62 
0.69 
0.32 

0.74 
0.72 
0.94 
0.59 
0.63 

0.74 
0.77 
0.63 
0.62 
0.74 

0.68 
0.63 
0.67 
0.79 
0.52 

0.77 
0.B3 
o.ai 
0.92 

0.82 
0.84 
0.81 
0.73 
0.79 

0.94 
0.91 
0.73 
0.69 
0.85 

1.03 
0.72 
0.80 
0.94 
0.63 

t&a 

cam f O i B v 

The experimental data were treated by one of the methods 
of mathematical statistics, i.e. analysis of variance. The 
effect of all the factors was statistically significant when 
checked against the F criterion with a confidence probabil
ity of 95^. This made it possible to analyse the effect of 
the treatment regimes on the stability of the electrodes, by 
comparing the change in the diameter of their contact sur
face for each level of each factor {table 1). This mainly 
concerned the stability of the electrodes after 5000 welds. 

As a result of analysis of the effect of the treatment re 
gimes on the properties of electrodes of bronze Br. KhO.8 
it is possible to recommend the following scheme for the 
treatment of the electrodes: quenching -̂  deformation -f 
ageing -f deformation. The best treatment regimes in this 
scheme are given in table 2. The differences from those 
existing at the present time lie in the fact that, firstly, de
formation after quenching is realised at 400°C and not at 
room';^mperature; secondly, the ageing temperature must 
be higher (500 instead of 460°C): thirdly, deformation Is 
required after ageing, and it can be realised either at room 
temperature or at 500°C. 

As a result of analysis of the data on the stability of elec
trodes of bronze Br.KhTsr it Is possible to recommend 
the following scheme of treatment: quenching -t deformation 
-̂  ageing -f deformation. The best regimes of such treatment 
are given in table 2. The main differences from the existing . 
regimes are as follows: firstly, instead of cold deforma
tion, deformation after quenching is carried out at 450 or 
500°C; secondly, one deformation at a temperature of 500°C 
is required after ageing. 

The processes occurring in the electrodes at various stages 
of treatment and during use are fairly complex, and it is 
therefore difficult to explain unambiguously the optimum 
character of the regimes given in table 3. At the same time, 
certain hypotheses can be put forward on the basis of the 

Control of the nickel deposition process in the autoclave treatment of_pickel-pyrrhotite concentrateL 

existing experimental data^)l The working surface of the 
electrode during spot welding Is softened as a result of re-
crystallisation and coagulatidjn of the particles of second 
phase, and the stability of the electrodes is mainly deter
mined by the amount and slze^ of the segregations. In order 
to reduce the softening rate it Is necessary, on the one 
hand, that the partlcie sizes should be as small as possible 
and that the volume fraction should be as large as possible. 
On the other hand, the size of the segregations must be 
stable during the operation of the electrode. 

It was shown that deformation between quenching and 
ageing leads to the result that Ithe rod-like segregated par
ticles becomes spherical and are at the same time refined. 
In deformation at temperature^ of 400-450°C decomposition 
of the supersaturated solid solution occurs. Here a large 
number of centres for the nueleation of the second phase 
appear, and subsequent ageing leads to the formation of a 
structure characterosed by thejoptimum combination of 
the number of particles in unit volume and their size, since 
redistribution of the dislocation^ by nonconservative move
ment and annihilation occurs. 

Some of the proposed regimesIwere tested directly under 
Industrial conditions at the I A liikhachev motor works. 
For comparison electrodes prod|uced in the tool shop of 
the ZIL motor works, at the Perovo works, and treated by 
the standard regime were tested! As stability characteris
tics of the electrodes we determined the number of welds 
produced before the electrode was completely worn out. 
Jhe results from the industrial trial, given in table 3, 
showed a considerable increase in the stability of the elec
trodes treated by the proposed regime. 
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For the treatment of nickel-pyrrhotite concentrates an 
autoclave technique was developed^), securing an increase 
in the nickel content of the final product (the sulphide con
centrate) of four to six times compared with its content in 
the initial raw material. Concentration occurs on account 
of the extraction of the gangue material and a large part 
of the iron of the pyrrhotite into the tailings and the ex
traction of sulphur in the elemental form. The extraction 
of the pyrrhotite iron into the tailings is realised in a set 
of main operations including the following'): aggregation 
of the elemental sulphur and sulphides undecomposed in 
the leaching process; the sulphide sulphur granules are 
separated from the pulp and passed on for the melting 
of elemental sulphur (in the shortened variant of the 
technological scheme the oxidised pulp is delivered di
rectly for precipitation, by-passing the aggregation); pre
cipitation of nickel from the pulp in the form of su^hides 
with metallic iron and elemental sulphur; flotation sep
aration of the sulphides and elemental sulphur from the 
iron hydroxides and gangue. 

The technical operations are fulfilled in succession with
out intermediate vessels in between them and without 
recirculation of the solids. The main estimate of the 
effectiveness of the complex of operations as a whole is 
therefore provided by the characteristics of the sulphide 
sulphur flotation (the extraction of nickel and elemental 
sulphur into the sulphide sulphur concentrate and its 
quality). The extraction of nickel into the concentrate de
pends on its content in the tailings and on their yield, and 
for the technique as a whole it is delermined by the losses 

of nickel with the tailings of the sulphide sulphur flotation. 
The quality of the concentrate is characterised by the 
ratio of the nickel to iron content in the concentrale. 

By technological investigations it \Yas established that 
the initial raw material and the leaching regime have a 
significant effect on the flotation characteristics'"*). To 
determine this effect quantitatively we constructed a 
nomogram (fig. 1) by means of which lit is possible to cal
culate the quality of the concentrate (Ke) for known con
tents of pyrrhotite (Cp^) and nickel (CNI ) in the Initial 
raw material, the degree of decomposition of the pyrrho
tite (TIP,), the degreeof transfer of the nickel into solu
tion (jj^j), and the content of nickel ln|the flotation tail
ings C Je). (?)p is equal to the ratio of the amount of 
oxldisea pyrrliotite to its amount in the oxidised pulp; 
TjjQi is equal to the ratio of the amount of nickel In the 
solution of the oxidised pulp to Its amount In the initial 
concentrate). 1 

The rule for the use of the nomogram is shown in ine fig. 
by lines with arrows, which indicate the sequence of oper
ations. The nomogram was checked against the dala from 
several balancing tr lalson a pilot plant. (The balancing 
trials were carried out by a team of investigators under 
the guidance of Candidates of TechnlcallSciences, A S 
Ladygo, V I Goryachkin and Ya M Shneejrson). The devia
tion of the calculated Kc values from the actual values was 
not greater than 10 rel. %. Consequentlyi, it is possible 
with an acceptable degree of accuracy for practical pur
poses to forecast the quality characterLstics obtalnaole 
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Fig. l The nomogTam for calculat ion 
of the quali ty cha rac t e r i s t i c 
of the txtntxntrate (Kc) in r e l 
ation to the nickel content 
Km) and oyrrhoti te content 
(Cp.) of the i n i t i a i raw tnater-
l a l , the degree of dei:ixiitiosition 
of the pyrrhoti te (npt > • *"<* "•» 
degree of transfer of nicJcel 
in to the solution (r\[ii) during 
leaching, and the nickel e»}ntent 
of the f lo ta t ion t a i l i ngs (C^f). 

with a given leaching regime and with ideal realisation of 
the subsequent operations. Ideal realisation means that 
sulphide iron or any of its forms extractable into the 
concentrate are not formed during aggregation, precipi
tation and flotation. 

If the "non-ideality" is characterised by the amount of 
sulphide iron formed in the given technological operation 
and is related to a ton of the initial concentrate, it is 
only necessary to correct the rip, value in order to pre
dict K^. In such a way it is convenient to estimate the 
effect of each of the operations on the formation of Kc in 
the set of main operations. The contribution from each 
of them to the resultant value of the degree of dedomposl-
tion of pyrrhotite (ijp ) is such. 

During aggregation 90-98^ of the sulphide iron is with
drawn into the granules, i r re^ec t lve of the degree of 
decomposition of the pyrrhotite in leaching"). Consequen
tly, at the entry to precipitalion TJPO « 1. 

A considerable amount of secondary pyrrhotite can form 
during precipitation^), and this can reduce the ijp^ value 
by 0.02-0.15 compared with the input value. During flota-. 
tion a certain part of the icon hydroxides- Is extracted 
into the sulphide sulphur concentration. This may lead 
to a decrease of »jf, by a further 0.01-0.1 relative unit. 

As a result T)p, may be 0.03-0.15 relative unit less than 
the degree of decomposition of the pyrrhotite during 
leaching. As seen from the nomogram, the quaUty of the 
concentrate is reduced considerably in this case. Here, 
as shown in the literature*^), the consumption of the r e 
agents on the main operations and on the melting of the 
solvent Increases. Thus, the criterion for control of the 
precipitation process must be selected with allowance 
for these peculiarities of the technological scheme. 

The set of technological requirements for the precipi
tation process was formulated as follows: it is neces
sary to maintain a given nickel content in the solution of 
the pulp at the outlet from the precipitation process 
(usually O.05-0.2g/l) with a minimum consumption of 
the reagents. Here it is desirable to obtain iron-free 
nickel sulphides of specific particle size, securing their 
good notability, and to realise the precipitation with the 
pH of the pulp as low as possible. In this case, with other 
conditions equal, the losses of nickel with the flotation tail
ings are reduced*). The possibility of combining such var
ied requirements into a single criterion for control of the 
process is analysed below. 

The precipitation process is realised at atmospheric 
pressure in a cascade of three to four reactors with mec
hanical agitation at 85-95°C. The average time spent by 

the pulp in the reactors varies from 40 hiin to 2 h. The 
precipitation reagents are metalUc iron powder (particle 
size 100% -0.5mm) and finely ground elemental sulphur, 
which is delivered with the oxidised pulp or in the form of 
an aqueous pulp of the various intermediate products from 
the fusion of the sulphur. 

In the mechanism of the precipitation oi nickel from 
acidic sulphate solutions with metalUc ii'ion and elemental 
sulphur^) it Is possible to distinguish two groups of reac
tions. The first group is the sulphidisation'reactions: 

Fe° -•HaSOt -^FeSO. -•• 2H 

2H -̂  S° - HaS 

HaS + NiSO* * NiS -t- HaSO* 

U) 

(2) 

(3) 

During reaction according to these equations the consump. 
tion of metalUc iron and elemental sulphur on ttie precipU 
tation is minimum and equal to the stoichljometrlc amount 
required for the reaction 

Fe" -^S° -t-NiSO* -• NiS-FeSO* (4) 

The nickel sulphide does not contain iron, and the pH of the 
pulp at the outlet from the precipitation stage Is equal to 
the initial value. Consequently, in this case three of the 
four main technological requirements are kilfilled. 

The second group includes the following r|eactions: 

NiSO* •̂  Fe" - Ni" + FeSO* 

Ni" + HaSO* * NiSO* -1- 2H 

2H - H - ^ 

(5) 

(6) 

(7) 

the overall effect of which can be represented as neutralis
ation of sulphuric acid by metallic iron: 

Fe° -t- HaSO* - FeSO* + Ha * (8) 

and leads to unproductive consumption of metallic iron and 
to an increase in the pH of the pulp. U, however, the rate 
of reaction (5) Is higher than that of reaction (6), the cemen
ted films of nickel which form do not succee<l in dissolving 
during precipitation. In this case increased losses of nickel 
with the solutions of the concentrate and the {tailings are ob
served in flotation. 

Under real conditions the precipitation of lion sulphide is 
possible, and this leads to the forination of sulphides of the 
NIS • nFeS type with a variable content of FeSh. It is clear 
that the consumption of the precipitation reagents here ex
ceeds the stoichiometric consumption required for reac
tions (4). j 

The task in automatic control of the precipitation process 
can, therefore, be formulated as follows: it is necessary 
to organise the control so as to secure the optimum ratio 
of the rates of the sulphidisation and cementatjlon-neutra-
llsation reactions. The main information about t^e ratio 
of these processes is provided by the pH of the pulp, and 
the criterion for the attainment of the optimum ratio under 
Speclfle conditions is the minimum excess of metallic iron 
consumption in relation to the stoichiometric amount r e 
quired for reaction (4). I 

These conclusions follow from the analysis of the chemi
cal mechanism of the precipitation of nickel frorn pure sol
utions. Their validity for real conditions -in the! realisation 
of the precipitation from pulps was checked on a pilot 
plant. The effect of the excess of the metallic ijron con
sumption on the precipitation characteristics (t^e nickel 
content at the outlet, the pH of the pulp) and on the flota
tion characteristics (the quality of the concentrate and 
the losses of nickel with the flotation tailings) was inves
tigated. The dependence of the excess iron consumption 

Fe 

c„l 

as 

a* 
as 

g % . 

a^ 

eig.2 
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!l 
on the leaching regime, the main characteristic of which 
is the degree of decomposition of the pyrrhotite, was also 
investigated. 

The excess ratio of metallic Iron consumption (Kfe ) 
was calculated on the basis of experimental data by means 
of the equation: 

epe 
Fe ' s d -y„ M (9) 

Fe 

Pysd-ysn MNi ̂
(c° , i -c , i ) 

where; gpe is the consumption of iron powder k^h ; a is 
the content of metallic iron in the powder; C'^i and CJ,'i 
are the contents of nickel in the solution of the pulp at the 
inlet and outlet of the precipitation stage respectively; 
Mpe and Mtji are the atomic weights of iron and nickel; 
Vp is the consumption of pulp at the inlet; y^, -ysi and 
Ysn *r^ ^ ^ densities of the pulp, the solid and the solution 
respectively. 

The excess ratio of the elemental sulphur consumption on 
sulphidisation Is calculated by an analogous formula. As 
shown by the invesUgations, the metallic iron consumption 
depends on the degree of precipitation of the nickel and 
varies significantly with a variable content of elemental 
sulphur in the pulp (fig. 2a). 

Fig.2 The resul t s from the experimental invest igat ions: 
a) The effect of the excess consumotion of metall ic 
iron on the prec ip i ta t ion of nickel (Kpg) and on the 
content of nickel in the f inal solution (Cm); Kg = 
S (1), Ks ~ Os b) the effect of the excess metall ic 
iron consumption on the qual i ty charac te r i s t i c of the 
concentrate (Kelt c) the effect of the pH of the pulp 
a t the out le t from the precipi ta t ion process on the 
nickel content of the f lo ta t ion t a i l i ngs (C^f); d) 
the effect of the degree of decomposition of pyrrhoti te 
daring leaching fru ) . 

Here curve I was obtained with five times the amount. 
Curve II was obtained with a pulp from which up to 95% of 
the elemental sulphur had been removed during aggrega
tion. As seen from these data, a specific ratio in the ex
cesses of precipitation reagents delivered to the precipita
tion reactors is required for the attainment of the minimum 
iron consumption. The pH of the pulp in the precipitation 
process also depends on this ratio. Within the range of 
variation Kp^ = 0.1-3.0 and 1^ = 0.5-5.0. 

pH = 4.3 -f 0.266 • Kpe - 0.172 • Ks (10) 

For the final nickel content of O.lg/l in the solution a Kpe 
value of 1.5 is required (curve ll fig. 2a). The minimum 
pH value attainable in practice wlill then be about 3.5 
fequatlon (10)]. As shown In the l i terature^ contamination 
of the precipitates with sulphide iron hardly occurs at all 
at pH« 3-3.5. 

The effect of the excess metallic iron consumption on the 
quality of the sulphide sulphur concentrate Is shown In fig. 
2b. The significant effect of K^̂  On K,, is obvious, and the 
experimental values for the qualicy characteristic of the 
concentrate vary within limits calculated according to the 
nomogram in fig.l . 

The effect of Kpe on C f̂ is expressed in terms of the 
variation of the pH of the pulp duri^ng precipitation and is 
shown in fig. 2c. Depending on a multitude of factors, the 
nickel content in the solid of the flotation tailings can vary 
within wide limits but always decreases with decrease in 
the pH under comparable conditions. 

The effect of the degree of decomposition of pyrrhotite 
during leaching on Kpe Is shown Inlfig. 2d. The Kpg value 
Increases with decrease of r/p^. Tills is clearly explained 
by the overall effect of the decrease in the content of ele
mental sulphur in the pulp and by the variation of Its char
acteristics (activity, particle size, etc.) during the Ieach
ing process, a complete assessment of which is provided 
by the degree of decomposition of the pyrrhotite. Thus the 
experimental investigations confirm the expediency of 
formulating the problem of control ojf the precipitation pro
cess'as follows: 

Kpg - • m i n (11) 

for a given content of nickel In the solution of the pulp at 
the outlet from the precipitation stage. In this case all 
the technological requirements Indicated above are best 
fulfilled. 

With unchanged elemental sulphur characteristics formed 
In the leaching process the condition ^H ->• min is equiva
lent to the condition (11). 

From the presented experimental dala It also follows 
that the absolute values of Kpe and the pH of the pulp at 
the outlet, as specifications to the loc^l systems of auto
matic control, cannot be specified arbitrarily. It Is only 
possible to Indicate their limiting most favourable values, 
namely: Kpe = 1.0; pH = 3.5. The search for optimum 
values of these quantities in the cours^ of the process is 
the main task in the control of the prectipitatlon as an ele
ment of a technological flow chart for tKe complex of main 
operations. 

References 

1) V 1 Goryachkin et alia: Hydrometallurgical treatment of 
copper-nickel pyrrhotite concentrate^ based on auto
clave oxidative leaching. Collection: Hydrometallurgy 
(Ed. B N Laskorin): Nauka, Moscow ll976,p.48. 

2) V I Goryachkin et alia: Tsvetnye Metally 1974, (9), 1. 
3) V A Shcherbakov et alia: Byull. In-ta tsvetnmetin-

formatslya, Tsvetnaya Metallurgiya 1^74,(1), 24. 
4) V V Yakovlev et alia: Tsvetnye Metally 1977, (5), 75. 
5) N V Serova et alia: Characteristics ofj the formation 

of sulphur-sulphide melt in the pulp frpm oxidative 
autoclave leaching of pyrrhotlte-containlng concentr
ates: Sb.Tr.Gintsvetmeta No. 41, Metallurgiya, Moscow 
1976,67. I 

6) V I Goryachkin et alia: Tsvetnye MetaUy 1975, (1), 11. 

279 



SUBJ 
MNG 
COUO 

SPE 7537 -

CHARACTERIZATION OF THE .URANIUM OCCURRENCE 

IN PRE- AND POST-LEACH ORE SAMPLES FROM 

SANDSTONE DEPOSITS IN TEXAS & WYOMING 

by Susan Wood, Westinghouse 

= Copyright 1978. American inslitule ol Mining. .Meiallurgical. and Pelroleum Engineers. Inc. 

This paper was presenieo al me 53rd Annual Fall TecHnical Conlerence and Exhioiiion ol (neSociely ol Petroleum Engineers ol AIME, held in Houston. Texas. Ocl. ;.3,1978. The material is subject to correction 
S)v the aulhor. Permission to cooy is restricted to an aostract ol not more than JOO words. Write; 5200 N. Central Eioy., Dallas, Texas ?5206. 

ABSTRACT 

Uranium ore samples from open-pit tnines in the 
Shirley Basin of Wyoming and in Texas are currently 
being utilized to simulate in situ-leaching conditions 
in laboratory column-leach tests at the V/ R & D 
Centet. Evaluation of .their uranium mineralogies was 
achieved through analysis of mounted and polished 
specimens with the electron beam- mieroanalyzer and 
scanning electron microscope, after first delineating 
(j-active regions by radioluxography. The two ores 
exhibited both different uranium distributions and 
mineralogies, but these characteristics were similar 
for as-received and processed material fron each sitei 
No uranium was detected in acid-leached Wyoming ore. 

INTRODUCTION 

In-situ leaching has become a very attractive 
method for recovering uranium from secondary arkosic 
sandstone deposits because of both the relatively 
low capital costs involved and the amenability of 
such ore bodies to this leaching technique. To im
prove and further the understanding of the leaching 
of uranium by this method, laboratory simulation, 
utilizing column-leaching apparatus, is currently 
being exploited at the W R & D Center(l). Although 
the ores used in these" experiments originated in 
sandstone deposits in Texas and Wyoming, they were 
obtained from open-pit .sites rather than the deeper 
mineralized roll-fronts normally subjected to in
situ mining.. Furthermore, the ore was processed 
through drying, blending and column-packing opera
tions before being leached. Hence, it is not known, 
for example, if the uranium distribution in the 
column truly represents that in the original ore body 
or if the mineralogies of the open-pit ores are typical 
of those observed in deposits located at greater depths. 

This paper describes the results of a character
ization study designed to answer these types of ques
tions. In addition to delineating the uranium min
eralogy of both the virgin Texas and Wyoming ores, 
the uranium distributions in as-received and pro
cessed ores were evaluated using a radioluxograph 

*References and illustrations at end of paper. 

technique. The a-maps thus obtained were also uti
lized to identify U-rich zones for subsequent exami
nation by use of electron beam microanalysis (EBMA) 
and scanning electron (SEM) for i h e delineation of 
uranium mineralogy. Wyoming ore subjected a sulfuric 
acid leach was also examined. The low uranium con
tent of the ores prohibits evaluation of uranium 
mineralogies by petrography and necessitates the use 
of more sophisticated analyticalj techniques. 

EXPERIMENTAL PROCEDURES 

A. Selection and Packaging of Ore 

Ore samples were obtained from the Lucky Mc mine 
in the Shirley Basin of Wyoming and the Conquista 
Project near Falls City, Texas. Material for the 
pre-leach characterization study was selected from 
currently-mined areas in the open-pit to be within a 
grade of 0.0.'5-0.12 Wt% U3O8 (as determined by on-
site Y-logging techniques).. Sdme of the ore, used 
only for characterization purposes, was sealed under 
nitrogen at the mine site, while a larger, bulk sam
ple was merely packaged in a polyethylene bag. This 
latter material was subsequently dried and processed 
for column-leach studies. I 

B. Preparation of Mounted Specimens 

In general, both the Texds and Wyoming ores are 
poorly consolidated, which necessitated packing the 
as-received material in small|cardboard boxes for 
mounting purposes. Because the Liicky Mc (Wyoming) 
ore also contained pieces (with a maximum dimension 
of 'vA cm) which retained their competency, several of 
these were also selected for mounting. Samples were 
oven-dried for 24 hrs. at SOiC before vacuiim-impreg
nating with Spurr, a low. "viscosity resin cured by 
baking at 50°C for approximaiiely 16 hrs. Specimens 
were subsequently ground through 600 grit SiC and 
polished to 0.5 \im. diamond using water as the vehicle. 
After obtaining both radioluxographs (the procedure 
for which is discussed in. the next section) and min
eralogical analyses, a 3 inm Isection was cut from the 
polished face of each mount,] and all specimens were 
re-ground and polished at this new plane after re-
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impregnating the surfaces with Spurr. Additional 
EBMA^ and SEM studies were subsequently peformed at 
the new sample depths. 

Processed (i.e. air-dried, crushed to - 10 m and 
blended) samples were prepared in a similar manner 
except rubber molds were utilized to reduce sample 
size because of the granular nature of the material. 
Problems were encountered in obtaining acceptable 
mounts and those finally selected for examination had 
experienced some pull-out of grains and matrix ma
terial during grinding and polishing operations due 
to poor consolidation of the mounting medium - a 
problem believed to result from the granular nature 
of the dry ore. However, the surface condition of 
the final mounts proved adequate for the characteri
zation studies. 

Acid-leached, processed material was received in 
a moist condition which permitted a mode of prepara
tion identical to that utilized for the as-received 
ore. Samples were selected from three sections with
in the column, and no significant pull-out was ob
served during grinding and polishing operations. 

C. Radioluxographs 

Radioluxographs, or a-maps, were obtained from 
all polished sample surfaces prior to their examina
tion with EBMA or SEM. The technique utilizes a 
ZnS-CdS/Ag activated phosphor which is sandwiched 
between Type 57 film and the specimen^^^ for exposure 
times of 70 to 73 hrs. Alpha-maps were also obtained 
from hand-picked pieces of coalified material. These 
images were used to interpret the distribution of 
a-emitters on the sample surfaces and to delineate 
"hot spots", or particularly radioactive zones, for 
investigation with EBMA and SEM. 

P. EBMA and SEM Analyses 

Ail EBMA analyses utilized a MAC 400 micro
probe and the SEM was performed on a Cambridge 
Stereoscan S4.A 20KeV accelerating voltage was used 
on both instruments. Elemental distributions, ob
tained by the EBMA mapping mode, were used to char
acterize U-rich zones in virgin samples of Texas and 
Wyoming ore. Non U-rich matrix regions were also 
investigated - in both virgin and leached material. 
Most areas were subsequently examined with the SEM 
to identify the morphology of the U-rich phases (in 
virgin ore) or reaction products (in leached ore). 
Energy dispersive X-ray (EDAX) analyses were per
formed concurrently and use of standard operating 
conditions on the SEM permitted composition compari
sons both within one region and from one region to 
another. 

Although most EBMA studies were performed using 
the mapping mode, 20 scans were also performed in 
the matrices of both Conquista and Lucky Mc ores 
utilizing a beam diameter of '^20\m. The 20 scans are 
significantly more sensitive than the mapping mode 
(by at least a factor of 10) for the detection of 
uranium. 

RESULTS 

A. Radioluxographs 

Examples of radioluxographs obtained from the 
various types of ore samples are given in Figure 1, 
together with a macro-optical photograph of a typical 

mounted specimen. Those areas specifically delin
eated are areas examined in more detail with EBMA 
and SEM. The radioluxograph or a-map is obtained by 
permitting the a-particles generated within the ore 
sample to surface to interact with the phosphor, gen
erating photons of the correct wavelength for expo
sure of photographic film. A subsequent print of 
the image is termed a radioluxograph. However, it 
should be noted that the phosphor does not selective
ly interact only with a-particles generated by the 
decay of -'"U, but will also produce photons due to 
all a-particles generated by the decay sequence, in
cluding 226^_ j^ ig jjQ̂ , known that ^̂ ''Ba decay, 
contributes a significant amount of a-activity and 
thus, a-maps can only be utilized to monitor U dis
tributions for samples in which the U and Ra are 
still closely associated and there has been no migra
tion of U. 

Figure la shows a typical radioluxograph obtain
ed from an unprocessed Lucky Mc specimen. There is 
a weak background distribution of a-activity plus 
localized "hot spots", or more radioactive zones. 
Both disaggregated and competent samples exhibited 
similar distributions which did not change as a 
function of depth in the bulk specimen. Comparison 
of Figure la with Figure lc, which gives a represen
tative a-map from a mount of processed ore, reveals 
comparable a-activities in the two types of speci
mens with, perhaps, fewer "hot spots" after process
ing. All processed Lucky Mc samples were also ob
served to exhibit an unchanging a-distribution as a 
function of depth. 

Figures lb and le show typical radiolu:cographs 
from as-received and processed samples of Conquista 
ore, respectively. Similar a-activity distributions 
are again observed before and after the blending oper
ation, but it is apparent that they differ from those 
in the Lucky Mc ore. There is a higher, more uniform 
"background" activity with fewer localized hot spots 
in the Conquista ore; those regions within the speci
men boundaries which yielded no exposure on the 
radioluxographs correspond to zones of resin mounting 
medium in the sample. Neither type of Conquista 
specimen exhibited changes in the a-activity distri
bution as a function of depth. 

Additional radioluxographs are presented from 
coalified wood fragments and lUSO,- leached Lucky Mc 
material (Figures Id and If). The former shows a 
relatively high overall activity with respect to the 
bulk samples, even after consideration of the differ
ent exposure times, and the latter compares well with 
the pre-leached material. Figure Ic^ but has a some
what higher background distribution (exposure time 
for the leached specimen was 72 hr.). Despite the 
apparent radioactivity of the organic material, it 
cannot represent a major mode of uranium occurrence 
because coalified wood was identified only as a minor 
constituent in these ore samples. The activity ex
hibited by the leached material is generated primari
ly by "̂̂ "Ra decay, and an independent ^spectroscopy 
measurement yielded a Ra to U ratio of 3.8+1 (in 
pci/gm) in one of the mounted specimens. Before 
leaching this ratio was '\'1.0 (in pci/gm) in the typical 
mounted specimen. 



^'Pl'-C 7537 SUSAN WOOD 

B. EBMA and SEM Analyses of U-rich Zones in 
Unleached Lucky Mc Ore 

Most investigations were performed in regions 
within samples which had retained their competency, 
and thus the original mineral assemblages present in 
the ore body are still intact. Preliminary optical 
microscopy observations revealed that most radio
active zones (i.e. hot spots) on the radioluxographs 
were associated with pyrite, and examples of several 
different types of such regions are shown in Figures 
2 and 3. 

The first region (Figures 2a through e) is an 
assemblage of small pyrite grains surrounded by 
U-rich matrix material. An EBMA map (Figure 2b) gives 
the U-distribution within part of the pyrite-matrix 
aggregate shown in Figure 2a (note the differing 
manifications of 2a and 2b). The SEM micrograph in 
Figure 2c presents the typical layered morphology 
of the U-rich phase, which, in addition to U, also 
contains Si, Ai, K, Ca, Fe and Mg - a composition 
suggestive of a U-rich clay. EDAX analyses in the 
matrix region (at 2F and 2G, for example) yield U 
as the most abundant element present, and close 
inspection reveals that the structure at 2F is 
actually a relatively large U-rich precipitate >15um 
across, while the morphology and composition of 
2G suggest a micaceous mineral such as biotite 
(nominal composition (OH)4K2(SigAi2) (Mg, ^^')(.^nn^ •'^^'^ 
Although biotite does not contain Ca.this element is 
believed to be in-corporated in the U-rich mineral 
since EDAX analyses of the larger U-rich zones (e.g. 
2F) yielded higher Ca contents than did the bulk ma
trix. 

A second matrix area, represented by Figures 2d 
through 2f, reveals a U-rich phase in close proximity 
to pyrite, both of which are cementing quartz elas
tics. The EBMA UMa scan gives the U-distribution 
throughout the matrix -within the outlined region in 
Figure 2d while the morphology of the inter-related 
phases is revealed by the higher magnification SEM 
micrograph in Figure 2f. EDAX analyses at IF and IG 
show a definite U, Si, Ca and P association (with 
U and Si present as the most abundant constituents). 
In contrast, the lower magnification EBMA elemental 
maps for Ca, K, AJI, Si and Fe indicated that they 
were all associated with U, but it is believed that 
these analyses simply indicate the presence of ma
trix clay in addition to pyrite and a uranium phase. 
(Phosphorus was not scanned by EBMA). No V was de
tected in the area, and localized Ti concentrations 
suggested anatase (Ti02)• The U-rich phase is be
lieved to be the primary mineral uraninite, but 
attempts to extract sufficient material for identi
fication by use of X-ray diffraction techniques were 
unsuccessful. 

Additional U-rich regions whose mineralogy was 
similar to the two areas discussed previously were 
also examined in detail with EBMA and SEM and showed 
similar elemental associations(^. Pyrite was al
ways a common denominator and fine-grained calcite 
was present in some examples. Large U-rich precipi
tates (such as those in Figures 2c and 2f) were not 
always identified, but the existence of a separate 
U-rich phase was usually established by SEM/EDAX 
analyses, particularly in biotite regions where the 
low cation exchange capacity(5) precludes the possi
bility of having high concentrations of adsorbed 

uranium. 

sociated with 
presented) was 

surrounding 

A third mode of U-occurrence ass 
pyrite (for which micrographs are net 
observed in weathered pyrite cement 
quartz elastics(^). The uranium wai 'associated with 
montmorillonite clay and observed.-otjily in weathered 
regions, suggesting that U precipitited from the 
groundwater after pyrite deposition. Numerous scans 

performed in additional clay matrix. 
detect U, indicating, that if U is p 
out the matrix, its concentration ib too low for 
detection by the EBMA technique 

areas did not 
resent through

ly were derived 
t grinding and 

All results presented previousl 
from surfaces generated by the first 
polishing sequence. Only one area was examined in 
detail after the second sequence silnce hoc spots 
in the radioluxographs exhibited mineralogies similar 
to those already investigated. This region, designa
ted B3 in Figure la and presented in Figures 3a and 
3b, differs from those discussed previously because 
no pyrite is present. The morphology of the phase 
throughout which U is distributed is similar to that 
shown in Figure 2c (at 2G) and is indicative of 
biotite. Both elemental maps and EDAX analyses 
showed an association between U, Si, k i , K, Fe, Mg, 
Ti and Ca, but attempts to delineate the specific 
morphology of the U-occurrence with SEM were un
successful. No discrete U-rich precipitates were 
identified, but several factors lelad to the sugges
tion that the U is present in a layered morphology 
sandwiched between the biotite "leaves". Comparison 
of Ca and P elemental maps indicatjed localized re
gions rich in calcium phosphate. 

Observations on the processed samples of Lucky 
Me ore were restricted to optical and scanning 
electron microscopy, and evaluation by the former 

the hot spots 
were associated 

method again revealed that most o: 
delineated by the radioluxographs 
with pyrite, often in close proimity to biotite. 
SEM/EDAX analyses of one such area, identified in 
the radioluxograph in Figure lc, showed it to be 
both morphologically and mineralogically identical 
to that represented in Figures 2a' through 2c. No 
large U-rich precipitates were observed, but the U 
is believed to be present in a fine-grained phase 
closely intermixed with biotite as EDAX spot, analyses 
yielded compositions representative of this mineral 
(plus Ca) in addition to U. 

on coalified wood 
ore revealed that 

SEM/EDAX analyses performed 
fragments selected from Lucky Me 
some had a considerable amount o: pyrite, usually 
with cuboidal morphology, distrii>uted on the outer 
surfaces, whereas others had only clay (despite 
having been wet-sieved). The U appeared to be uni
formly distributed throughout th2 coalified wood and 
no discrete U-rich phase was identified. 

EBMA and SEM Analyses o f U-rich Zones in 
Unleached Conquista Ore 

Evaluation of the uranium mineralogy in these 
ore samples with EBMA and SEM/EDAX analyses proved 
difficult because most of the a-active material (and 
thus, uranium) was uniformly di;itributed throughout 
the matrix, and relatively few spots of high a-
activity were identified. Two areas examined in de
tail are represented by Figures 3c throug 3f. The 
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UMa distribution shown in Figure 3d was obtained 
within the clay region shown in Figure 3c and the 
long (9 min. 31 sec. ) scan time required indicates 
the relatively low level of uranium present (compare 
this with the 1 min. 54 sec. scan time required for 
the Lucky Mc specimens). This region is a small 
clay gall (probably montmorillonite) containing Si, 
AX, Ca, Mg and K, with small pyrite grains distribut
ed throughout. The U elemental map suggests a back
ground distribution in the clay with some, more 
localized, higher concentrations. Elemental 
associations of uranium could not be established and 
no discrete precipitates were resolved with SEM. 
Thus, it is suggested that the U is probably adsorb
ed on the clay. 

Two mineralized feldspar grains were evaluated, 
one of which, designated Al in Figure lb, is shown in 
Figure 3e. The uranium is distributed throughout a 
weathered region within the feldspar which contains 
clay (probably a calcic-montmorillonite) plus local
ized areas rich in pyrite, anatase and calcium 
phosphate. SEM/EDAX analyses were not performed, 
and the morphology of the U-rich phase was not 
specifically identified. The second mineralized 
feldspar grain exhibited a lower level of U but had 
an otherwise similar mineralogy. 

Because of the nature of the uranium distri
bution in the Conquista ore specimens, additional 
2Q scans were performed in the bulk clay matrix. 
Of 20 areas examined in the specimen of Figure lb, 
five were selected for a recorded 20-scan because 
the analyses yielded some counts under the UMa peak 
above the normal background level. U was positively 
identified at two points and was possibly present 
at the remaining three. Thus, the analyses indicate 
that U is indeed distributed at a low level through
out the clay matrix as was suggested by the radio
luxographs . 

D. EBMA and SEM Analyses of Acid-leached Lucky 
Me Ore 

Several areas associated with hot spots on the 
radioluxographs were analyzed by use of EBMA for the 
presence of U, but none was identified. Thus, it 
was concluded that the residual uranium was too low 
in concentration to be detected by the EBMA techni
que. 

Another important feature of the ore was 
characterized - namely the precipitation of gypsum 
believed to result from the dissolution of calcite. 
Figure 4 presents an example of a gypsum-rich 
matrix area (which also contains clay and mounting 
plastic) between quartz elastics. The SEM micro
graph (Figure 4b, reveals the fine-grained nature of 
the gypsum and the EBMA maps show that not all the 
Ca is associated with S indicating the presence of 
residual calcite. 

SUMMARY AND CONCLUSIONS 

In the Lucky Mc ore, the predominant mode of 
U-oeeurrence was in localized biotite regions, often 
associated with pyrite. Additional modes of 
mineralization observed were a U-rich phase closely 
intermixed with pyrite cement, in clay within 
weathered feldspar, and in coalified wood. Radio
luxographs revealed a low background activity with 
localized hot spots corresponding to the biotite and 

other U-rich regions. Alpha-activity distributions 
were similar for all samples of as-received and 
processed ore indicating that the latter was repre
sentative of the former. No U was detected in the 
bulk clay matrix nor in acid-leached ore. Gypsum 
precipitation was identified in several matrix 
areas after acid-leaching. 

In the Conquista ore, the predominant mode of 
U occurrence was in low concentrations in the clay 
matrix. Uranium was also observed in clay regions 
within weathered feldspar and in a clay gall. 
Radioluxographs showed an a-activity distribution 
distinctly different from that observed in the Lucky 
Mc; namely, a relatively high, uniform background 
activity with few localized hot spots. Alpha-maps 
from processed ore showed the same high background 
but no hot spots indicating disaggregation of these 
regions. 

Prediction of the relative ore leachabilities 
in a simulated in situ leach is difficult because of 
the numerous factors involved, such as the type of 
lixivium utilized, ore permeability and oxidation 
state, in addition to uranium mineralogy. However, 
a comparison of the Lucky Mc and Conquista ores 
suggested that, for a given lixivium, the former 
should yield a faster and higher recovery rate 
because of the availability of the U to the leachant 
(provided both ores exhibited similar pH and oxida
tion characteristics). Since the Conquista ore has 
a higher fines (clay) content(^'f and most of the 
uranium is associated with the clay, it was antici
pated that the recovery of U would be more difficult 
because of permeability problems. Laboratory column-
leach experiments did yield lower recovery values 
for this ore compared to Lucky Mc (for both alkaline 
and acid lixivia),but the reasons for this are be
lieved to be complex and not limited simply to 
mineralogical differences. Nevertheless, it is 
apparent that EBMA and SEM analyses of uranium ores 
do yield information valuable to the understanding 
of leaehing phenomena. 
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(a) As-Received Sample of Lucky 
Mc Ore 
73 hr. 15 min. Exposure 

(b) As-Received Sample of 
Conquista Ore 
73 hr . Exposure 

(c) Processed Sample of 
Lucky N\c Ore 
73 hr. 15 min. Exposure 

(d) Lucky Mc Organic 
Material 
90 hr . Exposure 

(e) Processed Sample of 
Conquista Ore. 
73 hr. 15 min. Exposure 

( f ) Lucky Mc Sample After 
H2S0^ Leach 

(g) Macro-Optical of a Typical 
Conquista Sample 

Fig. 1 - Radioluxographs and a macro-optical of mounted uranium ore specimens, 



(a) Pyrite - A/latrix Aggregate 

d) Matrix With Quartz Grains 

(b) UMa Distribution in Part of 
(a). 1 min. 54 sec. Scan 

(e) UMQ Distribution from Center 

of (d). Imin. 54 sec. Scan 

(c) Morphology of Matrix in (a) and (b! 

^ 

-l*r*i ' l I 

f) Morphology of Matrix i n (d) and (e 1 

Fig. 2 - U-rich matrix regions in Lucky Mc ore. 
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(a) Biotite in Lucky Mc Ore 

(c) U- rich Clay in Conquista Ore 

(b) U M Q Distribution in Outlined 

Area of (a) . I m i n . 54 sec. Scan 

( d ) U M a Distribution in Part of 

Area in (c). 9 min. 31 sec. Scan 

(e) U-rich Feldspar in Conquista Ore (f) U M Q Distribution in Outlineij 
Area of (e) . 9 min. 31 sec. Scan 

Fig. 3 - Uranium occurrences in Lucky Mc and Conquista ore samples. 



(a) Matrix Containing Gypsum (b) Morphology of Outlined 
Area in (a) 

(c) CaKa Distribution In 
(a). 1-min. 54 sec. Scan 

(d) SKQ Distribution in 

(a).3 min. 48 sec. Scan 

Fig. 4 - Matrix containing gypsum in H,,SÔ  - leached Lucky Mc ore. 
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ADSTRACT 

Uranium ore samples from open-pit mines in che Shirley Basin 
of Wyoming ancl in Texas are currently being utilized Co simulate 
in situ leaching conditions in laboratory column-leach te-sts at the 
l̂  R & D Center. Evaluation oE their uranium mineralogies was 
achieved through analysis of mounted and polished specimens with 
the electron beam mieroanalyzer and scanning electron microscope, 
afcer firsc delineating a-active regions by radioluxography. The 
two ores exhibited both differenc uranium distributions and 
mineralogies, but these characteristics were similar for as-received 
and processed material from each site. No uranium was detected in 
acid-leached Wyoming ore. 

INTRODUCTION 

In-situ leaching has become a very attractive method for 

recovering uranium frora epigenetic sandstone deposits because of 

both the relatively low capital costs involved and the amenability 

of such ore bodies to this leaching technique. To improve and 

further the understanding of the leaching of uranium by this method, 

laboratory simulation, utilizing column-leaching apparatus, is 
( I 2) 

currently being exploited at the IJ R & D Center.'- ' ' Although 
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the ores used i.11 these experiments originated in sandstone deposits 

in Texas and Wyoming, they were obtained from open-pit sites 

rather than the deeper mineralized roll-fronts normally subjected 

to in situ raining. Furthermore, thc ore was processed through 

drying, blending and column-packing operations before being leached. 

This paper describes the resulcs of a characterization study 

designed to determine if che uranium discribucion in the packed 

column truly represented that in thc original ore body, and if 

correlations c.'.in be made between uranium mineralogy and tho overall 

uranium recovery obtained via column-leaching. In addition to 

delineating the uranium mineralogy of both the virgin Texas and 

Wyoming ores, the uranium distributions in as-received and processed 

ores were evaluated using a radioluxograph technique. The a-maps 

thus obtained were also utilized to identify U-rich zones for sub

sequent examination by use of electron beam microanalysis (EBMA) and 

scanning electron microscopy (SEM) for the delineation of uranium 

mineralogy. These more sophisticated analytical techniques are now 

being more widely used for this type of application, ' and were 

necessitated in the present study because the low uranium content 

of die ores prohibited evaluation of mineralogies by petrography. 

Iliiwevcr, |)eLri)gr;i|ihy did iliiUa i.,1 nunm of Che b.itiic lithology. 

Tin; Ti.'x.'iii ore w.iH I'h.'ir.nliT I/.<'d .'iji vo.l I:.'IM Ic hi ii.'iLurc .'iml C.I.IIIMII I.I.MI 

a n n r ine-grM inoil, mixUT.'U'.i'ly i;ort<j(l, rnldtipatliJr. 1.1 liiaron i tf:. 

The WyiMi\in(', ute w.iii .-i co.iirsi'.-j'.ra.l ned, poor.l.y sorted lithic .'itkoKi; 

in whicii the rock Cragraeiits were predominantly mud balls. Both 

samples were reduced, containing pyrite, but little iron oxides. 

EXPERIMENTAL PROCEDURES 

A. Selection and Packaging of Ore 

Ore samples were obtained frora the Lucky Mc mine in the Shirley 

Basin of Wyoming and the Conquista Project near Falls City, Texas. 

Conquista ore came from thc Rosenblock formation which is a channel 
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deposit with a roll character. Material for the pre-leach charac

terization study was selected from currently-mined areas in the 

open-pits to be within a grade of 0.05-0.12 Wt% U.OQ (as determined 

by on-site Y'loggiofi techniques). Sorae of the ore, used only for 

characterization purposes, was sealed under nitrogen at the mine 

site, while a larger, bulk sample was merely packaged in polyethylene. 

This latter material was subsequently air-dried and processed for 

column leach studies. 

B. Preparation of Mounted Specimens 

In ci-'Mcr.'i.l., hotli the T'ex.'iM .MIKI Wyoiiiliig oreit .'ire poorly coiiuo-

1 Idated, wli.lîli neoHM.'i i tal.i.'d packlnc Ilio a;i-ri'Cf I vcd material hi 

iini.i I I. c.irdliotird hoxcii Tor iiioiiiit.lnj'. |iiii:po.scj.M. llei.-.-iiisc thc l.iicky Mc 

(Wyom I III',) oro altio coiit;i,l.iiL'<l p l.ccey (with a iii.ix limiiii il InieiiHlon ol! 

"̂ ii cm) which retained their competency, several of these were also 

selected for mounting. In order to obtain representative sampling, 

material was selected on a random basis from the nitrogen-packaged 

ores to yield at least 6 specimen mounts. Samples were oven-dried 

for 24 hrs. at 50°C before vacuum-impregnating with Spurr, a low 

viscosity resin cured by baking at 50°C for approximaCely 15 hrs. 

Specimens were subsequendy ground chrough 600 grit SiC and polished 

to 0.5 pm diamond using water as the vehicle. After obtaining both 

radioluxographs (the procedure for which is discussed in the next 

section) and mineralogical analyses, a 3 mra section was cut from 

the polished face of each mount, and all specimens were re-ground 

and polished at chis new plane afcer reimpregnating the surfaces 

with Spurr. Additional EBMA and SEM studies were subsequently per

formed at the new sample depths. 

Processed (i.a. air-dried", crushed to -10 ra and blended) 

samples were prepared in a similar manner except rubber molds were 

utilized to reduce sample size because of the granular nature of 

the material. Problems were encountered in obtaining acceptable 

mounts and those finally selected for examination had experienced 
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sorae pull-oni ct" grains and matrix material during grinding and 

polishing opciations due to poor consolidation of the mounting 

medium - a problem believed to result from tha granular nature of 

the dry ore. However, the surface condition of che final mounts 

proved adequate for the characterization studies. 

Acid-lenched, processed macerial was received in a moisc 

condition which permitted a mode of preparation identical to that 

utilized for the as-received ore. Samples vv'ere selected from three 

sections within the column, and no significant pull-out was observed 

during grinding and polishing operations. 

C. Radioluxographs 

Radioluxographs,- or a-maps, were obtained from all polished 

sample surfaces prior to their examination with EBMA or SEM. The 

technique utilizes a ZnS-CdS/Ag activated phosphor which is sand

wiched between Type 57 film and the specimen for exposure times of 

70 to 73 hrs. Alpha-maps were also obtained ftom hand-picked pieces 

of coalified material. These images wete used to interpret the dis

tribution of ((-emitters on the sample surfaces and to delineate 

"hot spots," or particularly radioactive zones, for investigation 

with EBMA and SEM. 

0. EBMA and SEM An.ily.soii 

All EBMA .in.ily.'ic.s utilized .i MAC 400 raicroprobc and the SEM was 

performed on a C.-irabridge Stereoscan S'l.A 20 KeV accelerating volc.igc 

w.'iy iir.i:i.\ on hotli lustrijiiieiits. Elomciital distributions, obtained by 

the EliMA mapping mode, wore ii.-iod to t:liarac-tr-r 1 zc ll-rlili zoui-n In 

virgin sainple.s ol 're.x.i.s .-iiid Wyoming ore. Hon U-ricli m.itrix regions 

were also investigated - in both virgin and leached material. Most 

areas were subsequently examined with thc SEM to identify Che 

morphology of the U-rich phases (in virgin ore) or reaction products 

(in leached ore). Energy dispersive X-ray (EDAX) analyses were 

performed concurrently and use; of standard operating conditions on 
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the SEM permitted coiiipo.sition corapari.sons both witliin one region and 

from one region to another. 

Although most EB^b\ studies were performed using Che mapping 

mode, 2 G scans were also performed in Che macrices of both Con

quista and Lucky Mc ores utilizing ;i Iic.im diameter of •v20 iim. The 

2 0 !,ic.-iii;i .iru sli'.ii i I'ic.-iiit ly iiuji'e .•;i,-ii::;l 11 vo l.li.-iii tin.' m.-ippliij', modi; 

(hy .'It lo.-i;it .'I l.'i(.-Lo|- ol 10) lni- Iho .lot •.(•I. Ion ol iii-.-ui liiiii. 

RESULTS 

A. K.-idioluxograplis 

Examples of radioluxographs obtained from the various types of 

oro samples are given in Figure 1, together with a macro photograph 

of a typical mounted specimen. Those areas specifically delineated 

are areas examined in more detail with EBMA and SEM. The radio

luxograph or a-map is obtained by permitting the a-particles 

generated within thc ore sample surface to interact with the phos

phor, generating photons of the correct wavelength for exposure of 

photographic film. A subsequent print of the image is termed a 

radioluxograph. However, it should be noted that the phosphor does 

not selectively interact only with a-particles generated by the 

decay of U, but will also product photons due to all a-particles 

generated by the decay sequence, including Ra. It is now known 

that Ra decay, contributes a significant amount of a-activity 

and thus, u-maps can only bo utilized to monitor U distributions for 

samples in which the U and Ra are still closely associated and 

there has been no migration of U. 

Figure la shows a typical radioluxograph obtained from an un

processed Lucky he specimen. There is a weak background distribution 

of a-activity plus localized "hot spots," or more radioactive zones. 

Both disaggregated and competent samples exhibited similar distri

butions which did not change as a function of depth in the bulk 

specimen. Comparison of Figure la with Figure lc, whioli gives a 
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;a) As-Received Sample of Lucky 
Mc Ore 
73 lir. 15 min. Exposure 

(b) As-Received Sample of 
Conquista Ore 
73 hr. Exposure • 

(d) Lucky Mc Organic 
Material 

(c) Processed Sample of 90 hr. Exposure (e) Processed Sample of 
Lucky Mc Ore- Conquista Ore. 
73 hr. 15 min. Exposure 73 hr. 15 min. Exposure 

) Lucky Mc Sample After (g) Macro-Photograph of a Typical 
H„S0. Leach Conquista Sample Mount 

FIG. 1 - Radioluxographs and a macro-photograph of mounted uranium 
ore specimens. 
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representative a-map from a mount of processed ore, reveals com

parable u-activities in tlie two types of specimens with, perhaps, 

•fewer "hot spots" afcer processing. All processed Lucky Mc samples 

were also observed to exhibit an unchanging a-distribution as a 

function of depth. 

Figures Ih and le show typic.-il r.idiol iixo)'.i-;iph:; from as-reccived 

;IIKI processed samples of Conquista ore, respectively. Similar 

ii-activity distrihutions are. again observed before and after the 

blending operation, but it is apparent that they differ from those 

in the Lucky He ore. There is a higher, more unitoriii "background" 

activity with fewer localized liol: spots In tho Conqii i.-it.i on:; l.lioso 

regions within the specimen boundaries which yielded no exposure on 

the r.id io I iixogtapiis corro.-ipoiid to /.ono:: of rcsiii inouiitiiii', iiiodiiiiii in 

the sample. Neither type of Conquista specimen exhibited changes in 

the a-activity distribution as a function of depth. 

Additional radioluxographs are presonted from coalified wood 

fragments and H SO.-leached Lucky Mc material (Figures Id and I f ) . 

The forraer shows a relatively high overall activity with respect 

to the bulk samples, even after consideration of the different 

exposuT-e times (note that the exposed areas on the film are actually 

slightly greater than the true lateral dimensions of the coalified 

wood fragments). The leached ore compares well with thc pre-leached 

.naterial in Figures la and lc (exposure time for the leached specimen 

was 72 h r . ) . Despite the apparent radioactivity of the organic 

material, it cannot represent a major mode of uranium occurrence 

because coalified wood was identified only as a minor constituent 

in these ore samples. The activity exhibited by the leached 
9 9 A 

material is generated primarily by Ra decay, ahd an independent 

Y-spectroscopy rae.isurement yielded a Ra to U ratio of 3.Sil (in 

pci/gm) in one of the mounted specimens. Before leaching this ratio 

was '\'1.0 (in pci/gm) in the typical mounted specimen. 
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B. EBMA and SEM Analyses of U-rich Zones in Unleached Lucky Mc Ore 

Most investigations were performed in regions within samples 

which had retained their competency, .and thus the original mineral 

assemblages present in thc ore body arc still intact. Preliminary 

optical microscopy ohscrvations revealed that most radioactive zones 

(i.e. hoc specs) on the radioluxographs were associated with pyrite, 

and examples of several different types of such regions are shown 

in Figures 2 and 3. 

Thc first region (Figures 2a through e) is an assemblage of 

small pyrite grains surrounded by U-rich matrix material. An EBMi\ 

map (Figure 2b) gives the U-distribution within part of the pyrite-

matrix aggregate showii by the reflected light micrograph in Figure 2a 

(note the differing magnifications of 2a and 2b). The SEM micro

graph in Figure 2c presents the typical layered morphology of the 

U-rich phase, which, in addition to U, also contains Si, At, K, Ca, 

Fe and Mg - a composition suggestive of a U-rich clay. ED/\>; analyses 

in the matrix region (at 2F and 2G, for example) yield U as the most 

abundant element present, and close inspection reveals thac tlie 

structure at 2F is actually a relatively large U-rich precipitate 

>15 |jm across, while the morpliology and composition of 2G suggest a 

micaceous raineral such as biotite (nominal composition (OH), K_ 

(5) ' 

(Si^AS.,) (Mg, Fe), 0^.). ' Although biotite does not contain Ca, 

this element is believed to be incorporated in the U-rich mineral 

since EDAX analyses of thc larger U-rich zones (e.g. 2F) yielded 

higher Ca contents than did the bulk matrix. 

A second matrix area, represented hy Figures 2d through 2f, 

reve.ils .i U-rich pli.iso in close proximity to pyrite, both Of v>'hicli 

are cementing qu.irfz elastics. The EUMA UMa scan gives the U-

d i .'It r i but ion (liroii)'.lioiil tlio iii;iti-i..<< witliin Llio oiitliiu'd roi'.ion in 

Figure 2d (reflected light microgr.iiili) while thc morphology of the 

interrelated phases is revealed by the higher magnification SEM 

micrograph in Figure 2f. EDAX analyses at IF and IG show a definite 

U, Si, Ca and P association (with U and Si present as the most 
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.abun'daiic c i j n s t i t u e n t s ) . . i r i c o i i t r a s t , th'e l ower raagnifica,tion EBMA 

e l e m e n t a l raa^s f o r Ca, K, AH, S i and Fe. i n d i c a t e d ' t h a t t h e y were 

a l l a s s o c i a t e d w i t h U, b u t i t i s ' b e l i e v e d t h a t t h e s e a n a l y s e s s imply 

i n d i c a t e t h e p r e s e n c e of m a t r i x c l a y i n a d d i t i o n t o p y r i t e and an 

u ran ium p l i a s e . {Phosphorus , was n o t scanned by EBMA). Ho V was 

d e t e c t e d i n t h e a r e a , -and l o c a l i z e d T i c o i i c e n t r a t i o n s s u g g e s t e d 

aha Case (T i0 ) . The U - r i c h p h a s e i s hel ie-yed to be ' e i t h e r c o f f i n i t e 

of u r a n i n i t e : t h e Ca-P a s s p . c i a t i o n ptoibably i n d i c a t e s ' a p a t i t e . 

AtceiiiptS' t o i d e n t i t y t he uranium m i n e r a l by X-ray d i f f r a c t i o n were, 

u n s u c c e s s f u l becausei t h e volume which c o u l d be- e x t r a c t e d from t h e 

m a t r i x was i n s u f f i c i e n t t o y i e l d a good X-ray p a t t e r n . 

A d d i t i o n a l U - r i c h r e g i o n s ' w h o s e m i n e r a l o g y was s i m i l a r t o the

two a r e a s d i s c u s s e d p r e v i o u s l y -were a l s o examined i n d e t a i l w i t h 

EBMA, and SEH arid sliow.ed s i m i l a r e l e m e n t a l a s s o . c i a ' t i o n s . P y r i t e -was 

a lways a common' der ipminator ' and f i n e - g r a i n e d c a l c i t e was p r e s e n t 

i n some' e x a m p l e s . L a r g e U - r i c h p r e c i p i t a t e s ( such a s t h o s e i n 

i r i g u r e s 2c and 2.lf) -were no t a lways i d e n t i f i e d , bu t t h e , exi .s . tcnce of 

a s e p a r a t e - U - r i c h plia.'ie wns u s u a l l y e s t a b l i s h e d by SEM/EDAX a n a l y s e s , 

p a r t i c u l a r ] . y i n b i o t i t e . r e g i o n s where t h e low c a t i o n exchange 

Cii jk'i G i t.y p'r e e l u;le s t hc pos s i b i l i t y of lia v i n g h i g h c oncen t r a t i o ii s 

o.f oti ;jn rbed- u ra n iiiiii. 

A t l i i r d .iiiude of U-ocoiM'tencc as.sociaLet! w i t h p y r i t e (Cor which 

ni.icri:j]',i:aj)li;i .-li-e noL pri.:;;i;iiti.:d) w.'h.i. obse fved i n weat l iered pyr.lLc 

cdiiient s i l r roundi r ig qua r t ? , e l a s t i c s . The uranium w-i's . a s s o c i a t e d w i t h 

iiiontiiiorill.Qiiit-'e c l a y and e l w e r v e d o n l y i n w e a t h e r e d r u g i o h s , 

sugges till)! tlia.t U ]ri:u,ci]ili;a ted ILroiii tliii s^rouiuluriLcr a f t e r i>yri.te 

d e p o s i t i o n . TJuinCrouis s c a n s peri.g'rraed i n . a d d i t i o n a , l .c lay mat r ix , 

a r e a s ' d i d n o t . d e t e c t ,U, indic:a . t i i%' c h a t i f U i s . p r e s e n t t h r o u g h o u t : 

t h e matrix^, i t s c o n c e n t r a t i o n i s coo low f o r d e t e c t i o n by t h e EBMA 

t e c h n i q u e . 

A l l r e s u l t s p r e s e n t e d p r e v i o u s l y were d e r i v e d from . su r f ace s 

gan 'e rafed by t l ie f i r s t grin'd-ing .and p o l i s h i n g s e q u e n c e . Orily one 

'area was ekamined i n : d c t a i l o . f te r the ' second s 'equence sii-icp ho t 
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spots, in the radioluxographs exhibited mineralogies similar to those 

already investigated. This region, designated B3 in Figure la and 

presenced in Figures 3a and 3b, differs from those discussed pre

viously because no pyrite is: present. The morphology of the pliase 

LlirouglkHit wliich U ;ls distributed is ti.iiiil,l.in' to Ldiat shown in 

Fi,giire 2K (at ^0) and is Indi.cat i.v.ii or liiotitti. Both cieiiionta! 

iiiaps and EDAX' analyses slipwed an associac-ion' between U., Si, AX, K-, 

Fe., Mg, Ti an.d Ca, but att'einpt.s to .d'el'ineate tlic si)ecific morpKprogy 

o'f 'tlic U-occurrence with SEH were unsu_ccessful. No discjr.ete-U-ricli 

precipitates: were identified, but several factors lead to the 

suggestion that tlie U is present in a layered morpliology sand-

wiclied between the biotite "leaves." Comparison oi: Ca and P 

eleiiio,ntal iiiaps indicated localized regions rich In .ca.lGium. phospii;ite 

(suggesting .apatite) . 

Observations on che processed samples of Lucky Mc ore were; 

restricted- to optical and scanning electron microscopy, and evaluation 

by the former method again revealed that .most of the hot spots de

lineated by the raclibluxpgraphs were associated with pyrite, often 

in close proximity to biotite. SEM/EDAX analyses of one such "area, 

identified in tbe radioluxograph: in Figure lc, showed it to be bdth 

morphologically and mineralogically identical to that represented 

in Figures 2a ttirough 2c. No' large U-ricli precipitates were ob

served, but the U is believed t'o be presenc in .a' fine-grained phase 

closely intermixed with biotite as EDAX spot analyses yielded .com

positions representative of this mineral (plus Ca) in :addition to U. 

SEM/EDAX analyses performed on coalified wood fragments 

selected from Lucky Mc Ore revealed that some had a considerable 

amounc of pyrite, usually with cuboidal morphology, distributed on 

the outer surfaces, whereas others had only clay (despite having 

been wet-sieved). The U appeared to be uriifoi'mly distributed 

throughout the coalified wood and ho discrete U-rich phase was 

idetjtiiE.i.ed. 
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FIC. 3 - Uranium occurrences in Lucky Mc and Conquista ore samples. 
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C. EUM;\ and SEM Analyses of U-rich Zones in Unleached Conquista Oro 

Evaluation of the uranium mineralogy in these ore samples 

with EBMA and SEM/EDAX analyses proved difficult because most of 

the a-active material (and thus, uranium) was uniformly di.stributed 

throughout the matrix, and relatively few spots of high a-activity 

wore identified. Two areas examined in detail are represented by 

Figures 3c through 3f (3c and 3e are reflected light micrographs). 

The UMa distribution shown in Figure 3d was obtained within the clay 

re)',ion shown In Figure 3c and the long (9 min. 3,1 .-ioc.) .sc.iii tiiiio 

rccpilred indicates the relatively low level of urani.iiin present 

(ooiiip.'ii'i; tills wll.li tho I mill. Ij/i :ioo . lic.'iii I lino roqiilrod for llio 

l.iioky Ml- spo(-liiions) . This rogloii Is .'i siii.i I I I'l.'iy |',.'i 1 I (pi-oh.'ibl y 

siiiocl 1 to) i.-oiila liiliig :> I , Al'.. C.-i, Mg .-iiid K, with ;:iii.ill pyrlto gr.'iliis 

distributed throughout. The U olciiiciital map siiggosls a background 

distribution in the clay with some, more localized, higher concen

trations. Elemental associations of uranium could not be established 

and no discrete precipitates were resolved with SEH. Thus, it is 

suggested that the U is probably adsorbed on the clay. 

Two mineralized feldspar grains were evaluated, one of which, 

designated Al in Figure lb, is shown in Figure 3e. Tho uranium is 

distributed throughout a weathered region within the feldspar which 

contains clay (probably a calcic-montmorillonite) plus localized 

areas rich in pyrite, anatase and calcium phosphate. SEM/EDAX 

analyses were not performed, and tho morphology of the U-rich phase 

was not specifically identified. The .second mineralized feldspar 

grain exhibited a lower level of U but had an otherwise similar 

mineralogy. 

Because of the nature of the uranium distribution in the 

Conquista ore specimens, additional 2 0 scans were performed in 

the bulk clay matrix. Of 20 areas examined in the specimen of 

Figure lb, five were .selected for a recorded 2 6-scan because the 

analyses yielded some counts under the UMa peak above the normal 

background level. U was positively identified at two points and 
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was possibly present at the remaining three. Thus, the analyses 

indicate that U is indeed distributed at a low level throughout 

the clay matrix as was suggested by the radioluxographs. 

D. EBMA .md SEM Analysis of Acid-lcachcd Lucky He Ore 

Several areas associated with hot spots on the radioluxographs 

were analyzed by use of EBMA for the presence of U, but none was 

identified. Thus, it was concluded that the residual uranium was 

too low in concentration to be detected by the EBMA technique. 

Another important feature of the ore was characterized -

namely the precipitation of gypsum believed to result from the 

dissolution of calcite. Figure l\ presents an example of a gypsum-

rich matrix area (which also contains clay and mounting plastic) 

between quartz elastics. . The SEM micrograph (Figure Ab) reveals 

the fine-grained nature of the gypsum and the EBMA raaps show that 

not all the Ca is associated with S indicating the presence of 

residual calcite. Figure ita is a reflected light optical micrograph. 

SUMMARY AND CONCLUSIONS 

In I 111' Liiolty Ml- o r o , i hi: pi-odonilnaiil modi' of l l-oi ' i i i i ' i 'onoo wan 

III I oi-.'i 1.1/.I'll h l o i l i . o rog ions , III ton asiioi-lal.oil w i t h p y i ' l t o . 

Add 11 lona I iiioiloii of in I no r.i I i/.'i I Ion obsorvi ' i i woi'o a U-r lo l i ph.'iiio 

c l o i i o l y I 111 orm I xod iJll l i pyr l l . i ' I'oiiioiil , III ol;iy w l l h l i i woall iotod 

f e l d s p a r , and i n c o a l i f i e d wood. R a d i o l u x o g r a p h s r e v e a l e d a low 

background a c t i v i t y w i t h l o c a l i z e d Iiot s p o t s c o r r e s p o n d i n g t o t h e 

b i o t i t e and o t h e r U - r i c h r e g i o n s . S i n c e t h e a - a c t i v i t y d i s t r i b u t i o n s 

wore s i m i l a r f o r a l l s a m p l e s of a s - r e c e i v e d and p r o c e s s e d o r e , i t 

was deduced t h a t t h e uran ium d i s t r i b u t i o n a f t e r p r o c e s s i n g was 

i n d e e d r e p r e s e n t a t i v e of t h a t i n t h e o r i g i n a l o r e body . No U was 

d e t e c t e d i n t h e b u l k c l a y m a t r i x , nor i n a c i d - l e a c h e d o r o . Gypsum 

p r e c i p i t a t i o n was i d e n t i f i e d i n s e v e r a l m a t r i x a r e a s a f t e r a c i d -

l e a c h i n g . 
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(ill Miitrix Conti'iinintj Oyiisum 

(cl'Ca Ka Distribution in 
(a 1.1 min. 54 sec. Scan 

(I)) Morpliolfxiy of Oiillinoil 
A rod in (;i) 

(d) SKQ Distribution in 
(a). 3 min. 48 sec. Scan 

FIG. 4 - Matrix containing gypsum in H2S0̂ -̂1 cached Lucky Nc ore. 

In the Conquista ore, the predominant mode of U occurrence was 

in low concentrations in the clay matrix. Uranium was also ob

served in clay regions within weathered feldspar, and in a clay gull. 

Radioluxographs showed an a-activity distribution distinctly 

different frora that observed in the Lucky He; namely, a relatively 

higli, uniform background activity with few localized hot spots. 

Alpha^maps from processed ore showed the same high background, but 

no hot spots, indicating that these regions had boon disaggregated. 
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However, siiu c these hot spots were only a minor source of activity 

(and thus, uranium), it was concluded that the processed material 

uscd for column leaching was representative of the virgin ore. A 

further conclusion, pertaining specifically to tho a-mapping 

technique, is that this is a good inethod for assessing and comparing 

uranium distributions, provided U and Ra are close to equilibrium. 

Prediction of the relative ore leachabilities in a simulated 

in situ leach is difficult because of the numerous factors involved, 

such as the type of lixivium utilized, ore permeability and oxidation 

state, in addition to uranium mineralogy. However, the above 

mineralogical comparison of Lucky Mc and Conquista ores suggests 

that, for a given lixivium, the forraer should yield a higher and 

faster recovery because of the availability of the U to the leachant 

(provided both ores exhibited similar pH and oxidation characteristics), 

(2) Since the Conquista ore has a higher clay content, and most of 

the uranium is intimately associated with the clay, we anticipated 

that the recovery of U would be more difficult because of perrae

ability problems which would limit access of the leachant to the U. 

As shown in Table 1, laboratory column-leach experiments did yield 

lower recovory values for this ore comp.-irod to Lucky Mo for Imtli 

(-.•irlioii.-i to .'iiid ..-10 I ll llxivi.-i, ill .-idillLloii Lo (lolonizod w.ilor. (More 

TABLE I 

Summary of Overall Uranium Recovery V.ilues* 

Ore 

Lucky He 
Conquista 
Lucky He 
Conquista 
Lucky He 
Conquista 

Lixivium 

Dc-loii.i-/.ed water 

1.0 g/1 Nll̂ l̂iCÔ /0.5 g/1 H2O2 

S u l f u r i c i c i d , pll '= 1.0 
II 

•^Obtained from R e f e r e n c e 1 . 

Ovor. i l l Ur.-iniura Rociivory, % 
(Based on l i x i v i a a n a l y s e s ) 

62.89 
57 .55 
86.7 
55.34 
89 .24 
75 .88 
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specific details of the testing procedures and results can be 

obtained from reference 1.) Although tliese results were not 

entirely due to differences in uranium mineralogy, it is believed 

tliat this did play a major role. Thus, it is apparent that EBMA 

and SEM analyses of uranium ores can yield information valuable 

to the understanding of leaching phenomena, particularly for low 

grade uranium ores ('v.O.l Wt% U.O.) whose mineralogy cannot be 

J o 
<letermined by petrogr.iphic tochnic|ues. 
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ERRATA FOR THE DOE REPORT_ 

The following represent recent errata entries which should be made 

in the report, "An Assessment of Energy Requirements in Proven and New 

Copper Processes." produced under contract No. EM-78-S-07-1743 New 

contract No. DE-AS07-78CS40132 Report No. DOE/CS/40132: —_/1 ?/ 

1. Page 12, Table C-4, Grand total under section 2.6 Outokumpu 
Flash Smelting, should read 18.92; delete incorrect total 20.87. 

2. Page 38, para. 1, line 1 - delete 30%, insert 15%. Sentence 
should read: "Dump leaching accounts for some 15% of the 
primary copper produced in the U.S.." 

3. Page .357, Table 3.8-2, Step No. 2, Leach circuit, B CP>"Ocess 
Heating Steam). Place asterisk in the 3 columns with the 
following note at the bottom. 

*The minus 4.25 million BTU credit given under IA represents a 
balance between roaster recovery and process heating steam. • Items IA 
and IB combined provide the net credit indicated in IA. This credit 
should be considered tentative since the sulfite reduction process has 
not been proven commercially. 

4. Page 359, bottom of the page - Total Level 1 Energy Requirments: 
(Table 3.8-3) should read (Table 3.8-2); delete 35.4, insert 
17.77. Total Theoretical Level 1 Requirement: delete 33.72. 
insert 16.09. 

5. The following indicated change should be made on Page 54: 

TOTAL ENERGY REQUIRED FOR COMMINUTION = 

(NET CRUSHING ENERGY/e^.) 

+6(NET BALL MILL ENERGY/Cg) 

+(STEEL CONSUMED AS MEDIA & LINERS) 

x(ENERGY "CONTENT" OF STEEL) 

+ ENERGY FOR COMMINUTION CIRCUIT AUXILIARIES 

A in_m 



TABLE C-4 

ENERGY (MILLION BTU/NET TON COPPER) COMPARING SIMILAR STEPS IN PYROMETALLURGICAL PROCESSES 

Section • 2.5 2.3a 2.3b 

hJ 

Process 
Designation 

LEVEL 1 
Materials Handling: 
Dry or Roast: 
Heat Recovery 

SMELTING 
Fuel 
kWh 
Surplus Steam 

CONVERTING 
kV/h 
Fuel 
Slag Cleaning 

GAS CLEANING 
Hot Gas 
Cold Gas 
Fugitive Emissions 
Acid Plant 
Water 
Anode Furnace 

Electrorefining 

TOTAL LEVEL 1 

LEVEL 2 
Misc. Materials 
Oxygen 
Electrodes 
Fluxes 
Water 
Anode Furnace 

Electrorefining 

TOTAL LEVEL 2 

GRAND TOTAL 

E
le

ct
ri
c 

F
ur

na
ce

 
C

op
pe

r 
S

m
e
lti

n
g

 
2.67 

19.03 

2.92 
3.58 

.78 
2.21 

4.74 

5.10 

41.03 

.86 

.12 

.51 

1.49 

42.52 

C
o
n
ve

n
tio

n
 

S
m

e
lti

n
g
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W
et

 C
ha

rg
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.73 

25.01 
.64 

-10.00 

1.63 
.54 

4.03 
.25 

3.57 
2.27 

.10 
5.82 

34.59 

.04 

.08 

.47 

.59 

35.18 

« 
ra 
c 
o . 

» r o 
o E ^ 

U M O 

.73 

.66 

14.50 
.64 

•4.35 

1.26 
.32 

2.83 
.40 

3.57 
3.87 

.10 
5.82 

30.35 

.03 

.08 

.47 

.58 

2.15 

>• 

=• 1 . J : 

2.10 2.9 

01 
u. 
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; i' 

.73 
1.35 

9.27 
.64 

•3.71 
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.66 
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6.46 
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1.42 
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.32 

.89 
4.08 

.10 
5.82 

17.08 

.63 
1.29 
0.16 

.04 .06 

.08 .08 

.47 .47 

2.69 

19.77 

ra 3 

.79 

.80 

3.72 
1.26 

•1.82 

.37 

.09 
1.31 

.69 

3.57 
3.10 

5.82 

19.70 

.65 
3.17 

.02 

.47 

4.31 

24.01 

2.11 
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6.70 

.05 
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22.63 

.73 
1.72 

1.38 
.64 

-1.09 

1.26 
.23 

.64 

.24 
3.57 
3.91 

.10 
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19.15 

2.71 

.03 

.08 

.47 
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22.44 

O l 
B 

o •= ^ 
t \ Ul 0) 

Z .2 E 
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.73 
1.86 

.05 

0.94 

.59 

.31 
3.57 
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5.82 

17.16 

3.53 

.02 

.08 

.47 
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e 
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.73 
1.86 

.40 
1.16 

.51 

.34 
3.57 
4.09 

.10 
5.82 
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4.74 
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.08 
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1.23 

.80 
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3.57 
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3.64 
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1.2.5 Dump Leaching 
Dump leaching accounts for some.15/% ofthe primary copper produced in the United States. 

While much of this comes frora the treatment of old existing low grade copper dumps, it is clear 
that the recovery of some ofthe copper content of currently mined low grade ore should be taken 
into consideration in the overall assessment ofthe energy content of domestic copper production. 

For the purpose of this analysis it is assumed that all the low grade ore below the cut-off 
value will be systematically placed in finger dumps suitable for current acid leaching. (Flefer to 
the mineralization model section 1.2.2.1, and Table 1.2.1.) The base condition for this analysis 
calls for a cut-off grade of .29% Cu, giving 30% of mineralized ore below cut-off grade sent to the 
leach dumps at an average value of .22% Cu. 

The energy for dump leaching is predominantly required for the circulation of the leacheate 
solutions; this in tum is essentially a function of the lift and horizontal distance from the 
cementation plant to the top ofthe leach dumps. The following specifications are assumed: 

Finger Dumps: 150'Vert x 400'flat top x 800 base. j 
Lift from plant to top of dump 450' ' 
Hor. Dist. from plant to dump 5000' i 
Tons jeached per year (TD in sect. 1.2.2.1) = 9.0309 x 10* tons @ .22% Cu • 

9.0309 X 10* X .22 x 20 = 39.7360 x 10* lbs Cu/year j 
@ 33% recovery = 6622.667 tons/year ! 
@ 360 days per year = 36,792 lbs/day 

i Leacheate concentration .5 gr/litre F = 4.2 lbs/1000 VS. gal. 
Daily Circulation " " ' " = 8.7600 x 10* gal./day 

.lUV 

= 6083 gal./min. 

i=om Ingersoll Rand Hydraulic Data Tables for 14" I.D. pipe we get: 

Q 
V 

Hy 
Hp 

= 3077 gpm 

= 6.42 ft/sec 

= .64 fl 
= ] .58ft /J00 ' 

mped Flow of barren solution 
Gravity Head 

Spray Head 
=. 

= 
Velocity Head = 

Friction Head 

Fittings 
= 
^ 

450 ft 
50 ft 

1ft 

79 ft 

40 ft 

620 ft 

i 

Q = 6083 X .13369 

= 8l3ft^/min 

Return flow of pregnant solution 
Minm. Head for fite flow = (5000 x .0158) + 1 = 80 fl. 
Tlierefore gravity head of 300 ft will effect return flow. 
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TABLE 3.8- cNERGY REQUIREMENTS 

SULFITE REDUCTION PROCESS 

L e v e l 1 

STEP 
NUMBER PROCESS UNIT 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REOUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

OJ 

Roas ter 

A) Waste Heat Recovery 
B) Fuel (Start Up only 
Leach Circuit 

A) E l e c t r i c a l Power 
B) Process Heat ing , 

Steam 

Rec 

A) 
B) 

Fi 

A) 

He 

luction A 

Pumpi ng, 
Process 
Steam 

Iter 

utoclaves 

Electrical 
Heat i n g , 

Electrical 

Iting, R( 'fining, and 
Anode Casting 

A) 

B) 

Heating 
(Fuel 0 
Poling 

and Melting 
il) 
Jas 

E l e c t r o r e f i ning 

A) E l e c t r i c a l 
B) Process Heating 

. (Fuel O i l ) 

Gas Scrubber Ci rcu i t 

A) E l e c t r i c a l 

Anci11ary Loads 

A) E l e c t r i c a l 

BTU 
BTU 

KWH . 

KWH 
LBS 

KWH 

GAL 

SCF 

KWH 
LBS 

KWH 

KWH 

- 4 . 2 5 
0 . 2 

59 .756 
* 

8 .04 
8164 

19. 

225 

272 
1300 

132 

50 

5 

43 

.0 

1 .00 
1 .00 

0.0105 

0.0105 
0.0014 

0.0105' 

0.15 

0.0010 

0.0105 
0.0014 

0.0105 

0.0105 

TOTAL 

- 4 . 2 5 
0 . 2 0 

0 . 6 2 7 
* 

0 . 0 8 4 
11 .43 

0 . 0 2 1 

2 .925 

0 . 2 2 5 

2 .856 
1 .82 

1.39 

0 .5Z5 

1 7 . 7 6 9 

•The minus 4.25 inill ion BTU c r e d i t given under lA represents a balance between roas t e r recovery 
and process heating steam. Items IA and IB combined provide the net c r e d i t ind ica ted in IA. This 
c r e d i t should be considered t e n t a t i v e since the s u l f i t e reduction process has not been proven 
commercially. 



Energy generated by the reduction-autoclave reaclions 

(90% of copper is assumed to be reduced by bisulfite [NH4HSO4], and the remaining copper 
is assumed to be reduced by sulfite [(NH4)a SO3] at a reductibn efficiency at 99%) 

CUSO4 + NH4 HSO4 + Ha O —^ Cu** + 1 /2 CNH4 )i SO4 + 1^ Hj SO4 

In an aqueous solution, this equation can be expressed as 

Cu"̂"*̂  + HSOr + H3 0 - * Cu^ + 504" + 3H* 

.^H?9fl - (J5,500 -165^000 -57,800) + (-232,700) ] 

=-25,400 cal/mole 

Energy Generated =(15.73) (J>0) (.99) (25,400) (3.6 X 10-*) 

= 1.28. million Btu/ton product 

CUSO4 + (NH4)a SO3 + H2O ^ Cu° + (NH4)i SO4 + HaSd4 

In an aqueoiis solution, tiiis equation can be expressed as 

Cu** + SOa + HJ O-+Cu** + s o ; + 2H* 

^ H ^ 8 = (15,500 -167,2,00 - 57,800) + (-232,700) \ 

'-"- =-23,200 cai/mole. 

Eiiergy Generated = (15.73) (.10) (.99) (23^00) (3.6 x IO"') 

= .13 million Btu/ton product 

(3:8.11) 

(3:8.12) 

(3.8.13) 

(3.8.14) 

Total Heat Generated == .27 + 1.28 + .13 
by Processing Reactions = 1.68 miIh"on Btu/ton prodijct 

With some special design features, the heat generated by ihe processing reactions can be 
utilized to heat the influents of the reaction vessels and( thus, offset a process heating require
ment. Generally, the processing equipment is increased in either size or complexity to accomplish 
this heat transfer — e.g., employing biilkier continuous-stirred tanks as compared to more 
4';fficjent tube or staged reaction vessels. The theoretical energy requirement is evaluated as 
follows: 

Total Level 1 Energy,Requirement — (see Table 3.8-2) — 17,77miUion Btu/ton product 

Offset from Heat Generated by Processing Reactions — 1.68 million Btu/ton product 

Total Theoretical Level 1 Requirement — T6.09 million Btu/ton product ' 
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used by others. The energy requirements for high carbon ferro-chromium is given as 61.x lO' Btu 
per ton (Battelle, 1975), Most of the liners in use today are chromium-molybdenum type while 
the grinding balls are low alloy steel. In this calculation the value of 18,000 Btu per pound given 
by H.H. Kellogg for linera and grinding balls is used since it seems to more.nearly represent the 
use of scrap iron, new iron, and alloys. The electrical energy conversion factor is taken from the 
same article. The energy use, per ton of ore milled, was obtained from private communication 
with one oflhe latest coppier plants built. Direct kWh meter readings are taken from each step of 
the process. These total kWh readings are converted to kWh per ton by dividing by the tons 
processed. The kWh or Btu per pound of copper is directly dependent upon the recoverable 
cqpper qontent of the" ore. 

1.3.3 Impact of Autogenous Grinding 
The significant contribution of iron, sind steel consumption to the total energy requirement 

for conventional grinding is of particular interest in view of the developmerit of autogenous 
grinding technology in themineral processing industry. The consumption of iron and steel can be 
reduced considerably when the ore is self grinding. Many operations in Europe now practice 
either autogenous or semi-autogenous grinding and the state of the art for this technology was 
discussed at a recent autogenous grinding conference in TVondheiiii, Norway, June, 1979, Based 
on the analysis of this data (Digre, 1979) and the use of standard relationships which have been 

I developed for conventional grinding (Millar and Bhappu, 1978) the energy effectiveness of 
i conventional grinding can be compared to that of autogenous grinding. Figure 1.3-2 presents this 
{ comparison for a typical copper ore with a work index WI 6113,1 kWh/ton and abrasion index AJ 
; of .095. Here the total energy required for grinding by various methods is plotted versus an 

autogenous grinding factor. The autogenous grinding factor,"^, gives a measure of the energy in-
efftciency.:t»f self-breakage for the ore and is defined as the- ratio of the operating work index for 
autogenous grinding to a standard laboratory ball mill work index as established by a Bond 
grindebility test or the-equivalent therieofi The overall energy requirement for each alternative 
has been calculated as: 

•'• TOTAL ENERGY REQUIRED FOR COMMINUTION = 

(NET CRUSHING ENERGY/ec) 

+ /3 (NET BALL MILL ENERGY/€B) 

+(iTEEL CONSUMED AS MEDIA & LINERS) 

X (ENERGY "CONTENT" OF STEEL) 

+ ENERGY FOR COMMINUTION CIRCUIT AUXILIARIES 

' Of course, the energy consumption for conventional griiiding and pebble grindi.ng is independent 
; ofthe autogenous grinding factor,, whereas the energy cons.umption in autogenous grinding will 
j reflect the extent to which self-breakage contributes to the energy economy. Available data 
j indicates that "the autogenous grinding factor for copper ores is generally betweeii 1.35 and 1.6 
' with occasional values as low as 0.75, When j3 is small the energy required for autogenous grinding 

is less than thatjequired for conventional grindingi since the inefficiency df autogenous breakage 
I is more than offset by the elimination of media requirements, hdwever, when the inefficiency 
I exceeds 45-50% ($ = 1.45-1.50) the advaritage of no media expense disappears. The comparisons 

shown in the figure are not indisputable, but are based on the best available data. These data do 
indicate that for copper ores which are very amenable to autogenous grinding, a reduction in 
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1 • 

INTRODUCTION 

This is a brief state of the art paper describing current (1975) Uraniuni 

recovery plant flowsheets, some notes on system selection, design philosophies, 

and materials of construction. 

The in-3itu, or borehole solution mining, of Uranium is a process vrtiich has 

been developed over recent years to better match Uranium mining and milling tech

nology wilh the size, shape, grade and territorial distribution of the remaining 

identified Uranium deposits of western United States. 

Solution mining recovery plants are pure hydrometallurgical units ideally 

suited to automation, modular design, and mobility. 

Sijiiilar to conventional Uranium mills, two basic flowsheets, one acid and 

one carbonate, are in use, but the predominance is reversed so that the majority 

of plants employ the alkaline carbonate flowsheet. All plants incorporate resin 

bead ion exchange Uranium recovery for both acid and alkaline circuits. 

PLANT DESIGN f-EATURES 

The bulk of conventional Uranium plants is tied up in the ore bins, crushing 

and grinding, liquid-solid separation and leach tank areas. Because the feed to 

the solution mining plant is a low turbidity liquid" suitable.for direct feed to 

expanded bed or Higgins type resin'b'ead ion-exchange adsorption units, even. Urge 
- J.J. i ^ - • . . f 

throughputs — .500 or 1000 gallons per minute EC flows -i- can be handled in slci'd* 

or trailer mounted plants. This type of plant is readily automated, the result'' 

being generation of interestingly high product values per operator shift, low 

values of plant construction cost per pound of annual production and short. 

construction lead times. 

Future extraction and concentrator plant designs are likely to lean heavily 

on offshore oil industry experience in design of self contained process plant 

packages. 

Plant tailings are small in volu 

ponds or reinjection through disposal 
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Plant tailings are small in volume and generally handled by evaporation 

ponds or reinjection through disposal wells into brine formations (1). 

An interesting feature of these plants is the low energy requirement per 

unit of UoOg produced. 

SELECTION OF ACID CK CARBONATE PROCESSES 

The choice can seldom be made on the basis of leaching costs, overall 

recovery or extraction plant characteristics. The leaching process occurs in 

the underground sand fomation, with the result that two new factors exert a 

powerful Influence on system selection. 

1. Maintenance of satisfactory permeability in the mineralized fonnation. 

2, Residual reagents and the soluble products remaining in the 
formation after exploitation is completed, may not detrimentally 
affect groundwater quality beyond permissible limits. 

Some years ago, one operator (3) reported on the successful use of nitric 

and sulfuric acid leaching, snd recently two other (4) (6) confirmed the use 

of sulfuric acid. It appears that conditions which permit the successful use of 

acid leaching are not a frequent occurrence in the solution raining of Uranium 

deposits. While few areas outside of Te.xas and Wyoming have been systematically 

piloted, the' work which has been done plus the extensive and detailed mineralogical 

stiuJies, (2) (5) and core analysis data available for a large number of other 

identified Uranium bearing formations pro-vides satisfactory data for feasibility 

studies of new projects, and supports the carbonate preference. 

Sulfuric acid treatment tends to reduce formation permeability by reaction 

with clays and calcite and raay be associated with the formation of silica gel. 

The products of reaction with metallic minerals associated with Uranium at the 

geochemical cell boundary — Vanadium, Molybdenum, Arsenic and Iron — increase 

the cost of surface processing and of maintaimng control over the acquifer 

water quality compared with the carbonate process. 

The carbonate system, under in-situ leach condition of moderate pressure, 

say 5 to 15 kg/cm3, temperature 10° to 750C and low concentration has been 



found to have an undetectable effect on mineralized formation permeability, 

and in particular the ammonium ion may have a beneficial effect on the swell-lng 

of some classes of clays. The ammonia form is relatively clear of deleterious 

side effects and permits acceptable formation water quality control, provided 

that oxidizer usage is not excessive. The sodium system has the advantage of 

significantly lower cost — $25.00 per ton for 90/95?i Hahcolite ex. Piceance 

Creek, Colorado (7) — so that increased operator interest in sodium bicarbonate 

leach solutions can be expected in the future. Each system can be handled ef

fectively in the surface plant with standard ion exchange concentration equipment 

and commercially available resins. 

The selection of process, whether H2SO,, NH.HCO,, NaHCQj, or other will 

therefore depend on the performance of tliese reagents in the underground formation, 

and not on the extraction plant efficiency demands. 

PROCESS TESTING 

Standard ore testing procedures tend to be unreliable by virtue of the 

physicad.-chemical characteristics of the sandstone formations, limitations 

inherent in commercial core sampling processes, and the practical difficulties 

associated with the elimination of or compensation for the natural oxidation 

effects which occur during sampling, transporation, sample preparation and bench 

testing of the ores. 

It is recommended that process testing be carried out in the field, and 

methods are available which permit this to be done at costs in the same order-

of-magnitude as costs of laboratory tests (8). 

PLANT FEED CHARACTERISTICS 

Efficiently operated well systems will produce clear fluids, free of 

significant turbidity, suitable for direct feed to expanded bed or pulsed bed 

types of resin bead ion exi 

perturbations caused by th' 

and aerial contamination a" 

or settling tanks a requij-
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bed units (three) and MSB-

boards at this time are p-

pulsed bed units produced 

mated adsorption and elut 

available in a complete e 

South African National In 

bed columns marketed by t 

Himsley expanded bed coir 

offer some improvements i 

columns at the cost of ai 

expanded bed DC equipmen* 

appears particularly sui" 

(9). 

All of these units 

fiberglass reinforced pl 

use in both acid and alt: 

to be exhibited by in-si 

The feed solution ( 

Uranium Coi 
Turbidity 
Viscosity 
Tfmperatur' 
Carbonate 
Eh 
pH 
Freezinj; 

Acid Proce 
Eh 
pH 



76-B-77 

i l i t y , 

3 swelling 

leterious 

provided 

JTtage of 

•iceance 

bicarbonate 

•indled ef-

ion equipment 

her will 

ound formation. 

s of the 

tations 

ifficulties 

oxidation 

ion and bench 

.'ield, and 

same order-

free of 

pulsed bed 

ft 

76-B-77 

types of resin bead ion exchange equipment. However, well cleanup operations, 

perturbations caused by the introduction of new wells to the production line, 

and aerial contamination at surge tanks make some simple type of filtration 

or settling tanks a requirement at the input side of all types of EC equipinent. 

ION EXCHANGE HJUIPMENT 

1975 plant designs have been more or less equally divided between fixed 

bed units (three) and USai type expanded bed units (four). On the drawing 

boards at this time are plants incorporating compact package Higgins (11) (12) 

pulsed bed units produced by Chem Seps. Such units incorporate continuous auto

mated adsorption and elution processes operating at high speed per unit size, 

available in a complete equipment package. Also under consideration are the 

South African National Institute of Metallurgy, Cloete-Streat (10) expanded 

bed columns marketed by the Western Knapp-Arthur G. McKee group, and the Canadian 

Himsley expanded bed column design. These latter column type units appear to 

offer some improvements in efficiency over the USEM (Darcy George design) (11) 

columns at the cost of added complexity. The R. R. Porter design of multi-stage 

expanded bed IX equipment has inherently high metallurgical efficiency and 

appears particularly suitable to high solution flow rates and large installations 

(9). 

All of these units have designs which are suitable for construction in 

fiberglass reinforced plastic and stainless steel so as to be suitable for 

use in both acid and alkaline circuits over the range of conditions likely 

to be exhibited by in-situ leach feed solutions. 

The feed solution can be expected to have the following characteristics! 

Uranium Concentration 
Turbidity 
Viscosity 
Tfmperature 
Carbonate Process ' 
Eh 
pH 
Freezing Point 

Acid Process 
Eh 
PH 

50 to 1500 ppm U.Og 
negligible ^ 
1.0 cP 
10 to 75°C 

-0.15 to M . k mV 
6.5 to 9.5 
OOC 

+0.2 to +0.45 mV 
1.5 to 5.'5 

•k̂  

J? 
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5 

REACaUT HANDLING 

Gaseous Reagents 

Anhydrous ammonia and liquified carbon dioxide are received in bulk de

liveries by tanker vehicles into specially designed storage units available 

as complete equipment packages. These units incorporate safety features and 

evaporation equipment designed to maintain constant delivery pressures. 

Liquid (Oxidizers 

Minimuni cost HjOg deliveries involve 40CX3 gallon shipments of 7C5t H2O2 

diluted to 505t with client supplied de-ionized water at point of delivery. 

Packaged storage, metering and pressure injection pump units are available 

through the major suppliers. Liquid Oxygen and sodium chlorate bulk deliveries 

require comparable equipment for minimum cost and safe handling. 

Other Reagents 

Are required in lesser quantities and are generally handled in drum or 

sack containers. 

RADIATION CONDITIONS IN THE CONCErfTRATOR 

Operator exposure is negligible due to the limited solubility of' the 

daughter products, which are the source of the bulk of radiation present in 

conventional mills. In most solution mining processes involving an under

ground leaching stage within the mineralized formation, essentially all daughter 

products with the exception of minor amounts of Radon 226 remain immobile and 

do not report in the feed solution. 

TAILINGS DISPOSAL 

Where continuous recirculation of leach solutions can be practiced, as 

with carbonate systems, tailings appear to range from near zero to two (2) 

pounds of waste (1) per pound of Uranium recovered. In acid systems, liquid 

waste disposal requirement may be higher whenever the circulating loa.i of metal 

sulfates in solution builds up to unacceptable levels. 

The DALCO-ARCO plants incoi 

system plants rely upon evaporal 

use at sulfuric acid plants hav( 
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(12) Higgins, I. R., Perso; 

(13) Texas Water Quality E 

(14) Texas Water Quality E 

(15) Texas Water Quality F 

(16) Texas Water Quality 1 

(17) "New Solution Cuts Ui 
December 24, 1975. 
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The DALCO-ARCO plants incorporate disposal wells (15), while other carbonate 

system plants rely upon evaporation ponds. Tailings disposal facilities in 

use at sulfuric acid plants have not been disclosed at the date of writing. 
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PLANT CHARACTHIISTICS 

TEXAS - CARBONATE PROCESS - 1975 

Leach System 

Filtration 

Concentration 

EC System 
Adsorption 

Elution 

Leach Reagents 

Precipitation 

Product 

Waste Disposal 

Westinghouse (13) 

Carbonate 
Multiple 
Recirculation 

Metal Screen 

Resin Bead EC 

USBM 
Expanded Bed 

Counter Current 
Column 
NH^Cl 

KH3 
CO2 
H2O2 

HCl + NHJ 

Mobil (14) 

Carbonate 
Multiple 
Recirculation 

Sand Filter 

Resin Bead IX 

Fixed Bed 

Fixed Bed 
(NH^)2C03 

NH3 
CC^ 
Oxidant 

NH3, CO2 Recovery 

ARCO (15)(17) 

Carbonate 
Multiple 
Recirculation 

Carbon Column 

Resin Bead EC 

Fixed Bed 

Fixed Bed 
NaCl 

ADU Slurry U,Og Slurry 

Evaporation 

NH^HCOj 

NaOH 

Yellow Cake 

Evaporation 
Deep Well 

DALCO (16) 

Carbonate 
Multiple 
Recirculation 

Carbon Column 

Resin Bead IX 

Fixed Bed 

Fixed Bed 
NaCl 

NH1HCO3 

O2 

NaOH 

ADU Slurry 

Evaporation 
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by Robert C. Weed 

LEACHING in place at ,Cananea began ih.the 1920's 
on a limited, scale. The iii'st plants were smiill 

wdoaeh boxes located undergrotiriy in the' Gapole 
.and Overs/ght mines; and q.utpiit was low, Seiap 
iron was used as precipitant. La ter .tievera! other 
'sniall p lants were , star ted up, Leaching: was limited-
entirely to underground areas, and prodiiction I'e-
mained low. 

The Veta precipitating"plant, the .first ph a larger 
scale, was put into operation in the late 192Ci's, After 
a peribd of intermitteiit .sei 'vice it was rebui l t in 1946 
and has .since been running cqntinuou.'sly. 

In 1943 work-on the Goloi-ada open pit was. ' i tarted. 
This proauced..40 millioh tons. 6 ! waste, which aver
aged Q'.26 pet cqpper. When these' d.umps had aged 
a few years it was decided to le.ac)i ihem on a large 
scale, and a l ter con.siderable research and InweHtigu-
tion a le.aching systeni of .pumps and liipellnes vvas 

R. C. WEED, Member AIME, is General Superintendent Dt 
Cananea Consolidated Copper Co., Canoned, Sonora, Msjiic'o. 

TP 42516.. Monuscript, Jon? 10, 1956. New York Meeting, Febru
ory 1956. 
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laid out. and installed. At the same time the E d n -
quillo precipita tion plant iwas, built t o t r e a t the cop
per" solutions from the pit dumps. This p lant s tar ted 
operation hi March 19S3. 

-Leaching areas consist of fhe CQlorada p i t .dumps 
and various mined out ' a'nd caved underground , 
stopes. The principal mineral, chalcocite, ledches 
readily in a weak sulfuric acid solutipn containing 
ferr ic ' i ron. Enough pyr i te Is contained in the areas 
to produce an acid-ferric iron splutiprt strong enough 
to dissolve the copper. 

Each area is s tudied to de te r rn ine the best method 
of distributing-the w a t e r o y e r it and-the best, method 
of .collectirig the copper-bear ing solutions after Ieach
ing^ iias taken -place. Water is ;generally distributed 
by mean."! of poiids, ditches, and sprays. Spraying 
has proved the best method of spreading the wa.ter 
evenly; however, in a dry climate some: water is lost 
throutjli evaporation. 

A'fli'i- passing through .the leachable mater ia l the 
. solutiuii is collected undergrdund by dams and bulk
heads ;rnd on surface; by dams. An effort is made to 
give tlie maximum storage capacity practicable. 
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Fig. 1—The surface leacKing system at Conanca, 

Fqr relatively low pressure (below 150 psi) trans-. 
ite pipe is used. For.higher pressures iron'pipe lined 
witli wood or rubber is necessajy. To facilitate re-
pairs-and replacements, pipelines are installed along 
roads or trails. Each line is equipped with a Y or a 
lateral fo permit the insertion of a, gg-devil, for 
cleaning. Periodic cleanings are necessary to eli'mi-
h'ate build-up of iron ochre, inside the pipes. 

Eurhps are mostly of the horii:pntal c.eiitrifugal 
type,, installed wherever possible with a positive 
feed. Gag^es on pump dischar.ge- line's indicate the 
head the pump, is. workihg- against, which can be 
used to'calculate the punip capacity, and also show 
when the pipelihes ne'ed-cleaning. Nearly all pumps 
are' equipped with automatic start-stop con trol s. 
Stainless steel equipment is necessary throLighout. 

Untlerground Leaching and Veta Plaiit: Water for 
underground leaching.is obtained.from,present, min
ing and from drainage; of old niines. Roughly 400 
gpm are-used. Most of this water is pumped to sur
face, where it is sprayed over the top of tlie Golorada 
cave. From there it percolates down through the 
mined out.sections of the Golorada mine and is col
lected behind,a.,bulkhead dn the C.plprada 1300 level. 
It is then ;pumped ,to the 500 level tunnel, through 
wdrich it'flows to the Veta jslant. Snialler amounts of 
water are being used to leach Iirhited areas in the 
Veta, Oversight, and Eepublica mines. Thi,s solution' 
also goes to the Veta plant. 

As mentioned before, the Veta precipitatihg plant 
was rebuilt in 1946, Because there' wgre shortages of 
cement and reinforcing iron at that time, it was de
cided to make the cells of wood. The plant now con
sists of 64 cells 4V'2 ft wide by 10 ft long by 3 ft 
high and 3 cells 9 ft wide b y l 6 ft long, by % ft high. 
(The latter are for use df scrap iron as a precipi
tant.) Wooden" grids -with openings '/^xM in. are 
placed, horizontally in the cells 3 ft below the top to 
forni a rack; for the cans. 
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After the cell has been charged with bin-ned, 
shredded cans, the solution is introduced arid is, 
directed up and 'down "thrxjugh-the layer of cans by 
means of, baffles. The water usualljj passes through 

• a pair of cells. When tlie bulk, of the can charge has 
been .consumed, tlie. cell is drained and the copper is? 
washed through the grid with high pressiire water. 
It*fiows as a sludge out of spigots near the bottom of 
the^cell and down a launder into three large settling 
tanks with inclined bottoms. The bulk 6£ the water 
is: dedantM from the first tanlt tb the second, etc., 
and the, cement copp,er mud: is scraped up-the incline 
with a 54-in. hoe-type slusher bucket. It is then 
loaded into trucks to" be hauled to the concentrator 
aiid sluiced into the concentrate thickeners. Cans for 
the Veta plant are hauled from railrOad bins by 
truck and strfckpiled at the plant area. Later they 
are loaded -with a-rocker shp.vel into side dump tram 
cars, which are used-in charging the cells. 

Siirfaee Leachiiig and EonquiUo Tlant: Water fpr 
leaching the pit dumps is obtained from the old con
centrator tailings pond, which collects tailings water 
fi'brh.the Ronquilld pre'cipitation plarit and a consid
erable amount of water from .the Democrata drain
age area. This pond has a surface area of about 75 
aci'es and ah avei-age depth of 60 ft. Because the; 
\y ater-is acid and contains some ferric iron it makes 
a good leaching agent. Water is pumped frorir this 
pond to the Veta pump house at the rate of 160ft 
gpim. At this point -it % i oined by the Veta plant 
tailings, and the mixture: i.s purriped directly td the 
Golorada pit dumps where.it is distributed by means 
of ponds. Below the dumps the water is impounded 
in one of two collecting dams across the rn'ouths of 
two deep gulches underlying the dumps. If the grade 
of the'Splution is too low, it is pumped to the top for 
a second pass. This solution is caught ih the other 
collecting darn', di-ained to the main dam, and 
pumped to the Rpnguillo plant, as shown; in Fig., 1. 
After passing tlirough the plant the tailings.water is 
pumped back tp the old concentrato.r tailings pond, 
thus closing tlie circuit. Excess iron precipitates out 
in the' pond, pi-dbably as basic ferric salts, and the 
total iron content in leaching water remains about 
the. same. 

Table I jiresents a typical analysis of water in 
various parts of tlte;circuit. 

Table I. Analysis of Water in Circuit 

Cu, G pl Fett. Opi F^cttt, a pl pH 

Old [znnL'ciili-iiloi-.pond 
ViL't;i l i l t iolt llOflds, • 
Vewrphin i ' t r i ' i ls 
On f lumps • 
no i i f i t i i l l t j li'ortdfi 
Horiquillf>.l:i i lH 

0.40 
3.10 
0.20 
0,35 
,1.30 
0.2.'i 

8,25 
1.25 
G.2S 
7.10 
3,00 

14.00 

2.00 
2.10 
1.00 
1,90 
7.40 
1,50 

2.7 
2.5 
2.B 
2 .7 
2 .3 

2,a 

The Ronquillo plant was constructed in 1952 after 
a study of a nuniber of operating precipitation plants 
had been made, .Influencing factors in the basic de
'sign were flexibility of pperation, ease.of materials 
handling, and -availability of tw ô overhead Granes, 
wliich could be adapted for charging cans into the 
cells. • 

The head, water p.asses through a weir box with -a 
recording meter and. is distributed to the cells 
through a 12-in. pipe. This pipe has a number Of 
takepffs, each equipped with, a valve, so; that the 
solution can be controlled both as to location and 
volume ofi in put. to "the cells. 
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COMPOSITION OF PRODUCTS OBTAINED FOLLOWING AUTOCLAVE OXIDATION LEACHING ^ 
OF PYRRHOTITE CONCENTRATES K 

UDC [669.243+669.33]:66.046.8 ^ 3 s 
^to gMI ^"3 

A. G. Kitai, V. I. Goryachkin, V. P. Korneev, A. V. Dolenko, and V. A. Isaev igg «< ^ 
• m ae 

Autoclave oxidation of the pyrrhotite concentra.tes of non-ferrous metals, approxim
ately described by the equation . 

Fe,„S„+7.50,+ 5H,0-*5Fe,O,.H,0+ll S». (1) 
lies at the basis of a series of hydrometallurgical systems developed in the Soviet 
Union and abroad [1-3]. 
Various iron oxides, having relatively unstudied compositions, formed during the de

composition of pyrrhotite will in many cases determine the indices for the subsequent 
separation of the valuable components and the complexity of raw-material use. 
This paper will give the results of a study made of the composition and conditions 

for the formation of iron oxides — the product obtained following oxidation of the 
pyrrhotite of Noril'sk copper-nickel concentrates, when processed by the hydrometall
urgical technique [3 ]. 
Studies were made of the composition of samples selected in laboratory and pilot 

tests, using x-ray-phase, chemical, and other analyses method. 
According to the results of the research into the 

composition of leaching-product specimens, given in 
the Table, as the share of oxidized pyrrhotite increa
ses, there will be a steady increase in the amount of 
goethite and hematite; with the samples in the period
ic tests, there will also be an increase in the magh-
eraite. This is clearly confirmed by the Mossbauer 
spectra (Fig. 1) . 
Parameters for the Mossbauer spectra of maghemite 

and hematite are close to each other, which makes it 
difficult to make a single-valued determination of 
these compounds. For their identification in the ex
amined samples, the spectra were registered for sever" 
al specimens which had been placed in an external 
transverse magnetic field of 20 kE, Since maghemite 
is ferromagnetic with a spinel structure and the iron 
in it is found in a tetrahedral and octahedral posi
tion, the Mossbauer spectra of the maghemite in the 
external magnetic field split into two "six-section" 
lines. Hematite is antiferrimagnetic and its spectra 
shows almost no change. 
As is evident from Fig. 2, the outer lines of the 

superfine structure are not split in any of the ex
amined leaching-product samples. This makes it pos
sible to assume that there are no perceptible quan-
titiesof maghemite in the products obtained after 
oxidation of the pyrrhotite concentrates; hematite 
does form. 
In test II (see Table), the field on the iron 

core in hematite is somewhat less than is characteristic for massive hematite, and it 
increases as the leaching time increases from 491 to 509 kE; moreover, the lines are 
somewhat wider than in conventional hematite. A similar phenomenon can be caused by 
the presence of water of crystallization in the hematite structure, the replacement 
of iron by atomic impurities or by small size hematite particles (superparamagnetic 
behavior); the latter was noted earlier [4-6] for hematite, maghemite, and goethite. 
In our case, the formation of hematite with particle sizes of about 150 A, where-

they show some•increase during oxidation, can be found in spectra of a superfine 
structure with fields on iron cores changing within specific ranges. 
. It is interesting to note that no supermagnetic behavior was noted for the magnetite 
in the examined specim.cr.r?. Thi.s phenomenon -- in conjunction with data on hematite 
and magnetite distribution by size [7]— confirms that magnetite is probably concen
trated in size class -HO um, and hematite in size classes of -5 um. 
From the data on the composition of pyrrhotite-leaching products and data in the 
Iterature, one can hypothesize the following mechanism of iron-oxide formation. 

- i O - S - S - i i - 2 0 2 
V, MU/C 

t, c s 

Fig. 1. Mossbauer spectra 
of specimens (test I): 

1 - original concentrate; 
2 - specimen 1; 3 - spe
cimen 2; 4 - specimen 3. 
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Composition and Teclmological Features of Examined Samples 
Chemical 

composit ion, f' 

Cu 

0.35 
0.34 
0.17 

Ni Fe S t o t i S° 

2.5 
2.2 
0.62 

46.1 
42.3 
44.3 

0,51 
0.50 
0.40 
0.20 
0.05 

III 
1.22 
1,0 
0.81 
0,39 

2.7 
2.0 
2.4 
2,1 
1.6 

54.6 
48,6 
45.1 
44.9 
44.G 

^ g Phase compo-
ftotR 3ltlon of Ir-
.^.g : an oxides, % 

a 
<u o 

vf o 
P t< p. 

20.1 
23.8 
23.8 

5.0 
12,3 
19.9 

29.8 
28.3 
25.9 
24.9 
24.7 

4.3 
• l.l 
10.0 
17.3 
18.1 

32.0 
68.0 
89.0 

3.1 
3.0 
4.0 

2.6 
3.0 
5.5 

2.23 
1.9.5 
I.OI 
1.20 

51.0 
4{'>.5 
43.L' 
42.4 

30.4 
27.4 
^0.1 
24.8 

7.1 
15,1 
17.2 
18.3 

43.0 
71.0 
92,0 
93.0 
94,0 

36.0 
74.0 
82.0 
88.0 

5.4 
7.5 
8.2 
8.4 
8.6 

3J) 
2.9 
3.0 
a.0 

1.9 
4.6 
0,3 
5.9 

2,4 
7,0 
9,6 
10.6 
10,4 

Test conditions 

Periodic test in 15-llt au
toclave, at POi = 5 atm; 
108OC; s:l = 1:1. Oxidizer 
- commercial oxygen. About 
254 FejO* in original con
centrate 

Periodic test in a 1.73 m' 
capacity pilot foui^aection 
autoclave, at POj .= 4 atm; 
s:l = 1:1. Oxidizer - oxyg
en-air mixture with 60J' Oz. 
About 1.25i FejO^ in origin- . 
ak concentrate. 

a.5 
4,1 
6.8 
6.0 

Continuous test in a 3.46 
m'-capaolty pilot ei^ht-
section autoclave, at ?02 = 
= 9 atm; 108°C; s:l = 1:1. 
Oxidizer - oxygen-air mix
ture with 605s O J . < 1 ? ; Fe304 
in original concentrate. 

If we accept the disso
lution of pyrrhotite 
(simply represented by 
the formula FeS) in an 
electrochemical process, 
we can assume that the 
reactions occur as fol
lows: 

FeS-* Fe»*+30+26- (2) 

H,O+0,5O,+2«--2OH-. (3' 

and where the products 
meet, 

Fe«++2 0H--»Fe{0H),. (4) 

It is well known that 
the formation of ferrous 
hydroxides is possible 
at pH > 5.5 [8]. Dur
ing the initial oxida
tion period, when the 
free acid concentration 
is too small, the total 
pyrrhotite oxidation re
action is: 
FeSH- H ,0+0,5 O,- Fc '(0H),+ S». ( 5 ) 
Then, as the pH drops, 
this reaction can occur 
only in the adsorption 
layer at the sulfide-
solution boundary. 

According to an earli
er work ['9], the rela
tionship or the phase 

interface (pHs) to the pH in the liquid volume (pHv) 
and the potential of the sulfide (cp) can be approxi
mated by the-equation: 

pHs=pHv±:17,3<p. (o) 

It is well known that the potential for pyrrhotite, 
for example at a pH 3.2, is about 0.15 V [10J; in 
the presence of oxygen, the positive value for the 
potential of this sulfide increases by 50-60 mV [Hj. 
Taking this value into consideration, the pHs on the 
pyrrhotite surface — calculated according to Equa
tion (6) for a pHv = 3.2 — is about 7.0; this indi
cates the possibility of Fe(OH) forming on the sul
fide surface, even with a comparatively high acidity 
which corresponds to the actual continuous leaching 
process. 

The next probable stage is oxidation of amorphous 
ferrous hydroxide according to the reaction^ 

Fe (OH),+0,5 0,-*Fc OOH+H,0 ( V ) 
with the subsequent formation of ferroferrite: 

Fe(OH),-hFeOOH-;FeOOH FcOfH.t) (3) 
Formation of such a ferroferrite was noted earlier 
[12]. 
To confirm the possibility of ferroferrite forming 

under actual pyrrhotite-oxidation conditio/is, diffractographs were taken for tv/o 
specimens obtained at the initial stage of leaching, and prepared according to an ear
lier described method [l2, 13]. The diffractographs of these specimens show a gen
eral set of reflections (da = 5,69, 4.18, 3.95, and 2.87 A ) . Comparing the general 
set of reflections with the interplanar distances for a series of compounds. which can 
be preso-nt in the original concentrate or form during the leaching process, clearly 
showed that the noted set of reflections does not include goethite or hydrogoethite 
(I = 8, da = 2.45 A, I = 10), hydrojarosite (there is no d^ =;5.10, 1 = 9 , hyper-
sthene (no da = 3220 A, I = 10), gypsum (no 6^ = 3.07 A, I = 10), nor anhdyrite (no 
da = 3,49 A, I = 10), 

The above makes it possible to hypothesize the formation of ferroferrite during 
leaching, especially at the start of the process. Another indirect confirmation of 
this is the green color of the solid at the start of the oxidation; it is well known 

211 
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Fig. 2. Mossbauer spect
ra of specimens which ve 
were placed in a trans
verse magnetic field of 
2-0 ke: 

1 - sample 1; 2 - sample 
2; 3 - sample 3; 4 -
hematite; 5 - maghemite. 
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that of all the iron oxides, it is only ferroferrite which has that color. 
The next stage in the process is the formation of magnetite: 

FeO0HFeO+FeO0H-»Fe,0,+H,0. ^ ^ ' 
In the presence of oxygen, a poorly crystallized magnetite can be one of the sources 

for production of goethite: .0) 2 Fe,O4+0^O,+3 H,0-»6a.Fe00H. 

It should be noted that the presence of hydromagnetite and the formation of goethite 
are probably due to oxidation.. 
According to sortie data [14 ], sulfate- and fluorine-ions contribute to the formation 

of goethite; this conforms with our results. Goethite is the source of hematite 
fonnation: 2a-FeOOH-»o-Fe,0,+H..O. (11) 

The enthalpy of Reaction (11) is about 4 kcal [15]; according to [16], hematite is 
formed at low pH values. Therefore, completing the leaching at low pH values (1.5-2) 
will contribute to production of hematite. 
As is shown by accumulated experimental data, oxidation of pyrrhotite in water by 

means of oxygen at about llO^C and a s:l ratio of 1-1.5 will lead to formation of 
crystalline forms of oxidized iron; however, at the end of the process, their content 
is 20-35%. The remaining oxidized iron is represented by x-ray-amorphous forms, 
which are the sources for the obtainment of various crystalline compounds during the 
process of further processing of oxidized pulp. 
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THE CHEMICAL PRINCIPLES OF SOLVENT EXTRACTION* 

UDC 669.2:66.061.5 
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Yu. A. Zolotov 

Solvent extraction is one of the most modern and progressive methods of separating 
and extracting non-ferrous metals. It is a universal method, being applicable to all 
metals over a wide range of concentrations. The process is technologically efficient 
and is comparatively easy to automate. Solvent extraction of metals has been widely 
used in the last 15-20 years in nuclear technology and analytical chemistry, linked 
with the extensive use of efficient extractants (phosphoryl high-molecular amines, 
especially tributyl phosphate). In recent years solvent extraction has become a nor
mal method in non-ferrous metallurgy, and there is a tendency toward further adoption 
in this field. 
The theory of solvent extraction is based upon a number of different scientific 

trends: chemical thermodynamics, theory of solutions, coordination chemistry, chemi
cal kinetics, and mass transfer theory. The selection of extractants calls for crea
tive use of the achievements of organic chemistry. 
The principal task in solvent extraction chemistry is to convert the metal to a 

compound which is completely and selectively extracted. It is consequently necessary 
to select such a compound, to find the optimum conditions for its formation, and to 
seek a suitable solvent. This calls for wide-ranging preliminary research and for 
determining the patterns and the mechanism of the process. 

The basic condition for the passage of a metal from aqueous solution into organic 
solvent is that the solubility of the Me compounds in the organic solvent must be 
higher than in water. It must be borne in mind that in actual systems a metal may 
exist as various compounds. In addition, forms which v/ere entirely absent from the 
initial aqueous solution are often produced in the extraction process itself. 
The following principle also operates: charged compounds cannot pass into an or

ganic solvent. If the metal is present in the form of ions, they must be converted to 
an uncharged complex or to an ionic association, with a suitable ion of the opposite 
charge. The absolute magnitude of the ion charge is an important factor in the ex
traction of ionic associations (salts): all other conditions being equal, singly 
charged ions are extracted best; extraction of doubly charged ions, and of triply 
charged ions in particular, is not so good. 

It is important as a rule to maintain water-repellent characteristics in the com
pound being extracted, the molecule of which must contain no free hydroxyl or car
boxyl groups. Solvation by extractant molecules very often helps extraction; in these 
cases the nature of the extractant is the decisive factor. Finally, the size of the 
molecules of the compound being extracted is important: large.molecules which break 
up the water structure more strongly are usually extracted better. 

Extraction is a two-phase heterogeneous process; the phase rule is therefore appli
cable to it. 
The distribution of a substance between two liquid phases must be subject to the 

law of distribution, which states that at a constant temperature and pressure the 
ratio of equilibrium concentrations of the substance in the two immiscible phases is 
constant; this is the so-called distribution constant. This law holds good if the 
form in which the substance exists in both phases is the same and does not alter with 
changes in concentration. 

Finally there is the law of mass action. The process of solvent extraction can be 
described as a normal chemical reaction, and most solvent extraction reactions are 
reversible. 

Finding the composition of the compounds being extracted is a vital aspect of re
search on the chemical mechanism of solvent, extraction. Chemical analysis of extract* 
and a variety of physical methods, especially spectroscopic methods,, are used for 
this purpose in addition to methods based upon the law of mass action. 
The principal types of metal compound of importance in solvent extraction can be 

divided into two large groups: unionized compounds and ionic association. Eight 
groups of compound can be distinguished with a more detailed classification. 

1. The first group is composed of molecular compounds with covalent bonds of l2». 
AsBrj, and OsOi. type. Solubility in the organic phase is of particular importance i^ 
their extraction. 

PH "sS T ' l 

113 cicaj CO* 

- Rtae 

'Based upon material from the First All-Union Conference on Hydrometallurgy. 

This classification is based upon the nature of the compound being extracted. 
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2. The second group, the chelates, are cyclic complex compounds of metals with or
ganic reagents, the molecules of which are attached to the metal by at least two of 
their atoms; at least one atom of hydrogen is evolved in the reaction. Metal com
plexes with 6-diketories, hydroxyquinoline, dithizon and oxyoxim.es. This class of com
pounds has been thoroughly studied, and the theory of solvent extraction of chelates 
is very highly developed. 
3. The so-called coordination-solvated compounds may be placed in the third group. 

This means metal complexes with a mixed coordination sphere which includes an inor
ganic ligand and a neutral extraction reagent. Examples are (PdClaSzl, where S is the 
neutral sulfur-bearing reagent, and [ScCls(TBP)3], where TBP is the tributyl phos
phate molecule, or [UO2(NO3)2(TBP)2]. Such compounds are extracted only when solvent-
extraction reagents are used which are capable of entering the inner sphere of the 
complex. 
4. Coordination-unsolvated associations similar to that formed by the large tetra-

phenylarsonium cation with the perrhenate ion (also large and coordination-unsol
vated) . By stretching a point, salts of quaternary ammonium bases with metal-bearing 
anions unsolvated in the coordination sphere can also be included. 
5. The fifth group includes mineral acids, which are extracted only by solvents of 

fairly high basicity capable.of protonation, for example, by amines, tributyl phos
phate, etc. 
6. The sixth group includes complex metalliferous acids and their salts. These are 

primarily compounds of Ĥ MXiji-m type, where M is a metal, X is a singly charged elec
tronegative ligand (fluoride, chloride, cyanide, nitrate), and m is the metal ion 
charge, for example, HFeClu, HCbFe, and Hlnl^. Complex acids are extracted only by 
highly basic oxygen-bearing extractants: ketones, ethers or esters, or amines. 
7. Heteropoly compounds, which are related to complex acids but have features which 

make it possible to put them into a separate group. Extraction of heteropoly acids is 
.of importance for silicon, phosphorus, and molybdenum. 

8. The last group is made up of ionic associations which for some reason or other 
are not included in the preceding groups, for example, salts of basic dyes. 
The proposed classification is neither conclusive nor complete, because extraction 

chemistry is developing rapidly. 
"Synergistic" extraction, when mixtures of extractants take out metal with higher 

" distribution coefficients than might have been anticipated according to the additiv
ity rule, have recently become widespread. So-called substoichiometric solvent ex
traction, when the quantity of reagent is less than that required in accordance-with 
stoichiometry, is being used in analytical chemistry; this has made it possible to 
increase selectivity. Substoichiometric extraction is very similar to exchange ex
traction, which is based upon the displacement of one metal present in the form of a 
complex in the organic phase by another metal with a higher extraction constant; this 
is also a very effective way of increasing selectivity. During the last ten years ex
traction chromatography, which was hitherto regarded as a laboratory method, has be
come a common routine. The problem now is to introduce it into large-scale produc
tion. Study of the mutual effect of metals in extraction has made it possible to give 
valuable recommendations to increase selectivity. 
Selection of extractants is the task of extraction chemistry. The main ways of 

choosing extraction reagents have been defined in this field, based upon achievements 
in modern coordination chemistry, organic chemistry, and electrochemistry. Further 
increases in selectivity of action are essential, based upon thorough development and 
study of the theory of selectivity. 
A series of papers which make a definite contribution to extraction chemistry was 

presented at the First All-Union Conference on Hydrometallurgy. ' 
Yu. G. Frolov, V. V. Sergeivskii et al. presented a paper on determining the effect 

of water upon the thermodynamic activity of extractants in triple (extractant-solvent-
water) homogeneous solutipns. 
The results obtained explain a number of the patterns observed in the behavior of 

substances in solvent extraction. 
A paper by E. B. Mikhlin and his co-workers on the extraction of rare earth ele-

iients with mixtures of neutral oxygen-bearing extractants was devoted to the use of 
synergistic effects in solvent extraction; in extraction from nitrate solutions, the 
'''etal distribution coefficients are always higher when mixtures of extractants are 
used than with separate extractants (for example, tributyl phosphate and petroleum 
Sulfoxides). The authors see the reason for the effect as the formation of mixed sol-

• vates. 
The work of the Polish chemists Sekerski and Fidelis and of the American scientist 

, Peppard has recently attracted the attention of researchers; their subject was the 
study of the sequence of charges in distribution coefficients of rare earth elements 

2^Z 
The Conference materials will be published by the Nauka Publishing House. 
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with increases in the atomic number. Several groups of elements were found within 
which the distribution coefficients alter in the same way. The work by A. I. Mikhail-
ichenko and co-workers entitled "The tetrad effect and some peculiarities in the sep
aration of lanthanide mixtures" aroused interest in this respect. The author demon
strated the "universality" of this periodicity in changes in distribution coeffi
cients and indicates ways in which this pattern could be utilized. 

In the communication by S. S. Korovin and co-workers, the reaction of rare earth 
metal chlorides with tributyl phosphate was used as an example to demonstrate the 
-possibility of using infrared spectroscopy to study the solvent extraction mechanism. 

Research on the kinetics of the process is a vital but less well-developed line of 
study in extraction chemistry. This was emphasized in an interesting plenary paper by 
G. A. Yagodin. In separate communications, G. A. Yagodin and his co-workers have ana
lyzed the results of research on the speed of extraction of zirconium and hafnium 
from solutions of various compositions, as well as some general aspects of extraction 
kinetics. 

Seeking new extractants which are cheap and readily available, A. M. Reznik et al. 
studied the extraction of gallium and scandium from chloride solutions with butyl-
benzylsulfoxide and other sulfoxides, including petroleum sulfoxides. Scandium is ex
tracted fairly selectively from sulfate solutions with petroleum sulfoxides (titaniua 
is extracted at the same time). A group of Novosibirsk chemists (I. M. Ivanov, A. v. 
Nikolaev, L. M. Gindin, et al.) is systematically seeking chelate-forming reagents 
for the selective separation of copper. At the Conference they reported on the study 
of hydroxyazo compounds, hydroxyazomethines, and aminophenols; certain reagents can 
be used to separate copper and iron, the copper being extracted more quickly than 
iron. 
Branched monocarboxylic acids are relatively new to Soviet specialists: several 

communications at -the Conference were devoted to them. The advantages of these com
pounds are low solubility in water and low freezing points. The extraction of iron 
(III), rare earth metals, and alkali metals using such extractants was studied. N. N. 
Aslanov, A. A. Shepel' et al. have made a detailed study of the compounds themselves. 
Various phenols are also used to extract alkali metals. Alkyl phenols were studied 

in work by A. I. Khol'kin, L. M. Gindinetal. V. I. Bukin and co-workers studied 2-
phenyl-2-phenylol-propane. Diantipyrylmethane and its analogs are of interest as ex
tractants for various metals, in particular non-ferrous metals; these compounds have 
long been studied at the Perm' University by a group led by V. P. Zhivopistsev. New 
reagents were also suggested for extraction of platinum metals; the previously de
scribed compound para-octylaniline (L. M. Gindin et al.) is effective for group ex
traction of these metals. 
Changes in extractive capacity in a series of extractants similar in structure can 

be achieved by using various correlations, for example, between the electron density 
on the extractant active atom and the electro-negativity of substitutes in the com
pound molecule. A. M. Rozen reported on such researches. He drew attention to the 
features of neutral polydentate extractants with several phosphoryl groups. 
The work of the Conference showed that research on the chemical mechanism of sol

vent-extraction processes is of primary importance in extending the use of solvent 
extraction i.n non-ferrous metallurgy. 
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A Constitutive Relation Describing 
Dilatant Behavior in Climax Stock 
Granodiorite 
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Climax Stock granodiorite was compressively loaded along different paths 
to failure at a fixed strain rate and at mean pressures to 0.7 GPa. These 
data are used to develop a constitutive relation. The expression relates dila
tant volume strain Cj to mean pressure P and shear stress T in the form: 

A(T) Cd = exp 
X(T) 

where x and A are explicit functions of T. The equation has the advantage 
of simplicity and of expressing the actual behavior in terms of measured 
physical parameters. 

A, 

Li 

INTRODUCTION 

Three-dimensional stress-strain data are summarized in 
a constitutive stress-strain relation that describes com
pressive loading of Climax Stock granodiorite to 0.7 
GPa mean pressure for the condition that the interme
diate ((T2) and minimum (^3) principal stresses are 
equal. Some of the data and the physical processes 
believed responsible for the observed behavior have 
been presented before [1,2]. 

Failure in this material (to more than 5 GPa mean 
pressure) is by brittle fracture: a sudden loss of coher
ency due to a throughgoing fracture (usually accom
panied by a loud report) and a drop in the maximum 
principal stress tr, [3]. Failure is always preceded by 
dilatant behavior: an increase in bulk voiume because 
of an increase in crack volume. Here, dilatant behavior 
is defined as an expansion when ff, ^ (T3 with respect 
to the compression observed when a, = ff^ at the same 
mean stress. 

EXPERIMENTAL OBSERVATIONS 

The failure envelope [4] and the envelope denoting 
the onset of.dilatant behavior [1] for Climax Stock 
granodiorite are, within experimental error, indepen
dent of stress path ffi/ffs on compression and in the 
absence of cyclical loading. If a rock fails or exhibits 
dilatant behavior at a given shear stress dependent only 
on mean stress, then these envelopes are each unique 
(for the experimental condition 02 = CT3 and initial 
compressive loading). Crack propagation and failure in 
brittle materials are associated with the accumulation 
of a critical amount of shear strain energy [5]. This 
suggests that envelopes representing failure and the 

• University of Califomia, Lawrence Livermore Laboratory, Liver
more, CA 94550, U.S.A. 

onset of dilatancy are unique in terms of shear strain. 
The uniqueness implies only a constant shear strain 
at failure at a fixed pressure independent of loading 
path. Shear strain at failure varies with pressure. 

The importance of shear stress and mean pressure 
in defining the behavior of a brittle rock has been 
demonstrated [1]. For an isotropic homogeneous body 
in orthogonal coordinates and with 02 = ff3, the strain 
Cj = £3. When a brittle rock dilates the volume increase 
is due to an increase in 63 such that des ?> — de, [6]. 
Therefore, a volume strain change de„ = 2de3 -H de, for 
a dilating sample is related to the change in shear strain 
de, = de, — des. Thus, the constitutive relation should 
involve three parameters: shear stress T, mean stress 
P, and either e„ or e.,. 

To test this hypothesis we examine the data. Figure 
1 is a plot of P as a function of e„ for Climax Stock 
granodiorite on a variety of loading paths. The data 
were taken at a strain rate (ci) of about 10"Vsec. The 
hydrostat is the P — e„ path followed during loading 
with (T, = ff2 = <̂ 3. and is shown as a bold line. Values 
of T corresponding to specific values of P and e„ are 
plotted for non-hydrostatic (ff, > a^) loading paths. 
These data were selected from the complete data set 
but chosen to represent dilatant but unfailed rock. For 
an elastic, non-dilating solid, all values of T lie on the 
hydrostat. (The essentials of the figure could also be 
represented by strain values plotted on a graph of T 
vs P.) We plot the data in terms of strain and pressure 
because they are commonly used as the basis for finite-
difference calculations, and because they show the hy
drostat as a reference that may be used to generate 
part of the equation of state through the normal bulk 
modulus K = K(P). Although inelastic behavior in 
rocks can occur while material is loading along the 
hydrostat (e.g. pore collapse), the distinguishing feature 
of dilatant behavior is that a void space is created as 

221 



222. R. N. Schock 

1 . i . 

1.0 

0.8 

0.6 

0.4 

0.2 

0 

-

-

- 2 

^ 

1 1 

T • O.J5__ 

^ 1 1 

1 1 

t • 0.35-
.J -_0j30j 

* ^ T - 0.10 
• 0.05 

1 1 

\ r* 

- 0.15 „ 
T - O . 
T - 0.( 

1 U 

0.30 
0.3 

0.2 

0 0.002 0.001 0.006 0.008 0.010 0.012 0 0.001 0.002 0.003 0.004 0.005 

Fig. I. The behavior of T as a function of pressure P and volume strain e„ for dilatant but unfailed Climax Stock granodiorite 
over a variety of loading paths. Numbers represent data (T X IOO), dots are uniaxial stress (daj = 0) loading and .x denotes 
other (dCT3 ^ 0) loading paths. Lines represent equation (1) for fixed T values. Plot on right is enlarged from plot on 

left. 

T increases. This results in an increased macroscopic 
volume of the sample with respect to the volume of 
the solid material which must decrease with increasing 
mean stress. 

For this granite under uniaxial stress compression 
(where no compaction is observed), low strain-rate uni
axial strain loading is confined along the hydrostat 
(dilatant strains are precluded) and coincides in T — P 
space with the onset of dilatant behavior [1,7]. Values" 
of T for this path therefore define the intersection of 
isoshear-stress lines (constant T) with the hydrostat. 

CONSTITUTIVE RELATION 

To represent isostress (T) lines in Fig. 1 with an equa
tion, a relationship was chosen to describe the behavior 
of e„ with respect to P to the left (expansion) side of 
the hydrostat. This relationship converges to the right 
(compression) with the hydrostat. When dilatant strains 
are observed, the data (Fig. 1) are fitted by 

U = exp 
6P_ 
x{x) 

-A(z ) (1) 

where €j is the increase in strain at fixed P due to 
T. For the data in Fig. 1, A = 20(0.7 — T) and 
X = 0.4(T - 0.05) GPa for O.I < T < 0.25 GPa. At 
T < 0.1 GPa, X is fixed at 0.2 T. For T < 0.25 GPa, 
A is fixed at 9.0 and x at 0.08 GPa. The data for 
T > 0.25 GPa are inadequate to fix A and x more 
closely. The value 5P is the difference between the 
actual pressure Pg (corresponding to a value of T) and 
the value of P where the isostress line for that value 
of T intersects the hydrostat (P,,), SP = P^ - Pa- With 
the relationship P,, = -O.OI -\- 2.0 (T -H T^), P^ is calcu
lated from T. The PH — t relationship is the envelope 
that denotes the onset of dilatant behavior [7]. The 
total volume strain e„(P) is obtained from 

e„= -AP/K(P)-l-e, . (2) 

Dilatant strain would be a better indicator because 
accumulated shear strain is assumed to be directly 
related to failure. Unfortunately, the experimental data 
are equivocal (see Figs. 2 and 14 of Ref. [1]), because 
just before failure the radial strain rate (€3 = ki and 
therefore e„) is very high (> 10"-/sec) and strain at the 
precise moment of failure is often not measured. Until 
63 is more clearly defined at failure, ê  = O.OI might 
be used as the failure dilatant strain for this material. 
Though somewhat arbitrary, this value is in accord 
with observed data [1]. Furthermore, T at failure is 
very insensitive to the chosen value of Cj for ê  > 0.005. 

Finally, the need for an explicit relationship includ
ing both T and P is illustrated in Fig. 2. Loading at 
constant GJOT, means that the T — P relation is differ
ent than for uniaxial stress (constant Oi) loading. 
Accounting for this fact is the P — e„ curvature, which 
is different if a^ is held constant. 

. CONCLUSIONS 

The constitutive relationship at constant axial strain 
rate for one rock type is expressed as e(P, T). The rela
tionship is simple and expresses the actual behavior 
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The failure surface is commonly used as an envelope 
in T and P space as a limit to T in computer codes. 
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Fig. 2. Predicted pressure P vs volume e„ relationship for loading 
at constant (T,/(T3 = 4.0, compared with the hydrostat and with 

uniaxial stress loading (a^ = O.I GPa). 
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in terms of experimentally relevant physical parameters. 
The expression (I) applies only to this rock under the 
conditions of compression and ff2 = ffs. The form 
should be applicable to other rock types, with different 
.\- and A, where dilatancy is exhibited under these condi
tions. 

Brace and Orange [8] have suggested that a simple 
relation exists between electrical resistivity and crack 
porcsity in dilating rock. Coupled with the ability to 
calculate crack induced volume changes (ê ), this sug
gests that electrical measurements might be useful in 
deducing the magnitude of stress changes in dilating 
rock bodies. Although no similar relation has been pro
posed for acoustic velocities, they have been shown [9] 
to be markedly affected by dilatant strain and might 
therefore be utilized in a similar manner. 

Most holocrystalline granitic igneous rocks exhibit 
similar physical properties [4], and a constitutive rela
tionship describing their behavior should be similar to 
that for Climax Stock granodiorite. Another commonly 
observed inelastic phenomenon, compaction of pores, 
has been described by constitutive relationships devel
oped in a similar manner [10,11]. However these rela
tionships do not treat compaction enhanced by shear 
stress [I]. Nevertheless, the similarity of these relations 
offers the attractive possibility of treating dilatancy and 
compaction simultaneously [I]. The form of the com
paction relationship as well as that for dilatancy in 
other rocks is under study. 
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Purl l icat ion of magnesium melts with special addiUves 

EARTW SCIENCE i m 
t^DC 669.721.4 

V A Kechin, N M Demido, A S Malyugin and I P Vyatkin (Nortli-Cavicasian Minuig-Melallurgical Institute and Uie 
Bereznik Titanium-Maf^iesium Combine) 

Summary 

The preferred and most proiiiisini; niothod for tho 
refininf; of magnesium nielLs is treatment with metallic 
additives. The aim of the work was to investii,'alc Die 
effectiveness of thc reaction of inanganeso, zirconium and 
titanium with the impuri t ies in tlie niapicsiuni melt.. The 
reaction between tlie additives and the impurit ies was 
assessed from the qualilalivc (phase diagrams) and quan
titative (effectiness of tlie reaction) standpoints. 

The phase diagi'anis for Uic magnesium-addit ive-
impurity system were analysed witli due regard for the 
metallic and cheniical charac ter i s t ics of Uie reacting 
elemenls iu combination with calculated and experimental 
data on the effectiveness of Uie reaction. The necessary 
information was obtained for selection of the additive, 
its consumption ra te , and Uic technique for purification 
of magnesiuiii melts in relation to the composition of 
the initial mater ia l and to Uie requi rements made of Uie 
final product. 

CRM 
Reaction of iron(n) with cyanide and'alkali in solution 

L D Sheveleva, A A Golovin and M N Tagil ' tseva (Urals Polytechnical Institute - Department of the Metallurj 
of Noble Metals) 

Summary 

To reduce the losses of cyanide with iroii(n) compounds 
it is necessary to maintain not only the optimum alkalinity 
in the pulp but also Uie approprlateconcciilration of Uie 
oxidising agent in the solution boUi in Uie,alkaline agitation 
p rocess and in the cyaniding p rocess . The presence of 
ferrocyanide in the solulion may indicate a deficiency of 
both alkali and oxidising agent in the pulp. 

Contact reduction of molybdenum from organic media 

Increase in Uie oxidation ra te of Iron(II) is promoted by 
better dispersion of Uie air in the pulp, the delivery of 
oxygen, Uie use of surfactants , and the use of strong 
oxidising agents. The cyanide consuniption can be reduced 
by dissolving Uie cyanides in a weak solution of acid, fol
lowed by t rea tment of Uie pulp in an alkaline medium before 
cyaniding. 

UDC 661.877:66.094.235:543.5+543.257.1.. 
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V I Sherashov, O V Kuz'niichev and V M Blavatnik (Yaroslavl Polytechnical Institute 
Chemistry) 

Depariment of Analytical 

Little is known in Uie l i te ra ture on Uie contact reduction 
of metals from organic media on solid metal cementation 
reagents . The present report gives JJie resul t s from an 
investigation into the reduction of molybdenuni(Vl) from 
a serie.s of oxygen-containing solvents; tributyl phosphate 
(TBP) and its solutions in kerosene and caron t e t ra 
chloride, cyclohexanone (Cil), acetophenone (AP), methyl . 
isobutyl ketone (MIBK). diethyl ketone (DEK), and butyl 
acetate (BA), which a r e pood extractants for the extraclion 
of molybdenum from aqueous-solutions ') . All the employed 
extractants were of pure grade, and the TBP was purified 
from hydrolysis products liy Uic method descrilied in lhc 
literature•') Ammonium molybdate of chemical purity was 
used to p repare the aqueous solutions of ninlylidcnum. 

the res idue of Uic metal reducing agent, and the molybdenura 
reduction products were separated from Uie organic phase 
by filtration, washed severa l t imes with acetone and distilled 
water, and dissolved in hydrochloric acid (1:1) wiUi the addi
tion,of hydrogen peroxide or nitric acid to oxidise the raoly-
bdeiunii to Uie hexavalent s ta te . After removal of the excess 
of the oxidising agent Ihe molybdenum content was deter- . 
mined by the methods described in Uie l i terature^) ' ' ) . 

The effect of var ious factors on'the r a t e and degree of . ' 
exlraclion of molybdenum was investigated. These lactors 
included the nature of Uie metal reducing agent and the ' ' 
organic cxlrnulanl, Uic temperature , Uie contact t ime, and 
tlic concentration of hydrochloric acid in the organic phase. ' 

fl 
- : i' 

The molybdenum was tran.sferred into the organic phase by 
extraction from hydrochloric acid solulions wiUi the aqueous 
arid organic phases in a ra t io of 1:1. (The volume of Uie 
phases amounted to 20ml). The concentration of molybdenum 
in the aqueous phase amounted to 5g/ l . After scpaiat ion into 
layers the aqueous phase was separated from the ori^'anic 
phase and analysed for residual molybdenum content' '). The 
aniount of molybdenum in Uie organic phase was calculated 
from the difference between its concentrations in Uie aqueous 
phase before and after extraction. The contact reduction of 
molybdenum was real ised in a Uiermostated cell ( i l ° C ) p ro 
vided with a magnetic s t i r r e r . At Uie end of Uic experiment 

The effect of Uic nature of Uie metal reducing agent on the 
deio-ee of extracl ion of molybdenum was investigated on 
magnesium, aluminium, zinc and iron (in the form of plates 
and powders) from a 50 ĉ solution of TBP in carbon tetra 
chloride. The resul t s showed that the higliest degree of 
extraction of molybdenum is observed on zinc and amounts . ' f 
to 92''f when zinc powder of grade P T s - 2 is used (particle ,' j ' 
s ize 45-60/i). At 40Oc with a contact tiine of 20 min the ' \ 
degiee of extraction of molybdenum increases with increase ' 
m Uie weight rat io , of Uie metal reducing agent to molybdenum 
(fig. 1). All Uie subsequent experiments on the contact reduc-'. 
tion of molybdenum were ca r r ied out on zinc powder with a ' 
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The table gives dala on the effect of temperature and con
tact time on the degree of extraction of molybdenum from 
various organic extractants. The results show a fairly high 
extraction of molybdenum from ketones.(MIIJK, AP, CH, 
DEK) over a wide range of temperatures. For TBP, which 
has a considerably higher viscosity (̂  = 3.39cP) than ketones 
(>? =0.5-1.99cP), tiie degree of extraction increases with 
Increase in temperature. Dilution of thc TBP with inert 
solvents (fig. 2), which is accompanied not only by a decrease 
In the viscosity of Uie solution bul also by a decrease in the 
dielectric constant, leads to a considerable increase in Uie 
molybdenum reduction rate. The results from expctinienls 
on the reduction pf molybdenum from butyl acetate (fig. 2, 
curve 3), which also has low viscosity (0.732cP) and di
electric constant (4.87), makes it possible to conclude Uiat 

• Uie viscosity of UID organic extractant is one of the impor
tant factors affecting rate of the process. 

Table: The degree of extraction of Mo during contact'reduc-
tlon trom various organic extractants 

Temp. 
"C 

20 
40 
60 

TBP MIBK AP CH DEK 

Tmie min 

10 

3.12 
3.50 

72.5 

20 

3.70 
62.9 
87.5 

30 

3.75 
62.8 
87:5 

10 

93.5 
91.0 
93.0 

10 

93.5 
94.5 
98.8 

to 

94.0 
93.2 
94.5 

10 . 

80.0 
85.0 
80.0 

molybdenum from TBP the electron paramagnetic resonance 
spectra were recorded. The spectra were recorded on a 
,IES-ME-3X 3-cm spectrometer wiUi modulation of lOOHz. 
The ZPB spectrum of the solution of molybdenum in TBP 
obtained during contact reduction is typical of Mo(V) com-
poiuids'f). The strong central line in Uie spectrum from 
the even isotopes of Mo(V) has a g.factor of 1.946. The in
tensity of the EPR signal of Mo(V), which was determined as 
the distance between the minimum and the maxinium of the 
central line in the .spectrum, increases sharply (from 
510"°spin;'g to lOspin/g) wilh the addition of zinc to the 
solution of i\to(Vl) in TBP (at 60OC). It then decreases for 

• 10-15 min (to 6-10-^ spin/g), whicli indicates further deeper 
reduction of molybdenum (V). 

.̂- fi<;..! 
ro lant jome- t r ie t i t r a t i o n 
curves for the s o l u t i o n con-
t3.inina c'l-j p roduc ts from 
thi- ri^duction of inolybdenum: 
I - recorded dir^ectru a f t o r 
d i r . so iu t ion of the r educ t ion 
l i roducts ; 2 ,3 - 96 and 240 h 
a f t e r d i s s o l u t i o n . T i t r a t i o n 
with a 7.26-lO'^l i so luc ion 
of cerium si i lpJiate . 

V,mt . 

The presence of compounds of molybdenufii of lower val
ency in the contact reduction products was established by 
potentiometric titration. For Uiis purpose the zinc residue 
with tiie contact reduction products was Uioroughly washed 
wiUi acetone and distilled water and dissolved In 3N hydro
chloric acid without .Uie addition of an oxidising agent. The 
oblained .solution was titrated with a standard solution of 
cci-ium (rv') sulphate^)")on an LPM-60M pH-meter with a 
platinuni indicator electrode and a saturated calomel elec
trode in 3N hydrochloric acid at room temperature. The 
potentiometric titration curves are given in fig.3 (curve 1). 
Quantitative treatment of the experimental data and gravi
metric analysis.of Uie solution*) containing the contact 
reduction products for total molybdenura content made it 
possible to conclude that the first potential jump in the 
titration corresponds to the oxidation of Mo(ni) to Mo(rv) 
and the second corresponds to furUier oxidation of Mo(rV) 
to Mo(VI). The average valency of the molybdenum in 
such a solution, which was established by the published 
method'"), was found to be +3.5, which shows that ions of 
molybdenum in various valency states are present in the 
solution. It was established that Uie products from the 
contact reduction of molybdenum are unstable In hydro
chloric acid solution (fig, 3, curves 2 and 3). 

i* 

li 

10 to eo 
Temperature ''C 

FJ5. ? 
The e f f ec t of t e - ip jc^ tu rc on 
the dcnrci- of e x t r a c t i o n of :-lo 
from hucul a c c t . i t o U ) , a 
50 vol .% sol .u t ion of T13P In 
kerosene i ' l , .inti i n carbon 
t e t r a c h l f j r i d c ( 3 ) . 

Supposing Uiat oxygen-containing ions of molybdenum are 
present in the organic phase •), we investigated the effect 
ol the hydrochloric acid concentration in Uic organic phase 
on Uie degree of reduction and the degree of extraction of 
molybdenum. For this purpose wc used a 50% solution of 
TBP is ethyl alcohol and molybdenum acetylacetonak>,. 
oblained by the melhodin''). An'accurately weighed sample 
of Ihe salt was dissolved in an aliquot portion of the solu
lion of TBP in eUiyl alcohol. conUiiningvarious amounts of 
hydrochloric acid. The experiments showed that the extrac
tion of molybdenum increases from 25 to 9?.?i with increase 
In the concentration of hydrochloric acid in Uie organic 
phase from 0 to 0.2mole/l. Further increase in the con
centration did not lead to a significant change in the degree 
o( extraction. It should be noted that in the absence of 
hydrochloric acid niol.vbdenum is largely reduced to 
"molybdenum blue". 

To determine the mechanism of .the contact reduction of 

Consequently, the reduction of Mo(VI) by zincin a TBP 
medium lakes place in stages: 

Mo(VI) + e -

Mo(V) + 2e 

Mo(V) 

Mo(in) 

and the formation of molybdenum sesquioxide as one of the 
supposed products from the contact reduction of Mo(VI) can 
be descritied by the reaction: 

2M0O";.r3) 

M„0 (orj;) 

( s o l i d ) 

Conclusions 

1. The possibility of contact reduction of niolybdenuni(VI) 
from various oxygen-containing organic extractants with 
zinc was demonstrated. The effect of various factors on the 
rate and the degree of extraction of molybdenum \yas inves
tigated, and theoptimum conditions for the extraction of 
molybdenum from TBP were selected. 

2. The stage character of the reduction of Mo(VI) to 
Mo(ni) was demonstrated by the EPR and potentiometric 
titration methods, and the mechanism of the formation of 
MoaOa as one of Uie reaction products is described. 
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Anodic dissolution of thorium and Uiorium-zinc alloys in chloride and chloride-fluoride electrolytes 

Yu P Kanashin, I F Nichkov and S P Raspopin (Urals Polytechnical InsUtute. Department ot Uie Metallurgy of Rare Metals) 

Summary 

Thorium reacts vigorously with zinc to form sLible inter
metallic compounds. This must have an effect not only on 
the decrease in the cathodic deposition potentials of Uioriuni 
on zinc but also on Uie kinetics of the anodic diwsohititin of 
zinc-thorium alloys. The anodic polarization of iiieL-illic 
thorium and thorium-zinc alloys in chloride and chloride-
fluoride electrolytes was investigated. The polarizaUon 
curves were used to obtain the limiting diffusipn currents 
for the ionisation of thorium during the dissolution of zinc-

thorium alloys. ;yi 

On Uie Iwsis of data on the current yield and of anodic ' , , 
polarisation iiiea.suremenis it was estabUshed that a mix
ture of divalent and tetrav'alent ions is formed during the 
dissolution of thorium and its alloys with zinc. It was stown 
Uiat an increase in Uie temperature from 680 to 780°C leads 
to a decrease in Uie proportion of tetravalent ions from 
90 to 50%. 

IJDC 669.018.95:621.7.073 

Properties of sintered materials ttased pn titaiiium and chromium carbides and their use under isothermal deformation. 

S S Kiparisov, V K Narva, B D Kopyskii, I S Zbnnenberg, I L Tseibna and A M Tashlykov (Moscow Institute of Steel 
and Alloys and Uie All-Union Correspondence Engineering InsUtute) 

One of the most promising trends in the pressure treat
ment of metals is hot deformation under isothermal con
diUons'). High temperatures (up to lOOO-HOOOC) and 
prolonged treatment (up to 10-15 min), which give rise to 
rapid crushing of the tool, make special demands in Uie 
choice of tool materials. The employed heal-resistint 
nickel .casting alloys have substantial disadvantages, i. e. 
billet at high degrees of deformation and high cost. 

As known, compositions b.ised on refractory carbides 
with various heat-resistant binders have the ability to 
operate for a prolonged period under high teniperature 
conditions'). Since Uiere are no thermal shocks, dynamic 
load.s, or high specific pressures, (the main reasons giving 
rise to crack formation in sintered materials).during hot 
isoUiermal deformation, their use under Uiese condiUons 
is promising. The present work was devoted to this problem. 

Compositions containing 45-75 wt.% of titanium carbide 
cemented by the ZhS6-K alloy and also m.ileriala coiiUiining 
70 wt.% of chromium carbide with abinder of the Nimonic 
type were investigated. The /.hS6-K alloy was used in the 
form of a powder obtained by joint reducUon of Uie oxides 
with calcium hydride, and the binder of the Nimonic type 
was used in Uie form of a niixture of Uie powdered alloy 
components. The investigated materials were oblained by 
joint mixing of the carbide powder.s and the cementing bin
der, subsequent compaction, and liquid-phase sintering 
under vacuum. The sintered materials were subjected to 
heat treatment, i . e . , quenching from high temperatures 
wiUi air cooling followed by ageing. The condition."; for the 
production and heat treatment of alloys with deii.sity close • 
to the theoretical are given in table 1. 

To investigate the possibility of using the obtnined alloys 
under conditions of isothermal deformation Uie physical 
and mechanical properties, which characterise the resis
tance to Uie main forms of damage under operational con
ditions,- were studied. These included plastic deformation 
(crustiing), adhesion wear resulting from seizure with the 

.surface of Uie deformed billet, o.xidative wear, and the 
brittle fracture characteristic of sintered materials. 

The resislnnce of the alloys to ci-ushing was evaluated by 
a combination of two characterlsUcs, i.e. , the conditional 
si.itic yield Umit and the index in characterising Uie effect 
of Uie loading Ume r or Uie deformation rate t on the resis
tance to deformation o. For Uie resistance to deformation 
we used the condiUonal yield Umit at various deformation 
rates. Tlie dependence of " on r is determined by the equa
tion =): 

B(^)™(0<m<l) 
^ ^ • . - ' : 

where B = consfint of Uie material T= c/ E 
r = degree of-deformation (const). 

The values of the index r. can be oblained graphicaUy as the 
tangent of tho slope of Uie straight line against the coordin-
ate.s logo and log ^ . 

The adhe.sion strengUi of the materials was determined from 
Uieir hot hardness. To determine the susceptibiUty of Uie 
alloys towards oxidation during use in air under high tem
perature conditions Uie scale resistince was investigated. 
To characterise the resisLnnce of the alloys to brittle frac- _, 
ture we used the bending strength. The phy.sicil and mech
anical properties of the sintered materials were compared • 
with Uie strength charactei-isties of the best heat-resistant , 
casting alloys ZhS6-K and ZhSe-U-*). ; 

The resisL'ince to deformation under conipres.sion and the • 
bending strength of Uie materials were determined experi- , 
mentally on a UME-IOTM machine. Samples 8.5mm in 
diameter and 25 mm high were upset with deformation 'i 
rates in Uie range of 3.3 • 10"^ to 3.3 . 10-^ .sec"* with a •' 
degree of deformation c =.0.002. The conditional static 
yield Umit was determined with a deformation rate of 
3.3-10-" sec"' . The conditional static yield Umit was deter- • 
mined wiUi a deformation rate of 3.3 • 10"* sec"'. The dimen-

:, 
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'Oî inued from p 39) 
fce short term, the embassy is predicting 
pport demand in 1981 for S70 million in 
jockhoes, buckets, continuous miners, 
tutters, dredging machinery, drills, excav
ators, graders, scrapers, shovels, trenchers 

^ d ditchers, and hammers and other pile 
Idriving equipment. There will also he a 
!j30 million demand for loaders, truck 
shovel conveyors, cranes and jacks, and 
$̂22 million in pumps and air compressors 
^uring that year. Off-highway rear dump 
trucks and truck-tractor haulers will 
'make up another $30 million in demand. 
Additional projected demands for 1981 

• include SI 1 million in trucking and haul-
.'ing equipment (including carriers and 
trailers); $5 million for surveying instru-

ioients, and geophysical equipment; $5 
• minion for vibrators, drills, and tools; and 

for .separators, cyclones. ~,$I2 million 
'-̂ arr-

scrubbers, thermal dryers, spirals, thick
eners, filters; feeders, washing plants, 
screening plants, mixers, and crushing-
grinding equipment. 

The embassy' is optimistic that US 
exporters can hold their own as the 
market grows because of the leading role 
US consultants play in mining expansion 
and new development projects in Chile. 
The US share of the market in 1978 was 
an average 48%. 

The embassy emphasizes the impor
tance of exporters having an import agent 
or distributor in Chile. Codeico calls for 
bids on all projects above $600,000, and 
takes into account the reputation of the 
manfacturer and its previous experience 
with the company as well as the reputa
tion and experience of the local agent 
wilh whom Codeico will deal for parts, 
service, and delivery. 

Chilean tariffs, except for automobiles 
and small trucks, are at 10% across the 
board, with a 20% value added tax on cif 
value plus customs ?luties. 

Recent US government measures that 
cut Eximbank financing and guarantees 
and Overseas Private Investment Corp. 

. guarantees to Chile will have no effect on 
the Chilean economy in general or the 
mining industry in particular, according > 
to Santiago sources. Hardest hit by the 
measures will be US exporters who want 
to enter the Chilean market but are not 
able to supply credits that are supplied by 
other countries. 

Eximbank has extended no loans to 
Chile since 1970, and has limited guaran
tees to credits of up to $740,000. OPIC 
has guaranteed no investment in Chile 
since. 1970, when a Socialist government 
was elected.H 

Cliffs readies uranium soiution test in 
ft..-. 

^̂ Construction is 80% complete at the 
Collins Draw uranium solutioh mining 
'pilot research project managed by The 
Clweland-Cliffs Iron Co., and startup is 
planned for early this year. The project is 
located in Campbell County, Wyo., about 
85 mi northeast of Casper in the Pumpkin 
Buttes district of the North Powder River 
Basin. Joint venturers with Cliffs in the 
projeci are Pioneer Nuclear Inc., Getty 
Oil Co., Thunderbird Petroleum Inc., and 

Pumpkin Buttes area 
Texas Eastern Nuclear Inc. 

The host sand lies at an average depth 
of 425 ft, and averages 50 to 55 ft thick. 
A water-based solution of ammonium 
carbonate and hydrogen peroxide will be 
used as the lixiviant. 

A fixed-bed ion exchange system and 
yellowcake precipitation will be used 
along with a dryer circuit and water 
purification system. Major components of 
the process equipment are mcxiular and 

mounted on skids. The plant has been 
built on an impervious pad near the well 
field and housed in a building to permit 
year-round operation. The well field area 
occupies 1V* acres of the 23-acre permit 
area. 

Process description 
At Collins Draw, dilute ammonium 

carbonate and hydrogen peroxide are 
(Continued on p 47) 

:R&D concept for Cleveland-Cliffs Iron Co. uranium solution mining project 
% : : • 

>l 

Well field boundary 

Monitor wells 
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t^iiiuedfrom p 43) 
IJiBbduced into the sandstone host rock to 

blve the uranium. The solution will be 
acted by submersible pumps from the 
duction wells and moved to a produc-

ioo'surge tank. The solution then passes 
Jough an anionic exchange resin that 
;^.a strong affinity for the ammonium 
hfanyl tricarbonate complex. A strong 
)|ution of ammonium carbonate is then 

"to strip the uranium complex from 
Jbe resin. The eluant solution will contain 
liJ io 20 gpl of uranyl tricarbonate. 

•The uranium is precipitated with heat 
lo'produce a very pure uranyl oxide, 

aseous ammonia, and carbon dioxide. 
be uranyl oxide is pumped to a settling 

iik, and from there to a rotary vacuum 
ycr heated by steam. The gas products 
^recovered and recycled to produce 

sh strip solution for re-use in the eluant 

circuit. 
The yellowcake is dried to less than 3% 

moisture and transferred to drums for 
shipment. All water vapor and other 
gases from the drying process are 
collected and made available as plant 
makeup water. 

Monitoring and detection 
A "12-spot" well pattern will be used, 

with the distance between wells varying 
from 20 lo 30 ft. High-quality fiow 
meters, recording both flow and quantity, 
will be installed on each production and 
injection well. 

Thc well field area will be circled with 
monitoring wells, which will be sampled 
regularly for uranium, sulphate, ammon
ium, bicarbonate, alkalinity/acidity, and 
other factors, pefore beginning the injec
tion of lixiviant solution into the sand

stone host rock, water purified by a 
reverse osmosis process is introduced into 
the pattern area to form a barrier 
between the well fields and the monitor
ing wells. Any escape of lixiviant outside 
the mined area will push this water ahead 
of it. The mining operator will thus have 
an early indication of any excursion when 
sampling of the monitoring well shows a 
drop in sulphate and bicarbonate. Correc
tive action can be taken by adjusting the 
injection ahd pumping rates within the 
pattern area. Bromine added to the 
reverse osmosis water can be used as a 
tracer to aid in excursion detection. 

Should an escape of uranium from the 
well field pattern occur, the How of the 
injection wells nearest the point of excur
sion can be reversed so that they become 
extraction wells, drawing the escaping 
ions back into the well field pattern.iH 

1 ^ * 
hinese iron ore projects are basis for future steel boost 

»- n-.- J xi._r . jĵ  jjjg floodplain of the Loan River in 
Hebei province, about 300 km east of 
Peking. Kaiser Engineers is currently 
providing phase 1 engineering for the 
mine, concentrator, pellet plant, and 
auxiliaries, including utilities, tailings 
disposal, maintenance, and warehousing 
facilities. 

Sijiaying ore is a complex mixture of 
martite and magnetite. The martite 
occurs in the upper layers bf ore, with 
predominantly magnetite below. In devis
ing a mining plan, computer analysis was 
used to coordinate pit development, truck 
movement, and related factors to achieve 
the required consistency and optimum 
operation. Beneficiation will involve a 
highly complicated flow through three 
stages of concentration, blending concen
trates that have been produced through 

le Sijiaying and Nanfen open-pit mines 
irrently under development in China 
rjillbe among the world's largest, reach-
ig5 final depth of about 500 m, accord-

".toa recent article in KAISER ENGI-
BuiLDER. Since August 1978, 

iiser Engineers has been working on the 
j|wo iron ore mining projects that will play 
lignificant roles in China's plans for a 
^jjbstantial increase in steel production 
ioring the 1980s. 
To remove 3 billion to 4 billion mt of 

mrden, the mining operations will 
Jisome of the largest equipment ever 

itilized in iron ore mining—13.6-cu-m 
ibqvels and 154-mt trucks. 
|Ihc,Sijiaying project requires develop-
[nent of a new mining operation and ore 

ising facilities to produce iron oxide 
Uets, for blast furnace feed. Sijiaying is 

fine grinding, low-intensity magnetic sep
aration (for magnetite), high-intensity 
magnetic separation (for martite), and 
notation. Iron content of the ore will be 
upgraded to about 66% from the initial . 
28%. 

The stripping ratio at Sijiaying is 
unusually large—more than three to one. 
A variety of options is being examined to 
handle the problem, including rail hau
lage, truck haulage,'crushing in the pit 
with conveying, and combinations of 
these. 

Tailings at Sijiaying will be pumped 
45-50 km to the coast and impounded in 
tailings ponds in the sand dunes to avoid 
disrupting valuable agricultural land in 
the Luan floodplain. 

Nanfen is an operation in Liaoning 
. (Continued on p 49) 

l i 

Notes oh Zambian mining 
|Delays in communications prevented the following correc-
itions and additions from being made in the reports on 
i-Operations at the Chibuluma, Chambishi Div. of RCM and 
ithe Broken Hill Div. of NCCM in the November E&MJ. 
^ At Chambishi, the fluid bed reactor at the cobalt plant 

3'|®measures 9.6 m dia at the tuyere bed and 12.5 m dia at the 
|igj..dome. Partially neutralized, spent electrolyte is used to 
j^-,quench hot roaster calcine. The plant is designed to produce 
1.^^16,800 mtpy of copper cathode. The cobalt is shipped in 
|i.i?I200-kg drums. Underground mine production is expected to 
j ^yeach 187,000 mtpm by January 1981. The No. 3 shaft is 
|-,tr^l,02l m deep. Reserves at the mine total 39 million mt at 
'•^•^2.9% Cu. Reserves at Chambishi Southwest total 29 million 

j:mt.' 
The flotation circuit consists of three parallel banks of 

i'"Fagergren 120 cells, 15 cells per bank. The first four cells in 
each bank produce rougher concentrale. The'remaining 11 
produce a scavenger concentrate, which is returned to the 
head of ihe ball mill circuit for further grinding. The 

j,-^:rougher concentrate is upgraded to a final concentrate 
aggrading 45% Cu by passing il through four parallel Davcra 

180 cells. Normal flotation pH is 8.5. 
At Chibuluma, mines are designated Chibuluma and -

Chibuluma East. Maximum strike length is 700 m, and dip 
averages 40° at Chibuluma, where reserves-measured to a 
depth of 820 m total 6.8 million mt grading 4.68% Cu. At 
Chibuluma East, reserves stand al 5.0 million mt of 4.70% 
Cu and 0.12% Co. The 2A shaft is sub-inclined and hoists 
from the 730-m level. It is being deepened to 822 m. At the 
concentrator, the cobalt circuit produces a single concentrate 
from Denver No. 30 cells, wilh a Davcra 180 cell function
ing as a scavenger but producing final concentrate grade. 
The combined cobali concenlrales are pumped to the cobalt 
thickener. 

Al Broken Hill, current production totals 46,000 mtpy of 
zinc and 14,000 mtpy of lead. All crushing takes place on 
the surface. Afler heavy media separation, grind of the sink 
product produces a 65% minus-325-mesh feed for the flola
tion circuit. After galena-pyrite flotation, tailings from.the 
rougher cclls report lo zinc rougher cells. Cleaner cells 
produce a zinc concentrate, and cleaner tails return to the 
roughers.Bii 
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.-.Ds-.raci;. '- years .;: Drocejsinc concentrate. 

> 

ccT^f^r oorofir".' ores. -r;*̂  -.s.-..- -^cnceTiZTS-zcr 
of r.^n.iecczt .Minersls CoT.Danv ir;Svillsd s co.-*-
ô.-rr.£ —^ rs£rri.r:5 xil-i ir. 1—5 fl.^—£ —ion cir^ulx. 
The first cleaner ccncentr^-e is reground 
r^^'ner than the usual rougher conce.ntrate. .̂ n 
additional cleaning of the reground product 
yields an increase in copper cor.-ent of the 
final concentrate and a significa.ntly lower 
ir.sci content. The desired goal of decreasing 
the energy," recuirecjents for sraeltinc the con
centrate has beer, achieved. 

The concentrator at the Hay Mines Division 
cf the Kennecot- Minerals Coopany has proces
sed ocrphyr*." cooDer ores for 69 vears vith 
c-any of the techniques described in Taggart's 
''Handbooi: cf itinera! Dressing." The ore has 
been reduced in jaw and ̂ .'•ratcr;.- crushers, 
rolls and standard and shcrthead cone crushers 
"c feed crlndins circuits ccntalni-nc Chilean 
-ills and several sizes of rod and bail -ills. 
Siting and classification has been aocoaplishr 
ed with inpact and vibrating screens, .Janney 
hydraulic classifiers, cone tanks, raV.e and 
bowl classifiers and hydraulic cyclones. Gra
vity separations have been made with -Garfield 
and ivilfley shaking tables, Jigs and vanners. 
notation separations have been made with .Jan
ney fiotation machines, pneumatic Callow cells, 
followed by ragergren machines for cleaning, 
and for the past seven years in mod e m 'vTEl̂ CQ 
120 ceils. .-. leach-precipitation-flctaticn 
circuit was used to process high non-sulfide 
ores for eleven years. 

However, untii this year we did not have a 
concentrate regrind Tiill installed for that 
purpose only. To the best of cy knowledge 
concentrate regrind capabilities are included 
in everj" other copper concentrator in the 
southwest, and so it certainly is not a new 
wri.nkle. Vet. our flotation differs suffic
iently from the conventional regrind and clean
er circuits to consider it novel. 

The Ray flotation circuit consists of six 
rows—fifteen cells per row—of V.'EMCO Ko. 120 
flotation machines as portrayed graphically in 
?igure 1. The roughing circuit consists of 
five rows that currently process 2^1,900 metric 
tons per day. The first nine cells in each 
row sake a rougher concentrate, and the last 
s t x cells make a rougher scavenger concentrate 
that is recirculated to the head of the rougher 
circuit. The rougher concentrates from each 
row are pumped tc the sixth row that serves as 
the cleaner row. The cleaner row is identical 
to the rougher rows in that it contains fifteen 
cells arranged in banks of four, five and six 
cells each. The first bank is designated as 
the final cleaners, the middle bank as the 
first cleaners, and the last bank as the clean
er scavenger bari. 

The rougher concentrate is introduced into 
the fifth ceil at the head of the first cleaner 
barik of the cleaner row. In the original flow
sheet, and whenever the regrind mill is down, 
that bank makes a first cleaner concentrate 

tnat IS oumoec first ceil of the final 
cleaners, and these four cells produce the 
final concentrate. The tailings from the fi.nal 
concentrate bank flow into the first cleaners 
where the sulfide minerals have another oT3Dor-

tunity tc .Jcin the first cleaner 
The first cleaner tails flow ir.tc the last 
barî -: of cells ir. which a cleaner scavenger 
concentrate is rr.ade. The latter fiows back t.c 
the rougher concentrate s'ocit ior recirculation 
and uogradinr in the cleaner row. Cleaner 
scavenger tails can be diverted tc the rougher 
talis cr ;ent back tc the head of the rougher 

We used the original flov.'sneet fcr twc and 
a half vears and made concentrates containinr 
1 ^ . - 1 ^ , in icv. insoi. Thfr ner. we were to reduce 
the insol content as r.uch as possible without 
additional capital expenditures ir. an effort 
tc improve the smelting process. 
~ X IC ball mills h.ad been outf' 
- . ^ r \ • ^ 

ene of 
tec vith 

::lcne£ several vears orevio-
"or a concentrate re«rinc test on .-.ow _ cr t.-:e 
sulfide roughers. (This is the test row cf 
V.̂ .MCO 120 machines instalied in l^cc.^ The 
snail mill obviously could not handle the ton-
.nage of rougher concentrate from five rows and 
we doubted that it could nandle ever, the first 
cleaner concentrate. But we tried it. It 
iior. I- 'T sack :c. tne arawing ooarc 

Sampling cf each cell of the cleaner row 
when the new cells v;ere instaiisd had estab 
shed that the first twc cells cf the first 
cleaner bank made a concentrate grade highe 
than the final cor.'centrate over ^Cs; of the 
time. Kothing astounding about that — the 
comoleteiv liberated mineral oarticles are 
fast 
toV-. 

rioati anc ooo sur;a: •'•=^0 

So we decided tc take ad-.-antace of -- T V • 

by routing the high grade 
two ceils directl; Iv T.n r he final concentrate 
sump. '•--:e hoped that this would reduce the 
tonnage going to the little cill '-̂ -y as ouch as 
one-third. The froth from the last three 
cells of the bank contai.ned the locked miner
als that really needed regrinding. The idea 
worked beyond our expectations and the insol 
content was reduced tc the 12v—i-i: level. 

ive operated the temporarj- regrind fcr three 
years in the expectation that an expansion 
would be approved that would include suffic
ient regrind capacity to process the rougher 
concentrate as in other concentrators. The 
expansion did not materialize. 

Then along came the energj" crunch that made 
a fuel reduction program imperative. The 
smelter could reduce its fuel requirements if 
the insol content of the concentrate were re
duced still further. As a consequence, appro
val was received to install ene concentrate 
regrind mill. 

It had been calculated that three £70 kV; 
mills would be required to ha.ndle the tcnjnage 
of rougher concentrate but that only one '-;C 
kV; mill would be necessar5- to treat the first 
cleaner concentrate. The regrind circuit was 
designed accordingly with the flow shows in 
Figure 2. 

The first cleaner concentrate is pumped to 
a cyclone feed sump that also receives the 
regrind mill discharge. The combined pulps 
are pumped to a pod of four D20i Krebs cycl
ones. The cyclone overflow is pumped back to 
the head of the final cleaner bank and re
floated to produce a final cleaner concentrate. 
The cyclone underflow drops down into the mill 
feed spout. 



80-327 

The resrind mill is a '..2 m x ^.2T m .̂ .ilis-
Chalmers overflow ball mill with a -50 kV; 
motor operating at li.3 rpm. The mill is 
charged with 2.5 cn AR.MCC .Moly-Cop forged 
steel balls. 

The^D20B Krebs cyclones are fitted with 
1?5 cm*̂  inlets, 15.2 cm diameter Ki-Hard vor
tex finders and €.;5 cm diameter Refrax apexes. 

Initially the mill was charged with enough 
balls to draw approximately 26^ ItW. The ball 
load has been increased at times so as to draw 
as much as l̂ OC kv;. The grind improved but was 
not accompanied by further reductions in insol 
in the fir.al concentrate. 

To 'date, two cyclones handle the feed most 
of the time. The cyclone underflow density 
which is also the mill disch.arge density, 
ranges from 70%-75f; solids. The overflow den
sity hovers around 15'̂  solids. Although the 
cyclones are operating well below the design 
pressure of 100 kSa, screen analyses of the 
final loncentrate averaged Sl^ minus Iti—mic
rons for the first five months of operation. 

Overall the regrind circuit is meeting its 
objectives. The reduction In insol content 
has been greater than expected. For the first 
years of operation with the vEKCO cells and no 
regrinS at all the insol level ranged from 
16%—1'3?,. The next four years of operation 
with the temporarj- regrind circuit yielded 
insol levels ranging from 12?—lUSe. Tbe new 
regrind facility has cut the insol content in 
half, averaging 7% for the first months of 
operation. 

We are not satisfied that we have yet found 
the optimum parameters. Viide variations in 
the ors mix, supply and hardness for the first 
months of this year have made life interesting, 
and a steady state operation has been a rather 
elusive target. 'Nevertheless, the concentrate 
produced by a circuit that treats a first 
cleaner concentrate rather than rougher con
centrate is improving the smelting operation. 
Fuel consumption has been reduced, the lower 
smelting temperatures should increase the re
fractor;.' life of the furnace, and less reverb
erator;.- slag is produced. The regrind circuit 
is not conventional, but it works. 

V 

Aekaowledgements: I would like to acknow
ledge the assistance of Mr. Marvin Harmer, 
chief metallurgist, and his metallurgical 
technicians, for their work in sampling the 
regrind circuit, and the fact that Mr. Garj' 
.Jungenberg, concentrator general foreman, 
brought the circuit on-line with a minimum of 
probleas. 

I 
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THE COPPER SEGREGATION PROCESS 

,/ 6OB6I 
• By Carl Rampacek-' 

W. A. McKinney-/ „ ,.•.;,-

ABSTRACT . " • ' ' . ' ' " . , ' ' ' ' ' . 

Laboratory and small-scale continuous pilot-plant " 
investigations made at the Tucson Metallurgy Research . " 
Laboratory of the Bureau of Mines have demonstrated • 
that th& copper segregation process is applicable to 
the treatment of oxidized and mixed oxide-sulfide- cop
per ores regardless of the gangue constituents,- The 
process comprises heating the ore to a temperature of 
750° C. with small quantities-of sodiiom chloride and 
coke to produce metallic copper,•which then is recovered 
by flotation. Tests were made on'23 copper ores of 
different types containing 0.8 to 5 percent Cu. The 
copper recoveries ranged from 73 to 96 percent in cdn-
centrates assaying 10 to 62 percent Cu, depending on 
the grade and type.of ore. The direct operating cost-
for a 1,000-ton-per-day furnace and flotation plant 
is estimated .at about. $3 per. ton of ore, 

INTRODUCTION •• " 

The recovery of copper from low-grade oxidized and 
mixed oxide-sulfide copper ores by acid leaching is 
standard practice in the Southwest. Some ores, however, 
are xinamenable to this method of treatment owing to 
excessive acid consumption by calcite or other acid-, 
consuming gangue mirierais. . Other ores present a hand- -
ling problem because;of the presence of clay or other 
clime forming gangue minerals. The Tucson Metallurgy • 
Research Laboratory has investigated for the past sev
eral years the applicability of the copper segregation 
process to the treatment of different types and grades 
of- oxidized and partly oxidized'copper ores.'--

This paper briefly outlines the history'of the 
segregation process, discusses the principal reactions 
Involved, and summarizes the results'of the bench and-' 
pilot-plant research, with the objective of delineating 
the process conditions for treating different types of 
copper ore. A more detailed discussion of the process 

\ •, and the results of research completed to date are given 
I ' in a recent Bureau of Mines report._/ 

', •• 1/ Supervising extractive metallurgist. Bureau of Mines, 
\ ' ' Region 111, Tucson, Ariz, 
I • 2/ -Extractive metallurgist, Buj?eau of Mines, Region 111, 
I Tucson, Ariz. 

1 3/ Rampacek,Carl, McKinney, W.A., and Waddleton, P.T., 
~ Treating Oxidized and Mixed Oxlde-Sulfide Copper Ores 

by the Segregation Process: Bureau of Mines Rept. of 
Investigations $501, 1959, 28 pp. 
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• THE PROCESS 

The copper segregation process, which was 
discovered in 1923^ comprises heating copper ore 
with a reducing agent and sodi\im chloride to about 
750° C , followed by flotation of the metallic 
copper produced. By 1931 the process was suffi-. 
ciently developed so that two plants were .constructed 
in Africa for treating oxidized ores. _L2./ One plant, •.'.,'• 

4/ Moulden, J. C , and Taplin, Bruce, Heat Treatment 
and Concentration of Copper Ores:'U. S. Patent 
1,679,337, July 31, 1928. 

, •; ^ Rey,. Maurice, The Segregation Process for Low-Grade 
j.H Copper.. Oxide Ores: 7th Internat. Cong. Min. Met. and 
\'i Appl. Geol., Metallurgy S e c , vol. 11-3, Paris, 
'i. Oct. 20-26, 1935, pp. 55-62; Rev. Met.,vol. 33,1936, 
i pp. 295-302. . ._ 

ll having a daily capacity of 50 tons, was constructed- in 
Southern Flhodesia by the Minerals Separation Co. At this 
plant minus-10-mesh ore was heated and segregated in a 
seven-hearth, mechanically rabbled furnace. The first 
five hearths were direct-fired to heat the ore to a 

[!i reaction temperature of about 700** C. Salt and coal 
!li| were added to the hot ore and segregation was carried out 

on the sixth and seventh hearths, which were heated by 
the exothermic nature of the reaction and by indirect 

II heating with waste gas from the upper hearths. The segre
gated calcine subsequently was cooled in a rotary cooler, . 
screened, and floated to recover the copper. The small 
plant operated for 4 months in 1931• About 3,500 tons of 
ore assaying 5 percent Cu was processed, and recovery .of • 
copper was 87 percent. • .. 

The other plant was built in 1931 at Katanga in the 
Belgian Congo by the Union Miniere du Haut Katanga. The :. 
plant had a rated capacity of about 350 tons of ore per 
day. A direct-fired rotary kiln was used to preheat the 
ore before segregation in a second rotary-reactor kiln. 
The exothermic heat of reaction maintained the temperature., 
of the reactor kiln between 700° and 750° C. The calcine 
was cooled in a rotary cooler prior to recovery of the 
segregated copper by flotation. Operating results in the.,' 
plcint, which had a life of about 4 months, are not available 

i • • 
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The low price of copper that prevailed during the 
depression was a factor in shutting down the two.plants, • • 
but mechanical difficulties also may have contributed 
to the cessation of activities. . ' 

REACTIONS INVOLVED..- .. 

Segregation of copper from oxidized ore minerals 
probably involves a number of complex reactions. These 
include: (l) the decomposition of sodium chloride, 
(2) the volatilization of copper chloride and (3) re
duction of the copper chloride to. metallic copper. The 
principal chemical reactions presiomed to occur .are as 
follows: - • 

Decomposition of sodium chloride. Hydrochloric acid 
is produced by interaction of sodliom chloride with 
hydrous clay minerals, such as kaolinite and montmorillon
ite, according to the following reaction: 

4NaCl* + Al20o-2Si02-2H20=4HCl + Na4Al203.23103 (l) 

in the presence of traces of water,vapor released in the 
furnace by the slow dehydration of the clay or other 
hydrous minerals, the reaction is rapid at temperatures 
of 600° C. or higher. Moisture is obligatory for the reac
tion to take place. . 

Volatilization of copper chloride. The hydrochloric 
acid produced by reaction 1 attacks the copper oxide 
minerals to form volatile cupric and cuprous chlorides. .•;.-
The cupric chloride decomposes, into chlorine and cuprous.,-
chloride at temperatures well below 500° C.._/ When treat-
6/ Maier, C. G., Vapor Pressures of the Common Metallic 

Chlorides and a Static Method for High Temperatures: 
Bureau of Mines Tech. Paper 36O, 1925,-45 pp. 

ing a chrysocolla ore the reaction between the hydrochloric 
acid and chrysocolla is'as follows: 

2(CuSi03.2H20) + 4HC1 = CU2CI2. + 6H2O + .CI2 +. 2Si02 (2) 
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At the temperature of the reaction cuprous chloride 
has a vapor pressure of about 20 mm. and diffuses 
from the mineral grains. The chlorine liberated in 
reaction 2 also attacks the copper minerals to form'. 
more cuprous chloride as shown in reaction 3. • '- :• ' 

2(CuSi03-2H20) + CI2 = C\i2Cl2+ ^HgO + 2Si02 + 02" (3) 

Formation of metallic copper. The cuprous chloride 
vapor released by reactions 2 and 3 is reduced directly 
to metallic copper upon coming in contact with the hot 
carbon particles. Although a niomber of side reactions 
occur, the principal reaction taking place is as follows: 

2CU2CI2 + C + 2H2O = 4Cu + 4HC1 + CO2 • (4) 

More detailed discussions of the reactions involved 
in segregation are presented in earlier reports. ' '"/ 
7/ Wor̂ k cited in footnote 3 (p.2 
8/ Work cited in footnote 5 (P'2 

Side Reactions 

During segregation, a negligible quantity of metallic 
copper may be reduced in place as micron-size particles, 
probably by the small quantity of carbon monoxide and hydro
gen that is formed by interaction of the hot carbon and 
steam. Such metallic copper is generally.,unrecoverable be
cause it cannot be liberated and froth.floated. 

A common side reaction that occurs during segregation 
is the absorption of cuprous chloride by the gangue or by 
the siliceous skeletons formed from decomposition of the 
chrysocolla. Enough cuprous chloride is often absorbed 
by the gangue..particles to render them floatable with 
xanthate after fine grinding. .' 

THE SCOPE AND RESULTS OP THE INVESTIGATION .' . 

The initial phase of the investigation was confined'to 
jJI bench-scale research designed to evaliiate the segregation 
ill method as applied to different grades and types of copper 

ore. A total of 23 domestic and foreign copper ores that . 
contained 0.8 to 5 percent Cu was tested. The samples 
were either wholly or partly oxidized ores containing 
different proportions of chrysocolla, malachite, azurite, 
cuprite, brochantlte, melaconite, chalcopyrite, chalcocite, '̂  
bornite, and covellite associated with varipus siliceous, 
calcareous, and ferruginous gangue minerals. , ;] 
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The laboratory research was sufficiently promising 
to warrant- further evaluation of the segregation process 
by continuous tests in a small pilot plant having a 
capacity of 65 to 70 pounds of ore per ho\ir. The ore, 
salt, and coke or coal were premixed for segregation in 
an indirect-fired rotary kiln. The rotary kiln was 6 
inches in diameter by 14 feet long and consisted of a 
type-316 stainless steel reactor tube, 6 feet long, 
enclosed in a natural-gas-fired furnace. A 2-foot 
length of mild steel tube was attached to the reactor 
tube at the feed end and a 6-foot length of mild steel 
tube was bolted to the discharge end for Indirectly 
cooling the segregated calcine by an external water 
spray. The feed end of the kiln was sealed by a choke 
feed screw and the discharge end by a ring seal and 
vented hood open at the bottom. The lower part of the 
vent hood was immersed below the pulp level in a drag 
classifier, allowing the partly cooled calcine to drop 
directly into the pool without coming into contact with 
the atmosphere. The quenched calcines were wet-ground 
to pass ioo-mesh in a ball mill in closed circuit with 
the classifier. The ground pulp, after conditioning 
with amyl xanthate, was floated in'a 5-cell rougher flo
tation machine. The rougher, froth was cleaned once. 
The contact time in the roughing circuit was 28 minutes. 

Several grades and types of oxidized ore were 
successfully processed in the test plant and enough 
operating and engineering data were obtained to permit 
making tentative estimates of the direct costs of opera
ting a commercial-size plant. 

The results of the laboratory and pilot plant tests 
demonstrated that different types and grades of ore could 
be effectively segregated and the metallic copper recov
ered by flotation. The completely oxidized ores were 
processed to recover 73 to 96 percent of the copper in 
roiigher flotation concentrates assaying 10 to 62 percent 
Cu.. The mixed oxide-sulfide ores responded eq-ually well 
to treatment. From 85 to 92 percent of the copper was 
recovered in concentrates assaying.12 to 27 percent Cu. 

The tests made on the oxidized ores showed that 
those containing 1 percent Cu or less gave low copper 
recovery in low grade concentrates. The relatively poor 

BHHBB 
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results obtained on such ores can be attributed to the 
absorption of copper-by gangue. Part of the copper so 
absorbed was lost in the flotation tailing and the 
remainder activated some of the gangue to xanthate flo
tation. The copper in low-grade calcareous-type ores • 
proved somewhat difficult to segregate. Apparently the 
calcite in the ore reacts with some of the salt, hydro
chloric acid, and chlorine to form calcium chloride, 
which is not an effective copper chloridizing agent. 
Tests using calcium chloride instead of sodium chloride 
confirmed this hypothesis. •. 

The quantity and ratios of salt and coke required 
for good segregation of the copper differed for each 
ore. From 1 to I.5 percent salt and 0.5 to 1 percent 
coke gave the best results. Less salt gave incomplete 
segregation and resulted in a slightly lower copper 
recovery. Siliceous ores usually required less salt, 
and the ratio of salt to coke was. not as critical as 
for calcareous or hematitic ores..; 

• « 

The free segregated metallic copper floated rapidly 
and completely, and the flotation tailings rarely con
tained any visible flake copper, Microscopic examina
tion of tailings from the better tests failed to disclose 
any unreacted copper oxide minerals. The copper lost 
in the flotation tailings from these ores can .-be attri
buted principally to copper chloride absorbed by the 
gangue or by the siliceous skeletons formed from decom
position of chrysocolla.' An insignificant quantity 
of copper occurred in the tailings as micron-size, 
metallic inclusions in the gangue. These particles 
probably were copper .that failed to migrate and was 
reduced in place. 

Some gold and silver in both the oxidized and mixed 
ores was segregated and floated with the copper. The 
gold and silver recoveries ranged from 60 to 80 percent-
from ores assaying 0.2 to 8.2 oimces per ton of total 
gold and silver. Efforts to Identify free gold or silver 
in the concentrates were not successful. Presumably the 
precious metals were carried In the segregated copper. 
Segregation of the silver or gold from.ores devoid of 
copper so far has proved unsuccessful-. It appears that 
copper must be present to- serve .as a carrier for precious 
metals. ' 

.̂  

' • - . • ; ' 

! 
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FACTORS INFLUENCING SEGREGATION '-..:: .\ 
. AND FLOTATION OF-COPPER ' '•' ':t - J : 

Time and Temperature '.. '.",. ̂ '' 

. The time and temperature employed to reduce and 
segregate the copper were critical process variables. 
Good segregation was achieved on typical siliceous 
ores at 600° to 850° C. Calcareous ores required a 
temperature.of about 750° C . for best segregation. 
Although moderately good, segregation was obtained, on 
a few calcareous samples at 700° C , erratic results 
were obtained on other ores, indicating that segrega
tion at this temperature was sensitive to slight , 
variations in the processing conditions. Oxidized 
ores with a ferruginous gangue were almost as sensi
tive to temperature variation as strictly calcareous 
ores, ,. . - • •, - . 

The time required-for good segregation varied 
with the roasting temperature. Heating a siliceous 
ore for 15 minutes at 700° C. gave; nearly.as good 
segregation as was obtained with a 60-minute contact . 
time. When calcareous ore was treated, heating for , 
at least 60 minutes was necessary for effective segre
gation at 700° c , whereas 15 minutes sufficed at 800° 
These and other tests demonstrated that siliceous or . 
high-alumina ores generally are less sensitive to time 
and temperature • .than those containing appreciable cal-
,cite,,limestone, dolomite, hermatite, or magnetite. 

Moisture' '.. " 

The free-moisture content of the feed had a-
pronounced effect .on segregation, particularly at low',, 
furnacing temperatures. At 750° C. or higher the . ,• 
addition of moisture to ores, which usually contained 
about 5 percent combined water, had little influence 
on segregation of charges treated batchwise, but at 
700° C. about 1.5 to 3 percent of added water- was. 
desirable for good segregation. . ' . _ . : .• . -

..,!••.% The influence of moisture on segregation was more, , 
pronounced for charges segregated continuously than for 
those treated in batches. Continuous segregation of 
dry charges or feeds low in free moisture gave inferior 

- . • • : i ^ J u . , : > 

T'^fW.: 
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results even at a reaction temperature of 750° C. The 
divergent results obtained on dry or low-moisture 
charges in the batch and continuous tests may be attri
buted to a difference in composition of the reaction 
gas in the fxirnaces or to' a catalytic action of moist\ire 
on segregation. In general, a contact time of 40 minutes 
was desirable when dry charges were segregated, whereas 
20 minutes generally sufficed for moist charges. • .- • . 

Coke Particle Size • 

Segregation was noticeably affected by the upper 
limiting size of the coke used, particularly on calcar
eous ore. Coke crushed to pass 20- 6r.48-mesh gave 
good segregation, but coarser or finer coke' gave poorer 
segregation. In tests with minus-100-mesh coke the con
ditions ih the retorts probably were too strongly reduc
ing, and some copper was reduced in place within the ore 
particles. Coke coarser than-20-mesh, on the other hand, 
failed to provide.enough nuclei for rapid and efficient 
reduction of the vdlatIlized copper chloride, thereby 
causing incomplete -segregation. Apparently the copper 
chloride must be reduced simultaneously with its migra- • 
tion from the copper mineral to release the chlorine or 
hydrogen chloride for additional copper volatilization.'-

" Type of Reducing Agent " • 

Tests were made tb compare the merits of different 
kinds of reducing agents. Samples of petroleum coke, two 
bituminous coals, mesquite charcoal> and a char made from 
bituminous coal were compared. The results obtained on 
several ores indicated that satisfactory segregation could 
be obtained with any of these reductants. Based upon the 
quantity of coal used and the fixed carbon content, the 
two coals were more effective as reducing agents than coke, 
char, or charcoal. " '. . • -

' - • ' • Size of the Furnace Feed 

A number of tests were made to define the effect of 
ore feed size on the segregation of copper. In general, 
segregation improved with fineness of the feed. In typi
cal batch tests on a calcareous ore,'"for example, 75 per
cent of the copper was recovered when using a 3-mesh feed, 
as compared to 86 percent from a 65-mesh feed. Crushing-
the ore much finer than 10-mesh did not significantly 
improve segregation as reflected in the amount of copper 
recovered by flotation. The data obtained in the study 
of the influence of feed size also Indicated that a rela
tionship exists between the size of the ore feed and the 
retention time at reaction temperature. The coarser ore 
feeds required longer retention times than fine ore feeds. 

t-'' 
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Under ideal segregation conditions all of the copper 
migrates from the copper minerals and reports in the cal
cine as friable nodules about the size and shape of kidney 
beans and consisting of free flakes of finely divided 
metallic copper with some coke and gangue particles. Several 
methods for recovering copper from the calcines were inves
tigated: One was to screen the calcine on a 6-mesh sieve 
to remove the nodules, followed by flotation of the screen 
undersize to recover the remaining-copper; a second was -• 
direct flotation of the minus-10-mesh calcines to recover 
the flake copper; and a third procedure was to grind the 
calcine to different limiting sieve sizes before flota
tion. 

A high recovery of copper was obtained only by grinding 
the segregated product to pass 100-mesh for flotation. Re
coveries of copper were lower when coarser feeds were floated, 
Removing the copper nodules by screening, followed by flo
tation of the undersize after grinding to minus-100-mesh, 
gave about the same recovery as fine grinding and flotation 
of the entire charge. - The-copper nodules removed by screen
ing assayed about 30 percent Cu and accounted for about 50 
percent of the copper, in the ore. 

ti-

CURRENT RESEARCH ' 

U' 

A small continuous two-stage segregation plant consist
ing of a rotary kiln for preheating, oxidized and mixed 
oxide-sulfide fOres to about 750° C. and a second fire-brick-
lined rotary reactor kiln for segregation is now being 
tested at Tucson. The hot ore is transferred from the pre
heat kiln to the reactor by means of a screw feeder enclosed 
in an insulated transfer box. Salt and coke for segregation 
are introduced into the reactor throiigh a second screw 
feeder. The exothermic heat of reaction accompanying the 
volatilization and reduction of the copper minerals, with 
a small amount of heat supplied by an auxiliary burner, 
maintains the temperature of the charge in the reactor at 
the segregation temperature. 

l l 
Preliminary tests in the plant have been successful. 

The two-stage procediire appears to have considerable merit 
for treating mixed oxide-sulfide ores containing pyrite. 
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The sulfides are oxidized during the preheating step, 
which facilitates segregation of the copper and produc
tion of a high-grade flotation concentrate substantially 
free of pyrite, •• •• •.,..•,.-..-• 

Tests of an exploratory nature.also are in progress 
at the Salt Lake City Metallurgy Research Center to 
investigate the feasibility of segregating ore in .a 
fluidized-bed reactor.. Tests in an indirectly heated ' 
4-inch unit, using an inert gas for fluidization, have 
been encouraging, but much research remains to be done 
to fully evaluate the method.' Results of segregation 
tests in the continuous two-stage plant and fluidized--
bed reactor will be presented in a later publication. 

ESTIMATED OPERATING COSTS 

Based upon the data obtained from the laboratory 
and pilot plant tests, the direct operating cost of a 
1,000-ton-per-day furnacing and flotation plant for 
treating oxidized or mixed oxide-sulfide copper ores 
would be afe£)Ut $3 per ton when coke was' used as the 
reducing agent or $2.85 when coal was used. Heat 
required for furnacing is estimated to be 2,500,000 
B.t.u. per ton of ore. At. 27 cents per thousand cubic 
feet of natural gas the cost would be about 70 cents 
per ton. The estimated cost of furnace maintenance 
is 40 cents per ton; power and labor are estimated at 
15 cents, and salt at 12 cents. The coke or coal costs 
are estimated at 25 and 10 cents, respectively. Crushing, 
grinding, and flotation are estimated at $1.35 per ton. 
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iE AT LAKE SHORE MINE 

by G. A. FREEMAN, CARL RAMPACEK and L. G. EVANS 

• ^ i 

A large aggregate tonnage of oxidized and mixed 
oxide-sulfide copper ore of the south-western 

U.S. is not amenable to conventional fiotation con
centration or sulfuric acid leach treatment. Most of 
the cres contain chrysocolla as the principal oxide 
copper mineral, for which no successful commercial 
fiotation method has yet been developed. Acid leach
ing some ores is not feasible since they contain 
substantial quantities of calcite and other acid-con
suming constituents. Other ores decrepitate during 
leaching or contain excessive slime and clay riiiner-
als which cause plugging of the ore beds. 

Research at the U.S. Bureau of Mines' Tucson 
Metallurgy Research Laboratory over the past 
several years demonstrated that the segregation 
process had merit for treating oxidized and mixed 
oxide-sulfide copper ores regardless of the gangue 
constituents present, or the physical characteristics 
of the feed.'-° 

Small-scale pilot-plant tests performed by the 
USBM and by Transarizona Resources, Inc., fur
ther demonstrated that the process was applicable 
to the highly-calcareous and iron^bearing oxide ore 
occurring in the Lake Shore deposit near Komelik, 
Ariz. Based on test results, the company began erec
tion of a 175-tpd experimental segregation plant 
to further test the process in December 1959. Con
struction of the plant was completed in May 1960, 
and shakedown operations were started in June 1960. 

Briefly described, the segregation process com
prises heating and oxidized or mixed oxide-sulfide 

G. A. FREEMAN, Member of SME, is with Tronsarizono Resources, 
Inc., Coso Grande, Ariz. C. RAMPACEK, Member of SME, ond L. G. 
EVANS ore ossociotcd with the U.S. Bureau of Mines. Poper pre
sented ot 1961 AIME Annuol Meeting. 

copper ore with a halide salt and a carbonaceous 
material, such as coke or coal, at approx 1400° to 
1500°F. Segregation produces fine metallic copper 
which can then be recovered by conventional copper 
sulfide flotation methods. Although numerous re
actions are involved in the process, basically the 
copper is volatilized fiom the copper minerals as 
cuprous chloride and then reduced to metallic cop
per on the surfaces of the carbonaceous particles. 
The fine flakes often agglomerate forming nodules 
as long as-%-in. and i^-in..in diam. These nodules, 
however, immediately fall apart with agitation. A 
more complete discussion of the process and its 
application to oxide and mixed oxide-sulfide copper 
ores is given in earlier reports.'-' 

LAKE SHORE MINE 
Lake Shore mme is located at an elevation of 

about 1800 ft on the southwest piedmont of the Slate 
Mountains, about 30 miles south of Casa Grande and 
3 miles east of Komelik, Ariz. A shaft was sunk in 
the deposit in the period 1880 to 1884. Ore was pro
duced sporadically from several shafts and three 
development levels in the deposit in the period be
tween 1884 and 1929, when the last reported pro
duction was made. Total production from the mine 
is reported to have been approximately 280,000 lbs 
of copper.' 

Although previous 'high-grading operations em
ployed underground mining, the deposit is now be
ing mined by the open-pit method. Part of the north 
orebody has been stripped of alluviurn down to a 
depth of about 30 ft to expose enough ore for several 
years of operation. Drill holes are spaced in a pat
tern of 5 to 6-ft centers; use of ammonium nitrate 
readily breaks the ore to about 10-in. in size. Load-

I. 
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The 175-tpd experimental plant of Transarizona Resources, Inc., {above) is now being replaced by a 730-tpd plant. 

ing is done by a 1-yd front-end loader. The ore is 
hauled in 10-ton trucks to the segregation plant 
about 1500 ft southwest of the pit. 

The ore being treated is a reddish-colored, mag
netite-bearing quartzite which has been fractured 
and recemented with quartz, chrysocolla, hematite, 
calcite and chlorite material. The ore is devoid of 
sulfides, and at times, massive magnetite, enriched 
in chrysocolla, and considerable calcite. is encount
ered. The grade of minable ore varies from about 
1.5. to 2.25% Cu. Detailed development work by 
rotarj' drilling has assured the mining and delivery 
of a consistently uniform feed to the plant. 

SEGREGATION-FLOTATION PLANT 
The segregation-flotation, plant has a daily capac

ity of about 175 tons of ore containing 3 to 4% 
moisture, the capacity being limited by the segrega
tion furnace. A flowsheet of the plant as of Novem
ber 1960, is shown below. 

Power is supplied at 24,900 v from the lines of the 
Trico Electric Co., about two miles southwest of 
the deposit. A 750-kva transformer substation at 
the plant site drops the voltage to 440 v for plant 
operation, and a standby diesel-electric plant pro
vides emergency power for the segregation furnace 
and calcine cooler during power failures. 

Water from a 251-ft well about 2.5 miles west of 
the plant is delivered to the plant through a 5-in. 
pipe line by means of a 30-hp pump. Pumping fa
cilities are available to produce enough water to 
treat as much as 500 tpd of ore. In addition to the 
primary water source, provisions are being made to 
recover water from the tailing disposal pond and 
thickeners. It is anticipated that 50 to 60% of the 
water will ultimately be recovered. 

Natural gas, purchased from the Southwest Gas 
Co. is received at the property through a 4-in line 
it 150 psig. The high pressure gas is reduced to 20 
lbs for plant use. 

The ore is dry-crushed to minus 6 mesh for segre
gation. Coarse crushing is accomplished in a 16x24-
in. jaw crusher set at two in., operating in open 
circuit. The jaw crusher dischai'ge is conveyed and 
crushed in a 5-ft Tornado impact crusher in closed 
circuit with a 6-mesh vibrating screen. Rapid and 

efficient reduction is obtained in the crusher so that 
the circulating load is light. The undersize particles 
from the 6-mesh screen are conveyed to a 400-ton, 
fine-ore storage bin. 

Crushing is carried out on the day shift. About 
60 tph of bre can be crushed to miniis 6 mesh. A 
typical screen analysis of the minus 6-mesh segre
gation furnace feed is given in Table I. 

SEGREGATION FURNACE 
The segregation reactor measures. 54-in. ID x 48 

ft long with the ends coned to 30 in. inner diam. 
The segregation unit is. fabricated of ^/^-in. rolled 
and welded, type-316 stainless steel plate. A re
fractory brick-lined, natural gas-fi.red furnace, 31 
ft long, encloses part of the reactor. About eight 
ft of the shell extends from the furnace at the feed 
end and eight ft extends at the discharge end. Rid
ing rings attached to the reactor shell on either side 
of the furnace support the reactor. The discharge 
end outside of the furnace is completely insulated 
with 41/2-in. thick magnesite block to reduce radia
tion losses to a minimum. Staggered, 3/16-in. stain
less steel lifters three in. high and 24 in. long are 
attached to the inside of the reactor throughout the 
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Flow sheet of copper segregation process at Lake Shore. 
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Table I. Screen Analysis of Segregation Feed 

.Screen Slzej 
Mesh Wt Fct ' 

- 6 -
- 8 

— 10 -,! 
- 2 0 •. .-
- 3 5 . . . , • . . ( ' • : 
- 4 8 -.•-'•• .; 
- 6 5 r • ' 

- 1 0 0 • 
- 1 3 0 -. 
- 2 0 0 
- 2 7 0 

+ 6 
-f.B 

+ 10 
+ 20 
+ 35 

: +48 
•• +65 

+ 100 
+ 150 
+ 200 
+ 270 

. 1 ' • • ' • • . . 

Compos ite-. 

—. 
4^6 
7.8 

13:7 
16.9. 
7,3 
7.3, 

, 7.5 
7;1 
4.7 
4-6 

. '̂ -̂̂  
100,0 

•' 

Table 

. - • 

11. Screen 

S c r e t n Si3«, 
Blesl i 

Analysis 

- : . , . -

of Tail ng 

W t S c t ' 

—48 
— 65 
-IOO 
- 2 0 0 

Goiriposife 

+ 43 
+ 65 

+.100 
+ 200 

0.4 
1.0 
'5.3 

25:0, 
68.3 

aoo.o 

54-in. diam section to facilitate mixing of the pre. 
charge as it passes through the unit. The reactor is 
driven at foui: rpm by a 20-hp motor connected to., 
a speed reducer which drives a :ring .gear attached 
to the reactor shell at the feed end. The furnace has 
a 74-in. inner* diam and is equipped with 14 hatu-
ral^.gas burners cornplete- with spark ignited pilots 
and auxiliary .air and-gas valves. The gas burriers 
are located at the side and bottom df the "furnace, 
firing tangentiailyto the;rotating shell. Two damp-
ered flues attached to the top of the filrnace and 
near each.end conduct the exhaust-gases to a single 
2x4d-ft stack which discharges into the atmosphere. 

The iurnace is equipped with a cbmpiete "temper
ature control system incorporating flame protection 
features and safety shut-oft ' valves vfhich auto
matically cut off the natural gas .should the ex
ternal .Shell, temperature, exceed a predetermined 
figure. 

The -outside temperature of the reactor ttibe is 
.measuredjby°five-thermocouples 'equally spaced and 
riding on top of the reactor shell in the.heated zone; 
Another thermocoiiple indicates the stack gas-tem
perature. These temperatures are recorded on an 
eight-point strip chart recorder; A sixth therino-
couple, Icicated. in the ore bed about 21 ft frorn the 
discharge end of .the reactor, is 'the principle furnace 
control. This thermocouple is connected to a cir
cular chart potentiometer which operates a- pneu
matic control valve which increases or decreases 
the fuel to the burriisrs, depehdihg on the tempera
ture of the charge. A second thermo.couple is in
stalled in the ore bed about 15 ft from the discharge 
end and also is recdrded on the eight-point recorder. 

The minus enmesh pre from the fine-ore: bin and 
the required quantities- of minus 20-m.esh commer^ . 
cial salt and fiiinus 48-m'esh petroleum coke are fed 
on a 18-in. x 20-ft'long: conveyor belt usingSyntrPn 
feeders, Some mixing qf the .salt, coke and ore is 
achieved on the cohveyor' belt by ' means" of 'chains 
and rubber fingers suspended above the belt which 
drag in thp pre ribbon as: it passes, beneath. The 
partly mixed feed dis char ges,into a bucket elevator 
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and then into a 10-toh 'surge bin ahead of the-segre-
.galion furnace. Mixing of the ore,, salt and coke is 
'cdiriplete'd- in the "elevator,' 'It. 'was -found that-"a-' 
•thorough nii,xing of- the .salt and coke with the pre 
was very important. 

The^s alt-coke-ore naixturie i s fed to the segrega
tion furnace at a. rate of about 7.5 tph hy means of 
a variable speed 9-in. spiral screw feeder corinected 
to the bottom pf the surge bih; arid exfendiiig about 
three' ft into the- reactor. A ring seal between the 
screw feeder arid' -the-vreaetor; prevents-escape-.of -the -
reactioh gases. An'ore column.isiinaihtaihed in the 
:furnace5 surge" bin'for, air seal.:: J • 

The.-temperature of the reactor charge is increased . 
. "as." ra p idly,; asT.pr a~c tic able;' the tilits ide shell' te mpe r a - ' 
ture, or more likely the flame temperatures a.t shell 
surface, are 1500° to 1700°F, The' desired reaction 
vtertiperature of 1400°F is reached in the ore Bed at 
a .point' ab.out,22.ft-frpm.the feed end and -is main
tained at this temperature .until the ore .leaves the . 
heated section. The temperature "then, drops; to about 
.13pO°F"as it-moves into thejnsulated sec.tion toward 
the discharge end. 

The: normal bed- in the reactor occupies a cross 
sectional volume of about 20%. Under, the operating 
conditions employed,, the contact time of the ore 
chairge at, the reactioh ternperature of 1400° to 
15p6°F is about 18 rnin. 

The-segreg'ated calcine, discharges from the reactor 
at approximately 1100°F through a vented hood at
tached tOr.thp,:shell and feeds into a .4x44-ft Baker-
type cooler. "Moderately gas-tight connections are 
fhaihtained between thef rea'ctor hobd and cooler 'by 
means, of ring; seals. Absolutely air-tight connections 
are not required because the segregation reaction 
px-oduces steam and reaction,gases which develop_a 
po siti ve p r essur e and pre ven t entry of air into th e unit.. 

GRINDING AND FLOTATION 
The cooled calcine discharges from the cooler at 

200°-F onto a 18-in. x 6 8 - f t conveypr belt which 
feeds/into a 6xl2-ft Allis-Chalmers. baU mill op-
erating'ih closed circuit' -with a Dorr Duplex Classi
fier; The grind is controlled tpgive a.minus ..65-mesh 
classifier pverflow. The classifier overflow, contain
ing about 25% solids, is condition eti ah a 5x5-ft slow-
speed" cpnditi'qner usirig potassium amyl xanthate, 
rriethyiisobutyl carbinol and enough liine to estab
lish a- puip pH of l l i5. The conditioned pulp is 
floated in iO iSfp, 24' Denver ceHs. A rougher cpncen
trate is recovered from the first two cells and 
gravity-fed to the cleaning section. Frdth from the 
next three.Tou'gher cells is'returned tp No. '2 ^rougher. 

Tabje III. Summarized Results of .Plant .pperotions, 
November 1 to November 27, 1960 

Assay.'I^ct 

Product Co Fc CaO StO;. 

Dlstrlbu-
tion. Pet 

AliOa- Cn 

Head£ 
Concentrate 
Tailing 

.1.81 
-50109 

0;23 

13:7 — 
3.2 2:6 13.3 0.8 

100:00 
87:15 
12:85 

Rcsrentss 

NaCT . • . 
Coke-
GaO 
Potassium a 
Met tiy If sou L 
Natural gas 

tnj- xanthate 
t'yl carbinol 

. Ib/tnn 
•Jhyiou 
iWlon 
Ib/ton 
lb/ton 

ore 
ore 
ore 
ore : 
ore • 

Btu/ton ore 

28.0 
...:........ 18.0 

4.8: 
0,5, 
0,1 

,- 1,900,000 

.w. 

:i i 
' M 
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turnace and calciner at Lake Shore's pilot plant. The neto plant will, be ready to go into operation this fall. 

Froth from No. 6 cell is returned to No. 3 rougher, 
and a scavenger froth obtained from the final four 
roughing cells is combined with feed to the No. 6 
rougher cell. The final tailing is pumped to a tailings 
pond 1000 ft away. The average screen analysis of 
the tailings is given in Table II. 

The cleaning section consists of eight No. 18 spe
cial Denver cells. The rougher froth is cleaned twice 
using three cells in the first stage and two in the 
second. The final fiotation concentrate is filtered on 
a 6-ft disc filter • and stored in a bin for periodic 
shipment to the smelter. The first cleaner tailing is 
refloated in three additional cells to- produce a scav
enger concentrate which is combined with the froth 
from the roughing circuit. These products return to 

Control panel {right) keeps furnace operating properly. 

the head of the cleaning circuit, and the tailings 
from the middling refloat are returned to the Dorr 
classifier. .. . 

RESULTS AT LAKE SHORE PLANT 
Plant operations have been as good as, and in 

some instance have exceeded, the results obtained 
in the laboratory and pilot-plant research. A sum
mary of results obtained during a 27-day period 
during the month of November 19iS0, are given in 
Table. III. The grade of concentrates produced has 
consistently, improved since the start of operations, 
and in some cases has approached 65'% Cu. Copper 
recoveries also have improved, and the gas and re
agent requirements have gradually been reduced. 
The gas consumption will be reduced considerably 
with the installation of pre-heaters using the waste 
stack gases. "" '.. 

Considerable experimentation was conducted in 
the plant and at the USBM station in Tucson during 
the six months of operation ending in November 
I960..,A number of changes in the original fumace 
design and simplification of the hot and cool calcine 

/handl ing system were made before settling on 
the final flow sheet. 

Based on the plant operation and results, the 
• Lake. Shore-operations, now are being expanded to 

about 750 tpd. The cornpany wiir install two-new-
furnaces, each of which will have a capacity of ten 
tph of ore. The capacity of the experimental reac
tor also is being increased to ten tons by making a 
number of modifications in both the reactor and 
furnace design. Three pre-heaters will also be in
corporated into the flowsheet to take advantage of 
waste heat. 
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COPPER AND SILVER RECOVERY FROM A SULFIDE CONCENTRATE 
BY FERROUS CHLORIDE-OXYGEN LEACHING 

by 

B. J. Scheiner, ' G. A, Smyres, ^ P. R. Haskett, ' ond R. E. Lindstrom^ 

ABSTRACT 

A ferrous chloride-oxygen leaching system was investigated by the Federal 
Bureau of Mines to determine its effectiveness for recovering copper and sil
ver from a tetiahedrite concentrate that had been pretreated to remove a 
majority of die-antimony. The pretreated concentrate contained copp-ar, silver, 
lead, zinc, antimony, and arsenic. Parameters affecting metal extraction 
(such as temperature, pressure, amount of ferrous chlorides and initial hydro
gen ion concentration) were studied. Copper extraction of 98 pet was achieved 
by. leaching 4 hours at 40 pounds per square inch gage (psig) and 100" C. Cop
per was recovered from leach solutions by cementation with iron, and the 
resulting ferrous chloride was recycled. Leaching the residue with cyanide 
followed by electrowinning recovered 99.7 pet of the silver. Iron, antimony, 
arsenic, and sulfur reported to the tailings. 

INTRODUCTION 

One of the goals of the Bureau of Mines is to insure that an adequate 
supply of minerals is available to meet national, economic, and strategic 
needs. To help reach this goal, the Bureau is conductinp. research to advance 
minerals processing technology, which includes investigations for recovering 
raetals from complex sulfide ores and concentrates. 

Marketing Complex sulfide concentrates that concain a variety of metals 
along with arsenic and antimony has always presented a problem. This situa
tion has been compounded recently by increasing smelter costs. These factors 
have stimulated considerable interest in the development of hydrometallurgical 
procedur.es for recovery of metal values from sulfide concentrates. 

^Research chemist. 
^Metallurgist. 
Supervisory chemical engineer. 
All authors are with the Reno Metallurgy Research Center, Bureau of Mines, 
Reno, Nev, 
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Chlorination and acid-oxygen leaching procedures have been investigated 
for the recovery of metal values from sulfide concentrates (j^-^)-* Favorable 
metal recovery values are obtained with the chlorination technique. However, 
the system results in the dissolution of metals such as iron and arsenic; and-
additional separation schemes are required to separate and remove these metals. 
The acid-oxygen leaching technique Is more selective, but metal extraction is 
generally less than that obtained by chlorination. Also, some of the iron is 
extracted into solution and additional processing steps are required to remove 
it. 

More recently. Haver and Wong developed a ferric chloride leaching tech
nique for treating chalcopyrite and galena concentrates (4-_7) . In this system 
the metal sulfide is oxidized by ferric chloride to produce metal chloride and 
elemental sulfur: 

'• CuFeSg + 4FeCl3 - CuClg + SFeClg •)- 25, 

PbS -1- 2FeCl3 - PbClg + S + ZFeClg, 

.(1) 

(2) 

The system successfully treats classical concentrates such as chalcopyrite' and 
galena, but as the concentrates become more complex in mineral composition, 
the ferric chloride system has several disadvantages. If a galena concentrate 
containing excessive amounts of iron, copper, and silver is treated, the iron, 
copper, and silver are coextracted and must be separated. The simplest sepa
ration method to remove the stiver ts to use lead shot to precipitate the sil
ver. The resulting silver-lead product must be fire refined to produce 
high-grade bullion. A diaphragm cell is required to recover the copper, and a 
turbo aerator sequence ts required to reject the iron that dissolves during 
leaching and to regenerate the ferric chloride solution for recycle. 

The objective of this investigation was to test a ferrous chloride-oxygen 
leach system as an alternative method for leaching a complex, refractory sul
fide concentrate. The proposed ferrous chloride-oxygen leach sequence differs 
from ferric chloride leaching in that the combined use of ferrous chloride and 
oxygen effectively converts silver and base metals to chlorides, and simulta
neously rejects iron as FegOg and sulfur in the elemental form, all in a 
single step. The leach system operates without excess chloride ion so that 
copper-silver separation is achieved in the leach step. 

MATERIALS AND EQUIPMENT 

The composition of concentrate used tn experiments described tn this 
paper is shown in the following tabulation. This concentrate is the end prod
uct of a leaching sequence with a sodium hydroxide-sulfur mixture to remove 
the antimony from a tetrahedrite flotation concentrate. During leaching, a 
portion of the sulfide in the concentrate was converted to sulfate, which 
accounts for the high sulfate content of the concentrate. The oxygen content 

Ti'i 
^Underlined numbers in parentheses refer to the list of references at the end 

of this report. 
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is residual hydroxide remaining after the leach step to remove the antimony 
from the tetrahedrite. 

Concentrate Analysis 

Cu pet;. 25 
Zn -.pet. . 2.0 
Pb pet. . 2.8 
As. pet.. 0.52 
Sb pet.. 0.44 
Fe. pet. . 16.0 
S pet.. 24.8 -
SO^ pet. . 8.0 
Ag. . . . .' '. oz/ton., 1,266.6 
Og^ pet. . 10.0 
Insol pet.. 5.8 
•'•Oxygen associated with metal 

hydroxides. 

The ferrous chloride-oxygen leaching experiments were conducted in sev
eral different sizes of low-pressure glass or Teflon^-lined reactors, -with 
titanium, and Teflon agitators. The charge to the reactor ranged from 50 to 
4,000 grams of concentrate, depending on the size of the reactor. Larger, 
scale experiments were conducted in a 14-liter reactor constructed from an 
18-inch length of 8-inch-diameter steel pipe flanged on both ends-. A Teflon 
liner was employed to protect the pipe and flanges from the corrosive solu
tions. The bottom and top of the reactor were sealed by bolting 1/2-inch-
thick titanium end closures to the pipe flanges. The stirrers, temperature 
well, and gas inlet were made of titanium, as were the ball valves for empty
ing the reactor. The apparatus is shown in figure 1. Oxygen was added at 
40 psig and monitored by a totalizing mass flowmeter. 

The cell consists of a 3-liter Pyrex beaker equipped with an overflow 
spout. The anode consists of a 35-mesh stainless steel screen, 4 inches in 
diameter and 7 inches high. The cathode consists of a stainless steel inlet 
tube with an attached circular bottom and top plates 3-1/2 inches-in diameter, 
The top plate is perforated, and steel wool is wrapped around the inlet tube 
between the. top and bottom plate. Tlie anode and cathode are separated by a 
tubular, perforated, 3-7/8-inch-diameter plexiglass sleeve. Solution from a 
holding tank ts pumped into the cell near the bottom of the tube and flows 
upward and outward through the insulating sleeve and anode. The solution 
exiting the cell container was returned to the holding tank and recirculated 
through the cell until the silver values in solution were depleted. 

^Reference to specific brand names is made for identification only and does not 
imply endorsement by the Bureau of Mines. 
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Metal extractions were 
determined by complete mate-
rtal balances. All solu
tions and residues were 
analyzed by either atomic 
absorption or standard chemi
cal techniques. 

EXPERIMENTAL PROCEDURES 

Experiments, were con
ducted in the.following 
manner: The concentrate and 
a predetermined amount of 
FeClg'4H20 were slurried 
together with water tn the 
reactor. Oxygen was added 
at a predetermined pressure 
until the system stopped 
consuming oxygen. The reac
tion of oxygen with the con
centrate is exothermic, and 
it was necessary to control 
temperature in the 100" to 
110° C range by cooling. At 
the end of the leaching 
period,.the slurry was 
cooled to room temperature 
to. allow trace amounts of 
lead chloride to precipitate. 
The slurry was then fil
tered, and the filter cake 
was washed with a volume of 
water equal to the initial 
volume used in the reactor. 

The pregnant solution and wash solution were combined, and the copper was pre
cipitated by adding iron metal in the form of shredded cans. The silver was 
extracted from the reaction filter cake by slurrying the solids with a cyanide 
solution and,agitating the slurry for 1 hour. The silver was recovered from 
the cyanide leach solutions by electrolysis. A drawing of the electrowinning 
cell is sho\TO in figure 2. This silver-recovery cell was developed by the 
Bureau of Mines to recover gold and silver values from activated carbon strip 
solution (8). 

Baffles 

Stirrer 

FIGURE 1. - Diagram of o 14-liter-capacity reactor. 
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Solulion inlet 

Slomless tube cathode 

Stainless steel anode 

Borren 

iolut ion 

RESULTS AND DISCUSSION 

A conceptual flow 
diagram giving essential 
details of the ferrous 
chloride-oxygen leach pro
cess as applied to treatment 
of the silver-copper concen
trate is shown in figure 3. 
Basically, the process con
sists of reacting the con
centrate with oxygen and 
recycling ferrous chloride 
for 4 hours at 100° C and 
40-psig pressure. Copper ts 
extracted as soluble copper 
chloride; silver is con
verted to insoluble silver 
chloride. Copper is recov-' 
ered from the leach solution, 
as metal by cementing tron, 
and the resulting ferrous 
chloride is recycled 
directly for additional 
leaching. Silver is-

extracted from the original ferrous chloride leach residue by cyanidation and 
.then recovered as metal by electrowinning. Copper and silver recoveries 
exceeding 98 pet each have been achr'.eved. 

The chemistry of the leach step is somewhat difficult to interpret 
because the original tetrahedrite mineralization was altered to an unidenti
fied mixture of metal sulfides, which was caused by the pretreatment to 
recover antimony by leaching with a hot mixture of sodium hydroxide and sul
fur. Because the feed material to the ferrous chloride-oxygen leach step is 
comprised of nonstoichiometric compounds, the following generalized equations 
serve only to give a qualitative description of the chemistry involved: 

Perforoted stainless 
plate (cathode) 

Perforoted plexiglass 
sleeve (insulator) 

Steel wool packing 
(cathode) 

Minus 35-mesh stainless 
screen(onode) 

Solution flow 

FIGURE 2. - Silver electrowinning c e l l . 

BFeCla + 3 / 4 Og - 1/2 FegOg + 2F;eCl3, 

6FeCla -f 3 / 2 Og + HgO -* 2Fe0(0H) -f 4 F e C l 3 , 

(CuFe2Ag)S^ + 2XFeCl3 - X(CuFe2Ag)Cl2 + 2XFeCl2 + XS. 

(CuFe2Ag)S^ + 4XFeCl3 + XOg -i- 2XH2O -

X(CuFe2Ag)Cl2 + 4XFeCl2 + 2XHC1 + XH2SO4. 

(CuFe2Ag)S, + 2XHC1 + X l / 2 Og - X(CuFe2Ag)Cl3 + XH2O + XS. 

(3) 

(4) 

(5) 

(6) 

(7) 

The initial reaction is the conversion of FeCl2 to FeCl^, which reacts 
with the metal sulfides. All of the reactions, 3 through 7, take place during 
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FIGURE 3. • Flow diagram for ferrous chloride-oxygen leaching of silver-copper concentrates. 

leaching. The major reactions are those in which ferric chloride is regener
ated from ferrous chloride and reacts with the sulfide minerals to produce 
metal chlorides.- The minor reactions are those tn which sulfat.e and hydrogen 
ions are formed. These reactions account for conversion of 6 pet of the sul
fide contained in the concentrate to sulfate during leaching. The major dif
ference between -this sequence and ferric chloride leaching is the fact that 
iron is converted to oxides during leaching and silver remains insoluble in 
the leach solution. 

Initial experiments to establish the leachability of the concentrate and 
to determine the effect of operating conditions were conducted on a 50-gram 
scale. The first parameter studied was the'effect that the amount of ferrous 
chloride added to the reaction system has on copper and stiver extraction. 
The amount of ferrous chloride employed in the tests was ranged from 50 to 110 
pct of the theoretical amount required to convert all of the ciipric copper, 
lead, zinc, and silver in the concentrate to chloride salts. The results of 
this series of tests are shown in figure 4. 

The data are interesting in that copper extraction increased almost lin
early with increasing addition of ferrous chloride up to 97 pet and then 
leveled off. In contrast, silver extraction by subsequent cyanidation was 
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FIGURE 4. - Effect of ferrous chloride addition on copper and silver exfraction. 

almost uneffected untii 85 to 90 pct of .the ferrous chloride had been added. 
When 100 pct of the theoretical amount of ferrous chloride had been added, 
silver extraction increased sharply to its maximum of about 98 pct. The data 
Illustrate that the copper reaction takes place, first, consuming nearly all of 
the reactants, and thus preventing reaction of the silveri 

The operating pressure of the leach system ts an important parameter 
because tt affeets the solubility of oxygen, in the leach solution, which, in 
turn, affects the rate of reaction. Figure 5 shows the influence of oxygen 
pressure on the operating time required to reach 97 pct copper extraction and 

I 98 pct silver conversion at 100° C when employing 100 pct of the theoretical . 
amount of ferrous chloride required. As expected, the data show that time 

I required to complete the leach reaction declines at a decreasing rate as the 
pressure is increased. Under these operating conditions, the reaction time 
,̂becomes nearly constant at pressures above 80 psig. 

The rate of reaction is also affected by temperature. The effect of tem-
Eperature on the time required to reach a constant extraction of 97 pct copper 
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FIGURE 5. - Effect of pressure on reaction time to attain 98-pct silver extraction and 97-pct 

copper extraction. 

and 98 pct stiver at 40 psig when using 100 pct of the theoretical amount of 
ferrous chloride required is shown in figure 6. These effects are similar to 
those obtained by changes tn operating pressure in that the time required to 
complete the leach reaction declines at a decreasing rate until it becomes 
nearly constant after 4 hours of leaching. 

Also investigat:ed was the effect of hydrogen ton concentration on the 
leach system because it was felt that this variable could be important in 
terms of what chemical reaction was predominant during leaching. The pH of 
the ferrous chloride solution generated during cementation of the copper ts 
1.74, and the use of this solution as a leachant resulted tn a final pH of 1.8 
to 2.0. The pH of the ferrous chloride leach solution was lowered to 0.32 
stagewise in a series of experiments, and it was found that the copper and 
silver extraction was independent of hydrogen ton concentration within the. 
range studied. 

Based on data obtained in tests using a small reactor, the treatment 
sequence was scaled up to a reactor 14 liters in size. A charge of 4,000 
grams of concentrate-, 977 grams of ferrous ion as FeCl2'4Ha0, and 8 liters of 
water were added to the reactor. Pressure tn the reactor was held at 40 psig 
with oxygen. The temperature quickly increased to 100° C, and t h e temperature 
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was controlled between 100" and 115° C by cooling. The reaction was complete 
In 4 hours. The oxygen consumption was 300 grams or 150 lb/ton of concen
trate. The reaction time of 4 hours ts 2 hours shorter than the time required 
for similar experiments in a 50-gram-capacity reactor. The shorter time ts 
attributed to the more violent agitation achieved in the 14-liter reactor. 
Silver and copper extractions of 99.4 and 98.6, respectively, were obtained 
when the pulp was treated by the sequence described in figure 3. Silver and 
copper extractions were also higher in the larger reactor when compared with 
those in the 50-gram reactor. The reason for this increase, again, is due to 
the increased agitation achieved in the larger reactor, which gives better 
.contact between the mineral particles and the oxygen. This experiment was 
repeated three more times, and silver and copper extractions ranged between 
99.1 to 99.7 and 98.2 to 98.6, respectively. The data obtained in these 
experiments showed that 65 pct of the sulfide portion of coricentrate reacted 
with the ferric chloride, and, of this, 94 pct of the sulfur was oxidized to 
elemental sulfur with the remainder being converted to sulfate ion. The sul
fate originally contained tn the concentrate remained insoluble during the 
ferrous chloride-oxygen treatment. More than 99.9 pct of the tron, antimony, 
•nd arsenic were converted to insoluble oxides and reported to the tailings. 

CYANIDATION AND ELECTROWINNING 

Silver was recovered from the leach residue by cyanidation followed by 
,̂ electrowinning. Experiments conducted at a pulp density of 25 pct, initial 
cyanide concentration of 33 g/1, and ambient temperature to determine 
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required reaction times indicated that a constant silver extraction of 99.7 
pct could be obtained with only 1 hour of cyanidation. 

Stiver was recovered from pregnant cyanide solutions by electrolysis in a 
cell operating at a fixed voltage of 1.8 and an amperage of 2.15 to 4.30. The 
silver content of the solution was reduced from 14.5 g/1 to 0.1 g/1 during 
electrolysis. The power requirements were 0.0224 kwhr/oz of silver recovered, 
corresponding to a current efficiency of 77.2 pct. After electrolysis, stiver 
was recovered from the steel wool cathode by adding HCl to dissolve the tron 
and fire refining the residue. The resulting ferrous chloride solution can be 
used in the ferrous chloride-oxygen leaching step. The barren cyanide elec
trolyte would be recycled to the cyanidation step. The solid tailings from 
the cyanidation step would have to be washed for appropriate removal of 
cyanide prior to disposal or subjected to an oxidation step to destroy the 
entrained cyanide content. 

\ 

COPPER RECOVERY 

Copper was' recovered from leach solutions by cementation with iron as 
shown by the following equation: 

CuClg -f Fe° Cu° -f- Feci, (8) 

'•• 

U . I 

A typical copper solution produced by ferrous chloride-oxygen leaching con
tained 122 g/1 copper, 8 to 10 g/1 zinc, 15 to 20 parts per million (ppm) 
lead, 20 to 30 ppm silver, 20 to 30 ppm iron, and 10.2 g/1 sulfate ton. The 
cementation reaction was performed by adding shredded iron cans to the copper 
solution and agitating vigorously for 20 mtn. The solution was filtered, and 
the cement copper was washed with water. Cement copper containing 88 pct cop
per, 3.1 pct tron, and 0.7 pct chloride ion was produced using 120 pct of the 
theoretical amount of tron required. The source of chloride ion is cuprous 
chloride. The resulting barren solution contained 0.009 g/1 copper and 123 
g/1 ferrous ton. This solution in plant practice would be recycled to the 
reactor to treat a fresh batch of concentrate. With time, the concentration 
of zinc and sulfate lon would build up in the solution. Ion exchange or sul
fide precipitation could be used to remove zinc from the recycle solutions, 
and sulfate ion could be precipitated by adding calcium chlortde. 

A 500-lb/day miniplant incorporating the leach and recovery sequence 
depicted in figure 2 is being operated at the Reno Metallurgy Research Center 
to quantify reagent requirements and determine optimum operating conditions 
for extracting metal values from this complex concentrate. 

CONCLUSIONS 

Silver and copper can be effectively recovered from a pretreated complex 
concentrate by a ferrous chloride-oxygen leach, followed by cyanidation and 
electrowinning. Silver extractions of 99.7 pct and copper extractions of 
98 pct were obtained in 4 hours of leaching, employing 150 pounds of oxygen 
per ton of concentrate at a pressure of 40 psig and a temperature of 100° to 
110° C. Greater than 99.9 pct of the iron, sulfur, arsenic, and antimony con
tent of the original concentrate reports to the tailings as insoluble products. 

i 
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The presence of aluminium niUate in the .solution not only 
£llrengthens the contradictory ef{ect ot pH and temperature 
BJMthe solubility of ferr ic oxide but also increases its solu-
fUUty by 0.5-1.5 o rde r s of magnitude. There may be severa l 
t'rtasons for the specific action of aluminium ni t ra te . In par -
tllwlar, in the absence'of free acid formation of hydro.xy 
[eomplexes of aluminiuni in the solution may have a large 
tllfecton the solubility of iron oxide. Calculations of Uie 
[lofllc composition a t various temperatures-") show tliat the 
^irea of intense hydrolysis i s rapidly .shifted towards Uie 

*icldic region with increase in temperahi re . Subsequent 
(development of the concept of hydrolytic jxilymerisation 
ruiggests a high probability of the forniation of heteropoly- , 
jtouclear hydro.xy complexes ' ) having such elements as 

-Fe-OH- A1-; 
I 

-Fe 
-OH 
O.H 

Al-; - F e - O - A l - etc. 

yn their composition. 

In Uie presence of free acid (ft̂ ,,;,̂  >6) Uie pH of the mother 
[solutions is low. This bears witness to the known salting out 
HCtion of aluminium ni t ra te , which leads to an increase in 
'the activity of Uie ni t r ic a c i d ' ° ) and. as n resul t , to an 
(Increase in Uie equilibriuni concenti-ation of iron over the 
Plerric oxide precipi tate . 

. . In spite of the negative effect of aluminium ni trate on Uic 
[degree of hydrolytic sejxiration of iron (HI), under Uie most 
navourable conditions Uie iron ratio of ttie mother solutions 
j-Mceeded 2000. Thi.f demonst ra tes Ihi; fundamental possibility 
Sof using hydrolytic purificaUon tor Uie production of commcr-
(Cial alumina meeting Uie standard in resiject of iron. 

Conclusions 

1. Aluminum nitrate has a considerable negative effect on 
the degree of hydrolytic sepai-ation of iron (III) from ni trate 
solutions. I 

2. In the presence of aluminium nitrate the contradictory^ 
character of the effects of temperature and pH on the solu 
biUty of the products from the hydrolysis of iron (III) i s ii 
tensified. This reduces the range of favourable yalues of 
Uiesc pa rame te r s . ^ 

3. The hydrolytic removal of iron from aluminium ni t ra t 
solutions by the autoclave niethod can be used for the proi, 
duction of slandard commercia l alumina. 
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tConvcrsi"r[ (̂ \ gf.Hiiim giiipipte by noUassium aluminate solution 

I A I Lainer, Yu A Lainer and T b Israfilov (Azerbaidzhan Polytechnical Institute) 

During the compreliensive treatnient of alunites by the 
5rcductive-all<aline scheme at the Kirovabad aluniinium works 
f J mbtture of potassium and sodium sulphate i s produced in 
fthe evaporation of the recycled aluminate solutions. This 
: mixture is used to compensate the losses of caustic alkali 
•-by thermal caustificallon wiUi aluminium.hydroxide in ro ta-
nlng furnaces. However, such caustification is not econoiiii-
[cally justified, .since it involves higli production and energy 
fccosls. Moreover, it leads to thc accumulation of potassium 
5hydroxide in the aUmiiiiate solutions, and this leads to a . 
i'wholc ser ies of additional complications in the technological 
fyclc. 

The alkali sulphates (iroduced from the aluniinale solutions 
: during evaporation contain up.to 60-70% of potassium su l -

l^ptiate. This makes it expedient to convert Uiem completely 
I Inlo potassium sulphate, which is a good fer t i l iser for a g i i -
' cultural purposes and, par t icular ly , for subtropical cultiva
tion. 

t. 

In recent yea r s 0 7, Nasyrov at Uie All-Union Aluminium 
ijl'and Magncsiuni In.stitute proposed a iiiclliod for lhc conver
ision of sodium sulphate with potassium hydro.xide solution 
arcording to Uie reaction: NajSO, + 2K0H = KaSO, + 
2NaOH. This eUminates the production of caustic alkali in 

I'the thermal caustification of sulphates. In Uiis case , how-
' ever, it is necessary to have separate caustic potash p r o -

Jj'duction or Its provision from outside, which complicates Uie 
Jprocess. 

In the acid-alkali method for Uie t reatment of alunites 
pdeveloped at the Moscow Institute of Steel and Alloys and 

Ihe A A Baikov Institute of Metallurgy, Academy of Sciences 
tof the.USSR, sulphuric acid is added to the main reduct ion-

alkali branch. Provision is made for leaching of the alunite 
dust with sulphuric acid solution, crystal l isat ion of potassium 
alum from Ihe solution, .and s inter ing of the alum with coke. 
After leaching a solution of potassium aluminate is obtained. 
This is passed on for conversion of the sodium sulphate from 
Uie main branch: 

2KA10;. + Na^SO, = K..,SO, + 2NaAlOp 

The conveis.i.on of lhc sulphate mixture into potassium su l 
phate involves twofold conversion of the sulphate niLxtui-e 
wilh ijotassium aluminate solution from the sulphuric acid 
branch by repulping in minors witli a counterflow sysiem at 
a t empera ture of aboul eo'^C (fig. 1). The sodium hydroxide 
solution (containing 78.5S Na^O) oblained as a resu l t of the 
conversion of the sulpliate mixture is used to compensate for 
the production losses of caustic alkali . To free it from alkali 
the potassium sulphate after the second stage of conversion 
is washed by irr igation wiUi a hot solution ol sulphates fol
lowed by filtration. The wash water is used to dilute Uie 
initial potassium aluminate solution. After filtration the 
wa.slied potas.sium sulphate is dried and passed to Uie s tore 
in Uie form of the finished,product with a content of 95 .5-
98.5% 

Investigations were ca r r ied out into the relat ionships 
governing the substitution of potassium in the solution by 
sodium from the sulphate mixture a s a function of the num
ber of moles of K3O in the initial potassium aluminate solu
tion for one mole of NaaO In the initial sulphate mixture , the 
variation of the molar rat io of NagO and K^O in the initial 
solution, Uie concentration of KaO in the initial solution, the 
caustic ra t io of Uie initial potassium aluminate solution, 
the t ime of contact between the solutipn and precipi ta te , and 
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Fig. l Technological scheme for the conversion of the 
mixture of potassiufn and sodium sulphates into 
• pure potassium sulphate with the aid of potassium 
aluminate solution. 

For the initial sulphate mixture we used pure sodium sul
phate and potassium sulphate in the ratio of 39% NaaSO* 
and 61% of KaSO ,̂ which corresponds to the composition of 
the mixture of sulphates produced at the Kirovabad alum
inium works ih Uie evaporation of the aluminate solutions. 
The investigation was carried out with solutions of potas
sium and sodium aluminates in a beaker fitted with a mec
hanical st irrer and thermostat. During agitation of the pulp 
the equilibrium distribution of Na^O and K^O between the 
solution and the precipitate was effectively reached after 
30 min. The sulphate precipitate filtered well. After fll-

. tration of the pulp the precipitate and the filtrate were 
analysed for NajO, KaO, SO3 and AlaOa contents. 

It was shown that with a low value of K (0.5), equal to the 
ratio of the number of moles of K2O in the initial solution 
of KAlOa to the number of moles of NaaO in the initial 
sulphate mixture, as a result of conversion a solution 
rich in Na^O was obtained with almost complete substitu
tion of the K3O in the solution (fig. 2). The conversion at 
the last stage, where the aluminate solution for compen
sation of the losses of caustic alkali in. the main branch is 
produced, must therefore be carried out wiUi low values 
of K. 

Fiy.2 
The effect of the i n i t i a l 
r a t io K a I'-^Ofla^Oism °n 
the mole fraction of KjO 
in the solution after con-

- ,. , version . 
0) UJ ' " 

K before conversion 

'i 
of the solution. This nieans that in the stage where the sul
phate precipitate in the form of the final product (potassium^ 
sulphate) is produced the conversion must be carried out 
with high values of K, e.g. K = 2. , "j^ 

Fig.3 ! ' 
The effect of the i n i t i a l 
r a t io 1: = K^Ogl̂ 'a^Ojsm on 
the degree of t:onversion. 

before conversion 

0 s.! I i s } I I } 

K before conversion 

Fig. 4 
The effect of the in i t i a l 
ra t io *.' = KjOs/wajOism o" i 
the nole fraction of KjSO, 
in the sulpliate precipi
ta te after txinversion. 

When the initial solution contains NajO in addition to K,p, | 
Uie degree of conversion decreases with increase in the, 
fraction of NaaO with identical K (fig. 5). This clearly 
leads to an increase in the saturation of NagO In the solu
tion and prevents its passage from the sulphate mixture.i 
into the solution. 

Fig.5 
The effect of the mole 
fraction of KjO in the 
i n i t i a l solution on the 
degree of conversion. 

to 0 nr IV 
Mole ^ KjO in solution 
before convcroion 'U 

Consequently, most'effective conversion is realised withj 
a purely potassium initial solution. In addition, during 
development of the conversion technology it is neceesaryi] 
to sti'ive towards a reduction in the number of process 
stages, since the effectiveness of the succeeding stages de
creases with increase in their number. 

The amount of SOa in the solution decreases with increasaf 
in the potassium aluminate concentration, since the equllib^ 
rium concentration of the sulphate salts in the solution her^ 
decreases sharply (fig. 6). This means that to obtain solu-^ 
tions free from SOa after conversion it is necessary lo usy 
highly concentrated initial solutions, especially as this haaj 
practically no effect on the degree of conversion. The In-. 
crease in the SO3 content with variation of the KaO concen-^ 
tration in the initial potassium aluminate solution from 501 
lOOg/1 is due to the absence of the necessary amount of sul3 
phate salts in unit volume of solution for its saturation wltM 
the latter, since the sulphate salts were used in an amoun^ 
corresponding to a ratio K equal to unity. 

17 

. ! • • 

The degree of conversion (NaaO).,/(Na30)is,„ • 100%, i.e. 
the ratio of the amount of sodium alkali which passed ijito 
solution as a result of conversion (Na30)s to the amount of 
sodium alkali in the initial sulphate mixture (NaaO)isr, in 
the form of NaaSO^ (expressed in percentages) (fig. 3), and 
the mole fraction,of KaSO, in the sulphate precipitate after 
conversion (fig. 4) increase with increase In the K values. 
This is due to the lact that with increase in K the nuniber 
of moles of KaO in the solution for one mole of NaaO in the 
sulphate precipitate increases, and this leads to more com
plete substitution of NaaO In the sulphate nii-xture by the KjO-

01 Kl I'f 
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concentration in the 
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conversion. 
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Table: Composition of the conversion products 

- - * • , 

K.0, , 

1 

. „ 

Name of products 

Initial product: 
Aluminate solution 
Sulphate mixture No. 1 
Sulphate mixture No. 2 

F i r s t stage of conversion; { 
Solution before conversion 
Sulphate mLxture before conversion 
Solution after conversion 
Sulphate mixture after conversion 

Second stage of conversion-t 
Solution before conversion 
Sulphate mixture before conversion 
Solution after conversion 
Sulphate mixture after conversion 

Washing: 
Solution for washing 
Solution after washing 
Sulphate mixture after washing 

Composition of products (solution g/ 

K..,0 

300 
33.0 
41.2 

300 
40.2 

142.0 
52.8 

142.0 
33.0 
59.0 
40.2 

86.3 
102.0 
53.2 

niixture %) 

NaaO 

-
17f) 

9.85 

-
11.2 
92.5 

1.25 

92.5 
17.0 

142.0 
11.2 

33.0 
41.0 

0.6 

SO3 

-
50 
48.9 

-
-
0.6 
-

0.6 
-
2.35 
-

110.0 
136.0 

-

M % 
KaO 

-
56.1 
73.3 

100 
70.3 
50.3 
96.5 

50.3 
56.1 
21.5 
70.3 

-
-

98.4 

M % 
NaaO 

-
. -

-

-
29.7 
49.7 

49.7 
-

78.5 
29.7 

-
-
-

; 

Ala03 

-
-
-

-
1.1 
-

0.9 

-
-
-

1.1 

-
3.0 

t r aces 

..•';Uwas shown that the degree of conversion remains prac-
'..Ucally unchanged with variation ot the temperature m the 
. 'Mnge from 40 to 959C and of the time of contact between 
I (he solutions and Uie sulphate mixlure in Uie range from 
KMmln to 6h. Variation of the caustic ratio of Ihe initial 
-potassium aluminate solution in the range from 2 to 4 aliso 
'kls no effect on the degree of conversion. 
•T •• 

rOn Uie basis of the results from the investigations the 
composition of the products from Iwo-stage conversion of 

^jlie sulphate mLxture from the plant with potassium alum-
' ate solution was determined (table). 

j.i'The fii'st stage of conversion was carried out twice: the 
l-llrst time wiUi sulphate niixture No. 2 to produce an Inter

mediate solution for the second stage, and the second time 
^ • y • 

wiUi the precipitate from the second stage of conversion. 

To oliniinate return of the finished product (potassium sul
phate) to Uie beginning of the conversion process the washing 
of the sulphate precipitate after the fii'st conversion was 
carried oul with a hot solution of sulphates. The washing 
solution was prepared by dissolving the initial sulphate 
niixture in hot water. 

Conclusion 

It was shown that almost pure potassium sulphate and an 
aluminate solution containing 78.5% Na^O and 21.5% KjO 
are obtained in the two-stage conversion pf the sulphate 
niixture of the Kirovabad aluminiuni works by means of 
potassium aluminate solution. 
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Kinetic characteristics of the cementation of ahiminium on metallic titamum in a .sodium chloride medium 

11 Ivanov, R A Sandler and S V Aleksandrovskii (Leningrad Mining Instihite) 
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Summary 

. - The kinetic characteristics of Uie cementation of aluminium 
(rom aluminiuni chloride on titanium were investigated wiUi 
high initial contents of aluminium in Uie melt. The-effects 
Ol temperature and of Uie initial coiuentration of aluminium 
in the melt on the reaction rate were studied. Increase in 
temperature leads to an increase in the rate and degree of 
cemenLiUon. Increase in Uie inilial concentration of aluminium 
leads to an increase in Uie cementation rate. However, the • 
degree of cementation decreases as a result of thc limited 
•mount of cementation agent employed. The time required 
Ior the attoinment of Uie same degree of cementation there-
lore increases wiUi increase in the initial aluminium content. 
The data obtained show that a secondary process occurs in 
Iddition to Uie main cementation process. This involves 
reaction of trivalent ULinium formed in Uie cementation 
process with metallic titanium, giving divalent titanium. 
Experiments carried out on the cementation of aluminium 
In melts initially containing titanium dichloride show that 
In the presence of titamum trichloride the cementation of 
ilununium only occurs in Uie initial period. The lower. Uie 
initial content of aluminium Uie more rapidly the steady 

stale is reached in Uie melt. With increase in the initial 
aluminiuni content of Uie melt the degree ol cementation 
decreases somewhat and Uie amount of the metallic disperse 
phase and ils aluminium content show a tendency to increase. 
As a rule the aluminium content of the disperse metallic 
phase is higher, Uie higher the initial aluminium content 
of the melt. 

For the effective realisation of the cementation of 
aluminium.on metaHic titanium the trivalent titanium which 
forms must be reduced to divalent. For Uiis purpose it is 
necessary lo have an excess of metallic titamum, the sur
face ot which must not be screened by the released cemen
tation product. Since increase in temperature leads to the 
development of a re.ictlon between tibinium and aluminium, 
a higher degree of purification of a melt containing a small 
amount of aluminium chloride is secured by a reduction in 
temperature. With high initial concentrations of aluminium 
chloride in Uie melt the positive effect of temperature on 
the comparatively low degree of cementation is due to greater 
formation of the dispersed rtietalUc,titanium phase in the 
melt. 
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The problem of ' . ' 

recovering.copper from copper-bearing 

sohitions Juts been the subject of research 

by Kennecott for many years. These investigations 

Juwe led to the development and use of . . . 

A model of the cone precipitation plant 
now being constructed by. Kennecott 
Copper Corp. Each module contains 13 
cone precipitators. (Photo courtesy Bech
tel Corp.) 

UNIVERSITY OF UTAH 
RESEARCH INSTITUTE 
EARTH SCIENCE LAB. 

SH Cone-Type Precipitators 
Improved Gopper Recovery 

A pplication of research findings to the old art of 
leaching copper from copper-bearing mine waste 

has resulted in a significant contribution of copper 
to over-all copper production. For example, at the 
completion of the current expansion program at the 
Kennecott properties in the United States, copper 
produced from waste dump leaching will amount to 
about 25% of the total production, whereas, for-
inerly only 2% was derived from this source. This 
planned expansion of copper leaching focused at
tention on the problem of developing more efficient 

• The authors, oil SME members, ore ossociated with the Western 
•Mining Divisions Research Center of Kennecott Copper Corp., Salt 
Loke Cily. H. R.- SPEDDEN is Reseorch Director, E. E. MALOUF is 
'''ojecr Development Engineer, and J. D. PRATER is Chief of the 
Hydrometallurgical Section. 

MINING ENGINEERS 

H. R. SPEDDEN, E. E. MALOUF, and J. D. PRATER 

methods for the recovery of copper from greatly 
increased volumes of copper-bearing solutions.* 

Detailed investigations made in laboratory pilot 
plant and plant tests for the recovery of copper 
from copper-bearing solutions have included elec-
trowirming, solvent extraction, ion exchange and 
cementation with iron in launders, precipitation 
drums, activated launders, and precipitation cones. 
The results of these investigations have led to the 
development of a precipitation cone-type recovery 
system having advantages over older methods. 

Electrowinning: The direct electrowinning of 
copper from relatively dilute solutions of copper-
bearing mine water,- namely, solutions containing 
10-20 lb of copper per 1000 gal, has always been an 
attractive possibility.^ * By this method, high-purity 
copper powder can be recovered with a power con-
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.Fig. 1:—Photograph of gravity launder-type copper precipitation plant 
at Kennecott's Utah Copper Division Bingham Canyon mine. 

sumption of 3.5 kwh per lb of copper. However, 
once the solution strength decreases to approxi
mately 5 lb of copper per . 1000 gal, current effi
ciency drops rapidly, requiring the use of other 
methods to recover the remainder of the copper 
economically. These results, combined with the high 
capital cost, make this approach economically un
sound under most conditions. 

Solvent Extraction: Another technically feasible 
process is using varioiis organic reagents for the 
solvent extraction and concentration of copper from 
dilute acidic solutions.* The majority of solutions 
obtained from leaching rather heterogeneous mine 
waste dumps, however, contain substantial quan
tities of ions other than copper as well as suspended 
insoluble materials. These various ions and sus
pended gangue can result in a combination that 
may cause emulsification and costly loss of the sol
vent. Although substantially improved liquid ion-
exchange or solvent extraction reagents which re
sist emulsification to extremely low levels are now 
available, enough experience with these new re
agents has not yet been obtained to safely justify a 
major installation. Presently available reagents have 
a rather low loading factor and thus would require 
a large capital expenditure for plants of the size 
now being constructed. A small plant and, in par
ticular, one which does not have a readily available, 
low-cost source of scrap iron would appear to be 
the logical next step in this development. The 
application of the process to copper metallurgy on 
a significant scale is, nevertheless, a most stimulat
ing goal. 

Ion-Exchange Recovery: The use of ion-exchange 
resins for the concentration of copper from copper-
bearing mine solutions has not proven feasible. The 
non-selectivity of the resins and the fouling of the 
resins with iron and aluminum ions has precluded 
the use of this approach. Even the carboxylic-type 
resins, which are quite specific for copper, display 
an unsatisfactorily low loading capacity when used 
for extraction from acidic solutions; thus projected 
capital costs appear to be unduly high." 

Chemical Precipitation: Precipitation of copper 
from dilute copper-bearing solutions using various 
chemical precipitants has been a source of continu
ing investigations by several research groups. ' ' 
Consideration has been given to precipitating the 
copper as a sulfide, as a cyanide, as a thiocyanate, 
and even as a hydroxide using lime. The recovery 
of an extremely fine chemical precipitate, with the 
inherent difficulties of settling and filtering, is a com
mon problem in essentially all processes employing 
chemical precipitants. The products of chemical 
precipitation also usually require additional pro
cessing steps to obtain the copper in a form readily 
obtained by cementation on iron. 

Precipitation of Copper by Iron: Gravity Laun
ders: The oldest, most common method of precipi
tating copper from copper-bearing solutions has 
been the gravity-flow launder charged with scrap 
iron as the precipitant. As a general figure, this type 
of plant requires 500 ft of launder, 4 ft wide by 4 ft 
deep, to process 1000 gpm of copper-bearing solu
tion. A launder of this size can effectively recover 
over 90% of the copper in solutions; however, iron 
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consumption will vary betweeri 2 to 4 times that 
amount theoretically required to precipitate, the 
cdntained copper, depending on the ferric iron and 
free sulfuric acid contents pf the solutipn. (Fig. 1.) 

Launder plants, although simple to construct and 
operate, require much hand labor and produce an 
impure cement copper which is usually blended 
with concentrates ;as a^feed-to a snifelter. Efforts to 
improve the method have.- led to, numerous modifica
tions, nios tly in volving "variations in the mechanical 
handling of the scrap iron or the precipitates. 

Dnxm Precipitators: Rotating drum precipitators 
have been used industrially in place of launders. 
TKe major problem encountered in this system is; 
that of maintaining a large mechanical device in. 
which the total mass of scrap iron is tumbled con
stantly. Kennecott's test work has shown that the 
tumbling' actipn breaks the copper-precipitates into 
fine particles, much .of it, eyen colloidal in size, thus 
presenting a further pperational problem. Labor re-
quii'eraents for charging scrap iron and for the peri
odic removal of unconsumed' trash likewise make 
these units generally unsatisfactbry. 

Activated Launders: Gravity launders have been 
modified by laying one or more nozzle mani folds 
along the bottom of the launder to inject the copper-
bearing solutions into the'rriass of iron;*' Studies.in-
volving the precipitation of' copper; in this type of 
launder have indicated definite iniprovernents over 
the gravity-type plant, both as to iron factor and 
voiunies of solution treated. However, here, again, 
cleaning of this type of" unit Tequires removing the' 
accumulation of copper precipitates, cans, and trash 
with consequent high hand labor requiiremerifs. 

OEVELOPMENT OF A NEW PRECIPITATION 
SYSTEM 

.'\lthough most of the recovery methods thus in
vestigated are practical, each one seemed to be 
lackirig in at least one of several desirable features 
for relatively large scale production. As with most 
chemical processing methods, an- efficient copper 
recovery system should provide for high volumetric 
capacity, be able to treat solutions of variable con
centrations with high recovery, and be amenable to 
a substantial degree bf mechanical handling and 
automatic cohtrol. 

Three chemii[:al reactions, each of which consumes 
iron, have long been recognized as of importance in 
copper cementation. These reactions may be shown 
hy the fbllowing. equations: 

CuSO, + Fe-*eu -|-FeSO>, 

.Fe=(SOi)a + Fe->3 FeSO, 

H,SO,_+ Fe^FeSO. -I-H, 

[1] 

[2] 

[3] 

Urider quiescent conditions', as represented in a 
launder plant; these reactions will refach equilib
rium. If, however, powdered iron of high, surface 
area is used, the copper precipitation reaction is 
found to be predominant and may be essentially 
completed before excessiye amounts of iron have 
been eonsumed; by the other two reactions. 

MINING ENGINEERS 

Since powdered iron is thus an effective precipi
tant" and may be produced at reasonable ,cost as a 
by-product of a base-metal mining and smeltirig 
complex, a research program was initiated to de
velop an efficient vessel in which to utilize such a. 
precipitant. The siiccessful accomplish rii ent of this 
objective has been reported separately' by A. E. 
Back:'" . 

A pressing rieed fpr increased coppier prpduction 
required that a further effort; be made "to improve 
those precipitatiph methods which employed avail
able scrap iron, a situation brought about by the 
absence of an immediateiy available source of pow
dered irpn. Using the basic cone cpnfiguration, a new 
vessel was designed for a scrap iron feed and this 
vessel has riow been found to have advantages not 
available in other precipitating processes. Its opera
tion, design, and copper prpduct differ from that of 
the powdered iron cone. It is a compact unit lending 
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Fig, 2:—Copper cementdtion as a function of teinperdtiire. 
"Cohversionf actor: J gm = 8.3^5 lb per WOO-gal of solution. 

itself to automatic control, low iron consumption, 
and seif-cleaning of copper, precipitates. It further
more results in the production of a higher purity 
cement copper than that resulting from a launder 
system. The operating characteristics of the cone 
precipitator are based dn a high-velocity, rapid 
through-put of. copper-bea ring' solutions and an in
timate cbhtaet bf the. solution with clean active iron 
for precipitation of copper. 

Gomparisbn of the relative effectiveness of pow
dered iron and scrap iron as precipitants clearly 
indicates that the three basic reactions proceed at 
different rates: Furthermore, these reactions are 
temperature dependent, another characteristic of 
rate reactions. Fig. 2 shows the effect of temper
ature ori increasing the copper, precipitatibn rate. 
Thus, a rapid cbnta'ct of solution with iron surfaces 
promotes the' copper- precipitation reactibn. (Eq, 1) 
by removing the diffusibn layer. The resulting" sup-
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Fig. 3:—Photograph of a cross-
sectional area of Kennecott's cone 
precipitator (patent pending). Photo 
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Fig. A:—Sketch of cone precipitator showing 
solution inflow and copper precipitate discharge. 

pression of the acid on iron reaction (Eq. 3) pro
duces a very real reduction in iron consumption. 

•Wadsworth and co-workers have defined the 
mechanisms involved in copper precipitation on 
iron" as: 

1) Diffusion of reactants to the surface 
2) Adsorption of reactants on the surface 
3) Chemical reaction at the surface 
4) Desorption of products from the surface 
5) Diffusion of products away from the surface 

They have quantified item 1 for laboratory con
ditions in the terms of stirring speed of a mechanical . 
agitator. Kennecott has likewise determined an 
apparent optimum range of conditions in the terms 
of rate of solution flow through full production size 
vessels of varying sizes. They further have found 
that the copper precipitation reaction is a first order 
rate reaction and that even under some conditions 
the reaction seems to follow zero-order kinetics. 
Thus, with adequate agitation, rapid precipitation 
will occur and acid consumption by iron will be 
minimized. 

The nlicleation mechanism has also been studied 
by Wadsworth" with the following conclusion: "The 
precipitated copper adheres to the iron as a spongy 
layer at low speeds, peels off in the form of bright 
strips at medium speeds, and as a fine powder at 
high speeds." The low speed agitation results defined 
by Wadsworth correspond to the action in a gravity 
launder. Medium speed results are of the same mag
nitude as those found optimum for promoting the 
precipitation reaction, and thus a dual advantage is 
gained by dynamic contact of solution with iron. 

The theory of diffusional control is further en
hanced by experiments employing iron turnings as 
a precipitant. Clean turnings, extensively laced 
with sub-micron cracks, present a larger surface 
area to the small hydrogen ion than to the much 
larger copper ion. Thus, acid attack by pore diffusion 
is possible in the cracks. Turnings in this form 
yielded copper precipitation at a consumption of 
over 3 lb iron per lb of copper as compared with 
1.5 lb per lb of copper when using shredded iron 
in a precipitation cone. 

Beading 
lbs C P A O O O gal 

17.6 
14.8 
14.8 
13.3 
12.9 
13.3 
15.8 
16.2 
15.9 
16.4 
16.2 
13.9 

Average 
15.1 
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Table: Typical Data (Daily Average) Comparing 

CONE 

ENGINEERING 

Experimental Precipitation Cone with 

PRECIPITATOR 

P c t C u 
Recovery 

92.4 
93.2 
88.2 
94 J 
91.0 
92.4 
93.6 
93.3 
95.3 
96.4 
95.4 
94.0 

Average 
93.3 
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Soluble 
Fe Factor 

1.13 
1.45 
1.83 
1.60 
1.49 
1.77 
1.86 
1.74 
1.54 
1.74 
1.10 
1.72 

Average 
1.58 

The Operating Results of an 
a Gravity Launder 

LAUNDER PRECIPITATOR 

Heading 
lbs Cn/1000 gal 

15.1 
15.4 
16.1 
15.7 
14.4 
14.8 
14.6 
14.7 
15.1 
14.6 
13.7 
14.0 

Average 
14.9 

Pct Co 

98.3 
, 89.4 

85.1 
87.5 
8S.8 
90.7 
93.7 
91.3 
91.5 
84.6 
84.4 
95.8 

Average 
89.9 

Solution 
Fe Factor 

2.85 
2.15 
2.04 
2.26 
2.30 
2.17 
2.16 
2.22 
2.25 
2.40 
2.47 
2.70 

Average 
2.33 
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Another portion of these turnings was crushed in 
a hammer mill to powder size. In a similar copper-
beai-ing solution, the iron consumption was only 1.2 
lb iron per lb of copper. The cracks had thus been 
opened, exposing all surfaces to the faster copper 
precipitation reaction. 

The granular and dense type of copper produced 
under dynamic- precipitation conditions results in a 
product that can be filtered readily to a low moisture 
content, in contrast to the thixotropic-type of pre
cipitates produced in the launder-type plant which, 
after filtration, may contain 35-40% moisture. 

The experimental precipitation cone (Figs. 3 and 
4) developed to employ these principles at the Utah 
Copper Division of Kennecott is capable of process
ing high volumes of copper-bearing solutions. The 
vessel consists of a 14-ft diam tank, 24 ft tall, into 
which is mounted an inverted cone 10 ft in diameter 
and 10 ft high. The outer 14-ft diam tank contains 
a 45° sloped false-bottom floor from one side of the 
tank to a bottom side discharge at the opposite side. 
The annular space between the inner cone and the 
tank is covered by a heavy gage stainless steel 
screen. The screen is mounted as a continuation of 
the cone and is anchored to the cone and tank. The 
cone supports a pressure manifold that consists of 
six vertical legs with each leg containing 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 when the copper-bearing solu
tions are pumped through the manifold into the 
cone. The inner cone and the area of the tank above 
the stainless steel screens are filled with shredded, 
detinned iron scrap, such as is commonly used in 
the precipitation of copper. The shredded iron is 
•'coned" to the top of the tank.-This large mass of 
iron in a confined vessel has proved to be an effec
tive heat retaining medium, thus enhancing the re
action kinetics. 

Copper-bearing solutions are pumped through the 
manifold with the nozzles injecting the copper-
bearing solutions into the mass of iron. The injection 
of the solutions has the effect of not only rapidly 
precipitating copper, but also removing the metallic 
copper from the iron surface, thereby exposing 
clean, fresh iron. 

The precipitation cone is a continuously operated 
unit that is self-cleaning, eliminating the need for 
fire hoses to wash the copper precipitates from the 
precipitator, as is the practice in many launder-
type plants. The pressure and velocity of the solu
tions in the lower conical section tend to move the 
copper precipitates in the same manner as an elu-
triation column, upward and out of the cone into 
the reduced velocity zone created by the larger 
diameter of the holding tank. The copper precipi
tates settle down through the stainless steel screen 
and accumulate on the sloped false-bottom of the 
tank. The copper can then be discharged intermit
tently with the use of a pneumatically operated 
valve on a time cycle or bled continuously through 
a small diameter pipe into a thickener or holding 
basin. The copper precipitates produced in this 
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Fig. 5:—Photograph of experimental precipitator at Kenne
cott's Utah Copper Division. 

manner are of substantially higher grade than the 
conventional cement copper produced in a launder-
type plant. They typically will analyze 90-95% cop
per, 0.1-0.2% iron, 0.1-0.2% silica, and 0.1-0.2% 
alumina with the balance of the impurity being pri
marily oxygen. 

The prototype precipitation cone was operated 
continuously for seven weeks in one test. After this 
test run, using commercial shredded iron identical 
to the material used in the launder plant, the unit 
was shut down and examined. A total of 18-in. of 
trash remained in the bottom of the inner cone. 
This residue consisted of pieces of concrete, rocks, 
granular copper, and some pieces of copper-plated 
steel, shafting. This small amount of residue was 
striking evidence that most of the trash inherent in 
the scrap iron had been masticated by the dynamic 
action in the cone and discharged in the tailing 
solutions. In comparison, a launder plant usually 
requires daily washing with high pressure hoses. 

During seven weeks of continuous operation of 
the experimental cone, copper recovery averaged 
89.7% with inclusion of data for periods in which 
wide fluctuations in the addition of shredded iron 
was experienced. Sustained periods during optimum 
operating conditions resulted in copper recoveries 
exceeding 95% in the single cone. 

Results comparing the performance of an ex
perimental precipitation cone operating at approxi
mately double the flowrate of the standard-sized 
gravity launder with which it is compared are pre
sented in the accompanying Table. These results 
represent daily averages for the same operating 
periods. 
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PUMPED ONTO MINE WASTE 
DUMPS, WATER PERCOLATES 
THROUGH THE ROCK WHERE 
IT PICKS UP A COPPER SUL
PHATE SOLUTION. 

THIS SOLUTION IS 
COLLECTED IN A 
CENTRAL FLUME SYS
TEM AND PUMPED IN
TO PRECIPITATION 
CONES. 

THE PRECIPITATION 
CONE, FILLED WITH 
OLD TIN CANS, PRE
CIPITATES COPPER 
FROM THE WATER. 
THE WATER IS THEN 
RETURNED TO THE 
DUMPS. 

THE PRECIPITATED 
COPPER PASSES 
THROUGH A FILTER 
PRESS AND THE RESUL
TANT COPPER PRODUCT 
IS LOADED INTO RAIL
ROAD CARS FOR SHIP
MENT TO THE SMELTER. 

Fig. 6:—Diagrammatic sketch of the copper leaching and 
precipitalion system as used at Kennecott. 

! 

! : : 

As a result of the successful operation of the ex
perimental cone at the Utah Copper Division, a 
cone-type precipitation plant is now being con
structed which will contain 26 cone precipitator 
units (Fig. 5). The plant will be of modular con
struction arranged in a manner to permit the solu
tion flow to pass through two cones in series. This 
will provide an operational safety factor for opti
mum stripping. The structure rising above the cone 
tanks is a movable scrap iron feeder fed by a con
veyor belt from the scrap storage yard. Shredded 
scrap iron is added to each cone intermittently as 
required (see illustration on title page). 

Two cones have been operated in series to deter
mine the effect of the-second cone on total iron con
sumption when only partial stripping has been 
accomplished in the first cone. This two-stage treat
ment can provide a better over-all control without 
-increasing-.iron consumption beyond that required 
by a single-stage treatment yielding the same re
covery. Variations in the copper content of the in
fluent solutions to the second cone have ranged, for 
test purposes, from 1.5 lb of copper per 1000 gal^to 
as high as 15 lb per 1000 gal, yielding the same low 
content of copper in the tailing from this second 
cone. The copper-bearing solutions are chemically 
conditioned in passing through the first cone, thus 
resulting in rapid and effective stripping of the 
remainder of the copper in the second unit. 

A further variation of the two-stage system is 
effectively employed in the recently expanded pre
cipitation plant at the Kennecott Chino Mines Divi
sion. Larger cone units, each 20 ft in diam and 24 ft 
high, and thus capable of processing substantially 
greater volumes of solution, are used to recover over 
80% of the copper in the first stage. The condi
tioned cone tailing is then passed through the pre
existing launder plant for final stripping. A single 
launder cell which previously had a capacity of 300 
gpm, can now strip copper from 1000 gpm of the 
conditioned solution at a relatively low iron con
sumption. Thus, the combination of cones and 
launders has provided the technical advantages of 

the cone precipitator in a plant of greatly expanded 
capacity at minimum cost: 

Two single-stage cone precipitators, of the same 
basic design as the Utah cones, are also producing 
copper at Kennecott's Nevada Mines Division. In 
addition, a modified cone, using a gravity flow from 
a hillside head tank at a relatively low injection 
pressure, is under development at the Kennecott 
Ray Mines Division. A further variation in this 
particular design provides for cyclical operation 
with periodic dumping of the copper through the 
bottom clean-out valve. 

SUMMARY 
Kennecott's operating experience with precipita

tion cones has demonstrated that the application of 
kinetic principles results in the production of pre
cipitate copper of a more granular, higher purity 
form and at a lower iron consumption than is pos
sible with the older launder methods. High ca
pacity, versatile, precipitating vessels are now 
available with features permitting automatic con
trol and mechanized materials handling. An old art 
has been modernized. » = 
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i";arly laboratory experiments with cores indicated 
•itlnit in-situ leaching for uranium recovery was pos-

„Jle:SA number of underground pilot leach tests were 
Inducted on different types of ore bodies. The tech-
l^lpgy was improved with continued laboratory testing 

^SSjeld pilot work and with better understanding and 
"' lication of chemical and hydraulic principles. The li-

jrng agencies of the variousstates have developed 
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l^ | ;an proceed with the assurance that .ground'waters 
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.>;ear.and has since been expanded to one million lb 
|jperyear. The state of Texas has taken the lead in devel-
Ĵ opjiig comprehensive guidelines to implement^the li-
[^jsing process. Other states are drawing on Texas ex-
'" rience and using Texas guidelines as a framework for 

ffiiting their own rules. Throughout the leaching proc-
|;*the control of fluids and constant attention to the 
^fplogy is of utmost importance. ^., v^.^;... 
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io'fwo uranium pre bodies are alike. Differences ex-
1n-size, depth, thickness, grade, shape, permeability, 

he'mical characteristics of the rocks and grain size, to 
^ame a few. Each ore body is an entity in itself and, to 

»||^successftil in leaching, a great quantity of technical 
^ffia must be developed for each prospect. • 
^^ ig . ' l depicts a long narrow ore body. It is probable 
{|||^ pattems will cover only a part ofthe ore body ini-
fil||y. As ore is depleted in early wells, they will be 

.|??sc[ out and new ones will be drilled. This will have 
j|^3effect of.gradually moving the active pattems and 
"*^Zniining area from orie end of the ore body to the 
gotner.-
i ̂Fig . 2 illustrates the arrangement of wells within 
^iiPattem. The nine production wells are located at the 
^nters of the five spots and surrounded by 16 injec-
It^" wells at the comers of the five spots. Twelve deep 
v!5°pitors surround the pattem and two shallow mon-
L*tt * 

Ij^Ware completed in the first aquifer above the aquifer 
i'JSbeJeached. 
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Fig. 2. Arrangement of wells within a pattern - Fig. 3. Well construction 

Well construction 

Fig. 3 illustrates well construction. The tubular ma
terial is usually PVC or fiberglass. Screens or per
forations are present opposite the ore zone interval to 
permit passage of fluids into or out of the well. The an
nular space between the well casing and the drilled hole 
is filled with cement. Centralizers attached to the casing 
assure that-cement fully .surrounds the well casing. 
Monitor wells are completed in a similar manner. Care-

- Fig. 4. Pattern area with only center produdio 
well completed fig. 8. Multiple w 

fully constructed wells minimize the probability t h a ^ ^ 
zone fluids will migrate upward around the casing . ^ J 
contaminate shallow aquifers. -\'-f^; 

Fig. 4 represents the saihe production area as fi^l 
but with only the center production well completed^ 
this well is pumped, the piezometric surface, along t ^ 
cross-section A-A, will be as shown in fig. 5. The grea^ 
er the pumping rate, the greater the drawdown will ^f; 
The cone of depression created by fluid withdrawal WiP 
cause "fluid from the reservoir to flow toward the pn^ 
ducing well from all directions as shown in fig. 6.:Tiiei. 
exterior flow into the mine area resulting from the p r ^ 
sure sink will be the same with one well producing alffiK 
the flow or with the same total net volume being:p^ 
duced from a number of wells. To illustrate this, fig^ 
indicates a plan view for the operating well field and f 
8 shows the piezometric. suifa.ce.,It will be seen that t ^ 
piezometric surface at the edge of the productionOzi^^ 
is below the native or original surface so that the p r ^ 
sure sink in the vicinity of mining will be maintaia^" 
provided production exceeds injection by some amouffi 
When production exceeds injection sufficiently; fiov^jg 
the reservoir exteriial to the production area: will bc;^ 
shown in figi 9. In a highly artesian system, an.imh 
ance of one or t̂ yo percent may be sufficient to con! 

fig. 5. Single well drawdown profile 

Fig. 6. Reservoir flow into a pressure 
sink 

Fig. 7. (far right) Plan view for oper
ating well field 

Fig. 70. Flowline 
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Fig. 11. Drawdown test 

the fluid flow. This concept is fundamental to an under
standing of fluid retention within the production area 
"bubble" and when followed carefully will prevent ex
cursions of leach fluid. 

Fig. 10 illustrates the flow lines of fluid leaving an in
jection well and entering a production well. Some ofthe 
fluid leaves the boundaries of the pattem and will not 
return unless an inward fluid flow gradient is superim
posed upon the operating 5-spot. This can be done by 
producing a-small amount in excess of the quantity in
jected.' . ... ... . . . •0.v;•;̂  ''••• . :- . . . : 

Environmental considerations .: • 

The state of Texas has promulgated rules to be ad
ministered by the Department of Water Resources gov
erning in-situ mining for uranium. Basically it is re
quired that pre-existing conditions within the aquifer be 
determined and that at the completion of mining the res
ervoir be-restored to those conditions. Chemical tests of 
reservoir waters over a large area are essential to estab
lishing initial baseline conditions. Changes in analyses 
of monitor well samples during leaching due to the in
flux of surrounding natural ground waters~may indicate 
that revision of baseline conditions is required. 

Aquifers other than that being mined must also be 
chemically analyzed and hydrologically investigated to 
guard against their pollution. 

A thorough understanding of the geologic framework 
-of the ore zone, together with the super and sub-jacent 
formations is necessary to a proper evaluation of fluid 
flow in the mine zone. For example, faults are known to 
control the accumulation of the uranium and to dictate 
the direction of ground water flow. Geologic veri
fication of the continuity of sediments and stmcture is 
essential to proper placement of mine and monitor 
wells. As an example, monitor wells drilled across a 
fault from the mining area may not respond to the min
ing operation. 

Most companies determine the abundance and the na
ture of the biological chain—the presence of trees, 
shrubs and grasses, large and small mammals, birds, 
reptiles -and aquatic life. Changes in the abundance, 
health or habits of biological species niay be compared 
to this baseline by monitoring during the course of the 
leaching operation. Weather data is required and the ex
tremes of weather data over long periods of time must 
be known for engineering design. 

Ground water hydrology 

Proper development of a mine plan for in-situ l'̂  
mining must be based upon a detemiination of the p ^ 
cipal hydraulic characteristics of the aquifer. Tra*' 
missivity, permeability, storage coefficient and hydr 
lie gradient can be determined from a properly desig 
pumping test. The hydrologic study can further sl i^ 
such things as: 

1) presence of faults or other boundary conditio^ 
2) continuity of the flow system in the mining 

and to the monitor wells 
3) the isolation of the zone to be mined fronSu 

overlying and underlying aquifers. ^ 
In a simple hydrologic test, fluid is pumped at.d 

stant rate froin a central well and the water levell| 
piezometric surface) a t a number of observation we, 
are monitored. Some ofthe observation wells shouldl 
open to shallower or deeper aquifers whei-e thesej 
tain potable water. : .-A. 

Fig. 11 illustrates the manner in which a pumping'i 
from the aquifer to be mined reveals dissimilar resppn 
from an observation well in the aquifer being purap 
and another completed in the next overlying aquifa 
The failure of the second well to respond to pumping 
ample evidence that the wells were cemented profwf! 
and the aquifers are hydrologically separated. 

Leach mining in areas where extemal. hydrdkK 
stresses may be imposed upon the reservoir require^pa 
ticular hydraulic expertise. Such situations might^ 
elude: ',:.,:, . . „ . ..{ , , : : :> ...̂ irc>̂  ~ 

1) Leach mining next to an irrigation district. 
2) Two leach mining operations proceeding near J i 

other.in the same.aquifer '"" 
3) Leaching and aquifer restoration proceeding! 

multaneously in the same zone . - - '!|'i 
4) Leach mining and surface mining operationsii 

joining and in the same aquifer. 
Each uranium ore body is different from any otheif 

is necessary to gather in great detail a mass of datal^ 
volving geology, hydrology, geochemistry and ecok 
Utilization of this data and the incorporation of lab 
tory results allows for proper design ofthe mining fa 
ity and the preparation of corhplete applications fon^ 
erating permits. Environmental problems can be, j 
and reservoir restoration can be accomplished. • ^ 

"•- H« . 
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sierra Pintada urantutn deposit Argentina. Left. Work in progress on the Tigre orebody. Right: View of leaching pad. (Photos courtesy 
of Institute of Geological Sciences, L ondon). 

processes is also in preparation. 
The arsenic content of the 
concentrates (0.6<?o) obliges the 
selection of a process which 
makes the best use of advanced 
technology. 

Electrical power for the 
project would be made available 
through the interconnection of 
Centromin Peru's system with 
the national grid (Electroperu). 
Centromin Peru's lines come 
within 11 lem of the Electroperu 
svcter'» which distributes power 
fr.. .. ute Manataro hydroelectric 
power station. Centromin has 
had a .f-aisibility study carried 
out for a further hydroelectric 

power - station at the 
Paucartambo II site, which 
would have a capacity of 126 
MW. Adequate water is available 
in the area, and Centromin has 
applied for the appropriate water 
rights. Some labour would be 
available from the existing town 
of Morococha, and preliminary 
plans have been drawn up for a 
townsite called Pachachaca. 

Farther details of the 
Toromocho project . are 
obtainable directly from the 
Empresa Minera del Centro del 
Peru, Di-vision Central de 
Planeamiento, Casilla 4S47, 
Lima, Peru. 

Development of Argentinian 
uranium deposits 
BIDS were submitted late last 
year by two international groups 
for a 15-year contract to develop 
uranium deposits at Sierra 
Pintada in Argentina. The group 
which wins the contract will 
work the mines and sell the 
uranium back to the Argentine 

'National Energy Commission at 
rates fixed by the Commission. 

One bidding consortium 
consists of Boroquimica SA and 
Compania Naviera Perez 
Companc of- Argentina, with 
Noranda Mines Ltd and Rio 
Algom Ltd. The second 
consortium consists of the 
Argentine firms of Alfredo 
Evangelista y Compania SA, 
Alianza Petrolera Argentina SA, 
Sasetru, Inalruco SA, and 
Petrolera, with the French firms 
of Uranium Pechiney Ugine 
Kuhhnann^ Societe Technique 
Enterprise Chimique and the 
Societe Generale de Recherche et 
d'Exploitation Mineres. 

There are in fact three areas 
within Argentina where uranium 
mining is active or under 
consideration. Sierra Pintada 

lying in Mendoza province is the 
largest of these, overall reserves 
being put at 16,000 tonnes. The 
district is situated 180km south 
of Mendoza City and 25km west 
of San Rafael. Many uranium 
occurrences have been found in 
Permian continental cross-
bedded sandstone with some 
conglomeratic intercalations. 
The sandstone is a member of a 
very thick sedimentary and 
volcanic sequence in which tuffs 
with a high radioactivity are 
dominant. Many of the 
occurrences at Sierra Pintada 
contain less than 200 tonnes of 
U. The main orebody contains 
11,000 tonnes at an average 
grade of about l.OOOppm. It is a 
typical stratiform lenticular 
deposit 14m thick in its central 
part. 

The ore mineral is very fine 
grained uraninite in sandstone. 
No other economically 
interesting minerals are present 
although about 8-10<?o calcium 
carbonate is present. At present 
only a small satellite orebody is 
being mined (see photo) and the 

ore is being sent to Malargue mill 
180km away for processing. The 
main orebody will be exploited 
by open-pit mining and a new 
mill will be built closer to the 
mine by the private companies 
awarded the contract. Full 
production is expected to start in 
1982/83 with an aimual capacity 
of 400 tons UjOg but will be 
raised to reach 600 tonnes U3O8 
in subsequent years, although 
production potential is put as 
exceeding 700 tonne/year. 
Normal grade ores will be 
processed by conventional 
methods in the new mill while 
low grade material containing 
around 400 ppm will be heap 
leached. An installation for heap 
leaching (including the ion 
exchange plant) is nearing 
completion (see photo). 

Bids have also been received 
for development and production 
of uranium concentrate in 
uranium deposits at Dr. Baulles, 
Los Reyunos, Sector Tigre 1 and 
La Terraza — all subsidiary 
orebodies of Sierra Pintada. 

One bidding consortium for 
development of these consists of 
Minera Sierra Pintada SA, 
Sasetru SA, Alianza Petrolera 
Argentina, Inalruco SA, Alfredo 
Evangelista SA and Pechiney 
Ugine Kuhlmann (France). Jhe 
second group consists of 
Compania Naviera Perez 
Companc, Boroquimica SA, Rio 
Algom Ltd., and Noranda Mines 
Ltd. 

The second of the fairly large 
Argentinian uranium deposits 
under active development is that 
of Los Gigantes, located in the 
Sierra de Cordoba, Cordoba 
Province. Sierra de Cordoba is 
composed of mainly granite 
batholiths ranging in age from 
Ordovician to Triassic and 
intruding Precambrian 
metamorphic rock. Some 
plutons . contain abnormal 
uranium (lOppm U and more). 
The Los Gigantes deposit, which 

is located about .120km west of 
Cordoba City, comprises one 
low grade (300ppm U) orebody. 

Exploration was carried out 
with trenches and galleries and 
about 10,000m of drilling to an 
average depth of 70m. 
Mineralisation, consisting of 
yellow and green., secondary 
uranium minerals, has.proved to 
be. of very recent age with the 
uranium leached from the 
granite environment and 
deposited in brecciated zones. A 
second Important orebody was 
recently discovered 3km west of 
Los Gigantes itself. Four 
companies have reportedly 
tendered for the exploitation of 
Los Gigantes. 

Argentina's Atomic Energy 
Commission (CNEA) will buy 
the uranium concentrate at a 
price of $72/kg UjOg. Total 
investment in the project is 
estimated at S8-10 million and 
production is expected to start in 
1981. 

In the Cosquin district 
attention is being given to a 
deposit at Rudolfo. in the basin 
of the Cosquin Valley itself, the 
Eocene member of the Tertiary 
sequence includes three uranium 
zones of which one is important. 
Anomalies were found along a 
north/south line 20km long. 
Exploration holes were drilled 
along the zone to prove the 
continuity of the mineralisation, 
and exploration was finally 
concentrated in the southern 
6km of the ore zone. Uranium 
averaging S50ppm is present as a 
yellow mineral with a U:V ratio 
of 1:2 and with a high carbonate 
content in a mineralised bed 
averaging Im thick. Immediately 
west of the Cosquin Valley a 
granitic batholith containing 
large pegmatites rich in beryl and 
sometimes in uranium crops-out. 
The uranium potential of the 
Cosquin district is considered to 
be high but recovering it will be 
very difficult because the valley 
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is a tourist area. The possibilities 
of exploitation are considered to 
be limited to a) open pits partly 
located outside the tourist area 
and excavated up to a depth of 
60m and b) in situ leaching 
processes. The CNEA is studying 
the possibility of in situ leaching 
to commence in 1981. 

Argentina has in fact been 
looking for uranium for raore 
than 20 years and since the late 
1960s has been producing around 
180 tonne/year, currently from 
concentrators at _Malargue 
(mentioned above in connection 
with Sierra Pintada) — existing 
production 70 tonne/year; Don 
Otto (Salta province) 50 

tonne/year and Los Adobes 
(Chubut province) 60 
toime/year. Work is being 
carried out to double production 
at Malargue. The Hrst nuclear 
power plant started up in the 
country in 1974 and a second is 
currently under construction. 
The country's electrical power 
generation progranune is aiming 
at 3000MW of nuclear capacity 
by 1990 and ISOOOMW by 2000. 
Ehiring 1979 $6 million was spent 
on uranium exploration. Current 
known reserves are put at around 
25,000 toimes of yellowcake, 
with additional probable reserves 
estimated in the region of 16,000 
tonnes. 

Finance for Dauphin project, 
lies de ia IViadeleine, 
Quebec 
THE government of Quebec 
recently agreed to a SCSl.S 
million finance plan to enable 
SOQUEM (Societe Quebecoise 
d'Exploration Miniere) to 
proceed with the implementation 
of the Dauphin project to 
develop a salt mine and 
associated harbour bn the lies de 
la Madeleine (see map). Quebec 
anticipates that a further $C17 
million will be made available by 
the federal government's 
Ministry of Regional Economic 
Expansion to aid the develop
ment of the necessary 
infrastructure. A new company, 
"Seleine Mines Inc." , a 
subsidiary of SOQUEM, has 
been established to develop and 
operate the mine. 

Of all mineral substances, with 
the exception of water; salt has 
the greatest variety of uses. Some 
14,000 applications are known in 
industry, medicine and the 
liousehold. These range from 
food preparation to tanning, 
textiles and chemicab, in 
addition to its widespread use on 
roads in winter in the northern 
latitudes. The province of 
Quebec has the largest per capita 
consumption of salt in the world, 
but currently has no indigenous 
source it can draw on. 

In 1972 a salt bed of 
uneconomic thickness was dis
covered at a depth of 148m on 
the island of Havre-Aubert, the 
most southerly of the lies de la 
Madeliene group. Further 
exploration using gravimetric 
surveys revealed in 1974 a 
massive salt structure under the 
Rocher-du-Dauphin dunes area 
of the Grosse lie at the northern 
end of the archipelago. Drilling 
and testwork were undertaken at 
a number of locations on Grosse 
He, followed by an initial 

feasibility study in 1976. Con-
stniction of preliminary surface 
works began in 1977 and an 
exploratory shaft was sunk the 
following year. Limited under
ground development and further 
diamond drilling provided data 
for the evaluation of the project, 
which resulted in a decision to 
proceed. 

ine salt dome to be mined 
reaches to within 37m of the 
surface and drilling has.proved 
its continuation in depth' to at 
least 1,000m. Some 160m below 
surface it b more or less oval in 
plan, covering an area 1,600m 
long by 900m wide. Exploration 
was carried out by driving more 
than 910m of 3.5m by 3.5m 
headings at the 160m level, from 
which a total of 17,000m of core 
drilling was carried out. Proved 
reserves between the 160m and 
380m levels have been estimated 
at 107 million tonnes assaying 
95.5% N a a . Allowing for 25<7o 
extraction and a planned annual 
output of 1.2 million tonnes, this 
gives sufTicient reserves for 20 
years. 

Production plans call for the 
mine to use a room and pillar 
method with a level interval of 
SOm. Conventional drilling and 
blasting will be used, the broken 
salt being loaded by 7.5 or 9m' 
toad-haul-dump vehicles and 
carried to an underground 
primary crusher. To minimise 
the effects of the diesel iwwered 
equipment on the working 
conditions, the mine ventilation 
system will be circulating 
8,500mVminofair. 

Crushed product will be con
veyed to an undergroimd 
treatment plant housed in a 
chamber SOm long, 15m high and 
15m wide. The crude run-of-
mine salt will be further crushed 

and screened in the 400 tonne/h 
plant to give a —9.5mm, •*-
1.0mm product. Fines will be 
transported back into the mine 
for dumping in worked-out 
areas, while the sized product 
will be stored in btmkers prior to 
being hoisted in the main No. 2 
shaft to surface. The skip 
loading and hoisting system will 
be fully automated. 

Surface installations at the 
mine will consist of the winder 
and headframe, offices, work
shops, stores and facilities for the 
employees. 

At surface, the salt will be 
transported by a series of 
conveyors a distance of 1.3km to 
a 15,000 tonne capacity storage 
silo. This will discharge at rates 
of up to 2,000 tonne/h by means 
of belt feeders onto a main 
conveyor running out to a 
loading quay. The quay will be 
constructed on the shore of the 
Grande Entree Lake, an internal 
expanse of water almost com
pletely surrounded by the islands 
of the Madeleine group. 

Shipment will be by ocean
going, self-unloading pusher-
type barges of 8,000 dwt and 
4.9m draught. An access channel 
125m wide and at least 6.1m deep 
will be dredged across the 
Grande Entree Lake, requiring 
the removal of more than 2 
million m' of sediments. The 
channel will be marked by 
beacons. A 270-day shipping 
season is anticipated, from April 
to December, the St. Lawrence 
being frozen over in the winter. 

Numerous studies have been 

carried out to measure the 
anticipated envirotmiental 
impact of the project, to ensure 
the protection of the imiqiie 
ecology of the lies de la 
Madeleine. In particular it will be 
necessary to safeguard the other 
major economic activities of the 
islands, notably, the fishing of 
lobster, herring and other 
species. It is believed that the 
effects of the mine, quay and 
barge movements on these will be 
mitumai. 

The project will aeate 125 
stable jobs in an area where un-
^ployment has been rising. 
These will be divided roughly as 
follows: miners 357o, plant 
operators \ 0%, maintenance 
crews 35%, services and 
supervision 10%, and manage
ment and administration 10%. 
The project will also provide 
Quel>ec with a domestic source 
of a vital product, all of which 
has at the moment to be 
imported, and there will con
sequently be benefits to the 
finances of the province. (The 
project is expected to create an 
added-value of about SCIO 
million/year compared with the 
current level of imports 
evaluated at SC14 million/year). 
The principal purchasers of the 
salt are likely to be the Quebec 
Ministry of Transport, the 
Quebec Office of Motorways 
and various municipalities in the 
province. In addition, there is the 
possibility of sales outside 
Quebec. 

The first shipment of salt is 
planned for April 1982. O 

Map showing 
the location 
of the 
proposed 
mine on the 
lies de la 
Madeleine. 
Barge 
movements 
should aid 
economic 
ties between 
the islands 
and mainland 
Quebec, 
permitting 
direct return 
trade. 
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