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.LP.STRACT 

H 1: s is the fin zd report of a research ;Jroje(~t d:o:: ·iyned to study met hods 
of m ~ ni miziny ground-water contami nat·;on from in situ :ear:h uran i ura rni:-dng. 
rield·,.,;ork and laboratory experiHh;:: nts 11'4ere con·juct to identify excursion 
indic ~tors for monitor ing p0rp:ses during mining. and tc evaluate effecti v~ 
aquifer restoration techniques following mining. ~any of the solution con stit
ue nts were found to be too reactive with the aquif~r sediments t c reliably 
indicate excursion of leaching solution from t he ore zone; ho·n'e:ver, in many 
cases . t ~e concentrations of cnloride and sulfat( and the total dis solved 
solids level of the solution were found to be good excursion indicators • 

. t..quifer restoration by g r ~l,l'i d-w ater swPepin g consumed larg-;o qnan:i ties of 
ground ~3ter and ~as n~t effective for the redox-sensitive c o ~ t amina ~t s often 
pres?n t in the ore zone. Surface tre atnent method; such as reverse osmosi s and 
e l ec t ro~t aly ~i s w2re effective in reducing the anovnt of ~ a ter uset , hut also 
had t ~ e potential for creat~ ng conditio~s in the aQ~ ifer un~er which the redox-
s;:nsitiv'2 CU ttiF·dnants would be r::)bi le. In sHu r·E::.t ·:-rat'ion by chen ic.=:l 
reduction. in which a reducing ag~nt is added t1 the soluti on recirculated 
tr.n,;u •:P• t he ore zerne C':~i~g restoratil)n, can restore the ore-z:;ne sed iment as 
wc il .1:-s UH:' gr0und water. i his r1et hod could lecd to a stt~b le chemical 
c~:~{~ d· ··i t i O !'i in t 7r~ aquife r s imil ar t o C..(J .nd~ttions be f.t)fe tniri ·in g . 
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EXECUTrY£ SUMMARY 

This is the f inal reoort of~ 3-yEar researc n pro ect C)ndJcted by Pacific 
!' :. ,,,,,._,.·:·,rt L··"" :·. r:.tory f"t' W ·) "or 1-he U S •J. . ,. ~1 '"·-' ,. Pe":· 1 a "' "'" ~-,.,., .. , :..:, .ec ~···r- t ,,:ur} • ,J ,.'' \,· , y; •.~:J ,..,. C. ~- :.·': '...&... \ "l.\.. i ..,..., .,- •• • ''L· ~.- ~ t~.~ol ~ n St-' ~ - ~ .; '"'~'·"· 5-o.~ i :...-.: ~ , : 'lf\V '- · 

study methnds of minimi zing ground-water conta~ination at in situ le~ch ura ni um 
r~ nnng s i te:;. Hds mc-;;nod or mining is used eFtt:n:;ively in t he W(:'Stern Unite1 
States beca use it has low capital costs and im~act s tne environment less ext en
sivel y ~han conventi o~al mining techniques. Tne ore zones mi ~ed, however, are 
ty pica1ly f ovn,j in c.4tiifers t hat contain ground .;~ter tha t is cf suit able qual
ity f or many uses. Co:><:;. e ·:r,;e~itly, it i s neces sary to e r;sure that the mi ning 
operstion does not contaminate this resource. 

Our wGrk was focu sed on th~ early detectior cf a loss of control of the 
leaching so l ut 1cn duri ng min i ng (an excursi on) ~ nd on aquif e r r estor~tiun at 
~ .._• f~ t -?t··~r:-:~: n3 t. ion J f mi n ~ n g. S i:~rip1 ~L;· s o.f grod nd \~;\; te r. l f;ach i ng sc~ iut·ion, and 
.;~:~::u i f -c r S:\?d ·i rn-E:nt;; t:'Ve- t e c. c~ 1\~ct ed at fni·ne s ite-s in Te:,:as and ~~yorrin s. The·se 
r,,; te r i als v1er e used in 1r:;;}e:rat ory expe ri ments to ic:;ntHy proc.tical indicators 
fan E:xcur::.ion and to f: ;' aluate restoration methods current ly; ,, use or con

s ide red for future u~e. 

~Z.e fC'.>v:-:d tl'v: t the h.:ac.h i ng proc.ess itse H is ve f')' e. ff i ci ent end on1y 
~ffects a ssall quant i t y of t he a q0 i fe r m1 ter ia1. It is f ai rly srl e ~ tive fo: 
u ~ ~ urn ~i na r al s, a l though other minerals to~t t" ~ing t h2 reco~ - s0nsi t t v e el e-
!:,c·•r:ts ir :;.n. su1fv r. a.n:e rdc. se leni um, a nti mS · a: -2 a1so d i s sc h sr:;·{) ~~Y t he 
,) ;r: d :: c i en p; ~:.c t~~- s. $€·co-nde.: ry r--e-~. ct i (;_r·;s in the ~;.: c~ r r ~£ty a\ so c>·; s s. \) ·: ve C -~ ,~ ~:·o""" 

r;~~:tt~ frd :'\(;· r·o is * f:· .~;r-fn s~ ~~.}rfa~ct:.· t r·e- :; t~~-F: nt .c-f t hE; -~-~ r-2, L -~- v .... .. _ .. ,.beE;r\ ng } ~2·-t~. :;rt~ r:::oJ s.c"J"1 u-
t ;. ~) n ~ ~.· -:~·-.'·} ~ t;t'r;_ .r.;~-ri :t. c ~~ l ·e: r ~ d ::- !·~c.s y:· t ~~: a£.hi:i~ti t Q t ht! 1 ;3 ::-;:: ·t."; i r·· g $ r; 1 ~.z t. i on ~ t1tY~, ··~ .c ~~ ·4 s ~t r--~ f;:: n 
~ -t~: t. \ r ~:.i ~.-l~ t~~<J r·c~ugh the ~q:.J. ife t'- Th~~- .Tk:-wel :o·f t nt ~: 1 r ··J :; ,!~ -c~ :t.:~ ed s ~:;Fi -<'XS in the 
, :; r\Sn;: sr~~ l ut ·i· Qn i s t~;:·p it i!i l ly fou r t th ~E~ t uf t.~1c r .. _~·- ti ·vt:' .. r~ (.i \trS:ter . The 
t P-_t -c :.f:·~ -c:~ .. t c-f t ~-o:r~ 1 f:;:cJ C ~-~ i ng sn1 ut. t on at the SEr f 2-, :: e r i t to·:. : ~~ ... ~-j ~J t r·~ ,2· r~>~c t i e;n s 
:'": e -!~ ~···.:'t~c :"': t \'(e 1 -f- ~1 c.h ~~ ng s (t l ~; t ·; Gn c nd the s.~_:, -:) '¥ r;re n ·~- ,::-;· "'o(-~.tC t:· r;;.J n y pot ~? ~·' t i a -1 cen t-. D:r: i ..... 

.:~ ~··,t s fo t tJi- ~? ·f .f'e:--. H:)\·~~t? "tt ::~r. _t~)c.~!\ e r.:J.ntami: : s ~:?'·t tsl sc pG<., i~;' :~t. ial i ntJ i ca-
~- -r.:: r s c.t f t~ !~c. ~-~' rr s ·~ c:·i $ f r·~:}tA t n}c.· 1 c. ac h f ; ~-?-· 1 d ct;:.z r i rt-g r;:·,. r: i ng. \1:~~ e 'i c 1 \.; o ted t ht~ tJ!:. e-
P L:: ~ ~-~-\! s \ of me: ny of t ;~~ ;s-~ .. :t~· S (~ 1 t;·'t ~ -~J~ t c o-rcs:t j tu~~ r~ t s .t. s ~ :c~ :: - ~}~ r·s 1 -~)n ·1 n.d i c d t 't rs~ a n-ct 

t ::,"'. tJ t , ·l n rt~tt$ t Cf;;_ ~~ -Q -s ~ t ~ ,-:: r·t:~;:"Jn :·,_· ...... ~ ~:- .!l·f ~- t t i Y 6X e f thJ.ii:" nt s i~ /;·J t h2 r &E j :::~ r C i1 t 'i e:rl s 
;;: tf> t f} ~-~ ;~;:.}·;~ c t i ve 'el~ i t h t-ht· ~;.pnt s t o be r e ·1 i <::e ~ ~ e i nd ·i ca: t u r--s. T ht~- -rha ·t c, r 
iudc ,,s {u; Jc; :· ia~ ,,n;:f swlf e t e) we r e d(·tern·ine..: t o be l e s r ;z ac ti ve ar::O ~wi be 
eff~ c t 1 ve ~ n~ ic~t ors , provid i ng that the ir c onc~ntr at ion s in t he l each i ng 
~ (; \~; ti c'' a r;., s ignificad.ly ~t·lWe that in the 0f':;v·d -..; :' tr· r. I n id -:l i t1on. t he 
1e¥f·1 of t h<.: tor al dis:tohed q,; oJi ds 'in ~, (l 1ut h;n ,,,;, ~H'' .i'li"' S to Dt.> a rc l a t~ ve ly no n
t e <~'~ thtc p: q1;:(-r·~e r c.nd ~ne.y t~ a u ':> f!f ~ll 1nd h:: i<ito r . 

• qu l fcr res t ora t io1 at the t p ~mi narion of i n s itu l f hChi ny ts rPqu ired to 
n· ~.tJ r t t ha t n• !, l<.:;Htl l f ,1Ch ; n9 scL t 1on (l0£'S n~>t t P til ~l ' : u; ,) te ~ r. tt· r !.t! p;l iH·s. We 
r' va l u,n t·d l'""l."!; t.c'~ r a t i on !nr>:_r, ,) ch th~ t Ci'n be u '>.(' d t ;t rt·qor·t· U 1c: W{i '.-H in t hf' 
l;;· ,~-cn f H: l~ &rv t a lso ~;, t :J t:JH.>r1 Pl~ d f 1•<: t on !> t;l o tl on r~·"•;~·i) S itivn ''f l t•U~ r6ctlcHlS 

-'·:·:~' t ~-rp 1 i.:"" ~ t::.h ~ rvJ :-~ -:~:; 1 {J.t 1 ort w: t ,.., S-f:-:c:-1 ~ n·~e n t s l tJ :. ,~ t ~:~\0 t! -~-~~,~ ri t t·~ · f:: ,r:.! r-c-1 o ,;:; ·t c !~i t-~d l <l '· ; t 
-I' r tJ~n t f .~- ~} l C'" i~ ch 1 ~ ~: - ·,:(t . !t: f'-/.!t~t~ Gt·t ~ .. - r-;1~ i ~or;-.t!"<1 tf··;a t t; !~- tt;r·- ~; 1 ; .. :.t" ·:, :..t..t~ :~ cs ( ~i< i;t}\ as 
, . r• ··~ ;•. l ,,,,.,,,, ·i ·•. ;, , . . , t t <>r' ·"'f'·' ' .n·'~ '. '" >.'' ; ; t \ t•n ) r- r , • i tl ( ' !'···'•'·' " "' • ,. ,,,,, ; ,~',;c ,·>· ~·,l •• -"t·;' ' ' '' t {~ f ·t t1•:•. 
,. - • · ... • ~,. .. ~, . !;: ,. ,,.· -~- · ...• \.- -~· - ~ CJi - ~"" ,.,.. .,._ ' ~.· • f'''" . • .• , l, .. .... · -..o:~· - -,_. .1 . ~ - --- -- · ' '-'-- U ·\..- ... .r .·.•- · h ~ • ~ ·,: i;, •" · ' ·· ~v ··~ ' • - '\ 
t (;;, ( f<·' · 1 r; & n~, s f r- \Jtll ~o luu on t~ nd (. <:' ~) 1 d p.ovw~ a !)DOd bid rt"· t tw\. ~f.; f· n t h ~;• lid n1n g 
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operation and otner use r s of ground water in the vicinity of the mine. In 
fact, nct :..: r -31 re sto r 3ti on appe•srs to be a ""~•·y effectlve methc:d of iDwe r ing t.h e 
::~· ·~ ~. s o l :-red ( .. once-~1: tr5t ·~ "('~'i :;·.~· f t t?<1ox-~·: t:., ~sit ~ve trace e1 t.··rT:p :1tS, t?~~~~ ec. i a 11 y ur·a. r~ 1 ur;1, 
,..-:,··i·:h i:l re tt·equ<~r.t1y c:1fficu1t C;.l r:tami nants to remove ft(1r'l the 1f=a ch ing 
sulJtio~ using current restor ?tion practices. Hnwcver, natural res t oration 
cannot t;e relied on to rer:-~ove the major cations and anions fron soluti on , 
therefore, the traditional applied restoration te~hniques, such as grou no -water 
sweeping and surface tre& tmen t, must be used to l0wer the t ota l disso lved 
s0l i ds level of tne leaching solution ;:~~lning in the leach zone. 

In the past, ground-water Sh'eepin~~ has t,een a ve ''Y pop~!la r method of 
restoring Ute ore zone. However, th is n-..2thod involves lo r:g-term pu:"lving c f the 
~ell f ie ld a n~ produc~s large qua~tities of ground w ~te r tnat must be treat?d 
as waste. Also, under certa i n circ~rnstances, it ap~ears t ha t sweeping actua lly 
in~ttit s restoration for the redox- sensiti ve elements . Our labora tory ex~e ri
nent s and the exp~riences of o~erators sh0w t nat dL : iny ground~~atP r sweeping , 
the concentration of redox-sen~ i t ive el ement s (p6rticularly uran ium. selenium , 
Euld ;:,J lybdenum) doe s not decrease as might be expecte,j if this rnet hod re~,ulte1 
in si mple diluti on and eventually total re ~lac2ment of th2 kat er in t ~~ leac~ed 
zone. ,!i.ppc.rently, the new ground water intr" -Jduced into the ore zcne cL: ring 
S~<iee;; ~ny results in t.he slow dissolution of mine ra1s t11at contain redo x-
~:ers it n~ e1errleiltS. 1r. effect, the introduced t•l ?:'t f'r .a,(ts 1ike a \:<e ;:. Y. h:c:ctling 
!col uUon '' '"'j is not an effective r·estc.ration rrH:::; ~ urn f or Sv1i£' rr: lnfi :;ites . 

s~: vera l rrdt:E:· op.e r r1tors have u :;(:~ ~:i su r,fac:e tt ·ectriH;nt Fi.::::tr~ -:}~J s , suc h as 
rev(-:- r·s~~ c.::.;-~~~~, s i· s .::nG f:.-l{:t.trt•di al;-"s.is, to clf:an th ~'? s c 1ut i on frcgp t he 0te 
7. ~; ,.~ r-:: c j. r --~ n ·';; rc s to 7·· at-·; on· £1/'~j th~~~ rec i ~"'-cu 1 ;.,.;t ;~ t ~-~ ~· s. t·r i ·_;<:;. t e.d -:. :) ·! Ll ~. i· t::,r·~ t h 7"'~~---: ; ~.~h t t1e 

7 t' ;:~ c:r; r t .:f l~ d ~ Thes,~ r,-;:_~-~-t h·ods ·eff e,c.t -~ ve· 1 y d,; f! C. rt:=a·.se t _;~~}':~:::- ~sr~ t (;·f - ~::1-~:~ ~~. ~-- E tr:f~] ~~ ~~r 
::·i- i;:"'-1 :::_:-~ ~~: ~: · r:~t.~ ~·~ -.;.· !·'· ·t ng- r.es t(l f't~>t. i lin, tHJt tr{ey d o n::tt d t::- :.r t'--i;:S·~·· t. h -:~ l ·i ~-.: ·;;; 1 ;i ~- ; c .:".ld of 
c t>"tt ir::.:·e:·;j £· ·:1~,: d 'i ~so l~Jt -~t-n of mine:rals cont a in·tng re~~~ ur:-:s.e;·~ ~~ it~ •i f~ e1r;i:'t·nt s in 
-~. h ~ or· r:" zo'(·~- ~ :·- . In du r 1 ;,~ t~ c:-r i5tct, ry ex.pt~ ri mtn t s w~:- z:d .J tG s c<f ·i um !. u 1 f 4~ de to 
r <~· cir' C :...t fi.~t ~- - '·.f: so- l ution to cre~rte th~!~r~i cal c o:-1:'iitior: s. i n t ~:e l ee c h·~-<-~ ore· 2o nt:s 
u -:-1.:.1 ~- ~ r ~.th1c h the red:.\~.- ':;. s::~..n::.. itiv ~~ vr~nerals ;;:'O~~ ld be stzt; le. A s :,.i~-f ~·r.f.z,_:~,~~~t:':d 

rrc~ r} ,' "'t \~d$ :;el e ct e ::l t>£':c;;;~;s e the ori ghal redut i ns cc:mdHi cns 'u, the aq uife rs 
cont.0·}n1 i'fY t he or· t:~ ;_. c~· tHL S c;: ;~e oftf·n c; r~S\11- t o f S£;1f-l-de tJ:~d -:tr:.t it;.i n pr,:::ce s.s-es .. We 
i. t:.und th -~7 t c~ ·~i d l f" :.:~ r·~.~' 1 f:- t 1 :·,/ r? 1.Y ~~r.t.~ 11 o: :._ 'J~.J n t. s _<.if =-~- Ct-:j ~ ~1l } s ~] 1- f ·~ d!~-~ { ·S, x 10- j rr~o ! <~: r) 
t o the i e achl ng ~ olut~o~ ~nd cont actiny 1t with t he l e0 ched ore effectively 
l od~ r~d the urantwn co~ce ntration of the lP2Chin~ s ol ut i on arc prnduc P~ sulfide 
f' f" •~ " r, , . ~ .-f - ( r· '" " '">.)•, l ' ' !; ,_, (· } .,., ·th<> ,.,.,r( {_,,, ,..,t i { •}.~cr, <· i' ' '£A A C.l. -~ ·· e·( ('f'H ' f <. t'•t t~l€• ·.._..,J~ · .· r - ;_ .•. ;. ) ~ .... :, .,.J r ~,,,.l~; .. v t} f 1:, ) • . :t,;; -=:r-~v l • •\.-- '( • v1 ..., ... l; ~ t \ :. U ... ~ . .,..: . ~ • . , \~ !.- ... ~ \ J 

n :,;ctl c '1 (t.g •• llec ret! ;, (•d per-rh>E' otdlHy) we re not o~.~~. crvd \.iuri t' Y t he 
(:'t. per· ir~ft .. nt s. 

P -i:'f<1 on U•t;' r~sdts of t h ic; prc,;a~ ct. . we r~" c o··;;;;r nd t h,n. f ·ie!a ~,t ,; 0' i ~· s be 
( i>'H1u ctr- :1 to t.r· <> t the f ~'' 0SH:. ii ity of usir-9 che-rrdu.:l r·Nl\.1c t M :s t o ~nhil r~ c ~ 
ti " . tO ' nt \un ,,t '>lU•s th -1t p t.: i Pnttclly \'illl tw (}df1 Ciilt t o rt.,qurr· ftil•· the 
rt ·t! :l l ···,i" •.', ltl vP t' lf::N:nr.~ . if tt·1e \n ~, itu Chi/rrd <:,,J l rf:'st r ' d1!)r·: m;U: ot~ 1s !, h;);;;n 
t n N· V i r) : ]f' <"1t f i t;ld Sltt·s . it C.vuld bt~ USNl ~d th !.vrf M .. f~ t f'(•15ti<Y' rtt f:!f•tJ\ (;: !~. V> 
r~ {:. t u r"P t;otn t ttf' ~lr-o~,;P(J wc t ( r i n th~~ lc.·- ~ ctl lC';-ft {' n t~ cr t.o ~ry~~~~ t~ ) t. f· t t ~·~ r, c.: r .:~-- ~ ;<;!". f~ 

> • ,· - ~ -;~;~ ti " :i t l t ·~~ ~~-:f' . t ... ,._._ i d C t. J~ :nL-;· ·i-n ~~; t.lt' n of· th~;~~e t-~r· ! ·:o\():J ') Wf>U ld l t. -' i;t:~ t ~ > t) f;~_; r· t~ 

t. t ,•:~;·, lt · U>\'" i ~"> ica l C(>rJ ' •tltm ff;r t~>w· n• ', f.OtN1 t.onc tt< J: •'; would t:·' M :hl !'v ;< l h.Y 
\ ·.l t f'_;p l ~-· t.; r 'J ~J 7 t ·~ t ... \t.' f~ t t~ ,. ~: lt:' {rf' j> · ~ f'i 1:-J t {:. (. r ; t'; ! q :Jt .. ~-~ • f' \i rt ~i {~ f't" ~ i..J r t~ , ·j t (:·r ... ,pl_; r-~ : ·· ~ t ~~ t~ t Ti l l r. t.J r·· rJ f 
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restora t ion will also reduce the concentration of r~dox-s ensitive contami nants 
the:t might. migrate out of the r r::,stored zone. Ndt ural resto r ation cant;. con 
?;~ r';ered as zm addit rona1 me h0:<i~>'i fo:- re:1o·.:i ng cort:.;;:mir: :::rn: s fr· c;:rt tr,{,~ .:·:, .:;: .] 
r~· at er. 
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INTROOUCT!PN 

In situ leach m1n1ng was first applied to uranium i n the Shirley B sin of 
WyoMing in the early 1960s (Larson 1S78). During the 1970s, a number o 
com~e rcial operations were beyun in Wyoming and Te xa s with pilot operat ons 
conducted ·in other western states. By 1979 it was estimat ed that in siLl leach 
mini ng accounted for 9% of the uranium mined in t ~e United States (Larson 
1981). 1he 1n situ mining tec~:ni que consists of inject ir. g a leactting solution, 
te rmed a lixivi ant. into a confined aquifer containi ng the uranium ore. 7he 
uran i um ninera ls dis solve in the l i xiviant, which is then pumped fr~n the 
ac;uifer anct treated at a surface plant to re'l1'JVe and c.or;c.entrate the uranium. 
The 1ixiviant is ref ortifi t~d anri re tn jectect ~ ;, t o the ore ZO'ie to contin"e the 
l Ea~~i ng process. A particular leach field may be minfd for a number of years 
before the ore supply is exhausted . Duriny t hi s ti me, the mine opera tors must 
rnon itor for e xcu rs ions of t he l ebchi ng solut ion by samp l ing a ring of moni tor 
we lls around the leach fiel d. At the termin ation of mi ni1 g, the operat or must 
restore the q:;ality of the ground water to a prede tt:r-mh.::·d level established in 
t he rr•i:"df"g permit granted by t he UeS. Nuclear Regul<'tor·y Co~;r: '; t ssion (M:C\ or 
the dppro?riate st~te reyulatory agFncy. ~o~itori~g duri ng min i n~ and aquife r 
res~orati on after mining are important to e"sure that ~ontaminants ~roduced in 
t he l eac h f i e ld du r in:~ mining do not d;;gracte t he 1ocd gro~Htct-wo.t e r supp ly. 

Thi s proj ect was sta rted during 1981 to study met~ ~ds of mini mizing 
grou ~ld-v;tte r C. i.>f': tcmlin!'lt ion frc,·m in situ leac.h 111inin ·; of urcn iurn. It ""~ s 
s~0~ ~0 red by thE Office rf Nuclear Resea rch of the NRC . The majority af the 
\~crk \k~~ s c-atf;""ie·d ou t at Pacif·ic tiur·t ~~;:;.e~t ~. a.b c.~r t~- to r·::l (P~,{ ~: t.)p;~- ra.t£d b.Y Be;t.te1'1 e 
;\ .. ;;r. ::~r· 1 c:l I n ~o'c i tu te fG r the !J~S . Dep:} r ttv:e-nt of En :c : · ~;y ( DUL) . Ad ·1iticn'1a l studh:S 
were perfo rmed at t he Twi n Citi es Research Ctnter of t he U.S. Bu reau of 
r,~·i n e s. lh'2 p r irr~a r.Y i5SL!'r .. ~ s -addresse-d t)y th is re s. _:r:':~~ ;· .. ·ch ~L:-; ;!. 1-t ,~· it n es. ·~. at: 1i- ~ h~ n g 

u ~: ;c ft;;l H \rti c :Hor s to d>? t~ct e::.<:c.ur:si c;ns ana t;H, t", e vd !ucting ctwrent! y u~,ec1 or 
~; uggestect ... . v1f er n:storation ;:w thods . A num:) e r c f typ·•c:S ·of l bd viant s h11ve 
Le H< v~.;e<l at ur ~;~ nitim leacn mine$ ; ho,•.'eve r, f or t his s t. ll ~1y t. hi? sodium c. c.rbcnate~ 
t ·l c~:rt ;;:, q~te t ype was er'f!;) r>;s :·. ized bec1.' < !~. e it is ca~1:xnonly u::>·ed at the p r esent t ime 
and appears to be t he prefe r red li x ~ vi dnt for new pl ants. Mt ne s 1t es t n l~ tas 
and Wy~nin g w~re l ed t n( a s Er i es cf l a borat ory expf r im2nt s wtre conducted 
ove r a 3-year pf: ricd to study mor.it or1n ~~ and restor ati.) r-• tl'i£ t hod s. 

Thi s fin a l report on t he projec t include; a desc r ip t i on of the che~i ~ try 
of l~ a c h i ng of ura ~i um mtner al s end the produ( ti on and ~>~ llity of contaminants 
i!~ s oc~atf.>d !F'Htl U1e ,..,irdng ope- r.ation . This i s fcllc-.•f·Cl :-;a section C.in ttw 
s::·lec ti un o f f·xc:u r s icn indicat err·s h?. \; E:d on t tw c wnn stry n f t he groun::l water 
C: l'•c1 il;ri yi,•;nt . tt~d t hE> f:S tk.(!h"'d r::Jb ilHy of dls. s o lvf:<1 s ;+c if's ·,n t he 
·J·;u Hr.• r. i hi m6j n r ity of' lt1f' r er .. rt d is cu5se ;. d q iJ if pr r ! ·, t o r oti Ct t: mi't hc,··, a nd 
t hP rc•,. t Jlt ~. of ~;~: p•?rinw nt s Cle~ ·i gr,e c1 to r v.ll t.l.HP thp •',£' rn· ~~ t;od ~ . Rec.O'';; ;\;' :\ .,J ,; tlorJS 

iV f' ~- : .,: : e f ',;or <k·.' e 1 ep1 r1 y a r-p<, tf)rf!t ion s cht• •·u~ P itH <:r<<.:p 1 ~· ::. ~cnt of lil t cu r n :n tly 
~~ >t · r'. H'cH d qlH'\ >'l'it h the ()lf:'n<ke l r e(hJt t1 on me thod t..o bett(' f re - e >tatHs,r, tfH' 
1. t 'lij l'; (; i Chf'n \( •t l (.(Yi ~l lt lU i! of f.tjp ('),HJl ft·r. 
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CCJNCLUSIONS 

T~e presence of mine-genera~ec contaminants 1n the groJnd water can be 
used to ident ify excursions c ~ ring the leach i ng operation, bu t these contami
nants must be removed fr-om the ground water at the terninat ic:n uf mining or 
sh:,_;wn to te imr';::bile in the natural cquifer sy~. ten . Ourins t his projPct, field 
and la :or dtory studies were conducted to eval uate excursion indi cators. a4ui fer 
rf~s tors tion methods, and, in general, the mabJ lity of c.ont M;. i nc.n ts in th~ 
aquifer envi rorv:;ent. The fol -lowing conclusio ns are drawn from these studies: 

• Excursion I n~ icators--Dissolved chloride and sulfate shou ld be oooj 
Tn31c-ators of an--exc-ursion of lixiviant out of tt:e lEcC~l field into 
the s urr·ounding aquifer(s) if the co~centration of th ese constituents 
in the li xi viant is signific~ntly high e r than th~t i n the ; rouna 
water. The t ota l dis so l ved solids level of the sol0tion should al s o 
b? a s:c:r,rj -:~ xc. ur sior. indicator. The rer~cin·i nj sol ution C0'\5. tituent s 
are either too reactive with the sediment s. or genera l ly. do not vary 
enou ; h between the Jixiviant and the grou nd water to make them good 
ctndidates for indicators. 

~ Na t ura l Restoration--Natural restoration pro~ e sses SU(h as rninrral 
-~;~r;~~i .. f;;=r~~ :3 t_::rs.n~·~r;-ii---·a.:J$; r) r·p t i on tltat occur bt' t\·Jeen t tle res i-o~; a 1 
ii ;:. ·i -v ir!~- ~ t G:nd the 1ter st ,dir-·•E·r: t will re:Fr~·~ ve - S .JfrK~ cor~ t ~ rninan ts frorn 
solution . Reducing con(, ·i tions exist d o"t>,' fHJr a.:i ient fro1:1 t h~ .. o~e ;: cme 
::n( w·:de r U11::;;~ c.:: ndiU(:cns t he re,1o x-s~o.>n sHive trilce e1f: <: ·>t s 
( \J· ri..~f~ i. u -·":~ ~ ~·~ ~s·eni c. se1~,·· '·t ·~ um ~ and rt·:tlj•hc~ c:--' t:~; ! ) will f orrn r~ lt~ti vel; 
~ ns t:; 1 :J .~Jtc ~·: . .(.rn1paunds- ~ t~. ~;, a (. ons:eq ~~ence,. t fl::. ·tr sclution cor~ct-~ntra t "t oris. 
wi ll t)e 1.\)'~.:-.~:-· red ~ pf~· :'- ~\ aps t-o t~~e r·e·s torat,(}i'i 1~rn ·:t, a.ft..::r a p~ r t o:··i of 
c;:Jntcc:t vd t h the aquifer s.edi: 't~' nt adJoC:e:;t. to the luu ;':<l or-e zor.e . 

~ :2_ ~~ ~· i~~ ~~ -~-:~: <~ 1!~ !:_i>::·.f::?J'"!J....:'l9.~~ ·~ ;;\·:~ S ~- 0 r~ at i on by g~-G ' t r. C-- .J t. er !~ ~l~~ e_p "i ng C 1 c~ne 
y.: ... ,H' .~ c ~es l i7;-·;;t~ vo1t;rt,~· s of wa~;;t f~ ~' :l ter i!~d i~. not ~~ .. ::.-- ner<S 1\y eff(~ct ive 
for the redox-sensitive trace me tals. Residua l rntne rals contain ~~ g 
the~~ trace m0t~Js 1n their r~juced val ence fo rms contin ue to s 1~~ l y 
di s sol ve dur i n~ t he !w ~ep 0 0 9 pr0te ss bet~ u ~e of the fl ow of oxict1zing 
; r ound wa te r into the leach2d zone . The slnw dissolu t ion rea ctio~ s 
rncin~ain the c onc.;:ntr(1ti0"1 of Ht~:~~e contc: ': ~ nants a t rei a tively h i ;; ~; 
l cvE: ls d .: r-ing swE:-ep ing. 

o s , , ,f,~ce l'r o: ;~t-i't-£' nt --C1 c· ~:,rdng yroun:"! water at a s~:rf ac e t rb~:. rnc-> nt p~a n t 
·d·;;-(j"-(' ·(.: ·(TI: ~:~i ! ~:j-t)ng it • :H'0'.J Si1 the h~aCtied <' i· 'l~! 1 (l"ld ~. t he tote, l eli s
solv2rl so lid~ l e vel of the snlutio~ r~lai ~ ng in t he ore zone , 
uy•:,erllf· ~, 9r·o:: nd v<dtt> r. !lnct n ·d:.u s the <?. rt ,·Ju nt of w.-\; te ~ o luti on tha t 
:;-,;) !, t f ·,~_·. o i ~.\ ;)o~~ t~d o f. t"n opt~ rot or ~~ u rv c·y ~~h ~_-.~,.,e·d t hc~t bnt h t~ 1 t:)c t r o 
dl c l.)Sl :; end rE>q• r- sl!" o'; t ~< os1 s tf•0 1n i qut.·s r;(ne bt·t- n IJ Sf• tl su c ct~5 sf (Ji ly 
~t in situ l ~acn operations for dt l e~'t pa rt1d1 re~t or ~ tton. As 
\li ·tt h -;r nL; ·"lfi · .. w/rte r ~; ~.1 P t· p! ·r19 . thtor S~ ... ~·;l ~~> t tJ od ::.: t=tSn 'led ·:J to ton t1n\t PC1 
mub l litj of tr;~·· r (' ih:· A ·· s;,.:· q<;, ~ tlve tr ,.l d~ e:ene nts. 

3 
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• In Situ Restoration--;ne addition of sulfide to t he ore zone dur ing 
·r-estor: :·1on-can-p rc(1uce red,JC ing cc0diticns in th ,_, .:-:qu''~' r tt: 2t t-ii: l 
;:·:;·,(lbilize urani~..w· , and, ty £l" cl e:g , . o: nt: i' redox- sens "it"i ve ::: 1•.:· 
me ~ t s. This technique ree st ablis hes reduc ing conditi ons in the ore 
zone anj may lead to long-term restoration of the aqui fer system. 
However, the concentration of major cations and anions is not 
signi ficantly affected by t he reduct ant. Therefore, this technique 
~h ould be used in conjunction with one of tne Gth~ ; app lied rest ora
ti on techniques to take advantage of t he superior qualities of e~ c n 
metr~od. 
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--· ~e ~~e l ecti ~J n ~.-- f a n ac,l: i fP. r r e st t.) rati on t.f-chni,que· to use at a pcrt~fcul ar 
site wil I depend o" local cond iti ons that include t he characteri stics of the 
ore zone a Ciu ifer a nd the mf:'thod of le achin9 U•at was used . hoth tile Te xas a n.j 
\.,iyon in~ mi ne :> ites ev a1uat (>j in this study used ~vo,;nd wa t er cnended wi t h 
so~ iu~ carhon~ :e/bicarbona t e and oxygen as t he t eac nin~ so lut i on . These two 
s i tes a r e si mi lar t o o t her u ra n i c~ ore deposits mi ned by i n si~ u neth ods i n t he 
t wo states. and the type of lixivi a nt used is reprtsentative ot t na t co"~only 
used at t his ti me. Ho~>H~ve r, note that the f o llo~rtir ' g r;~· cor.;:nenda ti o"'t s a r e bas e n 
p rinJMi ly on l aJjoratory e xperir:1e nts and on a 1 imit ed S il:l11) lin~:~ of the mining 
indu::;try. 

c Excurs ion indica t o rs s hou ld be selected ba s ed on differen ces i~ the 
ch,0n:i s ':.. ry of the ~:"O~f'd v.:ate r and the li xivio::t and 011 the cher"ical 
react i vit y o f t ne i ndicator. Many potent i 2l i ~ d ica t ors (s uch as 
ur aniun and pH ) are not conse rvative, and t he ir va l ues wi ll chdnge 
r ap idly as the lixiv~ant i nteracts with t he sediment. In ge neral, 
di sso l v~d species that i nteract with the s edine~t do not t ravel ~ s 
r api dly as the water a"d· thus. would not be useful as an early 
i nd i c a t or of a n <.: XCtlrsi on. 

@11 r~ :Y~ur· r.l 1 restorct i on can t e an i m;:-o rtant f a c to r i n red ~King the 
cont ~nr:·inar.t le ve l o f t r ace rne t "' 1s in sol ution e nd shou1 d be 
c•y,<iG"'f' ,j ~,.;hen re, t r•r tir;n tPn~·ire'nents zve rc•;d·· ·! i shed A 
C ;~ ~: ~o' ,, .. ~ ~ ,: 1: >'e •. "' ~n ro; C h \'if~··, l ~ be··~ ··'·t ·0· . .; ·~nora ~ :>t U' '" ; ~~· .• ; .,;, , t ;.If:. ". ; ; on b 11 t . ..,. ..... . .... - , ~ ... ~ \.• ·r \J'Ir r .... .,., ,.. ~.., . u . f ~ . ~ .. .... ~ . ..- , ...... , ... .. ,- ... b.i • "' t . , , , . , - y 

U:is c.o:.d•:1 it:i':d t n t h-r: requ i r"f·.;nent for unn··:·ce:::,; .::ry ;,il(bC€'::1 

r.;· ;:. t.(J f'i:t:i G~ th<i t could ~c:s te :;}"·o,md-wat er '"'t!S C.'u r ces a.nd, in some 
G:s e s , i nr1i bit re ~·t.araUon by int roduci ng ox i( iziny gr-o:: nd wa•,t;:;- int o 
t i ~e 1 f: c, che d o r·e . 

• Prcct. ;ca1. e f fi c i ent aqu ifer r e ::,t oration a t a s i t e sr.ovl d invohe a 
comfj i n 6 t i on of restoration v:e t hod!> that r-c· s.-;_ o ~· es U ·!e ~q:; if e r S£-::1 i nent 
,;; s \>i't~ 11 e. s the £!rot) n d w r: t e r. At t r. e s arne t i ~·•e , the rr:e t hods s ~!0 u ! d 
not c . on suf~vc ~txcrs -~~ i Yf: <.r~; ~ ·: ',)' :'1 '!. S of 9round tr!,l t e r· \)f' ptO..[)~ ce l -a r ge 
volu~es of wf s t e sol ution. The accepted praf t ice of surf ace t re at
me nt bnd reci rculat io~ of grou~d w~ter c or~er ve s wa te r. hut shoul d be 
av ;rr~enU'd by t he ~1dit ion of ii redu cing a:wn t t o i m:--;ooi li ze r edux
s e ns i tive cont arninan t s. 

• Fie l d st udies should be carriPd out tnat i ~ :orp o rate t hi s inteyra ted 
;::ppro~'O'i t o aquHN" r .:::s t ot<:> tion . Af\ act u::' l t fcs t Sf' ';u1d be c.on-:; uct ed 
so that to<:;;:ari s on s Ce!'l b~ m.:;.cie w' t n oth t< r efforts t !ia t \I Sfl' i nclJ vi 
duili r est o r!ltion meth 0d~ . A var i ety of r-Fbu·:-1 ~, u1 f\Jr (. fH':pou nd s r':~S t 

b r. eu l uatec1 on a f ie l d scal e to f u lly c:e: : ,oq~ tro t e tn (•ir a tl Vd t:ta!J £· S 

en1 dlsaj vantages. 
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LEI\CHI NG METHODS M~ l'l THE PPODUCTIO~J ,.. '·1r'P I LJT'r OF C0NF ;yr;_t,STS 
----------------~-------~··---------.. -·~-·-.-~~-~.~··---.. ----··-···· ···-~---·-

During the past 30 years, f'iethods of in situ leach mining have cr:ar.ged to 
improve production and minimize the generation of ground-water conta~inants. 
This sectior. descri >es efficient leaching nletl'w ds ar.d the by-prod ucts of 
leaching that must be dealt with dur·i;;g restoration of the ore-zone aquifer. 

THE LEAC~ING DROCES~ 

In situ leach mining of uranium consists of the injection of a leaching 
solution (1ix~viant) into an ore zone, oxidati on and dis sol ution of the uranium 
min€rals (typically uraninite and coffinite), complexation of dissolved 
urJnium, and pumping of the uranium-bearing (p re gnant) lixiviant to a surface 
tre b t m~:: n t pla nt. H<e ur r: nwm is rem :~vecl frorn v .: .. pre- gnant lixivi ant by passiny 
i t t hrough a ni on exc~e nge column s that collect t he compl e ) ed uranium. The 
spent lixiviant is fortified wi th an oxidizer an1 a co~p lexi n g ayent before 
DEing reinjected into the ore zone to begin the cycle again. Figure 1 shows in 
scher··,atic for~1 the placement of a single injectllm we11 and a poir of produc
ti on ,,;.::lls screened in a roll-front uraniUfll depJsit. This type of uranium 
de~osit is the typical target of an in situ min i ng O?eration. 

Ttv' ctep ..;:•s i t is f uu nd in ~<dndstone aquife rs t hc t: a r e conf ined above and 
be 1ow· by l E: s s pe rme able aqu it r; rds. Tr:e moni t :: r 'H'en 2; s tlOw '1 in Fi gure 1 are 
,_:sed to (.)H i Ddic<il1y s a;;;ple the ground water t o f. est for mCJvf' :'rl£>flt of l i xiviant 
o;t of t he c n tro11 ed zone of t he 1each rnini n::.; c;.·.,r;/ r::;t ion. K:. r•itor we-11s are 
t )' i,) 'iC o1 1y t CC i:i.ed i.n ~ he C f' i.:' ~ JCne 21qu ifer Up L f;Cl dc .• ,;:1 tr·,e hycir o 10(,\ i C gradient 
f r·f'.;r: t. h ~ ore 2 :. ,r~ ~ .. a q .f) t hey r'·;?cy c ts c tH~ placE~d i n U;:; ;.;.::;u if c:rcs 1ota te-d strati
':Jd p:·, i ca il y above c.r:d be l ow t he or e-zone aqu if er. 

~ -' vf:r- .3 1 pat t •:rns of i r-j ect i or."pr·od:..rction ~>! .': lls he1 ve b~ r:- n u~; e d in commer
ci al i n si t u le achi~g. Well pat t e rn d~sign is b ~ i 0d on ~~0e r ie~ ce gained in 
p;t; tr··:1 cJ71 ~' ' !):L, c t ion and br~ nt? inj f>f. t ic.Hl ope ra t ions. Th:- FU H cor·r,nmn patterns 
are t he fi vv- spot. se~~ n- spot. anj the stagge red ~at t e rn t h6 t is d~siyned to 
·· J " ~C h t h£: or e tl:.;·ry ( F1 ~1u n: ?.). !n]f•ct \c'n wtl ! s a re u ,,, : ,~ ll y p1t<:ed on tne out
side of t he pa t te rn anG pr o6vcti on we ll~ are p laceu on tne 1ns ide. Production 
w.; 11s are ~HJ t; ·Jcd at a n·ig?u;• r r· ate t. h Ml inJeCti on wr· lls so U.i: t U:e indu ced 
hJ d r u;h c g r· z, •H er· ~ dr ews lh: iv i a nt to the ce ntl' r of tne p iH t t·r·n . In th)s way. 
n:;re sn lut ion 1~ n ;ccv e r ed U ; iHl is i r. jt>cted, t t: us re r~ .J ci fi~J liY1 vidn t co :S ts a nd 
~e c~~ as 1 n g t~P cha nce of 1ixi vtant mo~i n y out of t he c ~ - ~ troll rd zone (dn 
F~ ·;.:cu r s. i ott ). 

Trw , ,,, ~~ t wi f1f> ly ur,~j li>:i .. ·iM1tS are (.01'1 ~J() ~ .. ··d of ~i ' ' '\1 ~)( ! Wc" T f r tr'! ,~ t ttl.)'> bf•Pn 
tV<f• n clpcJ •t~ 1Ut o i'f' , !')t'; \u~ or 5 rYii t,W~ c .:: rt-,c. r.ate·h1(. tJ t· r,on,:t .-. l r ~ ;l:' tt ! on , cn . .)l qt·n 
d''d ;cr· h yfi r r.· ~W 'l ;•f•r od de o '" f' Mith·d t15 O>: lt1n~t ":. . 1nr· lh 1V \ M 1t 1s (i' ·S iqn N f to 
Ct1 :J <. (' U; ': r; :d ti .:! t ivl' d i~ ~; o l•Jti or; cf U(lV) m1n€• r ,1 1~. (ir: ::l rt • ':dJ lt~ in trw fo rnict tinn 
of dc ;<J i' '."! " !l ( Vl) ~. p ; · cies. T' it' (.Ht; t,•ct C i.'J(' ~)OrlclJtf' '1 \! {. ~' > (i,f·~. d ! ' ."<1 i 'I PG i) t ,··t<itn f; ( !fl • 

(F~:~u,:. t ::w ~; !'! j f c: r·nir't(j l;t r ,n-; M'ii 0ni<: ((Jlii!df• t:f~ S with :.) {Vl} l if':l!;r f',!·c;L t,J l t O 

J 
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MULTIPLE FIVE S<'OT PATTERN 

KEY 

o IN JEC TIO~,J \\'Ell 

• PROOUCliO•.; WELL 

.>1<-!l TIP~[ SfVEN SPOT 
PATTC<N 

0 ::.. 0 
\.I .,.. 

0 
0 • 

0 • 0 

0 • 0 

0 • 0 

• 0 
0 • 0 

0 0 
0 

OF '- BODY CONFIGURATION 
FAT TER"< 

FICUr:(( 2. Typical Well Configurati on ~ (after Larson 1Q81) 

alk;; li ne condit ions. Uranium concentrations Q'"t:: t:lte r than 200 ppm have been 
a c:·:·i e ~ f.i .J in sone l <: E,ct-dng o;:·erat i ons. Typical oH.alhe le a ch react ions .. ,o:Jld 
inc l ude t he fol lowing (Tweeton and Peterson 1 9 ~ 1): 

Chi da t ion 

C :..' :-~p I e x at i on 

A1·non i urr, Carbonat e 

! j ()2+ 
1. 

+ rJ ;! ' 
I 

1~L~ r y r d n 1 n q () p f' r ~~ t 1 on~ h r:1 '; r~ us! < l ~; 

Cr.•rtdi t lor,<, it ~~ ~n O•"" thdt in c rt• it$ ·j ~ , i' 

+ 
:! t{.fi 

(1) 

( 2) 

( 3) 

(4) 

·- · ·: ' , r; t., t;><•c a:; <;r· !n ~:· r c1n .~!n 

•' . ( t · r ~l r · ;:~ t } fj ' "t of d ~ul ~-~~- i u n 
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na·v ca: .. Jse c <~ys to Si·IP11, which cou ld n"fect the pt'· r:~:e··~J ii ity of an c.:-•.;:Ter. 
Tte ~: :.3jor ... ~: sa. :i·~:c.:·; .._2 ·0e (~ f u s~~ ' Y 6rl d : n:1l~)r i id:;1 1 ix i via nt i 5 t he grea t d ·( ff··fculty 
in rer;-;·.wir.J tne aFli:wnLn ion fro;n t h·: ore zone cfter mi ning is co;~;plete. 

Because annoniu!n is not a 1najor consituer;t o" tne gro~nd wnter, its concen
tration limit 5-et for restord tion is r< o r :L;:1 y h•il, cons<'q ._;,::ntly a·'!' lu n1um's 
concentration in solution mus t be lowered t y a large a~o~~t for restoration. 
Ho~c;ever, ar:( ~Jonium in the lixiviant is actsort>ed onto clays and zeolit 2s in the 
aquifer and cannot be efficiently remo ved by simple fl ush ing. B2ca use of 
arrnonium's hi9h selectivity for clay and zeolite, a·nmonium desorDS very stowly 
and only with lar je quantities of water (many pore volumes). Tweeton (l9Bla) 
reports that of 11 field tests designed to restore anr1on ium to baseline 
concentrations, none reached tar':}et~?d amrnoniu1n levels after 0.:> to 38 pore 
vo!un1es of flush i ng. Complete restoration of yround \~ater for a!rtmonit;m May 
requ ire 50 to 100 pore volume~ . and, c!erending on ~HJ i!I;J iny rate, this r:i:;:t hocl of 
restorati on could take ma ny years. 

Recause of thes~ restoration problems with a~nonium-based lixiviants, new 
mines have be~un to use other types of alk~line lixiviants. Sodium carbonate
bicartH;~l.at.e has t;ee., used in ore bDdies where the c1ay content is low or w~1ere 
the sodi um cor tent of the natural Sd'Ou nd water is high. In at least hm nines, 
carbon dicxide has haen added to natural ground water t o give a carbonate/ 
t·ica r bonate s o luti":r) for leachin g. His me:hoti is ine)( j)l? nsive, b:.;t :.ot always 
effective (Tweeton and Peterson lYKl). 

Sulfuric a'.'.id 1ixiviants have bee n 1.15.ed successfully in scvr,<.' dppcsits. 
Urani:.t!:1 is c!sne:· .. i.dly i~issolved no rP. r· i1:·; id1v •<i tJ1 strcnc iJC i~s t he.n ~<it h 
.. ·,~., •. •~r.. a. r··',_: ... . " ''"·s · ,,""'"'(" h"': :·· ·"' f i·p r··n ~..,o -'"··· o:: r· ·,, ... , n;::<' '" ~ci .'"' "Y . . o:t·" ~ "' ! c·c·r·--::. : t\. 0 ~ ~· :r l.~ . c~.:r·l::;• ... : f,.. • i- .,w I V3 '9 ~ \.R'.! · •. ~ 1;;: 1- ~ · .. ~~ · \., Ul ~· .J ..Jt Yt! · .. t_.., , ,_ ~ \:. J,;:Y ~. ·~ .,.,,;! ' ·· ) I 

t2Gi nants tndn do alk 2line lix 1 via ~t s. Also, t~e use of acia li x1 vi a0ts is not 
pr'atti<:: a l in (H'r~ boc~ f' S conta iPin':} re1ativFi y 1 ·' "<;~~ · c;:o:,ce r<. rations of cartH;nat e 
r': i'H;ra1s, such as t:8lcite . wt'dct1 f: f' uttc:liv· the a c1o . r,:,, o , if co1 ciu:n is 
pr2s0n t at even low coGc e~trations in t~e ~rou~d k:t~r. calcium sulfate may 
p re::i p'itate ~>: h~.:•n ~, u lfl;nc acld is d ri\lt:r.~. Th i s p n~ c·ipitate rrv.1y atfE.<t the 
p e- ii<l? .: b ·i t i t y of t he- a ~l .;·i f er. 

lhen ::;r; "~ci1j lb!viant is u s.F·::l . v ~· t!"' Li~ m.ay be od ,1ued by either fe·rh c 
ir ::Jn dl s~,a 1v E• cl f rtr; rrdnr•ral s 'i n t•·:t:' or <: t<>Cy or by oxy gen a:' :H< l to t he 
Hxiviant (.!\ r;•~:dl and L Ml '}~luir l ·? J·: : T¢tcJ:~ •• ScrH:>cr.ter and Lake l{:.:n ). Typical 
!S ulfuric f..IC id 1e&Ul r eact1ons i r.c lu~!P t": ~· f cdlcMing (TwN ton and Pete rs on 
( '-i'-> 1): 

C: 1. i r! il t. i on (). ' ·t 
( 

• ?H 

. ?+ (·t 
,,, l); l ., .. 2f !,' 

l . 
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:.eachi ng = uo .so ~ + 2r-t 
~ '+ 

(8) 

( 9) 

( 10) 

Re ca •.Jse thi' a1ka1ine le i:! ching method is us ed predo :~dr.antly at thi :, ti me , 
t he produr t ion of conta~inants specific to ~he aci d leach process has not bee n 
add ressed by the res earch de scribed in this re pc rt. However, ma ny of th e t r ace 
netal contami nants mobilized by acid leaching are also found to be present at 
hig~<et -th ofl-t,ac kgro und h > els in alkaline lixiviants. Metr:ods of reduci ng tr,e 
contami nant level in acid and alkaline leached ore, howeve r, m2y be differ-
ent. P..quifer resto rat. i on of ore zones le a .:: hed wit h a'T>oniu'T1-t·csea 1ix ivi an ts 
has bef n di s cuss2d at great l en gth in t he l ~terat J re (Hu~en i c~ et al. 1978 ; 
H unen ic ~ et al. 1979; Walsh et al. 1970; Tweeton 1 9~ la; Humeni ck and Ga rwa cka 
! 982; Yan and Es~ 0 n schei d 1932 ). Peca use ammon i um- bas Ed alkaline li xiviants 
ue N:ing r epL'lu?d by s oc~iv ' : -•·,ased alk al ine lixi viants, this stucy t'"iaS focu sed 

Tl~[ P?0~) 1JC T I DF G~~ ou ~< ~) - h: r~_ ~r ~; c>·: ' .; T ~J~ l ~·.~~:J~TS c ~ .. :~~ I r~c !N SIT U LE P.CH ~~J ~·~ J !~~; 
---~-~-- ---·--·----~--~------------~---------·----------- ·····-·- ------~---------------~~------- -----------~----·------ ------ ---

Th e c or.ta: :·in a t i on o f ~;r cJ ,; ,! d wate r a s a by - p rod u c t of uranium l eaching r;.ay 
,:, r ·; se :·ro·n t w! ' •;tcr'; . The o, d c:~·iti or. of 1eac r; ing cheni ca ls to the giound wa te r 
M~ d UH: t re a L · of ~ , :.' :. re g r ; ant 1 i · i v i <: n t c t t r12 o;:; e r i t i n g p 1 a n t s i 9 n i f i -
c.:;ntly inc r er: · · · -- · · ; en c onc e ~.rJtion of ccr· ta·in el ene nts, creat ing ;: 
pot e n tial c o· '> ' :· ~· -l(~ ; n. ; .), c h eni c~l r eoc tions bet•d,:·c n the li xi vi-
,>,nt a«d U :t· -- ~: ::· ·J•t re ~ ·.! '-. some e !t: "i<::<: ts from t he· s e cii ;,e r<t t hat m;;y 
re.~c.n c cnto·:~ · ~ .t ( ·-a t-ton -.. - !, in so1 ut i on. A yeneral discu ~~ sion cf 
t he en viro··· -,c :a l c- s try . _in sitL: leC~ c hin:1 proces s is givrn by 
Kasp•c• r et ai . (l 97u . 

F n r t h ;,. res t or c · r1 f i'l -~-. . e r s p, at h a 1 P beG! n m i ned by i n s i t u 1 e a Oli n g 
mp r h c, ~;s , CJ c:rt a •n in d ~ · · .t be cor:ddt:• red as any el err<<" n t in the r t:siduc l cquHe r 
p r · ;:. <. ·:: 1 :, ti y , t ha t i s vE' "It S c'il O•>t:d CO '•CE"' tr&ti on at r .. he CD:'l~J1 e ti on Of 
f'li: !f • Hw ct l1 o ... ah lt · ·cr·ntr(1tionr, f o r o1fferer' t f'l f:'i 'H•r,t.;, iHT ~,et t l y the 
c o• · :c. '•t <, !. 1l tP or ff·· •· · ·. i rt· ju l ato ry c'L ; · ncy. H H' CO' JC\' ntr(ltl ' HI lJ;ni t ic, 
';i • 'i '· · l i·, <. h c,t,pn by( (' • aH in ~1 the bo<.f: iinc wc:it t' r c.t1t"·llstry of thP a _;;;if t- r an cl 

• • ' . or s t ~~ t. i.' 1-1 o t t · r ~ t (; n d o r '-~ s • S p e c 1 f 1 c c (1 :-o t d :n H ' d n t s lJ !:' n l: r· d I I y a ;. s o C) d t e d 
~, <. i L J u fiFl1'1"< i' ' ''"•~ fl(j ~-<t 'iUl d SP0 i ur:l~t·> dSHl ai k;, l inp l1 xiv i aro t nr"P dr \ t •nJC , 

<; ~·It'. ·• , ,-,l)y~~<k :·,, ~ ,., , c',loridP , !>t, 1f atf' , ilnd ur·dn l u:::, In ;, : i rf1\: 1on, U ;c t o t ·~ l 

n ~ ~) ~·~C lv Fri ~:, n l ~ :_ \,.;1 ( TU S ) 1r·vt· l o f t he li'1. l v 1d n t at t h t~ tcrr::in,; t : o n o f n!l n ir: ~ ls 
of t c r>. "· t v i'f ,ll tJ <•t " - i rl ~ · ·,w r tll cHi Hi<' Ofl i.JHlil l ~~ftltWf1 wc t e r. Th lc, i<, u ; u •, <· '1 
;.ir'i' ·i ,t r ·; ; , L :l 1~ , . e: 1 \:~ !l ~ . J ( J r ; O f ~ ( J d1 Ut '" ; ( (1r · t·'lu r·, a t c / L IC <·1 r t.:r)n ~; t t' drid Chl c rt (if· t c• ~ . hr · 

·;· r rj :; r>·7 '"' ' ' ' ; · r t • • •: •:;; t' <~· i ·r·. ·. lt (• ':.; r · r :t·r rlt10 ~ i o ! trw !;: ,l U •lr ,·.; ,, , du ~. li· : r ; <, . h• ·c o1 ul.•.· 

ll 
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the o r iyin of the contaminants \'iill pro~ide infonnatio~ on methods c.f mi n imi z
ing t h=, in the ground water. t hei r sources are ais:Jssed in the f 1:0wing tvn 
sectic .s. 

() f~[RA.TION OF CG~iTA~f;JN,C,NT$ BY THf. PPl}DUC1lON f'LMH ---· _______ , ________________ . ------·---

t.s rnent1onr.j 1Jr"e1'ious1y, l"i:dviant is made frc1 •:;round water by adding an 
ox.Hizin!J c;s;ent, typical!y ox.y«:;len. and a compouM containing a cor::;:Jlex1ng 
ac.v:nt. Tt1e oxys;en is consun.ed by reactions within the c:quifer duriny rnininy 
and is not cons idefed a contdrnindnt. However. the r~a gent containing the 
co·~,~,l ':."xinr~ agent is not co~;;ietEly c·Jns•.u7:ed <:";d i:~ g <:.'~:e tally found at 
CO'\Cer,tr<itio:·ls hignr-r tt;;:n those in ground water at th~ completion of 
1 P ,~ching. In the cases stvdied for ttds reseurch, UH~ ni:v~ operat:.;7·s \; ~~d 
soJnFn c;,; ;t,cr;ate/bica r bonate as the ,~t:a.c.;~<''1 t r.H~ceuse Ccirbo'"'ate fon•!'5 strong 
anf c:-d <. cc~n;dexes "''ith vranit.Wi. They fo,Ind t ~2t a :!diog S';diu:-1 to the r;ro: .. :nd 
w&ti:: r d id n;n cau:,<:! c1<.1ys in ~.he :;ect·ipv_>nt to s·~tt-1 1 and d :::<Te<~se the ,;.au i fer 
perrc·,[e; t·dity. -;-r;e a ;;iclnic uranyl ca.r b000t e cr.:wt;; lr:' x f o r med du rin~ l e aching is 
reTr:wec fron s olution at a te s urface p1ant by strong base. anionc exchB:lge 
r·f:s 1ns as shown be1ow (ThoF,iJSOn et al. 1978): 

(11) 

Tr1e r ::>~1c ! i 0:"! in t: qt1ii t ·011 f n) shnil(s tha a ~d 01 exch~nge rrocess c-:i'i s 
C} '! ~ rJ ::: ?:} ~· t ;:; t ~·1~ s -c· l u t t o ~'L.. A f tt~ t r·t~tr£or e 1 of u r·~{n·t· t7~ f' .r-om th-e 1-ecn:.h ·t ~~; g so·1 ttt i o?t .• 
tJ~·e L2·f''.i' .. tt r1 1i~i ,,r i~d1t ~s f't: fat···.f..i f i ed wi ttt s-od i t.r\1 Ct~ tb.Un~te/·b\c;;rbt~rtoto r:Ind an 
o;dcL;;:£'"' a 'id t iler. ;;,; inj e-ct ~';'d ·in\. >) t ne ere .u.lne . T::·. over all effe:::t of t l'le 
p 1 r~ ~ t , r-;:~ :~~ tZ::) sf.r; g c,f t rte 9"(\-Uf\d ~'~~- t ~7 r a·rld p~··e gn .~~- ct 1- !.~i v i ;:; nt is to <;:~1nerate 
~;,:;< lu~ . H(•O!'i H t.e/t: ' ca.rtnn~.te , H""'::l chh' t i Ct1: len' tS tn SOluti on weP above tho~e 
of t~£ ori gi ~a l sr ~~nd water. Thi~ p~oce ~ si,.g of ten leaves ~he soluti on unflt 
f :_:, r- v l .rH>: .. ;;. ~;.1r :,z\ n ::~. ,~s h~: c ,s use tht- H•S ~ ·~ at ovt:· tf;? 1 irnits set by the lPA. 
l ~\e~,t' ,~r. t .-l;T· i~ .. :v.ts c f t he gr·c,;..>r> :J ~~at >·r ~rc reli•ti ve1y easy to t rea L).Y stve rdl 
l (~~~ t ere t 'i (..l'tt t 1~ ·: hr~ ~· c.~) r.:·-t , ·v~·,\·. ~- c.n z~ t £4 ,.;~r:-~~ -:: r· i n--t·d· 1 n t h 1 s ~o::: ~:--; :>':_::· r~ t . In c c; r: ,~~ r i~. s t • ·t n e 
cor; tanini.'nts s~~ : '; f f iJ ... c .:i t>y the ;~; teft'[..t\(; '1 of t he lixhdant with t ~>.e aquifer 
S-?d in:ents. a~e of ti:"l nore dHficvlt to e !lr-·.ir•~te. 

S(DI ~[~ T- DER IV ED CO~!A~JNAN TS ..... .._._,... ... ~ .. ·-·~ '-'-····--~~ ...... ~ ... -.~~ ... _ ............ """-··· ..... -- _ _..... .•. .,,.,...,_ ... ~ ... ···--
ih E> ~.:-och,c<) ~try M vran hn"< rcH-ty;·;·~ depc; s it s has t;een wi rtely c.h sc!; Ss <:•d 

i t'! tl'H? H u:·f'c":t t.Jre (':??J!>: l end r L~'~rr;ld er 1 9'i £~ Gal1 ~nd t: ais e r l9E'0; Gr<Hn;;t: r 
t>; n1 Mi•rrr n 1969 ; Gr«r<i'' r- and ~,; rr-(> n 197 4: Go l <l"·ct!n' r anc! h·y~w lc! s l 'Dl; Warn·n 
&r: :1 (; r M: !} ! · r r:il3 ). ~. ' , pf'C. ts of tO! i ~fr on t 9 f' OC h 1.•r: i ~' lr y <:1.;;;. lH c)~· l f' to t h l' 
gc ·l e r l'\ti ~;~, Of c. on ttlr:~ i r•M1 ~S <1ur1ny ! f:(~ ct: mirli n~J cH i: ~t;:.rc;: :<t~rl l f."d tn tl'"'~ ~ r· (; t i on . 

U u.rd 1..!r~ in r c> ll- f r tH'>t <7·' ~) ()':. H !i. C:\\l'i P.U .. ~J r ~~ <; t h{• n:\1 flf ' r .a 1\ u ~"Ml in it f> { UO ;J ) 
_t;f'~ (.t c: .:) ( f i n ·it. t· (t~·-J ( .~ } ~. H.-~ r- ,:,,rrr··-i: r: l f~iJZ : OL: l. j- ~ lr-~Jr! \) -~ntl S-~ J .. .;t r-;,lk l 19/~ ) or tt> ~n 
... ,,,, .. ,P,,..,r•,· ·C. ,, ,. ,,...,0'' "' ··1·; i : :>. f .T> rt: ., Jl;~ '>' ·' 'J ii< <;-i ~ :;· t·· ·· 1 'f··'! l ') Ttl f' ' ; ('.>. n ' ' ' ''"; .. . ) j\ cj ~;., . • ~ • .1 ,.. , . ·~J· \ .!> .. '- > -~ ~ t . , l . ,. \ ,;> . ;lo ;J • I · -;.,. «...- '·· '1;, \ • . ~ .... . o "~ • ~ -' ,,l ·•os - · "t-. ·- ' ""' I :;) C ·. ~ • , ' ;• V' • _ , _, \f. • · , t,..l · ' · .,i) ~ · '--

Vf>i.!~• t!> O{ tu r (1· ~ c o,. t ; ~·; g '. til"l s ,!r-,(1 'j' •; )r;•, , m~ ~rl1. u~ .:;r (ltn·f t t; L ~ :,;ft: flll i r.s"- . o r 
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~ s p3 t of a c lay cut an on the host sandstone. E o i ~enetic ~ nerals t ha t occur 
~oc a te~ wi th ihe ore i nc lude ov r ~t e [reS; ), mdrc~~i t 2 ~ rp 2) , n~t i~e 

,,.: ( ·: " <~ ~ ~.- f:·: r ~ ·, ~) s e 1 ·~· · ~ .. e ( F ~-:. S e ·:.; ~. , ~·H:;:-; c: : i t. e , a. ~· , .S ·co ·! c l t ~ .. F i s~ ·;..; r L· 3 s, h : ... fir··:: s J 

.. '' £?".: ,\ tic of a ro!i-frc.r.t ci:·;rosit a nd the l r;;cation of seve·ral of th~se minerals 
re la~ive to t~e er e. The uranium ore is located at t he redox interface hetwcen 
oxia i zed sediment and unaltered reduced sediment. Py rite an~ m~rcasite havt a 
similar di ~ tribution in ma~y ore zones and these ~inErals arc often present in 
t he una 1ter·ec! and a 1tered sections of the sandstone adjacent t o t he ore. 
ferroselite ana native seleniu~ occur as clus t ers attached t o clay or sand 
grains in the altered zone adj acent to th2 uraniu~ ore. The presence of 
s e le ri u"l in thi<; · :.; -.• ~· su g;;ests t1'1<1 t it is less r.!::rb1 l e than ur,!n ium when re~1uc
ing conditions ar~ ~ ~tab1 ~ shed in the aquifer. Calcite occurs as a ce~enting 
material as s oc i ated ~i th s~~e ore zon es an~ the su rroJ~ding un~ 1tered sancts. 
Hc':'ib t.ite <:: ~d l·imon it i c materiai. often asS '.)Cio t ea witn calcit+::' , causes the re·d 
a nc yello'"'i stainin~ that '1s chcracteristic of t he o;.;. 'i diz~d ~~::-;n e of the 
-:-:, ~ '\d~.t:) ' ; ~' . In addition to tr-cse mi neral s, ~h~~ (:1ef';ents no1y:.:;..:J;:,num , arsenic, 
2~d vana ~ i u~ i~e ahu~Ja nt 1ora1 1y i n t~e s ediment s as soc i ated ~ith certa i n roll 
frorE s ;Ke:rs h:r,;·,n 1974). Fi na lly. carbcmaceous mat:u ial i s often founa ir 
-,d f9-L' :' concentration in tt1e un.alteret~ zone of the <>{u ifer conpared to the 
2. 1t<::n:~d zo:<e. 

~{cr'S!-:~~iul (1972) s uggest::. t hat the t.w~niw~ rcl l- tront a-c::-osit s in tilt? 
::·~·: irl E-z. '-: .. i-n of ~ -ng -~-fer·e 'f c.:, r-;;~~0 b_y a. long-~errt1 rn\s ?·;:-.,: t i fJn ~5nd con·cent [·at. ion 
.:.~ f rr:<.:~:~ ;r_ .... s, er:s ~t) v~ e~1 t:::~~nts in (1 c.;Jr\ "fined sc;r·t::·_:!sttr~e ~-qui fB r . tJranium, ancJ 
e:ss,.<c i~ :: ~d eh..>''t£'·n t s t~·e rw::;:td lized i n t he sour-ce n;,ci:. by ·!lo:;; r-es si ng ~lkaline, 
r<::: ·~_::~ ·~zin9 9~ .. out~'-1 ~j ~:tter (r..i;(:·ptct+2u in f1 re 3)~ \f>,~~~ich su:··~ s t'--.. 1u:~~!.tl-y t~J: ~~ O;:.:·r~~ -t;t~::~ th 
"~ n·~-~ ch .~ ~::. sc ... ~ r~- .r··.-E s ; ! C.H1S t.~ to ~' s t't"· r·a:r .. ti:{)-:;!s · .witr; r~~_:du C ~- ~ ~~ t !~ (r..~r' t ·i te i-tff0 r~. ;·~·5 -=:~~ i c 
r·>~ · ::. t t>t ) i:'; thfk ifer.· .. r~~~e:·. l(::rt~(1!2.nts: {)J~··e rf! -s tr··1t:; ·~ :-t r.::.~ .at~o~./t the~ ~-i;:.~· ll f r·t'.:.nt. ·{i' :::~ a 
fu nc t·f-c.Fi cf t!'T-t ir so 'l ut,llitjf i n th·e <:~·;a: t; g~· ng c ht:;"; ·1 E:-t.r'y o f t f'~€· ~; ~-- c;;uq·(! JJtitL E' t· . 

T ~ ~--£~ t~r·£~ - f ur1n~; 't .. ··J p ~: \Jt e ~;. s c~::n t i· nue-s unt ~ 1 .·t h t~ sup;:~ } ':i G f ·u .~" .c: t"·: u :?; is e x· :· ~ a. u \ t e.J , 
tsr;t.i. i t ~1r~ e-r: ~· ;r-ot~r t~t1 L c -c. ·,J -~:. ir~g t f'.~e .ti€!pc.sition is d:.>-~: tr· o;··t~~J «· or· t·,nt il the g !- ~)u r~ -j

~·~J t t:F· f1C1•! f'· -~tt er·n chcnges Sign11' i ccnt1y. · Thi~. t ~··· (<;.;ty Cf t'CJ i ~~nff'Oflt 9·E:nt:S i S 
t · .. ~ s t :·(?t 1"': r: )~ f~ ,~j_ ~~::h.~~1 tJ c>·-crn ~y a nurrftJC r .nf i rnt~?· ; t i ~r:. t c rs { G r a n9t:- r ei-i!·~:J ir~ ct r r-t:n 1 S / 4 : 
f)~'Ji . K.~t'Cd;-~;. ~· ~ · ~ :J s o ·k~Jr.~~{ ~: l 1975, ; G.c. l1owd)1 4'!.11·0 ~~liS~~: r '1 } to f \ t part lcul -: r 
~ ltui.~~:: ·~- ons " -D ~.1 t. ttre -t~ ;;·s- ~c, idf:i!~ S t·~o vf; t~;f;{~n prr::··s.er-ve·d. 

U;arduf'1 and the oth ;;~r r edox-·sf·ns Hive f:1~:,;-:e :; t s ( !tro.en i c. r-"~' l y~<~ r~n:;n . 
S ~ 1 (" n -~ u C~'l • lrtfl V ~3 t13 C! ~ U'"~'·: ) f O<Jnd d S :~ f,l ( i 'fit' (;·j W 1 t.h it 'in r.$~'1 :1 it r·O i~: ,;;j t h.e Gf!l~ l 0~€- • 

f orrr. st,•tdE? solids ; n t he ned r -nc ,, tre l. l ow H i ~'h' h':Jn; :-:Hl t ;:Jf t he r ol l fron t. 
Tr,e in.Jfrtinn of t>Fit1)z1ng solu tl Otl {\Lr.·i v ~ a r~t) if~ \,o th lS .tDr•P r~'tiY 
_p r-·~:: f er-ent.. i~l ·ly VA '~(! ·}z !~ ,_~nd (~1~~~0 t\"l' t t;e tJ r·.aniur~~ r:~ ·t n t· .. ' f"l! ·ls. b~vt t ·he c~: ~·:).e· r r(~do .:r. -
!~t::n~; ·ttivf~ f':1~ nf· re}!S t.~r·k af sn l t>~ ·~ ~t~J-l~ r .,~ r·it r, ;_._" ·~~ ct'J r.iC: 1t~<.;ns- •. a t·t ~~~ thP·y a. 1!",f O 
c! •<:,<,,flht' to son~· ~;x tent . Hds r·e!€('l'fii•S \JH; trc<:.~' f / ·id r, 1nto t h~· l n:.iv <tH:t 
<'< ·0 , t",. p···c, a lly 1n Uw t 1S E' ot t~rst ni<;.. !.t•l erd w:l , ri'>~: 11' \J l)'~•\i !'n;.Fl , t he ;~,r ta l S 
~ -"~f ft' dC. ~l v;Jv; ;~,, ;, : i Tl iH<t. I P vt i S . 

t ·'c .. : : "' t·:,~ :, •;·:~~ h\ 9~-~ ~ , r · ( ; 1:-·': :,_ e-:·: ~. f' ;J.t it~n~ ~Jft t -h~:~ -~-~X'i¥1?~ n t -~ ~ _: (; fi ·ir-.~ t -~lt .~ (j ~ ~- ~~--~ !''i(i ).,:' -:~ ttr 

h ~- -~ -~-~-?. ~ ; '"1. -~ q f !tr { .. r ~ }Y'I (~~1 f';/ r·*"d t t1 o~ ... ·:.~, ,: ·~)rtJ C. i~itt--d t::I lt t·i tht-.· 0¥-i t' /.~ t t .nn o t' ~ jJ r lt.f' ·i n t~• ~--
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cr!.:' zone . The ox:idation of pyrite (feS,}. whic h is a COJ;:>0!J cens t ituent of t he 
r::•.:j '~~~~- :;<i :~cr-·es ef the cr.e-- ::.:) 'l(~ a~u·Jfer . r~ r' c~ju~e~: sul fate (SU_:; -) at\.j cc!~!s 

c' d I .,,.l 'i•.~ns t:J t he S.D1 ution [Zqu e:u cn ll2) j : 

+ 
+ SH (12) 

The t:ycr-o;en wi ll re.:11ct. with wagr.es·la n calcite (Ca 1 _xt-~gxC03), which wi ll 
r:~; ffer t he pH of t ne ~io1ution and re1ease Ca and ~£; . A;} h c: a11Z!!d reaction is 
sno0n in EqJ ation (13): 

+ ?+ 
Ca Me CO (s) + H = (1-x)Ca~ + 1-x -x 3 

2+ 
v ,!>:_•;J + V f" (\ 
~ .. ' ' ~"3 (1 3 ) 

I n addit i on t o a·is~.:) lvi f''9 car"t::o:-,ate rrdnerals~ hydroge n released by sulfide 
o:ir!ct:ion ¥11 d hyd rolyze silic:~::t.e ll'lineri¥1s present in t he sed1rnert. n·rc: 
p·ir:c ··y sili c?tcs ~rrill aiter to fo rrr• c1,~ys and wt 11 •~de! Na. c;nd K to the solt.;-

-~~~~n 1 i x r .. 7~.~t r-:; ;;.·;~<:;~~ s c~~y K;; !~~,;~~e~~d~~~o t~~~~u ~~u ~ i: r ~ ;,;~~:! 1r1 ~~ s ~f ~il s~~;~ ct:~~ s ~ ~te 
c t>~i '..!. i. t i-or; w i ll be est !1 'b l i -s h~<·j bf!t~~f;;(;r~ <f ·iss t:: 'f v ~ .. :1 c_;-: )'' fYerl . py r ite.. rr~d gnE.--s ·f ur, 
C·'' L--~t"" c l;. ·•t CJC i",cn <;f:,yb1 e C<7ticms .. ar-:d the s.o l ut."!on v :tn: .. r:·osi t i~,,.~. Dur-·;n,, 
1 >·.-:··. ,-_:_ • . ~ ..... ,. ..• .:._ . • _; ' {" .. , ' ~ ') oil - - , 

~: I t~~h.:· r::J!'~ C<; ~\~.rat~ ('d1 c·f fil{:St CYf tJ'·;· ~~ ·dis~.~.::;. l \"€d ( .,:i)\;; t . it. r~: Er~t s. ~l l '~ b-e 
-:~·~.:- 1:_!r·:~; c i-~:•t: l .. r t·~·-·;- r th.crn. th~:~· ·i r .f;.Ufl:.~t-}rtt r·"z~ t ion ·; r: .tt~e o r ~; g ·~t r;c 1 g .~~·(;·~A r~-d- ... :t.;:te·r . 

Th€ r~c~t&.-r~·: ·~n ~- :sts th~t might b-f" pro ~:t uc(o'd by so,~-:;iur~- !-:ds f:~ d alkaline f t:~ar.h l~- g 
of ur·a.ni;J;;1 inc1ud.e : 5·i) <::1t u.rrt. ch1(ir· ~tct~~ car-t•·:>n ,~ ·t e/tric~1 r·h ~)ru~- te- , ~~~~ lfate ., .e.r ;;.;.r:ni c. 
!r.e 1 er~i t •. ~m • . ~r;::-.- 1yt>c1~~fHJm, ~~d rrr'·d~;i VtiLI?' ~ ~te C}1f'·n~; co 1 r~t~4lCt 1· ~··i ty of th-t· ~~ e l r;z;y>?n ts 

;:-._~\ 1 co~ :·;;;:rL .. ~.r;.sJ s. l='f'~th t.f!.P d-q· :..~ t f .fl·r- ·i ~>~:~~t ar:·d ~r-cn..tnd l!~il'ter ~:t t 1 effec~t r.- ~.i~:·i r 
r:· ~·~ ~} "llity a:~C'l . nc: .. t~ c.~ ., t.?~;..~ v~:~:~-~~·;<(H~ Ct1" ?:. -qu!f·t~' r re·stor· r~: t ·ion r·t~~:e~;. s~ry f c~r t 5·:f-~ 
C. Y)t8<dnant . Cr;:'1q.c r¥ dtive eie.· i,~t:t s , s;vch aS chlor~ ,C}£' . do 11ot ir,ttrec t 
.•,;~ , r; ,c.L : H y "dt h tr•e S(•ditt~nt. a~l::J they wi ll essentially m,:::ve at t~",e s,~,eed of 
p; ~> qrO,.ifr'J W6te r. So.<l "i.Jm cH!d $'.Jlf oi.t" (:(;<j'j (f.:'l'ltrations fn s ;::l utl Or'l ~~-:; ill t;c> 
af f h:t •,d by iol"l €'7. Ch<xr··st b~•twe~n the $01ution and 5J'·d'vc;f•nt . Also, su i L1tr il'"~<1 
CtL·t:·OtH~te c.o"' C. ':' ''tr,'it~~)ns 'ff>!iy te li ~"":H .. ~~•.l by the f ar;'tiJtion of st:·t,ond"::r'y v:irH•ra ls 
S!,c) ·t :>:s SfV·'--'"' ano <.nlcite- . 

t. 1 tt\ou c:h t h ~· c. on centra t1 O·!"' of t h f' m.J j ur sol ~~ t ! or C tx·:,.<·~\"' n t s (sod Lsm. 
t"; l •·t '"tr1P, C(\ rt;;: ·~~- tt"/btCilrt•nnete , and sulfate ) l'"li1J' tin (h-U hl\ l''l t)f 
~·: .,: t~· r / St· :-1 ;;: ;:-ut H<tfri:iC li bn(, . H 1', t1 P<.Jb tf iJ ! t nat tl\e;.e f::' ~:,t tl on!. w(n lt1 lcr,.;f·r 
f.t! l"lV' tJtr()tiry: :;. to t ~'t-i~ oriqirvd V6 Lws i n t.h-t> QrOuf!d ~~ ,~ te r. ~Pri'!v~,e of t Hs, i t 
~'"f -· 1 1 '~;1 t~i' ! }{\.~:. t lo r- r· ~~iOVf~ t?~ --r: ft-'.CPSS C. r'--: \·Cf·r;t ri·:·\i -t;n n f tr·,{· :,,{~ tt- tf:~~"'r{·~ ~ ~ i; f tc.lf-~l tht:· 

:~ ! ::} t i o,n ;,_.;,< 0 -~ ·-1 f• t hf~ ~ t l ! .!..; t 1 ~'lr'l i ~} 1 ti t h1·" -i~ ·.· t tH~ t ;')l"ift ·-d ~~-ct f~, b t d l 1 \:-l•W t ~:; ~:: S-P 

c. ' :: h t . • ~-r··;i r: ~-1 t~ t ~ t n r, ·1 ':; r· ~ t f.J. Yt ~ t. n t t<-r t• l r1 tj. r ~- · ~~ t;., in q- qrr:r\t~'"l~ -~ .-:~ t r Ctn t ltt-"-· ot h(" r t111 nt __ , ~ 
r• · ;Jrn -· S{'t: ~. H i ¥!: f:• l e-<'t,·"i tS tti:;! Vfn;; in t!tt' !F<:wnd \IMt ; · r w lli h f• 6f ( p(t;•(1 b.J tt<; ,;ifH' 

. -~. 
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c)nciitions rtowngradient of the roll front, and their solu :: i on c::ncE-ntrati on m~y 
be rcpid1y reducec: to below cont cr::i nant 1evel as a result r.:f ad so:-ption cnto 
tY~ e ~.,p :~ ·~~'~~?. n t or t h-e ·tc r r:L2.t.icn of in~- ciut-·l·e :-~ :.: ·~ ~ j:..~ . Tt1i s. proces.s is c£t ! 1z:.:c) 
r~ a t u r ~\ 1 -r ·:~~ s 't' -:~ r a t ·i 0 :1 • 

The concept of n1tur-a1 re~, tor 2 tion (13uma et al. 1979; Riding and Rosswog 
1979) \'l' oS stuctied in tt1e labor.::t ory as part of t his project. The resuits of 
tne laboratory wort a~e descrited in the section on aquifer restoration of this 
r?port. Those cons ti t uents of the leaching solutiori tl1at do not inte;act witn 
ttH~ sedime nt ar1d that move at t ne speed of t he wat ,2r can be measured at the 
mon itor wells t hat ~urround t ne leach fie l d _nd can be used as first indicators 
tnat leaching solution has moved out of the controlled zone. 

l& 
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EXCURSI ON DETECTI ON 

The euly de tection of a loss of fluid cont ro l du r ing l~ achtrg ( tf.~ rrr,e .j a~ 
ex.cursion) is nece ss cP·y to limtt the srr~ad of the lixivic nt , a.nd tt:.Js , to 

1979; 1!;. 2Ct(_.r. 198l b ) . t~e pn r;;a r,t t echnique empl oyed at in situ leach mi nes is 
to s ampl e t he monitor we l ls for chemi cal para~eters that have been determi ned 
to be 900d P;(Cur·sion indi cator s. Monitor well plar'_•rnent, con~truction, and 
S i'HT>f1 1ing ii'lt.'tr-,ods are very imp,:;rtan t parts of a m;}nltoring pr ogram ;:n d have 
received rruc>1 attention (Bishop 1980 : Durler end Bishop l%0; HJrnernck, Tc; rk 
and Colrhin 1980). Data on the selection of e xcursion indicat ors were col 
lected duriny this proj ect and are the focus of this discussion. 

The c ho ice of par::.met12rs to rn~; a :;. ,:re will d<~te. ::n i n·e U',e l H~e ii he-od of ea rly 
()f te .:tion a~.d r:dnimize the nc-ss ib ility of 1n.:.o rrPctly ict ;:J >tifyir:g n2:tur-al 
var i<";t ior:s as excu rsions. RcttH'DCi< {1981) de '.c rit,es a s tat isti.:a i n!~~ t hodo 1 cgy 
for te s:. ing gf(i\.ind -~1 ilter quality at in situ le :Jch uraniun l"d nes. The measured 
va rve o f t •":: <:xcursi o•l ~nc·icatur (e.g •• solution pH or concentration of a 
d i s ~c 1 ved consti tuent ) ~houl d differ consider~Dly between the lixivtant and the 
g: ,nd ~<;; <'; t. er, o?~nd the cha r i'.\ ct :; rts ti c signat.u t e of t he ex cu~sion indicator in 
t h : \ i v~ ;,"ic~·t shouid rwt be rr'''':ldi f'i ~rl by ir.t er¢c ti n,~ s t:r:t 'f:l'·F~n the l i;d viant and 
tt>: ~lcy;i ft:"~ H ::!it;;j: nt. As pat t of the fiel cl :. <ur;p l ·i ng wo r k c a rried out tor this 
p ~· c,j•;'< t, ~F<-·); t~d --'""~ater sarr;p ~ es w>::re taken at two i n s itu lirines : one 1n Te xas 
an-'1 ':.':": ir; ;.,; io~ci··: g. i";•" Hh'tt1 of thr,-;P gr _...,,,rL-1 .. ~ "' 1·''"'" s. amo 1 ~s ran be 
r ' \ w ·. ,, .r ·;:, [~ ".d t i·: t, .; " t ••.; ; •. :!t' • · ~ t~ ;•",•{ ·:c.t 4' .i~;. ""..::· <. -, ""C t: ~ :; ·~ f"~: .~: :,:; ; ;; . rl~ t ,. ·,~:; ,,; P ; f' ~"'"' ;: ' ' "-' 
·~ .. \,, • .- ' )· -...~- • " . ,. >;-:· ~ ...,.... . J . .• . • 'f. t.._'- • ~ J;..,.,. .~ ·· ·•· . .._. . !'to.·' •- P · .... ~ ..,)-~ ..,. • . o;. t;; \ .f ,,· (. ~.OI ........ ..... .... C" ; n· s J r-~ • . ·- ~ 'l;,;t '\,. iw f w~ 

c;: r:~ ~r·:; L:;.n. ciet cct1ot·: \nd~ C fo.t ors f\)f' th~se s itE·s as d i::. c ~,:;.~~ed be l .o~;~. 

;, ct2sc r i pt i on of tt<e Tex,% site Citld the gr:: , ~"d"'\!-' 0 ter ~ £l.~;·~ ~ in g rr11:tho-ds may 
b0 1n ~.ch .:::t aL (t•;e 3) . The uranit1t:1 C• re li t thi s :; ite is fc;und 1!'\ a 
t y ;,:;1 c ;; 1 S-:u 't h Tc Kt S r'v1i wftont {~f i)O~H e:t a dep t h of a;'-r. rcx ir.v~ t e~y 80 rn in a 
co::fi r,r,<i s ?r.cio.;:_t-:,:1€' t'l.;TJihr. Thf: f·i ;:-1d ~- ar7<p1ing ;.H' OC'i:'<!u res. USf: d t} t U11S site 
H(' ~. u'::.:;;; ,;; ri2><t.d in t ',,p >r;e.: t·•c-cs z.f1d n-;,::;;t e ri a h sect i or; of t his c:socun~·nt9 Table 1 
l is t§ t he (C n t~ntra ti~~~ af s t l e~tad constttuent s tn the lixivi~nt used at th1s 
n;; t ~~~,:. {;, ···~ j i~ n ::~: \_. · r ·~t ·f ;) f'; ~; f lQ \~:e lis ~arr;~, -~ r:- ct -tor g.r"ound w~ter 1n the ore 
Zt.P;f' ;~' q·: l i t:r f~UJ t Uie h zz• .. h fi E' I d . The conc..::ntrat l cms M the s ol ution 
const i t uents list ed i n Tabl~ 1 are appret i ably h i ght r i n t he lt•ivtant t han 1n 
t rre gro,HH1 ~·n t l:' r !, ?.<m;:; l ~d : 'iow,:-; ve r t he ~.: h 1orict(' to.r< p ntr' ati o~l ;,, th€: ~;. rou nd 
•:.d .e r is •. i'i th i n two :, t tZ nt1~ rd df:v ~ ~ t i t'Jr. S tlf the 1i:dvia:nt c.onc(~ n tr~Hion. a nel for 
t h is r ::-e.: sc-n chl oddt: wo:.!i d probeib ly not be c good ind iut or at th i s s~ He . 
Ct, i L h r ' b'<d r. ,,, i v1n c.o ~~;:r:- .;trr:t t t c:m s. ~re m'..JC. h 9 f {' ;i t er· if; the l ixhd M• t tha n in 
tf;{c £i' '.>c:'>d \:>~;t \ 1" • t~nd. f:. JJ Sf;'() Qtl t hi $ (, f .. i t ~' f h'>n c l O' •f' , C'\f')' WfJYJid i! p ;'•t: U ' tO bt> 
t ' ' f ' br~:, t 1w11c ,; urs. ~~ c:v. L> .., i:'· r . H;e tr~nspurt c,,f c ;; tLm s i n tt",t-• tJ"OiJ'Hl wdt(:' r 
.. till ht dft ~·~·, t e:i by ion ~x.chM: (W rt:l; C t i ~; ll S tw t wt·en U<t' ~o! :; tHY'· t.tn c: trrr< SH!1-
rv ·n t. Co n',equ-'' •' ttly, U1E' ct\ff ~ r f' tJ Ct' 1n ( .O n t: f !'l tr ()\ ! On ll+i~y not bt• prt: ~ e rv(.•d dS 

P f<' ~.oL;t i <.•n fl!h1s t o..., Mct 3 mC.1'd t i" d n;i wril . S ;Jlf ,~ t~· 6'1!-.n shr:>"'s a "fti~" 
~~ 1 -f f f' i '!_~ r~ .;:-_ f i n co~c r-- :~~ t'!'' ;,t. i :,) :~ t:~ f' t!$,~f· t~ t) t h!.t l1.~1;t1d t.t :f!.. ~'f i.-.; t;r o;~ fl(1 w.:\ t ~~t .. N ;~ tural 
~nd '' Jt \ ~~~·~ n f p i"rHe by ni ~ti> L t• r t odd l ~ <Hl to L 5:"')'' • l v;.al1ted v a r· t<~t i otl S 
i n p w s -df c te (,('lflC:f'n tqti on of t ht~ !JU.l!Jf<d w;Jt. t f M h i , thf•(t~fort•, Uw >f·l .;'·Ctl l)f1 
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Ca 
tAn • cJ 

Na 
K 
C1 
SJ!i 
HCQ~ 
u ' 
p l-l .. ( 1 og 
TDS 

TARLE 1. Mean Concentrat ion and Standard Deviat t c~ of Sel e~ted 
Cor;stituents in T+.~xas Grou;;d l-J<>ter ar:d Lix1 -..lioc'.: 
{Deutsch et al. !923 ) 

Ground Water 
-----~-------

---~-£PC:. 0 ____ .,._ 

25.9 14.0 
9.6 5.A 

4~~6.0 90.0 
15.2 2.3 

677 .o 196.0 
71.1 15.0 

173 .0 36.0 
0.17 {). 21 

ur.its} 8.53 0.24 
14S8 

lixiv"fant 

_J(_:._£~ 0 --.. -~--
273.0 61 
82.0 10 

1007.0 89 
26.5 11 

1009.0 33 
1181.0 131 
579.0 79 
28.6 35.4 
6.71 0.02 

41B5 

Concent ratio~ Ra~io 

t.L~].y it.~nt I _Qr~~nd ___ ~iate r 
10.5 
8.5 
2.1 
1.7 
1.5 

16.6 
3.3 

16B.O 
0.79 
2.9 

of sulfat e as an excursion indic:atcr should he ro ::< de with caution. Sasect on t'"ie 
conce nt r ation re:tios given in T~ble 1. urani:.lrn s~ould be one of the best 
exc ursion indicators. its concent ration is gene rdlly orde rs of magn 1tude 
tris;r,c- r in tr\E' lhiv ! (tnt . and U{lil) E'l(iSts in :; .o }vt iC<i a s a Jnr.;!.J iie ~n ' oni c 
CiV ~;on t ~~, 1.::K. K[~~·li:' ve· r . for the monitor h'2l1s l oce,·ted i n t he r ec1uced zone 
of th~' cr '~"--z r:n·c ,;;qv'iff!r or t !'1e neishhoring ilq'.:i f f.:t s, ur dn i um "'Ov ld n.ct be a 
'V; "'-j r, >':" < ·. <' C i (' '' '' o' I~ '0 C ' t 0 !"' !-.. "," - h ' 0 } k.:l tl ( 'I 1 } " r,u 1 n 1· ... , .. •7-'· -'' " ,. ""d f ' 0 J ( ( f t/ } u h •i I" i', -::, ·,.~ • .!'-...: "1.:: ~:..- ... , . .;'J,..- .. ~ • • ~ ... ~ (;> ._ . • (.J't . ..... C:-.. ~. ~ -c;;. \.·l r·~ · J,t- \...\.._~ ! \.) ~ . .... ,,_ :..ro.,J.",. ~. -- ,... v \lV' .. 'n'" l>\,. fl 

fr:· ~rn~; r~~ ::: t ·J\·e1y l n~: .n1 ut:; le c :)r~po~.H·'7ds undE~ r rr~·d :-Jc i c.~)tf.d~itlorr s ... Thj s v,t.:Ju1d 
l r)'v~ti: r· t~h;- ~:J ·#}~$.-O l'led ure r;· l -c.z~t c.Qr·~c.t~ntr·at io.n 9 p-c:- rh a. ~· s tf ts-:;~~ to t,j.;J~-~ o-r1:~ in.:. 1 gr-cn;:nd 
wa: er (~~cPntritio~ . 

·p,p ion e xct,o lHJC n :,:H.:ti ons t hat ret ard t ht: ;;~,) ,- f:,·f!w n t cf $Cvf•!'l.i of ti"e 
c.atic'"'-5 in the a-qui f~r wouL1 hz ve 1Htle ? f f!;-c t on the TDS l eve l ( ;t"""o :s u r t:d in 
e quiv.,;lf:' t, t S per li ter) ~ C.Ot:St?(i\tt' !'itly. rocnitorfng T0S hy <,\C as u r~ng C i i '.''!':f ! ~ S in 
spPc tfic c o~du ctivfty of the fluid could indicat e ~ n excursion. Alth0ug~ pr e
£i piO: ti on of soi1i'j$ i± S th~~ lb:i \"ic '' t re.~cts \'.:Hh the re·ri;,; t,f• I'I ~;.~:1 ir:.tr.t c;.f thf.' 
ii\nu i h: t ~uuld f 'bhiU! r,-;:};r;::>.-A", iJ:t . th,~ TTJ5 1-:o·vei Sh Otlfd f' e;r;.,d n e1 f.tvH.l': d fo r t>1 
zr· ,;;r <: c i ii t le (i1st t-i1Ct: ff'tJH> the 1ec,ch l.: Gnz duri•;g em excursion. In 9;c~ne ri!l, 
for the Te: xas s i te studied , H a;;pears t hat the Tii S levfd of the I'Wl ~Yi ton:d 
s o1utb;"; w:::; ,J1o be t he br~st i nd icator of ar: er. \.l•• :,ion. Uran iw"i would be a yood 
in;Jiu:or for t:lf" (:xidiz•:d zo,·w:) of th€~ aquif f r~. tlrtd svlf~te CO!ild be ll!d;•a 1f 
the n.;;t•:"o l ~·r.ri:.,;:!.o.·~ s of Hs C.Of"'C:e ntn~tion c..~n be ~dP<~u att~ ly des.c.dt>e-d. 

Sf ); w::.ll!:> at Ml in situ L.:~ch r~it~~ in W.r~xfli "•U wt~ re ~ ~?f!tp1ed t o e vll lv~te 
e xcu rs i on tnd1cnt a rs f or that si te. At this site. t hf ope rato rs t Gnduc t ~d a 
p i 1 ~ t-S( ~l r l rac h opr r1tton of a ro11-froMt dr f OS 1t stt udt~d 1n a confined 
Si;':r: .-~ !)ton(' .a :ru 1* ·? t c p~n;xh:: :·J l:. ~dy tOO m t e l ow t: 'e ~. u dc~u· . Tr. e· ct ':;.~: l nz nt c. e r. 1on 
et h::;th Ui£' !(; l(ib C~ nd k'; (r::; in () s,it;'s wt s St)1 h n. ,. k~1~i ' 'ie r, r.hloric1~:- was the 
6t;mi n,:nt. dn ~or, et t.ta~ T et:~ S ~ H.e ilr>d !1- ulf.ic~te tiW( {n ;;. ~ ;-~d 1n t;·,p tVC.'t,; r:d l>f i;: '.t• r 

!,$.:'·1,jlpd i n r1g. l t;t"lf.' ( l·~5ts t~H~~ mr &rt c -~,;.-~ t": ;;. ; ~ r~ it { c> "' ·: ~-, ff. i;.d r t:·~ t~o Df th~~ 
p~"l'l'<.i•Hl \•:: U:· r c}rH1 ttw lt~>:h· il! :tt ust:~d ot th~ './t rn! n ~ ; rr:l nr . ~i r fif,)UI~ onc t< ¢~ n 

~ho0~d t h~ l argr ~ t var i•t1 on b~t-een t he · ·~ i•rt • nd ground w~ te r. Ct lor:dp 

HI 
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TAB~E 2. Mean Composition of Ground-Wate r and Li xiviant Samp les 
at a ~iycn -~1:::9 I~ S it.;; Lf:(\ ·"" h Urani ur; f···: in~~: . f A11 
c or~ ce. n t t ·.:~. i ·, .. i ~ u .~'i -l ~ - ~ ,£; ~' ~: ~.> pi· .. ~ ,., ) 

Ore-Zone Aquifer 
Ground WaterlaJ a ---

Cd 17 0.8 
~>~g 6.5 0.4 
Na 89 3 

K 4 0 

Cl 6.1 0.8 

S04 126 2 

~,H:alirity 

(as CcC03) 152 7 

Si 4.2 0.05 

!I 0.004 0.0001 

pK (1 C!g units) 8.47 0.1 

TDS 539 

lixiviant 
Corn~os 1t J 2~ 
Well P-ll'-, 

133 

42 

365 

12 

229 

620 

1L5 

1:3. 2 

6.7 

1? 13 

Ratio of 
Lixivic:nt to 
r.-1e {in Ore-·Zone 
Ground-Water 
Ccr·~pos i .. t ion 

8.1 

6.5 

4.1 

3.0 

.23 

1.8 

4.1 

2.7 
4550 

0.8 

3.2 

{a) r.;2·i'·" vth;es corr-,put~G for we lls 1!4-1 tr!r'ot.· ;·r: M-6 .et t ne f·l·::;r-th Pl a tte, 
i-·(_;;:,Y~~: i . rig tn 'f.rt·e site. 

(b) Tabl e iO, Ura~1um Resources Inc., No~ t h Pl atte Technical Report. 
Volw~e II: Reitoration &Ad Stage II Fore~ ~~t. April 19H3. 

:~c:;•>:: e11tr~tL·,,-; irt t he 1·b:h:Lnnt '-''; EIS 23 t1m~s t '\il t fcH1 ~1d for t he gr·otmr: water 
bF~J~ se chl or ide was adt ed at the pro,ess ing pl ant during urant u~ ~~t ract i on. 
F. t<>;:use of u·ds iar~e concr-·nt r at 1on d1fft:·rencp at; :1 ttl£ nonre a c tive r;ature of 
;:i·:lo ri dt:'. H wcu!d be tr 90~1.1 o :.cursion indica t or at tr.is site. TM retna i ning 
~ o l\Jti (;H! CC"lHlt lH'C!tS ore titht'r too n::altlve with the sedirrwr:ts or do not show 
<:! 1M'"S0 EJ<J>:.l ~fi \o'~ r- 'i i~i i un bCt'O'rf'11n t he s olutions to m,:: kt:• them ~ood c cn..::h ·:1ates for 
indica to rs . As in t he Tex~s ca~e. the l OS le vel ts app rectdbly ~r~a t~r 1n the 
li :dv t trlt a •1d ccu h1 b·~ t·~t v:':!r•~l? i': "led cs (Hi eXCllrt i on i n;) \r: ator. 
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Rf:'Storatton of an aquifer at the completion of leacr1 m1n1 ng of uranium is 
g;:cneral ly considered to be the process by which the chenical constituents of 
the ground water are returned to concentration levels similar to those of the 
original ground water in the aquifer. Restoration crjteria for ground wa~e r 
are established for each mine hy the appropriate reyula t ory agency. However. 
gr ound·wdte r restoration is only a part of aquifer restGra~ion. The sedinent 
c o::1prising the aquifer is alsc modified to some extent by the lixivi ant. The 
gr oJnd-water CQ1position CJn serve as an indicator of the state of the sediment 
after r e storation; hov;ever. unless methods have been appli e·j to re ;:- stablish 
retiucing sediment cor;ditions in the 1E•ached zo :-:e of the aquHer, the system may 
not he stable as new ground "'ater f 1 ow•; into tne 1 e,;;cr·te<1 or0 zone. Comp 1 ete 
restoration of the aqui fer would include treatment to return the sediment to 
i ts original state. If thE: ori·Ji n:il state of the Sf<1',mt~ nt can b~ achieved or 
at l ea st approximated f or t he important constituents. then the ground-water/ 
sedin;ent system c. ?n be cons·ictered restored, and a good case c.an be made for 
long term stability of the system. Hestoration rH:!thods srwul.1 be designed and 
ir::pler1ented t.o out~lin co-mp1ete aquifer restor-ation. 

The traditional m2thods of aquifer restor~t1on are describ~d in this 
s ecti on as ~r,e ll as t he concept of r;atural re5~c, ra. tion by which v>'at o:•r / sr:.•d1 ment 
inte ractions b;'t~-·een tt'te resi dual 1'i xfviant c-.:,c; thr> aq)Her· sediment remove 
CfY' tc'~lincnts from the s:;1ution. [); ~ ~- r- ·imenta1 st ·,di es anc! the res ults of 
ge~~h2s~cal modeling desf ynea to P~:luate nat Gra l r0storation and induced 
restora tio~ ere discu~sed . 

I r·-.; ~-\ :_f{:. E" D--~ t-: ~: S ~rOP .•~T J o ~·J_ ~1E THOD· S 
__ ,_,____~0· 0·,,.. •••--~--~--··••·-0'-·P--'A- .• ~ .-·, , ____ ..., .•. ..,.-.-~.--........----

Hd s s..::·cti on d~;:-s,c rlt.•es th~ CO!DCIO!dy used C.;Jp i ·ied- r es t c< at -;011 techrdques of 
gro~nd-wgter sw~ e p ing and var ioJs s u rftce-trca tmen t :recirc~ lation Methods. In 
;;:d:J1t L>n, the in situ tr-t:atm~nt mi'thod of ch&r!i U: l tNL1ctfon tty sulfide addi
t ion is discussed. 

Di sp l ac•:nr·nt o f rt!Si dual lixiviant in the O~"'e J C"f :-,e b_y replcCE'IilPnt with 
9r r•u ::d wii tf: r d r<! •'in tn from t hf• s.ur r :-1:r ·d i ng a :~t : iff.'r i :, te rr;-~d grc ur•ti - water 
swee;1 iny. At t ~e termtnation of minlny. pumps in t he wells art used to drdw 
frPsh yro0nd w~r~r tnto the ore zone and the p~~~?d ~a ter t ~ disposed. Th e 
cv.1:;.·osH 1on of t he f.·Hluent fro:~; the 'r<t.'lls is :r..;;;r.H<Fed to c. r. e<clc. on the 
pro;n·>s o f the n :s t. orc tion effort. 

1r' •s 1:!t.· tt:uct i s t ht> filfJ':, t populcr one for n ~~ t orct ion hf' CiWSP 1t is w1co;:•· 
:d H.:n vd , rpitti vely \I'H'~' XPt' :O~ivc~ . and tt1~! oper ,l ton . ond tP9•d atcry tt.~lf' r• cit•s .:~rP 
f,v!JUi r w\ttl it. 1-i or;s • vf~ r. grc :mcr ~wlf t ~:: r s.wee;dng h i" S a nul"\~·~ r of 1i r:d t...lti nr: r> 
th ?:t d~::-·~_ rcc t frO'f-n it~. ~J: V.. trr'~! C t ·-~ :~· t;~ f t-.:-: ~ .~ (~ $.. S f• t tl{i ~. e {} 'f ~tft t::~ rO j[t {'! t 'i ti(~$ itl an 
;J qH dPr , U :.e f:t:; h ';)f" I.Y:nt.l w:dtt:·r bre·. t int o U w o re :r1nf· (1c.1e s not ' ' h"tdet.tl_y 
d : <, ~ c l(H. e tht: rf·~.H1d ¢ l li;d vL; nt, M•d ~; on~;• porti cm o f th•• s ulvti on punli •t< (J ou t of 
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the wells is the fresh ground w~: er. Typically many pore v o lu~~s 0f wate r must 
tk :·,~''"f'·'<'d fro<·; tl1e ore zone before the s o; ution cancentr·atiul ::> pc <' C2: Ches t h<·:t 
~ f the origi nal ground water. 

This could easily require ~illions of gallons of ground water f or a 
typical 10-acre leach field. One uf the reasons that so rnfny pore volumes of 
~ulution must be pumped from the wells i~ that the lixividnt components (par
ti (' ularly am"loniur; ) are ads c,rr)c-d by clay <1inera1s in the s~:dinent, and their 
desorption rate is slow relative to the flow of ground water duri~g s~eeping. 
A seco~d li mit ation of ground- sweep ing is that larg2 quantities of wate r must 
be disposed of. Tnis may require expensive evaporation p~n as or deep-we l l 
disposal where feasible. A final problem with grou~d-water swee~ing is tha t it 
may >ctually defeat the purpose of aquifer r~ stcration for CPrtain ground-w~ter 
ccr:·?.t. itt..k·nts. Gr·rJu r,rJ-water s~'>'e f:pi n g may t:Tir ·~~ into -cr:e lt: ched ore zone o.x.•
di.> n~ g round water from the zone up the t"t.)''fJf '.1tu;ic gradient fro:~: ;:he ere 
zone. Ar1y rf:':·n.:: ining urar!lum ore ?nd sulf ·icies of to). ic trace mE:·tals (such as 
a r ~-::n ic :nd mulyt;denum) woulJ be susceptible t c ox.id otion and dissolution b.Y 
th is yround water. In effect. the zone will continue to be mined with a weak 
lixiviant. This can cause a condition in whic h e1Fv3ted levels of conta~in6nts 
will be pr~duced in solution for a long period of ti m~. In na ny cases, these 
1 k:iUtions to the ground--wi1tf!r S\<te2ping method of r estoration are so severe 
that add it ional Nethods must be usea. 

Sur f ace Treat~e nt and RPcirculation 

;~, nu-1bE:r of surfr.ce trP.at"F::nt r1ethods have teen usE<J at in situ mine sites 
to conse rve ~round water ~nd t o mln1mtze t~e a~~o~~t of waste solu t ion. T~ese 
r~~:::· t r~(:0·:; i q ,;·~)1Yi~ tr~dt iny t he ~~Z; t..e r· purnped fr,y·~i t >r: \-<:·2 ils ct u ri~r)~- rt:·~- t orc tion to 
prod0ce a pur1 fied sul Gt ion and a br i ne carry i ng nost of t he a i~ so1 ved so li ds. 
T n~ purifi ed va t e r is do~n i nt o the ore z00e t o di s pl dce more of t he 
r es i sel l i .xi ·lio r:t. T l> -~ c- :; :): rf oce tteatmerjt t t:chn i ;:.:::fe s th~t h. z; v {.~ hr>e- n u~ i?d art: 
r e ve rs•.: osn(>Sis (KO). t:1ectro;:ia1ysis (ED), i'i'l cJ rf:.d l ion exch 3n ~\ E' (DIX). Both 

1..n a r;:.! ED all O>·t rt>Cfllt i: r-y of WJ'X. of the water r'i:ci r cu 1 z • eo for r·~~~. tor at ion. An 
ir:f r; r ::!al survf·y condu cU<i hy t he ButPau of l.1ines of 17 COl"i;Ja ni es v;.~erating 27 
l ern:r1 o;,{:ra: i<:r,::;. re v ca ·! ~.~d t11et s u rf M.e tn;at r"" tt f'lC U 1GC! s h ~c' hcr•n us ;::d at 14 
c,.1t.1·s. ;.?J·>:t: r se os:··;osis hari been usN1 at n ·ine site s : electr .)d! ,~ l ys is ot t i1r e e 
s i t e ; ; il~V! ion e·x change at two sites. Clent: r ;;l ct'"''·ien ts ~•<: re nacj (~ c once rrd n~' 
Uu:se vor iou s F•t•tho<i s: 

• P!'V(: rsr.:· O•,rw s is--gt·nt'~re;lly eff~ct 1vE' a 0 ti de pr· rvL::;hlr:, soml'• t!nits 
s ·;~ · jt'Ct to f ou l iny, sorrt+:-·.vf·,a t li mited pH U;n~w. 

0 i l!1<1l } 0'1 [XOittfl()f>··'cfff:C t.IVC' MH1 t~CO'IOi ' : Hcd f or SP : •·:: i. t.o ri 
t o ' ' t tl ,., i n a rt t '"· • 

ihi• f , )!J u>-<ir<~ •, •·cti.:H;•,. d<.·"'>Cf lt>f• Utt·s e f't'!. U •r,Hltm ;::f' t'H>'~c .• i\;irt :t i n r,;d 
1nf t; t>• ''d t! u'l ()IJ ~>u rf cU.' trr·h!t:•f• r. t pntCf'SSf' l. r>.,<y 1H' r \/unrl in 1\ i r)tt:'] t! 'l'l ti: t ,·: •. ,," _i 
(] ;1 /'i) n r> 0 [i r·uv.u. t~t <>l. (l t i;·~~ j. 
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;.~ .::v erse osr~c:, i s is a ph .::.-· s ·; c ~ l tr; ~-~ a ns c··'" s ·~·;~:: 3 r ~,: t.i:: ::: .:!i :~>~-G li::> d ie ! ~·:> f ro:·. ~ 5 :·: 
~<r , ,o ou s ' ,o iJ t1on. Af! externaliy a::;~,Jied pres :;ure 111 e xces; of tne sol ution's 
o::,:.:ot i c pressure f.:;rce~ • .,....,'lt e r through a se1n i permeah I e mt>r'l!Ja•te \vhi 1 e the 
dis so l ved ions are reject e d. A typical operating pressure for ROused for in 
situ ledc h appl1cations is seve ral hundred ps i. Applications of this tech
nolo gy to in situ uraniu:r: ar;:c described in Rid ing a.nc: Ross"':''::! (1976) and in 
Ru l let in 605 of the Trace Metal Data Instit ute (19Bl). 

Thr t~iree conf igurations of RO membranes an? spi~"'al wound, hollow fine 
fiber. and tubular. Rld iny and Rosswog (1976} rec~~~end t he spiral ~ound 
dP sign . The tub~lar SjSt~m has a ~igh ope r~ti ng ccst wi thout the poss i bility 
o f hi!,J~· V.'dter n:•covery. Tr,e hallow fine fi ber is too susceptible to foulin g 
and can n0t ~e clea ned. The spiral woynd desi gn ca1 be o~erated at high wate r 
reco~( r ie s (85~ ). can be 0a sily cl eaned, and is ec:nomical. 

Concerning ~'h:-~mbrane material, Riding and Rosswog (1Y76} reco:1mend cellu
los e acPtate derivatives because the polya~ ide, polyfurance, po lysulfone, 
polyethylene a~ine, and po1yb~n z i mi dazo1Jne types s uff ered fron 0ne or mo re of 
tne follc~ins limitations: insu f ficient r eject ion of dis solved constit ~ent s, 
l ovt wd:t:r f lu x, l·ittle or no successfu l fi e l d op•: ration, end incompat ibility 
,,, "lth c:dd ~ nts present i n the re-storati on f h :id. T:le ce llulosic typ~ memora nes 
::ave pro . ed to be vc: ry successful. 

Pec~: r,~·dt a1ys-is h~~s ~~:-0n !J Se<~ ~u:cessf~; \ly f~~r i :·1 sHu r estord .ion a:pp li-
c a t ~c,n o;, hu t ha ~, b ;:oen us t~d 1e:: s dten than RO. This n :s tora:t i on r·,etr•.:JJ for in 
<:,lt u · ! n in ~J r,c. s th·.·er. e'<'oi u": tec.:l h)' Garli ng {1 9b1). fhc trodic.!ysis can r.e 
'/ j e,:e d d s () c. C•rr:b i n i' t i ()ti of {\{) ii no ion e xctL,1' ge . r ().'"' $ F' i:' ss th r'O'' ::;. ~ ~. f:'i"'"'l ~· :· f'tl'C -
at';1e ••;:c·: :: , r<>if S ,, ., .. !e r t_r,c inf lu~":<C e of an e1ectr1c f i€lo . In a ty p.i c t 1 d·::<, ~;; n, 

ne:·;:,;anc·s, Sf'iJCe rs. an\.1 e1e.: trC<i1es M·e stac ked e::;d hc>id tog;:.:r-a• r t:1y end;; i& tr:-~ s 
r:,uch l ike a p1ate :!!nd framE': filte r. Spaci ng is ~.,.:s u iJll y 2 . S rnm , an:1 ~pac ~.r s are 
t r r ~.J ~: g;_";i to ~>r·ov ide a tnrtuOdS p:-. th . Stacks r t: nQE' ftOI'~ SOJ t o 2SOO m;; of 
'"'""';t. t ci 'H? ,o; r-ee.. A ; .ii ry.e ~·t::~. : k ca:1 des ,:. lt 150 gpm . ot t o ~Cr% salt re-moval. 
Pr ac tica l systems use h t\J to six sto;;;es . 

Riding ar:d Rosswa~ {1 979 ) i r:c! icated t hat r.o hr.~, <; J "l E· tech nic11l ddvdntrl ge c; 
ov1·r ;,;:) . f.l en rocilelysis Cf!!V,tru: tion 1s ~; ~ r:· ;:. l H>i·'d h !· C ,hl ~t· of t he lower f eed 
~H'"dS tl rt~ ff: q!J irt:·c! : 60 psi for ED vtrsus 4\JO t o Be.<' p:,. i for ID . Also. tiff' 

;: rt- ', S ~;n' UY\;>H tion thi>t CtH!~·C~ $ a g1ng of RO f'!' .'''~'dn t·s 1s aJh , lJted. Ei ec tr o
(n ,a1 _ys i•, rMlfS are ::> f thet.i c 1on-exch nn:_F· ,,,,, t ,<r •e1 s wi : h a ~;r•r vi u· 11ft· 
of \:;1 to 20 yp,) rs . (()'';pi'lftfl to 3 to!) ye ars 1u r ~CJ m(•<''i 1!f ;;HW': . • Flt• c tr oc i~!y•. P. 
,., t .. ·d;r ,,ln;,<, MP St!l~J !~: t.t>r l! pH ran ':;t of 1 to 14 . C ~;c l l : do!>f' M.\'t<Jte r;t•n t rcn11 ', 
f (;r- f<'l iHf' flti)'.t Stl(( t) !>ful ly opt:r!!:~' d 1n t h : ) 1rid tt'd ;JH r efl~H.' <If 4 t O Cl . it ii J~>. 
l c-:.~. ;.;r•,trl'i>t nie nt o f uw ~ nlut ion m1.y be nt:·~<lNI for ED H;c n for uo . 
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Duil1 Ior: Exchange 
~--'------"'-

t. 1tt~OUSJh the !"ep oot by R~di nq .ar:J Rc sc::wog (19 79 } i nd icated Hat i O'I 

e '' U<a•~se costs m~ir'e t h::;n RJ fo r i'_,.,,_CJting tr' 2 i-;i ~;· h TDS restoration fluid::., DIX 
mJy be cost-effecti ve in certain ca ses. D~ ~l ion exchange consists of 
rerlaciny cations and anions in solution wtth hydrogen and bicar~o nate i ons 
using soecial resins. This procedure is k ~ own as the Desal process. and is 
described in Riding and Rosswog (1979). 

The ion-exchange r~s ins can provide greater selectivity than RO. An 
e xample of an application where this selectivity was advantageous occurr~d when 
a leach ing compa ny ~as requ i red to signif1cant ly red uce sulfate but not 
c h lo r 1 de con c e il tr at i on 1 e v t: 1 s • The s e 1 e c t i v it _v f o r s u if at e a v a i 1 a b l e w i t h i on 
excha nge rEsins allowe d gre,";ter cost-effecti venes s than \'t'Ould have [1een 
cbtc.ined with RO. It was also thought that HCI would have been rnore s<.~scept ible 
to fouling in this case . Ho~>.•cv ;:: r. in most cas£'> s selectivity iS· not unusually 
impor ta nt, and t nus ~0 will genera lly be more ccst-effective than OIX. 

In Situ Treatment Methods 

This me thod of restor~tion involves the inj ection and circulation of 
cheni ca ls in to the aquifer in order to enhance t he restora!ion process. In 
situ tre atmt~nt explic i t1 y n;,cogn i zes the aqu ·ife r sediment as a continui ng 
source Gf co•1tc;n i.nants that !1lU!•t be tonsidered a l on ~J vJith si mp 1e displac t:?i<~ nt 
of rt:s icL;a l lix iv ia r;t. during r·estorat ior;. H1 e r7k? ..)Or advant a ges of in !, itu 
trf;; t nent <1re tt! r; t 1) s r~,ane r vo1urne s of w~.:: te w:ittr are pr o rhc:ed. £·)it is 
PIO'"'e effective f or certain c.or.tarntnMltS {a rYno niu:11 and rt':.!cx-se":S itive e1er;<::tnts) 
t~an ~weepin g or cl ean-water circu l ati on, and 3) i t may ~e les ~ expensive t~a n 
s ·..:rftCE· tr€ <'t!r;;:n t nz th t!dS. Certair; problems ar·e ~lso ~~:::sc:ci;:te d wit h in sit u 
t:-f citr'k:tt: 1} unifor-m dhrers (] l of treatment c. ~;~r;ts . 2) l ~:s s pC!SiU ve co;-,t, rol 
ov·e r t ht.:~ t rr:· c: t [\E: nt process. cor~_;::; :;. r ed· to su rf a c-:e- r:.~: · t h ;~~d s , a :~·~ r.:t J) l .£{ c k of !·iu f f i
c ic•'; t E x ;; t-~rie;,ce in th~ t.d.>e 61 s o:~ s uggest.en cht:ri ud i.Ud itives (sulf i de 
r o.(:'~ · ·-, :--:l ~s·. •{ l") 
-\,. C"i ' (" \...i ._,._ I ' ~ · ~ • 

In sHu tr(? ~t ~r~er. t has bee\"\ conside red f o r tr t: t.<im;:• :: t cf (;;;,;nordurn . t;rani um, 
6 n(.i t ~·.: e f'f~ ,-j_ r:;, ,, - ·~~ n t;: ~~ t i ve t r & :-:2 m~ t rl l 5 • P r o po -~~- ~:,-rt _£i : ~·1.{~,_ :) n i uui t rt:~' :::-, t.ni-e n t :n~: t hod s 
~; n:: 1 ~ ::i e c.r-~t> ;~~1e-a1 .:.- _(-~(! b ~ o ln;tc -~~ 1 0}._i t5a t ion f G ll::J·~,.L ~-~ by 5ur·f ac..::-) t·rf~b :·.rr){_ .. nt of 
r.Hrit e/nitr ete pi acJuc t s anrl E·1ut i on of arrw-Y·i u' .. , fr :;r•1 clays rn; rnu :n s of h i gh 
i o 'liC s•.rtn';:)t h !.oi wt ions . Thr, :;e rr:-<:-' thods ar ~.· <J•;:s (r-.t;e cl in Dev ts cn E~ t al. 
( 19~4). ~h· s uits d l abo r,l>Jtory anci pi lot ~u : P u · :; t~. M cat.i t,) t.·lution o f 
r; l'•r~~· '1iu~ ':! '/ CO''t Ct n t ratHl solutions of c.alci u:r, , rL':_;r.•·· Si'..l!'l , t;.-;ct s o•:ilurri are 
s~:,·tr· . ;;r i ze[J - in fh ;n (! e t a1. (19-:\1 ). In geneul, F :\' (<)ti o : f:' l ut.!O'' ;n,:, thoct doe s 
rtf (ju:e ~ >~~l !tOf;iu :"":'r c.oq t~~? n tr ;";;t·1o-r; ~ CO.tl!-1tic: rob ly in t.;1e r-t~ ~:~. t (J: r ~ ti P1J fl ,J1d~ -ttow\:·vP r, 
tJ,: :; e lirw ~ e vels h~ 'l·~ r•l't ht:'en ~ch1 t·vN:l tn t~; e p , ;- h · p ·i l nt t..· ~' S r t•v;P"'' ' ' {l. 
~f'(ti >l '>C C• f PW ~.~ ift ilvl i~ .Y from a1Ti !)tdu:n- h l1', f < ! l iXl\r'iM;( <, l'l f 1 •- f ' Ut _y r- ri rS, t k. e 

~.: n n t rl (• c:: ;:h a si ~ of l hl~ projt•c. t r-~ .~\ bef•r; (Hi r ~: ';,!::r<JttY I o f .:'1. 1 . d r·rs lt' cldJ~·(J 

wd t h S Gl l ur:,- b t: ':. r-(J · 11 X 1 V 1 M• l S • 

f tH• pf ' '! i~ r y C J1Yf 'Ff: l 
y.;!' : 1 ( ~~ ( ,1(1 bt t f :.· !l tPd t; j 
•-: :·.· . .- , ,:•, (urori,F~i , t"f')C·fl 

nnt '\i U'lbt ;H'{~ pro(!;;tt•(i f•_y '~'.Y ' Ll ' '·· t>,: < 1 l hi vL'ird s 
n sttu f" t} ~ t o r .~_ tion ~;~-= -' t t·:o c1~~ ~~~rt• tJ n::.- r edDY - ~ .. pn ~ .. ~ ti \· P 

c, !.t; i\:n \u'n , .:~nd m:Jl yt<J..• ndn•). l ;·;r c,c!dltl i> q of r tL;c. t· ;l 
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sulfur compounds (e.g., sulfide, sulfite, and sulfur dioxide) to a solution 
circu1ated through V ie leach zone for resto~·ation lias been s u g<;estr.~o ~ s "' 
:rl~' ~;'l <.id cf i:r:'•Ot>ilizir;::; t.r;e re :1ox-sensitive e i. e ~"'~ '?nts . The co~: cept u.l c~ : ' s fo;· 
us·ng re.ju::e(·; sulfur cor.tpot ••~ds du ring restori::ti on is d~t· sc.r ·;t;ed in the fo r iC">'IIing 
paragraphs, and latlOr"<1t ory _.t· ~ies of i r situ restoration b_y S;.!lf;de adj'ition 
are discussed in the expertmr al section. 

The sol id/solution system that is envisi oned when sulfide i s added as a 
chemical reductant to a leacheJ ore zone is depicted in Figure 4. In this 
system, ur anium (VI) tricarbonate (UTC) is present in solution, and ferric 
hjdroxide is present as a solid produced by t he oxidation of pyrite ~Jring 
l~ach1ng. The bisulfide ion would he the do~inant su lfide species in sol~tion 
unc ·~r alkahne conditions. It would 1ower oxygen and UTC concentrations in 
solution producing urani nite, dissolved ca~~on6te, red~ced sulfLir species. and 
oerhaps sul fate. The i nteraction of HS- w1th f p rri c hydrnxide, Fe{OH) 3• 
procuces FeS ar)u eleTf·r. tal sulfur. The FeS a<d e1er-:f: ntc1 sulfur may r e-a ct 
slowly to prod uce the stable end proa Jct Ptrite. lhe t he rmo~ynamics of these 
reactions are discussed below. 

In the pH re;nge under consideration, uraniu11 exists primarily as the 
uranyl tricarbona te species (UTC). Rea0ction of this specie; by HS- and the 
f o r:;: ~• tion of urar. inite (or p•:•rhaps amOf'phous uo2) can be represented by the 
f o 11 c ;,ti ng E:quat ion: 

"{: - + 
qn 1 1 · ' + H~ + 2H '._ '.12 \ <... ' .,:. i 3 U() r s' + s + :w co-\_.2 , rhmb 1 3 (1 4 ) 

ifH:> fr~e ener9y chan~v:.> for t his reectior: is -3~.9 kca! c' ~1 log K25oc is 25.6 if 
t:•f: ::o2 sc!id 1s ura n\nite. 

Fiyure 5 is a plot of t~e ~ct 1v1t 1 es of UTC. HS-. an~ hydrogen ion in 
frq t!il ib r"it~r'~ with uran i nite ~nd ~ler..en te.l s ulfur ¥th h th.:: t"dc.art•ana te activity 
fixi'd at 3UU pp;:l. {T he thtr'i~,o,~~-ynorr: 1 C dE;t a u';ed for the ca1c:}(j tions cL;ne in 
t his sHti o"l .a re listE:d in Tntde 3.) The plot :-""'CI""'S Ut J t even low c or:r::entr·a
t.ions of HS - wil l kt ·ep UiC gt a very low lt:•;e l ln solut ion . Fc: r inst::nce , at a 
pH "' 8, HS - activitv, o~ 10- rn:; lar (= 30 pp:) ) a nd HCG3 ac tivity of 3DO pp::t , the 
UTC activi ty is 10-lJ . ~oJd r (= P ppt) . Tne hishes t UTC activity that is 
sh cht'1 on the plot is 10-'' ·;.~ t:toL) r (:: o.e p;Jb U). 7111is UTC activity i s attcin
clt> le et eqJilibrium v;hcn thP p~ l = 10, (Hs·] = 10- , and [r:co;J = 30J r ;;n . 

~ 

r{>r:·r·vt•r. as dr-r.-tctt<.1 in Fi<Jure 4 th e- added •ulf idr wi 11 <J 1so be const.wtNf 
l!y d h <, Olved Oxycw n and ferr ic iron pre~> f': t ac, ft:rnc hy;·lrJxi r:es . t)xy tj!'n will 
t'>f• rt' '1u cH rly sulfide protluc.in!J stdf()tf' (1 f t hnp is sufficlt•\t o:r:y~wn) 
accr>rdinSJ to 

''(\ + liS {. ''2 . -
.. ?- + .. s· ~ ~ ti ... ·•_14 (l s ) 
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H.RLF. 3. Thermodynamic Data for Corr:putations 

Fe {U~t ) 3 

Pyrite 

Mackinawite 
(tetragonal feS) 

Grei gite 
{cuoic Fe3s4) 

HS 

S rhn b 

r· ·::l 
--·-- l.:l f ...-292 :: ___ _ 
... 165. 5 \' J,. ,. a··.1 /'1' ··· ·1 •~ ) '"- ~ · ; • IV -. ~ 

-39.9 

-22.3 

-59.4 

-21.3 

+2.83 

0 

-127.2 

- 24-6.6 

-635.4 

-14tL26 

1969 

Wagnan et al. 1965 

P.e rne r 196 7 (b) 

Berner l967(n) 

Berner 1957(b) 

\!G.~f:1 t; n e·t al . 196D 

Hagman et al . 1968 

~ aumov, ~yzhento and 
Kr:r>da~.o vs l:y 1974 

The fn~~ t::rre r gy ;:J"\tr! g~ for Uli s r.~act:ton is -13 ~~ k. C£! 1 .C \'~'d log Kzsoc is 101. 
T her·:t; fore , 

F> ;r:; r-e 6 is a p1at of t h is equation ~itt: ('1-c:n; ) "' :wo pprr, l.l...,.d r€·i~ ~· '>"iab le 
r ;,.n f ,,.. t ».-.. r·• h.q· v M ' ~ .:. ~ ·· 1 f.' c. The· ~·, 1 n-t .;,n"''"t~s t ,, :~ 1· r f: r :"~'·' \ ~ r ~, t .Jtr: ~ • n 
_f : - ~· ;. ""' < 1'; ~ ; .. ~, ) .: ~ ···,~-!.~- - -i : ~ ~ -~~- - ~;-~ • _ ~ •.. :. i. ~- - ~ - - -~ - -J€:_ . :;~ v _;·· ~ ·--~'* .. _~ ~- ~l~--~--:- ~-;:~ ~:.:7~ ~ , : -''· ;_~ ; -'"' ·~4 (. 
\ -··' · "'" ' ' ·'"~ (. e; f'l (. ,," l(,$t • .1 t ... ,.,a,_,v, f t:.r • •• no l• ~ · · - C-vl"· -. ·~'· .. . ~. ...• of .. . ) lS 
9' ' <', ;J·:· t,t·,liJ r ; tq;,' "'v xL.;ately 10- 9 mol et· . t he tHC (\;; .. ti .., ity wl\ 1 t"'· 5-'l'l<l ll (0 . 0 3 p;:tm 
~t [:r:,·)" 10- .. rrro lc r). fr o11i nw sto i ch, o•:r.et ry ot hH.~t- !i on (1 ~\). e ·d ·r.v ~ i l 
mol ~ · s d HS- ectdecl t'(•;l !,JC.f."'S 4 ru(: l e >. of r (' ( OH h ~r. (.1 { flO 1 r~ S of urc dt h(\i ill
bf l ;/'~ . If nr:orP U1'C tl',;')ti trd s. 1S r·&oi.Ked ~~~d~t hiP to fdOd}~ t:r<·< ~;lf> ''' nf ld n.f't ic 

•· • •· ••· .•.· ;, . . l ' • ~ ' 1 i"' •· Pt .. , 't r '"'' ~ ... ,.,., .. .,_,, • ~ .. . (·;; ,lf't,,! \ • " t' l 'l .Jt·•·•·· ' ··. ·'' ' .• "' ,, ' ]' f"tq·~·" ' · '> ,)1'1 "• . .!; · <J r"·' •····"' ,(',,,,.. ~' ""''' ' • O~"S , !( · ' " ' ': ; ... , (' _, _ , ,,_f. f.). •-1 • 1'"'"" 1 . -

~'n· -~ ~ ,(-:-1 ~;,( t'' t!ttt~(J t_ (~~ 'tf) '';.~- ~;(J ~0:"'-t-? !"10\'ilt~ U0-7 f·et ·{t1 r? -::-. b~Vf: -~lfH_--~~ ~:\ ~ C.\J·!"}(-~ 1"-
t r· .;~ t ' o~·\ ~'-~:t:.·<~ ~jrt~:.' s 1-!>w. T n 1 ~~ 't'f~~t!.} 5. ~ =~ 1 t-!~ t i !,:tr) () f U·U 2 1 ~ ):"'t 11 k t· ! :J • hi)~t:'V ! } r • bt"' ~:- ,c~ -:.J :, ~\o 
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-8.-3,-28 4 

~u l fictes gz~erat i ng 

H:".<St p lol"t:h c:! i.;;. ;~ r .,~ms of tfre r.tr i fu r s_;r~tt~ sh~ e J r:: ~r:tal s u l Llr (S r"h::;c:J ) as 
Sc :: ~.'t e on 1y up to a p~·~ of ~:tpprcd nf-·tc-1y :5 . (h; r sys.t ~rn is expected t o e-quili-
t>< - .?·~. ri:- ·in t~he- (· ~~- ~~\~t-1:· 7 tc 9;. , .,e ~~:, f*"ft t?t:.:,r e 7 ~3 :~o;r~~.~: ·q .uE~ s t. i,l~~'l ~-s t c r 
e 1 t~Y, ·;. ·e ~ -~ :al -s.~ ·~ tt,: r will t~~ a Y~ttJ) 1e ~J) ~i f1 i n t.~·- -~e ~-s~ s. te,:r: 4 It ff..;j,_!- t;e met ~-J~ ·:: ah le in 
t h t:> ~y:, u'~"', end H s r: <eSU'\Ce wou i d 1:M>ance t h\? fc: ;:,at i(Hl of PJ'r lte fr<.)fn FeS 
( ppt ) ar:ct ifi:.~ c::ti n~~it.e (Fe$ }. 

F~ t<.t rt: 7 ~~hl:>v<' ~· the statiiHy of f ! ( OH }3 and Fi: $ ppt . rt~.a ck J n~~dte, a nd 
:·~"i t.p ift ti\f~ pf·f·~~ ence -of d' iS- -!t~)~tt--:,:·:3 :H$. rri t -h:~ ·pH r t~ iUr~d-e r C fjt1 S· id.~.r-ati _o, , 

t;':e p l o t ~. "'~{:;~vt~' tt"'i t v1::ry li-ah· HS- !\<~i:<d !. to ~ in t;,.Gi ~,:V:rm to ~~,t.e;t;:. h~ h an 
+1* ~ :... il. ) t:· ri ... :'.'.' t~ct. "'"f:'t~ tl th;;~ ~ t: w-o' (.0 :"' X ~ ~: til"l9 $0 1 i ('ls, (.f t' { {>' ) 3 i f eS p.pt 11. r ~ ( 0'4 )3 /~1t,C k
~ , ~ ,;,n t E· , f e{t.lH)/ ~ y nt f' j. d H ~, 1!. i!>dd!•:'! t o ~olvt 1 o~i . H lll'lll rt· t~;·.;ce fei UH) 3 
t t ' f o r·;n t!•e r t>rhc f•d s:..d fur s o lidS ufltll th t." HS l eve i 1s vr:r-1 l ow. 

f~~--(t)~ ·~. ~ of "t_:.;v.e·5'~P. f ~ f·r-~ir~~--}3- ~ tlf:ft 6~-~·-!':·id. t~d t t1·lit. a l ,,~~>c~ rt1 ~~ -f> "'.Y 

t -~ i( :"tf .. : .. ~~ crf :.--t; l f ·i tj;~ f!S a- {: h <.,·'t!: ·~ t -~ t re ~~ t -Ot' i f:d) tJ':j.~nt l--4--~) u J d tl'e 
t r~ ,~,t r.\ e 1· ~T- ~ : l '-~ t l lJ . ) ~.. it ~p~>-t~c- r s ·p·~>s !to i tJ 1 P. t hdt .. , ,thi 1 n ~ s, ;.~ l f 1 <.!·P to 

r-op,r 7 l~t~~' • ;- r· ~tr~ 

t h c:. s:; ~ t e•-tt1 ~~s~-~ ~ -~ ·l d 
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·2r 
~· 

-4 l ,__ 

-6 

(/ ) 
:r 
0'; 

.2 
-10 

-~ 
-FeS ppt 

_..-· 

f,ct i v ity M HS- in £;:r .. ; i1i brh,rr~ ¥: ith fe (OH )~ , S r hmh. anc! 
fe-S or P,I r'ite. LfFe{OHh + sHs - = 2Fe.-S "' ~ 0 Nnb + 6Hz0 
r;r l fi-:(0:1} 3 + J.HS + 3H + S r t;.n;t = £: f- eS2 "' 6Mz0) 

t~7' "'1:(.~ ~.:o -r~r~ '!:. t<·~- b~ ·t::- ~) ~c~ctu-c~ ·t::i~; J.::'Jf~d .. ~t'f()f:·Sa .i n th~: ~<~~ tr i· ft~r ~:;rz.·crr- ;...\~ s.e~ .of tA·~ .. ~?- pr·esence 

~~/.: ~·~·!~~:s;e,;c. \';!Jt; ~;~<:~~6~~~t~!~0 ~~ 1 ~t.:;~co~h~h:e~.~r~! r. ~·~ ~l·~ ~~ !vc··· ~:·-~ 9~~ \:; 1 n~~e and 
thJS ~~)~~ 1~j t ri(" ·~> f··e. t ic,e.·l ~y ·h,~ :~2 lc;:-t>~g-t12 :r·i·n ;;tat~ ;i i"f t-J~ ~:. n -d. -" it~'~\~-:: ;\;\·! i -a t f o :r 
rt:~1 f;: PJSi7'~ -;.; r·e~(lf~ .. x .... ";:; c:·nsit i~~re Ctli¥tts.~~ l ;J&n·t ~ t o t ht'l· ~r-D't.~ nd -~A !~te r' . 1'-he r·e;ult s of the 
€' li.).:H? r i "'~nt. s & n: di.:S c. rH•ed in t h0 E~;;.pe:- i w.e nt-3 1 ::; .. ~~c t ion . 

£ .Y t>E k I ~};t[ ti7 .f,_t__ ST~_ :)! E S 
__,.._ ..... -~, • . , -,,""'~'" ... , .... -~ ...... ,.,c~ -« ,..,.. , ,.._, ·$...,.._,.. ..-.. -.~·'"'·-··· -, ,,,,,,. .• .,,.,.,_,...... 

!!~ t h i s ;woj~:::z . r.ont n~t:t rtiiCbi1Hy ~d';d t :e><:} ;n1ques f o; mif:p ;-i zi ng 
c or~ t. ru·:d rL;;,:'", t m i 9r·H i ·A w;; te ev 0: h.; atE•:(! pr·1 triii: r 11 y th l i'l L'•O:r i'l t ~Yy e.·xpe rt -
t7,r·~ t ~· • ;te co 11 ec te:i -sam.p 1 € .. -s of seU i f.t~~~~Yt ~tc~i(1 9 -'"'0~J- n-d -\~ ~: i. ~r f r~)r:. aq1.: i f e r·s tha t 
P<;l :i t•0t''< 1 e,.: c h'f'(J or (. ortt a: i l'lt:-d Or" f.' ;: on~~s that wf' ~e brt¥;~ · ,;:td e to i n si tu h ' &: :: h ·i rig . 
atd '?tf' v:):a iru¢•>:1. S i'in~, fl" ~ of pref)f•.f.nt lh:ivic~t f r;>r· cu r t•r.p;:t i fu:·'?t s . T~i s rrMte ~ 
ri l l lll'i: S u~+.E~<-1 In t.J;;- l .at;,v•<::t o ry to stt,c;:t :i'H:LufC:i H:s t~rifth:''' ~nc th.:: 'i ndvc~d~ 
r-t~S t(/f;5 :. 1 o·n ·!;_~,,~:h¥'i1q::.e, :; ·of f!.t,·····~:tu~·}e; .... vc;;t~, r _ t'v.-r:~"'t""'p i tig ~-n.t1 c ~-H~r~~-- 1cG 1 ;;1{11t ion. [ :t. p-:~_· ri

m,:· <oL~ l (l r<C field s ,,.,;;~p 1if'lg met hod•> ,\f~e 6£·s crihe d i n this sect i on ~ o;, we ll t;S t he 
rp s u lt~ of t he v~rious l abora tory stu~ i es. 

S i f~' i l e r ttlf•Uiods w1>r~ :.net.! th:"D~fqhov t t h(' lNi'J tl'l o f t h~ s }H"(-'Jt"C t to co llf>Ct 
f : {; l d ') ~r:-~p f t;: S ~ i-~ rt}) l Y, i:, (> fi'~ ,~; :·_. f: "!" -~ -it 1 -~ ... , f3f~-;~ ~,;-(~! f 1 (i f';H \- h-:-;· ·t5. ~)~,-. r· .a t !) P·y -$" t.. p:t,~ r -~ :i'~-~f·~1t S • 

30 
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'The initia l ::dm:'h's of S'"DtW::i ,. •. , .: <.>r . aq '.l ifer ;,ecL ment, and li xL,tiont wr>:--e 
oll ec -ec dJr l nJ M~rch ~ Q~2 at t he Ber~ tld~~. Tex! s, in s itu m1 ne operated oy 
~· ,j ;!;u;., ;;:esourn,,:, , Inc. t<n tv:.!ditiona! ihivia.nt ~'~s SUfJ;liied from this mine by 

~~ I during April 1983. Sampl es of ground water and aqu•fer sedi ment were col
lected during August and October 19&3 ~t the No~th Platte mine l oca ted near 
f .. oJg1as. itiyc,.,;;ing. This r;ine is also oper,'1ted by Urar. i.;<n Resour::es, Inc. Sin,i
l ar s.a:·:;; 1 i ng pr oced.;res we re used a t botn mine sites. 

for ground-water a nd lixi·d ant sampling, a f1o~~t-through monitor-ing system 
•,.;a:; OY;nected to the o;;tiet lin~ of ;, pump inst alled in the we n. This all owed 
t h? m<:z.:su re:'·ent of c.er·ta ~ n solutior; pi'H';'!meters (pH, Eh. t e;r:;.e rat u re, and e 1ec
tr~icai c c·nc!ucthdty} th;~ t ~'I'Ocdd indicate \"f~:en gru ·,nC l<l<ne r rep r esznt.ative c;f 
tht:• a.:;uif c:" i ~:es tFin-g p:..rr,~pej from a we ll c.::-1 a s ?r;p1£: t: c:J 11 be tai·:e!'l f o r 
i:':"''.::iy;::.i s. F1ScH'€ 3 is a schem;:,•.tic diag.rar~. of t hf.' m::rdtoring sys.tem us•.::'1 at the 
" ·,•._.w;_··,. ,..,._, S'.· t.e. Th A ·:vt( ;..~f!" ~~ "'"'lV•('': I'0-1 of 1) a i'- 1'•"" ·"" 1iz ;~\r ~ :·;· "'-1'-"S" ~"'"€ t •,-1, .. ;..p;o· .. ,..t iS{ . - - ' ' '- ... -J ~-·,_. ,._. -. , _, ...,,.. V'! ··r-' -" _, ... _ ... ; . \-, ,.,. . .. J ...._. . -- t.,.. J f! ·,, ..... ,... ~ ~ - · - ..... .. 

!.>f- 11-:at e r p:..np,:-d fr·r.r·: the w2 ll; 2} an e·iectroce chan\Lie r UL:-t t housed the pH, Eh, 
ar .. ~. tE'''IiFJi:· ture probe~, as well as a ~tandard mercury t ~"' ':-omet er; 3j o ~·a:t er 
t. U1 t o a 11u·;<~ tem;.:2rature e-q;J i1 H:ration of the pH e:--,d £!;buffers wi tr1 the 
g·· cr; .. md wot~r ; and 4) an elcctri r.:ol COitductiv ity cell. The systern 'llfcS air-tight 

L:C2c'~ :~:. v t;p 
Ol<'ff' !1-;. & 

1,;~2f'~: . ~l H f 0 
~~iJ,~··t,. !. s 

IW:SI~Y 
Gi:;.S 
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o reduce contaMination of the yro~nd water with atmospheric oxygen. Th~ ~i . 
h. ter-:periiture. anct con0ucti'l ty were mon1t.ored cont<rnJousiy. I·Jren the r':~a ::!-
r~q (~n tht:··se para:·te!.e rs star·!i.l :ed , f i ltt::re-J (f<.?.2 .. -, ~n1 por ·~ ~jiJ\_~·:) :-:~, ~ :;.~.f..iit~; f· · - ::<.1 

~-- .> ·--~p:e s iP.:::~ ~ ... e ta~~: e r : f -: ~ .-- ona1 y -s~~~ s ·.::.. t\i:' -t inc1 ~-.i t:~e -j oLsitE::' alkalin ·ity and ~u ~(i de 

<>:Ler;n ;nst"ions. Sub ~,dm;;!es >•Jl:'"·e pre served by the nethods hsted in Table 4 for 
la horato~ analysis at P~L 3S described in the fo llowin~ secti on . 

To ootain sedinent sar11ples to use in laborato ry exiH:cinents, four co: e
holes were drilled at botn the Texas end Hy Y1ing s1tes. ~he mat erial co llected 
re ~ re s ~n ts unleached uranium ore, leached uranium ore (Texas site only), 
r en,;u_:.::J sedir.,ent dowo:grad ient from the roll front, an:j se,-ji r·1efi t s frou the 
aquifers above the ore zones. Tne core mate ri al was photoyrap~ed and described 
in the fi el d, and then \>Fapped in pl astic has:s ar,:i placed in tig 'tt-fHt i ng PlC 
tubes. The core material disp!~ced most of the air fr ryn the tuhe, wni c" was 
t nen ~a~ped and sealed ~ith silicone ru~ber . For the Wyomi ng cores, t he PVC 
t ub2s '112:re fitted with a gas purgir.y sysU•r1 to n-•m .J ~e ox_yg '?n fron tr1e t :.Jt.> e , 
c~··t~~r ?"::f, i nhibiting the· ox ·idatJ,on cf the s?.dir:~ .. ?r;t fiurin -~! s t..c;r a ·~~e. H ~J'f~E·v~: rt 

ev~n for t~e Wyo~ing cores it h2came apparent dJriny the laboratory experiments 
that t he $€·dinents h.-3d been at 1east partially vxidized durir,g the storage 
period. 

f:..'la 1 vt i c. a 1 ·~.=:' t nods __ ..,...._, _________ _ 
(r,e.,<cal ara1yses t--.'~' r.e pedo-rni:d on groun1 YI-3te r and lixivi<1nt col lec t ed 

f> O>'n tr;e f'1°~P. SiteS ar,(j On effluen t S frOl;; t~e fi0w-th;ouyh CC;U:T'1 e;.:,pe rint: r.t s 
ar~-J s ~Ylpies of supernat ant fr'OM L: tc:h water/~-e :J ~ r:;ent irtera:::t'o ~·i st:._;o \ es. A 
c s:.).··· ;:·· .~:-::J r': set o f Met b(;-:1s ·~~t:-"re us eel to dn ;·~ ·! y ze t ·r( (·:se sal uti ons. 1 f·: e C.tJ·!'( c.~::, r't t. r a ·:~ on 
of rt::;s t of the ·d ·; ~~ sol ve•d . corrs tit ue·r:. t. s ~· .otr~er t h .:.~n the rr~L: .; i')r i.! n i 0 :'1· -~ , wr:· .. ~~~ c: ~~: ~ e r·-
r~~·~ne-:1 w ~1:h e,n ·tnducti'l:·e1.y ( ,GtJp1ed r::·! i!srna ( lCF) Spf"'"C t r·or:~:.:tt· r . S.t~,vera·i t. r?tce 
r:.•ctC: Is ( Fe, Se, As . ld , 'l ,. .~r.;J tc\o) vte re al so oe :c rrrdr•td c:<\ a grophit t>., furnace 
c ' ~~'"i c a:> ~;;:;r--p tion ( GF.i'.A} spectri.."' 'M"'trC • Uranhc• v<JS Ciflcl y ;::ed t>y t he p:.d sNl 
l ri ~:;; .;.~r fl uo~"E·sc.encP :tc;;?t hod ( SCi""Itrex'" 1 •JA-3 G(' t~ r {;· L tJt•s ~~ n~.J a l). For t rii S 
r;tf' tlwr1 , a~iquots of cH.:h:nfie-:1 ~.ar:-:::;les are rr:ixecl \<tith a solution r.c.,·:tainir.y a 
U.Jq;; i; xing agr~r.t that f orms a L:H'l':J··1hed fll;c r,.:-:.ccnt ut"~_ ,.,, :.~~ ccn'"lp lex. The 
f luor~scen:e of t he saQp )e is n~asured and tn nwn addition tec~~ i ques are used 
to cor rect for any natrix ~ff~~t s . Thi s ~~~ ~od is very sensit ive. al low in y 
m;;, ,~ ·: .; r ~:mt- '1 tS of urc n;;.;m in U:;;;; p&rt-per-t>1ll1o~ ran 9e . 

The concentrdtiorts of n:c.ajo r afli ons. ott:<- r t h i'!n ca rt)onates. i n sr:htion 
~•e re ne asure:.1 by ion ch rom<:: togri.\;;r·:y on fi lte rt·rl s~·'l;J le<::.. Hds pr-oce :),,; res c~;n-
~ists of chrf)','i\t'!tog r aph·ic tll ly Sf.ijd r a ttng t he .;r, ·io~·,s in an e AOtan g>.:· cciumn 
tollowe-11 t ')' elution Cif the c.nions and ::-te-ds Jq .. •r;r.~nt of co:-H1uctivity H Ch-3rac
tE·ri H 1c pegk:. loc atio\'fs . A c~rl">or:ate/bi c. erbonete c. ~r r ier solution 1s li' SP.c1 t o 
cl u t~: thP iin i uns and n.ai r:t ain d V. no,.,-n bad!jrou~<d <on ~1v c tivity l e'•t>l. fH<Cc \!Sl? 

tf1t' u·~ ir: r fdtJ M~t was a C.Mbon.H<: /M<.art>on ct: t• sol u ti on , t h•: i nr.~;r-t_,~~lH C<lr >:)n 
C'>"C.(' ntr ,;t i on of the solution CO\J1d rtot b l? (le tPr·r:nnHl t'iy 1cn C!': r (;.it;d: O'.FilP~-y . 
Hw <:Ls<,~; ic standud actd titrt'ltion pr·ou ·r. ,_; re (AS TM D-1UC7. Par·t 31 • ds u~ · ed 
to ih ·tE-rr:dne t1H-.&l1nity fr o.n: whi<:.h the inc.rgan~ c tdrt>on 

(a } ~rJn tr t x Llrnlt~d. Concord , Ontario , Can3n~ . 

j) 
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TA.BLE 4. Sa~~le Preservation Methods Used at the North Platte Mine 
(from EPA 1979). 

~. s I 1 I and V 

Fe II and Ill 

TDS and Ga!Th: .a 
S p~; ct roscopy 

ICP Spectroscopy 

l c 'l 
Cnroma t og raphy 

o·;;:. : .o1ved 
OY.ygen 

s~- ( total ) 

1, ~: ·~?.t~1 i c. .A ~·1 s. or p ·i 011 
S p-C'" ;.;_: t :- o:·~1:;2:· t r y 

u 

200 mL 

200 ml 

4 L 

200 mL 

200 ml 

600 mL 

20 rnl 

20 mt 

50 ml 

50 !\1l 

A 1b~~i r: ity 20 mL 
(fil t~- red) 

Tota l 0:-gcrd c 200 ML 
C t..- :~ 'Y'": and 
Tntt: i Carbon 

2 - 100 mL 

2 - 100 mL 

4 - 1 l 

2 - 100 mL 

2 - 100 mt. 

2 - 300 rr( 

2-lO ml 

2 - mL 

2 ~· 25 ml 

2 - 25 er.t.. 

2 - 10 rr;_ 

2-lOrrt 

4 .. 50 mi... 

Tre a ~ mt:· nt 

Fi l ter and freeze 

filter, acidi -/. and store at 
at 4°( 

Filter addify and store at 
4°C (dup l ica t e untreated 
s .~mp 1 es) 

Filter, ac i dify. store 
et 4°C 

Filter and store at 4°C 

f·;one--ana 1ys is performed 
<>"'r s ·i te 

f,-r>.i anti o :i dant t:-uffer-
~na lysis ;Jt:'rf orrr..,~d on site 

Fi 1tr::r ~ tiCd iHICi ;:,'l :t.idiH'!t b .. l ffer. 
;;:na ·!:/::; : s ~:.,:~rf (_. t·~t~a on site · 

Fi l ter . acid ify~ and store 
l t 4J:) C 

Fi ltPr, ac i d ify, and store 
at 4"C 

fi1 te r- -B:''i il 1ysfs perfor-mEd on 
site 

Nn :-,e· - ~ r.&ly s1s performed on 
s ite 

( oncrtltr'At.f\) fl c.o(;. ld t'>f.' c.~l cu!l!t€~d . Jn n~)St (M€ S, the t Hrl"t.:i ons wt-rf' per
f C r ·: --f;{~ -~-~ ~ i t r; d n ~tl t G!~n .·~ t 3 C t i ~, f l' t ~'-~-r , ~-;~ ~1· a 1l. fJ 1 ~ :1 i t y -lfj' !~ ':i CL~~ ! , ~~:--~·n_ { r~t .. ct bJ' mt"' /j: S ~ r 1 i~ V 
t~, .,, . .&t'V",J n t of t:~ l u <):.i~d tt.> r:~,; ch .,;n 'lnf!t-:·{ .. U o-n ,}oi n t i n H ;e pH t•;rve. 
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The aquifer sedir~ent samples were c:nal yzed by a variety of techniques both 
bef0re and after use 1n l dborat c ry ex.perimer' ts. Sarnples were a:'lalyzed t y x-rBy 
diffraction to identify the maj or mineral phases. The most common minerals 
t n ··s t: nt in the St< :J i!iE•n tS an.• nc.• c:rtz. r e1 d::,p,::•r, c l:>y , ar:j a Cdl::ite ce ;:•e ns . 
C1oy ~· 1n-.? ra : s we 1·c Sf:;.'e ''.J ted fro•n s~1: •;e of t~t e S!..: 'JLnent for a more detailt•d 
analysis. The clay minerals w;~re analyzed h,i standar-d procetju res that involve 
saturation of H :e er.:changeab1e sites with potass?um and raaynesium and treatment 
witr1 eth.tler>e s1yc:ol to caus..e expansion of any e '.ra nclable clays. Also. the 
amount and identity of the exchangeab 1 e cat i ens were determ·i ned on sedirnents 
used for the 1-lyorning c.olur:~n experi ments. 

Pyrite was present in sone of the sedirh nt collected from the Texas and 
Wyo~'1i ng ore zones and from the secliments do~mgradi ent from the ore zone. 
Because pyrite can affect the redox state of the system, its concentration was 
mea\ J red in several sedinent samv les. A method developed and tested by Lord 
{l9t.J 2) ta s used for pyrite d~?tenr inatior.::,. Tnis f<K' th o•j consists of dissolution 
a nd ro::" ;-cn ·a l n- f $01ids other than r•yrite fr-o':' t he sediment follo~.;t~d by disso-
1ut i on of pyrite a rv1 c;uantit'-ltive Hiea surer'!C : of r·el ea sc< lo-on. The detection 
limit for pyrite usiny this flle thod is 0.004 wt% of the sr~diment. 

Exoeri mental Procedures 

Two basic types of laborato:-_y er.periments we re performed to investi 9ate 
t he product i on and rnobtlity of conr ar t nants assoc i 2ted ~ith :n si t~ 1e5ch 
urerii Uf: g::rn ng . S·teti c bat ch e>-;pr>ti,:;;r. ts i r~T= hed C<Y'f:d n i ng SOl i;tion and SE•di
Pf• nt t n a con t a i ne r t o eva luate the effect of 1cng-te rm wcter/Sediment inter
~ c tion s o~ t~e che~istry of the solut i on a1J s o l ~ d phases. Flow-through column 
e r..p £:· ri,· : ,::<~ t s t'<e r·p conc\ .J cted to stv:i.Y the inf1 u;:n·::e on ~, ol ution cc>mpos.ition cf 
t lH~ n:):n;-:;lcnt of l b i vi ant t ~n"ou:;c• f!quifer s ;:;di nsnt. 1he cont elct tim\'3· of schz
t~;)r; witt-1 s::·::"im':'C~ t f er tht? colwnn e :t.pe r·imf.' nts ~ a s 1 t o 4 clays~ the t:at c: h 
r:x. ; , fr 'i nu,~ s ve r e run for up to 101 c~ys. Tt:e cor::b i rL: tion of result s fro:n 
i· th~E nts e> '<e r trds t \me f r _ -,,~~e ~H" ~Ni cl ed us l'fith i nformz: t i o-. that ~. ho~Jld t>e 
pr;,r tin ',-nt t o ac.tua l field 5 YL.:H i ons i:l'+:e r e t."•e ground •va ter IT!O 'o~ e s at ra t e-s of 
t en s. of F1'?t er·s i:,er yu :r. l'rt: (h::d gn o f the tl'!:) t .Y i-·f>S c-f lcif)or~tory e;;perim!"nts 
is de ~: u1 t,ed in the f ull ovdniJ two Sf!r.tions. An E'l<'ll ua z, ion of the results. of 
tr•e 1at)orot ory e~pt ri r':'H::<n ts 1oll ov.·s th{;se sec t"i cms. 

SUtt ic b 1t.c l'l experi n~,,- f .; rJ'f:•re ~,erfomt'd to e vzduate thP- effect on so l ution 
end sol ·i •i c o:·'f-'o~. it h .>t, of Jr,•vJ · .. h •rm {mon th s ) cont,>ct t•f.·t~een lhiviant and 
aqu ife r ~-<cu l fi<Cf1 t. 5-o l ut i0n e~nd s~cirne nt s er.-;~d .;:-; were obtained from t he 
B~:. n-.:~ vl(! ~:s i n ~c itu urcn it..tll h ach 11:i ne fH' ar Br un i. Te;,i::S. an(f t he Ne>rth Platte 
rdn£> .. f;t r ~d;, s. WyrJ!"' i r,g, 7he T f:t; a ~ lhiv L:nt l' J ~, Obta1nNj from a Ber.A•.- 111es 
ri "' C.•CL.: Ct ior: wP l). (:; rid th f· \( y(W<i r\g SO iuti ··m V.<l '> a Sy r;t hetic lhiviant tt dCIP. tt) 

r>t1:J : rt:J tht• t:ppro~·r · 1 t~ t•• ch ~:· r·:i cdl'> t o yrvu nrl .,; ;) ~ !' r c.oll ec tt•<1 at tlw sitf>. lt was 
nt:o,;~ ·;- i~ ty t c1 US. f ' ~, y r: Uit•tic lixi v lCint for t h E· Wv :y·: 1 r;;; Sit f tw c. i\ u ~, e tilt' ~1lot ,il ... H> t •d ' , not !r!c<- ,tlin g ur ani um Jt the tlmr· of S ~1:1p l l n s; , ~o lhiv\ani. .. .§ s not 
!:IY:) ll o b le. 
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Three types of sediment were used for the batcn experi nents. Leached-ore 
sediment fro8 the Texas site consisted of aqu1fer material from a uran,u~ ore 
z,:y·e ttL' t h~d bee:·n l e•.ch.:>d dur·ing conr:le rci ai o~.~erati on of U e pL;r:t . TT1~: a r.:o J. 
:. ·~ j ~€'~::'!! r (• ilC hed for a p pro:•:'!:T;?. t~'!y 2 years. T ~>~ SE:'·Cond 5ed LE'n t tj·pe used in 
t he s xperiments was from t he reduced side of t he rol l f ront i G the Texas and 
Wyoming ore-zone aquifers. This sediment represents the material t ha t the 
lixividnt would contact if the so l ution were allowed to leave the leach f 1eld 
and move do,·;n the hydrologic gradient. Finallv. rel.:tively fr esr1 ore sedi ment 
from both Te xes M•d wyor::ing \liilS use•1 in some r~ the experir:!ents . 

The SP.dime nt sanples were prepared for tne ex pe riner.t i n an anoxic char1ber 
to minimize oxidati on of the seoi ~ent. Approxi mat ely 4 kg of each sed i ment 
typ~ wer2 disasgreg~ted anrt placed into separate 4-L p1astlc containers. e~c h 
containing 2-L cJ 1ixiviant. Pvrite frrnn Ward ' s ~atural ~cieGce 
Estajlish;ent,(a Inc. and FeS-~oated sand preoared using a ma0 ificatinn of 
Gent's (1 S77) met hod were added to some of the conta ine r s to d~:2r~ine how 
th es e soli~s affec t redu(ing condi tions in the system. Tat le 5 li st s tne 
v c:r ~ety of ~o1ution/!:.ecii:nt:nt~ mix tu res that ~•ere ~S t_' d in the er.perimen~. Litis 
were plc:ced on the containe rs. and they were agita t ed f or ap!Jro>irnately 
!5 min. AftEr a settli~g period . two distinct layers were otserw2d in the 
sedi::-:ent as a rE:sult of s.epar~tion of tr.e fine end coa rse particles • . , .. e 
solution c on tained S- ame s.u::.p<?7!ded p.uticles. Trt is solution was removed by 
suction. ar\d 25-ml aH q, __ : ,Jt5. were filtered tt-1r ough 0.22·:.::~: fllters tor a r;a 1ysis. 

i he l ~ ds were rep l aced on the containers. and t~e slu rrie~ were s~ake n to 
ens u re a ~-'lom•.Jg.:nf:'ov s mixture. \)nee rni}ied. port.io:-fs of P1e slurr)' we re pou red 
)nto 12'S-m~. W'~J?·nou. th j61'5. A s.r:.:c:ll (;'' <mnt of t hf? c: ri':)·inc! dec .:;nt sol ution 
r~a s acch:d to t~H? slu rry ~,o th?.i t v!hen tt<e lid ~.ria~ atta :::r,ed , no air ~,:zs t!"cppe (1 
in t?'~~~· co· .,1 t~ ; ne1~s . Aft~; r t.t'} l. th-~t s:ar:·;;, 1::~ s had t.:f:~~ n pr·~-~~-.~ ~.~~·t:'·d i-n tr~ ~·:; h·1}', !'r,ey 
wc· r t: r·~·:;.-:r,cvt:<1 ff' (ttn t he c.ootrr.~· 11 E-:d atrr;c~; re ch a-:·: ~·;,..~ c) r a·nd F·lac~~:d }'1 tne F t:·1i.""l:i r 
ci .;:r -:1'\o·. T~"•e F;:dma r C '·'! ···;;)f: r is a P1Px1;_;l as"; t c·f t ha t. i-s, \\c ter Us;n t an:-! r, c. s 
t )•tO ;:v:j u:; L~b!e inlet/out let v cd~· z~S tn dll0\-1 p:n·.;; rn g L·f g,~ s ;:: : fro::; the cr;h:-~be r 

(r1 gvt e 9) . The wi de-~ou th j rtrs. whic h are wate r tight . w~ re s uhmergP~ under 
~,: ;.;<;.t• r in UV:! th i;rnber cln1 t hf.' (.)".ambH" W~S sea1e !'l . !' ;) ·~in c.1o~ ~, rf: of th~ ch e;c~ ~~er. 
n1troqe n a~s was usnrt t o pur~e the wa t er of ats tc l ; ed O f ~asn . A~ a na lysis of 
the w~te rJsh~1ed very 1lttle·d ~~so l~ea oxygen (<U~~ ppm)·i ~~0a re1 to ai r-

" ' . • ( •:> \ sa~urated con)lt1ons b pp~ ,. 

Ry pr~p ~ ring our samp l es in a controlled btmosp~P rc (ar~u n ) cnanbe r, 
avoit1ing t rar·p\·d nir in Hrf:' S tV"lple contt, inE>rs. a•:rj ~~; 'Jr ' >C !" <,Ji ng th" CW1t ?. ir;;·rs in 
Ot'OX f'!i'· ndt c rl watt~r. W{' .:!V.~•mpf.Nl tO ehPi!l"'dte al l f.•xt v r kil p;.t :tviG/ S f o r Ollj'Jf:· n 

tu <Jiff u<,;.· ir>to the ei!Cl'OSf'C! envir rnm(~n t of the <,;.r>d i•,:ent-l1xiv ic n ~ Sl\J r r y . PH• 
onl y s o~ rce o f O• jQPn W6S t h~t wh1Ch WJ S dissol v~d in the li x1 vi ant ( tP(' r ox i 
m~ tPly R rpm) t'~t r its stor~yp p~rtod . The Sd~p l e s w~ re ~Ppt suhmer qud for 
varl:•o•, lf•n9U·! c; of t 'lfrir' ant1 th~ '' ft ito<' •~1VP1 Cine! c;,r ;;J!f·; l for r! "l r•ly <. 1 <, a<, '1f' ' -C r'lhe (l 

l n i r-.· f o 11 tn.' i n9 v •H t.i'.j( o ~'h. 

(e) ~hr:J ' f;, N£, tlonc1 <~ c1'·'l(. t• ('q~t ll ~~h-'J••tlt , tJrrlr,•:r.· ·•:.v, (. ,.; llf1; rn. i r1. 
'~>t;,',Ki:) l t'~J.-, H. u tt>yi~,::t' f' ic·'.i u ·,,,>,·:n f'k of ttle t< v,n <'F ri H"·" ;, C0 • • f'td lit(:k l p'lid . 
r (':'in!, y l v ,; r' i i1 
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TM~LE 5. So1utlon/Sediment Mixtures Used in Batch Experiment 

S,(.:.· ... ~tinlt~ nt ·~: rc r: i t:·~ e Fci··i i 0'r'i1 ~ (;g 

Zones in the Te~as Aouifer 

1) reduced zone 

2) oxidized zone 
3) ore zone 
4} ore zone plus 5% pyrite 
s; ore zone plus 20% FeS-

coated sand 

6) leached ore 

f'H:GU'...ATOR 

Sy~: het i r Wy~~ i rJ l i~~ vi ~ ~ t ana 
:;: •1·1 ;:H.:> ' , •· f r· :)' ;: ;, nP F c; i ·; o>'l in g 

__1_2_C:.~~~ _1·~." t :·t~~_:-~;:_~; ·: ,: ·f ;;·.< ;.":;_~:iU ' ·Yr_: r 

1) reduced ZO•:e 

2} oxid·fzed zone 

3) recucE•d zone plus 1% pyrite 
4) reduced z0ne plus 5% pyrite 

5) reduced zone plus 20% FeS-
ccated 

_[.~Q!:J!LL~.· Fe lmar Ch ~mber a'id Gds Purging System 

r ou•~tf·Pn ;;;:,mp les of €-:!Ch sed i ment t ypt "'' t:r'C :: ,.t,:·:if' rgt>d in t \r:: F e l1~2< r c~:a"fl · 
be r . lhp1\ .cate s .:.~·,ptes wf re t ~lte n "'\I t of t he Chc;r/.c r at 2. 4, 8 , 16, 36 , 75, 
i1nd H'i! d ,~ys. Af t er r !·· l"';f)V C! l ( roc; t hP Fel rn<>r O ' a:.: l'•P r, t he ~(' "' •;Jlp <::, we re r·l a u •d 
i r~yr;{~(Jiil tely in tt c. or:t roll•:d c tc:o:.;.t,ere che:· ,: P r. I n t he ch d·:,; •E· r, Uw slur-ry 
s ,v· ,· h ·s wue f1 ltfrc>d trrough 0.4S·I.lfll flH ('rS , an1 thf' pH Mid [tl of t hl' 
~. C• h ; t '\(?1 ! s Wf · ft' ft<t: {j ~. 'J rpd. T ht> sot u t i ( tn sen<; 1 ,. s \'i(' r·e {t,>i! )(l v rd t rvm t h:> ch ::Hl>bf' r' 
fl 1trr e::·d t hrc·uqh O.??~vm f11 ~~ r ', . c1no sub:: b· Tl ed i rt u f ive i fHJlV LLi:. i ~ 1 !GJ> t s 
f n r c t:td ct•.dy~. · ~ . Tta! F>i':! ·u:t s u:.e<l f or s, o lution iF ic:llj'>1S ~ re :lt-H.rtt:Ld in 
a p r t-·v io;;s ,;ec.tion . 
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The .batch experimental method was also used to evalu ~te t he eff~ctivcnes s 
nf s~diu~ sulfide aaded to scent li xi viant as 6n aid to e~ : ifer r:~torat i Jn . 
Sc:j 'ic:'il S~' 1fije w6s .:;cL:ed to solutions a·:(j s : :lu~ icn-plus-~. oli d mi/tures to mea
~ure the r~fects on redox potential, dissolved oxygen content, pH, and solution 
composition. The solutions used in the expe ~ irnents were distilled water and 
lixiviant from the Benavides (Texas) mine. For the solution/sediment syst ems . 
1ixiviant was treated w1th sod~um sulfide and allowed to interact with separate 
samples of iro~-oxide-coated sand and leached ore. 

The sodium sulfide batch experiments were conducted in 1-l reaction flasKs 
fitted with pH and Eh ~lectrodes, a sampling port, End gas inlet and outlet 
ports (Figure 10). Electric stirrers were placed under each flask and Teflon® 
stir bars were used to mix the solutions. Before experi~ents were begun and 
during s6mpling, nitrogen Q35 was flushed throu gh tne fl~ sk s to d~splace air 
aDd to mi ni mize contamination with ~tmospheric oxyge n. After flushing, the 
out1et 93.5 lines were clamped . The f1aS~<:s v4cre not totally leakp.roof, and 
bas ed 01 flu c tu a~ ions in the Eh measurements, it is probable that air slowly 
le~ked into the system. Temperature was allowed t o fluctuate with room 
temperature. w"ich was about 22 (t2)°C. 

The sulfi :e-addition experi~ent s wfth mixtures of solution and solids ~ere 
started by ad(:l:c:g 75 g of solid to 750 mL of ~- olut ion. Solution saf1lples for 
c ca1 ar,aiy :: is we·re -.·i·U1drc•,m at me.:: sured U rr;e inte ;als to follow ttoe 

'i'il t·fl c,c: i~ tl t ~";i t.;f •· rt<l tr Mt; •,;;r k. of Uri• PuPont 0 t• NP •C• ;H" '• £.1.. r:o •• 
i./ i i P ~ 1 f~ ~ ... ~ ~ ~ ,;1 , r ~i" 'J (} Vi r"· f· ~-~ 
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proyress of any reactions. Th <-2 pH and Eh ~~ere moni~ored continuousl y dJring 
f' <'1 Ch exper·iment. So1 ution sa r:ples were ana ·lyzed for t!':e r:.3j or cc. ' io r:s , an·i-.. " S , 

s ulfite , and disso l ved oxygen. Analyses for cations and anions we ~e p 2 rfor~e ~ 
as dEscribed previously. S~mples for sulfide determination were pre se rved by 
a1di ng sulfur anti oxidant buff ~ r. Concentra t ions of sulfidP were then mcas~red 
by Eh titration with lead perchlorate titrant and sulfide-s~ecific ion and 
ref e re nce electroJes {0rion Research Inc. 1970). Dissolved oxyger was deter
mined by Winkler titr2tion (Franson 1981). As expectPd, the addition of rela
tively s'~all amou:1ts of sodium sulfide to the li.x.iviant had a major effect on 
Eh and dissolved uranium concentration. 

Flow-through column experiments were conducted to study natural r est ora
tion and res toration by induc~d met hods. :~:;tu ral r·estorat i on ~v· a s e:·v c li.J?t t ed by 
p u~•p ing lixiviant thr0u gh columns packed with reduced sediment collect 2d down
grcid ient from TeKas and ~!yoming roll-fron t ura nio.rr· de pos its. leached ore and 
spent lixiviant fr~n Texas were used to evaluate ground-water swe~p i ng and 
restoration enh:~nced by the addition of su1~ide to H:e s.ystem. The laboratory 
apparatus used for the column experiments was si s ilar in all case~. 

P1e sedime-nt w'as pacf:ed in Lucit~ co1un;ns tha! ~;ere sealed wHh l tH.:it e@ 
collars and endcaps as shown in Figure 11. Each end:ap con ta ~ned an 0 rin g, 
w!.ich seat ed aga i nst the e nd of H ie cyli nr1e r, t" nd ~:as he1 d by s c rews th t· cug h 
the endc ao and collar. Solution entered and e : ited t hrough holes drill ed in 
the ~n~C3ps of the colu~~s. To p~e vent particle migration, each hole was 
co ve r ed \"l ith a ny~ o r: mc- stl filt e r (30-lJm pc t'e size--21'J', ope11 ar e:.\) s uppor ted on 
a st: ·i.n l E-s s: steel scrt·er. and att ached to t ;,E, E·r,<i c,::;.' w1t:h a s i!i co;:c n .. .:··tv:·r 
UJm;>>.'nd. All co1 ui'Qn S h.3d an inner diamete r of 6.34 e rr;. Thr\"e dif fe rer•t 
l ~ngt h§ of colu~ns w~ re used to give n~nina l ps re vol umrs c f 150. ~oo . and 
6UU en wne n t he sed 1 n~ n t was packed to a bu lk iens1ty of 1.5 g/crn~ . 

Each peCKed co1urm \'/tiS connected to a p,;r;·:p/col h:r tor sy st ef;' shown sc hema
tically in Figure 12. lbd viant or ground ~,~ ~ t.;;,• r wc s pu<t:ped fr·om a r es ervoir by 
eit he r il syringe or c mt.dti~t 2i 1tic p lFilp. Ttle !;01ution f1 o;..;t:•ct up the co1t;r·ln ( t o 
l':n~; ~ ,~c e ~ ~tc1 rati on of tJ"";f! co l;Jff~n with the s. o lt:i i !)n) and cut t o an c'J tDlnat i c 
r r- ,;; ct i on collector. for S<>r:.e e"pe r int•r.ts, in~ Hne Eh and pH Oi.; ,:::.urf:ments were 
madP o~ the c o l u~n effluents. The effluent S h~p lt s we r e prepa red and analyzed 
ac c o r clir<J to prou:d u r es des c.ri be d in the secti on on f!na1 yti c{1 1 metr:O(iS. Seve
r .:: ! of U'H.~ co lvrr.n ex ;d'.> rilaents \<l .::r·~ c. onducted h~i::(~ a contro lle :1 at•'JC;SpH:re 
th ar:;~;er to r•i nin i;e OY.yg·::: n c ofltar: in .-'Jt i on fro1r; t he a t fllO S p~~ e re. Tnt:· cG1u,n r, 
E'K ) : >?r ir;,~·r: t S S~; C<w('d th t1 t f1 i'i l Ural r(:'S-to ratior ar,(i tf:'S t O r' ~t i O>f t1y t hr,>rd c,,; 1 
acc -·•tion nTP th n(1 S have i:i dv6nt c:;es- o ver the st an:<arr.J Oli'::·- t~H)·ds f or r- ~ ~, to r :) tion. 

Al S(J, ~ r:r .p of the li t• : tM t lv:,s of ~n>u nd-wa tf> r ~ wt 'i;.d r':i "wr·r' (Jt: "":>:;t•<..t r a t ecl . 
Tr.c'> e n ·su lts ;-;rr· dt"-, c.ri t>Pd f o )l o;~tn~ the n .. , ;Jlt.S of the t:. <'lt c h ~' • f!(· rimf: nts. 

u<ltt· 1S il rt:' ~! I•,U, rtd t ri!dr•:-,iJ r- k cf t he (bP ~; n t (ft:> Nr::-;our-s, f .t .• Co •• 
;.; : J,:; i:: :; tn 'l, Clc l ih.'r1r i· . 
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13 ;:;er 
E:)dcap} 

1'--- L , • if\ - .---..- L•l.: I ,f¥-ll 
l 

Col u rn n 

Thi s s+,.·ctior) <onttdns a d~ s c rt p ti n'i of U1 f' re ~, u lts of L ,; t c t1 M id c tJ Ln~ 
f·"> _t, p~:~ f i 1;'h·· ~ ·; t ~, ~ n ~/t)'·; ; ch r~ dt.ur· ~ ·l f't".:. tor (:~ t i nn F r :_,i;.: ~ · : .. ·~_,e\ ·w{•ft~ S t. ! H~ l t:~ 11 . 

:l' j 
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Eh pH 
ElECTRODE S 

Two s et s of expe ri m~ ~t s each 1as ti ng 3-1/2 montns w0re cond uct~ct . The 
first took p l a ce fr <:n Fr·~~ ·"u a:y to ~;,, ;;y 1T:::3 a:-td the s r, .: on j fro:y, r;i ilr'ch to tl u":e 
19;:1,4. 5iJ<, typt:·s of Sedi1n;;nt frur:~ t he Tt-:r a s. ;:dne site we:r·e used in t he 
c :f. p c t i r~;~:~· r: t s : 

1. -~ -t'-ch~::~?d sei.'1 i rn,··!·"1t frfH11 ~he zo;··~ t~ dc~\· :i~-: r· i:;difnt fJ f thE.~ or e Z ~""J,e 

2. ·.;: t: 1 ji;:- ;:_·~ :d $}:<1 i ~·' i f-n t t"r cy:: ttb;e t.cr·~ r- ur·-s-r- .adient of t t"rfl ore zone 
3. o re-z (i '": ~ ~e-c ·1PH,n t 

4. ore-z o:~e ~ ;-rii rr.p n t with ~,.~ py r1 te a(L!pd 
~- ore-H•"C SNJ 'i;'w nt witt1 2 ; ~';, Fc:>cnat.f.'j sa nd a uc!e\1. a'ld 
6. l ectUH: :1 , ,, re. 

Tr.e ~e f'xpe r· j;;;>:"n ts w-:cre (1 2 :~ i q n{>d to St.ut1_v HH-> e·ffec: ts on sclvt 10"1 t ·) ;1?0!, i
tion of 1 u:•{_; -~.:,r·;n C CF"· ~:~ ct of li xh·1ar1t wit'1 ttw va:-ioJs typ!' S cf aquifer SPcl i
nw ·· tc;. T• ·P r r"d lt s of th !:~ ex;,! •r1 i:lf" l t <, <HI.' d •·<>cr it'c rl tn ~; rt~w r. 

\ :J l •.JtL}f'! dnt d fr· ;\r1 Ott ' t-. ;l t Ch 1 _-:t_ ~;P r'J i' if' n ts e<. r(' i)'YI.-''1 Hl Ap p!'Jidi x A, 
inLit, f. l\ .. 1 t..c t\~h. lr;e di·l td s~,~ ~~~" t. ht( t M ~~;}~~ fi ~VP ,:t c f. ~ : c iu:n ~, r, c1 ::.t.J1f~t.r· 
c r~ 1 ; ! · r\ 1 f ,~ 1 i c .- ~>, ·i r·• c. r f~ 1 ~- -~.~ ~,~ ·i ;j r·~ ·1· f 1 c ,, "t t 1 y w ~ ,~ ~.:· n 1 t x 1 ··,/ i LH 1 t 1 S { n 1 t t t; l ; .)' r:d if. F / : h' t t. f1 
<~it ~~~~--:".~ 'i f '.n ' ~; t_ t y ;.;t' ") f"), ( ;·rt O Y 1(11/ ft ~ i t (•:.~ ~ ! : ;t ~ nt ( f ·i ( ;!j r·, e ~; 1J Ci fl.~-~ 14). H; qr! (f) 1 o ;;_~ f. ·· r'J · 

t r .:·; ~ !. :~" ) "'· <.., ot ( t~ ; ( i U ~"'i or~ J ~s u 1 f ... ~ ~- t· ~1_-' · r .,· r !'"" t :· L.~ · ~·i t. ;· r\ ~- n ·l ~.)t "l Gn ! J ~. · ~_ - ;! i. J '\(' thf· 1 'i ,; i \" l / i f"l t 

::, ;, , ·· ·Ut f' 'J TI· I i.d(; ', in U! f• 'if< i i n:i •n t fh ,;'\1 ~, ,,; d hl ) "i c~ l L l:,, • • . (l:• d '.>i il 'l.~tP 
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.e 

Calcium SolCJt·i an Co~cE:·ntrations ir. Bat .. Experi mZ:1"'i't S wHtl 
To:as Se,jiments 

.,., ... --.-._. ____ , ~--.. --0.1·· ·~- . -=: .. ·~·- ' ...,_, '-~--. ·~.·.: .. _r:J. _.-.~r=-·.-.·~,-~.~~··---~--·-· ~ ............. .,. .. _________ ~--.... ---.-0 .• -. ,-.. ~. , ... -~----~ s~-~,· -~··--· 
·-· -· - c:- =··" ·~ ·-· y • • : ··-..... .. ~. •• ~ ~ • •• ,.;-..... ..::"' ."'"' "'"' ' " 

f 1 _ ;.:~~ ~ }4 . 
~-· - ·- ... .. ·~-- ·---
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co:-.ce ·-:t. ra t ions and possibly because soluble ca1c um s ulfate 'Tinera ~ s wer-e tl'is-
sc ! ved fr cxn tiJe sedime'"lt. The pore f '!uids hac1 r1 g~ cal cil!rn c'r:::: s. : ... \f.?.te ::or::: en-
t ra~ i(:ti1 ~2 - ~s a rf_· ~:u lt of ieac.t i~)~"~S -bt:" tween the P~J r ;:! f1 ~.: ict .:: r d ~~ r· ·;?. '5:~t1i ~;h:T! t 
·~; ,; ~ · ~ ·· ; ; st c r c:~ -?. of th-e :oT'e .a Ti-; -~ pr··: :·:;6ry c~·:t:-F:~!cal _;·!-rL '2~; ~ i s t.. 12 ·:;~ -~\.h7!r~ ~;!! and 
disso1ut ·ic~ of pyrite ac-.: or-d1ng to tne r·eaction: 

(19) 

This react·:on co·nsumes oxyg~n ar.d produces sol id ferric h_ydrcxide and dis
s.::)ivPd s .:lf~t e and hycrvgen iNlS. The incr·ea .:> r~ in hydrogen ions increa:.es tr1e 
s Giut :i1·::: _v of ca 1cite in t~<: s e:iime~t. and some- of it d 1s~olves: 

2+ 
= Ca + H~"' "• '- "'' 3 (20) 

Tt:·i s r e.:rcticm win tend to tmffer the pH of the solution l"'if.•ar 8 if suffi
cient ca1c" t~ is present. and it wi ll also incre!se s o l~t1on con:entrations of 
caiciu::·: an::: U\rb::Jnate. Th:: c~1citxr•, ar.d sult·ate S!)~trt«.m C. tJ;'i C~ntrations in 
co~ .. -t .?lc"! \ffi"Ctl tJ(e s::dimer;ts ar~e a pt) r·-oxi r~:;~ te· ly t :~,c~e t"~-~ p t~.c t.(~j i :~· Q..;~ ps d.m 
( Cc sc~ ,_ ~>2 t'f ... l{J } ~;-~~: .. ~e d iss. o lv ~f - ng and equi 1i Vr.at ·1ng ~rit.r~i t hE: so1- r;~io.n . c.e1c;J1ation 
of U;:: ·~' }'~~:·. ;~; S <F .. •Jt at·: on in ;:iex ~~r:r>''.fS tt;cn tr;e 1r:cchec! ore s a;r:-, le;;. r·ea:::h satu r a-
tion vt ·:·~t-J if~~-p;;~~t -to ~£-u~; i7 .~d t-?~e -r~f;d~J Cf;;_:! se,~:!·i. :ae·nt ·solutions i~re s 'ti grtt.1 y 
~.;·n:) ~_:; ;- s;;: -~ -L.-~ -- ttr:· [l . P_y:-.. ite -~~-2-i S - ~f;~·or. _fH""'\~.s ent in ·tne --~L'!:~ diZ-i~-'j se~atm?nt f -r(~1 the· 

q <.i ·I-~:.:::· ~ ... : c o~r: Sr t::~._.: r· r"1t "' .Y. ·e ·:: _ -e-·.,tta ~~-~d -cc 1 c i r~!r"i a-rld su 1 fatE~ :. ~::·"~· ·: .;::·e' t r ~1 i ::.1:-: s .~ t·e not 
;·curt(5 1n t he sc_; -1ut ·i on-s r>ont.ac·t ing · o."( ·Jd·~ zeC !i,edi-rr.tE•nt sar;~p- le· s. 

The i ron co~centr~tions for t he Tex as 1eachP6-ore samples increased 
ra;.d ciy at t.I'·H: hf.'Sinnin!! r, f t hi~ exr!eri;;rent and 1e~tf: 1il'd ott tJ.etweE>n 16 and 
<J. r.' ;.•v~ at .r>r-, •·· ru'w·lmi"*"' 1" ? 7 .-.m~ ~'r·;n,t~""fi' .!.'<::) Tn<.=> co,., ceorrtrati"'n of ch~S."· 1v !~d _,_ •• , .... .. ;:, , -, •. ,.. ~· . . .. ~ ... ... . .;.."';. -, y!- ; , , ~ ..... . ·~ .,.., • _ v · ..;, v _ 

i 1'01"1 for the r t:t!,:c::;rj ~e< U'f> ~' c< ~; ,;) ~'l ::'l 1~5 Shr;:>tJf.:G il:'l i ncrlN) SP after· :i6 Clt:yS vf the 
expehm: ·'>t v-; ~ ·::n a r;·H;:~ '"'-n ¥~1u e (; f 3.9 ~pm. tU 75 and JOl dii)'S. t ~u: ii·on 
v.:LJr>S c ·c "' t·i! ;:,.f'd f or both !::f·::; ·im£ 11t ty~~s it!Jd r~.'~:h,:d lows in the n~ ng!~ of 0.1 
t rJ 3 pr>;;, with Ute '\ .~· Z:Ch!::fd -,\;r-e; samp1es h:~v ·i ng U<2 higher c.oncentrat1c·~s. Such 
h1Ch l: O =':;_,~ troti0~~. of Cis ~, c1ved i~o·~ W·f' r'f! on1r pC~S 1t lf> at r'Wn"" nf•utrt 1 pi! 

\l a i ut-s if r·(·~l _;nng c ::;-~,ci'i t ·i tms reL:'Ithre to the ·Ff(! I) / fe ( lll) coup1e e.:n.t~?d in 
the sy::_r·"'· · A p o~ s;hle mecr.ani s.m for produ( ing such co.., ::'ht iono; is c ·1o; cu s.sec ~t 

t.he ~·'"•G ('l f · t."'>S ~.· ~·ct ir;n. Ttte 1:11:-:t tt:.: t dt~ ~-o1 v >,~·G irnt"' COflC.t:'n tr ~ tHms:. were not 
S,9rl'1f- )c~~r ~ 1;, t'1 .;:C'V ?it f~~ f or th-f' ot ·hc~ r ~f!:c ·:rnent.s SL~q9r;f·~· ~.~ that -s ~Jc. h M-~gnly r·~~d u~-
1~-.,~) con o 1 t or; :) ·Mlfrt l"t.O ~ .. prt)s-en t in -tnt: .. !~ (' s~.ll·.~~r~~·~ r~ t!). T t1t · e xpc r t:!'J{'flt!, 1fi wr-~ ;- cr-. 

t: r·~f:' (J r- e: - ~· ~"' ' ' i' ;- 1L1 0,;: ·i ~~: -~ :·: r~" 0 .... J t.il'lP ~, ~c; i r;4-'f:-. f1t s were v ~, t:" C.~ w.:z.~ rt' c or·t,h) c i ttt1 l y f'· ll r -lrt' t t-' r 
H:t' t'·~: ; ; t•,..;nwr: :s w·, 'tt1 rr:<!u c~· n s.edinwr! ~ <!fnd lt 'tl;-. ~ :.;>:! orr. ~·v'l w~:> bt:11evt;. t.l>, ;~:, ttn s 
tl c)Clt >tH1t': l 'HP"c~lf' t'ir.~r. Ot.ir!lZ€>::1 'Ptt:, ~N.hlT!t'''tS tO Stli.h iiVI £·xtt•nt t hC!t n,>('! •IC!r· g 
~.·uno ~ ~1~~~s _,n~. lr~ t'~ (}!., ~~f· ~.f t"~;t~vcf-~J ·: n tt~t!~· t~ s r.> ~u :lOl'1/!.t'·~ -l~~r~t tn 'tx:t.ur·es. Ttr: 1t ·v "l 
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= c 
..:: 

c. ci~·i.:~£~r:: r~a-ti0ns in so1 Pt ion in c c:flt -~ct \<lit h t TH; o t .. E:- ;c: o ... h? a. r·;_d s:xi~j "fz'=' j-zo.r'e 
Sf:·C·;p·;::::··r.ts it-.l (~- !"·-- :~~ t ~-1 ,:~-, :~e E~.xpect~d lf :fi; r r 1c ~y(ir~o:;~i de .W-e':··e fc<··:::1.ing a na 1i~:.rl-ti ·ng 
,; r··;:;:_--= ·:: :tn c.0-n t r ;c :. i O!"~S- f n so 1 uti on . 

T ;.'1-·E: cis 5-- -~:: 1 v i::d L~ ; c~ r. i urn c-ori :.f:nt r Bt i -:; ~1 5 nf t t"i-e T c x::1 s - t~ ti ·:·.crt e xpe t i ment ::. d 1 so 
s. h .::.y~ t~·i s -c ~- ff e r enc.. t· in t .tle reHJD~ s,tat.r· 0:1t t hr::- 5 -f~, ~:~ ·::~·,t~:-.. :t s . The ur · o r1i ur{~ c.on
Ct't~L r- -r.~:·!o""l i n t hf: origi na 1 ·11xiviartt u ~-ed f!J r the 1 ~,.; :, 3 t i. (;t -::n exve r ir:•.en~s with 
r -::· :h:·: c:<: ~,t:;~ ·r,r~ · · t ::,;:·:c l E~il::ht.-d C1i<2 wt s 52 ·mg/L . ln t hf ~; ~· 1u~ior, s.ampl es col-
1e·(. tf.-:>d <.~~.;r·ing t '=-~f!· s~:c v~·-~ d () h y C·'f t ~}e -f _~,; ;_:. t::-t ~P:4pnt. " tf·~e ~ .. tr/1 r~ ~· ur·q concent. r.·t:. t i on fG r 
~- h E· , .. : ~~~: :~_;. ,J c .. e·d ·s. f'· d~ tT~r·-~t. s-~~ ··n~--:<~ 5 tL~~~~ Ctt: ;.)" ·p· ~~=(! to -D~"p :-- !.; .ri;o;·~r~'!>c;~ 1 .Y :l l my/ L. l.:l ttd for th-e 
l ~~- e-:--. '{~'·:.'i G;i"'f;' t ~ r.·e ol:;,.\40 .(tr~ ;i1 l y··:~~: S -~~f:~~·-- t; l. f1 Gf"td 22 r~H;[ / L {. r ~ g u rfr 1 f, ). Th~ uran·i um 
c o r ; c~c~r:- t r c ti on in t he 1e-a c ht!d ~;:~: r-e S.i1~·s-tp 1 -E:-s hE }d st~l1(J.r· et e~ ti D :ft 20 tn~/ L until t tie 
1 ::~ - c ~:{. v s. .?J·,~·; ;} 1e· s . ~l~ i c. -n c.ant.~i rt?.CI 3 Cl nd 5 rr~g /l forth~~ d '.J ;:~ 1 i c. e: tP ~ ar1 ;:>:+': s.. At 
'),. ~ .. ,.. .. ,: .. < 1 .. ~.00< of .. ! .. f· 1 r .> r· ~·· • '• '1 - orf> r,t:: ::J1•·h .. " t ·.~ d O.? ..... S n :.".·l l_ t;ran 1 G.'·:·1. ar;d U a: other ,. ~.- ~ ~.; ~i · ·' 't ••' · ' , l .- · ' ·· •· ._. ..,_. · 0 -. .. w • · «~ - -.' ~ ·I 

h et! ,, ~?:• Ol h i ~; t1 o r v !l l u~:' ot 13 • . 1{ n~,/ 1... This h 'i ~/l v ;; 1u •. c ~ i: !ls we11 OLi U,i tJE' the 
~~ ~tat) !i ~--e:j l'"'f'·nd cf Clc cre,~ s 1r. g ut!;r r:- it.f[f~ d.~rin SJ t ht~ f):"_; ... Pr i r'7H.JJn! . • f r,; r t.*'e .75- and 
.J :~J l --- r:~ 1 eB L ht~~ ct :O r E-.· ~:-.c~ :::\;) 1-es ~ t !"":ttt t.¥ r·tn -i ~ s'-r1 c r:rr~ c.~"_~, ~-~~ : r-e- t 't ~-\,-~ ~~;:f' S 1 n lt·; t~ rdn q p of 0 .13 
! () n ~ l f· f;'::::; / L. The u -r ei n ·! ur~ c. o-r · ..... (~f~ t r tit ·i ·O"~S in t. ~~f~ r -f•(j ~ J(,. P •:1 ~~ ~-.. (~ -~ t ·h:;~ "'l t ~ .. r.;i('_, ; ) 1 !~~ f 0 1 -
l i)>"i ~· ;! i'! l fP ; >('j (.. fl")if' \;jl'; ,~ t C,).;; j l a r tf) t.'o~ t (Jf t h t ~,J r {! f'11 \ J'I 1r1 ~,r; l u\, J [l tl 1•> ("J''i t a C t 

~, - l ~-~ n t"·:e I f·· t"tC_t) t<f-: . .Jr·t:4 t_~ P C~ t rnf.t ril. ~.~ . 1hpr f• ~ -i:'~ drl 1 r l 1 t, fJ 1 l " ~·-.. ~i'·" drop w h en t -"H~ 
l i .t. l \'~ ;:t .. 1t. w- -~· ~·. b~~ t~pd t. ( J t .. ~·f.' S- f'~!~: l ~it·· r~ t. 1hp c:. O ~i·:. e nt r ,~ :.l 0. tl o~· t.O:idflluffi i r"t s.olutit>f'l 
~. :il_lf'-:·1 b(·t:~r~:-~t- .,'i J l j Brtrf 1 -~·,: r:;-~; 1 L t h·:o ·:J :.Jh -c1~~ _v 1f:, ()f t~Hr- t,~x ;··;· e?r; ;'>' .. , t. . t\ 7 f>::-.y Jf . • t~) (" 
.::.. r .~ ~- ~ ~ - ~: ~· !"1 tr~ ... ,t ·: r: :i d "' ~.t:;; :,;t· Cf r ~~j - '~, ;; t:: · -!' l ~ ;~ ·:-~ .... . lt -~r::; S 1 ~:~s ·:-. t -;;o ~ j n 1 ~7~~;/ L r ,,) r t~rt·el' nf 
~. ~--:!7' ;- ;_,. ~ ~tt'r :··~ 'l;) !u,. Cil) 1 ~, est . l ~ _, - 1 ~_-- ·\ ~ n(1 3 r3 tn-g/L f o r t ~~r:: f ~JJ t trl !:~ i: · :·· ~ : \ e . 
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o ·~ s ~) c; t y:~,r~(J' u .rt~fti ~ Cort(..12''nt rat i 0115 f ·o-r t ,h·e B·atc·h EY4:lfr'f'~ mr~-rrt s 
~j t!l 7-c~·J:i-1·~; Sfi·ct f .!'tlt::flt 

7 h~ 1 ~ ~~ i vi a·nt JJS~~· :in i;,.he 19'2,~ b~tc·h e~.pq ~· -~ rt~rtt ·s ~r·i t r1 ·or-e-- ,to;H:; s~~-:~~- ~· ~·:,;.·:;: ~ t ·s 
~r~d o ~~ ~t ~~~ -~ ;:..t;::d ·se 'C~i-.7-;~~~··n t. ~-·; .. ~t·:6 ~ 'U ·f i;: ~ itJl~ :C.Ot·H"; t:·.ntr~~t. i· ;.1n ·c f ~l·~· p-p~m . />;s ~ f~ "\~~\"'m i :r.1 Fi·2-
~:~t·~· 16 , -~- ~ -~~:~ £<>1- ut~ - \tfcl ;;. .c-~;· .(~:t~tjtr·a .. t..·}(;.n r.;f .v·t ·a ·n ittf0 i n ,:. r·E:: ~:E.fid t .o ov-er- _3':3-Q p.ptl f or 
s ::>:-,;.r: S-f~··c ·~ ~L :.·:· t"'t s tt f tt-:r -ce~:t~J. :.-c V£i t .t't the o ·r-e~· z cr:..~.~ -~ ,;~.~ ·-~j • rci,ent s . r:-~ .t 1 d i zi 1'19 r:on~: }· t i 011 s 
b...;~:~: 7"'r:: ?'·f~· nt 't ;~.l ·~.~r:~1 l t~·~~,~ -~t· .li s ·r~(:~d !u t r:·:::··;€' -see <:r:-,;"t·· ~·\ t $ ,. i~ r; ·d t.:·\~ ut· t;: n· ~:.f~ c"' r--e Cis -
s ~/(~,J ·K*1-H~: 1t t~·vc.~ l·J~ ~ vi tir1t ~1 6!5 ·£ .dd·-~-d . ·E v~:~n ·t ~1~ a<~ir1 ~;ti·;J"": o-f py·rite a 11d ·res.-
c •). it ~.>.::. c~ s,f: r•d to the -se~~~ira~nt .. we~~· -~Pr~2;f e·r·~ t ly not -e··:'"> j~(· Uh to p ·r.~)<Jvce """f!'.fiu. cing c.on
r.: -:: ti:.""·'S f o r· the ti .P.e s.c C>i '£: of t he e:tp~ ri':-"':·r.t. t,~t:nd1y. til"!' a:r~~;z !';'H!. s.~,~ i::<ent 
~-?· ·~. h,:,.ut t·· ~:d t.?( 41 1"".-':'; r:~~ r,t re~ ~ s f:i.d ·~;.~d ,~~ hrt1~·~>J a s~r e·? t ~ r r"~:· .. ::i·u ::: ~. i ()n in .d~; & ~<I] V{"':'!i {/ !""d ~ 'i \~rn 
~. ~·~~ .. r;·:<>i'~~-f";:.rat 'it: ·t; . t f: .. ~Jt ·~.h -~s Si -~~·c1 ·in~et!t ht.::-d bz:~'t7 f1 c~ .. 1~ ·i~~:: ·~ .Z {~-d ··-dt.f ·t<~ 'f:r t. C:"'"· ,;-;_ g,t"~ 
·\ t :~ z ·f~~~ -?.-: :S. O-r~t:: ~~, !~e t.CJ >$. ~~ $Lil';t.e thd t t-~~;€ fJ f'"OC€~ S S 1 c·~"i-t.: ~ ... 1·r.g· tJ 'r~("\1"';' it~<'ri C(J.n ,: -e nt r·iJti011 r; 2i S 

,'! :':sorTt i o!·, t:r, t o ferrh: hydro x1de. lithl c.h 'is k n:h-'fl t o t~ e a st rcr"<l edso•·t>e ; for 
t: :· ?J'";i w•l ( Am<~ £ e t a l. 1983) • . for :the $A:<di ment in w>"' i c h a re·d·J:: t ~nt (~·y-r-ite or 
Ft:'S-c-::-.(! tf:'~1 S.M<O ltJ'>'j S added, sr.:r.w~ of the origir,,; l sf.•c::rnent W,t!S :•·en•,'oveo t o al1ow 
f't}r t.h £ VCl l vT;r":• of T'{,th,.;t ·t.ant . t r;ereby l u·14edng th,;:• ~~n.);;n t Of ;my f€ r·riC ~~yd rc x -

1 Ce t ~-- .t~ ~ -\t~'i~s pr e·$. J]?r:t n t·h.e $.- t::"~'·:!' i rt~·t:·rxt. f.\ '1 s o. l f th-'{~ r-!l·· :J·v· ::. t tl ~1 t. ·t,},a s wnr·j: t n; ~t 
<; ·11 , it ~fl~lj · li ,r; t~e :;f\~i~t_t .. C~-<.1· t ~1~e ~d~Vt:fft ·i 0 -t"t e, ,~.p ~~C 'f ~)~ e~f t ) ':tt t·b-,:;~::; 1 rt 1 ng :f x:~""· t .. i C 

f'J :h·:::o J< t c~ .• 7 h i? 1 t~lp-::,;;~t oli ~<ct of f err 1 c hyd r·tu.: i dt.- 1 r: f';:•:r,c,. v i ng 1.H· .;n i ~.sm f r·o;;; .. ':1 1 u
!. i on i:. s v<;C:J \ - S t !~,j b j t h-e di~s ;;1 v f:•d 41 ru:~vr.·. c onc t•fl tf a ti tHr':· f v r tt;e OJ. i~itt»d 
SNl i !"!<i>'n1 (H g r~!!" H , ) . Ow:>r the t 'ii:'t' ~,er \ <.•1 of the f.•Xp f: r ·. r•,;;;r;t, H :e ura rdu~' 
conc~~n r· •u f''t i or. c;~,,c r~ ,,, '',&0 'f f" ;c..r,, 44 p.;;m H · (.'!;,:>~! rQJt; i 1r,.H<:: 1 y 2 p pm. Tt< is vrbS tr1e 
1 ~~-·"'t~s, t ·u f' i'i r~ "i 1.,t"!~ (_.()!",::. ,~: ~t r Rt .} nn ~€~ ~ ~,u r·~<1 f ., , r- t. hft 1 9.;~~ ~ t~ ;.-~: t c h f· K!>t · r 1 tt~{·'P t ::.. .~r:d 
p r··ot~t~ b-1 ~f r'i~ ·f 1 f<·t t ~ t J 1·P 'ff f e r r 1 c. h.ji'J ro.~: 1 ,d~ 1 n t h·C'" ~ ~~ -c, u :t r::1 ~ Zi?1 'S~d lr~·ent s. 
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The ex.pe riments conducted show that a number of processes a ~;pear to be 
active in our batch SjStcm. These processes m2y inc lude sorpt ion. oxidation
r·e c:uct ion~ ar.d r-; ;ineral d iss -a1~rt. ion / p r· ecip·jt ::· t ic.1 . Tne r~~ o eri f'~ents .t ·.)ndJCt ~-<1 \ n 
:, · " ,j i d •·rot ;) :~ec;J a.~e-·y s1 mu1 a te natu r a l res t o r ,~ ti0'1 be cJ .: ~. e of the oxidat1on 
:;f tre CDres dH' lf\g s.tc,rage c.n1 t <·;~:- r·elatively 1arg\': a><;cur•': of uranium dis
solved frO-:! H \E' seciment dJring the experimt-r:t. However. i nforrr:atic>1 oppli
c<::!<ie to n3tural restoration was Obtained from the l 'E 3 o;:<: ri mer:cs. a r,d a 
d1scussion of these experimental results is emphasized her~. 

There is little dou~t that the lar~e i"crea s e ~n calciu~ and sulfate at 
U <e beJi nning of the e:q)eriments was caus~d b/ t ne dissolution of gypsum fr:)Cil 
the S l'' .j~"'.er>t. Gypsu:-1 is not a noma1 coDponent of F )e ;iq•r;fer sed ir;-;ents. and 
\<f? •ie.!iev~: that it was proouce,-:1 in t h<:: lea ched or·e by m :idati on (~ f pyrite dur
;~:9 the 1e· i"!:h ir~ ·q pr:Jc.ess. Gypsur1 ~-as pr-.obab~y prod u::e<1 in the ore-zone sedi
r ···~ ts and t De r c: · duct~d sedi r:-1en t by ~~yr i te oxidation durin9 red lection and stor
~ ~e of t~e se~inent. 

rr. e G '~cre c:se in uranium co,K.entration of trte 1ixi via<~t from 53 to 21 mg/ L 
en initial c ontact ~dth b-oth U>:? lear:J·<ed ore M i d recLrcE-d sea·iner.~ was pro~c D 1y 
C~ 'J;ed by s 8rpti on of u-ra.ni;,Jm t•y cld_y::o , o.r:yhyr!rc;;ides. o;g~nic rM -:-.ter, or other 
S':"lid;; pres.e"''t ·in the Sedime nt. The concentration of disr, o h·ed u r anium 
r~na ; ned a bo·d~ 10 ppm f.:>r tt1e r:t..ljority of the 2-. 4-, 8-. and 16-day samp les 
f 'J r th.-;- se s.ed H·1ents . a f ter which it dt"::rea:.ed . Ti'H:> cie :r- f;> i'>S€ in d issolved 
u r ·.;H1 ·j; _ _r~: CO'l ce ntr·ati on for the post~H) ~ r::ay sa:7t :; le-t; r:c'<' €· r·esiJlt-.::<1 from the 
r~ d uctio:' of the •;r;;n'itP\ fr::.'i'l tH:o +6 to the + ;! ~· i':de:1c e ~ .. tat e and precipitction 
0 1' uran ',!J :~ (;HYs~·!t1 y 2!s._tJG2 i. Tn~ ide·n~ ity of t he reductant is _of pr'ir>te 1r:ter
p ::; t HI t r1s ~tu .ly . Pyrite <¥a s pr-e ::.;ent 1n t f"le sec(1 Gi~ :l t i!r~d c.o~·lc t-. .<; ¥e ser\ied cs 
e :"e-:'!ucta r:t f or u;,ygen end U(V l), but th(' ·oxidatjor: of pJri~e \\'vu1d not lei:l.d to 
h~ irn :·;· ·vcl iJE·S as w.t:;-re f O'J·0:··:i in t~1E:· ·f!:K.F~i~E i.rnent .. -~·:-.. 1t~·o :._J ·~)f'1 t~·:e -so1 .ut ·t cu1 a;n -~ 
S f"~· ~ ;-:-,:::: ·:t s we"" ~ not ara 1yz >:~o f or b:>.Ct>:'r~a . t.1e ry ; ~ t l H;_,1y r.f<l~,cers i n t hi s 
sys:,ter1 art::.- r;a c~s~r i a ~ ~rh i ch use OY /9-·E~n , -; r-··i)f1_11 s ~_tlf att~, ,: ,~':_ ':; orc ,f1nic ·Jn-att.er as 
t n? ir ~ne rgy soJr~e s . Aerohic bac t eria initiall y us~ ·d is s0lv~1 in t h ~ 
h;j( iviarr: t~ o;:·icize .:~va·i1at} 1e orghr'iic metter. i 11? [ h d t •H: solu t ion is 
lCJ'•·lFred by t his nro<:.ess, t"ut not en:)•.:gh to af t' t:•ct ot,r,.;:,r !"t.>do.::~ -s.en~ i ti ve c.onsti
t ·J• c,t s in t ~•e so ·:ution. TlYl s C. Ot.dd t;.~ve heE~n the s i t '.i .:<tlon h; the 2- artd 4- :;.,~y 
~)a : - : ;-: l f: S in which ·irorl ~r~,; u r -t;-:rti:;· ~-; c or.cer:t r .at\c}ns =rf~S?;i r;:.E· -: :.: c·1f't:se to t.h~~ n r1:; tn-"2f l 
~·a ue oht a i r~ e-<1 f o-r t he s.l ~.~ ( rj . 

~Her t~·; e .~•·· "OD1C bac t e r i 3 CO!"i S.urr{e all of the O<:y ge n. t r;e nr::xt c>nstit uo:.nt 
to b.e re:l •JCP~ i s ir'01'1 ( Ch~ tr;p. Gu1ens ar,1 ,J iJU. so~ 197'1 ) . ... ·hic n i s pr <"st:-r1 t in thf' 
r1 i ~" ~' ') : ·n;· d f o r·:~, a t "J i! s t r-r-r i c .:> x; h y 11 r ox i d €' s o 1 i 1 s i n t 1 r f> ~, ec<l ; r 'ii: n: • J, (. f e ( l l l } 
is -r!-"ri ·;C~d to fl? ( ll) end the [his 1-:;.,;er·{~d . the f ef i! 1) s r;1i(f'. t·t~ C.OF•• ~ n y·p srd 
u~-~ 1 P ani irvn c o~:;- Cf: ntr,~ tion in so lut.1un i ncr·t~dtse -s r1~::ir~- eCly . Tt~-e· r-t: ~ re pr-o!)es_tJ-ly 
m:H? f • ( JlJj Ot.H:I <"; ') t (l he ~~~S S:J 1 H.<l , .1'1 t''H':.' ! e;, c..he<l D "P. t ha n i r. ttw f H 11JCf't:1 

S. <~::!Hf;,- n t ; (';w;.e :;•u. -ntly, r.11 <;. SCJ l ltl £''0 i r '.) fl c,c;nCI"" tra tlfY"! S i! n .· h l:y:t r lrl ttw 
s nL1 t ''Y''' f nr: t he l f., ·dC hf•(1-on~ ~cs r- l;dPs. Thf: 36-d,;;; SG\' ' ·:~; le S~'•'.; ,\' ':> VH· ' ''eo ~ H"hJT 
·~ i ;;,•,, , _ lvt~d 1r J ·, CY;C.•; ~ : tror~tl0'1S. f u r t>o U• th<': l P<'l U w·rl o rt:' c:';d n·duce(J S.t· (l it:li:' nt 

t\ t_tt~!,, . 1~:,. s, t:~~v.1 it ~ s pr.~'-:.s ~b1e t r¥ -~t (lt t~': JS J)C; i nt. i -, · o n--rt•·d ~-~c l n ~t !~<t c.:. te r· 1~ ~' 6d C-o''1-

~ ~_; :· :·~-!-··1 a ·ll trte dv6: ~ 1 :& t\ 1P Fr( _ll .T) .. Tr iP fh n~ ~~Y t:re ! D·:·. ·~ \." ''"!)-:J ~)~; !. "·;(J t 1) ~. !~' } "T "·1f1 t ;. t~; ~ ~ 
tx~:·c : ~ '"i:i: ... -~.~j .)i: ~- -r ~ f.:~. ur,; '! . ~~d (;.'·f': d b f.-< :j'l q t,r; pr<t ·~p ·!t 8 tf . rr, -1 ~. w.) ~)Jct -l :_h~~t-!r tht." ur"r:: u-. 
t O'< •-n ~..rd H' '~ tiS we: ·~ f r)'; ~C! 1n mn:, t o f· the p•.i':. t · 3b - (:1 a j ~.-1 ·~; it'S . As ~ '1 
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a terr.ative to the proc ss cf uran~um rerr,oval from solution by precipi! :::tion of 
U IV) m i n~rals. the sur ace exch3 nge sites on the aquifer solids may be chang
ir.q wit~ ti Me to ~ cc·r'.d t1on that w·.- .Jh! f> n' a :ce c::'S. iJ,..r·~ i<V' of uran •)m a~:i its 
tE:· ·· .. <. ·v :; l ?·r r.tn ~. o lJ~~-·~~.;n ~· a a Stttp t i 0·f\ :.s . Hcrv.;;--~.~·\/ t-: .: , t ·~·.·~ s pf' {:""JCE~-ss s ~.::, e·f·Js · 1~:s s 

1ikt: ly H t he Fe(Ill) oxi1es are aiso be1n9 consumed during establishment of 
r e<bcir.g conditions t>er:a ;;se these o.ddes a r e the sn1ids ITtOSt li~<;ely to adsorb 
urarnurn (Ames et al. 1983). 

Sulfate-reduci ng bacteria. may bf~gin to influence tr<e $y£.tem as the iron
reducers bi?·ji :'l to dedin'<: . This 1owers the Eh even further ar:r.! pro~uces 
rea0 ~ed sulfur species. This wi ll have a s i gn ifi c2 nt e ff ect on the i ron con
Cf·ntration because ferrous ~;.u lfides (e.g., pyri te } a re not ~t~er_y so1uD1€ urHier 
these C0'1ditions. The preci;dtation of ferrous su1fide rr ~ rt£ra i s 1~ reflected in 
the e .>q:>E·r·irr;:::ntal res.u1ts b:- the decrease in total cissolved iron cor.ce :-; trct ions 
f rc;:~: G;:,pr ;.:x ir-:ilt<:!ly 25 mg/L at d.:;_y 36 to 2.8 arld 6.2 frtg/L at day 75 and 0 . 35 a··a 
2~8 rng/L at a~y 101 for the l eached- ore du p lic ~te s~nples . Su lfat~ concent ra
tion (F i re 14) a1so dropped at t he end of e xperiment . although it was not as 
d~arc :~ti c as iron b+~ ce~.:se di s sohecl sulfate concentro:tio"l \ii ilS r;uch higher t nan 
dissolved iron. We noted et day 75 tliat the cf; 1or of the se('iPent had chan-ged 
fl~C::-1 h ght gray to h!ack "''ith l'; metallic luster. This is a c haracteristic 
c.c1 or· for ferr-ous suHide so1;cs. The dis:.£1hred iron CCP1CNlt rations at da.y 101 
for u. ,~ re(i'..H:.e·fj -e<! h"Tient are 0.1 and o.,e. mg/L t.;'1i le the p£-2tk vr: lues at day 36 
we re 3.4 and :. .r~ n;/L. t~o sigr;if i cMt co1or change was noted for th~ reduced 
se: )mcrrts . \'.~h ·ic l"~ ~t~rted 0 1Jt 0 1trl gr.ay . TiH:;o &g:J) nt of f u ·rf)t:S sulftde p r f:'ci;:d 
t.'l.tttd lfl the r·~:d :;f.f:d osed tne'nt sarnpi ".'S t h?: t vr')u H b€: neecti"d to ccc..ou r·t f or thE 
c t~crt ge in i.rorr C-t.Jr~cer~trat 1 on w~s Fr~J (~h l f:}SS th&.r: 1n t he c ase r::f t -he l e.a-che-d .ore , 
and P t'.:S a color c.h,;·n;_,e lt<ay n~)t h~¥·2 bes'n r,(:>t ic.r:a>1 e. $.i rrd 1c; r (. r~a ns;:: s it"l the 
ir·on car~~. (~nt of s.t:1iwr.~·nts .tt ;f;~~ ·e b-~'-t~fl no·:~ed i n f.;·x. z·!,' ·:::. r< n:;:~:· ~~; ~. t·: ith l;r·i .. (! t;(~~:tffl:t S· f~t.:!1-
m-:::n t s $n whi r..'' b&c'~ er· i. a ! lC:tion is ;,nc;~crn t o h;:~ ~~'·:~H:;ft!lr;t. (~iA"t'L'::>e r 194 1. 194?). 

TH:s e e ~~ r;r.' ~~ ·i r::-><' l'\t s *"c.2 re c r;:.nduc;. tf.!-!1 torrcu r r e::t ly with the Te ''.:>:: bat c.h c· .r.plO: ri
m€,~t'i du r·i ,H1 Ha.rch H: ~·ov r.:;h ~.h.; rua- 1 924 ~ The Vytf•:i ng s erl'(f';~en ts. tlh~t lllfere use•d 
,~-er· ·e col!~ .. . ~::. ~~e··d du r i r~ g- Sf'~;. r._~rn~t~:tr l!ft:.3: 

1) r eduted s ediment 
2 ) r e r.' ! t. .:Cd S ?(Ji r~nt with l lf'!t pydte a0dN1 
3) f C' '.Ll·::f-1 S{"·d if"<errt wH ~; S l'l't t pyd t e a.<J:1N 1 
4} r!'• rh;ce~$ '£.1?t1~t!ll<?' i> t wit ~'! 20 w-~~ feS·C. il~ te-d !..Mld -lcldt:CI 
5) ox i d h t'>d s..ec ilner.t. 

B.~,· >:;;.: :,r ~If'' took i! :'!ded P~"t':.:autkms in U1i> f i <el d t o kt•r,op t l". t> tt"'·:'i ;p:;~?d s e-dir··w·r•t s 
'f r ::/ " tH:· i n:i cd :Htt>d tt:v5 P('(.d ;J:'•(' of t!<i{• r ela ti Y{' ly s r. c..r~t (i:'n ;)_;flt !lf tl l'f£' bvt wf·(•l') 
t..!tn ,; lt• c ol l ect io'! ~na u~-fl o f thP !~ Ni!fl~t>r• t s 1n tf<{:' ',t:' t•~;pf· r llN'nt -; . • I;({' ~f'tt1 t! fti ~ 

t ~•~· ~. ~- t' ll. ~• t'~· ifl;e'·n ts closely su;;.u icte t he t, rocf'~~ s o f nHure l r·e s t:.:> rH iO"l fur t he 
i<i J o:·.' n ~ n: ; ne s 1 t e. 
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The so lution data for th se hatch experiments are contained i n Appendix B, 
~ ab es 8.1 to B.5. The l i xiv ant used in these e kper inents 1bd a calc iu~ con
r:-~.:·! (: t~t ion c f" 98 pp·n on~ a s·v fa.te COrit~:.rTtration cf 439 ppn. "t"~e s u;::-ernatc ~'""· t 

< H .e 1 ix" '.:ic ~' t/ :~::::Jt;cc~~ s.e .:' <"lcnt mi xtur e a.t t he t: es in n~"9 of t he EXfH2·r'i me··ts 
i ;, : mucn r• i gh: r cc:nct:ntrat 1r;,.r.s of these constituents: 247 pp~1 calcbm ard 85'J 
p :-:'1 s,Hate. ::. ~imili:'r u .ar.ge in c oncentra:ion for calciun e:r :c sulfate viaS 
rctea fer t ne Te~as batch experinents. This occurrence is most li kely a result 
(:f trH'~ forF•:::t ion of gyps '.im 1n the sediment frm pyrite oxidati e>n ancJ calcite 
di ssolution during storage of the sediment. Gypsun diss olved in t he lixiviant 
w~·e1 tne so1ution >t·as added to the sedine:: t. The calcium c '~d sulfate cc1cen
trati ons of the lixiviant did not change wh~n it was added to oxid i zed Wyoming 
seainent collected up gradient from the ore zone whe r e no pyrite is present. 
T~is is add i tional evidence tnat oxidation of pyrite in the reduce~ sediments 
pr-ocJces the ot:· ~forve~j effect on calciurr, and sulf~te concentrations. 

F~ :,;·.n-e s 17 a:n.1 13 s ~,o-,.,. the resr•or;se of t he soh;tion (Or:cen~ ra tions of cal
ch'~ ,:r::; sulfatq to con':a•.: t ti ne l'I'Hh ti'H: var ious s eJ 1mE~nts. v· ,~n no pyrite 
we'•S a:i '='l ed , t tH: cy:centt GtiOn of t ht~se constituents renc. in<>d fairly stable. The 
';j: •' c· :.er the i:mour,t of pydtP. cdded, thr: higher the resulting ca1<:iur1 and sul
fate concentr~tion in solution. In the case of t he sed iment with 5~ ~vrite 
add?d . t he so l ution pr0bably reached equilibrium wit~ gypsum. The sol~tio~s in 
c-Y·1t,-:.ct with s<~di rrent am;:: nded .,;·ith f€·S.Mc.oated sand did not show t hese large 
ir :.rc:r:ses i n cal chtrri a nr:! st;!hte C(ir.c.ent r~tion, c.n1 in f c:::t HP?.y r€'~/J'Y"ld<;d in a 
m~l : !r·,.;:-t sir'lU ~r to the red:.<Cf:'d '5.e<1ime:rn:. with nothing ecY1f',j to 1!. A1thougtr 2~ 

cf v , ~, s ea·; mt:·n t in t he res-c:ated s and eqH:d r;r:nt con~i sted of the coate::! sand. 
the r<3 J Gf'l ty of the coated s and is qua r tz gre·in s c '<d probab ly P\JCh less th ;;ro l ~ 
of ti"v:: to t:al ~. {~· t1inr. ·~ t ~• •."1 ght 's FeS. Ap~;;,r·ent l y not f;!rtr:,;~t; Fs:S wJs in t hese 
s. P.-:i ·inE:n t :';"ixture s. to a ff ect S<J 1uti on cof\c.r;r. tratio;;s of (.aic h·:n 6'i;J s u1fate as 

T ~v~ UJr::.e.:r.trH i on of vissc1 ved iron f o r the vorious Hyo,-·dn~_l Sb:!i ne r.t s is 
shoAn in Fi ;~re 19. hs was f ound f or ca lci um and sul!ate . dis so l ved iron did 
n-:)t s h<Jw a n l ); p:-r2- ciatl e ch ~n·~9e in C.t.tf1centrati or. cc.~·npare<1 tc' t~e or-igi nal 
l1 >' i ·~i,~n!:, for the ox i !~ iz:t-•1 Sf:ct in.:·n t f, t~d the h'S-co ~~ ~ f'l'1 !: a "1C s t·dir;;er.t . C(J'ldi
~ 1 :.;"' <:. ;J (:;;·, ~' 1 y r t--:i~; ..:, t:1~d o.d t'l 1zi ny tf'; r ;.;~ighf)u t t.i ;;,::se t wo e ~<pt.·t \1-.·t-:n t s. and i n1n 
c c·c ;;"';tr-r;~. ion I•< ,' S li :',iLed t j' r elr: ti '-~t'- ly i1') Hl1\;!':le f <· ~·ric hy·.:irc:t. ide . Tr,e 
r ~-j _. - . tCP<! ~-- f~~~~ F:.:"~n! . S i:.}f'J.-d .':.;- ..- r., r ~; ;.-~~/;-~_. _o v-er·:/ 1if·f t '·t ·f:•rtt re-sp -)r~·~~ e . ;,t 8 t;r;1 lfi 1~ys. 
t.r·. "'f: ,,;.s rl d~fi ci t~ •··;c; ,dn,lm in iron c :;.,centrat·ion. :..sin t h'~ C c ~ f.' of t he 
T~ : ~ s SPdinents , t~ese ~igh dissolved iron co~tPntrat j on s ~re be li ewed a result 
of the ~" '-' t ~ s·l i ~· h ,,,:nt of re--;1•.;(. i ng conr! it i (Jrt S ( i or F €' { r I} ;r e ( I I I)] ttr;r1 the o is so
l u~ 7()'' o f ft:·rn c hyr! rox \rit:· in th~ S.N~i r:·~~~nt. fir; !Jf(! 2D SliCw s t'l<; t the [h ()f tr"oe 
s·J! ·; t; ;v-;:, ~·;cr· (~ >1uc h h;w~::r t han th.:Jt of t h>~ orig ·i nal li :r iv i<H'it (+ 39 7 ~v), 
.t)lt~'<):;9 r' P :·[· re- W<':S r><)t a d H~·:: t cor r·::·sp~n4t:· nG~! t•e t\.:.,::0'1"! f"': i r\ir;u.rl fi'J &nC t•;..'!xH'tiJM 

eH .. , ),. ,,.,1 1r r1r, C<Y•CfH!trt t i on. n.e p~ l v c l ues of tr, ~? !. ':l 1ut i ons "'' re also 
i!H i<tP "J t.-; U;··; t dr t w •t h n·t~u ce .;~i ~ f·cll:i,··r;t. ln i 'l() '> t. Cil '·f·>, tr: r- 1nHdm .. n pH ••a s 
~U; l ' J "· '1 ,., t trw ~n·:1 of trw t ' XI ' '·~ rt Hf' 'lt .:JfU·r 101 <1;,yc, 01 co~Jt e( t ti r l{· {r1(j -

, .. . ,~ 11) . T•, f · ~Jt ' : c • J ' , t of p]ri te v· · ·~.f" nt •,et'i';;:··d to (1;:,r.er.'1 1nf· trw .;n:1;; •: t th .-)t pH 
w .~', L ,·"'; : <·d . fvr U t" () rl yi n,:!l tF>r"i,uc t•d 'S- rtc:l ir'•~;r: t tt'i ~:- mi rd r;.n pl~ \" ':) ', fl.-4; w!ti-J l ~ 
~. ,..r .. t1:' •i"! ;h~d . ;, r1 t~ lt.n .. - ~-H;._t pH 1!~:' ,:.~~i. ? ., ?: ~n-d ~; 1 tf1 :>~. pyr l t~"" tt:J :'1~ "d . lt ... . ~ -:~ !..4: . 
;~--9 ~ ;·_ - i'- Cf· .. , ~- iy , tt·~~/ r_p tJ~ rc ti ~; t. ·su ·rt -~c'itf"r1t ttltbo~-u.tt e trdrH~~ro ls pr-rl ~~ rd·, t ·1n th1~ 
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r-----------------_, ___ , ___ , 

--<>-- R,,,,~:Kf'!d S<:,::J;mern WJth FeS-Coated Sand 
---o·- Reduced Sed;ment 

700 ---o-... Ox'd~zed Sediment 

600 fp_~.......... _..- ---..L---~ 
J .......... ------1 ~ 500 

F! (2J!~£ .J:l.· Dhsolved CaidtJJ-::; Coflcentrations for !J.:tch Experi ncnts 
'l«itn Wyor-:1 niJ Seci ment s 

.Uf·~~'~[.J K. Vis s ol vo:?f1 Su lf;Jty ( n•,t f• n trct '; (F: !'t for ~aLch (xpu1 ;t~t: n ts 
W i t h lrJ j CWI i P ') :;.h": l ff>\' n t \ 
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sediment to buffer the pH as well as thr Texas sediments did. In tne Texas 
sedim:,~ nt with 5% pyrite added, the minimum ;x·: w.: ;; 6.5. The low pH of the 
~'.v nm i ;; g sediments with pyrite added wo uld a1so c.ontribute to i ncreases i n 
d sso, ved iron concentration be : ause the iron oxi de s are more soluble at lower 
pH values. 

The di ssolved uranium concentrations for the Wyoming batch experiments are 
shown in Figure 22. In all cases, the uraniu:'l cor.centra~ion decreased through
out t he evperiment, and except for the oxidized s ~jiment, it was less ~han 
1 ppm at the 101-day sampl ing time. Because the solution chemistries of t he 
experimert s with reduce~ sedi ment and oxidized sediment were markedly differ
ent, we be l ieve that the chemical p~ocess by which uranium is removed fr om 
solution may be different for the two sets of experiments. When pyrite was 
added to the> reduced sed tment, the redox state of the s.ystem was 10i4ered as 
evide 0ced by the h ig~ di ssolved i ~on co~centrations. Recau se uranium minerals 
c vntainir;g U{IV), are ge•:e ra11y l es s soluble t h.'! n those con t .~ i n ing U(VI), the 
d is solv~d urani~m co~centra ti on wi ll decrea se if conditions chan ~e sucn t ha t 
the ctor-,inar.t uranium species shifts frol'1 U(Vll ~ o U(IV). ~ 

Another factor to consider is the solubility of ura nium minera.i relative 
to the am:;,unt of carbonate in solution. Uranium {VI) forrr1 s stron9 carbonate 

100 0 

100 

1 0 

0 1 

f ! Gi :q ?? • ... , .•. . ~ .... " ... ,~.-- ·~---

--o--- r\>:cbce-d S nd. cnen! IIV!:h 1 '1o Pyrrte 
...... 9 . .... Rf.',"iuced Sedr:nent w i th 5% Pyrite 

~ ... O ··-- R.e(:.iced Sedt tTi~~n : w tt : .. i FeS - ·cr~.::.H f:d Sz. r,d 
_., ~ ~ Fie.dt...LJCed Sc:::;.;nant 
.-- . -{_}-.. - {) x. ~ :;.i t ted $(:;d· ~1nen t 

Ols sn l YI."d Ur .1 ni1Jn Cnn et:n trat1 0n '; f c;r t he t~ i-; ~ Ol (x pt rinPnts 
~ i t h ~; y (Vfl l r; y Sf' d 1 rrw n t s 
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conplexes (Langmuir 1978) that would be the dominant uranium conp1t:xes in the 
li.:ovi ::: nt used in these experi ments. Ho1<~r>ver. because t h.:• pH of tt~2 sol ution 
decrt.•Ases frotn 7 .~ to less H1ar1 5.2 for t rK rejuce!:l sedi me nts with 1% ML':l 5% 
pyrit2 .:ld:ied . t~e a •~' .~- u ~,;_ of d is:::;1vt: j Cd r~,,) nc te drc;·s pre c ·i pHousl y , t h2·r0!:y 
Cecrea s iny the ::,oh~ !! ility of ur<in !um m~ner<.lls. 

The formation of uranium minerals i~ not believed to cause the reduction 
in solution co'lcentration of ur c1 niuf'l in th2 oxi dized sediment and FeS-c oat ed 
sarv1 expc:rinents. In these experiments, it dici not appear that rec; Jcing con-
ditions were established becau~e the iron concentration of the solutions did 
not increase. As disc•Jssed previously, the presence of ferric hydroxide in the 
sed i ment favors adsorption of uraniu'Tl onto th~> sedi ment, and thi:> is most 
1 Hely trie process th at rer.,c ves uraniw~1 frorot s o lution in contact with these 
see!is<1ents. It is interesting to note tr:at the final dissolved uraniun concen-
tration for thpse two experiments is almost as low as that found for t he 
r 0d0ced sedime nt wit~ pyrite added. !t appears that it ~oes not ~atter whether 
the senh2nt ·i s o;r;:idizing or rerJucing; given s uff ici ent t ifl'!e ur·ar.L.1m will be 
t1~:o~ ilizect by t he sediment, and the conce ntra t ion of disso~ved urani~m will be 
o0creased acc;c,rding1y. This is the main reason tr1a t we do not feel that ura
nium would be a good ind l Citor of a lixiviant excursion fr~n .he leach field. 

£~~-~.!:!_l _~~2.._C?_f __ _f_Q_liJE:l.:!._E>.:,2€r_:!E.:?_;"'ts l_ya 1 U!~.§.!g~ Re_?_torat ion at a Texas tn Situ 
le2C h U r ~ nium Mine 

Th(-:'Sf:' expeh me-nt s were ccnducted during Aorqus t 1982 and Novern:;er thrcugh 
flece''l :'::> r l 9.S2. They are descr ibe-d in d!?tail i n [) ;:u tsc'1 et al. (1:183). He: re, 
v1e sr.Pr:•M·!ze the expc:rimental resvlts in order to compar~ t her:1 with the rr:sults 
of si"lilar experiments carrie~ out on l.lyorwing se.-Jk;f:nt and lixiviant. 

Hte Te::<.as coltHlirl exp0r-\ments s h~'Wed t ha t t!'H? r-£'<i Jx potenti a l and t he c.on
c c·n ~ :-at i c;r;s of uiiHrium and c artJon ate in t he li xiviant that \'i ilS p.1nped thrDugh 
th <:· cnLrr<'~ S l.-!2 t"c greiit l y af f ected hy cont ac t with a s n,all c.:..;ount Cif sec~in112 nt. 

The [h of the soi ;Jtion changed fro.'Tl -+300 mV to ·3DJ mV; t hrc: disso1ved u t tn ium 
C:Y':Ce>trc'.tiCJn drop~~ ea from ~2 ppm to less th i1n 1 ppm ; a:.d c.artJon.ete c.onc;;:r:tra
tion d~crr2sed by half. The conce~trations of 00s t of t ne major cations (Na. 
Ca , M~ . and ~) ~n~ ani ons (Cl and ~04 ) in the column effluent were e~ual or 
c1 c 6e trJ thc .. ~.-E.' ot u :e 1nfhn:~ n t Hnv 1a nt. Th i s s ,:s; fres.ts tr•eit nws t of t f',e rh~jor 
·lcr: s nf the li:dvL~n t t.it?re r1 t: t sig'lif icant ly retudert by Chef<'dcal r~a c tion s as 
they passed throuyh the column. 

The (hemi cdl trerh.15 ot>s.r:rvf•d in effluC>nt solutir~n c.her.listry for the c.ol tnm 
€'ltperi;1:r nt -; allo-w us to hypothesize on pr o>at) l f? mtcf-.;~r. 1sm:;. at work in this 
w~ ter/sr-d i <ne·nt systef.'l. The initial t:-fflue nt fro:n the co1u rr;n s is C. CHt!pO~Pct 
cr:H··fl y t) f r e~ s. ;. C! v i!l por-e J~~ t'!:te r i.i t. r'i" sedi me nt. It is a ·fstfnctly diHere r; t 
t hct n t ne yround ~at er tnat was collected at t hP sit~ . end th i s variat1 o1 is 
t! Uri~:. ;tf>d to f+'iiCtion~ nc. cur rl n9 t> i"h:een l h p ; .. re ..... ,ltl· r M•tl seol i!Hr> t d ,Hiny 
~tnr,;;y:•. !h,• l Ox tn 4\Jx inr r('d~··~ in !:. ul fet •· c(;r ,u• r; tratil.n1 of trw 1n1t ·i;d 
r f f ltw n t f f:Ji:l il J 1 of t ht> c t) I ur:1r.S cot~c ;)c! rt•1 to UH: n · <1 ~"if ~·cl g r (iu t) (l •· w H er c on et: n • 
UC'ltH: n of s ~dfde 1s a rt~·:>lJ lt of oxiO H 1vn t•t pyr l t f• {f r:·S..,) H l ti•t.~ ~- Pc1icc,fn t by 
t_})!_y q Prt tht)t ;,,f·~t~;r-'- uc1 t ~~y ~~ t(~rn ( : ~)r· 1 r!~) ~-~ li~ r:..c! l ie c ti .f:>~' Of ( st ~;t ti ;jt;" . ~yri tf:• 
cx ld6t i un produc~s sulfd t ~ and fp rrlt Iron. Jne su l' ~t r concPn trltion 
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increased in ti·e solution, but iron concentration remained fa ·irly stat,le 
because at the redox conditions of these solutions, it is precipitated as 
~idruus ferric oxyhydroxides. 

The oxi aticn of pyrite al~ o produCf i hydrogen ions that 1) compete w1t h 
et her dissolved ca.Uons for surface exchange sites, 2) hjir--·l.:;ze si1icate 
minc:·ra1s, and 3~ dissolve carbona~_ es. The:.e reactions all ter,d to increase t t:e 
'""ount of Ca, Mg, Sr. Na, and K i> the solution that is observed in the init i al 
effluents. The only constituent of the initial ef fluent solutions that shows a 
10I'i t~ r concentrc,tion when compared to thr~ 9round-water co:nposition is car~.~onate . 
Expressed as carbonate alkalinity. the conrrntration of this cons tituent 
dr :rea;ed by half during the storage period of the core in response to the 
increasing concentrc.tion of Ca (ana proi::·ably "1g and Sr to some extent) a.nd the 
resulting precipitation of calcite {CaC03). 

After the residual pore water was flushed from the cores. the effect of 
the lixiviant/sedinent interaction was ob~erved in t he composi tion of the 
rff luent solutions. Pyrite was stable in the low redox state of the system 
estar)l ished by the re-ducing sediment and sho~>m by the r.-teas:.;red Eh value~, of the 
effluent. Because pyrite was stable, additional sulfate was not produced and 
the dissolution and ion exchange react ions accomrlnying an 1ncreese in hyjrogen 
concentration did not occur. As a result, the concentrations of Ca, Mg, Sr, 
lla, K, and so4 decreased and approached t he influent concentrat ion as c ur:::; la· 
tive eff LJent volune increased . ~J.o s t of t hes. e con stHur>rtts did not qu1t e cLop 
to values as low as that of t~·~ e influent d x iviant } sc1uti on. fl,t the low Ehs 
measur~d for t he effluent, sulfide wou ld ~~the expetted S0lfur specie rather 
th~w 5- u lfate. Ap;:;a rently. the r;;,te of suHo~e rtduct.ion was not a.·Je:rt ii te under 
th£' conditions of u-,e Uilurrm experincf: :"<tS to alter an i1f:·precial>1e a:;,,:-.;u nt of the 
·i nflu e '1t s.u1fate to sulf ide. 

The ch ; r·dca l interaction of v~"ari,;r:: with the sedim.;;nt is of •!flory int er-
es t for- i t s own '>i.,ke and becau.se f rofi\ ·1 t. w? ma.r g,!i n i nf O>>''if.lt i or, ab(~tJt. other 
r e .:Jc,;;: .• ;,.,<::nsithe e l e;r;e nt s. n1e d,;~ ta f rc1c··, V 1e Ncne::L·e r ,·Decc;-rnt•t' f 19<32 nutural 
r estor-atif Y• c.o1!.~::-:r~ Experiment {F igu re 23) show tt'ifit uranium concentration in 
soluti on wa s de fini ~el y aff ected by re acti ons be tween the lix iviant and sedi
l:itr"it. fcdl o·-fi r,g on intt'lal pc~ king vf uran i "1m concf.'ntri.; !; ion in the t<ffl;;~nts 
fro;>! the t L r~:· c co l;p;u!S , th ~~ c onCbitreU cv: .:.lr·cr·~dSf:•t.J t'l'kl rt: f:dly e:nd appr.ii :'"eci to 
s:t. ?:~' il .z.e at the l O\¥ P v"'~ '.'i f p pb J ev t>l. The p revious r ep ort ( Deu tsch et Bl. 
H'~ 3 ) dl~ C\iS<, ed pos si ble ex p1 c na ti on s for t~·-is pl'lcr~y;.en on v ·. a t include <'! L~q 
tkle for ttH' i·:s t c;~l lisflrVI.:'it of r NhJcinv con ;:-i i ti ons in ti'H' sr•,j i:~tr'n t-fill ed c ; lui:ln 
o'ld the for·n:i\ t·ion of a c.oncl." ;·, trati Dn-ll rd tlng uronium so1 l t:t wit h low so1ub ll
'ty. ~i!'L1 t.f: ver thE• cas,: . the m::'/ t'fl;en t of riis.~. o 1vt•d uf(''"' i un is {ief i r:·i tely i nf·: ib
h ? (J t1y c c ,: tiJC t vnth the -:,e-di;~:E:n t u">..:Or1 fo r the!,f:' c.ohu:on £' -< P t- t\ n~· ·: tsE Posed (>il 

:hP occur rhn(e of othe r redox-scns it~v? trac~ G0tals (r .q .• As. Sr. Mo) In t he 
v ic intty of typic!ll ur~n 1ur; r-oll~front dr·po', tt ~, . it 1'' reJliqic to d :,'. \l ~'h' U·dt 

t •;e nr:~·dlit.y o f Ow~;•• t:'l~'mp nt.s wou ld :d;,r h; · rr.•t,lrded t·,y wd,· r /•,l':'!!rrH:· nt lntPr
M t H.;'' ''· r: r.> ~' ' ' · t'+H·' It.ly. t h t• r1 ' S t; !tc, o f th •' ~~ ~· 1P;;.!c, culwrrrt t-x pt•fl !'Wf'i!.!) sh :}\--' f •C.I 

t,t1 '' ~ Un.· n ;>vrrr,,·n t c.if Ll;.r·Utl n t'dt••w n t!> tr\,1t h~ v t t:> > , ~:· n lr!f'•ttliH'd ~s cont (;,, in!:lr-.t~ 
fr cn in Slltl !lr-!!rd ,l'1J nJI'\l f1 £J w111 be ,~l,tH c'i!' rl i'UorJ L ~''·o t w$ t•·r/ "•t><:1 P<i>r•l 1n t>-' r'tlC -
t 1 Ufl ~ !n:~ 'j p (t~, )~ 1~·_,l )j f· f;~~'itJ t •i l i?f' t -tr~(' C 0!1-tt'n i~ \ fi<J flt • 
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F I G';~ [ 23 . Dis solved Uraniur:-1 Cor:- r:nt rati on of Colt.;:rm Efflue nts as 
~-~--~-- a Function of the C:_, ,'!t;lati ve P..:-~ c);.Jnt of So Jut iCJn 

El uted from t he Tex a ~ N~tural Restoration Experiments 

Durin') De cer.,:, er 1903, sed iF,,:;r, t fr on the Nort~ Platte (W_y~yn n~; ) mine ann a 
sy rthe tic lixivia nt si milar i~ cc0~os i tion to t he act~a l production 1 P ac hi ~ g 
S01ut' ,)n Wl: t e US(•j in a COl tl'nrl f: Xf'er i nent to (>V d ] u i!te tr1e f\ :)t f' nt i d ] f e r f•·:. tu raJ 
reS 1'/ · ·-~ t i c·1 <-l t th i s sit e . The r esul ts o f Hds expe ri n :·"t t ita ·.:e n ot bPen 
pn· v:i o,s ly p·:t;1isr:,_•j and are pi"e sented in ce tail in trli ~ rev; r t. 

Tne naj or rnine r a ls prE,· S~nt in the ~·-" (~h·!P n t ~·wre r.h' 1('r:ninc d ty x-r".y 
(llftr,cnon to !:1•· qiii-l rtz. ~ <t'l liql tf· , chl orite. and fel r1\pa r. lr1is c.o rr:~ ,; l' ' ction 
1s Sl "lll o r to U ;p n! nr· r alo:d of the st·c ·i r.C' nts u".ed ir UH• T.::. as nr1tu r a l rf's-
tur ;; t t cr, etpt.q"'l !·)t,- -!": r. . H c;~·-;:e ver. trte T e:((:_~ s ~. pji~~)t:·-n t al ~o cont c, ir.ed apr roxisnc;t_c 1y 
4 ~/t ~_r ~-'i r- ·i t.r., ~ \.._ ·ll t· t!1f• ~:Jo: · -: l ~- ~':J s~;- dirfien t cor, tc i nr·rJ J .O~~ \tit '_i py r i te . Br· -c ~ u ;) p 

pyrl t ;;· c ·,,;t c•· ir•<, r-1 \:''''; ':; t<., i n 0 ,"' i' (1UCP1 Vr:l l·' r'lCI' Pa tP, U :l'i. r"' f' ir dl IS l '': tf'' l ~ 

J ·il !/ 1 · : 1 J '• r' ~': ~ l': •· '> t d ~l lt <:.ht '>•.! t.tl(' rv (l(n u , r,t' ·;t t un ot C! ~ .n.t(·:·' . 

'r-.r' ' / ' ' t~w : J c l1rivii.nt Wd~· pun;:ecl throul;' ; tv10 <J ' 1 <. r?.tt• ~·· (liw·nt t Pl ·J''>ns 
11t d f d ~ r· o f •'1 ;-~ :rr (;; J ~ ; · :.1tP 1 y 6 r •l / h , ~-I hlC.h f' qt.; ~·~! r· :~ t. o t) ~<~ r·p Vf-r)\t' r .. ,. f* l (Jt 1' y 
·· ) . •.~ cj ·./ n . ;:_! - ~- - (_ . ; i , ;'-: ;~·1 : , ~- . ~] :~ <J p·_.!r-e v n l u : ·.-~r' :J t 14 ~ i nl!., ttr - ~ r f·~ , ;·t r·~··· c P f_i f"t;_· n f 
o' ;rli t I d i! .J t1.r V•• >invicH:t H• U tt' co L ,rJl!, . Twt l ve pu re v,dtr••·;, ot f·i ~J.; ,,n t 
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were collected f r om ea cn column, a~d the cherni:. ::•1 
C. C}f1CPnt rat 1 ') n -of 

cor ~ cent ra.t. .... " : ;_,;,! 

ana~ySPS 0 1 !h~Se Sa~ples are 
tne m~ J or di55 J l vec cons: ,-

...;u;:lic.c~tt~ ~-;_yo ;-r:inq c.clu .T~ \'""S an c: fv .r- :he Te xa~, colu: ~1 !1 r~a:: fii~: :. 0e ~- ,-~~·te c~r1::'n~;~c~ , 

;-: s r_~~~e ~y o..,··· iq ·:~ co~tHiir:s . !__!f"· aniurr; .,nove:rrl~ rr~. t r, rou:~n tne ~,'y:;~;n~ , cc i ~J-,-""'s. w.:: s 

1 n i t i a -~ i y r t:~ t c1 r d (":::! b j' c on:.. c c t w i ttl t he :; e c i -me n t. , f; : r t i n f 1 ~ A:~ ... ? r c. 0 ~" c e· r; t r a :: i '1 n i ~ 
;.<y·· ... - ,~:."~ o. op !··:J a ·=-- ~-tPt! d~ter d nor-t: vo :urnes flowt::<~- tr-~ ~--<'.i i ; ;:'~ tj,-1e c ciur~::s . ~n1s c ~-~ "' 
t.ras:~ tnt: !f~xa:., case in whic t:: ef"f· l -~; er.l urar· 1t"rr~ c.o:tcen:rati0'! ~nc rE.a.seo 
in~ti .. ~: !y , ~u: n:t.~ve~ r-l!'l-5c t ~- ed t~-~ P ·t nf ~ uent concen~ro t iO"l or" ~2 ppr'-:. U rdn 'u~ 1n 

:~e :exas c0lu-\ ef~ luents necre ased rap1d ly after rEdcr in r 1ts ppak , er~ 5fte r 
o ·i itt 1E- nvr> r 5 p;:.:e vo iJ·;~1es , tnt~ .concen.trett i an Y{t':S !nuc r·: 1 -e:~:s tr-,:~ n l :jp'" f:Jr 

: r·;e ~:, un ~:·-eqdf~ rtt 6 p0re v ~:_;1-i.~:;re s of e ..::· t1uen ~. -;~-1~ c1 1 f~e ~""" e- :·l·: f' in rt:· S~"<J;:· st:. o.- r:·1s 
s n !\·;~;_- ;.: Lr'CLllr .. ; i~Jr : .he l'exa·s and ~1)'0~:~ n ~ CO .lt;·':": ··'";·:-. ;;~.(:_';-' tt~ C ~~;u ~~. ~:·; f trtt G ~~:~· )i.J f:.: 

:·,.;; r;_yri:e ir t nt:: St?·:: ~~;;en;~s ... ·;r P·:·/ il!.e reacts s. ~;; f'r~tci-ent .. 1_y ror·1::<·!vv t o a "• -p c~ 

:.r;\::" En o• :.nP s-:J'~;~_inr~ flo~; ;n ~; tnr ·. ·" ·--- ~Vl the c. :) ~l.J~i r:s . ·1t c ···: ; ·; ci es~ .. a:~l1sr. c. c '1~, -

t·io~~ '"! f ! \-:· :-~l cr, u IV ) -rii n t.~ ra1s e-r-e .s·-tan1e. The -r- t\1t1: -ive--1.~! 1c)\t¥ ~; o -~ t:!""!i-;i t _, . :'\ • 
:he:.,{:- ::n nt-· '"?~ 1 ~ would 1-,-~:11 t tile f(~l:..l-i.f~t of ur.ani .ur" in SD11/'t ior. : :::.c v:~1Jt~ s s1 r.il ar 
... .. , r.:~e :~~.p f Ltll t'\C in t:ne Te)~as co1urtr' e:fflu(~nt s ct' ter S po:"'e vo 1 u::·~~:~s cf f:o~~. Thf: 

-; : ··.; ~ i I ~~ -~(\·~);. :n: nt py:i:e in t ·t1e WyGf;~ ; n g se-rti rrtt.?nt~ use·d ·~ r; -~ he co'i ur:tn !"x-::.~~r· - ~ rt!·en t 

r_;a·~ "1 t ; : ·~ -~t·· --~- J \:.t~ r: e~~n: •\.~_ ri to 1o"der ·trH~ ~h St~f f i~. i~~:r} ·: l>' to effect ttl~ C8ount -of 

·' ..... r • i..)' 

~~. r:~ ;,~;~- ~, ~-(,,_:-~- ~i ve ;.,<ct-- C~1 i:5r: ·i ·~~ -~-.; .to t fte :forf)_tJ·t .. ior; -D~ ;}: ! !. ; \ ~~> ·· ·f1;-r-.• :i!t .. ·::·:·,;:2·:. ~-~1 i ·~ ~~: 

(1. .1( ~-- ;;; ·1r~ : ·~) \:::- ~··t ~ \·'lOr" o~ \Jr·--n n :,uc· tt t.J .,.~fl ~:~ -:;:,h-p co1 t.t'11"~ -r::· :.< -~;- ~-· ·r" ;~·,~;. r~. s _ , i:': t : :.J ~~,~-: i.:. -r. i:! ~0 

1· ;·""'.:·~! ~- : J~ · 1 : : .~-~i '- "" 1. ~) ~ · c c; ~~{1~ ~~ -; ~-~ !: ~~ ·nf t. ~ .. :r~:.. p;.z_p ~~ -r ··~r.<;.~; nt ( C~,; ~-~ ~.-. ~~ .::: -~ o; ·L~!~··:y 8r<::·; L .d '" ·l ~; · ··:~ .. ~: r 

'1 .:~~~: ; • c.~.~: ~·~ ·-~ .. ~ ~ p ;rf~ n :. i _,· .~.r~ ·~: .. ~'} ~"r:~·-·. -~ r:r··; o~ -:; ~ ~; ~_~CJ i vt<ed ~r"~ ~::·; -r; 1 u- -~ -;-;; ~-: .. -~ .. ~ o-w-~ r t :._t:, ~--,r:-1 u:: :·:t~"'-

:"\~·::.n ; . • ~J~ ' ~.~~:· t·· ~ t r: ~< :'l'~;_i ;,ri ·!{'·H~~ ~; P::· . .- '!"-itu rlr1C1 t"~ t. ..~: n·.cf .. (~ c.:: :::- ~ ?; .!!~~ ... ~ r,·_; r"·C -f> ~! ~ ·f" t:_. ... , ... ..;. ( ~?'-/!"·. --'1- :c!f- • . 

- -:~ ' · r: i v p(' U ! .. , ·; "t } ;,J · ~"Ul ~. -~· Ot ."" f~ :~f~("' Vt•t~ 'f-,!''-f_!i''' : : .. r:d .t,:~- T () !': h ·f ~~ t ; r ,_,1 ., i ~· ; ~ ~ 1 (; ! l ; ~~ "-':· ~ t>~ t 0:" : . tlf:. 
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ca it•rat.E'd sp~cifica11y for uraniurr, tt1e results a;-~ somewhat suspect and can 
or' y be use·J for qualitative cc:••par1sc·ns. The total a:ncu:-:t of uranium that 
passea th ~oug~ each column was ebout 25 mg and the !otal amount eluted wts 
-at··, : 17 ... -':~ - T .. ' -::)ref.r:·rt·:, 8 rtil.J c4·~ u r:3 !'; ··:u;t; \1-t·cr··e- deDGSite·d in eac-~-~ c ;:J -~;Jmn t ~~;..-:.: t 

co . Binec approx 1m~ tely ~40 ; of sediment. Based o~ t ne charses in the solu
t ion c:mcentration of th,..ougllO;; t tr;,,- ex;;~~riment. t he st- ~ :1 '1>,;• :Yt a: ~ !:e €'";d of tt1e 
exA~r"iment s.hou l c hcve had & uranium cor:centratiol"l of abo,;t 15 p;lrr; . which 
ccnun·es favo"a~ly with the x-re;y fh.i:.rescer.ce determinC!t ions of 15.1 ppm and 
16.5 ppm fer the two columns. 

Di stinctive trends in concent re.tion ~<~ere also noted for S.f: ¥.<.>:al of the 
o:.her so1ution constituents. The n;itial efflvef! t S3rll;Jles frc;m the co1umns, 
repr--:'sen:~t i vt> of the Sfo'<li mer1t pore water. had ltll.JCh h'i g:;er concent. r at i rms of 
ta1::~iw'1, su1fi.ite , and !"'a gnesium and a 1o .. ~e: pH HtiH~ t 'le ground w.:.te~· wit hi n the 
aq~1f er. 4s t~e synthetic li xi via~: disp lacej the r£~ idua1 pore water in the 
c.o~u~n.;; , the c .~ ~·: __ i r.Jm., rnagne .s~utr .• ·ant: ~ulfate c.oncentr·ations d-:~c.f·en ,;1:!:1 and the 
S. 'JC:1~:rn Ct) r:C€ ·' .. :, ·~-r .:~~=·~o-~ .and p~ 1n i.':t$.·:~:: s e~ d . t>:lw·ever. cca1c.~ ·:yt. r~cticn ~ cf di S£- :J1ved 
c o:··:;t itu !'~ts s ·i"' i1ar to the~ j·;xid.'nt "''E'f't> not a!t ci r~c:j u'cti1 many pore vol umes 
of solut1on ~assed through ~he column. Tnis suggests that chemi cal interac
t ·i o·'s bf.·?~.wE"e•: the sclutia·n a.rr•::! S.?.ch:nz~nt. i n aaaitio;; to simple fluid moverr,~nt. 
w:::uld tl~ i~tqortant in ln der:;tdnding the 1f'igration of tta~ chsso1vec loaa. 

t .s 1-i g:.!re 25 shows. th.e so,Jium va 1ue chi no~ r.e ~::h its irrf1uerrt c o·:-.tcen
t.rat1etn c;f 414 P-~~ until more tt~il n 7 p.c.-re vo 1urrN~S _c.;f s -.J' 1 ..t t 'I or~ flc~1~-e~ t.hruugh 
t he c.o1 un~,n . T h~). c ~1 c i u;n e-_n-d t}lB9nes ·-~ ur·l" c:;·ncerrtratie-rrs s t:; ~J-vi{~ a ,c: Dr~r~es pcnd·:~n ~ 

~::: ~: :: ~; ;. t~~ i "lt ,1-~~~:t .. ~:(' l u;s A c~" ::= .,:n~ .,!~-~.ppm;" r~es p ;;~;: i ~; ·; y. Ttd s effect 
F · '-"•< '·" ') ~t • . > Ci:L:·. ~ • .. "J ,o, - "'-"':"!."·· tr: .. c.'# · ... t"fi ~ •€ SO .,t ~h,: "~fld C}liyS p·reserrt ;n 
t ·t::e !=.! i~!;(}·~;:TI·:?~: . 1 o ~~r-o;)e~- -,_."fl n:o·a:: ·t sue~ c ~Y'S-t~1~ . ~ trtust r.:··~ ;_:~?f tne cation 
f;~::. 1 .. ~ ,;~: c .c;.p :: ·::i ty ·-of ttlF Sf~,c ·? · ¥.~\·;:·nt .., , i!r.'~-d t!-~· - r;~:as t. ·;:n c~;~.,' ~~Me ··t· tf:'?.nt it ... , .. ,r., r~.r: ·c.o!f~C8nt.r-a-
t .i oi·: i· on·s ·i t1 ~: i -~ i l y .;.Jr·c s~·rtt .Q.fl ·t f :;,e :i-t?t·i ~:nf:?r:t at t h!: b;.;~ ·; ·; nn ~! ng ttf t~e 

Tr:~e c 1~;:l ·~ ~i·Frt~ .: 'har"'et-:;-reri:J:~<1 ti!; i4·g s t .. drt-rtd-r-d s o : 1 c~"f.-:; .. r0 ica1 -ri¥~tr1o<ts (~1acks.of'l 
1c"\S~1 : ~c i k. :~~s !~ .. ~Jf.• rtPte· r-r:~int~·~: t ·~·i dt tht~ c.~ti-.r~n f:·::sc:~~:ca ~·~:~~~ ~ c.~p·a (;: ~fty of· th·~ 

r trr·C r :" t~':' ::·~· ~·~ ... ~~~ r~ ;~:·.·n ~ ··fr- t)!~ .f)!''e O'f th .. e -~~vc;:~r~ ·~ ~l ~~ t. o;.""~$. w.~s 2 ... -5 rt>,~·::<; l'1 !Y0 g. C .. ·alclu1" tlfaS 

1. ~"1~;.~ ~;·:~:/.~1 ·n~n·t ~!t ) .. · t.h~ 1 ~ .Ci.~ t i rt r; . ().C. ::.~~1P·y 1 ""~ g 6 ~~·. e f !. ~~H~ (: .'1~ .c·n~~n~-e s ··i~ .. e<S (}n t he 
!;:--.(~' ''\ :'F~f .. n '~. . In rr· l<"'·r;<l:"r" tJ 4 ' 0\;:"'~:. r t>:- :JS l f\~.1 t1~~~:.1 :t ·~·~ f.1· f! ~" e of .·€::{Ch i-; 1~ t -:.~·!r ~)~!S. m~9ACS 1tm' 
~- .~~~ :;. t;:c.on'1 ( l~:.v·.c ·1 ~. -~ ;-:xt ~: ·~·.: ·s. 1urr ~'i·~!S t ~; ·.l ~ r'C { 1 4'~- ·l .. drtd S?ti 't:;i. ~fr~ S f nurt?i :(4";-. ). Using 
·t r~-..:~ ~ ·7' \ 1 it i d -t_: S .s:·rr.~tJ : ' 1-:f' :_. \) 1 ut ·i S\·f \ C(:H1l~·~o'~ l t i :J rt "Cf~ the -pc : f: i~~2 t i :t r. ~ff~ C a } C. u l Ct €'C 
·!Jf ~ {~~ c -:-. '! v ~ l y .C. OF" t ·} 1 ~::. ·~ €1' •Tt s ·f or t ·~e v a r·i f l US -c a·:: i o·n ~Ja ·i· t~:; ~-·.-.-:.· th~~ r. 1 ii.Y s . F .run• the 
~_. f..·' ~-~ -::t, } v ·1t)' (.. ~:rt' •~ fl (. l ~·-,.:· ~·ts i~ 1)0 t ~lt'- gr~J~)rt ~J-- ·w?t ~. ~r CO~!ipO\"- t ~ O·f", c ·f· t .rtf? ~!J,Ui · f,.~r 

~/1.-: ::~ .. lf· ~J 1n W·y~,)-- "· ~ ~,~; . ·~, C.. !;1:-...u1~::.t e-: :·J t.ll~ '*'~ ·te!~ ·ve tHrttHl :(~·t s o1· e~: ~ .. hi$n g~· ·d't1 .lf.' c.ation; 
~!·~ ~)~ \tt-r~~·'··:·· l~~~ ~-~· s~·~ :-~ -~- tt·:··, t ·~~f;· s~~e1 ! ·~1ent. ,,, tt~!? r?Jq.u 1·fer. T ttf·;·'..~f: ~"'R~(>~;~ltS it ·~<~ . a·lff;·~·:"·e.nt 

t·~~ -i~ ~\ t. ·:,~n :~-~, "1 t..t-~ r ·_:': ·r1 'f:·tir tf'tf.i co·-r-f.' s~;:~~; ~; r~n·~l~~ t"'f~>fr .. ti -~.;;~·=d~ c:f' 'f'~· :tc ·:.:. ·; rY·,! ·:; .t"i·r"'·t.ff.~n t.h€ S·-t~-cf 1 -

~~"'-n~ !+nc t:o:"; f"'"·t~ -1-~ ~"tt.t~ r UDrlr19 St t}'f"t~:}P -o~ thf;• cor~. 1r,t~ ·-.~. ::· ;r c:~ ···tl O'Irr!t it~i· (j t-d c rJr•!>\0-
t· ~ c-- : 1 ~ Ci~~t. -~· t. F .. .... .... r. ~H·' ~ Ofut ~O"• '#·>~ l C t'l t ·h ;:,.r·, ~q ~;·:t ·~7! r" C. !. ~ .. ·· wtt'l t.rt~ ~t-·C ,~le-t.rt t·-,;· 
~ 1 (.. ~ ' !!! c ~r·; ·;· .. : ~)~_ ,. i ~.) r t ~t !, 1P '~ :;, . Wt: {..~) llu1t:'. !~ (• :,'j t h~· t t~;.,;. n r ' l :. ~ r~ ~l !.~('- ~::n~n~ no~! 1~ ~ u ·f 

t ·"'H·· ·. ~ S 1 :,. ~.?'"~. GL.C: t;·> ~· ·~·tf~ ! )y S t.~l:i~dtri. htJt r··~ i1( t i ~l:(l~ tJu,...lf'~· ~i ~~ t Or:') :Ji? !Jf thE' ~~f! 1·t~n!. S 
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rt:•Ju:ed thi s i;;t-:-;()·Jnt to 41: . Tile Cl1cu 1iited sel~tt'i \'ity ccx~fficients and 
os :.;,_:; ~~,~ ~:"(~ ~~ n 1 u t·i 0~ c..~)T~'£pOs ·i tio·ns -~~;e us~):."! t.o HY .. ::"':t l t .. t~t:~ \,.~)f~·in-_g ndtu-ral r~zs tora
t i -or~ C(.;t i ·t):·~ : .. ,; ·-r:·~.:p -~ ·:'" 1 r::~·::-r! t a$ ·d-r:~-· -;:.r.-c r·"i b--£:d ·b<:: 1 o--w . 

r~ : :<~ •: h n9 w,:;t e r /!>l'''GL>;ent in·.:. ~-~·¢ c t iOflS ~ s a very v~d:?ftJ 1 rretl'v.>j t o lG-ent ify 
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i'J ·nd ~~ !~J ·C·t;:: ,_~-. ~~ : C~~: t..f.l , ~ h_¢J~I'€ 1.~;~, ,.~~,-opec ,e conc~.:pt.~,,l: ~ c.~ ~~:r.-~~ C..l7~1 r:-fttde l crf t ·tuc SJ··ste:'TI 
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¥i6: ·-~:1 f' tr.l.?ft. fh;~ S. 0--'?·'t.•·n -~~~ ~~j ~~~ -~-Z-E· ·e !!. ~) r··~ r-'i£ ·.~ {::;~::p 1·irtg a!~· -:.1 StC'ff"~Q€. ,.. "f·:r~i S ~ ·7, } -u~~s$ \.! ~ tO 

"1-n -t~: 1t.; 1 t _·z.--~· t-t~-~· !.i-~1::~ o r'!~::;: ~;(1 ~~~. sc-- ~~xt ·-~ ·-c:rr -~n t -tr:..: c~'J !u;;rr~ ~ s *t l!! ~: ~ sts it tn·-e 
.: ~ ~/.·~-"'~~~ : :?~· .~:f": f'tt c 4 t ttc f1 ow-th -exp~t--r··tn1.~nt s. I n the rtt:·:t. t p-'~ i11-~ . ttef_' ilt<;.tit-1t: .. d 
t ~-e ·~ -r~ t f!.·rt;.C t irrn of l 'i x1 ·v ·li$r~t ~r~ th t rt'f! ~-i!<1i~~nt c~r ·ing f'tf~ ::t-,r--uu·gr thf- cc 1urrtrt . 
Tn1<> U:(•!';-i ced pr- u::,es~>l:-'5 ) nc.o!"por~~< E"::l tn tt1€' mocttd !> 1 r.• C".11H'1~ 1 ) 011 lci>.~tl on o f 
py r- 1~.t t o ~:.~r·o,wr.~ fl!"r·ric o,.yr1yi1 ,.. o;;,1 d~. S'\.r ) fate. e:nc t>,,;t1~ C90'n i :)f' S~ 2) di ::. ~o
l ut tor1 tt ·S~ ;"{ f~Q't.:.l't i1Pre~ t.i f.Jl'1 wi t11 · Vf*;.~~j'Vlf?~ i ~fl Ci~i -~ C.1 't-~ : 3} ·~ -q~..i 1 ) ·i t>·r dt ·i ~)'f~ of the- SC1 u
-t1 r~);?": 1-: ~:. J'·i .a 9a .~ -p·h,_it ): ~ ·h:av i f~g ·f 1 .K~d -p _{J rtle l ,_pr.r-"J..f}' ~,.:-re§:.. {) f c.-;( ;~.,:· :f~~~ - $ '/t'W c.. a ~" J-;J}'i 

t~i. (; ·'t1(Jt·' ; a&_) i t;n ~· ,,C -~\ {J;r}!l~ ~ ·~~~n ·; v·1 !t':J (; _jj 1 Ci ~:~n .• · .fll~! ~- r~ -t"::;. ~ t;:rr: . ·S.O-tj1 tJ~ - t;Yt~ rete ~. ~ i ·;;u: ; 
a- ~,d ~ ) t;f.Q1_J·r:-'t)·u s. c. tlnt;.: 1 ~ .. >:..at i O'f; o ·: c i t s c\ l ~ ~(1 c (lY~ s t 1 t u i ·· .... :: s . 7 h p ,.,(~ ~ ~~~ -r E. r _ _: t. (jf;}~.\ z; ! +;:.. r 
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Modeling the chemical interactions that occurred be~ween the sediment and 
its pore wat er du ~ ing collection and storage con~ i sted of simulating the r~ac
ti:m of tt;e gt~ovnd wate r, '*'hich ·had been oxidize ... durin] sa;:·q 1in SJ and sto:-:.,ge, 
-v-.:: i t.-~ r?~·\ ctive rn·~ r\·:?· r c:·is i n tti~~ ·sec: ·j rn.-:·nt. ~ R~~~~~ ct 1ve ~:~ ~ in~::.r- fl"S er'c th 1}Se· t ··· ~ · ·:: ca f~ 

pre cip ita:e or d·is s::;lve :rve:· tne ti FF: fra>11:? of ;r,-~pre~t (a few l'lO ·,ths H'; t his 
case). Of the minera l s pres~nt in the sedirr:-ent, v,re cor:siderec ma::nt'Sian cal
cite, pyrite, and ferric t'iydroxide to be reactive and quartz, fe1os~~ ar, and the 
typi:a1 mafic -.;·!ne:-a1s found in ::.edimen~.s to be nonreactive. i~e a1s.:: allowed 
for ion e):charc;Je to occur betw~e•~ the solution and tht secimer<t f::.:r the ele
ments calcium, ma 0~esium . sodium, and potassium. 

The primary re :tctions that occurred during the simul at ion w.:?re oxidation 
a:1d cisso1vtion of py~ite. precipit.;:tion of ferric hydroxide, dissolution of 
magnesian ce~cite, and ion exchange. The resulting major ion composition of 
the por·e wcter is shC•lftm i n Table 7 c:lor,g with the start1ng ground-water co·n
position and tl'!e com!)nsi tion of the fir·st effl:Jent solution, which wa~ the 
t~:rye-t soLt)cn. It can be se£•!1 that t he oxidction of pyrite iJnd pre·cipitation 
of ferric t:yc~oxi de e-f f ecti~e1y 1owe:--ed the pH of the S(dutior. b;;t tr,at t he pH 
~: crs t)uffereci by the di~ s o1utinn of calcite to a va1ue of 7.9, W<'hicr. is ve ry 
close to that of the in i tial effl.uent p~ (8.0}. Tt~::: a"";our: of sulfate proc~1 ced 
'Jy the m:x\e1 ¥J~S rHlsor:ab1y close to that of the effluent solution. aithough 
the' ca!"'t10"'•c: e cor.cent:-ation .,;as ~~;out 40'%.. too low. Tr··e simulated sodi Jm con
Clf!":trc:t·io;·, was over twice that wh i ch was act;;ally pr€·se-rt in the fir:~t effluent 
s a;:np l e. H:i s c~:.~$ed p rot:> 1ems witn tttc- mode 1 i ng of the fhh1-thrcugn expr:ri mt· nt. 
wi·:·i e:..h is describf.•d r;f>xt. 

The interactions 0f Hr.id.:;r,t t.:r i tt-; the sec'inert and its essocidted por'e 
~«c ":t~,.. .\k'e r·e ~:;rJdeled by c onsi.:; .. ~ f"in9 :a 'Simple rn:s. i n :;; :·r,::·· dPl to acc.D:..: nt for <fT::r"" of 
so ~v t·}c,._r~ ·thrt.t.~: gn the column .. a~·,c ·-ii r~~,ction ·i::iOdel tr~:;t. ·a11.o~M~·d t he soi.utiO'l to 

R t r :~~; 1 t s of ~~-00~: 1 i .ng Wy· c~rr~ ·i ng -~Ji/'t u r{t 1 -J;~ e:·t; t c rif t ion Co1 u~:m [ ~-.:.r -~· r- ·j ~n t: 
:')€:·tJ ·;Ht2·n t St or.age ~ih c~;1; e {con c.-?ntr,atior:. un·i ·!.s ar·t: ppm ur.le~.s o-ther
t>i 1 S'2 n ::;:~o) 
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equilibrate ~ith maynesian calcite and p~ovided for ion e : change bet~een the 
solution and the sediment. For the mH ·i r:·9 mode . a cotrlplenent~r_v a"'C;.Hlt cf ;-,ew 
Hxiviant was c<ked to t he sys'~m .as e,;; ch so1u t ;)n s .:nplo:: wcs e 1uteo. For 
~ f<·; t.cnce. i f a 20 -raL sa:-! ~-,.1e of e ~~;·f lv(::n ~· w';;r:: :.:-,)1 ec. t t-:J f.Jr l.~~ ;·~ .:: ;_ ;:' s is, . .,.H? s i md-
1{.1t e < th 1s st .:.'p in the e~:}edmer,: by atkl'ing 2>J mL of lit i vi £J ·:t {the infl uent 
solution} to the porE solution. MlN1EQ was used tJ equilibrate thi~ ne>t so1 u
t1on with the sed ·, rnent. and a ne\1 solwtion concentration was calcu1ated based 
on the reactio~ nod~l i mposed. 

Initial modeling results show that ~e can Jdequa~ely simul ate the res p6nse 
of t he r'lajor cations i n the lidvia'lt to r.ontdct with tr1e S'":dir:i€nt by ass •;min:;J 
that the solution is i n equilj bri um witn na gnesian calcite and ion ex~ hange 
r•CC;rs :;P t <-:f::>.?f: dissolved catiO"iS c::nd exch::ngeab1e c. ,:; tions on days in th·e sedi
mer;t (Figc: re 26). The on1y c.ation tl-;e;t does not folio..- the predicted ehr. ion 
patter~ throughoJt the si~~lation is s0dium. w~ ich shows considerable div0r
gen~e oet~een the observed and predicted values f or t~e ini ti al pore wolu~es. 
Th i s r.app<.•t1c:! bec ause the co, centr-ation of ! -- :>:5 L.un in the pore so1u t ·i :::n c f t he 
stor·.!'·d sed i ;;;::··:t did not ir·cr-ei~ S e during stc rl ·; e , w~• ile t hat of C'' 1ciur.l 
incre a s~··j ~ p ;) rox i mately 30 ti mes. If ca.lcbrr increased t h i s much and ion 
el(.Chc?J ,ge could ~Leur. t!H?rt so·r"2 of the sodium sh:>uld r•ave t1een n :"::uved from the 
seC:1men~. producing an increase in t he d1ssolv~d SO(l iu''' cc:·,cefi tratior;. H1e 
mv·::tel predicted thct the C:i!>solved sodium concent r ation should have t>eer1 a lrnost 
O. Cl m() iar. e<n·d the actual o"IOunt wt s OrJly O.GJ4 mo1ar. The re a ~, on for this 
(i '; scr epar.:y lrt&y t:€· t ha t the grcH.;nd- wat er ~cnpos iti on t hat \liT'€ used to c~ librate 
oo~ r r'!Odc 1 \taS n ::~t H:pre sent at i ve of the groJnd wate r from the aqv i f e r wt.r. r e the 
c e re \1c3; ta i:e·n. tsf"(.-~vs e we h¢d to use existing we 11s at t he s it e t o s <:-:,·;;; 1e 
y~o·;n:i ;-J c t~r. the 'l!f.?it er sa.m;;le was taken d fe'W mi ies from the r Yi 'lg site. H 
the c.c t 1 .. 6l s:10 tu"!! cor;cer;tr.ation in the 9ro:.; :td w~t e r frcr·; tr··e aquif t: r fr·n1:< ~frt'i ch 
t h·.~ cor-e: IOcS t ~Ler. \~ c:s appreciably lvll·?.r t han t~· .. ;;··~ i r~ t r ;r: ;,~~-;i 1 ·~.an•.;1f:-j , t he:n 
(HJr i ·r~ 1t1 a 1 -2t~'::::J') ~ t c:f ·SO<~i- u'n Ofl t ·h·C f:'?K C.h~ nge s i t v> '\lt()IJld h~-;: ~e t}~_~, e~~~1 1tr.,::;:.•r. T ~'"i f.: n 

l t:-s s s :.· z..i -~ :JP~ co-J : ~1 t le' ~-.r~ chan<tf?·d by th~ i r~- -=~eas~a ~::.-~? 1C iUf;'l; ;:.t\d t ri-~ s~ r·~'.t l<rt e-d 
$.0-1\-;;n C. 01::.:.-f ·n t rati r)f'!S •"~'C."·u 1tJ ~ot -tle·,.:e t.::·P·e rt as 1-e f·sv:: for t h-fr t:t;,r lJ( •. _(.J ~~e v-o 1urnt;S 
li' \d v. c;.ui d ha v:.:: been dose-r to the ch~e- r\l ect tra 1ves. 

Tht:• o·,;ori::e and s uHate C.Qtl ~e!"it re t ~ on "'~a bes fr- o-m t he s imuht ~ t•n (Fig
t ~ r-e 27 ) s hry,-~ t ~·;,;r t ~·t p ~--~:ci;· ct-~~1 th-·tt 91~n i:.' r~1 t r·e-!·l~j c1f t rr?Sl!. c or; 7~ :~ r ~iit i: 'w' t· ~7 1J l v t·ie1'l 
£.;. -,~rn s t. 1 t u-t-,. ,:~ t s -~;; ~ 1: i] o-.u ·.r bi~ :;. ~ c r.t ~ ~:- ~- -11 1i {~_·t4"'!:1e l • ~0·\("-£ ~/ if: t , at t hi· t~ gi nr. i P -~- <.,f t ~~t e 

r:: ~. r,:t.e: -r· ~,:~~~;-nt ~4'!~ cc l c u 1et.e-d t oo ntuc:r·: ~- -u 1 f.~~ te .~rld t'rt>t ft't'f:h: c ,tt l o r i o~ . Appc r-t--:·~'! tly. 

t ~:€· m i ·i1 r~9 rr:i-tit:' ~ d:.:;es ~::-:t ad-eq~;:·:;te· l y ac c ou'fl t f o r h .. r d n~~~~ i c disper~~~on t ~·~ -e t 
W ')~; \ c occ u r H i the r:obrnn. H ~ d i!<i)t> f' S i 0..4 c:o•:· ff i ci t•r1t b~d b<::\•1"\ c ~ h: u1~t e d 
1~ ~; i ~. ; U h';· tr' lor ice- c~td <ind it co.u1t.: be used 1n ~ CC> \./ P l er! f-l:- C;- o ;ogi c / ctler;llca1 
~~~.:;.·1e l. t r: ~~, ~.)it~ ~ ' ;tp;Jaterj ~ u1 f~te G~-t;. ~ W<}u·~ ~ b~ C.l \)S.·f; r to t t:r€" t:H}Sd~'- r- ~~-J vll t; ~s. 

t:l\:_;<; ~:: l ir: :; ""H'' (:-i$.p <"rs.i on kt!Ou lct prctn:~d y r.ot sign i fi : iJ nt1 ; o .. t n':t~ H1e ma; or 
;;. .:t t.H;HI '¥ a 1 "t:.~:. f or t hE> ei:H"~)' pore v t:;·h.nl'I~S. 
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:1 .: ? J. ( ti~n;)",,.~·$- on () ·f Pr!.~di .r tt'_) -:1 ~~~ :~ .; Dr ,;;.~.._ n~ ~)!'l tf !· ! ~lf" "'· t C f.P.l~ · -·'J~) l':if)~-~~'t ~ ·: t tl ;;-;r ; _~_, . 

ly tlC~ 1 V~ l u ~~s f :{Jr .t fif• H·y ·:;,!"? lt\ ·~ !,·~:r-:t·: ; r -dl F.~~~. : t. ,. , .. , t l ~Jn c .~:"..t ! f _a'ttt , (.&. ~) ;·.·r_~ ~ -l~ --~ n t 
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l\ 1 tn ·;ug•·, the m11.1 ng 'none 1 worked f ai ~1 y well for con servative e l e nPnt s, it 
did not w~:;rk at all f'Jr uraniurr1 (Fig'.ire 2·S ). Tf1e model pre<iicte<l that t he ura
nium <'>fflu e'nt conce ntration 11i1i re,~ .:h i>"' e i r, fl uerd: vai ,Je at 3 Dore •r.· l ,wH? '; c f 
c u··:1:.; 1 d ~- i v ~:: f ; (Y .. 4 f' rolfl t .t ~(· c 01 i ... H;H .. : , t-~ i t t .. ht:. ·) ~-' ~;::~ .. . ,\' .. .Pd {~ f ·t ~ ~ J e !") ~ sa ~··\.:> 1 es s ~ ~c ·-"'~~~d t hat 
iH'::lnl;"J r1 Jd not r·.: ::~ ch i nfL;e nt c.oncentrc t 1cn 1. 6.3 x J t)-~ nola r ) until over 11 
~ore yo]u,'le: of soLAtion were collECted {~na1ytica1 ur·ani'Jm data past 7.5 v>re 
v0lum~s are given in A~;endix C, Table C.2;. This benavi or of dissolved urd
niu::: ir. contcct with $e >~. i ·;ent prot.>ably resultt~;j fro.n adsorption onto the sedi
'lt·nt mine'"als. At the prese0t ti me, MH~Tn is not capable of sirnultaneovsly 
na jeling i an exc ha nge f or the m~ J Or cati ons z ~ j ad~oru~ion of urdnium. F0tura 
versio~s of the :0de will include this capabi l~ty, wn1ch will allow us to 
refine thE- model of tris syster-1. 

,-- ----------------· . 
0 .00()050 

0000050 

0000040 

-- -o .. -- 0 -Use r ~·~d 

C::i,':lpa r i s on of PH:d1cted Urcniun Ef fl uent Conp:..>sit'i o r"J w1th 
()::lse r¥E>d Va l ues for the \~y~; ing fict t urcl ~: e s t cra t.ion 
Colu~n Expe r iment 

T•qs SP :' ti (J~"t di s <. v <:S I~S t he r t f. •Jlt~ of e .q)(•ri n•·nt. ,) l s Ld \es I"'~ · ~l Q :.nf r> r 
r t· ~ t ·(; r ,\ t 1 f , :1 !) 1 ~~· r-; () t.i t1-~~ - ~t ~:; t e r s l'IP f"' ~,1 i n g an 1 " r. ~ l t ·.; r·•~~ .,_, ! o r c t. 1 u r·t ~ n ..,_ a ~ ~ c. ,;.~ r! ~J y t he 
iVl ()ltl fY ~ d d t. he;·, \ c !:fl reauc t ont to the h:' d th!.•r: ort•. 
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In ti is experiment, co umn s of Texas 1E-ached ore we re S?oturatecl ~-T' i th a 
lix i viant spi~. f·d wit n ar·se·:nc , ,, e1e~ i uril, ar;·:i •.• olybden J;r,. Tnese e i:::ments ~<<e re 
~d~2d to the lixiviant to test the effectiveness of gr cu nd-water sweeping for 
triPS>? cont2:>1inants, whicn J r-e cor"lfnonly mobilized durin '~ leaching of uranium. 
Lixiviant was punped through eacn column until more than 2 pore .olumes of 
solution had (Ontacted tne leached ore. The influent solution was then changed 
t0 native ground V~ater. Ground water was pur1ped t hrough the c.olur-1r•s to simu
l ate restorati on by groun~-water sweeping. The experiment w~s carried out 1n 
an anoxic cha:•7;e r to approximate the reduced oxygen fvgac.ities of the ore-zone 
e0v1ro~nent. A conplete description of the experiment rney be found in 
Sherwood, H·JStetler and Deutsch {192.4). Tne results are sum.: .anzed in the 
foll~wing paragraphs. 

The !Jranium concent ration of t he lixiviant used to pre-equilibrate the 
col umns at the bfginn1ng of the experiment was 3 ppm: the ground water used to 
si mul ate sweF:ping hoCJ a uran ium concentration of 0.06 ppm. Figure 29 shows the 
uran i u1 "1 content of the colurrm effluents. The initial uranium concentration 
pe21: was caused by pre-ox1dation of uraninite in ttie or-e during storage and its 
rapi~ dissolution on contact with the influent lixiviant solution. The fact 
thet the uranium concentrat ion re~a ined elevated com~ arec to the inflJent 
lix i viant or ground wate r for t he d~ration of the e ~peri me nt (over 16 pore 
vol umes of soluti on ) suggests t h~ t co~ tinued l eaching of t he ore m6y have 

Hra ··:h,m U flv~nt (or•C(·ntration::. fr on Grou--.d-tJott:•r 
~;-:H· plnJ ( 1J ldq~•!> 1 d'>1 2 

I, j 
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occurrerl riurin~ SvJPf:;) ing. The ground ~r;.::ter used in the ex pF·r'il'lPnt ·.-ia s si mi Jar 
t 0 th at which wJuld he userl during an actual sweeping operat io1 at a ~~r . · 

sit~. lhe yround water would be oxidiziny e ithe r becdus~ it was drawn pr i
r·Ja rily f r on1 the t1_yJ roloijiC zone upy raoi ent frOi" t he o~l" z;me or he<:? .; :::,··:: ; t •·· :·. ~ 

r ,·· c i r c·_• '0 ted t hro:J'Jh tne plant e·.JL; i!-i0Jent. wh ich wo:Jld pr cha'Jly al L;,-; ~t::i :.• ::.

~neric oxygen to d1ssolve in the s olu tion. TnP oxy~enate~ water would a· t as a 
we dk lix i viant causing continued sl ow dissuluti01 of ura ni u~-hear1ny min0rd ls 
ar~cJ P1 e va ted uranium concentrations in solution. This w :: ld innibit r estora 
ti ;1n for uraniurn at sites wt~ere residual uraniu ·'l ore ·~iin ;,·al:> are present. 

Arsenic, selenium, and molybdenum were added to the spiked lixi . iant at 
conce " tr~tjcn levels of approxinately 5 ppn. The ground water contained <0.015 
p~w1 arsenic., <0.020 ppm seleniuM, ·•nd 0.16 PP''I ~·; c.dytvJenum. These el~o:.ne<;ts 
ex'ii b i ted r.1arkedly different wohilities on conta c t witr1 the Sfi'i Hnent. Ar·::.ensic 
concent rati0r1s in t he colwT\ eff Lents re:r;a ineel helo .. , the analytical detection 
li~it of O.G_5 ppm. Ouring lixiviant con tact, seleniun conc ent rations in the 
effluent were belo;n• ti'le de tection limit of 0. 0? ppm. S~ le ,..· iun be~)dn to e lute 
*r~1 the colu~n when the influent was chanyed to ground wdter; howe ~er, its 
c on centr~tion in the effluent never rose ahove 0.2 pp~. MolybdentJ~ was t he 
nos! mobile of the elenents added to the lixiviant. fl,s shotcn in Figure 30, 
nolybden~, concentrations pelked duriny the lixiviant contac t portion of t he 
e ;.~p.~rinen t for eact-1 column ana ttlen siow 1y 1ecreased to a le vel ap;;rol(inating 
that of the influent ground-w~ter. 

The co1 iJmn sediments were analyzed by x-ray fl uores c e nce met hods af t e r the 
eq.:e ri npnt to d•:!.e rmine the location of t ht.• s p; ked e1 f:r:;en ts in the co re . In 
the first centirneter of t he c or~· ( mea sured fro· l the iflflven t end of the cr) l
u:'!"'l), the arsenic CO 'i C E' < ltt kl ti o:~ vJaS 10 ppn, v1hic h is fo :; r ti nes the concentrd
t_·i ':n o f the ori:;indl lec.l C.hed ere~ Arf,en}c w.il S not found at -3n eievcte<l concen
tr <".·~ i ofl :'it t he ef f1t:Pnt u •d of ~hi"> core. Sel i': rdtn ~<>i i'!S rot cl etf:c. te i:1 ·1n t he 
r , r i -:.p~: z~ 1 st~t1i Fi £"' t ( de t ecti on li rr;i t = O.IJO pp'"' ); t, ,,,,eve r, it ~'hv1 c.or;cer; trati ons 
~; f 5 . '1 . ?. 3. ar;C l.R p;r l in the 0 to 1. ~ to 6 , .:' ' :::1 9 . 0 to 1 0 .~ em intervai s of 
t he cure . Tne r~ l ybde nun conte~tratt on s howed a sli ~ h t inc rease in the last 
in:t~ rv;,l of tr1e con:. t';ut was close to ha U .s ,..ou r,d for the rest of the core. 

The SPdi,rien t c. cr.:tpo;,itinr~ s and the eff ltH:nt U1er~: istries sul)g\~St that 
crs~n ic cr::i ~'· le niuP1 4:"e tH:t mob ile unde r tlle c. ord iuons o f t~1e experime nt. but 
t h,.H r·; ' ; lf ~JC! N\ •Y'"t w')idd ,;;i' f ~c tively :;V.j V'! wiu·, the groufld wat e r. Ar senic and 
'>e l er,>lr1 cr t:· ~ ,·; own to f:) tl~l s o lids in clo'.e pr c; c ;:,ity t.o urar)itl"' ore zones, 
'rl~ i l t:• c,c, ly t• ri ~>r u:'1 is o1tf:n found unde r more re :1 :.H. : n~ CO'ditions down t h tl hydro-
l o:;1C '::i !"'t:"!ient fr·o,n t he urani ur.1 deposit (HH ~. hnal'l 1974). Tnis r:B y pd rt1dlly 
e~p l oirc tr:t: enh ""nt+c~rl mobility of i'n;; 1ybd€'f'Hlm .::oc·,~ a r t:cJ to arsenic and selenium in 
the ox i d1l lng yro~nd water us~d durtng s~ecp in g . 

TM e ~J r Ov n1-wii t e r !'>wl?:'f'P in :J {!¥per im<•n t <;"·?••It' rl t 11 :l t u r ct n 1 ;J''~ ,~ l"l<1 no l yhdf'f'iT'l 

c rP ~,otyr,tLd iy diff ·ic tslt elf•i~Wrtt~ to n~st ore to l'·dSt• l iru~ cortu·ntr&t i or,., If 

t h•·.r t1 r i· pti''>(·n t in n.·<,ldti n l ore r: ri ne ra ls i't Ow tt•r •': ! l• t! tl rHI o t lf~d Ch l n :,; . A 
r; •<,U;r.,t l on 'H" tr1011 t hct rjou~ n!:J t ir;tf tt(luCf• dhso lv1·\l o"'r(]f' n into tf1f' sy<,tMI 

~ tHn 1 d r''·' u', <:d to b,' ~c~ ~ t htU) f.' n· <h ll> s t•ns j t i vr~ e l f' 'llHl t <, 1 n ·, i ;, 1 1 f•. 1 ~H' f o 1 l :-r.v i n•J 
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section discussPs in situ chemical restoration, which appears to be c~pable of 
pc::>•1uci r: g t ~-. e de sire-d results ~>.\ thout prod:Jcing unwanted t'y - pr-.::>:1 :..: ct s. 

Resu lts of Chemica l Add ition Bat ch fx oe rfments _ ......... ._-.. ... ~..., ...... --.- · .. ----~--~--~·--.-,.·-.. ~---· .............. -.. ,...-- ....... -..-~ .......... ___ ___ 
t,s th? n t ion~::: p-rrvioJ sly, 1c~ny-tr.rm pumping cf '"ell fi e lds to rt~st ore the 

a :..r.;ife•r mcy comp licate effcrts to lowe r d; ~ sol vec ur anio.lri, cor)cernrat io·•s . The 
ore zone in a typica l sand ~tone ura~ i um depos it is 900e r ~ lly loc~ted tn a con-
f · ned aquifer along an oxldlti onwred~ct t on int e rface Vot o , 19'8: Warren , 
] 072} . Oxi d izi ny co~d tt 1 on s u su~1 1y lie in t he directi on of ~ t ght r hydr ost at1 c 
y•Jdt ent and r~auc1 11 9 conditions g~Ge ra lly exist tn the dodny ~ ad i en t d1 r ec ti on . 
C ons e~~en t l y , the pJ~pt ng of the l each field with or with out reinjec tion may 
l"t>~.tJlt in the flO\'# of relM.ivr ly FK1<e CJ,idizing solutions l nto t he ore zone . 
h ;:.·(.a \ i ~ e the c or~r<t!()rt ore· f N'rt:ing rdnuols such cH uraninite and coffinite a re 
m::;:re ~ Ohible in cxi<Jiz i ng so1vt1ons (L;,r.gr::) f r 1978 ), this type of reston:t io:l 
m~:· ~. h() i~ irk1 y i nh ir; H effort!. to t o.t, ,e r c ! <;.s.CJ l\l t>d tJf'MlltWl to l>B ~, t' l1nt:• lt'•r c•ls . How
f' V': r, tht> ir,jc c. Uon o f a chz~n ic.al r &•1uC t (tn t SlJC.h as s o<tio1n St;lfioe t• , f" i ny the 
r rc i r c ul :;t ion uf tn:'a t erl gr o:;nr1 ,1,\tt•rs could thf'f) rf: tica ll y n· ;·r.,t at> ll ~r ru1 : ; c in~l 
( ' !dltl (Jr> S tn th• ore ZDfit' , \Jr ~ nlui!l h f'll! C. h l t'·~; s rn.•J :>ilp ln rNLJCln~ ( O'' CllliOn S 
t·•~ i. d U~,t· o l t~H' Jc•,·l So lubility of the 'J(lVj minet<dS, t\l ~ o , the 9(' r'l(.•r ilti<:<n of 
n J:;r. irhJ (vnd lttO'·S In V1€' ort- zone is. f:tp••c.tf:"d to erd! ,;rh:e r !• <, t or,'ltion of tne 
r:, ·.· ... : lfl.•r :n lts or iqfn!; l ~,t tt c .:~ >· d ~h : i ·J l (i p r crrr~oU: 1 ( • '· ~~r pr;n ,~, •• ,-, ic ~ l !datdli.tJ-
t t .)'; of U if' i'Lj •Jl ft.· r. 
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A series a' ex periments are destribed here in which sodiu~ sulfide was 
added t o solutions and solution plus solid mixt ures to reasu re t , e ef ff cts on 
o::... i d c t i on p ;:Y~. i~~ n t i a l , d .: : .. s ~) ;. v 2 d u ·.t_~~ · n , c_r ::1 u r o; ·; ) :.. •. :~·! c () n c E .. , t. r .:;' t :· ~~ n ~:- • -f h r :c f i ~-s t 
e xp <:: ri ''' ~~ n ts 111. r e i.:ep t si 1e ; s o,; ;,w, s ulii de .,•as a(i ded to dls ,: il ]ed wat er. 
~ext, sodiu~ sulfide was added to a leaching solution that was obtained fro~ 
t'-e Pe navides in situ leaching operation in Tf~ xas. After conpletion of ti'H- -e 
initial experiments, the effects of addin J sodiun sulfide to mixtures of the 
Texas ltxivia"t and iron-oxide coated sand, and Texas lixiviant plus leached 
uranium ore were measured. The res~lts of eatn expe r i~ent are described 
separately. 

Sodiu~ Sulfide with W1ter 

I" the initial set of expe riments, sodium sulfide was added to distilled, 
deaerated water and to distill ed, air-saturated ~ater to measure the changes in 
[!-, , pH, an ~ tile concentration of dissolved c,x_y~:ifn . n,e air-saturated wat e r 
initially t1ad di s solved cxy gen concentrations of approx imately 8 ppm. The 
rle Jerated water contai ned less than 0.1 ppm dis solved oxygen. Adding sodium 
sulfide to thPse soL;tions lowered the Eh as sh~1vm in Figure 31. Higher sodium 
sulfide concentrations resulted in lower Eh values. Also, the Eh of the air
satorated water was lo~ered less than tnat of the deaerated water for similar 
concentr ations of sod i wn sulfide. It is rea;s on e.hle to e9ect that some of the 
sulfi de a dded to the air-s 2'•tv rat e1 weter wos oxidi zed hy d i s sc>! ved cx_ygen, and 
t~1i s proc ,;;-s s r f''S'.J lted in t he :;,o1r1ewhot hi gr1e r Eh va lue s re lative to the deaer
ated ~a ~e r. Concentrati ons of dissolved oxygen at the end of the experiments 
were d;: te'r'<iined to be less than 0.1 ppm. In < fe,t s,=r -,;J1E·s. oxygen le vels ~<' e re 
t• i ~tt. e :-, but th i s wtl s prob?.<Dly caused by the in t roducti on of air c;ring the fil
tra tion of the se samp les before t he analys i s of dis solved oxy gen. 

!n Fig:;r-e 31, the cr,artg'? in pH caus !?d by a:iding s0riiJ•:: sulfide is sho .. :n 
f or t~e di st il led, d£6erated wate r and the di s t il led. ai r -saturated wat e r. The 
add iti on of sod ium sulf i de s h a~ ply inc reased t he p~ to a value betwe2n 10. 2 and 
12.0 , de~end i ng on the ~a~S tonc~ntr~ tion, fo r bot h t he ae rated and de~e rat ed 
wate r. Aft e r the irritial'increase, the pH val 0es re~a ined steady. The 
i nC '" blSe in pH i<':a s c c;us,~d by the reo ttion t>c, tween s:; if 1de end hyd rogen ion 
U<,:ebi e, ~h:n< ing .. •ay anci tisr·t: r 1978): 

.. 

H ;e f ir':! l pH in t he air·sat ura t ed wat er ~'<' ti S ~1i gh tly l owt> r U<an in t he 
c!r M• r etc·cJ v, ,:. U·r. Thi s di f h :rence wil'i. p r ot;;, t; l y cau ~<: d by t he :. li gr,t buff er i ng 
effec t of cl~ ~olve1 co2 in the air-sa tura t ed wat er. 

~n~L :;r l ~~ ulfick + Te xcs lixivi ct nt 
............. ,. ···-- -'"" ,. ..... , ... .... ., ....... ···- --·,·-·· ••' .... ,... -~-.... --.·--~~~----·...._, _.,.. ____ ----..................... - ~--- . 

In t'l sir•dl tt r s et of t ~i t'f:' ('{pt-r h n<.·nts, r.;,:,1c; wi:!S addt•d to t ht> Tl/ :l: d S 

t; x h 1M•t t o fi<[:' ; itur t_J,,,, (l ;,,~ r;;r:s l:l [1': , pH, (i f"U l u r'(' l);,;m (. i}iH~ r· n tr e t lon. Aft f' r 
t 'H' dC:) ,! lti on of N :l ~, s , tt';f> [ h {; f P :e l !:d vi artt <lrop p~· ;i to d v·,1lv e ~f t W!:'!' n - ~ (} 

d ~· , ;:J - Jr U n J (I H;; ,:d · 3(). S(j l wt lor•s with tr•t' hiJht'H Na2s cor;c t<r:tratl ons 
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b 

Pl n t. s ~.h:}\..:ifl ~l t'll· (hMH)f" ln p, ( 11) ,,n:' rH l tJ) f-f!_pr 

of K~ /'~ t n fH ~t 1 I i t ·il. \.Jt<•t~ r d t. f' d t{.,r. , .• ,. ho 1 i c llt'lf·~) 
tlhti llf·d , f<.i r· Set;sr ;; t• ·:J ~Li U· r (rl.~S !it· ri liti l'·) 
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(h d '• '; f • i n th e i:J1 {-3) an d pH (t;) fur T;>r ,1'i Lixiv icnt. 
)• ;: ; \ ;;:·: •ulti oe adcl1:1 1 rn 1r~ (lft t r <, t ,; rt. 
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l (l - ~ ,., n;~) l ~~ r r·~ ::-~ s s 0; u ~ i a r; • 
the r~: re~1 i ? ~r.t~·( _. f!· :~.se:1""ia ·i _1:y unchdP.:_~f'G., \V ?re reas to, .. : r-~.e 1 ·-_i- c.~--;c 1C: -::. -~~·~i ;d ..... r~a..-JS 
~ c-·-!u !i('l!!~ t.tle p~ r~t:(; ~ ~ D ii -s~ -e atly vc:.1.u£l a'f:t?r 0 t~~v.· r~ n~ Jr"~. f\:; : __ n tttf' iJh and Eh 
rps ns~s~ s t o t~e a~d ,:1on 01 Na?S t o :~e 1ix i v1dn: w~rf sl ow~ r th~ n tnose 
G::~ --~-t:• -ve ,:: ·i '" ! t--~ f: f= _)·~ ~-~t.)r1nt~nt~ wi ·:_tl ·• .. ·d:_-t! r· (F i9u re 3 l ) .. !.l sc .. tn~~ Eh -die nJt rea ~n 
va :.H?S qui t.e .a·s lo\~~ nt.:; r di .. ~ thfi t.'tH ""·eac' vclue~. ~l Li ~ ·:.e as r: i sh ir tnf' l1xiv1 an: 
a::. : r, th-P wa :~::r . T'ie 1i)·_,viant ha :,! s.~)~1 . buffer1n~~ Cd ~1 a ~·it)· .. ~!~~ 1cr: a• t e:~.f:-~ i:.s 

at t"·\:_-' ~ · ·::: ~\-f :. ~-:is 

l"'·; :; ~ c:r hn ~js 

S r>:~~ ti~ Su1 f ic~e w.r·itn 1'.(::xas L; ~.i\-:- ·ia-r. t ~ ru:1 Ir·.or:- 1_.)xi-~t:> -·; :1ftr.·~=:: S :3~n 
.., _____ .., _________ ,._~-------·--,~-· ... ·------... - ... _~··~---. --------·-------·-----·-~-----

Tnt.'\ ..... ~ff f>.( tS of ~-;~i d ins NO-·') S· t n a s: r- (_)qq ly oti -Gi zed - ~·vs-:er:· we~e t. es t ~·.·c; o~· 
d·:'i tJ~ r~~; t~1 1~- r-~ctuCtdn t. ~- -0 a r .. ,.ji_::;r·t·· ot ~. Ht: i e~a s l1 _x·i \.-:i2 · ... 1t anc; 1 "" 0 !i-- 0)., 1(1e·- codted 

-~. ~.:P: '<i . · r~c trc~,..-; Oii ;"'1e ccat1 .:;~i -nn l,t q ~_ ; :.~rtz si\nc~ grc 1- ns t.; ~-~:_:.c ln t r-r(• :·se f: }~~-'7'·-· ·i -

~~::: L~; ~ ~·1 n ~;. ~ ·~ ·;~~ 1 ~; 1 ~;~ s ~ 1 -~fl~:::·~i ~:. t ~ i ~ ~ i : 1;{ ~ ~~~ c; ~'~~~ ~ 1 ~ ~ P ~- ~·:· : ~r~i: ~ en;_~ ~-~ s : ;~: u~ and 

~ ;::f' ;l :, 1 ~ ~ ~·l ; ~~:I!~: !;-· ~· :;~~~ ·1; 7~ :: ~ f ~:: ~· > ~~'~ ~:1 ;~;) ~ ~· ~; ~ ~;~~ ~ :\: ~~~-' 1 ~ :1;/j~;, 0 ~- r, ~ ~rc: ~s~· ~ 
t1 ,...! , ·1 t-J- : t~~·) 1 c :-· "'t;.~ .. ~~--~ ~; :~-fu t -~ Grt s -~ 1 r~~~j ·!· y ros f~ ·for t t·rc r e-;;-.: r.:· ·! n -:: H~ r-· .~) ~ t ~H::. F): ~- ~ z:, ~-- 1 ~r!~·-! n: s " 
t! ""r·:- ~ u<· ::~ t. '"' 2'l l (} i. t.Jlt· .n -:".i c-_; r? ·~ S..u1fi :Je S s: -~1 1 .. ;}J r' c~-.. t~' '1 t i r·· thP S i~· s . .':! 1U ~ 10n ~J 
a'" :, .. -n r .1~; :"}~- ~ :. ~ - r~rru:-·'- · l r- r·:·;;. fr~ t ht-· l t)"·· ~n r.1 10-.-..:;;. r -:{\:a ; 'J ;;~~-~ S s .. c~: J : ·: ""1 r;-:; • • ~n;.. .z::,_, 
1.'1't(' or;r:: : r··t.., ~1: ~- !-- v ~:- ~ ?S d S ? -f"l~ C ~.' ;·: ~;o~:'"p 0~-;. Sf' ,....t.' E:'C ··t n t.. n~ ~ ··ii(1 :Y- lc.;;: ... n r·~ 1y ('- X. f'."er- ·lt~t+"? :'1 tS 

<", ;·.: · · · t.~~ .... i'"'i ·;·, ~~ urt;. ._! -:~ . 1n r.. on :-r.1~··-.: . ._ tr~e f.t·~ ir; ttlP J t_; - / rr: o :E1r !\ ctr ) :·~ ':\ D. ! l ; !. 1~:)~ 1 
·~p i" : : .. ~-,.1: :;:;· : -r~ ·t- ~ r r:.:-~ vi} } ur.s .tha. :. -ii'ilP r t• !~ ·i-r-ri 1 t:~ r- to t h050~ .rr-:'f .... tl !.~t; f e('j i r: ~ t ~~~~~ l i x 'i v ·~ ;:~ n ~ -

' ~ ; "'. 11t · w,·-:. ~; 1 ,.~~ !')f~ n ~ ~f r t. lfJ 1 ;.1-r- ~. c· r· ,:, f o: ... ·i_-~·~r r:H:: rioc~ of 't1t!L~· r es: __ !, : . ~ -nc ·tn ;H, 
~~""i ~_- r- r~ n ·-.~ ·: 1i': lr!~~ [rt :~~ fit:{)~ h~: d i;:~C\HJ~'it ,-_)d o:o-1 t tn--· ~:!1~. 1~~ 0 4 !_lt) t•\.( Sh::; r t ... tJ·i r r"': 

.•. ,_ ·-., 

.J ... : . 

: ·· ~ r· 1 · A:-"1 · <~ l _ i - ~·· r:L · ·;~r !ifj __ ., -c, ~; t>.l \. ; •, i o~~~ ·r ·n.:f,;l 1 C/·--i~ y S fi·~~ t~ : 1y fJ f;~ f iJ.: • ~''· ~\ic ~-~ ~ri ~ 
-"-' !.>-.~ ,:· >i v :~· j ; f'-:.;.. • ·r 'l:"tt ~ t;~ -f t ·(·"<'. t . 0 f ,1:c'i ri 1 ~"'i ~: : ~;L.-t ,., r:~ y-:.:'~ r~, :'":,·J r t · -r; :.J ~ ~ ~ t " ,~ L ~- ~, ~ :·• r -~~ r, :·· 
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fD!"'" t he l CJ -.1 !'1D1ar :-~ a .. }S -solu:ion . Tt;is res u~t -seer'~ ~~ ar~t}::1a 1cL,~S ~ 
(. 

i: · ;-{ ,_-~ ~ c.a, :·.;cFt tt: ~t tu-·af'~i ~;;; is ad sc ~ :)- :n J or.~ c t~'t ~" 1rn r , n x ~ :-:: ? . 

1 tn~ .. _ -·" -~.- a r~ t 

Ju r ~n ~ the ex~? r ime~ts w~ :h 

nJt~~ :~a: tn~ ir~ ~ - o ~ J3e- c ne:0~ 

f"4 ., ;-.- 2 m ,-- . ~- r an ... .~. ._. . .... . c 
S ! DW~ V -:. h anof':] - -

r~ 2. '1 ~- S D 1 ;) : 1 )!"~ S ,. i ~ W2 5 

~rj~ rea~1s r - ~ rowft to aa~k 
br0w~ o ~ tid:~. Tn is su~ges:s t n6t am~r~n ous 1ron s u ! •J G?S w2~~ f c~ ~ . ~n~ in 
!. ~e"S F' f' _)',f'·t?- r --; rn7:~ ..... s. It hc s ~t-:e'l s r·:Jwn ~))' ~ -i( .. ;.. a r·o ( 1 ~7!.1 ) enc_j ~·y :~;- ~~n ~ ~1 0l"Jr7te.r 
(:~ ~-~- l ~~ tna~- ir·:1r su lf i di:?S are 7- 'Jr~e~ l.l;_10r'i t t"le a;Jf! 1t iOr1 of ~'~d').(.:· t0 rnixtures of 
9 ~~t~1 te anc w~ • er be t ween p~ 6.5 and e . u . ~ne li ~~ly reac : ~un f or FeS f or~a
t: o r-~ 1 s 

{ 21 ) 

:\: c p~-~ an ~; v-?. at}Jut 7 .• 7 to 6 .2, e'ern~'::tn: _al su 1fur ls U""'s:at;le ~ aepenc ir.g on 
~ne :~:al sulf u r ~c: 1 ~1ty (Ri ck ard 1~~4 ' . and mdy r~act w~th a1 ss ~ lv ~d su l f1d e 
t,n f nnn pc1vsu ifi G-?.'S (!ie·rner 1964~ . Furthe-r ·rf'~ac~ion D~:.r.:_ w-eer: Fe~ ond e ·lemf:rtal 
s u lf ~ r mdy o~cur g1v~~ suff ic1 ent ti~t ana amoJn:s of t "es e rea~:an: s to pro-
au:~~ :r-_ys '!..a 1.,iq~ ft:r·rou s s u1'fi n-es. , S!_;.cn ~s rnd c ~., ir~a -": i :e .. ~)et"·ne r 1YC7a '·: . h D··~~-
t ve ~ , f or t ne t)t- i ·~:- f e x;H:~ r i rr~~~ r. t s c_ ryn ~ .. Ju c-t: e;j he rt,. ~r;uJ r;_.; ~GJ s F f.: S and Fe S { o::t·::: r-- ~t1) 
c~·e t-<\;.:; t:!Ct e-:1 to ~1e :. ·ne no~-rri r:~nt pronu:: s . 

In :ne a~ov~ PXD?~i ~?nt s wi tn i ~on- oxide-COdted s an ~ anc - pxas l lxividnt. 
lt ~~ :: '~ ·not c l .t~ct -~ ~~~'! f.:: t ne r tne i:Hi .s ,or-pt ion at ur~ r,i ~J!"'~ ont o ::.ns:-: ·lr<J,.. CJxi:J f:-S, ii ;} ;>i?-

s i.-.;(;-~·n-·: t o tl t:r s i_9 r-i ·t 'fi c an~ ~)2 '-t~·e-~n _p~~ ~" of 4 d ''l ~ p, ('vrar: iJ<::~ r l~e i : •:ie r· , _:~ ... ~-. n,; r and 
L. n rj~rT.; 1 r l t:.:7r:: . a.n c u r·dn id:--w; ~ c:; or-p t. ~~ o -n on to cn 1 1 rf; ~ ci f-er· r~ ic O .Y .. i rl f-'- S t;~ s n.F:;:_: ;, 

~~- ~ 19fj.o ~ .. :. ~ :_;~~ c s o p f·; ·~) :~ 1 r ~- ; 'f; .tn-'~~c~ ~ ~ r~ i sr : f o r· c. onc.t.:--- :'1!. r a! ·t n ·~ G r· 6 .... · ~J~, (L J; ~ r; s: t \'~~~ f n,.,~·:a 
:1 'Jn e: { s rr ,' ~e- n~lrl r-c·:_n i:< ... ·~ d 1 u f··~n iJr! rJ ~..: ~.l ~ ~ ~-; .. ~ s ({; ·1 :_; -! ~ r; . E.~t.:s ~r~~-·, :'!-..-l d1 ... t~;· 1 ~ 4»-_:l ) . 

~ ~-'i!_:l ''? '' :~ ~~r.: ~- ~ of ~ r 2H'i \ t;f!· i; (~ 3-, L~ rp t . .; on ~~t! r~ r~t:t- ~ s u rt<J :))1 a 1 r: ·: r-1 ~; t Y;~ i r D r! - ( > ~=· i -'. 1•:~ - c c-a: f?d 
!~ a"\ " r,e,; tn~ Tf:·: ~c-: s 1t ,'( i v ;, .a nt . ~nc .t 7 ; ~~~ n r-1;~ -~ s u r ; n~ t nt1 cnc ~·~!J~·:· 1n (~'i ::~ so 1v r::c. ur· i:n~i un 

,.~ .r,!~/·~ : ;~ c -:~-¥:~~ t;p r1 h,y ~~- :> ~) ' ! ~ t. ; ~~ !7·.:>- ;~ ~1- c 'S :~tif~!: l -n-~i ~l<-:~ tJ '~)s. it fr. ~r- d:·):l! .~ !. 13 to 14 OdyS 
-(~- -~~~ :; ·- ~ ) . It ~,v.~~s t-~ ~ :· ;t nr e .-,: t .not a ;~! s tsr·p~_ i on nn t -"-; t. ·n~_:a 1. r-on C::tiG~:. (~ ·1 r.~ 1o··,r .. •p r 
t n r_,:. C.n 1'1 ~:en: .r· o ~i ~~~ n of· u rdn f :;·rn hy a n.-+~ "..'!SU r rl' ~> ;e dt;Ll;J f'l~ ·1r~ t~ t-f'S(· C:i,; .- t~ r- 1 -;;~ ~~· .. ' t- S . 

1 ~ ;· t.~~~ t ~ Fi~,;r· t~ f·'"X_p .. r·q- ~ ,-.-~~' ~t'rt~ . u rif71i"LP:'1· cnnrf· n trt)~ ~0-"~ S we rt·: r1:: ; ~;:,l; · ~ ~.~_: ~ ~ 'i f b ~:CL.; t 
~,;.~ r!:Jii f") h-~ ... ~ort.· t,\ ~:j .. ) ::.1 Y-t( !S <~ t~:H~{1 tG tne 1 l x 1---l ~ (~nt p1,.1:-, : r· ~-; " i - (. ::):1: ~ ~ ~~-:·_ r;-r: c~ nn )~ture s 

r ~ r·· .-. ·_: .. 
~_ y;-.- . t_~ !" '}p· ·r- s {} f r; rJ, :~ !': i ... ~ .rr-h,:· ( f ron 44 to U .. () pp~· .r r rf t. fH~ ur-M if) 'llJf·: co ri ~ t_! nt r <.~ · .. t{ J~ ~ 1 n 

~ ) ! 'i:_ ,i .. • • ~ ·: ~-' , l ('! h~ \ 

: \ I '· . 
r. •·· - ~ ~ .... ~ . 

r.1nc ·: f:· x!·~~ ... Lt> ;:~ ;,.~l t• (' f) rf_.~ 
·~·· "--• •• • • ~· _ _....,._,__.,_ " • .-., . " r--. ... "" · _....,.. __ ,_ ._ • . ,._ ·' ' ·-~···- "' - - · • . •· . ,., ' 

l ' ' 1-

:;,,-; t:; we;, , 1 r1 
11 ;:• v 1nnt 
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1.1 1 Ch.;n ~w in !jr .:~ni ;Jm Conc~·ntr<:~ ~'iCH• i n the T{· ~:t~ l1x1 ,· ; .,n!. Cau~['d 
bv Ao~J f:r-· } ~' t i ~H: f}:\t[: t_f:e Jr ~;.-.. ~·~ .... c~ _X1.·:1p .... c r_;::·. t t"·-n ~-~ ~:t qC tu:- r .. h.!,Jl i CB· tf~ 
t ~·:.;r-+ -~r· tcn:n t.~ . t; ) Che-f-:':;t(' ~ n -U r' t\ l'i''' .. trn C on ~. -P.ntr·r;t i ~;n "" T t~;.:~s L·ixivi":r1t 

' , . . ! , , • t r · d • I • • . I I > i'' 1 'I ' OJ ( '3• 2-, f) tt n~.; .lron-- u ..... -~~j{-~ .... - ~ ... o£1~~- (~:, =-~ ~t ~1 ~-~ . t~r Hn e: 1 r1SJ v. ~: , l.H)~i! :'. ,.d2 ... ) '~ . .J 

I ? 
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two with enoL.gh Na,s addeG te: give a O.ijl moL:~r N~ 7 S solution a no two morE> witt-
0. p;;_; iar Na 7S. ~· r~ each e1. ~1er irner.t. 75 g of tt .• : .. 1e .... as le '-:ChPd c: e ~: as dd~=d 
to 7SD mi.. of lixiviant. and this mixL;re w -~s all owed to Stc)-,d L: ~· ,>.:; ,;: 7 (~2: J·' 
!J ~.r· fore th ~: No;- ~ ~:f!S t •. j--J.ecL. Tnt-: u r .~3.n ~ ...J r: ; ·> CY: ·:E""r: ·: : -!:,~- ~005 ·in ·the lixiv i -:!i i'":t teJ-c- t ~? 
r:·lE:zs:.; .. ~:::-- ·-J u.; :ir~ .:-~ t.'11S ·~n1t.ia1 ~.re r--~o ·J of tl ~l: t: to de:e~·: ine t r1·e i m~, ortan,ce of the 
d1ssolution o~ ani cxidized uranium mine rals that ~ai ~ave been p~~se~t i n t he 
ore. A larg~ increase in urdniu~ con : entration was not ex~e:ted because the 
~~aniu~ content 1n Lhe ore was relatively l0w i n c o~~ar1son to th~ total amount 
of uranium in the lix1viant. and in fact. the ct1sso l vea uraniu~ slow~y 

c':ec reasE<l F1gure 35 ) . T111s decrease to a SOille wr,at s: ead)' value of 30 to 33 
ppn w ,,~s prc·:; ,;;t:> 1y c aused by the aasorption of urani •l '~' onto Ute clays ?.nd 01.ioes 
present 1n tne leached ore dn1 was ~bserved in :11 four of the e~per1ments. 

Tne ~a 2 s was.~~jed to the mixt ures a! 1F4 hnu:s f?r ~he 0.01 molar Na2s 
solut1o~ s and at J~J ho~rs for the J.oo: molar ~a 2 ~ so 1 ut1ons. Soon ~ftc ~ t~e 
?0Cl:io~ of tne s ul f1ae. the uranium con:entratio.; ~ d~creas ed t o low le v~ ls in 
alI f ~u r eKpe rime~t s. T~e ura~ium concentrations in tne 0. 01 ~a lar ~a, ~ solu 
tion r· e,-,a~ned at less t ha n 1 pprn for at:•C Jt lOG h OtJ'' S !:'·€fore slowly 1ncr<: asing 
:F1g.;re 35). In tne O. Z1U1 mn lar ~~a?s solutions. tne d i s~o 1 ved urilnium r-er.a ir)ed 
at lowE·red velues for at·,out 5C! hours (F·igure 35) before inuedsing at a rela
tiv€1.>' m:;re rapid rate Uian seen in the 0.01 molar N;z..,s sc11.;t ; o ns. 

L 

Tr1e er::·:J ition of s •J lfid~ caused pred ~ ct ~1b1 e char.g ro:s i~ the pH a11d £11 in 
U lese exp:.·" 1'1V:·nt s. Tr1e pk incr\' d::>t'd and the Eh d ~c:rr:-cst:•d r apidi y afte r add ir;g 
'·~ -/) ( F i ~' ~' re 35) . Mter t r1e i nc:r-et:t:.i.? , Hje pH r·etL:<ned to v;; 1ves s!ig."'1 t ly 
~;th~r than t hose measured before the Na2s bd~ iti?" · _Si milarl~. tne Eh quickly 
_ret. u r nP.ri t ;:) h1gh 1it: 1ue:1} . Tne .ri~p1d -o~cr<:'ets e 1n dlSS Oi vt:j ~Jrctr:1um corrt~~j, ·pond..e ·~ 

t o the dec~eEse i~ En that occurred Just aftpr the s~lfide tjdition. Th~ s suJ-
st s t ha t t he di ssc lv£ d uraniurr was prec ipitat ed , pro~aol y ~3 uran1~m oxi de . 
7 -tL-~r-~;;.:_ , in -~e·S~J :)nSE -to the mc.H~e redu c ing condi tir.:,~ s. T -~-i ~- pi;~ r·i oa cf 1 owe r~e j 

f h-G~a p ~c~~ t ! e u r6 0i U~ preCipi tation iS i ndi catej t O have ltst~d only a Short 
ti -'"r~J. t,:;t_,~·~~-~ ~· e t rle Et1 r·tt. :;rned t -o rt ·i· r:J~'H?- r ,·elues . -Cons .;,~q:)e r:. t.}_y , t he ur(H\iurn con-
ce~trat'on began to sl owly i ~cr~ase with the return to more o~id 1zing co~d i
: i ons. it, ,_• s1 ;:h-.~e r r~: Sp7}f15€ of th>: i'1i~;s o1ve:d ura n ivrn in compar is c'n to t he [h 
;;:,o:s prub~!:!1y ':.6us.erJ tty t11e relat i ve1 y !· 1 0~\!e-r di ~, s o 1ut1on r ates of t ~1e pr·~~ci;;i
t6·ted v:r·a :liLt:i1 ox i cJes . Tne r t~ '-.;1 ts of t ~·tes e ~~ -r..p~~ r ·i r:-~~nts in ri i~:~te tt"~i} ~. t t., e 

·-; e ~c hed ore~:.~:; s. u"f f 1c i t~ ()_ t1 _/ n;:·i c 1z in g to f- -r~pi C ly ~·xi c~ -tz e rrh)S. t .-:1 f t he ~C,(1~~d 

~ u l f1 6~ . In f~ct. s ulf1de consPnt r~t ions were be l ow d ~: 0c ti on l imi ts in l txi v
liiJ >l t s(J'"'ples r.o 11 ec t ed on1_v 3U rnHl after t he sulf ide cJ n :ion. D·isso!ved oxy
gen was al~ o expocted to bp d si gn if i cant o x idiz i n~ a ~0n t. I ts concent r~tion s 

i r; P :f! lir.ivia r:t s we r e rt,"i uc~d 1tvm 8 .2 ppm to less then 0.1 ppm at tr' t.' end of 

rt ><,,,,, a 1 <:.o r. c; t€'d t!wt a d~i i ng Nc.:;. S c auSt-"d t he 1E t;ChNi o :- e to chan9e fro•:~ a 
l ; g~ t J r tJ - ~ruwn col ur to ddrk gray - g~een i n t he 0 . 01 no lar ~~,s ~XpP ri ments . 
{; ~ . ,, . • ;,. ~, ·-· r ~ u : 1:J· ,; ~ . 1 "' cc lur ch~ n~t' Vi(l~, o :; ~.t·!"Vt~d in thp 0.00 1 ;nu l c r Ne2S ~r.•l u-
t , ,. !~ ,,, c!lf fl C:;: r_ t o t•x.f1 r.tl n P ili {· ,;.o c t uw ~··'-' of t"; •• c o l !;r cr.b n ~w . but 1t 
''" r, ~· •· ' C ii~ J ;J •': t'iy ~. •-•t· f .:_.r-;:;d t ior: o f ·i ron ~>ulf idt•s. A w~dte prpcip1ta11t, 
1 c ~ r · ~_ l t ~ t"ri (_~\ C- o .M -::::i\{ }~ Y _ H :-..'i r~ _ fliSO f· u :!'"· i~:-~~~d J u"·:~ t bf t t:"r t . t~ p dd rf ·~-~~ in.., o f t~r -t: 

' • --1~ · . >h t: r~ r·t·- ~~ f'-~r"l~>~~ (; ~ 1 tq:_ f"f·>d '~,(· -1 tt : : :<~~£ flt5~ Uf !~Ul ~ et P f rr t ~: ~." f." };.pi: rl nJf·fitS waS 
e t ~ ;' q ~ r ,, n ~J ; c..? t ·~ on t ho t t ~'t' ~" :J ~-Jt,~(1 s !,.: 1 f \ d t: w·1.: s r ap i d l y C> ~- -~ -1; ; ;·d. 
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.A1tno<...:gh these w~re very qual'itative expl?rhent: and i't was difficult to 
cleady iclentify the 'important processes, it can be CO'Jcl uded tha;; the adu iti)n 
of N~h S Cdused a recuct iO"i 0f the v r aniurn -:onu.:-n trctions in tr·,e Te,-.:as l i xivi-
·n t ~,,... ···• ·1 .-l f t •·•<> ,,, ,. ,. pr' •••i• '"'t<. ~ ,~< .. ·-· " c·,: 'i_ •,. ; __ r'_ • f.~ -::_-i,-,_,, -\ f 1.C'•"·7 ' ' .--..,; ,,-,,"A ._ .,, , , .... ,,d ·• . • ,~., ;j ~ " ...,. · ,·:.... {"· ""·~ r·~· .) •· 1._,, __ . , 0·. ··' ' ";:-: _..., ~ .. 1'::5- ' " U• : vl,) 4t . ~v.\.. -_..J !_ ·; : ,.,. · .. , ..,. 

$~ red c~~dati0~ pot2ntials, and i n response , the uranium co0centratjons were 
~lso si gnificartly reduced. Howe ver, in t h2 ex periments with the iro~-oxide
coa:ed sand an~ the Texas leatned ore, the Eh remained at lowered values for 
o~ly a sh;:;rt ti!1e. The a-:1ded sulfide was ro ;; idi y oxidized, al'ld the t:h quickly 
returned to p~e-sulfide-addition levels. Conse~ uently, t ne dissolved ura ni um 
s lo~ly increased as a result of the return to oxi1 izing conditions. Tne 
a ~ sorption of uran i um (possibly onto iron oxides and c1ays in the sediment) 
a l so caused a r:; ;~ as u rable decre6se in the un niun concentration, but it s;:•ems 
unlikely that a1sorption processes alone a re cap a~le of reduc ing dissolved 
urar;i~c! to t<;e low values required for aquifer res~cration. especial ly in 
oxidizing environments. 

A ser ies of columns eKpertments were condu cted during August through 
Oct:ot!er !CiB4 to si r.;u ~ate aquifer restoration aided by the addition of sodiun 
sulf1oe to spent lixiv i ant ?um~ed through leached ore. Sa~p les of le ached ore 
a n(j li )( iYit nt from the BenaYides in situ mine in Tex<!s were use•d in ti'H~ e,.;peri
r·,f, ..,ts. in the first se·t of ex.peri~ents. the lixiv i.:~ nt al one vta s pu,;:•ed throu9h 
dup 1 i c~te c:c.:d umn~, of s.edirr:.ent to equ i 1 i brate the system and rerr•ove i! t1y effects 
on the s ed i ment induced by its two-year storage perir~. Approxim?tely !0 pore 
lf•:,L.v:R S of solut ion were pun ps:-d thr·ougi-1 eact1 of ! hese co l ur:ns. After ti .e e qui-
1i ~rJtlO:"! ;;u iM. sodit;n sulfide was added to the some li)'.iYiant, and t ' ;r.; m~x
ture t.:'r:tS pu'"':;•ed throu~+~\ the coh;r•H1 S for an addi .. 1onal 10 to 13 pr;re voL,mes . 
The c~0cent r ation of s ulfide in the influent sol~tion was 5 J 10-3 ~~ id r . The 
r e si 6@nce time of the sol ut ion in the coluMn was app~oxi ~ately 1 day . The 
e f fiJent ~T l v tior. c.rr,n~ osition and ch anses i n sed inent Ci"M ~ct ;:· ristics provtde a 
m;-o ans of ev i:duating the effec t of sol':lium sulf ide on aqui fe r r.t·storation. 

The co~~ os itions of t he effluent soluti ons are given in Appendix D, 
h'; les D.l to 0.2. The ura niu.<Y~ c ort <:. <~nVcti on of the spent l ix iv ian t tr:at was 
used as the infl uent solution 1~ al l t 0ese expe ri ments was 2.8 mg/L. Becaus~ . 
i n ef f~.>c.t. we ·••E' i'"'e 't 'i r:. ,. l oting l}roun f : -w.t~ t-e r s ,·,N~p~ng G ;.~ ring the e-qv iHbraUon 
E'~pp ric*."r. :s and l e.:.t chr .-:l 0'"€ l;>ii'\S ~1 sed .as the !;edi t •E<It, we e .xpected H:at 
incr t: ased c oncer: triitions of di :;, solvE·d u ranL1m woLild be four,d in u·,e effl uents 
t~ca u se of t he rlis ~. c 1 u ti on of ur.an i um r1i nerc;l s re;:,ain i ng i n t he ore. Hlis har1 
oc cJrred l.:lvrir.g t h.e g ro;.;rid ~w .~ ~:e r !~weeping ex;::e ri!rtents 1'1.-?scrib!#d previously 
(f1 ·;,_;re 29). 1-io-we ver, as shown in f'ig vr-e 31 , U H! uraniuf-'1 concentr~ti or: did no t 
inu .:,c:oe r; ra~•a t ica lly J u ring thi s (~.'l. per ~ r..pnt . Ttois prob:rtily occt;rr-ed t'lec.a u ~.e 
<F un :.: ';v a 1 iy ~.rr,e l 1 <i\t-:})';nt c: f u r cH'li ur;\ wa s l e f t i n t hese Scd ~ me nt s after lec c h
·in q, and in t hl5, respf:ct, the Sf'(l imePt does r; ot p reci.,.e 1y •t ·rn? ::. ent typi ca l 
l e0che1 orP . Tt~ sulfjae add~d to t he lixiv id nt pum~ed throug~ t he colu~n s 

<.W fH•ite!y cffect.t'·•i ~ tw f:'ffl u f·~ t sob t ion c o·~centre-tir.tn f o r '.;r ,:niu~ . Fi q;;re 37 
st;::_}Ws a gra~ ,; al, continual .dt· U~~i.He of diS!·C!V E:'O urcni ur•1, rest; lting in f-inal 
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val ues of 0 . 01 a~d 0.!4 ~g/L for t he two columns at the end of the experi
m~0t . TnP re ~s~~ for t his nrop is d iscussed wit~ the in:erp retaticn of tne 
ot;·· ~:: r C.. 01 Ui"fn ~ at a. 

T~e ir1itj dl hiy h calcium ~ n1 sulfate concentrations of the effluent solu
tio~s (F'ig~;f" . ~ 3 -·~ and 39} once ag.ain sugg;;st thot cd1ciur'"t d ·"id su lfate are 
P '" f:SF·r:t ;r, tr:f: ~, t>dii'l''!ft as ttH, h1<;'l ly solut>le <C~i:-;eral :]y p;, ,m . Cy ps u01 is not a 
nat ive '~l'!E' ra l in t~ese SPd i:,,r,:nts , .;;r·1d was prrJba~~ ly prrx!~,<.e<j as e by-prod :; (:t of 
~: r i te OFi d ~t;on and calcite ~isssc l uti on d0riny 1ea~ hing of the seG11aent t Gd 
s 'ara~e 0f t h~ core bpfo r e the e xpe ri me nt. As tne lix iv idnt flo~s t h ro~ gh th~ 
c :. l~~~ s . gyps0~ is disso l ved and removed from the sea i~e nt. Thi s is show n by 
the d~ c rP~S~ 1n solu!io~ concentration of cal ci um d0d sulfate f or both t he 
f:'.·.; ,;il1tHotiv~ and sulfic~: o<~n1t ion peno(1S o f tr•e e•pt:•nn{~'lt . 

The pH ancl (hot the t?fflt;ent soL.t~ion s were m;:; a~ <JrE·d us·ir,q e;n ;-,- l in» 
s;str-:: c :Jnr:ect.-d to UH~ efflue nt li r:E; cf one of th..:- coL;<''l~)s .· H:e pH ·i s ~dotted 
"': rc_ ,ts ~·'J "'€ voL·v·s e l u t <:>d in Figure 40. f ::: r the E·qu ilitlrati orl ~ · ~·-- iod. it 
c, h '>"' s t ' ~ c t t h , . p ~ i o f tt'H.~ e f f i . J 1':' n t w a s ~IE' n p r c: l 1 y 1 v .. , r r t h .~ n tt; r· i n f lu (' n t v" I u P 

o f I :~ •-,, h ;•_ ···-~ ~;·; 1': n u<, t Cd~·P r:.. wn rdn 1.5 ;>H units of t he irJlu•:nt so l ut HHI 
~·H. ~: ·n, r; s:; lfJG c ~~a t, a tl':J H 1 to ti'H: li ... ivicl'\t, its p1{ increc <, t: '1 t o lii .S; 11(,,..._ 
~~-.,; · r. C' Jfi' nCt '"\th the $e(!it';Pr;t f'f fpc ti vc~ ly lowr•rt:•d t hi-; va1uP. Hl r n ;; -:; h ~);.; t tht> 
f l r ~, t (; jl!;ff! V') J W'r(•~, Of fi Ow Of lLn Vi d"lt With !).;~ lf j d(•, ttlf' p ?! Of U, i_' (, ff f ii f ' ~lt 

II 
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solution rema ined fi i rly stable (Fi 0u re 40). After this po int in the experi
FH:r<t , tr•e pH inc reased to greater than 8, and subsequently decline.-! to 7.22 
6f t e r ll.R po re volunes of fl ow. 

The Eh of the effluent stayed c lose t o the infl uent value (+4JD ~v) durtny 
th2 e qJill b ration phase of t he e xperi ments (Figure 41). Under these En a0d pH 
c ow! i tions. uranium would be e ;;;pec ted tJ be rr1oh ile as a U{Vl) ~;; ec:ies and iron 
r:cu 1d t•e li :ai ted to low c oncen~ration by i n•; o 1 u ~; 1e ferric t"lyroxide c ornpou"'c s: . 
1-lht.:n su1f uie "''bS arjdf.<1 t 'J d:e lt.lth ;ant. the effluen t f.t:s !>egan a precip1t c: us 
cjec li nf! to values l ess t nar, -200 nV. Under t hes e c onditions, U(IV} n i ne rals 
are st~ble anc re la ti ve ly insoluble. Consequr~t l y , t ne disso lved uranium con
cen tration i s expected to be l ow. This was sh ow~ to be the ca se in Figure 37 
wher<> ur<!niu rn c o::ccntration delreast:d to t he t cr;th s of a pen pe r million l e vel 
afte r sulf irle wdS a~J~d to t~e influEnt solution. The dissol ved iron concen
trations wo-: r<> ve ry low {i n mos t ca ses less thc.n the ,Jet pc Uon lirnit of 0.05 
r;g/L } tl' r ouy~,O,J t U:e entire experi1r>t:·nt . Tnis occ..:rre:.i twciluse of t r1e low ~,olu
~'J1 lity o f f ern e t'i j (lrodtie d :Jn ny ti ie oxiniz i nv . Pqui lHJr ation pha sP of the 
(<.q:•·ri r:;r-nts, and the 10,.1 s o l uh ility of fer rous sul f1 ,~p~, d:~rin~ the c.vlfi(Je 
ddd t t 1on ~J r1et Sf: . 

t..~. Ute s o1utinn c ompo',ition ct·; f'-'"H::)t>d duri ny thp P ;J ·ri w;•nt. t~\p rp occ.u rr•:d 
a re l ,tU·rt t h : 'ir;<' in the c!';orMtt r istlc s o f t h{;' !;i· r1! '' :( ' ':t h U1e cn1tmns. 
H •r cr; r/<hJt P•r· r·quilH; r tJtlor~ t> 1,peritnr: l1 t 5, in whic!1 nn rr P !d 'l 10 ; .J re vn 1LWH'S of 
~.O lii!.i nn U l".t.dC t t:d t he S~ · l1i ne n t, l h(• C()l Or Of ttw SPOi •n~• n t r t>'' icti n N1 a } i t;~ ht 
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s ar,-:iy color. Hov1Cve r, after approxi na tely 1 pore volume of t ne suif HiP-adr!ed 
1icivi:::'rt contacted t l"i<> SN!inent, the color nP.'lr the influent e-nJ of tr.e co lwnn 
c ha~~~d to a (ark black. ThP i nterface between the l ig~ t and dark sediment 
:::J vec1 throu0h the colurun s in Hq? direction of fl ov.· as o:L1 it ivn 31 !>Olut ion cor.
tact ed UH~ se ; i,:>E: 'It. A.fter "~; O:.i t 10 :.; r: re vof ·_t;;;es o f flnw of tht:> s ~.;l fld ~' -a ctof·d 
lixi vidnt , bot!: of t he co1u:-:H>S wF.: re dan. h1ac r . The co l o r u. ar; ·~; e was pr ut>do ; y 
cau spd hy thP S J~e r ndtt ions th at we hypothesized f~r s~ne of the na tu ral 
re s t o r otH;n ha tch expf: rinen ts in v1~1i crt ferr o:1S su1f1de mint:rdls ar-e formet1 i ., 
res~onse to t h ~ re( uction of iron and sulf ate. 

Jn t he c o 1 u~n s, sulfirle was presen t in solution a nd i r on was p rese nt ir 
the oxi di ze1 st a ~e . Fe(l!Il, in iron oxide m1ne rals. The su l fi de l owe rs th~ 
re:! o x p:Jtenti a l c, f the solution. l)ndr.:r t hese r: onrlition s , !.l<e iron ox,Jf·S oi·e 
not >t att le aqn i run dissolves. lnYt sulfid <~ r:irH: rals Me r: (.l t ve ry s o lu h le 
•Jnf'l<· r these corJditions a11d they f c r .11 r op i d ly. ~ :.:: r ne r ( HCi'a) t;o s Sh ~h·m tr. i: : 
P0!'1 •Jj'~talline res ( ar;•orph) is UH~ o r igin,·\] so11d f ormed HhP n cli~. solvt>·l1 sulficle 
rt:nc t s wi th f er-roL: s iron . Give n suffi(ie :> t t i::ii {wt·e ks) e. r;cl c ondltl:j:-•S s irrd! dr 
to the e~pe ri :r. , · nts, the ~~:,o rpl:ous COI'lpourvl may i!l t ~:· r t o u ·y". t c ll i ne Ff·' . 
(n .. 1c kif1 rtY~ ite), bu t Uli s was nat e .q.~ecte<1 to tw P :;: :<1!:.(• 1n nu r ~,>:c rt~t err~ 
I'J:PH'i !;";t· rtt<, . MrH.ki r•f.)v<l ite i s a p rt•C:urso r to r';t (;T' <.' ~t <'i~: l ~ fl: trQv S su lfide' 
P;i r:r-rch (.ud: aS PJ' rlt£> ( f1e rnf: r DUb), whic h <,tri' prt•>c:·n t in th i • or 1s; i rir' l (((~ 
iOr.t• •edJ ::,c nt.c;. Conr., r-qu•·:: l ly, we ~·x pc·c t th tlt. i tilr ();iuc ·in;; ~ S ti if i(J p ~ Olll t i o n 
ir•t r, d lt:· dc• ·, h1~o re ZU'H' rLHlr.g resto r ation vnl l 1ni 1. i r~t P trH:· rt:c ttl (>'l S n;•c t '.
'::.ctry tr.1 r r;;rocl•JU' th£! orig ina l r ecLJC. i n0 c orlditic<'•>;, prt ::. lnt l~i ttlr itqtjH i~ r 1n 

HO 
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the ore zon" Th i s will help immobilize rech x- sensitive eler.1e nts, as was :h)wn 
for ura nium, and prod uce a s tab 1 f~ e n v ~ r c.;'>'nt:- n t i n whi ~)l t he r~• d (; x - se: · s i tiv e 
e l erre nt :: ,, ; ll re~nain irn'iJC) i 1e . 

The use of sodium sulfide shows p rom ~se t oward s accelerati ng the pro( ess 
of aquifer restoration by reestablishing reducing conditions in the leached 
zone. However, in an aqu ifer res toration ~f&ort, encJgh s ~ lfi de may have to be 
injected into a leached ore body to consume all of the avail abl e oxidizi ng 
s pecies. 0nce this is accomp1ished and reoucing conditions are established, 
diss o lved uranium concentrati ons should be greatly reduced . At this ti me, 
further research is neeaed to identi f y th~ important re actions con t rolling 
uranium ~recipitation anct sulfide oxidation. In aca ition, associated reac t i ons 
caused by sulfide addition t h6 t may have adve-se effects on aquifer pe~rnea ~ ili

ties need to he t1efined tc more fu l ly os s ess (, " t! use of sulfide as an aid to 
aquifer restoration. 

During the pa~t 3 years, batch and col umn experiments have been conducted 
to study the mobility of c ontaminan t s produced durin ';; in situ l e ach mini ng of 
ura niu:J ote deposits clr'ld evalva.te aqui fer restora t ion methods foll ov.•ing mi n
i r,q . Ground w.:ter, lixi v ia nt, a nd secf i rnent san1p les from mine ope rati ,;ns in 
Te xas a nd \.Jy cwd ng were us ed to simu lat e f i El-d c o nd1 tions in t he l a bor at ory. 
Both nat urd) rest orati on and i nduced r es t or~tion techniques were eval ua ted. 

N!! tiJral r estorati on is the pro::e s s. by w~li ch con t ani n an. t~. are r ('~'l O v e•1 f r o:n 
t he l edl hing s o lution as a r e s ul t o f c hem i cal i n te ra c tion~ betw~e n t he sol J•ion 
a u l t he aquife r secli ~en t s. As t he i-e :.i nua l 1e£;ch ing so l ut h ri i n Uv acr.~ i f ~, · 
1"\0ves out of t he l eact1 fi e ld in n:·:::.po:·l <:. e t o the r•d t ura l hyc r o1 v :: 1c '.:ir ,·<'je ,·· ~ , , 
w1ll cont act fresr, sed ir;tent tr·;Bt u w l (j he l p n ··e stdtd i sh tr•f· c: ~ •'f' r ( · < 
6nJ s r ound-wa .,;:-r cher'li s try t ha t e)( 1s t e:: bfJo r e mi n ·ir: <.J . T~ r- r· ' ,' '':! • 

r ~~ ~ t t 'l e r ed ucin g Ulp4C ity of t hPS.e s ;<~ i · : ,· r· ': • . re:: cti ' i~. "· '" • 
I hl Ute ~1 ore • an <1 t h fl t t h ? r H l c x- s t~ r. s lt i ·• c· ;, l ' , , • ... < 
r r~l!'l Si.dutirJn hy v!ot e r i s ed iment 1f1U' rii:' 1 1 :•'· ~ r. e c' ; :,· •1 
the n on rerlo x- s e~ s lt i ve e l ements, cn l ~r i P _: f ~ : 

'- ~~ c;i r, a r, t 1 e ve I s. d :; r l r. 9 Fli n i ng a n<1 t ~ -, •. f 'L • ; ,_ r 

t f:> .S.t or-at i on. The cor:cen1Jati on o f ,_'' : .· ~ · 
o,.; dU:·r (c al ci !J"l• md r: n~s 1 u<n , S (H11 Y .-, · 

i rt g act i v it i P s • Ht e i r c Wl u· n t • 
~~ ..:: c nMr •J I:' p r oc e sS f> S he twi''H1 t• :;· 
I. hi.')' w l 11 l flCf'h'l S e O i C~·· C fi' d ', c , 
t••··t ,<J>'•.·n the i t>n!, in \C; lu ti on d' ' ~;' 
c ou l1 the ~r~t lta lly t rcre d S~ thP • 

1 ·, ; t ~>:: !_ o t ~H• c t h• · r I f "" 1 i xi v ; --' · 
<'l ( t'·· wl Ul trr(· ~qu1 f t · '· S t•Cli Flf' li f ' • . 

r:r ' r, f U H: conmon l 'I ') f.f' d me t ' 
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~-· 

(.-:'lc<Tl ev.r,• e : jrllents r~e Si:.;ncri to r>valuate ground- water Sl'leeping a.nd Opera':or 
f?):p t:~r i nee ... ~ :. ~.e ·:n~~r - i ·,·li ·"··t··'· ~: . r;.:: · ~ -; ~:.(~ thL~t :.ni s ;· est0rat~t:n t~·,ethe,LJ i~. not 
efL< t. , .. e; t ~_ ,,, •::•0 · .-:r_· ti,•e e!,.· ~en t s (es~·ec ia lly l!Tilniui71 ) beC.:hJSe the 
ox i d i z ng s , _, nd wntP r h:· • t i nt J trH? 1 eac ~ f i e l (j continu es to rrobi 1 i ze 
uran ·; ur.:, pr i:: ucin 'J c>nce:; L r :.i:;ns chove thr restoration l imit. Uranium rHa.Y De 
ad s c r "· c:-1 or: _ J f c ~ r· ': n y , . r o " Hi <" ·, p r e s en t u n de r tt~ ~ s e ox L~ iz i r. g c c n d i t i on s , b u t 
it appears that this process will not adequately lower ur anium conCPntrations 
to the level fJund und~r normal reducing conditions tn the ore zon e . 

To enhance the induced restoration methods, it has been su gges te~ that 
sulfide com~oJnd s ~e addej to s0lution circu la ted through the leac ~~d ore t o 
aid in reestablishing the original reducing conditions of the aquifer in t hP 
vicinity of t he leach field. Ratch and col 0~n experiments with sodium sulfide 
sh owed that t his re ductan t can produce r-ed :jcing Cf .oition3 in the solution and 
the SEdiment. At U1e concent rc~tions studied (10-£ to 10- nolur sulfi de). the 
lixivi:;.nt ¥'lith sulfide aC::ted 1i_9 __ !!!l~: cDpeac, ... J~g•lificantJy decrease the 
permeability of t he sedinent. an~ 1he buf~ering ca pa c i ty of the system r~ma ined 
suffjcient to kePp the pH of the solution close to that of the original grou nd 
water. Furthermo r e. the color of the oxidized l eacned ore c hanges to that 
approachin'J fresh r ecL; ced sediment as the sulfide-ri.:l"l solution moves thro ,_,gh 
the COiu:;]ns. The urc:niun CO'lce ntrat i on is l rl\>iP.red fron t he parts.·per-million 
range to ~iP~' roxL~,ate ly 0.1 pp-:1 :~s re du t in g cor;ditions ate e~- tablished in the 
systefTl. This "1etnoa of chemca1 rerluction doe s not re store the othe,- major 
cations and ani o ns t o g r u~ nd -0~ ter co ncentra tion levels, consequently tt•e tech
ni ques shoulo be usE>ti in cc:-n u r-t ~'>'ith one of U'1e other induc e d techniques s.uch 
as ground-wJter sw •. eping or :::,.;rfd(e treatment and recirculation. 

H? 
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APPENDIX A 

A~ALVT!CAL DATA FROM BATCH EXPER IMENTS W!TH TfY AS StDl~ENTS -------·- ------·--·--·-·------

The six tables in this appendix contain solution chemical da~a obtained 
from the batch exper i ments in which lixiviant was mixed with var1ous types of 
Texas sediment tha t had been collected at an in situ ur~nium mine. Each tatle 
r t',presents a time series of data obtained fror1 an experiment with a sinyle 
£ediment type. The table<; are ordered as follo.,o~s: 

Table A.l - Texas Reduced Sediment 
Table A.2 - Texas Oxidized Sediment 
T ~ b 1 e A.3 - Te~as Ore Zone Sediment 
Tah1e 1> •• 4 - Texas Ore Amended \<dth S% Pyrite 
T .:; t l E' A.5 - Texas Ore .ti.me·ndetl with FeS-Coated Sand 
Table A.6 - Texas Leached Ore 

Tte results of these experiments are discussed on pag~s 40 to 46 of this 
repor-t. 
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Tt\BLE A.l. 
----~---

Solution of the Aatch Experiment with Texas Reduced Sedi ment 
(all con c2ntration units are ppm) 

-----------2-~~U.!.!£~":~'l..!:. ____________________ 
Parew;r,ter- _!._I!_~_?§_ RS2A RS28 P.St:A FS4B RS8~, RSM·: R$16~ ------- -~·-- ·- ~------- ---- ·-·--·-- ---·-- ---- ----·- - ---- ------

1 Our at I on (deysl 0 2 '2 4 4 8 8 16 

2 pH 8,05 7.84 7.86 7. 79 1,5( 7.66 8,15 7 ,.81 

~ Eh (mV) ~40 }35 .547 .378 .580 409 422 440 

4 pE 5.7~ 5,66 5.87 6,:39 6.42 6.91 7.13 7 ,.44 

5 IUir.!! \ lnlty 144 127 132 N.D. N,O, N.D. N,O, N,D. 
(tllq/l Ca co3 , 

6 Ca 200 .360 .390 •P5 !167 495 3:50 ~70 

a Mg 81.9 107 114 127 109 121 9'5 !()>) 

Q ~~ !J 116 5 1250 1250 1240 12"00 1!10 1000 12 10 
12 K .32 54 41 0 ~0 :n .32 4S 

II Cl 1030 970 1030 S5 Q e'?>o 760 1f'·0 850 
12 so .. 1320 2(; 10 1810 1910 19!0 l t 8;) IHO HAO 

14 Fe !CP <0,03 o. t 0.11 0,15 0.06 Oo1S 0.07 (),37 
~~ re A A. 0.022 c. "'i1 0.042 0,09 0.0.58 o.n6 o.nea 0.!51 
17 1\1 H.P <0.03 0.5'5 0.6 P.'5 0.4 0,4 0.28 :c .,o3 
18 / . I All o.on o.r:t9 0.012 : ···. "'(!26 r.oz 0.01 9 ('.0 13 0.0% 
1'' v Ll o.oi9 o.n 0.2 o.z t o, 19 0.!9 c. 19 o.~ 

zz Cd <li .O I <0.0! <0,01 <0.01 0.0 I c.o l ~ <C~O 1 0.01 
.23 Sr- 5, >, &.) 9 10 fi.6 9.~ 1.6 8.7 
2U, u~ <0.02 O.C] C o.ota c.o1e r~.c 1' o . cr~ s <O,OC 2 0 .o !t! 
75 Mr. ~~02 n.Z5 0.32 O- t;;S· 0.3 r ~,. 7. ~: ff (. ~ 0 , ~8 

a 'Co (; ,/)3 o.t·:H 0.036 ~ .-:l 56 <0 ... 01 t~ "·O ::r, (1,03 c.n 
:n CtJ 0,1 0.07 0,.06 c , •!\:5 () .J)32 t· ,!. o~ • c.rn c ~ c 9 

; ;; ;:., -:{:' . 02 O.C75 o.oH C.!t? O. C-6 0 ~ f: 4 <6 ,..t)2 c.o9 
i""J Fb <:.(: ... ().~ <'G .oo <0.06 o. ;, <(•,06 0.3 <C~ ,OS <{) .05 
le· S l 5.5 6.,f.l 6.7 6.8 5.9 6.5 4.9 s.1 
.SI 8 '· 35 1.18 •.•a ·~}! i.t8 I • H.~ 1 • i)<S 1, \8 

:n As <{; i'0 7 <\'} , ()~ 0.2. c.,. <0 .08 <0 . 08 <>:;.na <C; , OS 

.1\.S u ~.i . ~ 
ff ·' 

13 If.. • .e II • J 11 . 2 9~6 lS 
~.! St> A. A <O .co~ 5 <.0 .o 15 <O.OU <0 , 0 15 <e{i ~Ci i 5 <0.0 15 J'..:t .I'{Jl ' <0 ¥0 '' 
> ~ Mo <0.01 0.2 0.16 o. )6 o., o. 1.5 0.14 O.l5 

_. .. __.. __ ... ____ ..,. .... , . .,._..,....._ --
NO .. ~!.:r1 ;;-\\i ·~ t~rt~:l r.•<l 

A.2 
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1 Duration (d1'!yS) 

1 p'1 

! fh (mY) 

4 pE 

5 A!ke!Jnlty 

(m<:< /L Ce co3 > 
6 c~ 

a ~o~q 

9 ~ia 

10 K 

11 Cl 

" "" - -'4 
14 f,} 

15 fe 
17 AI 

IS ·"' 20 Ll 
Z2 Cd 

~:i Sr 

24 Bt~ 

zs );in 

-z:_. Co 

;.J a 
3? As 
lJ li 

ICP 

Mo. 
1(1' 

AA 

.3-•~ S~ AA 

~~ Mo 

Hi 
1,99 

432 
7.3 
N,O, 

:520 
96 

1140 

36 
&i O 

!8·1 0 
(J. 17 

0, !05 

o. !47 

O.l 
o .• c2 
7 , 7 

0.0 18 

O.!<l 

0.02 
0,09 

0 .01 
<0 . 06 
5.5 
~ . 19 

<O.oa 
n. t 
<0.0 15 

0,17 

TABLE A.l. (Ccnt rl ) 

36 

7,8 

280 

4.73 
N,D, 

388 

1064 

37 
BOO 
230 0 
4.01 
~.9 

0.13 
C,OH 

0, 2 

<.(,; .o ~ 
9.25 
0.01 5 
<D.02 
<0,0 1 
<('\) . (t()4 

(}"0~4 

,,az 
~J . l2 

1,8· 

.:o.o1 ' 
0~014 

~ 

7,9 

214 

4 ,F.! 

N.D. 

351 

102 

'127 
35 
58[' 

2400 
},81 

3.4 
0.33 
0.069 
().19 

<0.01 

8.6' 
0,024 
0.626 
<0.01 
~.oo• 

o." 
<0,06 
5.94 
0,66 
<0.08 
o.el 
<0.015 
0 ,I Z2 

A.) 

75 

18 

0,:504 

N.D. 

294 
9\l 

11 "-0 

!16 

I fx:,o 
1.4 
1,46 

<0,03 

0.0~ 4 

<0,05 

<C,O I 

1,8 
<0 . 002 

1.2 
<.0 .oo 
0,!2 

<0 ,Of 

75 
8,06 

l 1R 

I, 99 

N .0. 

520 
138 

n2c 
58 

;;4GD 

2.4 
2,16 

<0,03 

0 •. 02! 
<.lj .05 
( \; ,01 

II .6 
<0.002 
<0.!}.12 

<0 C! I 

'.2 
<0.08 

:S.2S 
-''C•,O t5 
<o .ot 

10 l 

8.12 

4,:n 
N.D. 

275 
E5 
lYJO 

38 
9i0 

1925 

0.16 

0.102 

<0 
o.n-;.z 
0,18 
<0.01 

7.2 
<0 .(}0 2 
<0 ,00 2 

e.c.o' 

<0 ,01 
<..') .cs 
7.2 

! • ' 

0.19 
-.o .ol~ 

o.c1 

101 

203 

3.4.3 
N.D. 

294 

D 

iC90 

<!10 

1!'00 0 

I. 8 
0. 649 

<D.C:S 

7.4 
<0 .00 2 

c:o.crn 
<0 .0 l 
<.fl,{;r()4 

() , 21 

<0 . 06 
8 

'. l 
<{' , 0 8 

0.62 
<:0.01 ~ 

Oo 01 
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:> 
V' 

f"l".r"~'ttt.f 

I {',Jf" ~tt I t'ft I <I""V'!. l 
~j ~~)·. rH 
' : ' ! I • <;.o I • I pH I 
" s.,t. fh (~<>'<' } 

5 rn. ~~- (h h•¥1 
(, A i>•3! l"lt, 

(~I L Cl'£0,) 

1 \1, li!O~- f p·f""') 

!> u. HY I P!.'""I 
~ .-,! ~A l~-1 

Hl ll-s 1,.11, (;>t""l 

J,!; r1 !!:'~) 

l l: ~t~ \~ p:-';~'l } 

1:', C.;, {~f!'!Ml 

u ""' ~-4 ( l)l)tt) 

t ; It: lpl'40) 

tf, ."":J l P I>"') 

'' K3 h)!'!~'~) 
~~ 5I ir•"""' 
~ ~ ~r It':~) 

]n t-t:. .~J\ t I'~) 

11 ~ AA lp!JIII) 

n c1 ~~'"""' 
n •:-.o4 <Pt'~'>> 

9 lXO'I( IM. 

l ' •) 

t-,;t.) 

n •. n 
Hfl 

--IJ 'l 

l ? l 

q,fln 

7.3 
O,!'H 

O.OJJ 

' <0.1 
2 1 ~ 

Cl) . 1:1 ~ 

4{1 

!;C . 7 
I !{N) 

~ 

5,1 
<0.0!5 

<0.01 
H)!}~ 

ll\l5 

10 rxox IF,t:t 

!(I 

!<~ 

8.1:<' 
~llJ 

-1, 

Jlt 

7,75 

6 ,6 
0,1/J 

<O.Ot:l 

' <0 .1 

2!1 
<O. lJ'3 

y,} 

'}1,3 

1070 

a 
5.6 

<O,I) l'} 

<ll ' o:: 
I I) lt 

uno 

T :~,~-~-- ~ r- fl. . 2. _ _____ ,. ____ (Contd) 

II lXPX y ,A, 17TXGX Y·A f:l.TJf !.1 ~ ~.f, /1 1-1 IXr:IX y ,g 1~TXOlt'. lOlA. If,;,:; ))( IO ' B 
-----~- -- · -· ~ -- - ---- - -·- ----- ------- - -- ·- - -·- - - - -· ---- ---- --- -. - - ---- ----. ·- --·--- --· . -· 

}!') 36 15 75 101 101 
6.'•8 , • 1() 6.1'18 6.1!. 1 7.(11 f),O'} 

O. 'i ~ e .. .u ll , R/3 ~.91 fl.?7 R.~5 
f,"i 87 2n 160 7R5 70 I 

216 210 241'. 72.5 70 1 !•n 
~'\6 ~JO 107 204 1 7 I 'SI6 

2.7 2 • .5 2.0} 3.0'5 1. 7 I 1. (lll 
1.9 2.6 2 • .5 .~ .. 7 4.6 2,4 

0.0? 0.07 n., 105 0.0"4 o.o~ <0. 0? 
<0.0!5 -<.0.01~ <0.0!5 <0.02 <n.o~ 

0,9 1 0.() 0.1 0.8 1'\,R 

<0. 1 <0.1 <0 .1 <0.1 ~o.' <0 .1 
110 701 7~ 123 1GO 118 

<0.05 -:0.05 o.! 2 .~ <0.0 '5 o. 112 o.on 
30 3(1 <7.0 3-0 40 40 

71.6 M.2 50.8 '57.4 6 ;, '2 '56. 5 
(!% 1010 693 797 910 6 ) 5 

6 1 6 6 8 1 

·-~ '5.5 2. '1 3.5 4 3.7 
.:0.0! 5 <0.0 15 <0.0 15 <0.0 l5 <0.0 15 <0.015 

<n . 02 <0.01 <t). f)2 <0 .1]2 <0 ,. 0 'J~ <0.02 
652 99\1 671 74!1 82 !HO 
%9 1131 61\4 flh O '715 715 

-·· -:• 
111. ~.-~ .• f•. Ho. r>!'" Se 8f'l&l'f~es by ~tiJIIIIIc: l!t,<;or-ptloo 51)1!di"'Ol!"a''try. rtr~~bl fP'-r . of dlssol~<l catlo'ls by ICP or lnser tluorl~~~e f:'y 
C•tr8'11\l!!l en ly 1. 

NO • IJcf t'/d!lhrf"lll __., 
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.)» . 
c-

TJIJH.r i'\,3. Solution l\11.:..'ysis of 11 .'\t~c h Expr:riment wit h T(!xas nre r on0 Ser!ilr:en t 

t r, .. ,,. ~ rJ< ... 

tttl-(' q'f*~ t ~-~-.--- -- -·-·· ~~Hl ;.~·r ".~' ttn if 1 y·1-1, _u_x. -'~'-3 ~ r:<rm 7JI 4 rxou <'A '} l l(IJ!? IIA , TiiOII ~H 7 1'({'11 Ill\ ------ -·· - ·-
1 f.k,.cttn,.,., '~"''u m N.• .. '1 1 4 4 R ' ·:>,_~,. ~ ~~ 1 tj.~ 1 , !I 7 ,I)Q 7,17 7,1!) 7, II 
!> '11, ~,1, ::-><<l 6,-4 1,61'. ll , l'\) 8,'1 ~.1 ll,02 11,5 
4 .,., • r-. t.o•• t ;:v, ! tl,\ H7 2~ 7"-fl ]'Y) 11fl 
, "i, s-:- •. {b ( .. ) ')?1 }~' 7<)6 2'1 ?~.1) ~·u 2C, 
6 AI~''" t.-t•·v H:> ,~if) ) 'H Yn .Ho 54' ~·1 

·~"'\. c~,l 

1 i} , h~...- ~~-· IH U,]9 255 2!0 130 16'1.11 ?">!) 
f. i~ . IN' t,,_, I -~,f, S?.2 1~9 1!.16 11} lfl7 i!f) 
~ AI t.~ f,;:.r-) 0.0'\C") o,n,e O.]Or-:) 0,194 {j. 'S 12 0,1 14 0,15 

t"il- -~.-..#.""teo..,., (.(J.:V' ~ ·~ (0,(11' <0,01' <0,01'} ~0.015 <0,015 <0.0 i 5 
l) t (1'~) I, l ••• '·' i. I 0,8 I, i I, I 
11 ~ -~~~ <0, I <()-I (.0,..1 0.1 <i.l.l <0,1 
' -~ c~ ( t;~, .O-f> 31 1 531 511 .,'1 60-4 676 
fi ~. A~ h•II<"J <O.~n ~o.o:~ ~o.o~ <0,0'5 ~o.n7 <0.{)!1 <0,07 
~ . .,it (~>~·>& ) ")(I ... ., '50 50 ~ 50 50 
ts; ~ (~!'<It, ''-'~ 114 119 122 10 I nz uo 
n ~ •~.,.., U90 ,,.0 1310 12~ 921 1270 1!-40 
,. il '"~' tQ " II 10 7 10 II 
t'J """ (f?' .. l tu.c II.'} 11,11 10.7 9 11.8 12.4 

1.C ·~~ ~ t' t~--r: , 0.7 <o.CI li,-4 0,4 0,4 0.7 0,7 
2\ ~ t..\ (~-~ (O,tlH <0,01!1 <0 .l !I <0. I <O.C75 <0,1 < • 1 
]{ ~ j,l lf>t"'&l <O.f\2 ~1),07 <0.0? <O.Ol ~O.fl7 <0.02 <(1,02 
1~ n fi\'J!!!OO) ~~a I ()o/,l <115 A~~ (.~7 t!"O A~3 
"l·t ~.>·::!., t :r-~) 21'}9 lf.32 n9A 2295 l943 7432 2~11 

ll!. ,!1.5, '•· ~. ~d S;~~, ~~~~~~Yll•ll by ~•~lc 1tl'!srn-1'tl01'1 llr'!tctr~tr'V, rfl'llalr.:lflr of dl '!l !'olvad cafl()ns by ICf' or l!!'!l~tr 
fl lit.W l-1'..-y (Vf'l!".,,. tw~lyt. 

Mil • ~· ~ttl! e .. t.~ •• 

p. r +: :•· ;r "n 

ll 

1 ,.{)(, 

R 

If. 7 

~., 

91 

NO 
'112 

u.o'H 
<O. tl I':\ 

<()' ~, ' 

7>'1; 

J,{.\ '\ 

50 

165 

1280 

10 , .. 
10 

<0,0 I~ 

<0.02 

Be7 
2~QI 
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)110 . ....._, 

1f1H U: .'\ . 3. ---------------- (Cor.td) 

~,,_,, _., II TY.~¥.'1 lf> ~ 10 l :(()J'l t,;" 11 Tii.CO!l Y.A 12 rxrm y I" t 3 non 7~A u nnrt 750 I') n on IOt A 16 l'' ·:_, !!) j q - -~------- · · -- - - -· --- --- -· . - . -- - . ~ - ' - . - ··- - - - - -- ,. . . . ----- -- -- -- ···- ----
I t;·...,.f!t I i;llt 'lf~, I 16 "' ~~ .,..., 75 i5 101 
l ";~, , -~ t'-t4 tf'l PI!' 7.07 6 .'~') li,Q 7,04 7. II 
' 'I~. ~'"''• lr#ll 11.1!\ tt. t1 s. y, ,,,,1) 11,4 '} 8,44 A, 'Q 
' ~-" ~. ¥;;ot l..V 1 ~ t,l) • 'H -4') M 49 ~){) 
' r11. 5<:- 1. £~~> 1 .. v, -'j -10 -11 197 160 103 202 
6 Ali!>! h., f f,y 1)6 B2 ISS NO 193 2:» 27'} 

t i!loe?.!~. {; .'.(~} t 

l 1J0 t ;"c'} <$'.l'' f f'tw' ) 112.3 149 it~ 18 
''· 7t 

3!,1 '} 14. I 
~: ~. Hl"' l t t':l!ll t i'}1 H' 14 }~.9 t5.9 79.5 10. ~'6 
9 M ~-~~- l ll-~) o.o;n 1}.~1!1~ <0.02 .en .oz 0.121 0.081 0,057 

~(l il;·~ t,_r;, 'tt"!' . <O.OI'} <O.nt~ <O.Ol"} <O. fl !' <0.015 <0 . Ol'} <0.0 I 5 
~·~!It'~· I o.e c.1 0.7 0.6 0,6 1,5 
n ~ .. !g'~ ' <0,1 <0, 1 ~. 1 .:0,1 <0.1 <0. I .:0,1 
! ~ Ci!l {('(l>"' ' ~~' 4!:', 2~8 l~1 '" 3~1 714 
'"' '• ~,t, ~- ~''\J;to) <0 .05 v.OM <O.f.l'; <0.05 <0.05 <0.0' 0.05 
l'l II. { 1!'\llW~ '0 10 4t) ~ ~ ao 90 
t61flt;i \ lJ_, 114 "' ''~~" 8"·' 74.9 8,.2 170.2 
11 ~ il'"ll¥1} 12:0 1600 '711 199 .,, 724 1760 
'' Sl cwov) 22 • 11 II ' 8 25 
tt Sr , .... "·' lt.l 6.:f '·' 6.4 7.1 u.s 
:0 Mr (~,.,.., 0.6 ().') o.m o.~• 0.4 0.5 o.' 
.l ; !i'<O u ( ~-) ~.01~ <0.1 ti!O.Oi~ d.l,fi~5 <0.05 <0.05 <O,Oj 
n 1.o A,ll , ~ ,... • ~~.(!;! <0,0?. <\i ,\)1 <ll,02 <0,02 <0,02 <t1 .n2 
1l Ct I I!'~ ! n n M i ) r.~o '}l2 )~4 4'2 &14 
1<& !!<t•41 >»:r-od ~'10 :;on I 5.'\0 litO 1697 186.3 ~!-80 

"'· ~. ' "' · .l(!c., e"'" ~ lt!'l•tv•e~ tl¥ e+(lll!llc abilO!"OtiO!I Y.llel>ctr~try, r~lntt.r of dluolv•d C!!l1'1uM bot lfP ·::-!' Ieser fluorl"'~~ry 
h<'"!Jiliii\;IIM C"tf( ~ 

lllr) • liv'-1 ' $e·t..,.. l U-d. 
,. 

101 

7 ,0? 

A.~R 

~.( 

179 

If> I 

40 

211,8 
0.027 

'G . OI'J 

0,'5 

<0,1 
2'5) 

o,o:n 
:5I) 

64 
616 , 
'·" 0,1 

c:1J.{ll5 

<0,02 

222 
I.W5 
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1;,,; 1,_[ A.<\. So l ution Ana 1 y ~. e s of !latch Experkent with Tex<'l S Ore !\mended witll :,r, Pyr i te 

1 '"·· -~"; ()1-fl 

?:~~tr~•~ ~-u~t)f_·~~ ·,.:.r -~~·n_f ? _ml._ l n~ .• _%_}_ ~ _l_l!! ___ 'IS _<~ ~ __ r_•x_._ -~~- _m _ _ !!_ _l_f,)(_, __ ')S.. _~:'- _6 __ T_f~ .• __ "_1-__ ll_fl - ··· -~·--- ·- ~- - ~ ·· ··- ·-·--- ---
~ !)~~"" ~ ( ,_~,_,.,., t,)~ No\ 7 2 II 4 
1 'M\f, ~ fl,! I-lA (>.,(\ (,,62 6. 78 ti. f1.4 
~ -rn. ~~. 'f>i!) R,A 7.rH\ 1.'i1 7.2 7.5 7,52 
, ~i. {!flo h•\ll ;,.., , >{;\ D'S 111i 172 176 
'l- F ! t • 1\o \ • [1\ !.V ) rn ,!\I u 161 50 'l'!o 
~ Al lo. ~!hlt-, ~(~~ )~ !!1"2 4(10 57~ 'II A 

(1111)/t c~, ~ 

~ v. t~~¥ (;"~) 1•4 181.19 30 20'1,71 111,43 NO 
~ t1. tt:P lr!'"'i• IY1 :SQ,2 1'56 174 178 lfll 
9 AI AA tp\"t!"t o.(n~ o.n'~ 0 . 014 o.u o.o:s1 0,04'5 

Hl ,a" AA ~~~· ( I) ,() I') .r:(),!Ji' <!0.01, <0.01!1 <0.01') <0,01 'I 
H S tl)f<'l) 1.1 !.4 l,4 1.4 1.3 1,' 
12 08 lr!)'IO) <0.1 <Ci ·' <0.1 <tl. I <0.' 
l ~ ·~ ' ~J.l'll) !l~ .511 61\9 641 6"8 M! 
H F• A,. t~S .r:o.o:; <0.0~ <0,05 <0,0~ 0.!52 0,14 1, 'II; t~) Y.l 5!} 60 ~ 50 50 
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TABLE ~.6. Solution An alys i s of the atch Expe ri ment wi tn Texas l e3 ched 
Ore ( a l l c o~centrati on un ts ~r~ p~~ ) 

- ----------· _'le:~?£.~~!!::~'.'! ,.. -----P Hr 1"JM..3ter ll)( 666 l 0 2!1 L02B lC<L A L()oci9 LOB ,A, LOBS _J:i~~~~ ----------------·------- A------ .. -------- ----- ___ ..., ___ --- -~---·- - - ... ·-A-
t o~,rt1• 1on (d!!yS) 0 2 1 1 4 8 8 16 
2 pH 8,0, 7,48 7.52 7. 49 7.5 7,31 7.46 7.43 
l Eh (r~~:V) 340 }58 360 374 .375 3.30 ~2 178 
4 pE 5.n 6,22 6.0? 6,32 6. 34 5. 58 5. I. I 4.7 
5 .t.Hq; lfnltv t44 ,,, 106 101 107 N,D. N.D. N.D. 

(t.q /l Cr.t:xll) 

6 c~ zoo ~0 745 550 5'50 520 !!·:.0 4SO 
e Hg 61 , 9 t ~~ 160 1!!5 IYi 125 127 I :C.:, 

9 til! 11& 5 L?5-:J 1300 1200 I t' 50 I i60 ll60 n 4o 
to K ):Z .32 34 29 30 .50 30 )6 

I I Cl HHO HYJO 970 8>0 890 8Y.> ero !li!,Q 

12 so .. e:zo 2?00 2.)()0 2240 ZtOO 2?-'0 2!.~70 2.}40 

H Fe ICP <O.t'l 0.22 0.23 0.43 0,27 9, 77 ! '.57 22 
I ~ F& AA 0.012 0 .0~3 0.063 0, ?.}4 0,564 19.7 U~9 2~ ... 

t1 AI I:Y <O.O:S c .. s 0.9 o.s 0.9 0 , 5 0.5 0. 33 
1{\i ld M 0,(11 3 (!.,0 1! 0 .. 02 o . Gl.: c.Cl l 0.!1:2 5 O.C'l 2 0.04' 
t (l Ll O.Ur9 c.n 0.25 o. 19 0 . 2 0. 21 0, H~ <0,0~ 

22 Cd .-:0 ,,0! (\ .o! ~ 0.024 O,D l 8 o.c:z• O. D l 8 ~ .O:l4 <0, 0 1 
•'t 't.-
'- ·' Sr ~.3 , ... 11 9.2 9,3 e.9 9 ".1.9 
:14 £:a .:0 . ~);:]2 0 ~(~()A 0.004 <0 . 00 2 :;,, [)0 1 ,~) *00 1 (;. li:\J l c.o2 
t~Y M t1 .ect ,,tXJ2 

'· 9 t. 2 '. 1 t . 5 f.' 1.6 
~6 C.:~ 0 ,0 } C,0'6 o.o1 o .c-6 ('; ,')7 c.o<'! ('). (:)16 <0,01 

21 C~o~ 0. 1 O,Of> 0,09 o.oc; () ~ 0~ Ci. >>~ C,, :i5 o.t 
::: e: Z:n <(1 .02 (}.or' (\ . 12 0 .... ,. , 

~ ..... .,., . <f) .• 02 t.;f~l ,, {\ ]. <:: .. 02 (!, t 
J:{j. Pt; <:::' .05 o.n 0.42 C!}, Of,) 0 ,32 c. , 7Z 0 . 32 o • .n 
~ !.I 6., '·' 6 .1 • • 8 A.8 ' ~.9 5,2 
~ I B '. :)5 ' . 2'8 . ·" '. 18 t. ~e ' · 115 t . f! 1,18 

H At co .cn C;.N 0 . 34 c.zc (i, }4 0.24 t~ ·'"" 
e .19 

;u u :,. ;z f1:~ t5. , :n .' Z?. , 7.J .3 17 ;.l" ~!~ ~ $ lie· 
"' 

!<~ ~11 ~-- <(! ~O t ' ~{t .(Jl 5 <t1.0t' <tO,,O 1 ' <C .O l 5 <c:;,t . O! ' <r>.r 1' <().C I ' 

""" ·' -' lot':) <0. 0 1 <), (14 o.o, o .o:; o . c~ Ci . 04 o.o~ C.!l.5 

--·~.--... -·--··-·- .. -
il.'O ., ;:~~··r m•~li<n:v. i f'• l*d 

A .14 
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TA9L E A.6. (Conta) 

---------___ s~~~-' .L~~~'-~~:~~-------·--------------
----~~~1:.!~_,._ -- l0!6B LC'Yi!'. ...J.0~68- L07 ~r l07 SB lOi GI A. t.r.n c H' ---- ----- ------ ----- ---

i Duration (days) 16 36 36 75 75 lOI 101 
2 pH 7.4 7.6 7.6 8.21 7.65 8,26 7. 68 
3 En (111\') 300 140 201 14 98 123 2 15 

• pE 5.07 2.H 3.4 0.24 l.66 2.08 3.6 3 
5 A Hti! ! lr, l ty N.D. N.D. N.D. N.C. N.D. N.D. ... o. 

(l!'lq/L C& co,, 
6 Ce 520 5 t6 843 440 6M z~o 470 

8 ~g ~~ liS 164 110 14 2 79 10 7 

9 iu 1240 10 94 1247 1152 17">0 Hl:YO 1060 
10 ~ ) I 2t 36 44 * Kl 3j 
n C l s~~o eB<~ 970 9;')0 9en ~,; o 9• 0 
~1 so. 2400 ~ lrJ~ 2400 2030 neo 11 50 H~15 

t4 ra ICf' 26 l5 27.2 1.8 6 •• 0,.32 2.2 
l5 fa AI. :n.e 26.7 24.8 ::: .e1 6.73 {',. 35 2.8 
17 "' '"' 0.3 0 . 12 0.32 0.,0} <0. " 3 <~i.03 <O.O! 
Hi AI M c.on 0.(';1 8 0.019 0.0:'·7 o.co o.oa 0.,07.-5 

20 ll <O .o~ o. 18 0.2 <t'\,0 ' <;f ' "~ ... - • ..., .J o. 16 c, te 
Z2 Cd <0. 0 1 <0 .01 <0.01 <~:• .0 1 <:.') ,01 <C: .. o 1 ('{:~ .0 1 

;n !k 9 e.e 12.1 1 •. e fO • .t '} ,. f:: 1.(> 
N ?.o 0.02 o. on o.o t9 O.lD <.:). (){; ' ~·. 00 1 <rt .rrJ i 
Z" •' ~' 1.6 <0 .{.")2 1.13 <0 .ti:C2 <(!· sCtCZ <{ ;- .. ') !::2 4-~~~0·j2 

2![, Co c.ot <O.Cil <0.01 <0, 1'.1 t <:G,,(i I -~.~ ~~~:r i <tt.ot 
21 Cu (1,0, <(; , (3;)4 <!).004 <0 . C•O.t <t- ~ 01.)~ (f;. r0(~4 <0 , (r~ .C 

"r !'!' 
~- V Zn c ,(18 0.018 o. 114 O.C f 2 <t, ~J Z <:-) ~,.Ol <ti:',.C? 
~- ... ·<: 
.; .~- p ~ 0.32 <t-.()S. <0 .06 <C.C6 <0. 0:0 <:"("! ' 0(. ·r.1 . 00 
~l:; Sf 5. 2 5.21 6, 3 8 .4 1.4 t..2 9 
Z,l e Y.t8 0. 46 0.66 1.4 

'· £ 
1. 2 , . 1 

ll AI 11. 1 <0.08 <C! .08 <O •. oa fi{~ ~ 0& <0.08 .c'"J /HJ 
't~ 
~- ;; IJ 3 0. 75 ;}.8 o.u 0.4 (l ~ t9 \} ., '~ 
>t s,~ M <0. 1' <!l , Ol' <'!.>.01' <0,.0~ ' <O.Of 'J <0.01 ' .:o.f>l' 
H Mo <t . o t <O . <H <V .OI <0 . () t CC . OI .co .o t <0,0 1 

A . 1 S 
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APPENDIX B 

ANALYTIC AL DATA FRO~ BATCH EXPERIMENTS WITH WYOMI NG SEDIMENTS ---·----·-----·--·· 

The five tables in this ~ppendix contain solution chemical ddta obtained 
from th0 b~tch experiments in which lixiviant was mixed with variou! types of 
Wyon ing sedimen t that had been co11ected at an in situ uranium mine. tach 
ta tJ!e reprt.' ':; ents a time se ri e s of d~ ta obtained from an experi ment with a 
single sedimt:nt type. The tables are ordered as follows: 

Table F1.l - WyO!I";i ng 
Table li.2 - Hymning 
T a ~1 1 e l'. 3 l~yorn i ng 
Ta!11e P..:t Wyoming 
Ta ble B.5 - l~yom i ng 

f:~cduced Sediment 
Reduced Sedi :~'2 nt 
Redu ced Se.:! i r;(~nt 
Re du ced Sedi m·nt 
O:d di red Sediment 

Ame ~i ded 

Arnen::ie d 
Ame nded 

w·\t h 1% Pvri t: e 
't:it h 5% Py rite 
wit~ FeS-Coatad Sand 

The results of these experiments are discuss~d on pages 46 to 52 of this 
report. 
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TtV~tf, 1J.5. Solu'don Ana1yses of the Batch [x,periment with Wyon1in:.J Oxidized Sed'm,;_. nt 

'*"~~~~ 
0111¥\H~ 

--~"'!~~--- ~£~3!.'!.~e-:!_ J $!:~! _ _!._1_~;.!.. .!_ v.'ttl!!_ _2!:._ • ~~-.:~-~ -~~~-!A _6~(_! _ _!1_ 7 w-t'!JX __ ft:'_ !_~m'.:_.!~~ 

~totl'il~A (!!.,~) IliA "" 2 2 .. .. " 3 

l' ~t. ~ ~.<}~ "A l.IS1. 1.1\f'• 7 .t~l 7.65 7.16 1.1 
> r1 '· 4kJ.t. f.s:>'{ t lii.J'I! '·'' s.~~ &~'~ a~~• ~.43 8.~, e.?a 
41 !·!.'!'(>. fi1'l t~} !~~ ~ l:~a )% 29!\ ~1 136 -.:~. 

~II'~ 1. ~t. ~ ~"'"I) 2.'n }97 ns 7~:::; ;!i'S 282 -1"5 -116 
6 M\O!.»H(!!~~ ~';!iQ/t C.'Xl}) ~) ..:10 )tj-e; ~l m 323 346 S3~ 

1 '1· ~-~<:"oM (!l;!l!ll~ ~~.<}· l'>il.!l t';.?'F n.~ to.~~ 9.~ .. 0.:5?. 0.} 
~ t>. tW (fllo.~) 7Qq. -, 'i~erl '"··1 n.0 1? ,.:; It o.o:5 1.2 
~ !\',~ f:A (~11'1'0' o.n:n n.c~,n !).,j.(!lt! o •• ,& O. H4 o.Mll '¢.01 <0.02 

it"! t;s Ml ((IIJ!Ql lUlU o.o• o.n 4 o.o::!~ C.009 O.fl>9 0.27 0.2'6 

'~ e (?-'%>) ~.! <Ool O. I o.;;r 0.1 0.1 0.1 O. l 

~:.t ~ ·~· ~.1 (Q.' <O. t C).' ~.1 <0.1 <0.1 <n. 1 

n c. t~• U2 ~ rr:.; 1·U lll!J 136 160 1~8 

'' F-. M fHrw) o.o5 o.M ~.02 ~.u2 ~.~ co.oz ~.Ol <0.02 
,, It f...-) 20 <2.0 )I) ,., :so 30 20 20 

!f.~{~-· }9. 'J ¥ .,1. ~.~ 31.ft ~.?. ~,.5 40.1 ~ 

.• -~ ~ t~ ~»"! 21~ U5 2"2 ].,.; 268 243 2!6 2Ht 
HJ <;.1 t11~J ' 5 9 t' 6 ' 1 7 

i'\i ~ (!)l'b>} \.~ ~.3 2.5 '.5 t.6 1.4 1.6 ·-~ ~ ~ (y~) t'l.) nq:s 
~1 t..'i.~ !<,} , (!)'\_,~' .. -n.(H •;; <(!.!H, <O.Oi' <O.on <0.01~ <O.I.H5 cn.ol5 <;,O lS 

n ~"" .... ~~. f 11-~• <0~~? e:; ~ r.t~ ~~Ol <0.1)2 ~.~•2 <O~"' <C.!"J2 co.u2 
·u !'":t. t~, ? 1:.4 · -~{t.j H$ ltt HO tfH HO nu 
l'4 $ t!4 {~} '" 43~ ,..,~ .,. ~} )~1 468 ·~, 

~u. Ae, '"· ~~. ~~- ~ .it>"<1!llyt·?~<S ~ •~c ·~~IC~i' ~"~~trv. ,,__,,.,,. ~• dh~~~-..~ eatiMs bt tO' or l•s• f h.:~·l !t!B ·~,.., 

hor·.,.,~- Olll!<;t)., 

* • ~~~o+ _.no.Mt .. 

-140-



T~Bl f R.S. {Cont~) 

...... ~ .... ~·.., q 11'11.'~ l >i~, 1l1 ~(l't lf·"l 'I WY(JX '6~ '1 In' e)( :3!>9 1 ~ WYnx i''" 1-1 )~)'OJ( 7'1!\ I'> l(l'n :( 10M 1£, lfW~ h l!B -·· ---~ ....... _ -~ -- . ---~--- - - --- - -·- --···--- - -· ·- . - - ···- - ... ~ .. - --- . ....... - - ---- ---.-- .- -- ____ .., ___ . ---· · ·- -- --- ------ ----- -- ------ -··- -------- -- - -·-·-
! "~,.·-li• I 'Jift { d~ 'I l If> ~~ .'16 'l{) 7~ 7'5 101 101 
t <,;.t. ·:>"! 1¢ Ul) 6.91 7.lt 7.04 7.09 7.19 7.16 
} ?:!1. Sol. ,~, A.~ 8.74 "·' 8.U 8.4 ~.Y~ 8.7 8 ,6 
4 'S<tt. fl!l f•'IJ liD l+ll ·11 -00 6"'1 . '.\() 4} H 
" H • • ~~. 0. f""") -1 .l-4 -tnt zn 1n 106 19Z 66 61 
6 lUl." l t.otty ~~It C8('!)1 t }(tl 2M no 263 178 ~11 .H2 .wo 
" n. !..It!\• '~•• o. "'i· 1.6 ... l .~- 1.7 1.12 t. 92 '5.56 1.7 
~ !1, ftY t~~) o.t. I • I '·' 1.6 t. 7 '. '5 '5.9 ~. J 
'9 1\! AA tH~~t) 0.0"6 o.on <0 ,0? 0.0?1 0.049 o.oj6 o.oz 3.3 

H) ~to M (.,_) o. llt/1 O. l ~ll o.ofll?. 0.142 o.o:l7 0.02'5 <O.OZ 0 . 10.'1 
n e ·~~' o.' o.! o. t 0.1 <0.1 <U.I 0.1 o.t 
11 \!!:It t~..,., <O.' (() • I <O.t <0.1 <0.1 <O.' <0.1 <0.1 
n C!!l ·~~, , .. t H <l tJt ll/1 101 101 8'5 77 
t• '• !leA ( H>W) <0.01. <0.02 ~.02 <0.02 <0 .0;? <0.02 <() .01 0. 103 t, K. fll'4"'tl 11) 1i1) 21) ~ <0.1 20 20 <0 .• ' 
l(. )lq I~) ,9.6 ~\) .I ::t9.:; 37 32.9 "'-·6 48.5 51 ... 

:D n "'- ~ ~~' 18~ 166 291') Z9i 19'5 zoo 222 248 
H\ $1 t'""') 6 6 1 8 J J 6 1 ~..r ,, $r ,.,,_, 1.6 '~' .... 1.4 1.8 '·' 1.2 I.' 10 .... (,..) 0., 0.3 ~.1 0.1 
n ~ u 'n•l <0,01' <0.01' <O. tl l ' <O. Ql !I <0 .015 <t).015 <0.015 <0.01'> n ~ ,_., t p ,.,. ) <D .o:t. <0. 0.? <Q.Ol <0.0 1 <1).01 <O .O? <0.01 <O.Ol 
1 ·~ ( I h~:~'"") llfl !Ill'> '5{!9 t?t 114 11'1 113 tOS z• s;o~ ~ l'!__., •n •o• t Ol 362 4'51 191 341 '" -------
.fi.l. fi"J. J~, Mo. ~, ... . ,! S. ~·''~""ll ...., llttJ~~I<. &MOI"'Ptl(lll ~e>•MrQ'JI!Itry, .-.-1 "de>r of dhS(II-d a.tl""~ by ICP 01r laser fluor 1-try 
r.,.•" '- -~••· 
II() • Mot $t1W'III ft•d. 

-141-



-142-



APPENDIX C 

-143-



-144-



APPENDIX ~ 

The two tables in this appe ndix cortain solution chemica l data on sa~p les 
::tt;t a'ine:~ d fror"l co' :<r;n e xp€ riments ,.:les igned to ev alu ate natural restoration at a 
wyoming 1n situ , ,·>, 1e s,ite. Each t arde cont ains data fr om one of the du p1iu;t e 
cclumrts used in t ' E! e"PE· '"i r;::nts. Tr,e c :r>.;:<:s it i or: of t.he i ::f : :;ent s o1ut.i oit ·r s 
g iven in column 1 of e~ch table followed by the compos it io~ of pffluent s ampl es 
di~ided on t he basis of cumu latiVL pare volu~c s of solution coll ected. The 
colum~s had a pore vol ume of 150 nL. The resu lts of these experiments are 
discussed on pages 54 to 62 of this re~ort. 
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.- .. · ................. ·-·· ... ~·.- . --· .. . 

APPENDIX 0 

A.N t..LYTICM. DnA FR(}N SULFIDE ADDITICH~ EX~'Pl'·lENTS -----------------·------·------·--

The two ta~les in this appe~dix contain solution chemicll data on sar 1e~ 
ottaint:cl from column experiments desiyned to study the efft~ct on restorat10n of 
adcing soct)um sulftde to spent lixivfant recirculated through a le~ched ore 
zone. Sediwents and solutions were obtained from a Texas in situ Mine. Each 
tan le contains data from or~e of th~ dup 1 i cate col urnns used in the experi 
ments. The compos ition of the i nfluent so~·~tion is given in co1umn 1 ·:>f each 
table followed by the compositior1 of efflueo~t samples divided on the basis of 
ctmulative pore volume s of solution collecte-.1 . The colum!"!s had a pore vclu'·H~ 
of 150 mL. After approxfrnately l!J pore volutT>e-S had been collected frOCl e a ch 
colum~. sodium sulf ide was added to the infl uent so1vt1on to give an initial 
conc.:ntratton of 0.(()5 mo1or. A.n addition.:!l ten pore volumes of solution were 
c o11E·cted and analyzed from each column. The results of tiles.e experiment s are 
discussed on pe; ges 76 to 81 of this re-port. 
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I Me t hods of Mi ni mi z ing Ground-Water Contami nat ion from 
~ ·; " " .,· t r I L e ' ~ n· I J r :q' " Prr 1,1·', i,. "'t ,. ·.'1. g ~ J.H .,.. ·-' O, L v .. ~L it~. l II 

I F · ·.s1 ;; !2~·.) rt 
;. :"A '! ~- :~(:P;.:,~. r C'JJ..,..,... .. t " f ': 

--~,.."!'::o· ,_ r,.. --,£-.,-;,-~-

December 1984 ~ ·~· : :·;;:.~·"1:-··--~·-·--~-~---···--··-----------------1 

I ~,, J n .... '' tsch L E Eary .,_-----~--.:;-.• ~-~~"'~e"'c·F"; r •sh £:. "· • 1.n : u. • · • 

W. J . 1·ia r·tin R. J. Serne MO"<TP• r •EAA 

~-c,>••O••~:.~c.;·~~~!A ~~;.~-.~~:~~~:~.~0::~~·;;~'• ~ 0 ·~l~~; •Ou """"" 1985 I R 1 ~ ~ a ·- 352 ' ~ ... oA u"'""' r "''-IM!EA 

["'~,;~~;;;,;~;;~ 7 :~~~~~~ ~~~ '·.~ Ea ~-t-h_S_c_i~e·n~-c-e-s--~, ,:-.-=:~;~~-:-;-=-.~=-=~~~o~~":'; __ R_e_p_o_r_t---------t 

G·U ice of t\ud ea r Regu 1 a tc,ry Res.ea rch 
U.S . Nt..u:·:ear F:egu1atory Cinmdssion 
w.:!shi ngtr:n , DC 

f
. :~;;·-;::;:;-;-:::-Y;:;;;:--;;~~{·:~:~~.,,1~·~;~~;-;i ;:~~~~r~~;;·-~~~-~~--P ~'':je~t dealing with methods of 

~~ ~ .~ tr'..:- .... .;.,., ..,.,.. .,.._ l_,_,,.,~ ..... _./ _-.-~ 4 
... . i· ;e,~ c· - .,.~,.·+- ;.~~...,... i'l"'j~ 4-- .t t";""' fr~ {r s 1' tu l"" ··ch ur··n ,· m ,. ing 

. ":': '' ~": \.;.1 .•:·' ':: .... ~,>-· ~ ·t' {i;i.. o;:; < . '•'51~<:,,: ,:, •• 1-r:: ~. ! v . . ..,.:. , , , ' <O ct • c. .u m n ~ 

f~c(c~ \•:::;>r·k :: nd 1;.:~ bor:.t tory E':}l.penr.;er: ts ""'ere ccnducted· to ,dent1fy excurs1on 
·.< ·~ c; ·.c? ·;~ ::.·~-· .;, ·1:>r tt<.•'litc:. ri r<g p.n•·po-:H:~s dt.w ing m\rnng , and to '.:va l uate effective 
.;<: ~-: .:,·f r> r~: "- ·:. r:n · ~;·r~ ·r ;:·. n ::r~.::~h nL~i.iE::~ ft>iim·rfng m'Ldnq . Many of the so1ution con- ·1· 
~~t'itt:i'~'· f~~~ ':<Nr~ fc:t.:nd tc be 'tt>·'iJ tei:'ct~ve with tro, e aquifgr sediments 'to relia bly 
ir.id"i; .. <:!ts~ ~nc~; r:;:on of 1r;;t>.d1ing !:o1ut·l on f r i.JF: the r:·r e zone; howeve r, in many 
~-s~. ;:s , r. ·~; r;c&rtn(t'i ons of chHnide and S<J1fate and t he total di ssolved 
!i:C1 i-;:5 :, h :·,'d c f th!;; sc14lt i on ~~er·e found t o le good excurs ion i nd i catoT·s. 

Aquifer restorati on by ground-~~· · · ;~ping co~surned ground water a ~d 
w~c not ef fecti ve for t~e rEdox-se~s . Jntamfnants of t en pr~s ent in t he ere 
:c;:r,c . Surftc-e> t tc• (\tim:< t c:c t!·,;::,"'~ ~.::n~ t ' .- .:'r .>: hr;; in 1ow~£tri ng t he amoun t of 
wA~cr u~ ed , bu t else ha d the po~e~tta l for crebt ~ng cond iti ~ns 1n t he aquifer 
th(.h; r· \>th\ch t he r ed::.:x. .. ·sensi the cont aminants ¥:ou 1d be mobile. In situ 
res ~oration by chemica l reduc tion , in whi ch a reducing agent i s added to the 
S01ut1on rec ircul ated t hrough the are zone d ~ ring re stora ti o~, has the 
c tp.~td h ty cf n:stcr-i ng tht. or~ zon<:f sediment as we ll a5o the gr ound wa ter. 
This rn~ thod cou1d l e~d to a st~b le ch~rni cal cond i t ion 1n the aqoifer similar 

g~ound -w0 t 0r con t a~ t na t i on 
u ,-.,. n i tJ(,; n 1 r; ·! r. '1 
i n ~;.i t u le· .:~c >ng 
AQu ifer ~~ ~ t oration 

1 Llnl im1ted 

r~ 1. ~ • • ~~~ :~ ~. -------- .... -, · -~ ,.._14# 
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