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ZRSTRACT

Thos is the final report of a research project designed to study methods
of minimizing ground-water contamination from in situ tezch uranium mining.
ere conduct  to identify excursion

Fieldwork and laboratory experiments we
indicators for monitoring purplses during mining, and o evaluate effective
aquwfer restoration techniques following mining. Hany of tne sclution constit-
vents were found to be too reactive with the Quiff" sediments to reliebly
indicate excursion of leaching solution from the ore zone: however, in many
cases, tre concentraticns of chioride and sulifate and the total dissalved
soiids level of the solution were found to be goud excursion indicators.

cuifer restoration by ground-water sweeping consumed largs quentities of
P was not eoffective for the redux-sensitive contamiraris often
gre zonge, Surface trestment ms such 2s reverss osmosis and
i ere effective in reducing the & 4 of water used, but also
‘a) for crezting ccnﬁ1t¥0vs in the acuifer under which the redox-
nants would be mobile, In situ restor e+an by ¢hemical

h & *@&uCﬁpg agent is added 1 the sclution recirculared

e daring restoration, can restore the ore-zore sedimsnt as
water, This method aauld lezd to a stable chemical

guifer similar to cenditions Defore mining.
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cper ation and otner users of ground water in the vicinity of the mine. In
natural restoration ap; ective method 0. iowering the

e TR T
yrai u"t.,

“o%y@i concentration of te,
wrzch are freguently <ifiia 3 from the Teaching
sutution using current restorgtion practices. - r, ncturdl rest orctwon
cannct bte relied on to remove the major cations and anions from solutic
therefore, the traditicnal applied restoratlion techniques, such as q,v;hc-wa*er
sweeping and surface treciment, must be used to lower the total dissclved
selids level of the leaching solution rz:zining in the leach zone.

In the past, grounc-water sweeping has bsen a very popular method of
restoring the ore zone. However, thisz method irvoives lormg-term pumping Af the
vell fizld and produczs large cuantities of ground wzter that must be tree
&¢s waste, Also, under certain circumstances, it aprear i <
inhibits restoration for the redox-sensitive elem
rnts and the expariences of cperaiors show thet du
the concentration of redox-seniitive elements (p&\uv

and wolybderum) does not decresse as might be expect wih
i impie ditution and eventually total replaceonent he water i = les
Gpperently, the new ground waler intraguced into the ore zone during
ping results in the slow dissclution of minerals that contain redox-
tve glements, In effect, the introduced water scts like g LERT
lution end s not an effective cestoration medium for sone ming 3ites

%6‘ e
3 rﬂsaft
g E0uNTS ¢ :
contacting it with e
ation of the leaching soluti ol el
1 the secinent. Undesired side effec

)efmfahT‘TEy) were not observed during the

ed o0 the recpits of thie project, we recomn : eld stuzies be

1t test the feasibiiity of usirg chemicel rﬂﬁuriu § to enhenco

fon al sites that potentially will be gifficuit to rrf.f ire tar the

e ative elements, (T the in £ityu chemdeal restoralyon thod 1s shown

oo at Tield sites, iU could be used with surface treglont t to
i ”‘!é‘ arountd welor i the leach ponr and 1o i

S SR R SR i et these melnods would 4
Chemital &"ﬂ?i‘hn priured o090 thes wouio b arhieved by

Grounteweler swierping technigues,  Furlhermore, 30 appears thal netyral

Xy
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aminants

sration will also reduce the concentration of redox-zensitive conta
Haturel rectoration can b con-
sund

migrate cut ¢f the rectored zone.
an additicral me nanism for ranoving contaminonts Trom the

ivid
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INTRODUCTION

In situ Yeach mining was first applied to uranium in the Shirley Basin of
Wyoming in the early 1960s (lLarson 1%78). During the 1970s, & number ¢f
commercial operations were beuun in Wyoming and Texzs with pilot opesrations
conducted in other western states. By 1979 it wes es imaired that in situ leach
mining accounted for 9% of the uranium mined in tr2 Unitec States (Larson
1881). Tne in situ mining technigue consists of 1nde ting a leaching soluticn,
termed a lixiviant, into a cornfined agquifer containing che uranijum ore. The
uranium minerals dissoive in the lixiviant, which is then pumped from the
aouifer and treated at a surface plant to remove and concentrate the uranium

Tre lixivient is refortificd and reinjected jutc the ore zone to continue the
leaching process. A particular leach field may be mined for a number of years
before the ore supply is extausted. During this tiwe, the mine opsrators must
monitor for excursions of the leaching solution by sampling @ ring of monitor
wells around the leach field., At the terminztion of mining, the bperator must
restore the quality of the ground water to a predetermined level established in
the minirg permit granted by the U.S. kuclear Beculsztory Comuission (KRECY or
ithe appropriate stete reyulatory agency., Honitering during mining and aquifer
restoration after mining are important to ensure that contaminants groduced in
the leach field during mining do net degrade the locel ground-water supply.

tods of mininizing
Of uranium, It was
fre mai wr%ty ot the

srated by Batilelile
ﬁd itional studies
. Bureau of

selt wilh estabiishing
aling currently used or

This proiect was %t? ted during 1981 to study me
ground-weter contanination from in situ lesch minir
?'“"fsfwd By tne ffice of &aa§r:r ?3 garcn of thu I
y ied out et Facific Hor ' sLory
I r“*“

Tities He
:”e#%“ﬁ@ﬁ hg th?J
cursiong a2ng w;bh

f”r the

et

u

£ ads, A ngﬂbsr vres of lixivianis have

¢ hitwever, o whe sadium Ceérbonate-

t d beceaze it 1 monly o at the present time
Viziviant fﬁf N p%aﬁis, Hine sites in Texas

fr

walsy were conductled

RETTES ff l;.}up tor ¥ ;Y

G4 ronjtoring and restoralion meihods.

Thés firnal report on the preject includes a description of the chemistr y

i uraniym m’*wfa;s #nd the production énd fﬂhalzty cf contaminanis
#ERG0T Y oﬂ wth the mining operation,  This 1e followen Ly & section on Lhe
selection of excursion {miicators hased on the cremistey of the grount weter
s tixiviant, end the esttmetled robliitly of dissolved 5;‘Liws in the
auifer,  Ine "ki:rity of the report discusses a;uifv P wfdtiﬂ* v and
the resalts of eapericents gesigaed to evaluate Lhele mo 15, tions

are voe for develeping e restoration schese thaf s ffvf Lomne of tne cwﬁrvnt}y
e technsgues with the chemicel reduction method to belter re-establish the
crigingt thepscal condition of the suurfer,
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CONCLUSIONS

D -y contaminants in the grouns water
identify excursions during the lesching operation, but thete 4 am1-
be removed from the ground water at the termdnation of min ng or

e immcbile in the naturel zquifer system, During this project, field
atory studies were conducted to evaluate excursion indicators, ayuifer
r«:torgt1mn methods, and, in general, the mobility of conteminants in the
guifer environment. The following conclusions are drawn from these studies:

—-’(‘ﬁ

® fxcursion Indicators--Dissolved chloride and sulfate should be good
ncicators of an excursion of lixiviant out of the leach figld into

he surrounding aguifer{s) if fbe concentration of these constizuents

h taiviant is SYgﬁ?“Crﬂ ty higher than that in the yround

Tue total dissolved salids level of the solution should also

axcursion indicator., Tne remaining sclution constituents

too reactive with the sediments, or generally, do nat vary

ween th e 3ixiviant and the ground water to make them good

HS }

@ restoration processes such és mine
t%a* goeur botween idug
& @jy»wuuf‘c"‘*iu" by ground-cater sweeping alone
Tunes of waste water gnd 1o not z@iiy effective
i metals, Hesidoal minerals containing
duced velence fTorme continue 10 &}
rocens becsuse of the flow of oxidizing
teached zone. The sltow G‘SSG?ut@ﬁﬁ x::zzs a1
~?rvkzm of these contannnants at
@ yround water &t 8 surface tresioent plant

] vugh the teached zone lowers the fotal dis
lev he solution renzicong in the ore zone,
consprees grovnd water, and reduces the ansunt of woste solution that
must tee disposed of . An Gperalor survey Showert thel both electro-

fralysis and reverse eomosis technigues have been used successfully

at ir sity leacn pprrations for 41 3mast pertial restoration, ﬁs
with oround-wiler tweeping, these pu can lead to continysd

bt g Pl Gt o ey wnts,

~henyviive Lraoe
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In Sity Restoration--"ne addition of sulfide to the ore zone during

restor icn can produce reducing conditions in the eoutfar that wiil
veobitize wraniuwrn, and, by aralog., otner redox-seniitive ©lo-

ments,  This technigue reesteblisnes reducing conditions in the ore
zone &nd may lead to long-term restaration of tne aguifer system.
However, the concentration of major cations and anions i1s not
significantly affected by the reductent. Therefore, this technigue
should be used in conjunction with one of tne cthe: epplied restora-
tion technigues to take advantage of the superior gualities of each
method.
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it =nd on local conditions that incliude the characteristics of the
ore zone aguifer and the method of leaching that was used. HKoth the Texas and
voming mine sites evaluated in this study used yround water znended with
aidium carhbornaete/bicerbonate and oxygen as the leaching solution. These two
sites a2re similar to other yraniuvm ore depesits mired by in situ methoeds in the
two states, anc the type of lixiviant used is repreosentaiive ot tnat commonly

{ at this time. However, note that the followirg recommendations are baser
rimarily on laboratory experiments and on a jimited sampling of the mining
industry.

:ction of an acuifer restoratiocon technigue Lo use at a particular
K

¢ xcursion indicators shouid be selected bazed on differences ir the
c“ﬂm siry of the grournd water and the lixiviant and on the cherical
reactivity of tne indicator. Many potentiel indicators {such as
uranium end pH) are not conservative, and treir values will change
repicly as the lixiviant interacts with the sediment. In general,
dissolved species that interact with the sediment ¢do not travel #s
repidly as the water and, thus, would not be useful &s an early
indicator of an excursion.

_

ural restoration cen he an important factor in reducing the
inant level of trsce metals in solution end should be

e
consicered when restoricion requirements are esis ?1<hej A
pvative aporoech wou }ﬁ &a to ignore natur cstoration, but
ent for unnoost caduced

could lead to the requ

s i that could waste 3
itorestorgtion by antroducing oxd
ore.

cund-water ¢ s and, in some
zing ground water into

@ Precticael, efficient anuifer restoration at a ¢ite snouild invelve a
combinagtion of restoration methods that restores the aguifer sadinent

as well as the ground water, At the same {3 the methods should
act consutg excecsiva amounls of ground water or produce large
\‘107“5 of weste sotution, The encepted practice of surface treat-
wnt énd recirculztion of ground water c¢ Fye ter, but should be
czwﬁa"(i by the zdditicn of & recucing ayent nooilize redox-

sensitive contaminants,

e Field studies should he carried out that g ~r:fn thisg 7ﬂt€w' ted
gpprezch to squifer restoration,  An actus) shayld be connucted
so ‘Fat comparisons Cén be made with other effurts Yh t use intivi-
duai restoration methods, A variety of re: g osutfur compounds must
be eva1uated on a field scale to fuily aew J%ra e tneir advantaycs
and disadvantayes,

L

(M
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LEACHING METHODS AND THE DRODUCTION MORTIITY OF CONTEYINANTS

During the past 30 years, methods of in situ leach mining have crhanged to
improve production and minimize the c¢eneration of ground-water contaminants.
This section descrices efficient leaching metheds end the by-products of
leaching that must be dealt with duriiig restoration of the cre-zcne aguifer.

THE LEACHING PREOCESS

In situ leach mining of uranium consists of the irjection of a leaching
solution (lixiviant) into an ore zone, oxidation and cdisscluticen of the uranium
minerals (typically uraninite &¢~d coffinite), complexation of dissolved
urarium, and pumping of the uranium- uearing (pregnant) lixiviaent to a surface
. e p%aﬂt Trne uranium is removad from the pregnant lixiviant by passing
it throuch anion exchange columns that collect the cemplexed vranium., The
spent lixiviant is foruxf1ed with an oxidizer and a CO“?YQXTﬂg zuent before
peing reinjected into the ore zone to begin the cycle zgain, Ficure 1 shows in
schematic form the placement of a single injectivn well and a pair of produc-
tion wells screened in a roll-fromt uranium deposit. This type of uranium
ceposit is the typical target of an in situ mining cperation,

e confined above and
hown in Figure 1 are

wiit is found in sandstone aquifers that ar
<
for movenent of tixiviant
a

permeable aguitards. Tre monitar wells
ically sample the ground water to test
o zone of the leach mining
cre-zone anyifer up
(B they rzy glec be placed in tog
end below the cre-zone aquiver,

witor wells are
oipuic gradient
located strati-

rel patterns of injection/nroduction wells have been used in commer-
it . Well petierns ¢d=sign is bazed srience geined in
g and brine injection Operatic The most common patterns
; and ; ‘ ket is doesigned to
ni

.
Dol

H (0 placed on tne oute-
F3 ion vﬂl}s are p su on ine 1nside, Froduction
2 higher ta then iﬂj@Ct?ﬁﬂ Wi iq £0 trhat the induced
draws lixiviant to the center of the pattern, In this way,
L0
lv J

s 3

vered than e injected, tnus reducing lixivient costs and
of iixiviant moving out of the c¢-viroltied zone (an

Trip wet widely used Vixiviants are composed of goound water that has heen
arentded with amoontum or §odium Carbhinate-bicarbonate, I adition, crygen
e¢rnd/or hyrirngea peroxide are added gs oxadante,  Tne luaviant 1s destyned 1o
Couve the oridetive dissolation of U(IV) minerals entt recults in the formation
s ALY spectes,  Toe added carbonate e fepenen dyen FOTWT LM
nEy forming STrong anionig cumnlexes with YD) under aruiral to

e g
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alkaline conditions, Uranium concentrations grezter than 200 pnm have bzen
achiieved in some leaching operations, Typical cliuaiing leach reactions wguld
inci the following (Tweeton and Peterson 1973
1 + 2+
Gridatior Ud,{s} + = §, = L o+ H L
H0,(s) + H, 0, + 2H = uog* + 24,0 (2)
22 e 4
Complexation
A 3 +, 2+ 2 n’+
Levonium Carbonate !02 + 2(Nt )2C03 = UO (€O )R + ARH, {3)
2+ 4+ “
118] + 2NN 0. 4 2 7
Ugh 2N HTD, = Uﬂp( 0y 25it, 4 2n (8)
S Carboungt AR ST IS VAP TR :
sivas Larbongte 40, at [P O S 0 D P AT
>3 T roung ? P 3 PARES RV ] (,,r)
Mary rining operations have ugid iUs becanse undef Certain
conaitions 1L s Rnown that Yacreaqing cooentration of @ sulatien
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may cause clavs to swell, which could affect the permesnility of én a:~l“«

3 fsedvanteye of usinyg én anmonien iixiviant s the greal diid
in wviny tne armenium don from the ore zone after mining is corplete.
Because ammonium is rot a maior consituent oF the ground water ts con cen-
tration ii.it set for restoretion is noraal:y low, conged nt]y ariwnium's
concentration in sofution nwust be Towered tv a large ~mo;ﬂt for rastoration.
However, ammonium in the lixiviant is adsorbed nnto clays and zeolites in the
aquifer and cannct be efficiently removed by simple flushing. #Recause of
ammonium's high selectivity for clay and zeolite, ammonium desorss very siowly
and only with larye guantities of water (many pore volumes). Tweeton {1931a)
reports that of 11 field tests designed to restore amnonium to baseline
concentrations, none reached targeted ammonium levels after 0.5 to 33 pore
volumes of flushing, Complete restoration of ground water for amnonium mey
reguire 50 to 100 pore volumes, and, depending on pumping rate, this rmathod of
restoration could take many years.

Recause of these restoration problems with amnonium-hased lixiviants, new
mines have begun to use other types of alkaline lixiviants. Sodium carbonate-
bicarbonate Las beea used in ore bodies where the clay content 1S 10w or where
the sodium cortent of the natural uround water is high, In at least two mines,
carbgn dioxide has hezen added to nztural ground water to give - a carbonate/
picartonate solution for leaching. This melhod is inexpensive, but not always
effective (Tweeton and Peterson 1941),

S5ulfuric acid Yixiviants have *ﬂﬁn USE sfuily i e B4enosits,
i is c*ﬁfﬁ&}i “issolved mure ’ sty rong j fith

i
s, howowver,
Yine Mixiviants

conteining relat
ite, which neulred !
nrentratines in the yround

g¥nts, AL
*R‘n do alks
in ore bnf'

ts is not
udruudaue

N«

S L B
9 el .
T

p’csﬁ 3% éw even low oo
itete when f:lf“rsu acid is added, Tnis pre
peru:;biiiﬁy O{ the a4u3!9r.

Wnen an acid Yixiviant is used, urenium may be oxidized by either ferric
iron digsa3vn from minerals in the ore body orf by oxygen atoed Lo the
Vixiviant (Anel) and Languuir 14770 Tetam, Screchter and Lake 1941), Typical
culfuric acid lescn reactions ynctude tne following (Tweeton and Peterson

1421):

C . i Lot 7+ .
Uxidation e, (8) S0, M W 4 H D (6)
. 3+ v e
‘h{l(,(s) b &.)s i “ ’, + (‘}i i {l )
b
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. . i en0 L ot
Acrd Leaching Uuz + H,Sﬁa = bQ;Su4 + ZH (8)

1se the alkaline lYeaching methed is used predominantly at thiz time,
of contamirants specific to the acid leach process has not been
he reseerch described in this repcrt. However, many of the trace
iants motilized by scid leachiny are also found to be present &t
wnkground tevsls in elkaline 11xiviants. Methods ¢f reducing the

Reca:
rocds

t evel in acic and alkaline 1eached ore, however, mzy be differ-
Fguifer FP‘t?”cgiOﬂ of ore zones leached wxfh annonium-tased Tixiviants
n g 5 4 reet lencth in the ]&pcfﬁtu¥€ {Humenick et ai. 1978,

1979 kuish et al. 1873; Tweeton 1%381a; Humenick and Garwacka
'*ﬂ<r“e*” 19%2) Recause emmonium-baced 2lwaline lixivients
atkalid Tixiviants, this stucy has focused

T H
IN SIT

The contemination of o QJ“G water ac a t'-proﬁuct of uranéu“
arise Trom tws cources Fie 1g
and the treat Truonreg 1+ 1\1‘rt az the oper ﬂi*no plant
cantly incres e oo o oconce teation of certain elements,
poatential coo o s crontemn. o i.a, Chemics) resctions bvkﬂ

(2N

ant gnd tho o o- o wotorel ous some elements from the B
Feagh contans oot ¢ cation T ', in sclution, A ggﬁéréi discus of

the envirgrosntal o stry . . in situ leaching process is given by
Kasper et g, {197+, ‘

restore! of ayge .ers that hase been mined by in situ leaching
(ontaminarn: v be conaidvr@d s any element in the residuzl equifer
ion that 1s 0 Uve 1ts aliowed congentretion at the completion of
woallowahle '<fpsLe¢txons for gifferert elements are et by the
tate or feoo -0 regulatory agency., The concentralinn Dot s

e ntosta
e by thosen by o cderinyg the hﬁ%&iiﬁf waler cnemistry of the equifer and
f Peeoarostate water standsrds,  Specific contaminants yenerally assoCrated

nostty wrantam omining with oa 5.»5mlm‘":~u¢ié{§ aikaline liviviant are grivnic,

denem, Cniaride, sulfate, end urardun, 1o &9dition, the totsd
£T05) tevel of the lTixiviant at the terminetyon of eoning 15
Paes, ety than the original yround weter,  This s cavsed
cheoogodittyon ot sodiue Carbounalu/bicarbnngte and chioride to the
crvng the pncle gyeneration ot the Testhang woluuians,  hroause

-29-



t e 0"191n of the contaminants will provide information on methods of minimize
= SOur S

: in the ground water, their Les are o ussed in the foilowing twn

WWCTION PLART

ENTS BY Twi PRI

£3 mentioncd previously, lixiviant i1s made from yround wa2ter by edding an
dizing agent, typically oxvgen, and a compound containing a complexing
The oxygen is consumed by reactions within the equifer during mining

s nct constdered a o *‘"1nent Howaver, the reagcent containing the

exing agant 1s not completely consumed and iz generally found at
oncentrations higher thzn those in ground water at the completion of
teagring, In the cases studied for this resesr’h, the nine operatars used

use carbosnate forms strong
adding “'?1u to the g¢round

bonate/bicarbonate as the reagent
texes with uyraniuwm., They found
ol cause clays in the sedirment to swe crease the iguifer
ity. The arionic uranyl carbonate coumplex farm“d during leaching is
o solution at (he surface plant by strong base, anionic exchange
showern below (Thorpson et al. 1%78):

2. - '
Sl o+ U0 YD YD = Boun (00, ). z iR 1 i {
P (NNd),Cui§z ?d. é( 9335 + ZC1 {R is resin) {11)

e
T

& *uw*tﬂ;Jscg*anﬁgtn

tn Tee overall effezt of Lhe

rer . }%xivizwa is Lo ¢rnerate
4 oh =16 in solution weil above those

is procecsing often Jeaves the solution unfat
‘ vy oabove Lthe limits set by ths LPA,

re relelsvely pasy €0 tredl by severald
thed oyn NS oo sty Imocoenirest, tne
of the lixiviant with the aguifer
winate,

3o

PHINANTS

e oderosits has beon widely dizcussed

The weachenistry of u's fum reltl-ty
Viterature (Tah a4 Magmater 1973, Galleesy and Kaiser 1989 Granger
1969, : Werren 19748: Goldraber andg Reynolds 1977, Warren
£ 1973). Bepects of roliefront goochesislry asphicetie to the
grneration ot contaminants during lesch mininy are Swusarized 1n thie scition,

Urertum fn roll-froat gepntity can oliuf 25 the minerals uraninite {U3,)

st poffimias guizsgg “iia PRIZ . Do, Farono end Sebamart 1973} or a4y en
amrrphony aranous siitiaer 2y @t Kaiser §823,  The srarnigs solvd
&

i

PRotey OLCur &% COoulifigs on sand yrains, melriz ur grair-frelture Dailings, or

1?2
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5 erals that occur
} 3 ,!".._f,"' 3 Ve
L, BemErite, an s&!:sth. 3 8% a

sli-front cenosit and the location of several of zbesc minerals
reTa ive to the ¢re. The uranjum cre 1s located at the redox interface betweoen
oxigdized sediment and unaltered reduced sediment, Pyrite and marcasite have a
similer distribution in meny ore zones and these winerals arc often present in
the unaitered and altered sections of the sandstoune adjacent to the ore.
Ferroselite and native szelernium occur as clusters attached (o ciay or sand
grains in the altered zone ecjacent to th2 uranium cre. The presence of
selenium in thig Lo suggests that it is less modbile tnan uranium when reduc-
ing congitions are :,tah?i<tej in the equifer. {alcite occurs as & cementing
material asseciated with some ore zones and the surrounding uraltered sands.
matite &nd bimonitic materiai, often associated wits Caleits, causes the red
and yellow *a1n3nb that ts chazracteristic of the gxidized 70ne of the
sendotone,  In eo t1 i 10 those minerals, Lne olements molybdsnum, arsenic,

and wanatiun ere raant foratly in the sediments assotizted with certein roll
fronts (Harshman 1974) Fina Ily, cerbonacesus matarial is often founa ir
Terger conceatration in the unaltered zone of the ejuifer spared to the

cltered zone

wnnsits in the

i an Anﬁ co“eenirﬁtion
Uranium, and
?@SSiﬁg a‘&a?v*e

Cees”

=¥
<&
Par
(S
i ‘f}'j‘
<
.
.

S i R

ts larsenic, molynds
3n ~*# agrognd Lhe are zone,
r@ﬁ roil front

: 1o sowne extent, ? s relesnes
&, 9&;maval!y in the Case of arsenic,
oy reach costavinsnt levels,

In a4tition Lo the dirg
simin: dn Y

vgrrirﬂ of trafﬁ 5 ’a! £t
t”?il i LI

$40TY

)

Rrwiant Than dn Inp g .
dated wilh the oyiostion of ,}ra‘w in Lhe

i3
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cre zone. The oxidation of pvrite
7t eres of the ore-~gone agqui’
o . ta the snlution {Equs

EFeSZ(s) 4+ 7.50, + 74,0 = ZFe(0H),(s) + 45057 + &4 (12)

4 2

L0

an calcite (C&y_,Mg,C03),
Ca and Mg, A 1\é f1zed

et

+ 5 7 -
5, L05(8) + H' = (1-x)Ca”" + xvg" + KOO (12)

ing cardonate minerals, hydrogen relezsed by sulfide
vze silicete minerels present in the sediment. The
aiter to f e rlﬂ~< anﬂ w??l add ha and K to tbv 5ol

b oo Ty

é
%
S
4
i

A¢»¢d by sodiumebased 2
”e/“’fnxi
mice) reast

o ﬁund water will
Eorestorotion reses LE&TY for
& is, ﬂu&ﬁ &3 Cbiﬁ?”“ﬁ, 4o ot interact
'wﬁ,h@at. ant they will essenlially move
um gnd suifeatle Cﬂﬁf@ﬂaratioﬂr %n €
¢ hetween the solution and s Lo
= fﬂtzuﬂi may be limiiled by the formation of seqo
sulh &% uypaun and calcite,

I —
b f‘,;

sum, aﬁd w‘& RSN
EH '

-
e

tlthnuoh the concentration ¢f the maiar solutior Compraents {sodtam,

triarvde, cerbonsle/bicarhongte, and tulfate) may be dolreasest by

: Uoaanteractions, 11 15 ddoubifyl thet these rosclions wonld leeer

to the original values in the ground water, srgyse nf (his, 1
1o remnye Lhp proens (onfentretion of 4ng 'ty from Lhe
tose Lhese
.On the plher hand,
v plements moving in 2h9 ground waler widi bo gffected by aonifer

¢ HEPYom 18 s the wine posg oand £00 A
gf;“ix“:"‘ifv""ﬁf%?*ﬁ Lo wrufgle wiln & ‘%ﬂv Fion ey iy grountd waler
(RN I B u R A SIS R I

-
o
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iert of the reoll front, and their solurion concentration may
tg below corntaminant level as a result of adsorption onto

L s . P T T R RO ; - PR
foarmatien of dpiciubie =oiida, This grodess EESE R Rt

The concept of natural restorztion (Ruma et al. 1979; Riding and Rosswog
1979) was studied in the 1aba at:;y as part of this project., The results of
tee leborstory work &re described in the section on aguifer restoration of this
resort. Those constituents of the leaching soluticn that do not intesact with
tne sediment snd that move at the speed of the watar can be measured at the
menitor w2lls that surround the leach field .nd can be used as first indicators
that leaching soiution hes moved out of the cantrolled zone.

16
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19790 Tweeion & enployec at in sity

to sample the fuﬂltOf wc‘ls for hem}’al marametcrs that have be

to be oood excursion indicators., Monitor well p?a*ument, constr

sameling are very importert parts of a monitoring progr

received tention (Bishop 1930 Durler ang Bishop 1980, humenic

and Cole . Data on the selection of excursion indicators wore col-
fecied ot s project and are the focus of this discussion.

The Lo mzasure will determin e Vikelihood of early
detectic 55703 lity of inzorrectly tifying n2tural
varietios %?cri gi?%i) uﬁ‘&ra*bs stistical methodolegy
for test ~ines. The measured
value of wwentration of a
disspnlved the liziviant and the

S ursion indicater in

«won the liviviant and
: K carr%ef out for this
1ty wines Qﬁ& in Texas

DLV SN
3 dy 1A edy

2

Z
- '0

MY D N o ed g
5o e vy

Hing methods may
site 15 found in a
roximztely B0 m in a

¢ rgg ﬁstd &t ihis &itﬂ
‘on of thic document, Tadle 1
i“*N*& tn the Yixiviant psed at this

A for ground witer in the ore
cent v of the selution
o bly in the liziviant than in
G ride tration in the ground
s of the tant ﬁﬁﬂ'@“tfé*fﬁﬂ, and for
t nly not be & go dicator at this sit
£ tang are much greater in the Mxiviant ttaﬂ 1n
3 $ criterton glone, they would appexr 1o be
t anspurt of cations in the ground waler

wwiions between the solution and the sedi-
mont,  Lonseguently, the differ: in concentrel ton mey oot be preserved as
;,< rn§ t'sﬁ flows toward 8 m s owell, Sulfste slan shows & »7ge
v in contentral ton A the Matviant 2od groomt wiler, katural
sl could lesd 1o large, localized va%ia*imns
the ground water snd, therefore, the selection
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Standard Deviation of
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Ground Water arnd Lixivians

Constitoents
{Jeutsch ot &

Ground Water Lixiviant Concentiration Ratio
%, [on X, pom a Lixiviznt/Sround Uater
Ca 25. 14, 273. 61 i0,
Ma . . 82. 10 .
HE 436, 3, 10G7. 83 .
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of sulfate as an excursion indicator should be mede with caution, Based on the
concentration ratios given in Table 1, uranium should be one of the best
excursion indicalors, its conceniration is g'ﬁ rally arders Qf magnrtude

higher in Lhe %3A$?‘¢nk, and H{¥I) exists in arignic

However, for the monitor s Yocited iv the reduced zone
of the fer or the nefuhboring re, urenium would nct be a
gnod cator because the Y{V]) ¢ ced 1o ;{ﬁ#}, whiCh
Ble (o de unger r ttions. td
slum connentration, po & B 3

the 105 lewved : sted for en

ity ?:oﬁh zuns g an ﬁhiUP&%Gﬁ. iﬂ general,
Toxas te 5 ufi&é it 3 srs that the TS level of the monitored

e wngfd be the best indicator of &n excuruion, Urenium would be a yond

ror for the exidized zones of the aguifers, and sulfate could be ysed if

netural vartztions of 3ts concenlration can be adecuately described,

siny were camnled Lo pya
e, Lhe operalors o

Sly wells at an im sity laach mine in Wy
g R

At S &nﬁ;zﬁas~s far that site, At fhf& s% Tk
pilotoag operetion of 8 reYli-fromt depnsit situaawﬂ in & ¢on

§rnty gpprovimately ”35 " ty! wotoe surfgcr, Tap dominsnt cation
al ot and Weosing nd i ver, thltoride wgs the
gurinant s'ieﬂ e it ag tii@ ted in ynt wntor
sampied da dyoming, ¥ s ?i‘t£ﬁ¥“ uf the

i minge, P Gl &

o4
vient and ground weler, Lniuride

?ﬁa%ﬁ wolor ang Lhe ?‘i,¥§$ Louse
s bargest variation %#iﬂf;ﬁ the

18
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L

Lt 2. Mean Ccmw“s1t10ﬂ ¢f Ground- w*ter and Lixiviant Samples

&t a o Sity Leath Uraniy ine. AL

ConLgniroTion §.~Qa'::“-;,5 ST )
Ratio of
Lixivient to
Lixiviant  Mezn QOre-Zone
Ore-Ione Aquifer Foﬂ"ﬁwtteﬂﬂ Ground-Water
Grounc Water'®) a Well P-1 Composition
Ca 17 0.8 133 8.1
Hg 6.5 0.4 §2 6.5
Na 89 3 365 4.1
K 4 0 12 3.0
ci 6.1 0.8 40 .23
347 126 2 223 1.8
Alkalinity
(as CaCds) 152 7 620 4.1
Si 4.2 06.05 11.5 2.7
1 0.3404 0.0001 19.2 4550
pH (Tug units) 2.47 0.1 6.7 0.8
TLS 539 1713 3.2
aquuh M-£ at the HNorth Platte,

frantum '&}»Uaﬁﬁﬁ E&c., Eorih Plette Technical Report,
Restoration and Stage I Forecest, April 1963

gnt was 73 times t cund for the ground waler
gt the proceszing plant Curing urenfum extraciion,
entratton difference and Lhe nonreaCtive nature of

vd excursion indicetor 2t this site, Tne remaining
a*e gither oo reactive with the sedinments of do nol show
an belween the zﬁ«utiOﬂs to meke them coud candicaies for
Texas T3S level fs & ”vC?&bly greater in the
PEL T i EXCUre i ‘a??ad‘or.

W i SS

Ls4)
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AQUIFER RESTORATION

estoration of an aquifer at the completion of lesch mining of uranium is
wnerally considered to be the procecs by which the chemical constituents of
th» round water are returned to concentraticn levels similar to those of the
or 7né] ground water in the aguifer, Restoration criteria for cround waier
are eftahlxshei for each mine hy the appropriate recvulatory agency. However,
ground-water restoration is only & part of aguifer restorazion. The sediment
conprising the aguifer is alsc modified to some extent by the lixiviznt, The
ground-water coposition can serve as an indicator of the state of the sediment
after restoration; however, unless methods have been applied to resstablish
reducing sediment conditions in the leached zone of the aguifer, the system may
not be stable eas new ground weter flows into tne leazclhed ore zone. Complete
restoration of the aguifer would include treatmsnt to return the sediment to
its original state. If the crigical state of the cediussnt can b2 achieved or
et least aprroximated for the jmportest constituents, then the ground-waier/
cediment system Con be considered restoured, and a good case can be made for
long-term stability of the stten Festoration metnods should be designed and
impl :gnted to outain complete azquifer restoration,

Res
e 1

methods of aquifer restorztion are describeod in this
the ccﬂrfﬁﬁ ef natural restoratd By which weter/ceaiment

b
i

;*x‘wzant & the gs fer sediment remove
cerimental siodies auﬂ the results of
sluzte paturel restoragtion end induced

igd-rastrration technigues of
; gdrcuiation methods, In
reduction by sulfide addi-

vening end various surfete-treg!

Th s aruwwaﬁ describes the communly used a;p
situ treatoent method of chenig

Nieplacerment of residual lixiviant in the ¢re zone by replacemsnt with
cund weter drawn tn from the serrco-ding ageifer is t&r”éd ground-water
sinu, At the terminatiocn of mining, pumps in the wells are used to draw
sh ground wetar in*o the ore zong gnd the pu ‘ﬁter i« disposed, The
;;*fi‘ of the effluent {rom the wolls 18 ¢ 4 Lo Check on the
es of the restorstion effort,

Tris method i the most populsr cae for rosteretion because 1t 1s untom-
ated, refetively tnexpensive, and the operstors and regalatory auencies are

R RREE

ferlitar with (b, However, grogndewalor sweerning ket 3 number of limitations
thet getract from o dve attractive feat o res, Beoaute of helerogeaeities in an
8 the Tresh groond waler by Lodnto ihe ore zone does not Completely

fisplate the recadual Hxtvient, and some portion of the solutioen pumped out of
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the fresh ground witer, Typically many pore volumes of water m
<

the ore zone befere the solution contentration
inal ground water,

This could easily require millions of gallons of ground water for a
tvpical 10-acre ieach fieid. ne uf the rezsuns that so mény pore volumes of
¢olution must be pumped from the wells iz that the lixiviant components (par-
tizularly ammenium) are adsorbed by clay minerals in the sediment, and their
tesprption rate is slow relative to the flow of ground water during sweeping.

A second limitation of ground-sweeping is that large guantities of water must
disnaged of. Tris may require expensive eveporation prnos or deep-well

1 u‘ere feasinle, A final problem with ground-water sweering is that it
ily cefeat Ln- purpcese of aguifer resteration for certain grouna-water
n&s Ground-water sweeping may bring ‘ﬂ&s the le-ched ore zone Oxi-
sround water f*@m the zone up the Fhuf'z cyic gradient frow Lhe ore

. Any renaining uranium ore and sulfices of toric trace metals (such as
znic and mulybdenum) would be susceptible to oxidation and dissolution by

s ground water, In effect, the zone will continue to be mined with a wea
Tixiviant, This can cause a condition in wnich elevated levels of contaminents
wxz! be produced in selution for a long period of time, In many cases, these
Timitations to the ground-water swezping method of restoration are so severe
tnat additional methods must be used,

ﬁ

O~ D
SR
u

Curface Treatment and Recirculation

tment mothods
minimize t*e

zter pumped froo
and a h‘rmn Cairying
st down into the 3
rfasce trra*menﬁ

AR

a5m0518 & 0*;a’vsis (ED), ] : £
D allow ~ry of the water rw‘!PCu3Z‘EG torati
informal sufvey ted by the Rureau of ¥Mines of 17 ¢ uperaling
N ¢ p )

o thet surface treatment mels had heen ysed &t 14
oelectradialysis gt three
nls wire made concerning

loarn grergtipmg iE
sites, Reverse 03m0sis had been used at nine s
sitesn; and fon esnchange at two sites. General Co
these various methods:

T

1

L werse Damosise-generaily effective and dependable, sonme units
sutgect to fouling, somewhat limited @M range,

o flictrodiaglysis--very effective, reliable, high irrthal capital cost,

e Dual Ton Exchange--effective and economical for setaotod
contamingnt s,
The Tallowing gm(?i”,(:i. desprthe these restoration methot
intorestion on surface Lreatment Processes may pe fagnd o in
[Yuia) ana Deutech eb ab, (1u84),

b,
o
A
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syarating seoyeed 1eny froo

¥ oapp lied pF;J“Jﬁe 1 gxcess of Lne solution
% agh a semipermeshie menbrane while the

typical operating pressure for R0 used for in
ra1 hundred nsi.  Appiications of this tech-
escribed in Ri ding and Rosswiy (1976) and in

Data Institute (1931).

o
P
W

v
1

three configurations of RO membranes are spiral wound, hollow fine
fiver, and tubular. Riding and Rosswog (1975) recomrend the spiral woun
cezign. Tre tudbular sistem has a high operating cost without the possibility
of hiyh wzter recovery. the hollow fine fibar is too susceptidie to fouling
oirel wound design ¢an be operated &t high water
ly cleaned, &ng is economical,

cleaned., The s
(25%), can be #1234

Concerning membrane material, Riding and RO“‘W”Q (1476) recommend cellu-
lose acetate derivatives because the polyamide, polyfurance, polysuifone,
JE;P”hy‘e*P amine, and polybenzimidazoline types suffered fron one or mcre of
N

g 2

trhe following 1!nlt&~?0ﬂ5. incufficient rejection of dissolved constituents,
Jow werer flux, Vittle or no sugcessful field opsreticn, end incompatibiiity

with oxidznts present in tae restorgtion fluid. Tne celiulosic tyoe membranes
ave proved to be very sudcessful,

cen used successfuily
d lezs uften than RO,
€

u restoretion gppli-
retion methos for in

use
heern evaltuated by Gariing {1983
inrtion of BD and ion excharce,
et tre infiu w*ﬂe of an electric fie :
ars, and elect are stacked i 0y *har *y Q?‘“‘I
ate and frame f\‘ . Spacing is D mm, énd spacors are
; ged to ?Tﬁv@ﬁﬁ : 3 Stacks rern Woro g0 o
{ ang ares, A doesait 150 yVJ S5u% s

Fractical systems use tng Lo 5ix siayes,

iCe ed that ED has <o technical advantages
ttion is sivplified because of the lower feed
iﬁ virsus 400 to 800 pet tor RO, Also, the
aving of RO o viote aile rated, Electro-
,r&meg src uf E tie tonie-exChonge materizls with a service Nfe
id years, compared 10 3 ?0 5 years for »d memtranes. Plectrodialyeis
ari table ovor oa pHorange of 1 1o 14, Celiolose atetaole menbranies

for ¥ are most successfully operal éd in the limited o8 ranue ot 4 to B, Thus,
less pretreatment of the soiulion mey be needed for £D than for kO,
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Eltrnough the report by Riding and Resewog (1973) indicated trat ion
gviharys Costs more s /G for tomstieg the Bich TOS restoration flutgs, DIX
may be cost-effective in certain cazes. Duil ion exchange consists of
renplacing cations and anions in solution with hydrogen and bicarhbonate ions
using snecial resins. This procedure is known as the Desal process, and is

described in Riding and Rosswog (1979).

The ion-exchange resins can provide greater selectivity than RO. An
exzmple of an application where this selectivity was advantageous occurred when
a leaching coﬂ"azy was reguired to significantiy reduce sulfate but not
chloride concentration levels., The selectivity for suifate available with ion
exchange resins allowed greater cost-effectivensss than would have been
chtained with RO, It was also thought that KO would have been more susceptible
to fouling in this case, rHowever, in most cases seiectivity is-not unusually
importent, &nd thus R) will generally be more ceot-effective than DIX,

In Sity Treatment Methods

This method of restoration involves the injection and circulation of
chemicals into the acguifer in order to enhante the restoration process. In
sity trﬁatm~xt pﬁpiir1u¥y rfkm“"tae% the a“aa,ar sediment as a cortinuing
spuyrce of 3 oviith simple a%sp?aatf“Wt
; 5 idu sl lfxzaia c dur%wq re:uara ion, The rmsjor advantaeges of in sity

e '2¥er v"¥umes of wzste water are pfon;aed, <) 1t is

taninants (ameonium and redux-sensitive elemants)
wutarion, and 3} ig may b2 Te:s gxpensive than
ckar ;“obleﬂ’ are alsg as Palied with in gitu
Aﬁ¥ of treatmernt positive conirol
n°af@sx ac'yﬁ.m_ L0 surface meihnd 5 3 ck of suffi-

SRR w1
,-e in the use of some suggested Ch

r arium, uranium,
Pronoss : roctment molhods
aux1on Fottowt »y Surfﬁcw treatment of
of amzonius from ¢lays hy me
sethode are descoribed in Deuteon
' of catica eltution of

hgeﬁ fﬂaf;fered fo

nrtrs v/ﬁ,trkye ; 9
tonie sirgngth ﬁJgsti
{14*4) Resuits of laboratory and pilot soele
ramniem By goncentratsd solutions of calcrun, ma dm, o and sediwn are
sumarized i Buma et al, (1%41). In general, the cetion elution method does
recdace aaaontun Concentretipns considerably n the rostoretiom flurd, bowever,
Beseling levels havy not been achicved in the thres piriol tesis reviewsd,
Becanse of the ¢hift Sy from armontum-baset Tixvyienis in rooent yirars, the
pricary emphacics of this projedl has been on restoretion of s ifers loached
with sodiun-based Hxtviants,

The peompry contaninanis Lhat are produced by setiar-hosed Tayvian
wit TR onan be trerated By dn o s3%u restoration melhod Eripr rgdnrenpnnifive
flenla Qufanium, arsemc, seienium, and molyl Tre eddition of rotuied
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Sb]fL’ compounds {e.a., sulfide, suifite, and sulfur dioxide) t
wviated through the leach zone for restoration has been su
¢ ¢f imsonilizing the redox-sensitive efements, The ¢
ustng reduced sulfur compounds during restorztion 15 described in the fotlowing
perayraphs, and laboratory Lt “ies of ir situ restoration by suifide addition
are discussed in the experime &l section,

The sclid/soluticn system that is envisicrned when sulfide is addec as a
cherical reductant to a leached ore zune is cdspicted in Figure 4., In this
system, urznium (V1) tricarbonate (UTC) is present in solutvon and ferric
kydruxide i1s present as a so!id produced by the oxidation of pyrite curing
feacning, The bisulfide ion would be the cominant sulfide species in solution
uncar alkaline conditions. It would lower oxygen and UTC concentrations in
solution producing uraninite, dissolved carbonate, reduced sulfur species, and
perhaps sulfate., The dinteraction of HS™ with ferric hydroxide, Fe\OP)
procuces FeS anc eleserntal sulfur, The FeS and elermentel sulfur may rwa
slewiy to produce the stable end procuct pyrite. The thermodynamics of theee
reactions are discussed telow.

In the pH renge under consideration, uranium exists primarily as the
uranyl tricarbonate species (UTC). Recuction of this species by HS and the
formztion of ureninite (or perhaps amorphous UD,) cén be represented by the
following equaetion:

yUn_ o :“. “- . - N le ’ - 14
AR T HZ + 24 ULZ\S) + Srﬁmb + 3}CQ3 (1)

Tﬂ? free energy change for this reection is -34.9 keal o4 log Kygep 15 5.8 if

‘uz £51id s urfs\ﬁﬁte.

Pl
;,,

igure 5 is a plot of the activities of UTC, HS™, and hydragen fon in
equilivrium with ureninite and elenental sulfur with the bicerbonete activity
fixed at 31 ppn. (Tne thermodynamic gats used for the calculetions cune in
tnis cection are Visted in Tatle 3.) The plot chows that even low concentra-
tons of HS™ will keep UTC L a very low level in solution, For instince, at a
4 o= B, HS activi* n 1077 motar (= 30 ppo) and HCO, ectivity of 200 ppm, the
UTC activity is 1077 gojar (= 8 hnt}. The highest UTC activity that is
shown on the plot is 10 T mntar {z 0.8 ppb U). oThis UTC activaty is attain-
eble 2t equilibrium when the pi = 10, [HS™] = 1077, and {nl03] = 300 pim.

t
Py
F

th

Howover, as depicted in Figure 4 the added «ulfide will 8130 be consumed
hy discolved oxygen and ferric dron precont es ferric hydroxides, Oxygen will
be redoced by sulfide producing sulfate (1f there is sufficient cxyyen)
scenrding Lo

i - 2= + \
20, # NS 2 SU, 4 H {(i5)
5
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TABLE 3.

Thermodynamic Data for Computations

Compoyn G2 og0 Reference
Feilis ~3165.5 {kcal/mole} Wagman et al. 1963
Pyrite -39.¢9 Wagnan et al. 196&¢
Mzckinawite -72.3 ferner 1957(b)

{tetregonal FeS)
Greigite -£8.4 Barner 1Y67(0)

(cubic Fe354)

bo)

gure & 3s a plot ef this equation with [Ro0T
The plot shows thit
ang 1? the conter

34 fv’ tre Other

nite) can coexiel

-‘:(",7? U f "{(
nr, 1 Wmore Ufp 1180

molar),

5%.

chengs Tor this reaction is

caristles,
i tn,.&;uﬁf&r.
tharn ﬂ;ﬁfﬁxﬁmgie Y 107
' From
Jﬂﬁvﬁ recuces 4 moles of rx\v’)g &1t
{Ris 18 reoused ﬁ@?é jve 1
trant ‘,».;.:t B f

J
Frey ox e (I3

vtra*nfx 541 ﬂ%.id n,.:%

intg

-21.3

- -

- ,
o5 ]+ 3 log LHCGSJ

molar,

s

FTCE e LA

redissolution of ﬁﬁ?'
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v’.'“\“#‘cxv, Qj{"'f‘t’iﬁk(\ &ﬁ‘d
insdakovsky 1974
Langeuir 1978

cegir 1973

g
a1, 1954

¥agman el 21, 1968

keet and log Kogep 15 101,

3 log [HS ] + 2 pH - 50.5
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Field Serrlinn Procedures

: ‘ & and livivigny were
viUrs, Texzs, in Sﬁia wine spa2rated oy

b Tixiviant was supplied from this mine by
round water and aquiiver sediment were col-
" the Korth Platie mine locared near
cperated by Ursnium Resources, Inc. Simi-
botn mine sites,

Pl R EL U
1 during Aprid
Tected during August
0 4»1&5 Wyoming.
Yar sarzling procedures were

For ground-water and lixiviant sampling, 3 flow-through monitoring syvstem
connected to the outiet line of & pump 1neua??ed in the weil. Thic allowed
srerent of certegin <e§uc4ﬂ* parameters {pH, Eh te re, ang elec-
prguctiv ty) that would indicate when gru.nd wiier represen i ;
} : 2 s :ag‘ﬁ be tak ,
toring system ;wa at the
ar Lo measure the amount
: it noused the pH, Eh,
smeter: 3) & water
ffers with the
The system wes air-tight

— ’. e
TR
s
I S
joa%as

&&'H

WAL WE

e
T e e e £
By o DERYL R -
Loy 5 L

royng-dater Manitoring Syslenm

we Tge L e &
L) Legetog® #é ‘V;‘:'J'uri,f’g [334] ?\P L85 .
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to reduce contamination of the ground water with atmospheric oxygen, The pH,

En, terperature, and conductivity were monmrtored caniinuous ?y. When Lhe roade

T these paraneters stanilized, filtere {0,220 nors G

for analyses *hc; inciuded onszile a%ka§ér;z} and culiide

anztions, Subcamples were preserved by the methocds listed in Janie & for
PHL as described in the faoliowiny section,

B ot r::i‘,' N

ware taper

ouier
taborstory analysis at

To ontain sediment samples to use in laboratory experinments, four co:e-
holes were drilled at botn the Texas and Wyrsang sites. The matsrial coilected
irezents unleaclhed uranium cre, leached uranium ore {Teras site only),
reduced sediment downgredient fran the rell front, and sedinents froo the
aguifers ahove the ore zones., 7The zore material was photoyraohed and described
in the fieid, and then wrapped in plastic bags and placed in fight-fitting 2VC
tubes. The core mazerial displaced mast of {he air from the tube, whic” was

hen Ccapped and sealed with si §;c0 rubher,  Fo i ores, the PV(
bes were fitted with a ¢as ﬁu”n ny systen Lo remos on o tne tub

herety  Ynhibiting the oxidation of th ]

n for the Myoming cores it becane apps

t the sediments had been at least garti

i

tar) experiments
';g the storgye

Ernalytical Methods

formed on ground water and Eixiv"nt collected
uents from 1%& Flow-through ¢ u i wspvﬂxr&rts
m batoh waler/sediment irteractt L34

ﬁv 1 :

a analyze t?
Luenis, of ?Vr
7 dnd 5 ed rlasme {ICF
Se, As, A a3 alsn
ot §on : 5 Urani
5C 11A-3
¥1d] re =i
G pd flu
[y % gl red oand b : :
or any metrix el fect This mothod i§ v@r) ;ensiti?

its of uranium in the parteper-diliion rangs.

The concentretions of major anions, otner than carbonates, in scolution
were ﬁruhuraﬁ ny ion chromztography on filtered samples, Tras procedures ¢on-
sists of chrométographically separating the anions in an exchange Coiamn
followed by etlution of the anions and measur tof conductivity @l Charace
terictic peek tocations, A carbonste/bicerbonate carrier solution 1s used Lo
elute the eniens and mgintain @ known batkground conductivity level, Roecsuse
e Lacrier eluant was a carhonate/bicarbonagte salution, the trorygantc Cartan
¢oncentrastion of the solution could not be determingd by 100 Chrametogreph.,
The classic standard acid titration procedure (ASTHM D-1067, Part 31) was uted
to doterning alvglinity from which the inorganic carbon

e et R R P

(a) &fsﬁtrﬁx Limsted, Concord, Ontarin, Larans,

32
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TERLE 4, Sample Preservation Methods Usg

{from EPA 1379).

ed at the Morih Piatte Mine

Total Amount ta, of Saopies Treatment
ks 111 and V 200 mb 2 - 100 mb Fiiter and freeze
Fe Il and 111 00 mL 2 - 100 m Filter, acidi "y, and stere at

t\,S and Gamma 4 L 4-11
coliroscoyy

ICP Spectroscopy 200 mb 2 -~ 100 mb

{rnromztography 230 mL 2 - 100 mL

Dieeolved
Orygen 620 mb 2 - 30 sl
{total) 20 mi 2 - 10 =l

{filieratle) 20 sl 2 - mi

<
N
L)
~
'
)
%
b

Sié.

3
P
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3
f
»
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o)
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The aquifer sediment samples were analyzed by a variety of techniques both
befeore and after use in laboratcry experimerts. Samples were analyzed by x-ray
diffraction to identify the F%}HF mireral phases, Thne most Common minara%s

vz, reldsy

preozent in the s" Hmernt ar, Clay, and a caicite Cement,

Clay vinerg s wera e 3 m osone of t% sediment for @ more ﬁatasied
arc}ysxs. The ciav m;ncraES wizre analyzed b ndard procedures that involve
saturation of the exchangeable sites with p tum and maynesium and treatmant
with ethylere ¢lycol to cause expansion of perdable clays., Also, the

mount and 7ﬁ9ut1ty of the exchangeable cati were determined on sediments

udeé for the Wyoming column experimants,

Pyrite was present in some of the sedim.nt collected from the Texas and
Wyoming ore zones end {rom the sediments downgradienl from the gre 2one.
Because pyrite cen affect the redox state of the system, its concentration was
meznured in severel sediment samples. A method developed and tested by Lord
(1982} w55 used for pyrite de ?eﬁminati r:. Th i1s method consists of disso! ution
and removal of solide other than sedirent followed by diss
i *70“ of pyrite end Qiaﬁtztansve ﬂaﬁ_ur» .ai f releass s yron.,  The Getect!cn

irted with o site lesch
ved combining solution and sedi-
long-term water/sediment inter-

4 phases, Flow-through column
on solution composition of
b, The contzci time of solu-
< 3 to 4 cavs; t’w hatch

i

ﬁﬂals&te ghe
f Q-hg_ L)

A

sinztion of resuits from
’a“wrm tion that s<hould be

k=
%
[
@
S

BEw M"ed

e
o fons where sround water moves at rates of
t e ﬁ&ﬁigﬂ of the twd types of lzboratory experiments
i he na two Sections, An evaluastion of the res aits of

i sperimegnts Tollows i'ige sections,

Soatic bateh experimenis were ﬂrfarw‘d to evaluate the effect on solution
il soia iticn of 1 i ﬁth?) c&:%cgt between lixivient and
Solution ,
yrariym h mine near %“
Hyoring, The Tezas lixiv obtained from a Benavides
ént the %j“Wzﬁg soiution was 3 synthettic lixiviant made b
epproprtete chormicals to ground water colledted at the site. 11 was
_ use syathetic Mxiviant for the Wyormnno §ite because the pilot
towan nol Ieaching urentum st the time of sanpling, so Hixiviant wss not
svattoble,

sies wmere oblained from the
‘s, and the Horih Flatte

-
LS

L]
T
e
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Three types of sediment were used for the batch experiments, Leached-core
sediment from the Texas site consisted of aguifer material from a uranium ore
are that had been leached during Commercisal operation of the plent. Tre area

z iat
Sed tepn fooched for approxemate?y 2 years, Tra sgcond sedynent type used in
tne “vparimgnts was from the reduced side of tha roll front i1 the Texas and
Wyorming ore-zone agquifers, This sediment represents the material that the
lTixiviant would contact if the solution were allowed to leave the leach field
and move down the hydrologic gradient. Finallv, relatively fresn ore sediment

from both Texes and Wyoming was used in some ¢f the experiments,
Y Y

The sedimant samples were prepared for tne experiment in an anoxic chamber
to minimize oxidation of ihe seciment. Approximately 4 kg of each sediment
type were diseygreoatsd and placed into separate 4-L plastyc containers, each
containing 2- L(cg iixiviant, Fyrite from Ward' s Natural Science
€

Festablishnment, °) Inc. and FeS-coated sand grasared gsing @ modification of
Gent's (1577} method wﬁre adoed to some of the ntainers 1o detarmine how
these solids effect reduging conditions in the Syu;em. Tehie & lists the
variety of solution/sediment mixtures that were used in the experimzni, Lids
were pleced on the containers, and they were egitated for apureximately
15 min, After a settling period, tws gistinct layers were observed in the
vedis s a result of separztion of the fine and Coarse particles. Tae

ut £ aiﬁed some susnpended particles. Tnis sclution was removed by

i 25-mi. alicuots were filtered through 0.22-um filters for anzlysis.

iids ware replaced on the containers, and the slurries were shaken to
grneous wixture, Once mixsd, pcr%’c"s of the Jthr) vere p:.red

wide-nouth jsrs. A f“*il s‘ﬂunt Of the origing! tation

» the sturry so the ?r u»ﬁd

ingrs,  After atl

rom the controlle

Felmar chamber 1§

e fntet/oul

ric The wide-mouth

vx;wf iw the chamber and Lhe crambe!

sas wes used Lo purgs the water of Gsf‘:
sowed very Tittle dissolved oxygen (<.

sitions {B ppd.

0 Am a“clys s of
Ty quﬁﬁ to air-

g our samples in a controlled etmosphere (aryun) chanber,

&ir in the sample conteiners, and subrwraing the containers in
er, we attempted to eliminate &1l extornsl patimeys for Cxyyen
the enclased enxironment of the sediment-lyxiviant slurry. The
e F,,;?n WAL thﬂt which was dissolved 1n the Vixawviant {(2pproxie-
aly B pom) afier dts storeye period, The semples were cept submerged for
vartogs Yengths G! time and then resoved and sapled tar anelyars as deccribed

b tee foliowing pareyraph,

At Hatignal *f‘ﬁwtw Patablishment | Marte by, Lalifarnta,

¥

r
ﬁ“?fxigivgﬁ iy @ registercd Lradeasrk of the Rohm end Heas Co,, Pritadeliptia,
1

o
<
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TABLE 5. Solution/Sediment Mixtures Used in Batch Experiment

Tenss | Wnmiy TatviaTy ana
Zediment frow i froa Folrowing
Zones in tha Texss ﬁc;ifer Jones tio the g Bguider
1) reduced zone 1) reduced zone
2) axidized zone 2) exidized zone
3) ore zone 3) recuced zone plus 1% pyrite
4) ore zone plus 5% pyrite 4) reduced zone plus 5% pyrite
5, ore zone plus 20% FéS- 5) reduced zone plus 20% FeS-

coated sand ccatec

£) ieached ore

REGLELATOR

C?§>

o

Gk GOURCE WATER

FIGURE 9, Felmar Chamber and Gas Purging System

Fourteen samples of each sediment typo were subaerged in the Felmar cham.
ber, Duplicete sampies were fahen out of the Chanler at 2, 4, 8, 16, 38, 75,
and 10} days., After removal from the Felmar chanver, the sawples wore placed
mredtately in 4 controlled atx;a:serp chesor, In the chenber, the slurry

Jch 0,45-um fl%tc‘ 5, énd the o4 gnd Ih of the

The g@eutxnn ssmpies wore removed from the chasber

i1t fosubs ﬂtéaﬁ irtg five indivicdual eligant S
u&ed far sciviion analysis are descrited in

.5 “pre filtered thro
s opmEatured,

a previocus section,

3h
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The batch experimental method w3as also used to evalucte the effectiveness
of sodhum wulfide auded to spent 11:1viant as 2n aid to e-vifer rostorztion,
woditem soifiie wis agded to soluticns and sululion- V?uf»au!id mirtures 10 mea-
ere the «¥facts on redox ,uuengxa} dissoived oxygen content, pH, and solution
compositien.  The solutions used in the expe: iments were distilled water and
Tixiviant from the Renavides (Texas) mine. For the sclution/sediment systems,
Tixivient was treated with sodium sulfide and allowed to interact with separate
sampies of iror-oxide-coated sand &nd leached cre.

The sodium sulfide bztch experiments were conducted in l-L reaction flasks
fitted with pH and £h electrodes, & sempling port, #nd 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 experiments were begun and
guring sampling, nitrogen gas was flushed through tre flacks to df <p1ace air
and to minimizre contamination with etmospheric oxygen. Af{ter flushing, the
cutlet gas lings were clamped, The flasks were not totally leakproof, and
baced on fluctuaticns in the Eh messurements, it is probeble that air slowly
2xed into the system, Temperature was allowed to fluctuate with room
temperature, wiich was about 22 (:2)°C.

The sulfidz-addition experimenis with mixtures of solution and solids were
sterted by scding 75 g of sc?%d to 750 mL of <olution, Solution samples for

cherical analyris were withorewn at mecsured time intervals to follow the

Saminhng Port

1 R S
Gas i i BN L (7]
Tk O
O
O
’ U |
3
\ 1Y en (.
Biinersnt Botiinm r-
"r;f:, F ": o tj
B F Ateae
Livew
Pc P - o~ - i o~ w i
s o e o]

FIGonr 10, Laboratory Apparatus for Bateh Salfide fxpeciment

is g regietered tradesark of the DuPont de Neaoure, FU1,, Mo,
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minctoa, T lgue e
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~
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nrogress of any reactions. The pH and Eh were monitored continunusly
each experiment. Solution samples were awalyged for the major ce ions,
sulfice, and disscived oxygen., Analyses for cations and énions were i .
as described previously. S~m$‘es for su?f.cm dotermination were prenpfxnd by
atding sulfur antioxidant buff»a. Concentrations of sulfide were then mepatured
by Eh titraticn with lead perchlorate t\traﬂ* and sulfide-spzecific ion and
reforence electreses (Orion Research Inc. 1970). Dissolved orygern wes deter-
mined by Winkler titration (Franzon 1981). As expected, the aucition of rela-
tively small amounts of sodium sulfide to the lixiviant had a major effect on
Eh and dissolved uranium concentration.

Column Experiments

Flow-throuch column experiments were conducted to study retural restora-
tien and restoration by induced methods. hatural restoration was evaluated by
punping Tixiviant through ¢olumns packed with reduced sediment coilected down-
gredient from Texss snd Wyoming roll-front uranium deposits. leached cre and

spent lixiviant from Texas were used to evaluate ground-water Sweeping and
restoration enhanced by the eddition of sulfide to the system. The laboratory
épparatus used for the column experiments was similar in all casecs

The sediment was packed in Lucite® columns that we with Lucite®

ed
collars and endcans &s shown in Figure 1l. Each teap contained an O rirg,
which seated ageinst the end or the cylinder, 2nd was held by screws through
the endcap and coilar, Solution entered and erited trrouch holes drilled in
i nicaps of the bolxﬂ's To prevant paruiase migration, sach hole was
rad with @ ny o sh filter {30-um pore size--21% ioares) supoorted on
inless steel screen and atlached to the endosn wit! stiicons
snd, AVY columns had an dnner diameler of 6.32 cm. Three ¢
~q§ cf columns were veed to give nowi nql pure volumes of 150, 40
when the sediment was pacred to a bulk density of 1.5 g/em™,

“/fﬂIEthG

u'?" wif‘

Each packed column was connected to a pu
tically in Figure 12. wa‘yﬁ nt or ground waid
ither @ syringe or & multistaltic pump., The ea?utaﬂn flowed .
nhante <eturation of f*u column with the soluiion) and cut 1o &n ﬁRLQW&;§C
fraction collector, Four some experiments, ineline En and pH rements were
marde on the column effluents, The effluent seémples ware preparesd ond analyzed
according to procedures described in the section on anglytical methods, Seve-
ral of the column experiments wire conducted insicde a controlled atmosph

§

™

here
chc ser to miainize Grygen contan “thgon from the ng,(~>;re_ Tre colunn
criments showed that satural restoration end restoration by chamical
::uatisn melhods have sdvantéyes over the standarg metnods for restoration,
Also, come of the Tim tations of ground-water Swoening were oew»v£¥r¢~e1
tn‘*~ results are described following the results of the batoh sxperiments,

w1

G e ko i e ey S b e

Eucite 15 @ regintered tradesark ¢f the DuPort de Nemours, Bul., Co.,
wilminuton, Delsware,
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processes appear to be
lude aorﬂ*:on, oxidation-
e #x 2el s Cunoylted N
of the oxidation
of ﬁr&nium dis—

ri stuuS, &n4d a

oration was oo
dyscussion ¢of ihe sperimental res

There is little doubt that the larys incre: in calcium and sulfate at
exinning of the esperiments was ceused by tie dissclution of gvpsum from
Jjﬂ5u4 is an a ﬂarm=3 component of the i fer 39u§ments, and
ez lezched ore by oxidation of pyrite dur-
eching wy“zwﬂ vas probabry prody in ihe gre-zone sedi-
the r;ﬁuﬁ&d sedi"@nt by pyrite oxidetion during colliection énd stior-

tion of tne lixiviant from §3 to 21 mg/L
hed ore and rp*;".u sediment was probanly
3 ic mgiier, or otner
sed uranium

yranium concent
th u“th the lea

kg
|
-~
.

v _3fi£y of the 2-, 4-, 8 wi 16-day samples

; zfrer which 1t decreased, The degreace in di sso‘vaﬂ
TeRRY ¢ o post-l&-day samnles 2ve resuited Trom the
tuction of **e +6 fa the +4 ygia e ctate and precipitation

prime inter-
srnd conid heve served as
vrice would oot lead to

U7 é"’p‘:i}h

HGE ﬂiC matier as
a0 dissalved in the
ef the solution is

rEdnr-5ensitive Consti-
in the 2- and 4d-noy

Yo gheen v % .
Tse to The ariginal

¥gen, the apxt constituent
.»s'vqfn 38 {Jﬁ..efrgr,t iﬂ thf“
s Fel{lll)

Lfter trne aerobic hacteria consume all of the
o he reduced is dren (Champ, Gulens and Jactrson 167
Pannives form ans s ferric Gxyhydroride soiids i
s rediced to Felll) ¢nd the Th is I« more sule
s 4 concentration in solution indreases ¥ e ere prudebly
5 to be dissolved in the lesched gre tran i the reduced
3T # atly, drssolved tron concecirelions are hrgner Tn the
phatsons fron the leached-ore sarples,  The dbeday senple cnuwes Lhe maximum
Aiseniyved 1ru congsttrations for both the leagthed gre gad reduced sediment
SRS e 3L g pﬁaa;u,e that &t thiv peint, dron-reducing beglerra has
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ive to the process of urznium resoval from solution by precipitation of

aiternat

U{1VY) minerals, the surface exchzange sites on the aau7 for solids may he chang-
ing with 11”9 *c 3 Chf””Iﬁﬂ that wo ; rotes of wurancum and its
reviyal fromosoiution wig 2 sorption proces owEves, this process soams ess
Tikely if the Fellll} ﬁk*ées are 2139 beiny consumed during establishment of
reducing conditions bacause these uxides are ths ids most likely to adsord
yranium (Anes et al, 135 3)

Sulfate-reducing bacteria may begin to influence the system as the iron-
reducers begin to decline. This lowers the Eh even further and produces
redyoed su2fur species, This will have a siugnificant eifect on the iron con-
centration because ferrous sulfides {e.q., pyrite) are not very sa2luble under
these conditions, The precizitation of ferrous sulfide minerals is reflected in
the experimentel resulis by thn decrease in total Cissolved iron concenirations
f sproximately 25 mo/L day 35 to 2.8 and 6.2 e/l et day 75 &nd 0.35 a-d
Z.2 my/L et oy 101 for the !‘35 wed-ore duplicate 5éﬁ;Eﬂﬁ. Sulfats concentra-
{ (Fioure 14) also dropped 2t the end of sxperiment | although it was aot as
T iron hocause dissolved sulfete ﬁcnaenrratian was ruch higher than
a¢ iron, We noted &l day 75 thiet the color of the sediment had changed
ight grey to bﬁa'k with 2 metallic Yuster., This is & characteristic

e ferrauc sulfide solids., The discsolved iron Concentreziions at day 101
ediment are 0.1 and 0.8 m,fL while the pezk values at dzy 36
I mg/l. No significant czt chianyr was noted Tor the redused
iaried out Gerk ¢ray. éWS‘WL af errous sulfide precipi-
; sén@”t %&ﬂ;%ﬁs iﬂat ¥4 to ectount for the

}&&5 as5e of the leached ore,
5 imilar "anuﬁs zﬂ the

N

.
¥
!

«4

o "’\

e LY 6y

d corcurrerdtly with the Terze batch expori-
e ihne Vyoming serhinenls thet were yused

iraent

Siment with 1 wil pyrite adaed

irent with & wi% pyrite added

pnt with 20 wil FeS-costled vand added
ment .

o5

anned rve:autiﬁﬁs in the field Lo keep tre reduced cediments
b S ceuse of the relatively short amount af tiee between
cersle cc?!er"aﬂ and use of the sedhimenis in these eaperimente, wp feel that
torse gaperioents closely simulate the process of neturel restoretion for the

ayring rine stle,

35
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The soiution data for these batch experimenis are conteined in Aopandwx B,
7.1 to B,5, xhe 1 xiviant used in these exgeriments 1ad a

ion of 9B 3 & ifate conrentration of 439 ppm, The

“ L omixture &t the beginn fﬂ; of ihe

‘w,;hyra“ ons of these constituents: @47 p calcium and 850

£ oqimiler crange in concentration for calcium zad sulfate was

om
roted fu- “the Terzs batch experiments, Tnis occurrence is most likely 2 result
¢f the formation of Gypsum in the sediment from pyrite oxidaticn and calcite
¢issoiution during storage of the sediment, Cypsum dissolved in the lixiviant
wioen the solulion was edded to the sediment, The calcium gnd suifate Concen-
trations of the lixiviant did not change wﬁﬂn it was added to oxidized Wyoming
segiment colliected upgradient from the gre zone where no pyrite is present,
Tris ig adzitionzl evidence tnat oxidation of pyrite in the reduced sediments
produces the observed effect on calcium and sulfate concentrations,

# the response of the sclution concentrations of cai-

t time with the various sediments, U =n no pyrite

fon of these constituents remainad fairly steble. The

e edded, the higher the resulting ca?azum and sul-
ion, In the case of the sediment with 5% vrite
reached eguiliorium with gypsum. The sclutions in
with Fes« ca&twu saﬂd did nst shnw trhase large
3 e LDy roed in a
Aithough 20
hﬂ sated sand,
ch !aas than 1*
in these

tn fcéa%um et 4
oty iﬁﬁ poduiad

Jht 5 FeS.
4 g«x‘a ?'§

Qg O

14

dissclived iron for the va

fround Tor celotum and

ye in entration conpar ¢
¥ it thg Felecoaled sang :
sughout these Lwo expirirents, and iron
iy %ﬂsgiw Ye furric hydvoud Tre
fe e, AU B and 16 rAays,

%“63"*Va110n £s in the gece of the
iron cantentrations ere believed a8 result
u«»ﬂt of rw,jhtng (an}iiQﬂS {[for Felll}/Fellll}] and the digso-
rric bydroxide in the sediment, Figure 20 shows thet the [h of the
xere mpch Tower than that of the eriginal tixdviant {+347 V),
wore wes not @ divect fcorrsspondence belssen misntrun IR gnd maxiogm
preentration, The 24 values of the galytions were alen

1ean o 3
afdan fiy Lo ‘t;q fowith reduced sediment, 10 most Canes, the mintmyn pHowes
acrtoyet at the end of the expertoent after 10] days of contect time (Frg-

‘
are 2V The artunt of pyrite pr

wd Lo delerming (e anount that oH
ser e, For tne griyinal res o el the miningm pHowae h4, with
ardiert, thg fraeent pM wilh 5% pyryte gated, 14 owag 4,4,

were 6oL syt figter griunate mi nnrp¥s presest o in 1hig

4y
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sediment to buffer the pH as well as thr Texas sediments did. In the Texas
sedimant with %% pyrite acdded, the minimum p+ wes 6.5, The low pH of the
wyomicg sedimants with pyvrite added would elso contribute to increaeses in

¢ zeooved iron concentration because the ircn oxides are more soluble at lower
pH values.,

The dissolved uranium concentrations for the Wyomirng batch experiments are
shown in Figure 22. In all cases, the uranium concentration decressed through-
out the erperiment, and sxcept for the oxidized s:diment, it was lecs (han
1 ppm at the 101-cay sawmpling time. Because the solution chemistries of the
experimerts with reduced sediment end oxidized sediment were markedly differ-
ent, we believe that the chemical process by which uranium is removed from
sglytion may be different for the two sets of experiments, When pyrite was
added to the reduced sediment, the redox state of the system was lowered as
evidenced by the high dissclved iron concentrations, BRecsuse uranium minerals
cuntaining U(IV), ere gererally less scluble than those containing UI¥I), the
dissolved uranium concentralior will decreece if congitions change such that
the dominent urenium species enifts from U{VIY o U(IV).

Another factor to consider is the solubility of urzrnium minzra,s relative
to the amount of carbonate in solution. Uranium (VI) forms strong cerbornate

s nent with $% Pyrite
ment with B Pyrite
:nt witl FeS Ooned Send
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£
b
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complexes {Langmuir 1978) that would be the dominant uranium complexes in the

Vikiviant used in these experiments. However, because the pH of the solution

decreases from 7.8 to iess than 5.2 for tn: \P)d”“d tud}m‘ ts with 1% and 5%
oyrite added, the amounl of diszolved carie o itously, therely

m;auaging the soluniiity of uranium W‘zt»uls.

The formation of uranium mirerals i< not believed to cause the reduction
in solution concentration of uranium in th=2 oxidized sediment and FeS-coated
sand experiments., In these experiments, it did not appear that recucing con-
ditions were established hecause the iron concentration of the solutions did
not increase. As disciussed previously, the presence of ferric hydroxide in the
sediment favors adsorption of uranium onto the sediment, and this is most
Tikely the process thel remaves uranium from solution in contact with these
sediments., It is intzresting to note that tne final dissolved uranium concen-
tration for these twn experiments is aimost as low as that found for the
reduced sediment with pyrite added., It appears that it does not satter whether
the sedimant is oxidizing or recducing; given sufficient time uranium will be
vonilized by the sediment, and the concentration of dissolved uranium will be
decreased accordingly. This is the main reasen tnat we do not feel thet ura-
nium would be @ good indicator of a lixiviant excursion from .he leach field,

Kesults of Column Experiments Evaluating Natural Restoration at a Texas In Situ

These experiments were conducted during Atgust 1382 and hovember through
Necember 1932, They are describes in detail in Deutsch et al, {(1983). Here,

zrize the experimental results in order to compare them with the results
of sinmilar experiments carried out on Wyoming sediment and lixiviant.

{ments showed that the ok potential and the con-
carhonate In the lixivient that was pumped through

t?y gffected by ;cntart with g semall ancunt of sediment,

i 330 mv, the dissoived urenium

The Texas coiumn
contrations of uranit
the columns were gre

Tre £h of the csolution changed from +300 v to -3
¢oncentration dropred ffOﬂ 52 ppm to less than 1 i, and caroonate concentirae
i decreesed by half, The concentrations of most of tne mejor cations (Ne,
and ¥) snd anfons (01 and 40,) in the column effluent ware equal or
Bsls thet most of Lhe mejor
ded by chemical resclions as

-

13,

. o those of the influsnt Tixiws ént This <o
s of the lixivianl were not significantiy rets
y pevsed through the column,

The chemical trends cbserved in effIU6ﬂt solutinn chenistry for the colunn

experiments allow us 1o hypothesize on pronable mechenisms at work in this

ater/eediment system, The initial effluect from the columns 18 composed
criefly of resicdual pore water 10 the sediment, [t i& cistinctly different
trhan the ground water that wes collected at the nite, and this variation is
ettringted to reactions occurring between the pure water andg sediment during
ctnrage, The Mix to dux increase In sulfets concentration of tne {nitial
effluent from all of the columng compered to the orasured Qround-wealer Concen-
tration of sulfete 18 a resylt of oxidation of pyriie {Fe$,) ia Lhe sediment by
prygen thel entersd the wystem during ; ot bentien ﬁr(&tarég?. Pyriie

R H <
cridatson produces sulfete and fereic dron, Ine sulfite concentration
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increased in tre solution, but iron concentration remained feirly stabie
because at the redox conditions of these solutions, 1¢ is precipitated &s
hydrous ferric oxyhydroxides. ‘

The oxiraticn of pyrite &l preoduces hydrogen iOHS that 1) compete with
ctner dissolved cations for surface exchange sites, Z) hydrolyze silicate
minerals, and 3) dissolve carbonetes. These reactions all tend to increase the
amount of Ca, Mg, Sr, Na, and K ir the soluticn that is observed in the initial
effluents., The only constituent of the initial effluent sclutions that shows a
lower cconcentration when compared to the ground-water cospa=1txon is carbonate,
Expressed as carpbonate alkalinity, the concentration of this constituent
decreased by half during the storace period of ths core in response to the
increasing concentration of Ca (and pvuwably Mg and Sr to some extent) and the
resulting precipitation of calcite (Caldj).

After the residual pore water wes flushed from the cores, the effect of
the lixiviant/sediment interaction was chserved in the composition of the
effiuent salutions., Pyrite was stasle in the Jow redox state of the system
established by the reducing sediment and shown by the measured Eh values of the
effluent., BRecause pyrite was stable, additional suifate was not produced and
the dissolution and icn exchange reactions azcompanying an increese in hydrogen
cencentration did not occur. As & result, the concentraticns cf Ca, Mg, Sr,
Na, K, and SO, decreased and epproached the influent concentration as cumula-
tive effivent volume increased, Most of Lhese comstituents did not guite diop
to values as low as that of the influent ixiviant} sclution. &t the low Ehs
measured for the effluent, sulfice would vo the expected sylfur specie rather

than suifate., Apparently, he rete of syifate reduction was nut édeguete under
the conditions of the calumn experiments to alter an appreciahle avount of the

influsnt sulfate to sulfide,

bemical interection of vrarium with the sediment is of  amary inter-

‘vs own sake and because from if we riny g2 in 1ﬂf’fﬁﬂ*10ﬁ about other

L] wente,  The datag fron the Kovenler-Decenbed ag rtmura]

ion cotumn grpertment (Figure 43; chga thal uranium concentration in

wzs definitely affected by resctions between the Tixiviant and sedi-
‘owing en initial praking of uranium concentreiion in the effluents

from Bree anlgﬁaa, e conceniralios decreasssd mark

stanil ze at the low gpnoar ppb level, The previous report {Deutsch et 2},

19%3) diszusseed possinle explenations for tnis phenomenon thet include 2 lag

+

8

!

P

dly and appeares to

ime for the estedblisnoent of reducing conditions in the sediment-filled ¢olumn
id the formetion of a concentretivn-limiting yranium selid with low solubirl-
ty. Whatever the case, the wmovement of dissolved uraniun fg definitely inhib-
3 [
i

it
1oxd by contadt with Lhe sediment usad for thr pocetunn esperineats,  Based on
the oorurrence of other redor-sensitive trace moteals {e,0,, As, Se, Mo} in the
»@r}p&ty of typical wrariyn roll-{ront deposits, 1t 1o reslistic *4 ascume that
tne mnni ity of these elements would alse by retarded hy waler/ovdiment 1nter-
n’t!&ﬁ%. Cosnenaently, the rescits of thece Texas coluan gxperinents 5%“ubd
thet the rovemont of Ceriain eleurnls that bave boen fdeatified 26 containants
fros in ity uraniom mining will he celardsd and inal wster/aediment 3ﬂgffﬁv'
ttise the conlaninant,

Plong may ;}«T,l',‘;.ibly Frnnnh
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sajutian wwr* 16 edd
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The major minerals preannt 1n the cedinent were determined by x-ray
action to b guartz, keolinmite, chlorite, and f¢ \rtwqr This comtination

giftr

15 £3mliar to the mineralogy cf thc sediments uysed ir the Texas natural res-
turation experinent,  Howover, the Teras sediment alse conlained ﬂ»~rﬁxim»te!y
4wt pyrite, watle the Yyorning sediment contained 3,0% wit pyrite, Recause
pyrite containg elenents In g reduted vaience state, thys rineral s pwte'n
trally voportect a0 estanlishing the redox condition ot a4 ¢yotoen

Tre cyethetic hiyivient was pumped throust two se, oréte sedinent colamng

§
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pecifically for uraniur, the results are somewhat suspect end can
: gualitative cornparisons.  The total amcent 0f urgnium that
T -
i >

T
(SO

-l
1=

- R b B < v o ,
ach column was zbout 25 mg and the total ~
b B omy of urantem were deposited i ThE

coof sediment, Based o the
0Lt ne experiment, the se

heve had & uranium corcentration of about !
y with the x-ray fluorescence determinatiors of 15.1 ppm and
twp columns,

iy 580 ¢

Distinctive trends in concantretion were &1so noted for seweral of the
mther solution constituents. Thne initial effluent samples from the columns,
repragsentztive ¢of the sadiment pore water, had much ¢
calsium, sulfate, and magnesium and 2 lower pH than

guifer. As tne synthetic lixiviant displaced the re

-

suifate concentratior
Fowsyer,
h? Eix‘cis“t wWETe Nt
nothe colunn
1on end sediment, in adgdy
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ez

concentrat

L%

ical rmetnods (Jackson
capacity of the
0 g, Calcium was
gnge ¢iLes on the
: THL IS, WAGNEL Tum
rey sadiun wet frurin (82),  Using
zal u»SWn et tyon of Ter, we calculated
el g fﬁr ine va 3&&5 tation pairs on (he cleyvs, From the
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: nunts &re Gyt ierent
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Modeling the chemical interactions that occurred beiween the sediment and
its pore water during ¢oliection and s*o*a;n concisted of simulating the reac-
t‘ﬂq of the ground ww*"r whach ba” bew" ox idizes durirg sampling and storzge,

fth oreactive mine tedd Baaclive minereis #re those 1707 can
ﬁe'*p‘*a*e or csss~3we ave sz of interext (a few mn**h in tais
case). Of the minerals present in the sediment, we consicdered msonesian cal-
cite, pyrite, and ferric hydroxice to be reactive and quartz, fel cgwar, and the
?yﬁ*r*l mafic minerals found in sediments to be nonresctive. we alsz allowed
for 1on exchange 1o occur betwzen the so?u*wo and the seciment for the ele-
ments calcium, ma nesium, sodium, and potassium,

mary reactions that occurred during the simulation were oxidation
ion of pyrite, precipitetion of ferric hycrexice, disselution of
icite, and ion exchange, Tae resulting majcr ion Compos?t t?on of
zter is shown in Table 7 &long with the st arting ground-water com-
wd the compnsition of the first effluent seiution, which was ’he
ction, It can be seen that the oxidation ¢f pyrite and precipitetior
hydroxide effectively lowsred the pH of the sciutiorn, but that the pH
aereﬂ by the disszoiutinn of caicite to & value of 7.9, which is very

to that of the iﬂétia! effluent pH (2.0). Tne amourt of sulfate progsuced
model was reasonably close to that of the effluent selution, although

rLpnele concentr af?cﬁ was ebout 40% too low. Trne simulated sodi;m con-
stfs’ wes over twice that which was actually present in the first effluent
€. This caused problems witn the mogeling of the flow-througn experiment
h is described next.
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o 414 o : t
ed to th@ system as ?ﬁch selution comple was elutea, For
e P - o : &M

S FET e i Lon
szmnie of eff L FRIS, WP SifMu-

=5 in the expesriment by suding o ant {the influent
the pore solution,  MIKRTEQ was used to eguilibrate this new solu-
ixon w%‘h the segiment, encd a new solution concentrétion was calculated based
en the reaction mod2l imposed.

Initial modeling results show that we can 3dequately simulite the response
of the mejor cations in the lixiviant to rontact with the sediment by assuming
that the solytion is v eguilibrium with nagnesian calcite and ion exchange
oCours hetween dissclved cations end exchangeable cations on clays in the sedi-
ment (Figure 26). The only cetion thet does not follow the predicted eluion
patters throughout the simulation i zodium, which shows coriigeradle diver-
gEnRLe nelwesn thﬂ ehserved and predicied v@? for the initial pore ¥olunes.,
Tris happenos aise the c&ﬂfe:zra fon of vodium in the pore sglution of the
stored sedi f@ during HN\" gz, witle *@3; of celctium

increased approxima ze’v ?J time If celciun increased this much and ion
exghange cguld recur, then gome 0‘ the sodium $h¢u,d nave been removed from the
sediment, producing an iacrease in the dissolved sodiun concentration. The
motel predicied that the dissclved sodium concentration should have been almost
6.1 molar, end the actual amount wes only 0,004 moler, The re 250N for this
TieLrepancy may be that the ground-waler composition thet we used to celibrate
gar rodel w - rrtative of the ground waler from &e élv*‘@; whire the
core ad to use existing wells at the site 1o szmple

§ro mple was taken a few miles from the cpring site,

the 3 i tﬂe g'a ec »R*wr fwa7 o aauifer from .
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Altrougn tae mixing model worked fairly well for conservative elements, it

did not wurk at all for uranium (Figure z.). The model predicted thst the ura-
nium of flusent concertration will reach the inflyen: Jaiuﬁ 4t 3 pore wolumes of
g clums, Lot yne olasowed ef flugnt sanples snowed that

cumgiative flow from the oo ;
granton And not reach influyent Concentreticn (A.3 x EU'D molar) until over 11
pore volumes of snlution were collected {analytical uranium data past 7.5 pore
volumes are given in Apzendix C, Table C.2)5. Tnis behavior of dissolved ura-
nium in contact with sediment probably resulted fron adscrption onto the cedi-
aent minerals, At the present time, MIKTL) is rot cevable of simultaneously
reteling 1on exchanye for the mejor cations &2 adsorotion of uranium, Futura
versions of the cude will include this capability, which will allow us to

refine the model of tris system,
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r Sweeping Rastoration Experioert

T

Resuelts of Ground-Yat

In tiis experiment, co-umns of Terazs leached ore were satursted with a
1

Tixiviant spiked witn arsenic, seleniun, and wolybdenum, Tnese elsmenis were
zdced to tne lixiviant to test tne effectiveness of ¢round-water sweeping for
these contaminants, which sre Ccomonly mobitized during leaching of uranium,
Lixiviant was pumped through each column until more then 2 pore .olurmes of
solution had contacted tne leached ore, The influent solution was then changed
tn native ground water., Ground water was pumped tnrough the columns to sinu-
laze restorats by groung-water sweeping., The experiment wis carried out 1n
gn anoxic chawer to appruximate the reduced oxygen fugecities of the ore-zone
eaviranment. A complete description of the experiment mey be found in
Sherwood, Hostetler and Deutsch {1924)., Tne resuits are sumnarized in the

following paragrapns.

The uranium concentraticn of the lixiviant used to pre-eguilibrate the
colunns gt the heginning of the expariment was 3 ppm: the ground water used to
simulate sweeping had a urenium concentretion of (.06 ppm., Figure 29 shows the
uranium content of the column effluents, The initial uranium concentration
pesv was caused by pre-oxidation of uraninite in the ¢re during storsge &nd its
rapid dissolution on contact with the influent lixiviant solution. The fact
thet the granium concentration remained e¢levated comgpares to the infiuent
Vixiviant or ground water for the dursticn of the experiment (over 16 pore
tures of solution) suggests tihst continued leaching of the ore tay have

e
L
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e Gw e Cosliomn 2

wn cwwnim oo {e3{ient U Conzentration
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FIGUAT 74, Hranium F{flueat foncentrations {rom Ground-Yater
Swoeping Columng 1 s0d 2
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occurred during sweeping, The ground weter used in the experiment was shinilar
tootnat which would he used during an actual swee,ing operetion &t a mino
site.  Tne yround water wou'ld be oxidizing either becgduyss 1t was drawn pri-
w~r1f, from the hydrologic zone upygradient from the ore rone or &
recirouated througn tne plant eguipment, which would propadbly allos atnmos-
pheric oxvgen to dissolve in the solutien, Tne oxyuenated water would art as 8
weok lixtviant causing continued slow dissolution of ursnium-hearing minerals
and elevated uranium concentrations in solution., This would jnmibit restora-
tion for uranium at sites where residual uraniun ore mincrals are present,

Arsenic, selenium, and molybdenum were added to the spiked lixi iant at
concentraticn levels of approximately 5 ppm.  The ground water contained <(.U15
ppm oarsenic, <0.020 ppm selenium, ~nd 0.16 ppn molybdenum.  These elements
exnibited markedly Zifferent mobilities on contazt with the seciment, Arsensic
concentrations in the column effloents remained halow the analytical detection
Timit of 0.6.5 ppm, During lixiviant contact, seleniun concentrations in the
effluent were below the detection limit of ﬁ,uR ppm,  Selenium began 1o elute
from the column when the influent was changed to ground water; houcver, its
concentration in the effluent never rose aebove (0,2 ppm. Molybdenum was the
most motile of the elenents added to the lixiviant., &s shown in Figure 30,
molybdenun concentrations peaked duriny the lixiviant contact portion of the
expertinent for each column and then siowly decreased to a level approximating
that of the influent ground-water,

The column sediments were gnalyzed hy x-ray flunrescence methods after the
erperinent to determine the location of the spiked ¢lements in the core, In
the first centimeter of the core (measured frow trne influent end of the ¢nl-
urin), the arsenic conceatration was 10 ppm, which is four tires the concentra-
tinn of tne original leacned gre. Arsenic was not found at an eleveted concCen-

tra2ion at the efa‘u€ﬂf end of the core, Selenium wee rot deteogted 1n the

criginal sedinment {detection limit = 0,90 ppol; towever, 1t had concentrations
Jf L9, 7.2, and 1 Boponoin the U tn 1, 5 to K, ¢nd Y.3 to 0.7 on intervals of

the core. The m@!ygcﬁagm concentration showed @ sliunt increase in the last
interval of ine core, hut was Close to backyround for the rest of the core.

The sediment Conpositions and the effluent chemistries sugyest that
g oselentum gre not mobile unser the corditions of the experiment, but

aruenic @
that wolyndenym would @ffrstiveiy move with the cround water, Arsenic and

selentyn are 2aown to form solids in f¥ose proxicmity Lo uranium ore zones,
wnile molynderus i often found under more reducing conditions down the hydro-
Togic yratient from the uraniun deposit {Harshran 19745, Thig may partielly
explain tre enhanced mobility of wmulybdenum Conpared to arienic and selenium in
the ﬁziﬁézzng ground water used during sweeping

The dround-water sweeping experiment Soowed that aranfurn and molybdenun
gre potentially difficult elements to restore 1o haseline contentratinng )¢
thicy afe present in residual ore mincrals el the tercanestyon of Jeaching, A
restarstjon owthod thatl does not iatroduce dissolved caygen into the systern
should De wved Lo kewp these redox-sensitive elements dneontle,  The following

(%
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section discusses in situ chemical restoration, which appsars to be capable of
profucing the desired resulls without producing unwanted by-products,

fenulte of Chemical Addition Ratch Experimants

"\J

ts perntionec previcusly, long-torm pumping of well fields to restore the

aguifer mey complicate efferts to lower dissolved uraniun concenctrations, The
cre zone in a typical sandstone urenium deposit is gorerclly located in a coen-
foned aguifer slong 20 oxidetioneredustion interface Lo, 19785 ¥arren,
19i20. ﬂxiﬁﬁzﬁrg conditions usualiy iie 1n the direct of higher hydrostatic
yradient and roguCing conditions generally exist in the sn$.nfa;zﬁht fw*ection.
Cﬁﬂf”:J““t}Y. the pumping of the leach field with or without reinjection mey
result in the flow of relaetively more cxidizing solutions i1nlo the ore zone,

Begausne the (orsmon ryrm-f"m"%ng ningrals such @3 ureninite and coffinite are
mure soiuble in cxigizing sclutions (Langmair 197¢), thic type of restoration
method may Inhibit €ffarte to lower clssolved vranium Lo bhaceline levels, How-
ever, the injection of a chanicel reductant such &s sodium sulfide ¢oring the
recirculation of trested ground waters could theoreticelly repstabbier reducing
Codrrigns ta the ore zone, UYrantum 1s mech Jess mabile dn oreducing conditions
helause of the Jow sclubility of the U(IV) minerals, Also, the gencvratioen of
inyg conditions in the ore 7one 15 expected Lo enhanie restoration of the
gooifer 1o 1ts nrintngl state and thoold promote losy-termn chermical stabiliza-
tion of tne aguifer,
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A series 0fF experiments are described here in which sodium sulfide was

addad to soluticons and solution plus 5n11d m?\‘ﬂ”(s 1o measure tne effects on
nioation pot n'wa! RN VA 1 Urgisum COncent e S04, Thee first
xg:r1:~xtf Vi 10 .»pt < ¢ociis ide was dﬁaed to disvilied water,
ext, sndiun sulfide was added to a }eachinq solution that was obtained fron
tne an;v1des in situ leaching operation in Texas. After completion of the.e
initial experiments, the effects of addini sodium suifide to mixtures of the
Texas lixiviant and iron-oxide coated sand, and Texas lixiviant plus leached
uranium ore were measured. The results of eacn experiment are described
separately.

”“/\‘)g"

Sodium Sulfide with Water

In the initial set of experiments, sodium sulfide was added to distilled,
deazrated water and to distilled, air-saturated water to measure the changes in
Eh, pH, ant the concentration of dissolved cxyyen. The air-saturated water
initially had dissclved Gxygen concentrations of epproximately 8 ppm., The
desereted water conteined less than 0,1 ppm dissclved oxygen., Adding sodium
suifide to these solutions lowared the Eh as shown in Figure 31. Higher sodium
sulfide concentrations resulted in lower Eh velues, Also, the th of the air-
saturated water was lowered less than that of the deaerated water for similer
concentrations of sodium sulfide. It is rezconahle to expect that some of the
culfide edded to the air-szfureisd water was oxfd¥7 ¢ by d»cs)!,ku exygen, and
tnis process resulted in the somewhat higher Eh values reletive to the dezer-
water, Concentrations of dissolved oxygen at the @'a of the experiments
ined to be less then 0.1 ppm.  In ¢ few samples, oxygen levels wire

were detlernm
higher, but this was probanly caused by the intreduction of air curing the fil-
tretion of these samples bv\ura the analysis of dizsclved oxygen,

In Figure 31, tne change in pd caused by adding sodfium sulfide is shown
for the distilied, deceratod water and the Csbﬁ tied, eir-saturated water, e
aoditiaon of soﬁ‘um 5u:f 19 sharply increased the pd to a velue between 10.2 and
12.0, depending on the Na,$ concuntration, for botn t earated and gegserated
weter, After the znxtia} increase, the pd su*uas renained steady., The
increase in pH owas Causad by the regctiom between suifide and hydrogen ion
{Fobie, Wamingsay ang Fishar 1373):

Trhe firnal pH in the air-saturated water was sifghtly lower than in the
decersied water, This differente was probabily cauted by the slight buffering
eifect of oissolved 602 in the air-saturated water,

Secium Sulfaide s Texas Lixiviant

In a similar set of thise cxpertments, was added 1o the Texas
iviant to wmuntor the changes in Lo, pH, antum concentrelion,  After
the oaciition of waﬂ, e I of the lixivient value between <50

and <220 = (Digure 37). Solutions with the highest NeoS concentrations
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twn with enOugh Nap$S addes t ! 35S sclution and two more with
0.000 moler Neg ned ore was cdded

3 750 mi of 11 i
fore the Naz™ wai , ;

j inis ef Time 10 determine ine
uf:%ﬁsub1ow 27 any coxidized uranium mincrels thet may heave
ore. L e U increase in urdnium oncentration was nnt expes
yrEniym content in the cre was reigtively low in comparison t

of urenium in the lixiviant, and in fact, the dissolwsed uranium
decrezsed Figure 353, Tnis decrease 1o @ soumewhat sieady value of

(Y

ppm wis procably ceused by the adsorption of uranium onto the clawc
present an tne leached ore and was observed in 211 four of the ex
to the mixtures &t 184 hnurs for the 0,01 molar Na,$S

soly mours for tne 3,007 moler Ne,S solutions, Soon aficr tae
aad the uranium concentratin’s decressed to Tow levsls in
el i 15, The uranium concentrations in the 0.01 molar Nast solu-
tign remzined at less t*an 1 ppﬂ for aboul 100 hours before slowly }ﬂ';,abiﬂ"
Figore 353, In tne 0.0U1 molar MaoS solytions, tne discolved uranium remained
&t Yowered values for efad* *3 hours \Feyure 30) before incr reasing et a rela-
tively more rapid rete tiian seen in the 79.01 molar &azs sal tions.

on of sulfide ceaused predictable chanoes in the oH and Eh in

;t The pk increased and the th decrecsed rapidiy eftsr adding

35) ﬁ‘* 22 *ﬁe increass, the pH r?zurﬁeﬁ to velues siigntly
HienEr than thos before the Nasl eddition, Similerly, tre £h guickly
returned to high v JQS The rap1d decréese in disso an uranium Ccorrenponged
Lo 1he %w”“ozxz in En that oCturred Jjust afte e 5, zxdition,  This sug-
ed uraniuT wes precipit [

the

(S
]

NP N "
?Qqueﬁg

=

he return Lo wmore oaidizing condie
v@d yranium in comparison to the £n
el 61‘5”‘ tion rates of Lhe precipi-
5 3 i nat t";‘v?

vhe anded

its in 1 xiv-
csGived Oxy-
t, jis concentrations
ren 0,1 ppm et the end of

Tne T
2€ ‘1}._';;

At in after t“e SJ
te be & s%gn1f1gant cx)uyzzag é
reduced foom 2,2 ppm to less t

that atting ﬁaﬂﬁ caused the lescned ore to change from a
10 rdark grey-green in the 0,01 molar heol puperiments,
celor change was observed in the 0,060] s‘u,‘c;r* NegnS toly-
to explain the exact cause 0F tre color change, but 1t
formation of dron sulfides. B white precipitent,

tt afler toe auditine of the
st tele 1o tnd erperiments wWas
[

T L ot s . L e s
e aaied suitide was fapidly oxiized,
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Altnough these were very gqualitative experiment: and il was difficult to
clearly rdentify the important processes, it cen be concluged thac the aduition
of Neo5 caused a recduction of the urenium concentretions in tre Texas lixivi-
cnt, TIaatl of the f-x;;;ser‘i?rm*c artding crgnificentiy reduced thne nsa-
cured cxidation potentials, énd in rhngﬁ&e the uréﬂium GHCentrations wore
alco significanrtly reduced. Howsver, in the experiments with the iron-oxide-
coated sand and the Texas leached ore, the Eh remained at lowered values for
anly @ short tinme. The added sulfide was rapidiy oxidized, and the Eh quickly
returned te pre-sulfide-zddition levels. Conseguently, the dissolved uranium
stowly increased as a result of the return to oxidizing conditions. The
axsorption of uranium {possibly onto iron oxides &nd clays in the sediment)
&1%0 Caused a msaaurab!e decrease in the uranium concentration, but it seems
untikely that adsorption processes alone are cepeble of reduycing dissolved
ureniut to the law values required for aquifer restcration, especially in

idyzing environments,

Gosylts of Chemical Additian Column fxnerinents

A series of columns experiments were conducted during August through
October 1954 to sim:late aguifer restoration aided by the addition of sodium
sulfice to spent lixiviant pumped through leached cre. Samples of leached ore
and lixivient from the Benavides in situ mine in Texas were used in the experi-

ments,  in the first set of experiments, the lixiviant alone was pumred through
duolicate columrs of sediment to eguiiibrate the <ystem and remove eny effects
on the sediment induced by its two-year storage peric”. Approximstely Y0 pore

yoluwes of soiution were 9uﬁ:@d through each of these coYumns. Lfrer tie equi-
Yinretion gerion, sodium suifide was added to the same liziviant, end the oix-
ture was pumped through the columns for an 2dditional 10 to 13 pore volomes,
atration of welfide in the influent soletion was 5 ¥ 1077 xoiar., The
time of the solution in the column was &pprﬁximéts¥y 1 day. The
< ?a'1ur composition and changes in sediment char r%ri~f123 provide a
evaluating the effect of sodium sulfide on aguifer restoration.

he compositions of the effluent solutions are given in Appendix D,

Taules DY to 0.2, The uranium conceniration of the soent lixiwiant trhat was
used e¢ the influent enlution in &l these exporiments was 2.8 mg/
in ¢ffect, we wor slating ground-waler s-ueping uring the g z?‘?braéﬂcn
experiments and leached ore was used as the sediment, we exmncted that
ingreatned concentrations of discolved uranium would be fOuﬂd in the effluents
veczuse of the dicsolution of vranium minerals rermaining in the ore. Thig had
oCeurred during the ground-waler swesping experiments described previously
{(F1 e 29 However, as shown in Figure 37, the yranium concentretion did not
ing = rdramatically Juring this ex ;&;zmeﬂi. Tris probanly accurered hecause
&r H arell amount of uranfusn was lelt in these sediments sfier leachs
Ty, in this respsct, the sediment does not precisely represent typical
2 5rE Tre sulfide edded to tne lixivient pumped Lhrough tre columng

gefinitely sffected the effluent solution concentration for uranium, Figyre 27
shows a gretual, continual decresse of dissolved wranium, resulting in final

7H
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FInuet 37, YUranium Concentration in Column Effluents from Sulfide
Acdition Lxperirents

values of 0.721 and 0.14 wg/L for the two columns st the end of the experi-
Tne rezson for this drop is discussed with the interpretation of tn
cata,

The initiel high calcium an? sulfate concentrations of the offluyent solu-
tians (Figur-s 33 and 39) oncte éyzain suggest that ceicium end suifate are
present an trne sediment a5 the hignly soluble wineral q;:c&m. Lyosum 15 not 2
relive cineral in these sedimenis, and was probably produced as & by-product of
pgorite crication and cegicite aissscliution during i«a:*lﬁj of the cediment gnd
<toraue of tne core before the experiment, As the lixiviant flows Lhrough the
CLiumts, Gynsasm is gissclved end removed from the cediment, This ig shown Dj

,’rxﬁS“ in solution concentration of calcium énd sulfate for hoth the
ibration end sulfice gdaition periods of the experiment,

— R

&3l

The pH and En of the effluent solutions were measyred ysing én in-line
Systen C;?fcﬁxgﬂ to the effluent ling ef one of the columns, The pH is plotted
vier<ns pore valumes eluted in Figure 40, for the e4u;11urdtsan period, it
shv«: trat the pioof the effluent was generelly lower than the Influent value
of 7. Bt owas 10 moest o cases, witmin 1.5 pHounits of the 1nfluent solution
Pt h"fm sulfige was added to the lixivignt, 1ts pM increcsen to 10.%; how-
CVir, o4l With the sediment eff@rt1VWIy Yowpr-d this value, Throughout the
pent

tirst 6 poure volumes of fiow of drxrvient with sulfide, the pd of the effly
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FIGURE 40, pH of Influents and Effluents from Sulfide Addition
Column Experiment

slution remained fairly stable {(Ficure 40)., After this point in the experi-
msnz, the gH increased to yreater than 8, and s t%eq iently declined to 7.22

after 11.8 pore volumes of flow,

2]

The £h of the effluent stayed close to tre influent value (+430 rV) during
the essilibretion phase of the experiments (Figure 41). Under these £Eh and pH
conditions, uranium would be expected 10 be mahiie &s a U{VI) species and iron

would e lisited to low concentration by inscluble ferric P‘yr‘w;ﬁﬂ Compounds,

When su:f1ﬁ€ wes added Lo vhe liziviant, the effluent Ehs began & precipitous
decline to vatues less fnan ~200 mV, lUnder these conditions, U{1V) minerals
are steble ans relatively insoluble. Consequertly, the dissolved uranium con-
centration is expected to be low, This was shown to he the cace in Figure 37
where uranium concentration decreased to the tesths of & part per million level
afrer sulfide was alded to the influent solution, The dissolved iron concen-
trations were very low (in most cases less then the dotection Jimit of 0.05
mu/L) throughout the entire experiment, This occurred brcause of tne low solu-
hility of ferric hydroxide during the oxidizing, equilibration phase of the
expericents, and the low solubility of ferrous sulfides during the «vifide
addrtion phase,

r

L the saiytion compouition Chenged during the e neriment, there oocurred
4 related chonce in the chararteristics of the sedineat n the columns,
Thraughout the egutlibration experiments in which more than 10 pore volumes of
solution contacted the sediment, the color of the seciment remained a light
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IGURE 41, Eh of Column Effluents from Sulfide Acdition Experiment

color. However, after approximztely 1 pore volume of tne sulfide-added
siviznat contacted the sediment, the color near the influent end of the column
changed to a dark black., The interface between the Tight and dark sediment
moved through tne columns in the direction of flow as additional sclution corn-
out 10 poure votumes of flow of the sulfide-adaed

PP

tacted the sediment, After ab
Tixiviant, both of the columns were dark blece, Trhe color ¢nange was probad.y
caused by the same recctions that we hypothesized for some of the nalural
restoretion batch experiments in which ferrous sulfide minerals are formed in
recpanse 1o the reduction of iron and suifate,

in the colunns, sulfide wes present in solution and frun wes present ir
the oxidized state, Fe{ill), in iron oxzide minerals, The suifide lowers the
redox potential of the solution, Under these ronditions, ithe iron ox.des are
not stehle and dron dgissolves, lron sulfide minerals are not very soludble
unider these conditions and they form rapidly., Rerner (13067a) has shown thzt
nonorystalline FeS (amorph) is the origingl solid formed when dissolved sulfide
rescts with ferrous iron, Given sufficient tine lweeks) and conditions similar
to the eperiments, the anorphous compound may alter to ¢rystelline Fed
(nackinawite), bul this was not expected 1o be the Zate in our short-ters
caperiments,  Mackirawite 1% a precursor to more stable ferrovs sulfidoe
minerels cuch as pyrite (Berner J867b), which are present in the eriginal cre
cone cedinents,  Consequently, we expect that iatroducing 8 suifide solutlion
inta s feethedeore zone during restoration will dnisdate the resctlions neges-
sary tn reproduce the origingl redocing conditions present in the aguifer in
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the ore zone This will help immobilize recdux-sensitive elements, as was shown
for uranium, and produce & stable eavirciment in which the redox-zersitive
glements will remain imncoiia,

The use of sodium sulfide shows promiss towards accelerating the process
of aguifer restoration by reestablishing reducing conditions in the leached
zone. Houwever, in an aguifer restoraticn effori, encugh suifide may have to be
injected into a leached ore hody to consume all of the available oxidizing
species. 0Nnce tnis is accomplished and recucing concitions are established,
dissolved uranium concertraticns should be areatly reducec. At this time,
further resesrch is neeaed to identify the important reactions controlling
uranium precipitation and sulfide oxidatien., In acaition, associated reactions
caused by sulfide addition that may have adve-~se effects on aguifer permeadili-
ties need to be defined tc more fully sssess o2 use ¢of sulfide as an aid to
aquifer restoration,

SyMMLzy OF EXPERIMENTAL RESOLTS

During the pest 3 years, batch and cclumn experiments have been concducted
to study the mobility of contaminants produced during in situy leach mining of
uraniun ore deposits and evaluete agquifer restoration methods following min-
Ground water, lixiviant, and sediment samples from mine gperations in
ing were used to simulate field conditions in the laboratory.
ion and induced restoretion techniques were evaluated.

ing.
Texas a&nd Wyomt
Both naturs) restorats

Matural restoration is the process by which contaminants are romoved fron
trhe tesching solution as a result of CWHm;_al interactions hetwezen The solution
arid the agguifer sedimsnts, As the residual leaching <0]ut?w in the aouifa
maves out of the leach field in reiponse to the ratural ‘ ' sAient ot
will contact fresh sefiment that (“J‘ﬁ help reestablish ot ‘
ant ¢raund-wacer »r‘mzstry that exister before mining, T o
tnat tne reducing cépacity of these sedinmentw revaine Ty
lvp~;w1 ore, and that trhe redox-sensitive &l omt ) oo

LR ~,d)utmn hy waterfsediment Interaciyer-, Tre ¢ asnb
the nonredox-sensitive glements, Lr¥%rz LR I
caminant leveirs during eining and trey o Ciptar 6
cestoration, The confentration of ~ooor ‘ Loty
water {calcium, mansesiun, sodia ., « P
1ng activities, Their concentr. - 0
exChange processes belween the
they will Ingreease o Secrease o
Yatgenn the fons 1n solution and
coutd tneoretically troredse the
vrg o trat of danctner 9 f oA Jixivie
acte with the aguifer Sedinents,

Graooof the corunonty used mit
Toach fiedd s 1o pump the welis 4%
froeuh aragnd wateor to ailute and re, !
Seiesing cothod of restoretion was foial 1o he v ot T

Y

contaminagnt Species and for Lhe major <ol non
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Column experiments Aesigred teo evaluate ground-water sweeping and operator

exporience ot Seuer o ilren that this restaration methed i not

effectiive {9 e sedooenon oL fesents fespectally aranium) because the

oxidizing ¢ rund water tointo the leach fisld continues to mobilize
proniucing concentootians above the resteoration limit, Uranium may be

uraensum,
adserned orio ferrto hyaroxtdes present under these oxidizing conditions, but
it appears that this process will not adequetely lower uranium concentrations
to tre level found under normal reducing conditions in the ore zone.

To enhance the induced restoration methods, it has besen suggested that
sulfide comjpounds he added to sclution circulated through the leached ore to
aid in reestzzlishing the original reducing conditions of the aguifer in tne
vicinity of tre leach field. Eaztch and column experiments with sodium sulfide
showed that this reductant can produce reducing cpJoitiong in the solution and
the sediment, At the concenirations studied (16°° to 107 nmolar sulfide), the
iixiviant with sulfide acded did ngt espear to-significantly decreese the
permeability of the sediment, and the buffering cepacity of the system remained
sufficient to kezp the pH of the solution close to that of the original ground
water, Furthermore, the color of the oxidized leached ore changes to that
approaching fresh recuced sediment as the sulfide-rich solution moves thrcough
the cotumns. The uranium concentration is lowered from the perte-per-million
rerge to approximately 0.1 ppm oas reducing conditions are established in the
system, This method of chemical reduction does not restore the other major
catiens and &nions to gruund-water concentration levels, conseguently the tech-
niques shoula be used in concert with one of the other induced techniques such
s ground-water sweeping or surfece trestment and recirculation,
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APFENDIX A

ERALYTICAL DATA FROM BATCOH EXPERIMERNTS WITH TEYRS SEulMENTS

The cix tables in this appendix contain sclution chemical data obtained
from the batch experiments in which lixiviant was mixed with various types of
Texas sediment thet had been collected at an in situ uranium mine., Each table
represents a time series of data obtained from an experiment with a single
cediment type., The tables are ordered as follows:

Tatle A,1 - Texas Reduced Sediment

Table A2 - Texas Oxidized Sediment

Teble 5,3 - Texes Ore Zone Sediment

Teble A.8 -~ Texas (Ore Amended with 5% Pyrite

Teble A5 - Texas Ore Amnendad with FeS-Coazted Sand
Table A.6 - Texss Leached Gre

The resulits of these experiments are discussed on pages 40 to 46 of this
regort.

A.l
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