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Abstract 

SOLS and scdimcnts contaminatcd with uranium posc 
cc:rtain cnvironmcntal and ecological risks. At low to 
modcratc Icvcls of contamination, thc magnitude of 
~ C S C  risks dcpcnds not only on thc absolutc 
concntrations of uanium io thc matcrid but also on 
Lhc amitability of thc uranium to drinking waicr 
s ~ p p l i c ~ ,  plants, or highcr organisms. Rational 
approachcs for rcgulatiog thc dcan-up of sites 
contaminated wich uranium, thcrcforc, should considcr 
the valuc of asscsing thc cnvironmcnd availability of 
uranium at thc sitc bcforc m a k q  dcdsions rcgarding 
rcmcdiaaon. The purpose of Lhis work is .io rcvicw 
cdsling approachcs and p rmdurcs  to dctcminc thcu 
potential applicability for assessing thc cn\ i romcntd 
aMilability of uranium in bulk soils or wdimcnts 

EnvLonmcntd availability is a complex k u c  involving 
not only solubilivi but also factors such as partide 
s k  kioeiics, and thc gcochcmid cnvironmcnt in 
which thc material is rcauing. AS a result, 
asCSYncnt mcthodologiu can bc designcd io focus on 
any of a numbcr of spcdic aspects of uranium 
chcmistq. For cxamplc, thcrc arc andytid mclhods 
for total uranium, for uranium oddatioa states, for 
~ r & u m  solid phasc spcdatioq and for thc diffcrcnt 
kotopcs of uranium. Ejcb a d d r u x s  valid isSucr 
relating to cnvironmcntd availability. For lhis project 
wc haw xllcctcd aqucous solubility of uranium s the 
sunog3tc for cstimaring availability. 

Two major dasscz of approachcs could bc uscd in this 
typc of hsswmcnt. DUCU c r n p u i d  approachcs 
providc cstirnatcs of thc solubiliiy of opcrationdly 
dcfmcd componcnts of a soil. 7 h c  proccdurcr involvc 
c ~ a c l i o n s  by aqucous solutions of mrious 
compositiocs. dtcmatcly, indirc~ approachcs can be 
used to idcntdy specific forms or p k s  of uranium; 

. 

... 
LLI 

thc contribution of cach phasc to thc solubility is 
infcned from px3.1cmical modcls based on 
thcnnodyaamic and/or kincdc data. 

For the prcscnt statc of Lhc tcchnologics, dirccf 
cmpirical approachcs arc most likely to providc uxful 
c s h a t c s  of cnvironmcntally available uranium at 
rcasonablc a s k  Thhc indircd mcthods offcr a range 
of information r3i obtainablc using thc cmpLicd 
approachcs; howcvcr, cos& availability of,thc 
mcasurcmcnt bxdwarc, and uncr&nty rcgarding thc 
intcrprctation of thc rcsults cuncnrly plat+ 
tcchnologics morc appropriatcly in thc rcalm of 
rcscarch tools. This situation should bc rccvaluatcd 
periodically. Wc rccommcnd t c s h  and dcvclopmcnt 
of a wct-cbcmid p r m d u r c  bawd on a combination 
of s a d a r d  and nonstmdard mcrhods for an in& 
procrdurc. We bclicvc that, cvcntually, rnclbodo1ogk-s 
m u  incorporate kinctic data z a a u o a l  part of a 
rigorous aqssmcnt .  For Lhis reuoq we rcammcnd 
ihc evaluation of a f l o w a l l  octhodology for 
incorporacon into an approacb tbat would usc kioctic 
information in thc dctcrmination of cnvironmcntd 
adability. Both thc inicrim and rigorous proadurcs 
rcquirc laboratory tcsring and cornclarion with ficld 
data bcforc bcing uscd for regulatory p u ' p o y ~ .  

In addition to making thc rccornmcndatioru regarding 
mcthodology, wc havc ta tdatcd data from thc 
litcraturc oe thc aqucous complexcs of uranium and 
major uranium mincral., cxxnincd thc possibility of 
prcdicting cnvironmcntd availability of uranium b u d  
on thcrmodynnamic solubility data, and compilcd a 
rcprcscntativc list of analytical laboratorics o p a b k  of 
pcrforming cnvironmcntd analysts of uranium in sooils 
and sediments. 

, Q . . NUREG/CRdf32 
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Executive Summary 

SO& and Wdimcnts contaminatcd with uranium pose 
armin cnvironmcntal and ccologjcal risks. At low to 
modcratc lcvcls of contamination, thc maqitudc of 
rhcsc risks dcpcnds not only on Ihc absolurc 
conantrations of uranium in rhc material but also on 
Lhc availability of Ibc uranium to d m k q  water 
suppli< plan&., or lughcr organisms. Rational 
approaches for rcgubting thc dcan-up oi sitcs 
conraminntcd with uranium, thcrcfcrc, should coasidcr 
thc value of assessing thc cnvironmcntal availability of 
uranjum at &e sitc bdorc malung dcdsions r e v d i n g  
rcmcdiation. Thc purpose of this work is to rcvicw 
cdsting approachu and procrdwes to dctcrminc their 
~ ~ ' c n t i a l  applicab;lity for assessing rhc cnvironmcntal 
availability of uranium in bulk sooh or xdimcntr 

Concepts 

i b  understanding of thrcc conccptc is Critical to 
ascssbg the cnvironmcntal'adability of urmiam in 
sob and scdimcnts. Thc Grst of t h - 2  is 
'cnvkonmcntal avaiabilitf itsclf. Wc dcfrnc 
cnviroamcntal availability with respcd to urlnium as 
'rhc ability of a sod to supply uranium to organisms.' 
Bca-  thc major pathways by which uranium m o m  
from the soil to organisms invotvc an initial 
sohbihtion stcp, wc can implcmcnt tbc dcfinilion of 
cnvironmcntal availability by considering 'the ability of 
a soil to maintain UI aqueous conantration of 
uranium in the soil solution.' Environmcatd 
3 d b i l i t y  can bc dcscribcd in tcrms of two primary 
p x m c t c n .  capacity and intensity. Capacity desa ibu  
Lbc m u  of uranium in a soil that can cvcntu* 
bccomc solublc. Intensity dcsaibcs thc amount of 
uraium that is solublc at any parricular moment. i.c.. 
thc aqucous conccntration of uranium. Athough 
wpaaty is morc easily mcasurcd, intensity h a s  a 
grcatcr bcariog on cnvironmcntal availability buausc, 
to a h r g c a c n t ,  it is thc conccntration of aqumus 
uranium that dcttrmincs how much is takcn up by 
organisms. From thc standpoint of risk asscssmcnk 

ursnium, Le., what aqucous concentratioas of uranium 
will k maintained by Ihc soil o w  a ccrrain Lime 
Thus 3 dctcrmination of cnvionmcntal adabi l i ty  
rcquLu a conacphral modcl that conchtcs c d y  
m c a w c d  parvnctcrs (c.g., capacities) wilb bawlinc 
obxw~tions of aqucous uranium concentrations in 
field soils (c.g., intcnsitics). 

Thc w a n d  conccpt critical to & cnvironmcntal 
availability is &at of conclation. Corrclation inwbes 
cvaluting any operational mcaswc of availability, such 
as emactcd concentration, mass. or kinetic data 

wc are intcratcd in the Limc-rmkd int~nsity d 

vii 

o h i n c d  from soil m a d o n  proccdurcs, and 
inrcrprcling rhc results in thc contcfi of ochcr data 
&bins a particular soil or scdimcnt. The 
uxrclation is used to obtain an o v c r d  bate of thc 
cxpcctcd aqucous conccntration of uranium prcscnt in 
a particular cnvionmcntal situation. Examplcs of 
d a ~  olhcr than immcdiatc uranium concentration that 
arc considcrcd in thc corrclation proccss indudc 
rainfall patterns, tcmpcraturc rcgimcs, soil pIi, pool, 
irm 0 x 2 ~  contcnt, organic carbon a n t c n k  tcxturc, 
nkralogy, a d  hydraulic conduuivity. Smual risk- 
baed o b j c k  can bc pursucd for thc concht ion 
Eub of thcm rcquircs thc puimctcrization of a 
modcl that laLcs into account important fadon 
controlling solubility or adabi l i ty  of uranium in so&. 
This corrclation modcl scrvcs JS a useful guidc for 
sdcding thc m a  important cnvironmcntal paramcten 
to bc mcasurcd and for assessing risk Icvcls associated 
wih dificrcnt dcgecs of rcmcdiation. 

Tbc third kcy conccpt uscd in rhc a n t c x t  of assesbg 
cnvironmcntal availability is that of a dccision tru. 
Ouhc simply, a dedsion tree is a priorili2ation of the 
skps rcquircd to rcach a rcmcdiation dcddon. At 
sane point a dccision mus: bc madc to rcmcdiatc or 
to !akc no adion, bascd on thc.asKssmcnt of 
cnkonmcntal availability Lhat is madc. Thc critcria 
on which thc decision is madc must indudc both thc 
r& of a soil uranium anal* and thcir 
inta-prctation in tcrms of a conclation modd that 
t k  into account thc other factors idnucnciq 
cnvironmcntd availability. For c~amplc,  if onc wcrc 
to pmparc  1) a sandy soil on a flood plain in a 
humid mnc  with 2) a daycy soil on a platcau in an 
arid mnc, cach soil having thc 
anatYrjcal rcsulls, dcarly thc rust soil would posc a 
grcztcr cnvironmcntal risk and rcquLc rcmcdiation 
bcforc the scaond Tbc inportant point to rrmcmber 
is that the dcdsion trcc approach offcrs a k p c  for 
m a b s  rcmcdialion decisions, but thc Critcria 

ocmpbycd must h w c  sound tcchaical basts that take 
into account fadon othcr than thc hmcdia lc  
an+cal conccntration of uranium. 

uranium 

Forms in Soils 

In &um ore deposits, thc most common fonns of 
uranium arc in Ibc rcduccd and mixed o d d a  
(uran%:c and pitchblcndc), silicates (coTTmhc and 
uramphanc), uranohoritc, and Various phosphtc and 
Mndatc  mincnls (autunitc scriu, carnotite). In soils 
and ocbcr n c a r 5 u r f 3 ~  cnvironmcnts, uranium and.  
w k - b c a r i n g  mincrals wcathcr to form a range of 
p h w  c+d!:y odd- carbonates, phosphaks, and 



Ezxutivc summary 

adsorbcd spcdcs. Uranium is most mobilc in 
ad+ carbooatc-rick waters that arc high io 
djvalcot Q ~ ~ O O S  s u a  as calaum aod magncsium. Iron 
aad mangancsc cuidc phascs a d  as cffcctivc 
adsorbcnts for oxidizcd uranium ions. 

Analytical Methods 

A varicty of mcthods can bc uscd to dctcrminc thc 
local amounts of uranium prcscot in a soils as well as 
thc mounts of U(N) and U r n ,  thc typcJ and 
~nounts  of solid-phase uranium, and the isotopic 
cornpsition of thc uranium. Total uranium can be 
mcasurcd by dctomposjtioo of thc ~ a m p l c  in strong 
add solutions and analyjs of thc uranium rclcascd by 
pulscd lawr phmphorimcq, indudively coupled 
plasma m a s  spectroscopy, inductivcly coupled plasma 
atqmic cmkion spcciromctry, stripping voltammctry, 
spectrophotometry, X-ray spectrometry, cpithcmal 
ocutron adivation, and prornp gamma cmkion  
spcarosc~py. The scledion of m d o d  dcpcods 
Iargcly on pradical considerations rathcr than *I= 
t & d  difTcrcn- 

Dctcrmination of the amounts o l  uranium in each 
~Jdatioo a t c  [ic, U O  and U(Vl)] is morc 
d i l f d t  h u s c  of thc rclahcly low rcdudion 
potcotid of U(VI) in aqucous solution and thc 
conscqucnt case with &cb U(IV) can bc oddizcd to 
U O .  D u m  spcdrascopic tcchniqucs such JJ X-ray 
3bSOrpLi04 Lascr photoacoustic, k r  lumiocsccncr, 
and l J x r  &an spcdroscopics min imk  thc potcnrial 
lor c h q c s  in orjdatioo U t c  during analysis. but 
g c n c d y  cramplc only small portions of Lhc soil and 
thus rqui rc  many mcasurcmcots to har,  stalisrical 
@unct Wct-chcmical tcchniqucs invohiq io(, 
e t ,  polarwaphy, or s d c  prcapitation 
Pr- havc bcur used in pure systems, but may 
o ~ (  w o r k  well_@ soils becaw of irJ(crfcrcnccs from 
othcr rcdox-scasitivc spcdcs, notably iron. 
N c ~ r r t h c l w  these proccdurcs CUI bc applicd to rails 
to g50 somc information about thc rclatin o x i d ~ i v c  
or r c d u u i v c  wpadty of thc soil JS a wholc. 

Sol id-phu uranium in soils CIO OCEU a~ 
u c h q c a b k  cation 00 mincrds, as an organidly 
bound c o d t u c o f  as a purc or mixed-valcncc oxide, 
or JS a strudural constitucot rf various silicates, 
phcsphtcs. m d  vanadzitcs. B x m s c  soils m d  
sediments arc hctcrogcocous aystcms, the dominant 
form of uranium may c h q c  from onc soil p A U c  to 
thc nut. Spcdation of thc solid-phase uranium. 
thcrcforc. is typically dooc by arrcsSing it; tcodcoq to 
diuohrt in different aqucous solutions ranging from 
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dc iookd  watcr to strong add solut iov Thcx: 
sclcdvc m a d o n s  givc risc to opcralioDll d c W o n s  
of spcdation for s o l i d - p k  uranium ratbcr than h U  
crystallographic or thcrmodpamic phascr AS with 
oxidation ~ a t c  dctcrminations, dircct s w c l s c ~ p k  
techniques can idcntify somc of thc sobd-phse 
uranium as can analytical clcctron miaosc~py, bat 
quantification is limitcd by thc c a t  of rbc mcthods 
and thc oumbcr of samplcs required to c h i n  tbc 
dcsircd dcgrec of statistical certainty. 

Dctcrmination of thc Uranium isotopic dbiibutirm is 
donc by m a s  spcdromctxy or by o u d m  
spcctrosc~py, gcncrdy aftcr a p r c c o o d o n  SCP. 
Thc m a s  spcdromctric tcchniqucs induck iooizr&rr 
of solid samples dircdy as wcll as from q u c o c l s  or 
organic solutions. Nudtxr spcmoscopic & q a s  
indudc thc coun&q of cithcr alpha partida horn an 
clcctrophtcd spcdmcn or gamma r a F  a k a  Lra4ation 
of the spcdmcn with cpithcmal ncutroa 

Techniques for Measurrment of 
Environmental Availability 

=: 
- 

. c 
Bccaux: thc cnvironmcntal availability d uranium is 
rclatcd to thc amount of aqucous uraoimn m a i n e d  
in thc scil solution ovcr timc, rnchsurcmat trrhrrjquu, 
gcncrally involvc dctcrminatioo of both Lbc total 
capaoty of thc soil to rclcaw uranium a d  the r;rlc at 
which thc uranium is rclcavd IO main& a c c k  
conccntra tion 

Two major approachcs havc bccn takcn IO  tim ma 
thcsc p a r m ~ t c ~ .  ~ b c  Grst iovoIvcs dircd mnbd of 
Ljc mil with a solutioo that simulatcs in a short timc 
pcriod thc soil coviroomcntal conditions apcucd oycr 
a much longtr lime intcnal. Indudcd uxkr this 
broad umbrclla arc 1) tbc simulatcd lung fluid 
proccdurc in which acrosol p d d c s  arc apJJbrarcd 
for dificrcot timc periods at 37 T in an q u c o o u ~  
solution having a composition similar to  ha^ in h a m a  
lungs, 2) chcmid  cxtradioo proccdurcs e a 
variety of solutions and approachcs, and 3) 
bioavailability studics in which uptakc of unnium 
from soils or soil solutions by plants or +ms is 
m a s u r d  Squcntial m c t i o n  p r o c c d m  in 
thc soil is trcatcd by s u d v c l y  harshcr d u l i o n ~  
haw b u n  dcvcloped for othcr c n v i r o n m d y  rdatd 
asscssmcnts and scvc:al standard mcthods *cd 
for particular situations arc a d a b l c .  

Thc w o o d  major approach for utimariog 
cnvironmcotal availability of uranium invdKs 
thc aqucous concrntrations of uranium bacd on a 



detPminaLion of thc solid p k  in contact with thc 
solution and gw-bcmical modcling of thc solubilitic~ 
of thesc phases for thc particular soil solution 
composition PhaK idcntifrcation proccdurts indudc 
X-my absorption s p e c t r w p y ,  analytical clcct-on 
Gcn>scopy, -8nd thc kscr-bascd spectroscopies. 
Geocbcmical modding indudts calculations of thc 
thermodynamic equilibria of ions in aqucolls solutions, 
thc kinctia of solid dissolution and prccipitatioa, and 
thc bansport of ions in so'h and scGimcnts. Of ~ C X ,  

aUempts to couple equilibrium dculations 4th 
b d c  and transport pr- in soils arc still in 
t.hcir infancy. These coda rely on largc databases 9 information about thermodynamically 
disaod phascg -&on stoichiomctrics. and d c r  
faders aff+ reaction kinetia and transport 

la OUT asysyncnl~ of thcsc two major approaches WI: 
maridcrcd thc technical f a d o n  (LC, is thc 
information obtained suft iacnt  IO establish a 
ddcnslblc &atc of cnvironmcntal availability?) as 
wdl as rbc p r a u i d  factors CLC., how much time and 
m o o y  arc rqu i rd  IO obtain thc information and 
hw many fadli t ia arc availablc IO perform thc 
-7). Of tbc thrcc & - ~ d  approaches considcrcd, 
tm wcrc climinatd for cithcr technical or practical 
reasons. Tbc simulatd lung fluid tcst w;1s dcarly not 
spCd6c or rclcvant to a soil cnvironmcnt and rcquLcd 
60 days and numuous analyses to obtain thc 
information. Thc bioadabi l i ty  tats, while thc most 
r~lcvant of all thc prowdurcs, also required lcngtby 
pCriods bcforc thc inlotmation could be obtain& and 
had not bccn dcvdopcd s a o c n d y  to warrant their 
adopdon for regulatory purpmcs. The phasc 
idcnti6mtion proadur t s  for thc infcncd mcasurcmcnt 
approach, while providing uniquc inlormation, 
g c o c d y  did not providc complctc information (c.g., 
amouts of qorphous uranium or zdrorbcd uranium 
dkpuscd though the soil), wcrc cxpcnsivc, and 
kcarrsr. of their mall s p u i m c n  S i  required many 
~pedmcnr IO bc d y z c d  bcforc a stahtically d d  
d m a k  could bc o b h d  In turn, Lbc gcdcmical  
modcling for thc phascs idcntiIjd by t h c x  tcchniqucs 
was focused on Lhcrmodynamic cquilibrium and not 
suffidcady dcvclopcd to handc  thc kinctic as- of 
rbc problcm. 

WC wndudcd that an approach b u d  on d L c a  
ex tndon  of tbc soil offcrcd Lhc bcst combination cf 
inforrmlioo quality, low c o y  and rapid [maround.  
None of Lhc standard or rcscarch methods m i n e d .  
h o w ,  yicldcd bo& thc mpaaty and intensity &la 
n d c d  to make a sound aSSeSMcnt of cnvironmcnIal 

the equilibrium codes arc wcll dcvclopcd, d c r e a s  

availability. Wc dccidcd, thcrcforc, to idcntrfy tbc 
rbaradcristia of an idcal rigorous cx tnd jon  mcrbod 
as wcU as onc that aught be suitablc for inrcrim asc 
pending Lhc dcvclopmcnt of thc r igorou a p p r o a h  

Recommended Approaches 

A technically rigorous proccdurc for 11sc in CStimiing 
the cnvironmcntal atailability of uranium in a soil 
would providc information about the amount of 
cxchangcablc uranium prcscnt, thc concrnmtion d 
uranium found in thc soil solution, thc mincal  f-s 
from which thc cxchangcablc and solublc uranium 
originated, thc amounts of U(IV) and prcrcat, 
thc totd amount of uranium p r u c n b  id thc time 
ratc of r c k  of uranium from thc slid phasc h.ro 
the soil solution With thr, exception of the t o d  
uranium mcasurcmcnt, rhis 4 t h  of infmatiso 
could bcst bc c o U ~ d 4  using a flowboa& all 
conlaining a single soil samplc subjected IO a 
scqucna of trcatmcnts w3b s u k v c t y  harrhcr 
solutions and trcafmcnt conditions ovcr a limc p c r d  
ranging horn a fcw hours to days. Andy& of Lhc 
uranium cooantratioas in thc cfflucnt a w l d  providt 
kinetic information about tbc opcrationaUy d&cd 
forms of &um prcsurt and thcK r c h k  a m o w  
D31a Loin thc flow-throughctll approaclq wbcn 

bchavior in a variety of soils, would provide thc bat 
passiblc uLimatc of cnvironmcntal availability at a 
rclativcly low cost an& short turnaround timc 

Bccausc prc\ious cxamplcls of thc f l u w h u g h d  
approach wrc primarily for rcscarch appl idons  and 
not focused on thc dctcrmioations of Uranium 
availabilit). for rcgulatoy prposcs, s c ~ r a l  ycan m;ght 
bc n d c d  to dcvclop thc approach in an a p p r o p h  
manncr. Grtainly, several ycars would be q u k d  to 
pcrform thc fidd corrclation studits nccdcd, althod 
somc of thc natural analog studics of uaniun 
bchavior in scdimcnu rmght bc of usc. In thc 
abscna  of a rigorous p r d u r c ,  an in~crim proc~dprc  
drawn largely from standard methods is ncdcd 

Our pro@ int=rim proccdurc involvc~ a 
combination of extractions that mcasurts thc fd 
wanium in thc samplc and thcn subdivida this inlo 
rour wparatc fractions: r u d i l y  availablc, JooAy 
availablc, very slowly availablc, and unavailable ThC 
rcadily avrilablc fradion c o k t s  of uranium lucbcd 
by a m&icd EPA/SWP 816 Mcthod UU cT(zp) 
cxlraction prxcdurc in which 5 s u w i v c  trcatmcdJ 
with pH 29 acttic a o d  s t  applied IO thc samc 
samplc. Thcsc repctibivc t r u c n t s  allow somc 

~0nchIcd wiIk 10ng-Icm Gcld Studits Of UraPilll~ 
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&ate of thc kinctia of rclcasc of thc rcadily 
available ura-ium. Thc slowly a d a b l c  fradioo 
consists of thc rdditiooal uranium lcachcd from thc 
samplc previously treated by the TCLP procedure 
d c o  it is lcacbcd with aa oxidhog, pH 83, 

. ~ a r b o ~ l ~  buflcr solution The nry slowly a d a b l c  
fradioo is dctermincd by the diffcrcocc bctwcco the 
s u m  of the rcaadily available and slowly a d a b l c  
fradions and the total avaibblc uranium Sadion. 
Tbc total amilablc fraction is dctcrmincd by o n d g b t  
cxtractjon of uranium from a fresh sod samplc with a 
0.6 HCI solutioo. Total uranium is dctcrmincd by 
an eppropriatc method wlcdcd by the analyst and the 
Mcrcocr. bcrwccn this value and thc total a d a b l c  
urd- dctcrminatioo is dasificd as thc u n a d a b l c  
uranium f r a d o n  Wc also dcvclopcd a protocol 
spcafylng pradccs to cnsurc that highquality data 
were obtained for thc proposcd interim procedure. 

Both the rigorour and thc interim proadures arc 
G ~ Y  incorpotltcd into a staged &&ion-trcc 
approach to making a rcmcdiatioo decisions. This 
stagcd approacb is d + d  !o kccp the oumbcr and 
CQSI of anal$iCal dctcminations to thc mininum 
nccdcd to  makc sound rcmcdiatioo d - d o -  In each 
proadurq  a dctcrminatioo of told uranium wodd bc 
madc fa. If thc uranium wcrc bclow a certain lc.1~4 
00 further t a b  would bc o d c d  and a 'no adoo '  
dccisioo 00 rcmcdiatioo mould bc made. Likcwisc, if 
thc uranium wcrc abon a second, mucb hqhcr I C V C ~  
3 'rcmcdiatc' dcdsioo would bc made Jnd 00 further 
mdysis would bc occdcd. Samples baving totd 
uranium d u e s  bctwcco the two limits would then bc 
subjected to thc additiooal tcsling to t h ~  
uranium as to its availability. Appropriate sitc-spcdic 
risk assesmicot mod& would bc used to wt thc two 
limits for thc duisioo trcc. 

. 

For thc -figorour approach, rcmcdiation dcdsioos 
would bc made bascd 00 the total solubility of the 
uranium, DO the ntc at WIG& it was rclcawd, and 00 
thc other sitc-spcdic factors iodudcd in the risk 
u c s s m c o t  m d c L  For thc interim approach, 
rcmcdiatioo daisions would bc bawd 00 the amou~B 
of total available uranium-with intcrmcdiak d u q  
the additiooal testing for rcadily availablc and s l o w l ~  
arailablc uranium would bc pcrfomcd and a fmd 
decision based 00 thcsc valuer Ao optional oxidation 
st3tc dctcminatioo of ursnium in thc total a d a b l c  
uranium -act could also bc uscd to makc a 
rcmcdjatioo decision, with thc caveat that if thc tcst 
yiclclcd prcdominaody hcxavalcot uranium. thc 
additional tests for readily and slowly ~vailablc 
uranium would occd to bc performed. Lytly, wt 

X 

oullincd the m u  by which thc d f i c a l  values for 
uranium obtabcd in thc proposcd interim proccdurc 
can bc coovcrtcd to values for 'solublc' and 
"wlublc' uT;inium for usc in risk asscssmcot mod& 

Ncithcr thc rigorous nor the interim p r d u r e s  a2 
propose have k c o  tutcd in a laboratory or Geld 
setting, nor havc their results bccn corrckrcd with 
long-term sooil uranium adabi l i ty .  In our judgcmcq 
laboratory tcSring and conclatioo must bc dooc kfm 
citbcr p r d u r c  w11 bc considered tcchnicdy 
dcfcnsiblc. 

Analytical Services 

During Lhc project wc ot-tabed information from 26 
analyrical laboratories (5 govcrnmcot and 23 primtc) 
about their analytjd capabilities for uranium tcSting 
af soils and their & a d  cosl~. batch Sires, and-? 
turnaround times for thc proposcd interim proccdurc 
The respomc for a partidar proccdurc rquired that 
thc laborator). k currcolly or p o t c o W y  apablc  of. 
performing Lhc procedure. Although wc w c d  'lo 
find a cost ddTcrcocc bc tauo  t h e  two groups (Le-. 
private and gwcmmcnt), no d c z  trcod a u l d  k ._ distinguished. . _ _  . 

?<. 
_ L  

T h e  procedurts for total a d a b l c  uranium and 
a d a b l c  uranium wcrc single-stcp cxtradioo m e t h o 4  
and the labontoria gavc similar cstinatcs for thcm. 
Thc mcm cosl~ were !G!JIO-ZL~ p a  sample, with a - 
twewcck tumaround timc and avcragc m c k l y  outpul 
of about 120 samples.  bout 89% of thc laboratorin 
gave a cost rcdudoo 00 batches of samples. The 
cost reduction per sample avcragcd l3-14'% (N-3) 
for batch s k  of l3-6 umplcs. 

Thc prmdurcs  for rcadily a d a b l c  uranium and 
uranium oxidation state ducnninations invohrd 
aultiplc steps, and this was r:flcctcd in b&cr CDSG 
loogcr turnaround hu, and smaller w c H y  sample 
output. Thcsc two proccdurcs anragcd  about 1.110- 
W30 per sample, with 16 to 194ay tunmound L i m a  
and wcckly outputs of 5(Mo samplcs. Th: b a t d u x t -  
rcdudoo and batch-six r a u l t s  wcrc simikr to thos~ 
for thc total a d a b l c  uracium and slowly a d a b l c  
uranium proadurcs. 

Supplemental Information 

As part of our rcvicw of uranium chemistry in soils 
wc asscmblcd lists of thc known or suspcdcd aquaus 
~ o m p l u e s  of Uranium and thc known Uranium 
minerals. Wc also at tcmptd to dcvclop solubility 

. .  . .  . .  . 
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ranking system (similar to h a t  dcvclopcd lor th? 
synthctic lung fluid t u t )  that could bc k c d  to 
u h t c  b e  cnvironmcntal availability of uranium 
based on thcrmodpamic solubility data alone. The 
calcukted ion activity products oblaincd for a 
rcpr&ntativc group of uranium mincrals quilibrarcd 
in a wid soil solution showed L t t k  correlation with 
the solubility dadications obtaincd for thc samc 
mbcnls in the synthctic lung fluid t a t .  Wc 
conuudcd that thcrc was no technically dcfcnsiblc 
method for cstimating thc kinc!ic dissolution bchav;or 
of Luavalcnt urarium phases for which only 
thcrmodyoamic solubiljty data wcrc available, and that 
thcre WIS no substitute fo\ kinetic dissolution studiu 
under conditions rcprucntativc of soil cnvironmcnu. 

' 

Exccutivc Summary 

Conclusions 

Wc concludc by stating h a t  no provr-. method for 
estimation of the cnvironmcnL:.: :::::'%d.ity of uranium 
in soils or sediments curred,: .:..... Wc recommend 
immediate tcsting of an interim pronzdure drawn from 
standard soil cnraction mcbods and the dcvclopmcnt 
of information that corrclatcs thc rcsulk of the 
interim procedure with other propertics of soil known 
to d l u c n u  cnvironmcntal xd3b;lity. For thc long 
term, we rccomncnd dcvclopmcnt of a rigorous flow- 
throu&ccll approach to mcaSurc speciation, solubility, 
and kinetic information about thc uranium prucnt in 
soils and tc conclatc this with other soil propcdcs. 
Ncithcr Ihc proposed inrcrim proccdurc nor thc 
rigorous p rmdurc  should bc uscd to makc 
remdat ion  dcdsions without adcquak laboratory 
tuting and cstablirhtncnt of a c o d a t i o n  database. .. 
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1.1 Background 

Thc U. S. Nudcar Rcgulatory Commission's (I.cRC) 
cxist;ns guiciaoa. on intcrim rcmcdiatioo critcria for 
sites and f a d t i e s  b a m g  soils and other matcrialr 
cootaminatcd with uranium is cootaincd in a 1951 
Branch Tcchnid Position (J3TP) cntitlcd D&md o r 
Qnsitc stpranr: of Thorium o r Uran ium W u  r 

XIS of critcria arc provided for solublc and insolublc 
uranium that has bcco c M c h c d  and dcplctcd with 
rcspcu to "U. Although NRC h a s  a rdcmalung 
mdcr  way that is q c u c d  to cwntually rcplaa. thc 
Criteria in thc 1981 BTP, LhL rulcmakmg will o a  k 
complctcd und at last 1995. In thc intcrim. NRC 
will c o o h u c  to rcquirc tianxcs and rcsponsiblc 
p d c s  to rcmcdiatc fadlitics having uranium- 
contaminated sou following thc criteria in thc BTP. 

This documcat summark  Lhc rcsulb of a projcd 
fmdcd by NRC with thc, objjcdivc of idcotifying 
candidate p r d u r e s  for Lhc dctcrminatioo of thc 
cnvironmcotal adhbi l i ty  of ur3nium in soils and 
s c d i m c o ~ .  To datc, 00 prcxrdures a u p t a b l c  for 
regulatory purpclsu arc available for dctcrminiog tbc 
coviroamcoral amilability of uranium in soil cvco 
though diflcrcocc-s in availability CUI h3ve a lsrgc 
&pad 00 cnvironmcotd migration and d a u  to 
humans. NRC hu adopted NUREG/CR-l423 
( K d h v d ,  19SOb) to c 1 x . d ~  solubilities of airborne 
uranium particulates. T h c  mcthod dcscribcd in 
NUREG/CR-1423 rcqubcs dctcrminatioo of Lhc rates 
31 which uranium p3~-licdates dissolve in s h d a t c d  
lung h i d  m& Athough thc mcthod is considcrcd 
adcqurtc for Jirbornc particul3tcs. it hu ocvcr bcco 
cmploM by NRC staff for dctcrmining uranium 
solubility in soil. Tbc uodidatc proccdurcs idcotiGcd 
in h i s  documcot have not bcco subjcctcd to 
laboratory or ficld evaluation So& cvalulioo must k 
pcrfonncd kforc implcmcnhg t h e  procedures. 

Thc-projcd i n v o k d  fivc I Y ~ L  T ~ s k  1 idcotificd 
possible solubility-bascd proadurc i (c.g., 
NUREG/CR-l428) and spc&tioo.bascd procedures 
(Le- bascd 00 thc idcoucatioo of s p c d i c  compounds 
and forms of uranium) for assessing thc co\uonmcotd 
availability of uranium in s o k  TYk 2 involvcd 
drtailcd tcchnical asscssmcots of thcsc two 'ypcs of 
prowdures. Task 3 provided dctailcd practical 
asscsmcn& of thc two approaches along with a 
recnmmcodatioo Y to which ~ p p r o x h  to pursuc for 
rcgul3tory purposcs. Tuk 4 involvcd thc compilatioo 
of a List of uraniun spccics pssibly prcscnt in 
cootaminatcd sods, along H i t h  yidancc  rcgxding thcir 
covironmcotal ~ d a b i l i t y  and thc impact of soil 
properties 00 Lhis availability. Task 5 involved the 

Omratio- Uodcr Option 2 of thc BTP, two 
' 

wmpilatioo of a list of m a J $ d  fzdtics capable of 
pcrformhg thc tcshg procedures king & 

Wc bcgan by assessing Lhc Mcrcot analytical mcthods 
for total uranium, for uranium oxidation s t a t u ,  for 
uranium in solid phases. and for thc dificrcot isotopes 
of uranium. We thco &cd Lhc way5 of asscuing 
Lbc cnvironmcotal availability of uranium. This cffort 
focused 00 thc aqueous cooantrations of uranium in 
water ba- thc soil or scdimcot partidcs (LC- thc 
soil solution) k u s c  thc mobility of uranium (and 
hcnm its cnvironmcotal availability) io thc solid phasc 
is, by comparison, ocgligiblc. Thc two major 
approachcs idcotificd wcrc 1) thc dirc~r cmpir id  
approach invotvlng various typcs of u t r a d o n s  by 
aqueous solutions. m d  2) the indircd approach in 
aGch thc solubilitycootrolling phases of uranium arc 
idmtificd and Lhcir cootnbutions to thc soil solution 
infcncd horn gcochcmid rnodck b u d  00 known 
thcrmodyoamic solubility and/or kinetic data. 
Throughout this study wc haw had to d c r  much of 
Lhc information about h u m  analysis in mob horn 
sourw io which soil was not a factor. In short, 

dcvrlopcd, thc dctcrminatioo of thc coviroomcod 
availability of uranium in sods and xdimcnu is  no^ 
Such a dctcrminatioo oot only rcquircs sound 
analytical chemistry, but also a dcar uadcrsranding of 
tbc complcx chcmical p r m  that can in a 
soil systcrn and Lhcir rc!atix importana in contmlling 
Lhc availability of uranium to thc soil solution and, 
a r o t u d y ,  thc organisms that live off the soil. 

although thc analytical chcmjstly of uranium is wcu 

Our approach was to CJSY;LSS individuals with 
crpcricou: in tbc analysis of uranium in so& 
scdimcots, m d  natural w a t m  and to a u p c o t  this 
cffort with a titcraturc m c h  of tcchnid artides and 
rcports rclatcd to the subjcu Our tcchnical 
ascssmcot, thcrcforc, is bascd 00 published data a 
d as on thc m u l a t i v c  cxpcricncc of ourselves and 
d c r  individuals familiar yith the k u c .  Although dl 
thc procedures that mrc given tcchnid cVauatioos 
wtrt also givro a practical cvaluatioo in thir t& wc 
focussed 00 1) thc analytical proccdurcs for uranium, 
2) the bcst direct procedurc for ass- thc 
cnviroomcotd 3vail3bility of uranium in soils, and 3) 
thc bcst infcncd proccdurc for uranium availability. 
P r a d i d  factors that wcrc asscsscd indudc cost, 
acassibility and oumbcr of f a d t i c s  capable of 
performing thc aoalyscs, and turnaround h c  for thc 
mdysis. Aftcr complcting thc pradicd auusmcot. it 
ws, dc3r that a procrdurc yielding a rigorou 
detcrminatioo of Lhc coviroomcntal adabi l i ty  of 
h u m  in soils did not cxirt. Wc thcrcforc idcoti!icd 
an intcrim proccdurc b v c d  00 standard mc!hods rhat 
could bc uscd unlil a morc rigorous F W C ~ I Y  could 
k dcwlopcrl. 

I 
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1.2 Key Concepts 

Thrcc fundamcotal mocxpts underlie our approach to 
thc projcd hvi ronmcntd  availability cncompaucs 
all thc p r w  by which soil h u m  bccomcs 
available for uptake by orgmisms. Conclatioo 
i n ~ o k  thc p r m  by which mcal conmntration 
data for uranium arc convcrtcd into mcamngfd 
-cots of risk. Dcdsion t r ca  providc 
mechanisms for swcamlixmg rcmcdiatioo decisions 
bascd 00 analytical dctcrminations of uranium s p c a u  
in soils. Io thc ocrt Lhrcc scdiom w1: upcod 00 our 
dcEinitions of thcx. Lhrcc conccpu. 

12.1 Environmental Availability 

T h C  C O V k O M l C O L d  hpad O f  U h g d y  
dctcrmincd by its cffcd 00 thc biological hLO&ons of 
b a k  and, sccoodady, phots. Fundamcotdy, 
covLoomcntd availability u n  bc defmcd as thc ability 
of thc soil to supply uranium to organkms. Uptakc 
and accumulation. of uranium by animals typically 
octur~ by ingcstioo of watcr or food containing 
uranium, although inhalation of dlrst partides cy, bc 
an important pathway in somc situations. B c w w  
incorporation of uranium io food iovolvc~ uptake of 
uranium by plants from an aqucow solutioo (i.c-, thc 
soil solution), bo& of the major whways by which 
uranium is takco up by animaLj inwlvc solublc 
uranium. shpuicat ion ignores thc a d i n  
~ p t a k c  of uranium and othcr ions by plant spcdcs.) 
In a gcncral XIISC. thc cnvironmcnral availability of 
soil uranium can k rcdcfiocd in t w s  of thc ability 
of a soil to maintain ao aqueous c~nccotratioo of 
IU~UIU in thc soil solution. 

Enviroomcotal availability can bc dcscribcd in [crms 
of two primary paramctcq capaoty and in[cnsity. 
Capaaty d e s a i  thc m a s  of uranium in a soil that 
t ~ s  motually b m c  solublc. Intensity d & k  thc 
amount of uranium that is solublc at MY p;Uricular 
moment, i.c, the aqucous coo~~ot ra t ioo  of uranium. 
Ulbougb capadty is mote easily mcasurcd. intcnsity 
h a s  Lhc grcatcr on covironmcntal availability 
bccausc. to a brgc urcnt, it is thc cooantration of 
3quaous uranium that dcrcrmiocs bow much is takcn 
Up by p h ~ ~ t s  or animals. From thc standpoint of risk 
asscrYncnt, BY. arc intcrestcd io thc hc-rcsolvcd 
intensity of urmjum, i c ,  what aquaus coocenbations 
of uranium will bc maintained by L6c sod o w  a 
a& h c .  

Proceduru h a t  mcaurc  uranhm apaoty  and 
intcody data for soil sjxtcms includc thc following: 

S i n g k - ~ t ~ p  and Xqucotid soil crtr3ai00 
proeduru ,  which mcasurc thc soil's uranium 
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capaaty ( c g ,  thc amount rclcawd by EPA/SW 
846, Mcthod 30U) or fradioas thcrcof (e& 
cxcbangcablc uranium). 

Kiactic soil c a a d o n  proadurcs, which m a u c  
thc ratc at which thc soil approaches a g i v a  
solublc uranium concentration (intcnsity) OT, 

altcmativcly, thc ratc at which a particular solid 
uranium form (capaaty) is uhaustcd undn a 
wclldcfmcd sct of conditionr 

h a l y k a l  clcctroo microscopic idcotiticatioa of 
crystalline uranium p h a w  (apaaty). 

Gcochcmical modclng. which is akcd at 
quanntLfyu\g thc doticcowation of uranium in thc 
soil solution (intcnsity) from a knowicdgc d thc 
uranium solids prucot  (wpaoty) and othcr sod 
propcrtics. 

Mcasurcmcnts of J ~ U C O W  uranium 
concentrations in thc soil solution or groundaatcr 
(intensity). 

_. 
I- Io a r o w  scnsc, thc last mcasmmcot cyr bc -. 

considcrcd a direct mcasurcmcot of thc inuaOfanmus : 
covironmcotal adabi l i ty  of uranium. Homvcr.  or^ - 
must prcdid d c t h c r  thc cnvirclmcntal availabdky 
will go up, go down, or jtay the samc, for rc lahdy - 
undcrsfanding of Lhc prcrcuw thal affccf wanhm 
chcmistry in soils, mcasurcmcnt of thc paramctar .. 
h a t  dcscribc thcx. proccssu, and thc incorporadm of 2 
t h u c  pamnctcrs into somc ldnd of modcl rhat allowx : 
accuratc Frcdiuions to bc madc. A dctcrminaticn of 
co\iroomcntd adabi l i ty  rcqukcs a modcl b a t  
wnclitcs easily mcasurcd param~lcrs (c.g., capa&c~) = 
with baschc observdtions of aqueous uranium 
concentrations in field soils (c.g.. intcnu'tiu). 

long period., S A  prcdidions rqui rc  an 4. 

1.23 Correlation 

Uranium solubility and mobilization potcotid in d s  
will be dctcmiocd by morc than thc intrinsic 
propcrtjcs of thc cootmioaot. I t  is true that thc 
propcrtics of &c uranium solids invoivcd (c.g, 
cqdibrium solubility, p d d c  s k ,  or surfacc aru> 
will always be auaal compmcots of thc 
charactcriza~oo. Howcvcr, LhL infomalion alom a 
not sf idcot-dimatologid,  l ~ d s e p ~ ,  and sod- 
g c o k  fadon arc ccntral to dctcrmining thc 
adabi l i ty  of uranium. Clirnatolq 'd  factors, such as 
scauoal r d d  pattcms, avcragc annual rainfa4 w d  
scasonal lcmpcralurc rcgimu, innucocr land wc, 
o a h c  vcgctatioq and rclatcd factors, and morc 
directly contribute to s c 6 g  thc covironmcntd 
pihways along which a cootaminant will m&atc. 

- . I  
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Introduction 

Thc physical and c h c m i d  propcrtjcs of a soil (c.g, 
soil pH., E4 soil &u CO,, thc Loo or organic 
cootcots of I soil, thc t u ~ u r c ,  mincralogy, and Ihc 
cotwqucot hydraulic coodudvity) a n  all influcncc Lhc 
~pparrnt solubility and mobilitdtioo of uranium. 
Givco thc diversity of facton Lulucncing availability, 
one technically dcfcnsiblc approach for cstablishq Lhc 
rclatioaship bc-0 thc rcsults obtained hom onc or 
A scrics 01 standard mcasurcmcot procedurcs and thc 
A& risk is to undcflakc a mrrclatioo study 
invohmg a rangc of Lhc rclcvant paramctcrs. 

(h-rclahoo invofvcs cvaluahg any cxtradcd 
cooaotatioq mass, or kinctic data oblaincd from soil 
m c t i o o  proccdurrs in tbc a o t c x l  of ocbcr data 
d m i i n g  a particular soil in thc ficld. Thc 
mrrclatioo is used to anivc at an ovcrd  cstimatc of 
thc cxpc~cd cooaotratioo of uranium prcscot io 
mmparablc cnvironmcntal situations. Scvcral risk- 
bascd objcdivcs might 3C punucd for thc conclation. 
For uamplc, ooc could target mvdmum attainablc 
dosedsyrtcm uranium solubiljties. Atcmatcly, 
avcragc gowing-scasoo uranium concentrations in soil 
solution would be a viabk objcdir .  Rcgardlcss of 
chc risk tiugc~, arrcfations rqui rc  thc 
paramctcritatioo of a modcl h a t  taka into account 
thc bportaot fadon controlling thc solubility or 
availability of uranium in soils. O n a  thc modcl is 
constructed. it scrycs as a uwful guidc for dctcrmining 
wbat cnvironmcotal paramctcn must bc mcxurcd, 
and providcs tuidana cooccming risk lcvcls assooatcd 
with dificrcnt dcgrccs of rcmcdiatioo. 

Io the ara of soil fcdity,  thuc typcs of conchions 
haw bccn built up ovcr many dccadcs, b s c d  on 
C X ~ C ~ ~ C O C C  gained [rom thc analysis of thousands of 
~amplcs. Whilc an cffort of this magnitudc is not 
appropriatc for the iuanium problcm, ooc dcfcnriblc 
approach for building a corrclatioo modcl iovolva 
t c s h g  sewral dolro soils from a varicty of 
r c p r c s c n t a k  s i t s  Tbc soils would bc charadc&d 
for thc rclcvant soil propcrlics (c.gl hydraulic 
conductivity, tcxturc, pH, E4 uchangc a p a a t i w  
mincralogy, organic carboo) and spcdic  sitc fauors. 
such as tcmpcraturc and prcdpitztioo rcgimcs, would 
bc dctcmincd. Each soil would bc taridc1 using 
wveral c d u a t i o o  proadures, for cumplc thc TCLP, 
a wqucotial proadurc (e.&, Yanaw. ct all 1991), a 
kioctic proadurc, and, pcrhaps ooc or morc shofl- 
tcrm batch cquiljbrium and column-lwching 
proadurcs using water similar io composition to thc 
soil solutioo from thc tcst sitc. Othcr dctdcd 
chxaucrizatioo procedures, for cxamplc dctcrminatioo 
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of thc Ugv)/Um ratio, would also bc compktcd. 
A few (3-5) ficld lysimctcn would bc dcploycd af 
each ficld lowtion (or Litcraturc valucs from rclcvant 
snrdics would bc cgmincd) lo wnclatc thc behavior 
obxrvcd in thc cxtradco and column-lcaching studics 
with h a t  obscrxd in thc Gcld. Sblistical aoa&s of 
thcu. dam would d c t c h c  thc rclativc importance of 
thc spcdfic forms of uranium prcscot, and of tbc 
cnvironmcotal f a a m  spccilic to Lhc soil and Jtc. 
This approach would produu a t d m k d y  dcfcmiblc 
s c l d o o  of 
for woducting tbc risk asscssmcnL The produd 
w i d  bc an w i l y  p a r a m c t c d  modcl ha* 
g c o d  applicability to soils and requiring bput dah 
Lhat arc rclatively incxpcnsivc and a i l y  OW. 
Thc input data would indudc raults from an 
-don proadurc arrd small a m o u t  of an- 
information rcgardq  Lhc soil and thc site. 

133 Decision Trees 

appropriatc soil w a d o n  proccdurc 

Thc thLd kcy cooapt & in tbc C O O ~ C X ~  of 
covironmcotal availability is thal of a dcdsioo tnr 
(Fig 1). Quite simply, a dcdsioo trcc is a 
pr ior iht ioo of thc steps rcquircd to reach a 
rcmcdiatioo dcdsioo. At some point a dcduoo must 
bc madc to rcmcdiatc or to takc no a=tion, b a d  00 
thc asscsmcnt of cnvironmcotal adabi l i ty  lbat is 
madc. Thc m t c r i a  on which &c dcdsioo is made 
should includc both thc rcsults of a soil uranium 
analzS;r and thcir intcrprctatioo in tcms of a '  
corrclatioo modcl hat  t a k a  into atCOunt thc o k r  
fauon innucocing covi~onmcotal adabi l i ty .  

Thc dcdsion-trcc approach can ammodatc  rigid 
critcria (c.g., tbc 35 pCi g" l imit  wt by Lhc U. S. 
Dcpartmcot of Eocrgy for uranium c o o c c o ~ ~  in 
bulk soil at thc Fcrnald Sitc) or Ocdblc mtcr ia  that 
incorporate othcr informatioo about thc soil and chc 
site. For cwnplc, if ooc wcrc to compare 1) a sandy 
soil 00 a flood plain in a humid zooc with 2) a c k ~ y  
soil 00 a plateau b an arid zonc, each mil having thc 
samc uranium analylical results, dwly thc fh soil 
would posc a gcatcr  cnvi ronmcd risk and qh 
rcmcdiation bcforc thc wcood. 

The important point to r c m c m k  is that L ~ c  dcckion 
trcc approacb offers a rcopc for m w  rcmcdLrioo 
dcdsioos. To thc maximum c;dcnt possible, chc 
oitcria cmploycd should havc sound technical basa 
that lakc into ~ C C O U O ~  factors other than thc 
immcdiatc andytid concentration of uranium. 
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Introduction 

13 Forms of Uranium in Soils and 
Sediments 

Uranium is a naturally occurring clcmcnt; x, such, it 
U Lxmd in a wide range of minerals and r o c k  t y p u  
and ib conantrations can span many orders of 
magnjtudc. Thc avcragc crustal abundancr: of 
uranium& on thc oadcr of 3.4 8". %id 
concentrations in common rock types vary 
wosidcrably, in carbooatcs, uranium concentrations 
a n  typically 0.1 to scvcral g". Granitu and other 
s d i c  r& commonly have concrntrations r+g 
from a few to about U 18 g". Individual minerals 
Within thuc rock types can, similarly, haw widely 
ba-yiog uruium conaotrations. For c m p l 2 ,  in 
granites, uranium tcods to conccotratc in lmphibolc 
phascs ( e x ,  honblcndc) or as minor intcrgrmular 
addc phucs. 

Although some 1!37 Mercot  minerals have bccn 
idcnliIicd in which uranium u an u s c n t i d  cornpoocot, 
only a few minerals makc up Lhc \ast majority of 
uranium ore dcpositr Thc most common minerals 
arc Ibc rcduad  and mixed oxides (uraninifc, UO,, 
and pitchblende, a m k d  oxide), silicates (cofhitc 
and uranophanc), wanorhoritc, and v;lrious phosphate 
a d  vaadatc  minerals (c.g., autunite-series miocralq 
urnotitc). 

In  soils and other oear-surfacc cn+uonmcn& uranium 
and uranium-bcxiog minerals awthcr to form a 
rmgc of p k .  Although not a great deal of 
information 00 Lhc spcdation of uranium,in soils and 
scdlncnb is available, thc information rcvicwcd 
indicates that a few common proasscs control the 
distribution and mobility of urvllum in soils. In most 
SO& uranium-bearing phases arc subjccfcd to 
OxidBtive wearhering. Under thuc conditions, 
uranium cqxxed at mincral-solutioo intcrfaccs 
bccomcs o a ' M  to thc U W )  form. At this point, 
thc fate d-thc metal dcpcnds 00 a numbcr of factors 
including tbc quantity of uranium that is anilablc to 
solution, rhc composition (c.g., pH, Eh, carbonate 
content) of thc wcalhcriog solutioos, and thc 
composition of thc soil or scdimcnt. 

Uranium is mast mobile undcr oxididng. urbonatc- 
bearing cooditions. Thcrcforc, undcr thcsc conditions, 
uoc would antidpate &at uranium would bc most 
soluble. Howcvcr, other secondary factors may affect 
thc mobiliv x, well. For uurnplc, in thc prcscncc of 
low-ionic-strength solutions (i.c., 'soft waters'), thc 
urmyl ion conccntrarions will probably bc rcgulatcd in 
part by c x c h q c  proctsscs. Thc uranyl ion will 
adsorb ooto days, organiq and oxides, and this will 
h i t  its mobility. As Ihc ionic strength of thc 

solution incrca.sc.s, other ioos, notably Ca", hfg,', and 
K', will & p h x  thc urmyi ion, forcing it into 
solution. For this reason, thc uranyl ion is parlidarty 
mobile in 'hard' waters. Not only will other cations 
'ourcompctc' the uranyl ion for uchangc sit- but 
urbooatc ions will form stroog solublc complcxcs with 
thc uranyl io% fixthcr lowcring iLs aeiviiy whilc 
inuchsing thc total amount of uranium in solution. 

Some of thc sorption processes to which the uranyl 
ion is subj-cd arc not complctcly rcvcniblc. 
Sorption ooto Lon and mangaocsc oxides can bc a 
major proctss for cmading  uranium from solution. 
Thcsc oxide phases a d  as a shod-tcrm, irrcvcmblc 
sink for uranium in soils. Uranium bound in t h c s c  
phawJ is nof generally in isotopic equilibrium wirh 
dissohd uranium in thc same system, suggcsring that 
Ibc rcactjon mediating thc transfer of thc mclal 
bccwe.cn Lhc two phascs is slow. 

Staff from tbc Oak Ridge National Laboratory (e.& 
TrabaJka ct al. (1987) urd Bondicni ct ai. (1979)j 
have condudcd long-tcm investigations of thc solution 
chemistry of adinidc clcmcots prcscnt in an a h l i n c  
freshwater p o d  @H = 9.1). Thc pond, ORNL Pond 
3SU, is a former rial low-lcvcl-radioaaive-waste 
s c ~ d m g  basin used at thc Oak Ridgc fadlitics. 
Although thc site studies indudcd uranium, which wi~s 
prcscnt in thc +6 valcnct statG m m t  of studia 
f o w c d  00 orhcr aclinidcs prucot  in this p o d  Total 
uranium was analyzcd by a fluorimclric method. and 
ib individual isotopes wrrc dctcrmincd by alpha 
spcmomctry. Tbc results of thuc studies indicated 
that adsorption by scdimcotary materials in thc p o d  
vy the dominant factor controlline cffcctivc adinidc 
cooantrations in solution. Tbc rcxarchcrs bcl 'md 
that this may p d y  explain thc abscoa of any  strong 
positive correlation bctwccn LDs cooan~rations of 
diwlvd orbooarc and uranium spcaes. Solubiliv 
calculations, which mr= bascd on thc assumpcioo of 
solubility equilibrium bctwtcn rhc solublc urmhm and 
solid UO ,(OH) ,, prcdidcd uranium cooccotra6ons 
that were 100 LLncs higher than Lhw mcaswd at 
Lhc p o d  (Bondictti ct al. 1979). 

Organics arc another possible sink for uranyl ions 
soils and scdimcnb. Thc mechanisms for uranium 
scqucstratioo have not k n  worked out in detail. 
although scvcrd diffcrcot prcKcsscs may bc invohui. 
Onc possible proccss may involvc sorption of tbc ion 
onto cxchingc sitcs. such ~f, wboxylic acid POUPS. 
Thcsc groups can coordinate with thc uranyl io- 
displacing waters of hydration, and form stable 
complucs. A process such as this probably acp)uoL% 
for a significant f radon of rhe orgmieally bound 
uranium in soils, md, pcrhapg in sedimcnu. 
AltcrnativeIy, scdirncotr-ry c ;ani= may p a n i c i ~ c  in 



o x k h t i ~ ~ - d ~ b i ~ n  (redox) pr-. For &k typc Of 

proasf  the organics would act to rcducc thc uranium 
IO a speck nbuc spcdcs arc notoriousb low 
io solubility, and many remain assodated with thc 
organic phase after prcdpitatioo as a reduced oxide. 
L i d c  x ~ m s  to actually k known about thc nature of 

although W r a I  diffcrcnt types of intcradions may k 
organic-uranium asociations in soils or scdlncots, 

taldng P h -  

If uranium is abundant io thc samplc, it is posvblc 
for it to form its o w  distirrct soil mineral ph-. 
R c d u d  uranium ores will wcathcr in a s t c p k  
manner to form a xrics of incrcasiagly oxidized 
iotcrmcdiatcs with Lbc find produrn bcing schocpitc 
or onc>of its polymorphs. In thc prucnu: of 
sufficicot diualvcd silica (H,SiO,). wcathcring 
p r o a s c s  Sctm to favor thc formation of coffinitc or 
shibr silicate phawz, although, b u d  00 thc 
information rcvicatd to date, thc faaors favoring thc 
fomatioo of Kbocpitc or coffinitc have not bccn 
worked out in detail R a t a  of thc rcadions involving 
thc w t h c r i n g  and altcratioo of Lhc diKckot uranium- - phzscs have not bcco studied in any detail. 
Surface oxidation of waninitc and othcr r c d u d  
uranium oxides appears to o u w  rapidly in p H - n c u t d  
oxygco-txarbg aqueous solutions. Howcvcr, wc a h  
infcr that thc oxidized laycr may form a protcdivc 
surface laycr that inhiiits M c r  readon undcr 
ariain C D D ~ ~ ~ ~ O I I S .  Furtbcr srudy is occdcd to 
dctcrminc thc rolc of protcctivc oxidc layers io 
regulating thc bioanilability of diffcrcnt forms of 
luanj,. 

Systematic studies rcgardmg thc adabi l i ty  of thc 
djEfcrco1 forms of uranium to solutioo or to biota 
bavc k c o  limitcd 
c o d a t i o n s  bcnvceo avdability aod somc oomiod, 
opcratioody dcfmcd fraction of thc metal such as 
'acid cxrradablc.' Details rcgding thc a c k b i l i t y  
of thc_@fcrcot forms of uranium, as discwcd above, 
;uc limircd 

Most of thc studies dcvclop 

1.4 Analytical Chemistry of Uranium 

At somc point in thc process, dc~crmioatioo of the 
cnvironmcntll andability of u r a a k  requires 
qumtitativc dctcrminations of thc amounts of w ~ n i u m  
prcscot in a suoplc. Bccausc thc q u d t y  of thc 
cnvironmcntd availability dcrcrminatioo dcpcods 
hca\ily 00 Lhc quality of Lbc m a l f i d  data, wc lh, in 
Lbc four xaions that follow, the major m a l ~ ~ i d  
tcchniqucs uwd IO a h a t c  to ld  uranium. uranium 
oxidatioo states. solid-phsc. species, m d  uotopic 
spcdcs. A more dctailcd desaiption and u e s s m c o t  
of cach tcchniquc is givco in Appcodix A. 

1.4.1 Assay for Total Uranium 

Thc mcth& for dctcrmkhg total uranium in soil cap 
bc grouped by whcthcr thc sanplc is d m o w  during 
t h ~  analysis or remains csworially intact. 
chcm.ical tcchniquy by dcfmition, invotvc a cooversion 
of uranium from thc solid phases IO a solutc in thc 
liquid phau. and, thus arc aasidcrcd -PIC- 
du t ruche .  00 thc othcr hand, several 000- 

methods of d y s u  can a h  bc used, which involve 
ext;ti.g thc samplc with hrghcncrgy radiation and 
measuMg the cocrgy flux given off by thc sample as 
a ruult of fluorcsccocc or radioadivc decay. 
Dctcdoo limits arc gcncrdy lowr for thc wct- 
chcmical tcchniqucs. but rcccnt  advances in X-ray 
sources (ix., synchrotrons) b a n  allomd hyhcr 
inadcot fluxes to k focusscd 00 Lhc s a m p k  and 
heocc lower dctckoo limits. Thc w l d o o  of which 
mcthods to usc for dctcrminatioo of t o d  uranium. 
thcrcforc, is largcly based on pradical considcntions 
ralhcr than 00 dcar ~ c c h n i d  dif€crcncw. 

Thc wct-chcmid tcchniqucs m survcycd indudc add 
digcslioa, p&d k r  phasphorimctry, inducrivcly 
coupled plasma mass spcdromctry, indudivcly c~uplCd~$ 
plasma atomic cmissioo spcciromctry, a k r p t i v c  
stripping voltammctry, and spcmophotomctry. 

spcctromctry ocutroo activatiob analysis, and prom@- ' 
gamma cmissioo spcctromctry. 

Wet- 

-: 

Noodcs[rudiw techniques S W C Y ~  indudc X-ray ' 

1.42 Assay for Uranium Oxidation States . 

Io gcncrd thc olddatioo statc of urmium b x  a direct 
banng on its solubility and, hcoa, its covironmcnd 

' 

availability. Uranium in the + 4  stale is usually Ius 
solublc than that in the othcr commoo o d d o n  stakY'- 
(+6), and, as a wosqucocc, much lcss of an 
coviroomcotal risk. Howcvcr, UQv> is 0Xidb.d IO 
U(VI) rather easily (E" = + O W ,  Bruno ct al, 1w 
and thc kinetics of t,his rcadoo will bc crucial to my 
asscssrncot of eovironmcntal availability. Tbll~, a 
dctcrminatioo of thc oxidation state of uranium in 
both thc aqueous and the solid phascs is occdcd. 
dong w i t h  somc way of cstimatiog thc kioctia of 
U(IV) oxidation in a pxticidar sod, in ordcr to 
properly asses thc potcutid risk associated with 
urm.um cootaminatioo. This typc of musuremcot 
can k done citbcr by wct-cbcmical tcchniqua (e& 
ion cxchaogc, prccipitatioo, or polarography) or by 
difCCC SpcCUOscopic [CchniqUCS (c.3.. X-ray 3bmrptiOO 
ncarzdgc s ~ u c t u r c  (XANES). Izcr  p h o t o a c o d ~  
Iascr Raman, o p t i d  lumin~ccocc] .  

. . .: . 
- i .. . .  
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1.43 Speciation of Solid-Phase Uranium 

U c  other trace metals, thc solid-phase uranium in 
SO& can occur as an cxcbangcablc cation on minerals, 
z hll organically bo-md constitucnt, as a purc or 
4 - v a l c n c c  oddc, and a a srr~ctural constitucnt of 
Various silicates, phosphates, or vaoadatcs. B c u u c  
soils and sc_dimcnts arc hctcrogcncous anisotropic 
systems, CYCU at a m i u w p i c  d e ,  tbc dominant 
form of a tram mctd may chrngc from ooc region to 
Lhc ncd.  Attcmpts to spcC;atc thc solid (oms of 
ut.nium in a &rgc body of ro& Lhcrelorc, f a u  a 
nearly impasiblc task. Bccausc these ancmp(r arc 
often predicated on bow thc uranium will r a d ,  
opcra t iod  dcfintionr of uranium spcaation have 
bcco wd, rather ban absolutc dcfinitioru based 00 

idcntificatiao and quantification of s p c d c  miocral 
phawr. Sin= wc arc intcrutcd in thc 'cnviroamcntal 
availabiliv of uranium in so& i.c., in iu rcadivity 
[oasards thc sod solutioq this typc of opcraLional 
dasdkat ion is rcasonablc. 

Thc fitcraturc is rcplctc with udrrdon and luching 
p r d u r c s  ra+g from singlc-stcp uiracliooS 
Lhrough multistcp, riagic-fluid p r d u r c g  to multi- 
-actan4 scqucnlial proccduuu. Au Lhc cmrdion 
p r d u r c s  are csscnhally wctdcmical  mcLhods and 
yield cstimatcs of Lhc mass of uranium asodatcd with 
somc spcdfic opcrationdy d c f i c d  soil compoocot. 
Dircct spcctrcscopic spcaaiion cf solid-phase uranium 
is also possible by a &cry of tcchniquu indudiog X- 
ray absorption (XAS) and opt iul  lumincscenct. 
spcctrc-*scopies and analytical clcuroo microscopy. 
Thc dircct analysu q u a *  thc forms of uranium, but 
do  not ncccssady provide information about thc 
availability of  thc uranium an4 bccaw'of s m d  
samplc 
achicvc Lhc samc acgrcc of stalLLid certainty i ~ s  Lhc 
c a r a d o n  tcchniqucs. 

rcquirc a larger numbcr of analysts to 

7 

1.44 Speciation of Uranium Isotopes 

Tbc s p c d c  rdvity of thc uranium m a sample 
depends on its isotopic composition Thrcc natural 
L o c o p  of uranium contribute to thc clcmcnt's 
activity %, % and %. In dosed, natural 
systems, uranium har a spcafc activity of 0.68 pCi 
cg". Tbc pcraotagc of this aaivity originatiog from 
cach isotope k 48.93%, 21456, and 48.93%. 
ruPC&Ytly. In ocaraurfacc cnvironmcnb ( c . ~  sails), 
hoWCYtr, Lhe 9 h o p c  tcnds to hvc a 
highu mobility than the olhcr two 'kotopcs. % 
s t c ~ ~ u  from the fact lhal "v .Icrivcs from rbc b y  
of w, and hcoc; [cads to rrsidc in mincral situ 
that have becn damagd by Lbc decay procus. 
Sdutiocu passing through soils Lhcrforc, will lcach a 
d~proportionatc~y Lqcr  amount of ~ b c  3tl isotope, 
rcwlting in spcafic advi t iu  several rimes hJghcr than 
U.68 pCi s.'. Currcnlfy, Lhc EPA uscs a spcdlic 
a&ty of 13 pCi %"as thc n o d  3 d i v i q  of 
uranium in surface a c n  This valuc is b a d  on a 
gcomeeic mcao d aciivitk measund on watcr 
swnpks cnWd during a ~ t i o ~ w i d c  radon s u n q  

bust much of Lhc emironmcntal b a r d  h d  
with uranium k duc to L spui f ic  aaivity, w h j d  k 
know0 to vary in wcathcrcd systcms, Lbis fador,  or 
one dcrivcd from a dir- mcasurcment of rhc isotopic 
ratios, should be pan of any cstimatc of 
cnvironmcoid availability. 

(u. s. Enviroamcntal Protutioo Agulcy, 1985, 1991d). 

NUREG/CRd232 

Thc isotopic composition of a uranium-bearing sample 
cao bc detcrmind in a numbcr of ways. Thc mast 
straightforwarJ of Lhcsc is m a s  spcctromcq, whcrcby 
all Lbc isotopes of uranium C;UI bc dclcrmincd 
regardless of heir spcdfic adivity. Two t y p a  of 
nudcar s p c ~ ~ a s c o p y  (alpha, and gamma a f w r  
cpitbcrmal ncutroo Lradidoo) alw 8n be uscd 
Bccauc thc data from chuc tcthniqua arc gcncnlly 
comparable, thc choia. of method for isotopic 
composition largcly dcpcods on indhidud 
arcumstancrr 
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2 Measurement of Environmental Availability of Uranium 

2.1 Direct Measurement of 
Availability 

2.1.1 Simulated Lung Fluid Procedure 

2.1.1.1 B s d g o u n d  

This pr&otation is a summarl of thc work of 
Kalkwarf (1979. 19% 1980b). Thc gcocrd purpose 
of Using a Simuhtcd Lung Fiuid (SLF) tcst is to 
cvaluatc thc p t t  ulial hcallh risk d t c d  with thc 
inhalation of airbornc uranium producu. Escnt idy,  
thc h d l h  risk (k., radiation dmc) is invcrscly 
propofiional to thc r3tc of dissolution 3nd subxqucot 
upulsion from the lung of a givco urmium spcdcs 
(or spcdcs compositc). & ootcd by Wkwarf (1WS). 
'maximum dissu,utioo r a t a  arc sought bcwusc thc 
lung is u p c d c d  IO bc thc sitc for cffiicot diuolution 
and bccaw thc valua arc IO approximate dcxana 
r 3 1 a  h a t  indudcd cootributions from codocyt& and 
d m y - m u a u  traaspon' 

Tbc dissolution ratc mods1 uscd for this typc of tcst 
w s  dcwlopcd by the Iotcm~tiooal Commissioo 00 

Radiologid Protcuioo (ICRP, 1975, 1379ab. 1980, 
l a l a b ,  198Labc) and a t a b k h c s  h c c  componcots of 
d d c a t i o o  for lungdcpasitcd ursnium-cootahhg 
rnatcrial. Thcsc dassilications rcprcscnt b3lf-livcs for 
Ibc rcsidcocc timc of thc matcrid in thc lung whcrc 
D (days) dcootcs 0 to 10 days, W (wccks) dcnotu 10 
to 100 days, and Y (years) dcooter, >lo0 days. If 
durancc of thc matcrid from thc lung is not s ~ r i d y  
cxp~ocotial with time, i t  is approxkatcd by 3 sum of 
thc c x p o o c o t i ~  and thc matcrid is d u i f i c d  
according to Lhc Labiorrr, of D, W, and Y 
compoocou The modcl uscd for uranium dissolutioo 
d d o t i o o  is reprcscotcd by thc cquilion: 

F = C,ficxp(4.693(./7,) 

whcrc F k rhc fradioo of uranium remaining 
undissolved as a f u n d o n  of Lime, f, is thc initid 
wclgh~ fraction of wmponcot i, Jnd 7, is rhc 
dissolution half-iimc of cornponcnt i. 
arc calculated by subuaahg thc amount of uranium 
dissokcd during any sampling pcriod from thc amount 
undissokcd at  thc beginning of that pcnod and 
dividmg Lhis quvltiv by thc t d  amount OZ ~ranium 

Valucs for F 

in thc samplc. 

The dissolutioo ratc darsificatioo rad& for Gvc pure 
uranium compounds arc shown io T a b l a  1 and 2 
(Kaharf ,  1980b). Thhcsc dab show thc diffcrcnccs in 
solubility of U(VI) and U(IV) compounds. Since 
dissolution in thc lung fluid is dcsuablc for 
climioatioo of rhc uranium from the lung. it is thc 
U(IV) compounds that arc thc most hazardous from 
thc inhalation standpoinL Io sods, on thc othcr hand, 
U(IV) is of the la conem txxausc it is OH solublc 
and thus is much lur likely to cootaminatc 
groundwater. Kalkaarf (1979) also appticd thc 
dirsolutioo-ratc dassificatioo wt using synthetic lung 
fluid to ochcr uranium rornpouods k a t d  with a -  
varicty of uranium proausing pbnt and mining . 

opcrationr Io cach cw, Lhc samplcs wcrc fully 
charadcr iz4  thc major uranium solids idcotificd, and 
thcu dissolution r a t a  dctermincd. From a 
dctcrminatioo of thc dissolutioo balf-timcs JJ shown io 
Tablc 2. ICRP dissolutioo rate das i fk t ionr .  could bc 
uigocd .  

2.1.12 Curnot  Procedure nod Limitations 

Thc thrcc mchods uwd to dctcrminc dissolutioo-ratc 
dauilicatioo in simulatcd lung fluid arc the 'batch 
mcthod,' thc 'sandwich mchod,' and rhc 'rnini-batch 
mcthod' (Kdkxuf ,  1979). The mcthods ax 
distinguished by thc quvltity of samplc andyzrd 
and/or thc uranium wocrotratioo of thc sanplc. Thc 
batch method h a  bcco applicd to 0.6-g u m p l a  or 
grcatcr. whilc h e  sandwich mctbod has bcco applicd 

. 

' 

Table 1. Purr uranium cornyund s a m p l e  uscd to  calibrak the SLF 
procldurt ()(alhmrl, 1980b) 

Sample 
P a d c l e  Erpectcd Valenm 

Color S i x  Raoge Components Shk 
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!an LrrplFldd Grwndrr- 

m q  L" 

Magnesium, Mg" 2 0  1 2  
Caldum, ca2' 5.0 2 4  

Potassium, K' 4.0 0 3  
Sodium, Na' 1450 1.4 

ToW Cntlons Ls6.0 5 3  

Bicarboolte, HCO,' 310 u 
Chloride, U- 114.0 0 8  
Citrate, H,C,O,* 1 .o - 
Acttatc, H,C,O,' 7.0 - 
Phaspbatc, HPO, ' 20 - 
Sulfate, SO, ' 1 0  1.6 

Totd Anlopr L56.0 4.7 

PH 73-7.4 a 14 

In spite of tbcsc d 1 a w b a 4  thc SLF t o t  hss some 

kvcAg&ng uranium solubility in soils. In S c d o n  3 
and Appendix C, wc discus an analogous method that 
rmgbt SCM as an adequate surrogatc for th;s 
proccdnrc for soil sysluns if & c a s k  conchtion with 
loug-hm lcxhmg I- i s  madc. 

2.13 ExtrPdioa procedures 

212.l Backgmuod 

1Vith.h soils and scdimcn4 metals, nutrients and 
many m-ts arc t y p i d y  prcsent in several 
ux;dsting phascs. Thc diffcxnt forms a d  phascs can 
have widely varying solubilities and/or a d a b i l i t i s  
Even fu a single, wdldcfincd phaw, its solubility or 
thc rate at which it rtlwcs the contaminant to the 
cnvironmcnt an dcpcnd on tbc chemical cnvironmcnt 

confronting regulatory agcxics is to acosratcly and 
economically a s a s  thc availability of a contaminant in 
a particular soil or scdimcnt Frequcdy, Lhis typc of 
asscssmmt is msdc using a soil emaction prtxcdurc. 
Soil cxtnction mcasurcmcnts fall into h c c  broad 

fcaturu thpt makc it uniquely pcrtincnt to 

. 

within Ihc soil .e a rcsult, onc of the chsllcngcs 

, 
. d:cgorks. Smglc-stcp chcmicd cnradonr, arc 
i .&. 

p r d u r c s  that typically usc a single solution to 
carad the contaminant of iotcrcst 
p r d u r c  is Lhc mainsfay of mdard rncthods, and 

asscssncnt applications. Thc xcond broad atcgpy 
induda multirlcp or sequential chemical extradops, 
in o/hich thc soil is r a d  with a wriu of diKercnt 
-don liquors, each more chemically aggrrnirc 
than h e  prcviou, with the intent of quantrfyiag tbc 
distind chcmical f o m  of thc contanlinant in the 
samplc Squcntial UQactiOns haw k n  uscd 
primarily in rwA-ch applications. Thc LhLd typc of 
soil cxhction mcasuremcnt is dcsipcd to m m m  
the m e  of r c l w  of thc contaminant under a rpcdfic 
set of conditions that can be conclated with Gcld 
conditio= Kw&c txtradions involvt either 
scqucntial -dons of a +c soil samplc using 
kcib diquats of Lhc s m c  cmxtion liquor or a 
singlc-stcp -don &cd out on scvcral rcplicatc 
sail samples for differcot pcriods of Lime, and oftcn 
r i d  applications for cnvironmcnd and replatmy 
p"P0sa. 
to urd mcasurc spedlic, chemically defined 
components. Thc primary distinctions among them 
arc Lhc specificity with which one attempts to ddinc 
1) thc number of distinct p5ascs in the sample, and 2) 

This type of 

bccn frcqucnlly lld in txxb TcgulalOry and 

All Lhrcc types of proccdurca arc duigncd 

1 

s 5 

. ... . . , 
11 

_*.. _. - ?. 
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Measurcmcnt of Environmcntal Availabilirj 

the ratc at which thcu phascs b l v e  to yicld 
aqucous ions. 

Uranium may bc prcscnt as an uchangeablc ion 
adsorbcd to organic matter, W~OMICS, or day 
minerals; as a constituent of amorphous and 
a-yadinc Loo K d  alumioum (hydrous) oxidcs; ar a 
dixrcrc.uraniumaddc [which may conlain U(IV), 
U O ,  or both], siliatc, phosphatc or vanadatc 
mincral; and as an acwsory componcnt in common 
silicatc mincrak Thc goal o! 3 wqucntial c h c m i d  
m a d i o n  is IO dcterminc thc partitioning of uranium 
among these fradons. Whcn used carefully, the 
scqucntial p r d u r t r  will provide qualitative to semi- 
qUantiUlivc inlormhon pertaining to the cbcmical 
form and oxidstion slate of thc uranium in thc 

w a d o m  attcmpt to a s s s  only availability of thc 
uranium from the soil, rcgardlcss of thc spcciiic 
chcmical form. Tbcsc appxaches m d c  no attcmpt to 
dlshgursh from which forms thc solublc uranium 
originatu. All h c c  iypcs of proadurc provide thc 
user with operationally dcfmcd rcsu l t r  

Soil a l rad ioo  prnccdurcs rcly 00 thc propasitioo that 
uranium bound io diffcrcnt pbascs will rwa, or f . d  to 
react, with the crtndioh solutions to diffcrcnt e ' l c n ~  
and at diacrcnt r a t u  For ogmplc, high-ionic- 

m a c t  urbangeablc forms of uranium cffcdvcly. In 
addilioq uranium o x i d s  silicates. c t r  will bc slighlly 
d u b l e  in t h e  soiutionr If Ibc mil has L'tllc 
uranium rcsidcnt on uchangc sit- thcn the bulk of 
thc m:d r c l d  to solution may have bccn rclcaxd 
from othcr disactc p h a s u  B c a u c  thc procedures 
rcly on chcmical mcthods to w p a t c  and idcntdy thc 
diffcrcot pbasu, tbcrc will always be a certain amount 
of overlapping rcaaivity among thc prcsumably 
disuck phases. Thus, thc phasc separation is rarcly 
d c r m i h .  

ALbough single-SIC~ and kinetic rsrauions arc not 
saddled with rhc dioriculty of dclincating s p c d i c  forms 
of uanium (or othcr c o n t a m i o a n ~ )  in soils or 
scdimcnts, relating the to concenuations in thc 
ficld may be difficult &y form ot uranium exhibits a 
rangc of solubilitiu io dillcrcnt soil cnvirowcnb. 
For cxamplc, Table 4 Lisls the solubilities of xhocpitc, 
a hydrous uranyl oddc, for ranges of pH and t o d  
inorganic carbon (TIC) concentrations that span ~ O S C  

commonly found in sods. Thcsc d u c s  were 
computd using GM. an in-house equilibrium 
gcocbcmhy d c .  At any givcn pH, thc solubility of  
xhocpitc can YY.. '7 as much as two orders of 
magnitude for a faaot-of-10 change in TIC. Similar;;. 
varying the pH signi[ieandy innucnccs thc solubility, 
cspcaally at higher TIC dues.  Bccausc most 

-PIC. In contray Y n g l c - ~ ~ p  and kinetic chc&Cal 

SUC& n ~ . ~ - n c ~ L d p H  S O ~ U ~ ~ O ~ S  t;br~ bc uyd IO 

-- 
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Table 4. Calcnlattd aqocoui concentmtlocu d 
urudun In equilibrium with schoepite (UO,?H,O) 
at spedfled pH d u a  aad t o w  lnorpnic arbom 
(TIC) cooantrntlons 

pH TIC UraniMl 

5.c 
5.0 

6.0 
6.0 

7.0 
7.0 

8.0 
8.0 

9.0 
9.0 

mol L" 

0.01 
0.001 

0.01 
0.m 

0.01 
0.001 

0.01 
0.001 

0.01 
0.001 

mol L" 

7sLE-05 
217E-05 

2 19EM 
6.73E46 

1.07E-03 
129E-05 

1.9sE-03 
1.97E-05 

2JTE-03 
434E-05 

mg L" 

18.6 
5 2  

5 2  1 
1.6 

256. 
3.1 

463. 
4.7 

611. 
103 

XI& chcmical m a d i o n s  rcly on thc use of a 
sin& weIIdcGncd c u r a d o n  liquor (c& distilled 
watcr, acetic acid b d c r ) ,  thc solubility measured by 
the p r d u r c  may or may not be rcpracntat ie  of 
the cooditions f o u d  io the soil 

Thc rangc of conditions cncountcrcd io mils difkrs 
coasidcrably from h a t  prcscntd by the SLF t c r t  In 
the human lung, tbc fauon cootrollrng umium 
solubility, i.c, tcmpcraturc, p y  Pco,, fluid 
cornparition, and humidity, arc, cffcdrvc)r. invariant 
AS a rcsuk, more or lcss direct correbtioas can be 
madc between SLF dissolution mcasurcmcnts a d  the 
flu*.hing ratc of the m c d  from tbc tungs n e  wide 
range of conditions that will bc c n c o m  in thc 
soils, c ~ t n  at a sLnglc fadlity, will gcncdy  p r d u d c  
thc drawing of univcrsal conclusions from a limited wt 
of w a c t i o o  mcarurcmcnts. AS a r c s a  b e  daim 
madc for mast soil cxtndion p r d u r c s  is not that 
thcy can provide cstimata of cnvironmmdy t-distic 
concentrations or mobilitics for uranium QT otha 
mclaL, but ralhcr that thcy provide a uniform 
foundation from which dccisions of a ryulatory xmtlix 
can bc madc. 

B ~ C ~ U S C  most chcmical &radon p r o a d u r a  have. 
bccn designed IO accomplish tpccific g& the anal- 
S C ~ C ~  among thcm according to rbc i n t a d d  UY: of 
Lbe dormation. Thcsc goal. do 01 n d y  carry 
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o w  rrom ooc study to others. For uamplc, ctr~ain 
proadures havc bcco dcvclopcd for thc separation of 
U(IV) spccics from U(W) spcaes and arc diffcrcot 
from Lhosc that h v c  k e n  dcvclopcd to dctcrmioe 
uhjch uranium-bearing phases arc most doscly 
asodatcd with controlling thc mobility and 
poundwatcr cooceotrations of uranium. Some 
moditicatioo and/or mcrgcr of these tcchniqucs mi@ 
bc rquircd if onc wcrc intcrcstcd in attempting to 
isolate or i d c d y  Lhc bioavailablc f radons of uranium 
in a soil. 

. 

In spitc of thc opcraliooal oaturc of Lhc dcfmd 
p h a x s ,  chcmical m a d i o n s  havc found a rangc of 
applications in bolh cnviroomcntal and qicul t -xal  
fields. Soil fcrtil'ty tcsts for 'plant-availablc' nitrogcn, 
phmphatc, potassium, and othcr outricnts have k c o  
uxd for decades to dctcrminc proper fcrtiliLcr 
~pplicatioo rates with p a r  suctcss (Black, 1968; 
Trsdalc and Nelson, 1975; Walsh and Bcatoo, 1973; 
Morfvedt ct al, 1WZ). Tessicr ct al. (1979) and 
S b c p p d  and Thibault (1992) have used thc more 
+orous scqucotial emactions to idcnllfy Lhc phaccs 
h t  transition rnctals Sccomc Uod31Cd with in 
scdimcotary cnvironmcots. These types of information 
have b o  uscd to estimate Lhc bioavailability and laic 
of mccals in thcsc systems. 

. The ocxi scctioo prcscnts brief dcwiptions of some of 
thc standard proadures that arc available to 
d c w m i n c  cnractablc metals from cnviromcntd 
mcdia In addition to Lhc caraction mcdia and tcst 
cooditions, wc indudc a short discussion of thc 
p u r p a x  of c a d  test. 

1.122 Standard Mc~hods 

Cbcmical cxtractioo procedcrcs. as uscd in thc p s t ,  
h3vc found both regulatory and research applimions. 
In Lhc cootcxt of coviroamcntd metals, xvcral 
mchodrbavc bcco dcsigncd to dctcrminc the 
predominant mctal-bearing phases in solids and orcs, 
or simply to provide cs~imatcs of avihbility Fable  5). 
\fore dctail for cach of ihcsc methods is prcscotcd io 
thc paragaphs loUov;iOg. 

For cach method in Tablc 5, thc major compoocnts of 
he extracting liquor, the initial pH, the solutioo:soil 
~ J U O  (ml g.'), thc tcmpcraturc at which thc cxlrauioo 
is &cd out, and whclhcr single or multiplc 
c~racrions arc performed, as wcU LS Lhc calculatcd 
cxnctioo cffiocncy for rcrnovd of schocpitc from 3 

sod arc listed. Athough thc compositioo of thc liquor 
wiIl change as the Liquor reacts with Lhc contarninatcd 
sod or sediment, h e  initial compositioo provides a 
roqh idca of how c h c m i d y  agpcssivc thc liquor is 
&wds thc soil. For all thc proccdurcs cxccpt lhosc 
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with cxUcmcly acidic liquors. he  final pH of thc 
c;dracting fluid w d ,  in most cases, bc sqpfjcantly 
diffcrcot from the initial d u c .  Soils and &cnu 
have sipGcant pH-bdfcring capacities and. in masf 
proccdurcs, Lhis is talrcn into account by wuring 
Lhc pH at thc cod of thc C ; d r 3 d i O O  as WCU as at thc 
start. Scvcral of thc proctdurcs use distilLd w c r  as 
Lhc macl ing  liquor, in which w e ,  thc pH will bc 
csscotially that of thc natural soil. For Lhc purpasa  
of calculating Lhc xhocpi!: cmaction 'cfidcncy, wc 
assumed a pH of 6.0 for such pioccdurcr Additional 
assumptions in thc calculatioo wcrc 1) b a t  Lhc soil is 
cootaminatcd with 100 ppm of uranium dcpositd as 
wbocpitc (UO, W , O )  and no orhcr fonns of 
urmium, 2) that thc cdradioo solution main& thc 
iniu pH value, 3) that Lhc c a r a d o n  solulioo attains 
cquiljbrium with thc wbocpitc, 4) that the TIC 
concentration in the system is q u a l  to IO"M (thc 
lowcr cooccotratioo Listed in Tablc 4). and S )  that 
thcrc arc no kinetic constrainr~ !biting Lhc rclcasc ot 
thc nctal from the solid phaw. In some cays listed 
in Table 5,  the c m a d o o  would rcquirc many volUmcs 
to bc ablc to m a r t  Lhc urJnium, whcrcas m othcis 
(c.g-. thc TCLP mcrhod cmploying thc acctatc buffer) 
Lhc cmadioo is just suffidcot to dissolvc Lbc availablc 
uranium. and in slill orhers (e.& thc D397-1 . 
proccdurc) thc prcxcdurc is opablc of solubilizing- 
many Lima thc amount of uranium lisrcd. 

ANSI/ANS-16.1-1986 .. 

Summary of the Pmcedun 

This proccdurc was dcsipcd to measure Lhc leaching 
rate of oudidcs from mrious s t a b h d  forms (e.& 

& for placing thc sample in dcmincral id  wtcr for 
s p c d c d  periods of h c ,  those Lima being Jtcr 2, 7, 
24,4$72,%, UO, and 144 hours from the smi of 
thc procrdurc. The sampling intcrvals cao bc 
cxicodcd to day, 19, 47, and 90 from rhc inidation of 
Lhc proccdurc if dcsucd. A unique aspect d thc 
proccdurc is thc dctcrmioation of lcachatc d u m c s .  
Thc proccdurc asmes that thc samplc is a compad 
solid (c.g., ritrificd), and that onc u o  obtain ao 
csiimatc of its geometr id  surface arca. (This 
rcquircmcnt precludes Lhc use of uncoosolihcd soils 
or scdimcou in thc proccdurc.) Thc analyst pla- 
thc solid waste (preferably a cylindrical shapc, but it is 
also acccptablc to usc a sphcrc or puallclcpipcd) in a 
quantity of dcmincralizcd w t c r  whose v o l ~  is cqud 
to tco h c s  (lox) thc gcomctr id  surface m of thc 
solid. Thc lcaching L allowcd to occur for Ihc 
spcdlicd pcriod, and then thc solution is complctcly 
changed to fresh, d c m i n c r h d  mtcr .  Thc kachatc 
is andyzd  lor the dcsucd analytcs at thc turnination 

gl- and pouts) of IOW-ICVCI wastes. The standard 

i i  . 
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Solntloa solution Solution: Ertrpctlon Tlme 'W- 
Method Compltlw PH SoURatlo Tunpaphm serla? Exirndd - 

1 2 - ANa/ANS-16.1-1986 dist H,O 6.0 I room Y= - 
A S l M D W 4 - 8 1  Ha/HNO, <0.1 ns 9s T no 100% 

H a  - 02 100. room no 100% 

AslMDD3981-85 distH,O 6.0' 20.0 room no 32% 

ASiMD479393 & H , O  6.0 20.0 room ycs 3 2 % p c r b a t c h  

I 1.4% pcr pox WD487489 distH,O 6.0 - 

EPA/SW 8;6 NaOAc 4.9 20.0 22GT , no 1W 
Mclhod U11 (TUF') HOAc 2 9  20.0 22GT no 1CQ% 

room YW 
volumc 

=A/W 846 HNo,/H,o,/ <o.o - l5. 95 '(7 no 
Mcthd 3QIQA H a  

'61 pH to k 6 0  
'M dcporoa fm d t h i c  mw . [oms. oo( appqwiatc for roik 
' l - k m h q h  cdumn *whing Lcr( 

of cach period Data &om tbc study arc combined to 
k l o p  a single Zcachability h d d  for tbc sample. 

NonrLrol Appliradonr 

,k indicated aboyc, this proadurc  was dcnlopcd to 
m a u r c  and indu the rclcasc of radionudidu from 
solid WLSIC f o m  (not unconsolidated soils and 
scdimcnt.s)u a result of lcaching in dcmincralized 
watcr. Results from thc p r d u r c  & o d d  bc uscd to 

bo-, extrapolation to longer periods u n  be made 
from assumptions about diffusion rata and thc 
morpbdogy of thc wastc form. Thc pr-durt is not 
iOt~rd.4 to mimic conditions to which the w a ~ l c  form 
might bc aposcd in thc Gcld; rathcr, thc proadur t  is 
dcsigncd with thc btcntion of using rcproduablc 
condilions k i t  are readily achicvablc. 

XiXM D 3974-81 (Reapproved 1990) 

inlcr luching behavior for periods lcss than 1 yw 

Swunar~ of the Procedurr 

This standard proadurc pruvidcs t w ~  a l t c r n a k  for 
Icaching mclals from roils or scdimcnu. Ybc first 
p r m d u r e  is the morc complu  and morc vigorous, 

and &ads a larger fraction of tbc metals from thc 
solids. Tbc p d u r c  calls for adding 4 g of s d  to a 
W c r ,  to which is thcn a d d d  100 ml of dbtilld 
water, 1 ml of conantrated nitric acid, and 10 ml of 
conantrated bydrochloric acid. The m h r c  is bcatcd 
to 95T and k l d  at that tcmpcraturc until ~JIC t d  
solution volurnc is r e d u d  to bctwca 10 and 15 ml. 
The leachates arc separated from any remaining solids 
by Lltration, and the solution is diluted to an 
appropriate volnmc and anal@ for tbc dcsircd 

of soil or wdiment in an appropriatc readioa vc55cl, 
at'- 95 ml of distilled watcr and 5 ml of 
moantratcd hydrochloric add. Tkc rcadim -1 is 
d c d ,  and thc mixrurc is shaircn at room 
tcmpcraturc ovunight (tb 16 born). Thc so luhn  b 
Lltcrcd to r c m m  solids. and is a d d  for tbc 
dcircd aaalyttx 

Nominal AppUmtionr 

Both proccdwcs arc sufliacntly vigorous to 19c.d 
dissolution of most of thc cnviroamcndy a d a b l c  
forms of UfiLOjum from a soil or rtdimcnt. Thc 
p r w d u r c  wiU h v c  qcatcr cfficirnry . solubilzinc( 
rcduad M d a  and, pcrhp: as;. :?.~I~cs H O W V ~ ,  

dy lc j .  n c  dtcmatc proadurt CaIJS for placiag 1 g 
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h e  first p r o a h r e  employs an axjdidag add (HNO,) 
m d  is thus not suitrblc for scasurcmcnts in which 
ODC wished to dccrrminc the oxidation state 

m d  p r d w  ws a ooo-bddizq acid, and 50 is 
l p p r o p d c  for oxidation-stnte detcrminationr 
Ncithcr p r g a d w  provides information regarding thc 
spcdGc forms biDdrng thc uranium nor do  Lbcy 
provide rsimaks d ma .t which the uranium would 

hsTM D 3 9 8 7 4  

S--fyoflhePhMadvrr 

Thh proadwe is designed to pcrform a shakcr 
&on of solid waztes io distilld water. For thc 
produn,  a'sampk of known wight (e& 7D g) is 
ad&d to ao a p p r o P r i a t c - d  -1 A volumc of 
distilled olktcr qd to mty times thc wcight of the 

X-g aampk, 1- ml oi distikd water is addcd). 
The& is reJed and pLad in an agitah, and thc 
-pk J~W=I  fa 18 f 025 how at room 
hpcrature. The 4 is opcocd, and solids arc 

and 6 k d ,  Lbc pH is mcpsurd, and the bulk of thc 
solution is p r c s c r d  for thc uratytu of i n t r r e a  

N o d d A p p t L o r d o u  

This tcst is basically d a i g n c d  to give an indicator of 
thc wtcr solubility d a contaminant in a soil or 
scdimcnt. The t a t  is short-term and docs not yield 
any Limc-dcpcndtnt indication of the diwlution 
bchvior. 

disbibutioo d lbc unnium in the sample. Thc 

d u w d  fnnn tbcsc phases 

SMplC in grams is ddcd to thc vnsel (C& for thc 

rIloacd to &. 'Ibc r u p u n r m  is then dccanId 

This proadur t  is similar to proedurc  D 3981-85, 
uccp that it provides for thc mcasurcmc,ot of thc 
time ratc of rcleasc of thc wntamioant from Ihc 
sample. lo essurcc, a sample of known wight is 
addcd to a rurctioo vessel, and a volumc of d i d l e d  
~ t c r  qual to 20 timu the mass of thc dry solid (io 
grams) is a d d d  The vessel is scalcd and thco 
agitated for ISH025 horn at room tcmpcraturc 
After separation of thc leachate by prcsJurc t i k d 0 0 ,  
all solids arc ruurned to tbc reaction vcsscl 
quantitalivcly, and tbc procedure is r c p a t c d  nioc 
additional timcs. The 6m four cxLraction scqccoccs 
must k complctcd without a brcak of more Lhan a 
fcwpouq bctwcm runs Thc tcst rcquircs two wcckr 
for _com&tion. f* 

< a  - ~ .&$ 

Nominal Appthndorv 

B c c a w  of  itr similarity to D 398185, this ;roctdurc 
provides 
information Thc primary di€fcrcvr between Lbc 
methods is that Method D 4- docs providc some 
addi t iod  infmatio,. about the time rate of rckasc 
of tbc coaf;tminlnt &om thc s o u  

thc same typc of phasc*c 

This is a standard method for Icxhq solid a s  ir 
a column appuatus. The solid material is pctd L c ,  
a soil column The physical charrdcrisda d thc 
column (C& dcnsity, porosity, pcmrcabllity, wil 
teburc) should mimic thw crpcacd io thc field. 

volumc) of tbe mlume Tbe cohun is suunkd aith 

pumping of thc leaching sohrtioo tLrou& the column 

Ooc thco dctermina the pore Votrmc (ic, void 

dk&d wrtu (or other fluid, if rapired by the test 
rquircmcnts), m d  the d -  bc+ cOo(i0uaus 

Pumping r l t r s  a u l d  bc qurl to h u t  tmc porc 
volumc pcr %-bur  (f I@%) pcrpd Ihc d u e a t  is 
colJrx!4 rhc pH measund, and tbc sokltoc 
prtscrved aaording to thc ana+ to bc mductcd. 
Thc tcst can bc cootinucd for aoypcriod of time, - 
although tcsl~ arc t y p i d y  r u  for a 1- 10 pore 
volunu. 

. 

, 

_. 

The test provida informalion a h a  tbc rates of 
rclcax of a amlaminant from a d or sediment Of 
tbc staodard methods, io form and information 
gcocratcd, this procedure is the daert cnvironmcntal 
quivalcot of the SLF Tcst B c c a e  of thc low 
solutionsolid d o  w d  in the t c s ,  thc p r o d u e  has 
a limited ability to provide cstimltcs of tbc quantities 
of uranium that might tx assodat& with spcclfic 
forms. For uample, if thc soil wcn mnrlmirurd 
with 50 ppm &pitc, and if the ktia of schoepite 
dissolution in &e soil wcrc such thrl thc l cachc  

quilibrirnn with each void vdumc (a p c r o u s  
assumption), tbcn the proadurc WOJd o d  to k run 
for at 1- a month to dcplctc tbc pchocpitc. Thus. 
thc prorrdure is not suitable for &in@ the 
oxidatioo statc of uranium in the d 

EPA/W 846, Mcthcd 3050A 

Sununory of the Rvcrdun 

This method is a w c t i h c m i d  dig& p r d u r -  to 
determine thc total woccnuatioo of i rnctal 

To pcrform the proctdure, 3 1- to 2 3  sample is 
Contaminant in a particular soil, sediment, or  WC. I .  
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addcd to a conical W c r .  Five ml d distilled watcr 
and 5 ml of concrotratcd nitric a d d  arc addcd to thc 
solid and m a  to form a pastc. Tbc roiaurc is 
bcatcd to 9 5 T  and maioLaincd for 1OlS mhutcs. 
Tbc samplc is m l c d  and  ai^ a d d i t i o d  5 ml of 
coocrotratcd &c a a d  is addcd 'Ihir is then hcatcd 
IO 9 5 ' c  and mablaincd for a b u t  30 minutcs. ?his 
kst  s c r i e ~  of steps is rcpcatcd onc additiooal h c ,  
and thco thc nibic add  solution is rcdncrd to a. 5 
ml. At this point, thc samplc is cooled, and 2 ml of 
distilled water arc addcd along with 3 ml of 30% 
hydrogcn p c r o d c .  This mixIurc is bcatcd to initiate 
the pcrcuidc r u d i o n  Pcroxidc is addul in 1-ml 
i n a m c o t s  until all apparcot rcadions ctase, or until 
3 total of 10 ml of pcroddc bavc k c o  addcd, 
whjchcvcr octl~n t i n t .  Xtcr tbc midurc hu m l c d .  
the analyst adds 5 d of moccn&atcd hydrochloric 
add, 10 ml of E d c d  water, and thc miuurc is once 
again hcatcd to about  95°C and refluxed for a.0 
additional fi minutes. Tbc mixturc is coolcd. Lhc 
c m d o n  liquor is f i l tcrd, and thc t d  solution 
dilutd to 100 ml with U c d  water. Thc solution is 
now r a d y  for malysu by ICP, XCP/MS, or a rclatcd 
method. 

NorLral AppllPrtioru 

This mcthod yidds a mtaJurc of thc t d  potcotidly 
rcadivr mctal arsodatcd with thc soil or scdimcnt. 
Thc only fradioas of tbc mctal that should not bc 
c m d c d  by thi.J p r m d u r c  arc thosc that arc bound 

silicatu. Bccalac oxidizing acids and peroxide arc 
USCC! in thc fm portions of thc p r d u r c .  the 
mcthod is not wu'tablc for estimating Lhc distribution 
of uranjllpl bctw-co thc two oxidation YatCS. nor is 
thc m c t b d  suitablc for m u  cstimvcs of miocrd 
spuiation. 

EPA/ !W 846, Method 1311 (TCLP) 

Sumrrmry of the h c c d u r r  

This proctdurc, also knowo u Ihc Tan'dty 
Chmdcr is t ic  Leaching Pnxcdurc or TCLP, providcs 
thc d y s t  with h ~ o  altcmativc caraction pr-durcg 
Ihc sclcdon of which dcpcods on thc add-ocutraliriog 
wpadty of thc nmplc. Tbc first cxtradioo liquor u a 
pH 4.93 f 0.05 sodium a a t a t c  solutian; thc second 
solutioo is a dilntc acctic add solutioo with a pH of 
2.58 5 0.05. To dctcrminc which of rtc two 
c m a d o n  liquors to employ, a 5% umplc is addcd to 
a b u k c r  to wbich 965 ml of dislillcd w t c r  is addcd. 
This slurry is k t d  vigorously for 5 minutes. m d  thc 
pH of tbe suspcnsioo dctcrmiocd. If Lhc pH is ICSS 
than 5.0, usc utraction liquor #I. If oot, thco 3.5 ml 
of 1.0 N HCI is addcd to b c  slurry, and thc m h u r c  
is hwtcd to 50 C for 10 ninuteJ. i\ficr the 
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within thc UyIanJnc Iatti, stmctwc d ;cfraaory 

suspension has coolcd. tbc pH is oocc again 
mcasurcd. If thc pH is Ius than 5.0, caradon liquor 
i l  is used for cbc prcxcdurc; othc&, usc 
cnractioo liquor t 2 .  

Oncc thc appropriatc e ~ r a c l j o n  liqucr bas bccn 
dclcrmincd, 100 g of soil or scdimcot is added IO thc 
r a d o n  vesxl. and 2 L ol thc cxtradoo liquor arc 
added. Tbc vuscl is s d c d  t@dy and p h a d  on a 
rolary agitation device. Thc vcscl  is Gwcd at 30 
rpm ior 18 f 2 hours at room tcmpcratun: (Z f 
3°C). Thc liquid portio0 of tbc ud ladoo  liquor is 
wparatcd from thc solids Using a g l a  Iiiw Gltcr. 
Tbc pH of Lhc c m a h o n  fluid is rccordcd, 2ud the 
h i d  prcscrwd for subscqucot analysis. 

,\'o'Ominnl Appk'cahonr 

fEis procldurc, which is widely used for rcwtory 
purpaxf originally dcsigocd to a s c ~  Ibc 
potcotid mobility of mctals in an organic-add-rich 
bdGU cn~iroamcot Thc mcthod has s o d  

Thc edractioo liquor has a high cnough ionic mn@b 
to 'cncouragc' thc rclcasc of cxchangcablc uranium to 
SO!U~~OQ; at thc samc timc, the medium is oot SO 

agycssivc t o w d  thc solids as to cKca Sisnifi-1 
dissolution of solid pbarcs that a n  only s w d y  
solublc undx covironmcotal conditions. As a rad4 
thc mcthod forgcs a compromisc bctwccn t h ~  
prardurcs that attempt to m m u r c  all a d b l c  Corms 
ol thc contaminant, and thosc that seck to atimatc 
somc quasi-stwdy-statc lcvcl ol cootminard that 
mi@ bc obscmcd. Howcvcr, thc TCLP docs not 
mimic the oJturJJ cooditions of thc cnvironmcnL OO< 

docs it provide information about thc ratc at which 
diflcrcot p b a w  in thc samplc rcad. 

2 1 3  Sequential Extraction Methods 

Eximdoo proctdurc of  Yanase et a!. (1991) 

Thc god of thc study conductcd by Yaoasc ct al. 
(1991) was to dcsaibc thc distribution and xcondary 
mobilization (ix., changcs that have takco phe in t h ~  
cmplacemcot of thc orc dcposit) of uranium at t h ~  
major orc dcposit ocar Kooogarra, Australia Tbc sitc 
h s  bcco studied as a natural analog for procuscs 

admrltagcs r c b k  to othcr p r d u r c s  djs(IpscA. 

drccting disposal of high-lcvcl oudcal waslc. 

Summory of the Pmccdurr 

To prcparc Lhc sample, 50 g of rock or soil is 
md homognizcd. Notc [bat at thc cod of each 
exfraction step that synplc is centrifuged and thc 
supcrnatant is fdtcrcd through a 0.45-PO fihcr prior to 
vmplc prcxmt ion  and storage. 1) A 13 Aiquot of 
umplc is sbakco in 40 ml of 1.0 4 Na-aafatc 
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(adjusted to pH 5.0 wirh a d c  acid) for 4 hours at 
room tcmpcraturc. This stcp nominally remows 
uchangcablc and carbonatc-bound uranium. 2) Thc 
nu'duc from stcp 1 is sbakcn with 40 ml of Tamm 's 
solution (10.9 g L" o d i c  add plus 16.1 g L" NH,- 
oxalate) for 4 t o m  at room tcmpcraturc in the dark. 
This stcp norrinally r e m o w  amorphous hydrous 
oxides of iron. aluminum and silicon in addition to 
s c a n d a y  Lprcsumably U(vr)] uranium mincrals. 3) 
The ruiduc from step 2 is sbllkcn WjLh 40 ml of CDB 
solution (1 g of Nadithioaitc a d d 4  to 60 ml of a 03 
M Na,-dtratc + 0 2  M NdiCO, solution immediately 
bcforc w) at 85°C for M minutcr Thir stcp 
nommally r e m o w  thc cryaalhc iron minerals. 4) 
Thc rcsidw from step 3 is shaken with 60 ml of 6.0 
N Ha for 2 hours at 85°C. This s ~ c p  nominally 
rcmovtS nonucbangcablc Uranim associated with day 
minerals and somc rcfrauory mincralr 5) Thc 
rcsiduc from stcp 4 is put inlo a platinum awable, 
and S ml of perchloric add and 25 ml of HF x e  
added Thc sample is heated to 6O'c ovcrmght, and 
then cvaporatcd to dryncss One gam of Na,CO, 
and 2 g of Na-tctrabomtc an a d d 4  to Lbc sample 
and the sample is fused Thc resulting Eakc is 
dissokd in 6.0 N HCI and thc solution analyzrd 
This stcp mcaSuru all remaining uranium in thc 
sample 

Thc proadure is fairly elaborate; cven so, i t  cannot 
bc uscd to addrcss all k u a  th3t mi# bc raised with 
r c p d  to a soil or wdimcnt. Thc primary low of 
thc p r d u r c  u to provide information about thc 
pardtioning of uranium among some of thc major 
mineral forms in thc soil. In spite of this. the 
inwidgaton did not allow for stcps that mqht pcmit 
one to distinguish diffcreot oxidation s t a t u  of 
uranium. Fudxnnorc, it is no[ d u r  at what point in 
the p r d u r c  phosphatc phasa (e-& torbcrnitc, 
autunite, salccitc) wodd bc lcacbcd to Lhc c d r a d o n  
solution They might dissolvc during stcps 2, 3, or 4 
in thc procedure. Since wan$ phasphatcs can bo a 
majoralteration produd of r c d u d  uranium oxidu 
(c.g-. Uraninite, gummite), it would bc uxful to ha\= 
dormation on thir topic Finally, the proadurcs 
focus on dctermining the partitioning of thc urtnim 
among the different mineral spcdu; it docs not 
addrcss either thc rata at which the dif€crtnt mineral 
mlgbt rad with natural waters, nor does it addrcss 
what the 'CquiLbrium' concentrations of Uranium in 
contact wilh the soil might bc. Thcsc pi- of 
information would bc useful in a regulatory c o n t u t  

Extraction Roadurn  of Tessirr ci aL (1979) 

Tcsqicr ct al. (1979) r c q p z c d  that a contaminant, 
o n u  dcpositcd in a soil or scdimcnL will partition 
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availability of the contaminant haw I& potential to bc 
dramat idy  different for the difTercnt fradionr. 
Tcssicr ct al. suggtsted that thc usc of a sequential 
m d j o n  p r d u r c  might provide d d c d  
information about the origio, form. bidogical and 
cnvironmcntal availability, and susapcbikty for 
mobilkition and transport Thc goal of their study, 
berefore, wbs to idcntdy a scrim of p r d u r c s  that 
would allow an analyst to dctcrminc tbc partitioning 
of uansition mcLals into opcrztioaaly &fined, but 
cnvironmcnlally rclcvant fraciions. 

Srvnmor), o/ tJ~c Proudun 

Thc procedure purports to scparatc m& into 6ve 
distinct f r ~ d o a r .  uchangcablc. bound to urbonatcf 
bound to Fc and Mn odd- bound to organic?, and 
residual mcrals. Thc p r d u r c  is carried out using a 
l-g samplc of scdimcnt or soil. To &ma~c thc 
cxchangcablc f iadon of the rnctal, thc scdimcnt is 
- a d d  for 1 hour with 8 ml of a 1.0 M magncshn 
chloridc solution that has a pH adjusrrd to 7.0. The 
s l w y  k antrifugcd, and thc solutioi duanted, 
fdtcrcd, and s a d  for anal+ Thc &cot pcll& 
r c s u l h g  from thc treatment is warhcd with 8 ml of 
distilled water, and this sluny is ctnhihgcd. Tbc 
wtcr from this stcp is discarded. Tcssk et aL had 
somc amarn about the cffiacncy of LLis stcp. 
Transition metal concentrations r c l d  during this 
sfcp wrc generally small to undcttxiablc, suggcshg 
that the sorpCion of thc met& to thc achangc sits 
migbt bc suffiacntly strong to prcvcnt quantitativc 
removal by this step. 

To mcasurc thc carbonatc-bound fraction, the 
sediment or soil pcllct is suspcndcd in 8 ml of a 1.0 
M Na-autatc solution w h w  pH is adjustcd to 5.0. 
This suspension is maintained at room trmpcraturc 
and agitated constantly for thc 5-h period of the 
-don. Tcssiu et A. rccommcnd that if thc 

duration of thc udad ion  should bc cxkndcd, and the 
analyst must chcck thc pH of the suspa&on 
ocrariondy to maintain it at about 5.0. At the end 
of rhL step, the suspension is antrifugcd. thc solution 
is decanted, and thc pcllct is wasbcd as in thc Grst 
step. This proadurc will dcast metals &om 
&MICS and, bccausc of thc slightly bwcr pH, will 
c f f d v c l y  complue the desorption of any metals 
bound on uchangc s i t u  

For metals bound to iron and mangmac  axidcs, 
T d u  ct aL recommend Lbc usc of 0.W M 
hydroxyi&c-HU in a 2S% (v/v) a a t i c  add 
solution. Tbc pcllct from the second stcp is 
suspcndcd in 20 ml of tbc rcagcnt, h e a d  to 96 f 
3% and agitated occasiody. The suspension is 
maintabcd at this tcmperaturc for 6 bo- At the 
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end of this step, the rupcnsion is wold and 
a n t n f u g 4  thc solution dccantui, and thc pcllci 
washed as in &c k t  stcp. All invrstigation of Lhc 
usc of d e r  rcagcnts, s + d y  a dtratc-dithionitc 
solution that is commody cmploycd in othcr studics, 
s-ted that thcsc r a g e n u  l a d  to thc loss of 
m c d s  throqh thcir prcdpitation as sullidc mincrals. 

Organically bound metals arc cxrractcd using an aadic 
pcroxidc solution. Thc pcUct from thc thLd stcp is 
wctted with 3 ml of 0.02 N nitric add and 5 ml of 
30% H,O,. Thc pH is adjusted to 20. and thc 
midurc  h c a t d  to 85 'T for 2 h with occasional 
@(ation. A sctond 3-ml aliquot of pcroddc is addcd 
to the vessel, and thc m h u r c  is ontt  qain bcatcd to 
85 "C for 3 b After coo& 5 ml o f  32 M 
ammonium a a t a t c  in 20% (v/v) nitric add is addcd 
to thc sample, and thc suspcnu'on is q' ta tcd at room 
tcmpcraturc for 0 5  h. Thc supcnsion is ihcn 
c n L n f u g 4  and thc solution d c c m t c d  Ihc pcllct, as 
bcforc. is washed 

Tially, 16c &dual solid was dissohrtd in a mixture 
of HF and HCIO,. Tbc pcllct is wcncd witb 2 ml of 
HClO, and 10 ml of HF. This is warmed and 
naporated lo near dryncss, at which point a second 1- 
ml addition of HCIO, and 10 ml of HF arc addcd 
Again thc samplc is h c a t d  to near  drpw. Oac 
milliliter of HCIO, is addcd and thc mixture hcatcd 
until thc solution b c g k  to fumc. At this point. thc 
residue is dissolved in 12 N HCI, and thc total dilutcd 
10 2.5 ml with distillcd watcr. 

T h c  dcvclopmcnt of this proccdurc is notahlc bcuusc 
of thc urc that was taken to cvaluatc d t C 1 n 3 1 C  

tcchniqucs. At diffcrcnt stagcs during thc 
dcbrlopmcnt, thc authors compxcd scvcral nominally 
compxablc tcchniqucs for a particular stcp and, biscd 
on thcir obscnations, thcy wcrc ablc to dctcrminc thc 
rclativc strcagths and wcakncsscs of tbc altcrnativcs. 

Other SEquentlal Exbadon Procodurn 

10 addition to thc two cldradion proedurcs dcscribcd 
above, thc Likraturc contains numcrous dcsaiplions of 
othcr methods for evaluating thc partitioning of 
t rm i t i oo  metals among thc possible p h s s  in a soil 
or scdimcnt. In many cases, thcsc proccdurcs arc 
similx to &OSC d ~ c r i b e d ,  with only minor 
m@ications in thc ordcr of application or in thc 
rcigcnls uscd Eumplcs  of thctc proccdurcs u n  bc 
found in M d o  ( 1 9 7 ,  Jackson (1979), Prcslcy ct d. 
(19n), BraMon ct al. (1977), Luoma and Jcnnc 
(15176), Gupta and Chcn (1975), and EnJcr ct  d. 
(1973). 
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2.13.4 Technlal Appllablllty of EmVLLoru 

As illustrated in thc prcvious ~ E d i o n s ,  thcrc arc a 
widc range of & r a d o n  p r d u r u  availablc for 
dctcmining different. operationally d c h c d  ha& 
of uranium or othcr c o n t a m i ~ ~ l s  in so& and 
s c d L n c n ~ ~  Thc p r d u r c  onc would choose to 
cmploy rn an application will dcpcnd OD thc goal for 
thc mcasurcmcnt. In thc contcx~ d sitc rcmcdiation, 
cxtradon p r o d u r c s  haw somc limi~tions, both in a 
gcncric scnsc and spcQGcally for uranium chcmishy. 

In Lbc g&c scm. all of tbc d o n  proad- 
dcthcr Lhc smlJc-stcp, Limc-scquc~~~,  or q u d  
cxtractiong provide only opcrationaIly dcf icd 
compoocas for thc con-t. While inforrmtioa 
of somc typc is obtained from cach p r d u r c ,  MCC 

of tbc muhods provide data that can k uscd d k d y  
to u n d c a d  thc dynamia of uranium in thc soil oc 
scdimcnt to bc rcmcdiatcd Onc-toonc uxrclations 
of cmadioa results with uranium bchavior could tRZ 
dcvelopcd on a sitc by sitc k. Thir, would q u k c  
that an eden~ivc sitc charauuizatioa bc cornphd,  
indudmg a hydrogcologic modcl for thc mobilintion 
and redistribution of thc clcmcnt in tbc cnvironmcnt 

Tbc othcr major limitation of thc majority of thc 
m a d o n  proadurcs is Lhat fcw of cbc mcrhob am 
constructed to takc advantage of some of thc u n i t p ~  
fcatures of uranium chcmistry. ib important as@ 
of uranium gcochcmistry is its rcdax bchavior. 
Uranium 0, a common form in addc hc4 miacral 
dc&& and mine &gs, has a limited solubility. 
Thcrcfore, in this form it is not readily avaiablc to 
thc biosphcrc. Howcvcr, most urvlinitc (UO,) and 
gummite (U,O,) phascs arc susqtiblc lo oxidadoa 
to thc (t6) statc and subscqucnt mobilirrtion. NOOC 
of thc c&on mcthods rc\icwcd provide a m a x  
for utimaling thc ratio of U O  to U(VQ in 
cnvironmcntal s a m p l q  cvcn though L!GS would bc a 
uwful indicator of thc quantity of uranium that m+t 
k bnmcdiafcly available to the biosphcrc. An* 
shortcoming of thc cxindion prodnrcs  rcvicwed 
Lhat nonc d tbc methods invcstigatcd rnc- for 
isolating a d  idcntifymg thc quantity of phasphatc 
mincrals pmcnt  in a soil or scdimcnt Unlikc many 
othcr mctak, uranium is able to fonn rclalivcly stablc 
phosphate phascs in soils (e.& SAC&), cvcn when 
thc concentrations of both uranius and phosphom 
arc at tram Icvcls. Bccausc uranyl [v(vr)] 
phosphates havc low solubilities. rclarivc lo ur-3 
olddcs and diwtcs, it would bc useful to havc a 
mcchanism for distin+g thw Mcrcnt f o m  in 
ordcr to o b  better &at- of uranium mobility 
and availability in thc soil being rcmcdiatcd. 
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Givco Lbuc limitations both with rcspcu to c m a d o o  
proccduru in p c r a l  and with rmpcu to uranium in 
particular, it wu ld  bc useful to &odc w-hat 
charaucristia of cxrradoo p roaduru  mq+t be 
kncf~dal, and thcq uinq this as a foundation, 
dctcrminc how WCU rhc various prwdurcs  coablc an 
a~dyst to address thow issuer Io Lhiz contca  wc 
ham w!cued a number of candidate criteria that 
could bc useful for evaluating Lbc applicability of 
uranium udradoo proaduru.  This List is not a 
dcf&tim 1;5 but ratbcr is consuuctcd uirh the intent 
of demonstrating bow ooc might go about evaluating 
availablc p r d u r c s ,  and, pcrbaps, dcGning ocw 
prwcdurcs Lhat bcttcr mcct rhe goals of Lbc spcdfic 
tuk. 

Eramplc Evaluation Crikria 

Giccrion I: Doa thc proccdun u m ~ t  thc arhangeoblc 
imcrion oj umnium bound in thc soif? 

At a minimum, rbc proadurc should producc an 
utimatc of Lbc rcadily acccssiblc h-adoo of Lbc 
uranium. Lo mast ci~w thir will r q u i r c  h t  the 
cxchangtablc h d o n  plus additional ma:crials dl bc 
lcachcd to solutioo. Thc uchangczblc Eradon is a 
him mobile and available form of uranium. 
Because of thc proczsscs regdaring exchange, most 
mctbods will not provide information regarding thc 

. mass of uranium bound on h a c  sitcs. hicthods that 
atrcmpt to charade& 'steady-state' or 'equilibrium' 
concco~ntions of rhc cootminant will fail to mcasurc 
thc m a s  of uranium ruidcot on u c b a q o b l c  situ. 
This would lead to a scrious undcrcsiimatioo of thc 
qumtity of amilablc. or rcactirc, uraniiuo in thc 
sjxtcm. ALSO. any soil or scdimcot wilh hi$ 
coocentrations of organic matter or days will 
prcfcrcotially adsorb uranium. Thus, procxdurcs th3t 

upirc  to m a u r c  'solublc' uranium, for cxamplc in 
dirrillcd. watcr, might a m y  lost m a i d  to 
adsorptio: as part of thc m a & o n  p r d u r c .  
Thcrcforc, a rcasooablc p r w d u r c  mi& iodudc  a 
stcp th3t c;rtac~ Lbc soil with a high-ionic-strcngth, 
modcratc-pH solution carly in thc  p r o c t u  

Giten'on 2 Docs thc proccdurr provide SMC estimatc 
oj  the cotucturnh'on of rhc conwinant  might bc 
found in a nmral  soil wacr? 

This is a common critcrico w d  in dcvdopbg many 
shg!c-stcp aod scqucntid procedures, Jkhougb i t  ;S 
not d u r  how distilled uatcr u t r a c u  of a soil u n  be 
rclatcd to the dynamics of thc contaminant in the 
field. (Perhaps the bcst way to obtain &arcs 1.i 

soil watcr cooceouations of a cootaminant is to 
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measure h e m  io rhc Geld using zero-tcnsioo 
lysimeters.) Pwiblc transformation of thc 
c o o h a n t  during thc c m a d o o  proccdurc, for 
cxamplc d iuob a mctaswblc oxide and &pasiting 
thc resultant ions ooto cxchangc sit- make 
inttrprctatioo of thcsc mCaJUlCmCOK supcd for mast 
metals. N o o c r h c l ~  thc widespread uc of hac 
procedurm s u g g a  that some investigators haw found 
useful applications for thc information. 

Gituion 3: Docs the pmcdrrn d o w  onc to daaminr 
fmm which m i n d  j o m u  h e  contnminant ori@ed in 
the soil? 

iuLhougb this typc of information is not gcocrally of 
intcrcst for rcgulaforj purp0s.q rcmcdiatioo efforts at 
3 site might bc made more cK& if rhc 
predominant forms ol the contaminates were hown 
so hat  Lbc trcatmcnt tccboology could bc foolscd to 
addrus 3oc or a fcw pbasa. Singic5tcp and bulk 
analyxs of soils do oot yield the information nccdcd 
to make rhcsc judgcmcots. Hcwcxr, becaw 
differcot forms of uranium will display markedly 
diifcrcot mobilitia and bioavailabilitics, thc type of 
idomatiou obtaiocd from this typc of mcasurcmcnt 
could bc u c c p t i o d y  useful. 

Gifu ion 4: Does thc pnxedurq m'h appmpriare 
adjustmcnu, allow thc a n q s t  to obtain cstirnars Of the 
U(N)/U(vI)  mtios in the samplc? 

Atbough oot as dcfioitivc z a borough mineral 
spc&tioo mcasurcmcnt, thcrc is 3 stroog andation 
b c ~ r c o  the oxidation state of u r a n h n  in a umplc 
and its availability. As alrcady nacd, exceptions 
include Lbc limited solubility of arlaio U(VI)- 
phosphate and -vanadate minerals and, on Lbc otbcr 

.side, rhc rapid oxidation and dissolution of a& 
rcduccd mineral forms of uranium. This typc of 
maurcmcot  g c n d y  calls for thc extraction d the 
samplc with a ooo-oxidiziug, mildly addic solution 

Gitcrion I. Does the mcthod pmvidc for estimafing h c  
total m a n  of rhc contaminant at the sitc? 

A commoo regulatory consideration is thc totd 
cooccotrarion or aaivity of uranium at a sitc. A 
method that providcs this typc of inform3tin will 
potcotidy satisfj a oumbcr of dificrcnt rcquirunents. 
As a modification 00 Lhis critcrion, ooc might 
measure tbc noo-reu'dud (Le., ooo-natural) f o m  of 
the uranium. This type of proccdurc would employ 
stroog adds in oxidizing solution, although thc 
c a r a d o o  liquors would probably oot be suffidcntl~ 
vigorous lo attack silicate phascs. 
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Cliruim 6. DCKS the prcxedute allow h e  andyst to 
crrimcuc Ihc dmr ro~c  of mlcnsc o/ umnium from h e  
smplc? 

Onc of thc strcngtbs of thc SLF t u t  is that i[ 
provida cstimatcs as to thc time talc of rclcuc of 
uranium from a samplc. Kinctia of uranium rclcvc 
from cnvironmcntal samples is an area of incomplctc 

samplc can l a d  to dissolution ratc cbangcs for 
uranium oxidation and diwl .~ t ioo  by scvcrd orders of 
magnitude (Grandstaff, 1976). Although dissolution of 
uranium from soils or suiimcnlr is a gcochcmidy 
complu problcm, useful information can still bc 
i n l d  from mcarurcd r e l a x  rat- 

: Lmowlcdgt. Varying organic concentrations in a 

'+c bavc dcrclopcd a table illustrating bow well Lbc 
mclbods dixllrscd in Scaions 2.1.22 and 2123 mcct 
L!ICSC six m'tcria (Table 6). As K cvidcnt, none of Lbc 
mcthods is opablc  of addresing all thc criteria. 
E;\& of thc mcthods probid= some inlorm~tioo 3bout 

Ihc W c m ,  but dearly dab from more Lban ooc 

mcthod arc nccdcd to make sound rcmcdiatioo 
dcdsions. 

2.125 Summary and Rccommedations 

Thc methods discwed abovc cmploy divcrsc xu of 
reagents and wcrc dcvclopcd to addres differerd 
regulatory and rcscarcb Lsucs. For rhc mosf part. 
rncthods currcnlly cmploycd as uandard methods usc 
cilbcr smg)c-step m a d i o n s  or multistcp p r o a d u r a  
that cmploy singlc extrxiion m& Wilh the 
cur$on of the TCLP (EPA/SW WMetbod Ull), 
thcsc prncedurcs uy. cithcr didled watcr or n r ~ n &  
and gcocrally oxidizing, adds  as rbc -&on 
medium. a result, thc m c u  arc b u t  suitcd to 
addrasing a n m o w  range of rcgula~ory k u a  
which spcdic p i c a  of informhoo arc rcquirtd. In 
thc a n t -  of this typc of appliation, h e  infomation 
uscrs m w  be careful to match h e  occds of thdr 
programs with thc ~ p c  of i d o r m ~ o n  obtaincd horn 
the proccdurc(s) king cmployd  

I 

Table 6. Summary of aoalytlcal charactertstlrs of xlatrd standard soil cxtrrrctlm @u- 

critcrioa 

1 2 3 4 5 6 
Exchange Equilibrium hliocral U(rv)/U(vl) Total U b L c  

ANSI/ANS-16.1-1986 N' Y N N N Y 

ASTM D 3974-81 (HNO,) Y N N N Y N 
SThi D 3974-81 (HCI) Y N N Y N N 
AslM D 3981-85 N Y N N N N 
ASM D 4773-93 N Y N N N Y 
ASM D 3814-89 N Y N N N . Y  

EPAjSW 846 - u11 (FH 4.93) Y S N N N N 
EF'A/SW 8-46 - 1331 (PH 2 s )  Y N N S N N 
EPA/SW 846 - MMA Y N N N Y N 

Yyurc et al. (1991) Y S Y N Y N 
Tcssicr ct al. (1979) Y -  N Y N Y N 
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This mcthod has two variations, cach of which would 
yicld information pcrtiocot to site dcan-up. 
Emadion at pH 4.9 can yield inIormatioo about 
cxchangGble, urbooatc-bound, and other loosely 
bound uranyl compounds. Tbc more agg-usivc pH 
L9 solution should &ad uranium wqucstcrd in 
poorly aystallinc hydrous oxides and somc of the 
organically bound fraction. Togctbcr, thcsc fradions 
probably constitutc mwt of thc uranium in thc umplc 
that will bc covironmcotdy availablc ovcr timc frames 
of lcss than scvcral years. Tbc m c t h d  docs not yield 
timc-ratc of rclcarc information, nor docs it  provide 
spcafic information about thc spctiatioo of uranium in 
h e  soil H o a m r ,  the opcratiooally d c f i c d  'availablc 
uranium' is of regulatory intcrcst 

b a d i o n  p r o d u r a  that provide cithcr k i o d c  
inIomatioo or morc spcciIic information about the 
forms md padtioohg of thc uranium at tbc Site arc 
not currcotly establisbcd Metbods and p r d u r a  do  
cxist in thc ljtcraturc that would cnablc an invc3Ligator 
to ob& these typcs of dam in a routine or standard 
way. Howcvcr, bcausc of the rangc of information 
that is potcotidy available from differcot typc-s of 
cldradioo p r d u r q  ooc would occd to d c h c  the 
duircd p r o d u d  carefully bcforc attcmpting to dcvclop 
a ocw procedure or set of prlxrdures to support Site 
rcmcdiatioo cfforts Squcntial utradions uscd in 
conjundioo witb some form of kinetic mevuruncot 
probably hold thc bcst opportunities for corrclabg 
tbc results of a mcasurcmcnt mctbodalogy with thc 
cxpcac:! short-tcrm bchavior of uranium in a soil 
However. proctdures for sucb appiications rcmain to 
bc dcvclopcd. 

Wc havc rcvicwcd a range of standard procedures and 
rcscarch ccthodol~g~cs that quahfy as sclcdvc or 
scqucotial cnraclioo procedures. Currcndy, hac 
mcthods wcm to bc thc most p r a d i d  for estimating 
thc coviroamcoLai adabi l i ty  of uranium directly. 
The rnctbods arc almost univt.rsally rapid and provide 
rcproduablc opcratiooal dcf i t ions  of uranium 
rcadivity dasscs. 
with loog-krm studies of availability pcrfomcd 00 a 
matrix of differcot soil rypes and covironmcotal 
conditions. The tccbniques arc easily perfomcd in 
most wct-chcmistry laboratories wilh a minimum of 
opital a t .  

a 

-a 

~ 

Extradon rcsullj can be wrrclatcd 

Of tbc rcxarch proadures reviewed, only tbc 
proccdurc cmplorcd by Y M ~ S C  ct al. (1991) was 
designed to investigate uranium spctiatioo s p c d i d y .  
Otbcr proadures have bcco more gcncrdly dcvclopcd 
to investigate thc parritioning of a r q c  of trace 
mct& io soils and &cots. All of thuc proccdures 
appcar to have bcco dcvclopcd 00 thc prcmis- that 
uranium or otbcr trace mctah Wt primarily as minor 
compooc&s in tbc soil; they focus 00 distinguishing 
the mctals that arc bound in carbooatcs from thosc io 
UOO or mangancsc cuidcs, soil organics, or other 
pbascs. Nonc of thc mctbodr Sccm to provide 
mcchankms for cvaluatiog certain chcmid  
characteristics that mlght bc unique to uranium. 
Spcdfically, thc mcthods do oot provide for ways to 
dctcrmioc U(W)/U(vr) ratios or to dislinguish uranyl 
phosphatu (or vanadates) from uranyl hydrous oxides, 
oor h v c  thcy a d d r u x d  the situatioo whcrc ooc might 
wish to dislinguish uranium oxides from uranium 
scqucstcrcd in hydrous uon, mmgancsc, or dumioum 
oxidu  

A major limitation of bolh the standard mcthods and 
the xqucntid extractions is that oooc of the mcthods 
provide ruulb that ean bc di rcdy  conclatcd to thc 
c.xpcdcd behavior of uranium at thc site kin13 
studied. Admittedly, h u m  dynamics io so& is a 
complu b d o o  of soil hydrology, soil cbcmistry, 
r c g i o d  dimatc and rclatcd facton. & a r u u k  it is 
not rusonablc to cqxcf a n y  single mcasurcmcnt 
mctbodology to provide inforuatioo rclcvant to thc 
uranium d p a m i a  for all systcmr Users ol thcsc 
mcthods, thcrcforc, cithcr must acccpt thc results of a 
tcst as a surrogatc or iodiwtor of potcotid bchavior, 
or must use a combination of CdStiDg standard and 
adv~nccd procedures to obtain more spcdic  data 
rcgardq  uranium behavior. Thc standard mcihods 
will bc rclativcly easily implcmcotcd, and have wcll- 
constraincd costs assodatcd with them, although tbc 
results will have a degree of uncertainty associated 
with them. Thc advanced rnctbodologics, 00 tbc other 
hand, rcqu& dcvtlopmcotal work. To conclatc 
uranium bcbavior io a soil m'tb Lbc raults obtained 
using a mcsuremcot mctbodology, long-term studies 
must be undcrtakco 00 dissoluiioo and transform3tioo 
processes. The spcciGc goal of these studies should 
bc to Im what measures provide the best cstimatcs 
of uraoium soil dynjmia in a rcprescotativc raogc of 
'typiul' soil rc+cs. 

[n li_cht of thcsc diffcrcot gods, thcrc arc scvcrd 
optionr for choosing the procedures to cmploy Cor 
charactcriring a uraoiumiootaminatcd soil for 
rcmcdid inwtigations. I f  thc user is constraiocd to 
using standard mcthods (or 1~0diticatioo.s thcrcot), thc 
most ap~ropnatc  standard method for lhis purposc is 
probably thc'>TCLP (EPA/SW W M c t h o d  1311). - :. . *..' .. 1 . -  . _  
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2.13 Bioavailability Studies 

Ingutioo of plmts that have assimilatcd uranium from 
cootziminated soils and direct ingation of uranium- 
containing soils arc important palhways Icadios to Lbc 
uptake of uranium by humans and animals. Although 
these procuscs arc important, thc resdts of our 
Literaturc search inditxtc ytry fcw data Uist regarding . .  .. . 
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fcld and laboratory studics of thc bioavailability of 
uranium from soils and scdimcuk Morcovcr, 
idcolificatioo and charaacrizatioo, including valcocc- 
statc dctcrminatioas, mrc oot cooduacd or rcponcd 
b tbc fcw studies idcnlificd in our rcvicw. 

&noon (1952) studied thc cffcct of uranium-vanadium 
d e w i t s  90 thc wgctatioo of thc Colorado Plateau. 
For plants rooted in wanium-bcaring rock, GMOO 
l o u d  Lhc higbcst coomotrations of uranium in thc 
roots and xcds. Thc rcsults indiatcd that thc 
andability of uranium to plants was strongly 
d u c o c c d  by soil day contcot. organic matter cooteof 
soil aadity, and dcplh of thc r o o t  system. 

Micra (1m) cvaluatcd thc bioavailability of uranium 
10 a SiDglc spcaes of small mammal, thc white-footcd 
dccr m o w  [Peromyscw manicdams rujinus 
(htcniam)] in IWO diIlcrcot covkoomcots: ~ 3 0 ~ ~ -  

contaminatcd soils at a wcapons-rating sitc o c u  Los 
Alamos, Ncw Mexico. and au inadivc urJnium mill- 
L d q s  pilc located ocar Grants, Ncw Mexico. Thc 
objcaivc of thc study w;is to dcicnninc whcthcr 
uranium coocentrations in Lissucs m d  organs of whitc 
footed dccr ai= could bc related to soil uranium 
coomotratioas. Thc cooccotratiom of uranium wcrc 
dctcrmiocd for various soil s i x  tradoos and wholc 
(i.c- unfradooatcd) soil a m p l e r  Tbc u r a n h ~ ~ ~  
analysts of thc soil samplcs from thc Grants and thc 
Los Plamos sitcs w r c  dooc by a neutron assay and 
an instnrmcotal cpithcnnal ocutroo adivatioo analysis 
tcchniquc. rupcdivcly. Thc mincralogid form and 
m l c o a  statc of tbc uranium in thc soils wcrc no[ 
charxtcrizrd. Thc study indiwtcd a high V3riiatiOO in 
uranium distributions a1 thc Los hlamos sitc. which 
Micra coodudcd to bc a result of Ibc uranium 
dis@ pattcrns from thc cxplmhr test shots. At 
thc Grants site, tbc rclativcly homogcocous 
dis~&utioo of uranium v a s  attributed to thc solubility 
of &um r c s u l h g  from thc rcilning process and thc 
uniformit)r_of soil partidc s i w  that optimizes thc soil 
rnixiq procuscs. Morc ingrstcd cranium was 
rnctabolidy asbd3lCd in thc white-footed dccr 
m o w  at Lhc Grants sitc, a result th31 Micra 
attributed to a mort  solublc form of uranium at this 
sitc. 

Drccscn ct al. (1982) uYnincd h c  cnrichmcot of 
potcotidly toxic constitucots (<.g., urmium) in 
uranium mill rcsiducs and tbc aqueous mobility and 
bioa\%I~biLty of [ h a c  cootuninants in thc 
cnviroomcot. Thc invtsLigatioo included laboratory 
studia involving tbc luching of rliling with m t c r  
and Lhc plmt uptakc of contaminants. A grccnh~usc 
cxpcrimcnt was conducted LO c d u a t c  contaminant 
uptakc from thc alkalioc tailing by native plant 
s p c a a  A g r s s  (Sporobo:us airoidrr) and 3 shrub 

(Aqipla C M U C C ~ )  wcrc g o m  in two environmcotal 
scttmg: I )  soilzovcrcd t+ and 2) soil alooc. 
Thc rcsulu of thc laboratory studics wcrc also 
compared to cooramhalion mmurcd  OCJI an a d  
hiling pilc. Watcr m a d o m  of tracc constitucots 
from thc tallLnqs. xdimcot. and soil samples wcrc 
complctcd by mixing thc air-dricd solids With 
d c i o h d  water for 30 days at a sol'd-to-l'quid mas 
ratio of 15.  No addjtiooal charactcrizatioo of thc 
solids was rcponcd. Uranium was a n a l F d  by 
dclaycd ocutroo counting aftcr thcrmal ocutroo 
irradiation of Lhc tadhgs, sod, wgctation, W a c &  and 
wafer sarnplcs. Thc analyw indicated that uranium 
cooaotrations in thc tailings m a d s  wcrc at least X 
timcs grcarcr than those in tbc so2 extracis. 00 Lhc 
othcr hand, Ihc mcan cooccotratiom of uranium in 
thc shrubs grown in dings m r c  l5 h c s  grcata 
thm b thosc grown in soils, indialing that thc water- 
c x r a u  cooccotrauoos of uranium did not occtsslrily 
concspood to the quantity of that clcmcot in the 
abow-qound portico of Lhc plant. 

Chassard-Bouchaud and Gallc (1988) studied rhc 
muular and subcellular distribution of =U in scwal  
organisms using m i a o a n a l ~ d  tcchniqucs. Thc 
organisms indudcd oysters, mussels, shrimpg mhs, 
and sea spidcn collcacd from h c  French coastal 
mtcm Isotopic measurements and ccUular imaga of 
thc radioouclidc distribution wcrc obtained using 
sccoodvy ion m a s  spcdromcq (SIMS). X-ray 
spcdromctry was also uscd to study radiooudidc 

Bouchaud and G d c  wcrc ablc to dctcct =U 
hioaccllmularjons in cvcry s p c a y  target o r g k  
m4 and organcllc. A I t h o u ~ ~  Chasard-Bouchaud and 
G d c  k u s s c d  thc possiblc physiologkd s t r a t c g k  for 
thc uptakc, storage, and ciiminatioo of uranium by 
h a c  orgmkms, 00 specific infonnatioo w a ~  prwidch 
Since this shon papcr was indudcd in the proacdings 
of an intcrnational codcrcocc, Lhc k u c  of uranium 
bioavailability may havc bccn dixussed in their oral 
prcscotat ioo. 

L i d a t a  ct al. (1989) cooduacd a field study of adult 
stccrs in ao area in Orvlgc County, Ncw York that 
has clcvatcd backgromd radioadivity. Thc o b j c k  
of thc study wcrc to ass- k u c  coomotrationS 
soil-to-tkuc cooccotration ratios, and thc compamtivr: 
bioavailability of ko:opic Th, U, Ra and kght rare- 
c v t b  clcmcots in adult stccn. Thc clcmcots chasm 
for study display somc physical, c h c m i 4  and 
biological propcrtics that arc similar to thosc for 
tr3nsur3~ic aclinidc clcmcots prcscot in high-lcvd 
ouclcar w t c .  

distributioo 31 the S U ~ C C U ~ ~ J I  ICVC~. C h w d -  

Linulati ct d. (1991) conducted a ficld study in the 
Pgos  de Caldas plateau, Brad .  This X C J  !:as 
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clc~atcd oatural background radioactivity. The 
purpow of the study was to ascss lissuc 
cooantrations and thc comparative bioavnilability of 
&topic ThQV), U(rv,W), Ra(I1) and light rarc-cartb 
clcmcou in adult stccrs, p i g  and chickens. Th: field 
study sbowcd that thc isotopic ratios in tnc f x m  

k u c  rcscmblc closcly, with few cxccptions, 
that in soils over which thc a&& forage. Tbesc 
icsults indidtcd thc importance of the soil component 
in thc biouplaLc of thcrcc clcmcnts by animal lissucs. 

Gartco ct al. (1981) conducted a study of comparative 
uptake of 9, “rq and D”pu from soil by fcxuc. 
g a h o p p c r s ,  and mall mammals at thc cootminated 
W t c  Oak Crcck floodplain in c x t  Tcoocsscc. Tbc 
floodphki. which is n e a r  [he 0a.k Ridgc National 
hborarory, XIS originally the sitc of a liquid rctcotion 
pond for radioadw w < t c ,  and was con[minatcd with 
plutonium and fisioo products in 1%. Smplcs  uscd 
in this s~udy bdudcd mrcascs from shrcus, micc. 
and rats and booc smplcs  from racu>on, cy..ssum, 
~Oodchud;. and rabbit. RadiooudiJcs wcrc c m c t c d  
from 1Og soil umplcs using 8 M HNO, for SS hours. 
Thc authors considcrcd 8 M HNO, to bc cffcciivc io 
cmadLng total actinidcs, bccaux. thc radionuclides in 

adsorbed forms as oppased to some rcfraaory form. 
Analyscs of ”u, “rq and q u  in thc supcmatant 
wcrc complctcd using alpha spedromcuy. 
Radiooudidcs in thc plant and animal k u c  umplcs  
wcrc analyzed by thcrmal cmissioo isotope dilutioo 
m= spcdromctry. Thc rcsulu indiotcd that thc 
pa~tcro of uptakc of tbcsc r~dionuclidcs by biota from 
thc soil W;FS U > Th - Pu. This pattern ol  
~ccumuht ioo  concspoodcd to thc authors’ previous 
studics rcgardmg thc caauabili ty of thcsc 
radiooudidcs horn soil using 1 hi HNO, and 
10% N3g01-%% NaHCO,. GYtco ct d. considcrcd 
the pattcn of extractability from soil to bc probably 
rclatcd to thc valcocc staics of thcse radionuclidcs 

this soil c-cd to bc prcscot as SW~JCC- 

. 

[uta wy* and W V ) I .  

Shcppard ct  al. (1984) used field lysimctcrs to study 
plmt grou.rh. plant uptake, and rcdistributioo of ’ 

uranium and chromium in soil. Thc invcstig~tions 
iccludcd stud;, of wo phot spccics [alfalfa (Medicogo 
J0n’r.a) and S w k  chard (Beta vuulgwir ciculo)) in two 
soil typ (10x11 and sand) h a t  wcrc spikcd with 
~ l r j s ium.  Thc uranium w x  addcd 31 two dcpths 
(15 and 30 an) in thc form of Lhc uranyl [U(Vl)] ion 
using uranyl nitrate solutioo. ~ ~ d p i s  of uranium was 
complctcd using advation aodysk/dclaycd ncutroo 
c o u n h ~  Tbc SOLMNQ chemical spcoation 
computer modcl WY used to cslimatc the uranium 
spcdatioo in both soils. Thc spcoation calculations 
indicated that @e uranium under thesc moditions 
should khvc.as’’??$ anion, with thc dominant spccics 

.., 
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being UO,(HPO,)r, (UO,),(OH);, U O , ( C O , ) ~ ,  
and UO,(CO,):. Sbcppard ct d. found that thc t d  
uptake of uranium inacaxd s+icaolly ss more 
uranium was applied to thc soil. P h t  uptakc of 
uranium was dctcrmincd to bc iodcpcodcot of plmt 
spcocs and thc placcmcot dcpth of uranium 
contamination in rhc lorn soil. lo undy  soil, 
howcvcr, thc uplakc of urJnium by plants W;LI grmtcr 
whcrc thc uranium placcmcot was o a r  thc soil 
surface. Shcppard ct d. attributed lhis inacawd 
upt& to th: prcscocc of more r o o &  in thc shallow 
ZOOC. Thcy r w o e d  h a t  thc lower uranium u@c 
with dccp placcmcot might rcflcu Ius root adivity or 
a rcduciog coviroamcot h a t  altcrcd thc initial U(vI) 
to lcss soluble forms of uranium. Thc studics aLs0 
indiatcd that thc uranium did not migratc 
sipdicanrly in thc loam soil. Shcppard ct al. 
spcculatcd th3t uranium W;LS i m m o b i h d  by or&c 
mattcr in thc loam soil. Io thc sandy soil. uranium 
placcd ocar the surface migratcd prcdominantly 
upward, whcrcq  with dccp placrmcot. somc uranium - ,  

might havc bcco lost to Ihc water ublc. 

Shcppard and Evcodco (19as) studicd thc upcakc of 
uranium and several other metals (tcchnctium. 
phospboms, and Loo) by barlcy (Hordeum 4 p c )  
gown in Gcld lysimctcn. Thc purwsc of thc 
investigation was to cxaminc mctal uptake and 
mobility at thc uatcr tablc intcrfacc k w c n  thc 
unsaturated, usually acratcd soil and watcr-saturatd, 
ohco anacrobic soil. Tbc study indudcd 
i n ~ x u r c m c o ~ s  of plant uptake, plant root dis~ributioo, 
and soil profdcs of total and c zrauablc cooccotra6ons 
of uranium and thc other act&. Tbc soil WY 

trcatcd with uranyl io0 in thc form of uranyl nitratc 
solutioo. Soil sampling indudcd tbc macLion of 
uranium from thc soil using 0.02 td CaU, and 0 5  M 
N A C O ,  (pH 85) .  Analysis of uranium was 
complctcd using ocutroo a&tioo/dc!aycd-ocutron 
counhg. Rcsul& indicated that uranium was most 
mobile in thc acratcd soil. The migration was 
predominantly upward and particularly from thc 
shallow rrcatcd hycr when rhc water ublc  W;LS h d  
Tbc grcatcst rctcntioo of urmium occurrcd in thc 
macrobic trcatcd laycrs. Tbe mcasurcd 
concrntrations of uranium in thc plants wcrc 
approximately a factor of 10 higher than background 
but Wtrc statistically dilTcrcot from background only in 
tbc cay: of shallow uranium placcmcor with a fucd 
water tablc. TIC plant uptake of uranium rcflcdcd 
thc mobility of uranium at thcsc conditions and plant 
root advity. The studics showcd that thc mobility of 
somc mctals cbangcs as they migatc from anaerobic 
to acrobic zoocs. This U u i t i o o  zone occurs a[ the 
boundary of oxygco dcplction and not thc water table 
intcrfacr. 

_, 
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Shcppard and Thibault (1988) invcstigatcd Lhc v c & d  
migration of uranium, tcchnctium. iodioc, and 
ocptunium in pcat from NO typcs of mucs typiul of 
thc Canadian Prccambrian Shicld Bob mirc dcpasits 
wcrc locatcd within thc arm of the WtCshcU N u d c x  
Rcscarch Establishmcot in Pinawq b a d a  To study 
wanium migratioq a r c  sampla of pcat matcrial 
wcrc spiku with uranyl yU ion using uranyl 
nitratc solutioo. Analysis of (YJ was conduucd using 
ocutron adivatioo. The studies indudcd 
mcasurcmcots of scasood groundwatcr Icwl 
Ilubuations and chcmical composition changes in Lhc 
miru.  Uranium analyscs of p a t  and porc watcr 
~ m p l c s  from thc cores indicatcd that uranium sorbed 
cllcdivcly to Lhc pcat and was quickly i m m o b k d .  
Thc cooaotratjons of uranium in thc surface p a t  
mrc vcry low, with the uranium cooccntratcd n c x  the 
spike location. Thc results indicated that rhc mobility 
of uranium is rctardcd in Lhis rcdudng cnvlonmcnt. 

Nooc of thc studies wc rcvicwcd approachcd Lhc 
subjca from rhc standpoint of q i n g  to prcdid Lhc 
covtonmcotal avaiIability of uranium from a particular 
mil. RaLhcr, thcy wcrc condudcd to uplorc somc of 
thc possiblc pathways that bioaccumulation of uranium 
rmgbt follow. A bioassay for rcgulatory purpclscs 
mlght involve germination of bun sprouu, or some 
othcr rapidly growing plant or microorganism, in an 

. q a r  containing tbc soil of inter= Thc ra[c of 
uptake by the t a t  organism would Ihco bc concl~tcd  
uith long-term studics of uranium rclcasc to 
groundwater and/or to plants and mammals to 
d m a t c  Lhc risk factors. A complctc u c s m c o t  of 
CnvlonmcotriI availability for surfacr: soils would 
b d u d c  somc sort of a bioassay to account for 
tcncstrid movcmcot of the uranium not assodatcd 
with goundwatcr. To our knowlcdgc, no such 
imcitigatioo has bcco undcrtakco by any r w c b  
group or rcgulatory agcocy. 

P r o a d u r a  to dctcrminc the bioavailability and toxicity 
of cootaminanb fall d o  two broad catcgoriu: aquatic 
tab and t c r r a t n d  tests. Thc aquatic tcsts bavc bccn 
Lhc s t a n d a r d - h c r  for t h u c  types of mcxurcmcnts. 
Stmndard tcst organisms (c.g., f3t hcad minnow, 
bphnia  (a zooplankton), various dgac spccics] arc 
cxposcd to the contaminatcd w t c r  or a0 cx~ract of 
thc soil, for a dcfiocd period (Poston ct aI., 19%). 
For acute cxposurc awzsmeots, the t a t s  usually last 
four &ys. Chronic c x s u r c  t u t s  u n  bc r u n  for up 
to 23 days. A gcocral limitation wjtb thc aquatic tcsts 
is Ihcu la& of spcdicity. The organisms rcau to dl 
c o o t ~ i n m t s  prcscot io Ihc sample, so unlus  onc has 
a dctailcd charactcriwtioo of the matcrids k i n g  
tutcd and is aware of synergistic intcractions among 
Lhosc contaminants, it is virtually impossiblc to assign 
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a spcafc  organism r e s p u  to thc prcscoa of a 
slnglc cootaminaot 

'Ibc t c n e s t d  t& (Lindcr el d., 1W) arc r c h h d y  
ncw, having bcco dcvclopcd wilhin tbc lasf dcodc. 
The tcrrcstrial t u l ~  cocompas a battcry of 
mcuurcmcnts, induding wcdgcrminatioo t a  root- 
clongation t a b  grccnhouw, tcs~. and &om- 
toddy ~CSLS. Thcx. t a t s  ;uc g e n c d y  morc 
applicable to situations in which thc cootarnioants arc 
partitioccd ooto soil solid p h  h with the aquatic 
tests, ! h e x  proaxlures [cod to bc broad*- 
tats; that is, i t  is difiicult to .us@ o b x d  toxicity 
to a spcciTic UJOUJII~DM~ unla additiooal w o r k  is 
u n d c d c o .  

Costs for the aquatic and tcn&d t c s ~  y a r ~ .  Thcrc 
are several doico commcroal laboratories in thc 
Unitcd States that arc cmcody capable of moduding 
the aquatic toxiaty tests with oonradionudib, We 
have not trcco ablc to dctcrminc how many 
laboratonu also arc cquippcd to handlc uranium and' 
othcr radiooudidcs. Jthough w upca the number to 
b o p  by morc than M ordcr of m e t u d c .  Costs for 
Lhcse t a t s  arc cxpcdcd to be scveral thousnds of 
doUars pcr test. For the t c n d a l  testing, about six 
Lboratoriu in thc Unircd S ta ta  arc capable of 
pcrforming the evaluations. Of Lhuc, only ooc 
currcorly is set up to handlc radiooudidcs. cmts for 
Lhc tests also vaxy. Sccd-gcrmination and root- 
cloogatioo t a t s  will & a d a b l c  for about Sl,SO to 
Roo0 per  test. Greenhouse t&g is co&dcrably 
morc cxpcnsivc. Wc havc not obtincd oract f i q  
but antidpatc thc costs to bc on thc ordcr of f10,000 
to S l w  pcr t a t  

2.1.4 Selection of Dim1 Measurrment 
Approach 

Clcarly, the SLF proccdurc cannot bc used d t c d y  to 
cstimatc thc eoviroomcotal availability of uranium in 
soils. It docf howcvcr, incorporate an cstLnatc of thc 
rc lczc ratc of uranium, somching Lhat is kdung in 
most of the othcr p r w d u r u  w z  havc cxamincd. Thc 
b i o w y  approach also has somc appcal, but bx O O ~  

bcco dcvclopcd sun?dcotly to bc used for r e t o r y  
puqxxcs. The only direct approach thac has bccn 
dcvclopcd to a dcgcc  that would makc adaptation for 
rcgulatory purposcs possiblc is one based 00 a rapid 
chcmid  extraction prwdurc .  Thc idcal prwcdurc 
would dircclly m w u r c  Lhc r a t 5  of rclcasc of Uranil~m 
from Ihc soil solid p h u c  IO the soil solution and 
would take into account the M ~ C W  of urankm&g 
solid phascs present in soils. as WCU as the difTcrcot 
solution compositions and flow rata that may .. bc 
cocountcrcd. 



2.2 Inferred Measurement of 
Availability 

Tbc i n l c m d  mcasurcmcnt approach docs not- m a u r c  
thc m c  of uranium rclcasc from each soil dirccdy, 
but ralhcr &ata  it  bascd on quaotiljcahoo of thc 
thcmodypmically idcotifiiblc phascs of uranium 
assocLtcd with the soil solids. This information is 
thco couplcd with fundamcntal thcrmodyoamic. 
LinctiC, and hydrologic data to cshnatc Lhc 
cnv i ronmcd  availability of uranium. Thc succus of 
thc approach rdics on 1) tbc ability to corrcaly and 
ccooomicaUy qua* thc imponant uranium-bcaring 
phases in a soil, and 2) thc intcgity and appliwbility 
of thc fundamcntal data that arc u x d  to p r c d h  
uranium anilability. Rather Lhan being operationdy 
d c f 4  as thc d i r c ~  availability mcasurcmcnts [cod 
tn b q  thc i o f d  approach is bascd on absolntc dab 
and offcn thc potcotid of king both simplcr and 
more prcdw, 

22.1 Phase Identification Procedures 

22.13. X-my A)rJorp(lon Spat roxopy 

With thc advent and wntinucd dcvclopmcot of 
dcdiQt4 spchrtxroo facilities, X-ray absorption 
spcdracopy (XAS) h a s  cmcrgcd as an important and 
acEtssblc kchniquc for thc dctcrminatioo of Id 
UNcfurc (ocarcst-ocighbor idcotity and distmcc, and 
coordination number) and oadahoo slatc of atom& 
This inlormatioo is locatcd in wo podions of thc X- 

* rJy spccmun and o&cd by sunoing a u w  thc 
absoqxion cdgc for a particular inocr-shcll clcdronic 
transhion (c& thc K edge or thc L,, cdgc). The 
a u u d  position of tbc cdgc varics slightly wilh thc 
oxiddon state of thc atom, gcncrdy shifring to lowcr 
c n c r g k  as Lhc axidation state dcacascs. In additioo, 
p r c d g c  f w e s  oftcn appear in spectra for 1.6c 
higher oxithion Statcs as a rcsult of transitions of 
clcdrons from inner shells to outcr valcocc shells that 
arc unoccupicd as a result of thc oxidation statc. 
Thus, from a combination of absoluk cdgc pasilioo 
and fwtwa ncar thc cdgc (ix- within 40 cV on both 
sidcs) much can bc dcduccd about thc oxidation state 
of thc aom.  Examinatioo of this portion of thc 
absorption spectrum is tcrmcd X-ray absorption o u r  
cdgc strudrnc (XANES) spccbascopy and rcquircs 
little or no ampurer  modcling to c m x t  tbc 
inlormarion. An clcctron is cjjcdcd from thc atom as 
a rcsuh of X-r3y absorption and producc fc3turcs 
in thc spcurum .u) CV to about loo0 CV abobr thc 
absorption cdgc that contain information about thc 
idcotity, interatomic distance, and coordination number 
of tbc 0-9 a.gmic ncighbors to the absorbing 
atom. This g o ~ r l t o  of the s p e ~  is rcfcrrcd to Y 

4.. ." .. *t 

. 

I. 

Mcasurcmcot of Environmcoral Availability 

thc cxtcndcd X-ray absorption h e  s p e d m  m). and claboratc computer modclhq is 
rcquircd to m u  thc information. 

Bccaux. thc tcchniquc is rclativcly new, only a fcw 
cxamplcs of its ILX. for charaucriration of uranium in 
soils haw been published Dent ct al. (1992) 
comparcd thc W spcctra of uranyl ionr in 
solution and adsorbed to siliu and moo tmodlook  
Usiog Lhc X-ray miaoprobe (m) with a b size 
of w 
spcara of uraniumcootaminatd soil samples from 
Fcmald, Ohio, and thc Savannah Rivcr Sitc, Sou& 
Carolioa, anci wcrc ablc to dctcrminc the avcragc 
olddation sutc  of thc uranium in Lhc samplu  They 
notcd &at mast of thc U(N) was prcscnt io thc sand 
size fradoa, presumably from airborne +de 
d c ~ t i o a ,  wbcrcas uranium adsorbcd to thc d a y  
fraction was cscnlially all huavalcnt They did not 
spc&, howcirr, whcrhcr prcgutionr, Wtrc *Acn 
d e  wparation of the clay fradoo to prcwnt the 
oxidatioo of colloidal and adsorbed uranium in th-, 
soils. The high- c o O ~ t a t i 0 0  of uranium in Lhc 
umplcs studied was about loo0 @ g", and hey 
cstimatd that conccntraticns as low as 10 cg g" 
could be studied with thc miuoprobc t dmquc  

Thc applicatioo of XAS for identification of uranium 
solid spcC;u in soils can r c v d  information about 
avcragc &&on statc and with XRF can qua& tbc 
total uranium prucot  Uw of thc XRM can -cod 
thc rcsolutioo of thc method to as low as a few 
microns, and this rcsolutioa is upcdcd lo kprovc as 
thc dcvclopmcot of thc continuu. 
Fur~.hcmorc, XAS d o =  the examination of hydrated 
iamplcs in heir natural state since it docs OM r q t k  
a high vacuum. Homvcr, thcsc techniques r d  the 
local structure rarhcr &an idcnlifying s+c 
thcrmodyoaok phasa h a t  can be treated in a 
gcochcmical equilibrium modd. Extraction of pbase 
information ( c g ,  ocartxt neighbor distancu) nquira 
considcrablc time and cxpcrtisc wilh a sophisticated 
compulcr m o d d  Howcvcr, ooc can h + c  an 
automatcd claboratc XRM wt-up that would 
systematically scu a s m p k  for uranium. wlljcd an 
XANES s p c d ~ m ,  M XRF spcCrrum, and an XRD 
specmm at cach point of iotucst (say whcrc uranium 
conccotrationr abow a certain threshold lcvd -re 
found), and usc this inlormaboo to cslimalc thc 
anounLs and forms of uranko in Lhc umplc. 
Obviously, rcpracntativc sampling would bc qUired 
mnd thcrc would always bc somc concern about 
cmapolaling thc rcsultr from Lhc XRM a n a l p  to a 
wholc soil. Such a system docs not cwcndy  &f 
but may becomc possible in Lhc next 5 to 10 ycar~. 

Be& ct aL (1993) wllcacd m 
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23.13 Apalflcal Elcrtroo Microscopy 

E l c ~ r o o  micrcwxpy combines thc ability to imagc 
samples 00 a wry small s d c  with othcr analytical 
tcchajqucs for idcnlircation and quantification of 
composition [cncrgy-dispcrsivc X-ray analysis (EDX)] 
and strudurc [clectroo diffradoo (ED)]. Thc cnlirc 
packagc of tcchniquu is ofrco rcfcrcd 10 as analpal 
clcdon microscopy (AEhi) and is a powerful tool for 
thc dctailcd cxaminatioo and charactc&tion of soils 
(G&s, 1994). Thc tcchniquc an idcnt4  p ~ i l c s  
00 thc order of a fcw naoomctcrs in dimcicr on thc 
b s i s  of c h c m i d  composition an4 if crys~allinc, 
crystal struaurc. Howcvcr, thc m c s u r c m c n t s  must 
bc madc undcr a high ncuum md, for diflraclion. 
must bc hom vcry thin spccimcm h a t  allow 
~ ~ r n i s i u n  of Lbc clcctrons. Thc tcchniquc, thus, is 
k t  suited for uamination of w&um h a t  is in 
discrctc u p t a l h c  phases h a t  arc not readily altcrcd 
by desiccation. B c w w  of thc high rcsoluiion 
at&~ablc, this tcchniquc CUI also bc used, in 
conjunuion with image rurdysis wftwuc, to quanllfy 
thc s k  and s h a p  of Lha individual partidcs for 
later LLV. in estimates of ibsolutc diwlutioo rates. 
U&c XAS. AEM docs not oKcr a opability for 
dctcnninatioo of oxidation statu. Thc samplc 
prcparatioo rcquircmcnls arc a h  more rcsyictivc 
than lbasc for XAS. 00 thc olhcr hand, the 
rcsolutioo and imaging upabili~ics arc far supcnor 
and may offset t h c x  limitatiom. 

22-13 LaKF-Bascd Sperlroscopia 

Thc phxc-idcotifiution approach iakcn by onc group 
a1 h s  A b o s  N a l i o d  Lborirory involves 
inlegratin3 thc information from . U S  with that from 
scvcral laser-bxcd tcchniqucs (D. E. Morris, Los 
A m o s  National hbOr3101y. 1993, pcrsood 
communicatioo). Thc l a x r  spcuroscopiu cmploycd 
bcludc o p l i d  lumincsccncc, Raman, and 
photoaGuslic In gcncral, lumincsccncc is morc 
scnsitivc to U(VI), whcrcas phoioacous~ic is morc 
scnsitivc to U(IV). Thc R m a n  tcchniquc .sunplu 
bibrations of fuocrional groups and has roushly 
cquivalcot sensitivity to compounds of cithcr valcocc. 
Thc intcgratcd approach offcrs thc ability to 
c ~ X ~ C ~ C I ~ Z C  urmiurn in soils with a minimum of 
prctrca~mcnc and thus h x  thc poicntial of bcing 
highly accuratc from a phs,c-idcntifiwtion stmdpoint. 
Xndyticd costs. howcvcr, arc in thc ncighborhood nf 
SSCOO pcr spccimcq sod abour S500,OOO in spital is 
occdcd to purchase thc instrumcutation. 

. 

22.1.4 F'mxnccntratioo Techniques 

Athough idcotificatioo and quantification arc not 
..accomplished dirccrly by prcconctntration, phvc 
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idcutifidon is ofrco cnhnccd by vlviom solickphase 
prccooao~ration procrduru thar rcly on dilfcrtllus h 
p3rtidc-sizc. density, surfacc charge, and ohcr physid 
propcrrics to scparatc thc phavJ of inforst from thc 
soil mamx ( G d  and Dowdy, 1994). Ecxausc of thc 
high density of ura.nium rclativc to thc minerals that 
makc up thc bulk of thc soil minerals, a 
prcconcrntration tcchnjquc d y i n g  00 h i t y  
frauionatioo would x c m  to have g r d  pro& for 
incrcasiq thc conccolrarioo of uranium in spccimcns 
LLcrcby lowcring thc c f f m i n  dcrcction limits for thc 
various p h c s  prtscnt. Wc arc not asarc of any 
work in which this approach has bcco taken 
s p c d l i d y  for h e  isoialioo of uranium phaws in SO& 

2 2 . 1 3  k a s m e n t  of Pbax Idmtiflaha R D a c d u ~  

Phxc  identiricatioo gcomlly rcquira  a cornbirdon 
of information abour thc clcmcntal  omp position of ILK 
spcdmcn and its s t r u ~ u ~ t .  & such, X-ray and 
paddc-bcam tcchniqua arc Ibc main ways of 
idcntdying individual p t u  and idcnrifiation is much 
&r for aytal l inc pbasu than for amorphom 
p h a s u  In so&, uranium conccntratiw arc Iw 
cooqb IO rcquirc miuobcam technjqtxs, in 
individual p d c l c s  arc idcntikd and Lhn 
charaacrizd. As a rcsulk thc direct phasc- 
idcntilicalion approach requires minimal quanti& of 
soil for ach s p c d m c 4  bok in analogy 10 u n d w  
aoal+s in dasical  pcmgraphy, sampliq of ym large 
oumbcn of individual &des from a & c u b  soil 
in ordcr fcr thc r a d &  to bc sraristicdy mcanhgfd .  

XRM and AEhf arc two icchniques b cao acquire 
both compasitiooal and syu~rurd inforuntion &out 
small panicles. Ooc limiutioa to the is that it 
rcquircs a rynchrouon X-ray ~ ) u r c t  to o h i n  cmugh 
X-ray flux on thc spccimcn for analyicrl purports 
Thc mi. on thc othcr hand, is a rdar;.tly common 
instrument and acccsibilc IO many labonroncs. Of 
thc two insmcnrs,  thcn. thc AEM is ckarly tbc 
morc p r a u i d  and offcrs strudwal, comp&liod, 
morphologiul, and sp&J information about Lbc 
uranium in soils. 

T h c  main drawback of fi. is duc to iU king a 
microbeam tcchniquc. A Iargc oumba d individual 
chzaucrizations may haw to k pcrfonnd bcfmc an 
avcragc composition for Lbc wbolc soil a n  bc 
dcduccd Furthcrniorc, cucnsivc umpfc p r c p d o n  
(ix., thin sections) is rcquircd if spatial informarion U 
dcsircd. h t l y ,  thc tcchniquc docs no( lcnd i-lf to 
oxidation starc dctcrminations (cvcn by qruolirl&oo 
of oqgcn and stoichiomclric calarlati~ns). d c d  
by Nash (1992), 'thc standuds  and unknmms mas( k 
well polishcd and clean. havc Lhc samc Ihicbcs. of C 
COJ- a d  have s u r f a w  pcrpcndjcubr to *bc 
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clcdroo bcm. Thcsc procedures arc particularly 
mtid for 0 bccausc thc signal is dcrivcd from vcry 
o r a  thc surfacc. and C has a hi$ mass absorptioo 
coclfacnt for OK- radiation.' Thw oadation stale 
analpx by oxygen quantification ULI bc dooc only on 
Lhio xctions and may be subjcct IO contidcrablc crror 
if not properly performed. 

lo shot thc AEM tcchniquc. though powcrful, docs 
not idcntdy amorphous phascs rcadily, cor adsorbed 
u r m i i i m .  - . * -  ...\? rcri?itatcd uranium ai small mole 

- 

.y ignorc a mnsidcrablc fraction 
2rn prcscnt in soils. This, in 

.... I *- .  . icdious and Iahr-intcnsivc 
XLL.;  Ji the d3[;1 ~,;.lcction, makes it not particulluly 
praaical for routine dctcrminatioo of cnvironmcotal 
3dabi l i ry  of uranium. It may txttcr s c m  as a.n 
anallary tcchniquc to bclp idcollfy phasa c ~ r a c t c d  by 
wct-chcmid m c t h d  and aid in tbc concl.~tioo of 
rcadviry and availability. 

2 2 3  Geochemical Modelinr B 

Gc0cbcmie.i modeling is 3 brc . i c r m  that may 
indudc calc.uations of thc thcr udpamic cquilibna of 
ions in aqueous so~utionr, h e  L ..:ria of solid 
dissolution and prcopitaticn. m u  .!IC transport of inns 
in soils and xdimcots. Of thctc. rbc cquilibrium 
c o d a  arc well dcvcloped, wbcrcx, artcrnpts to couplc 
c q d b n u m  dculations with kinctic and transport 
Pr- io soils arc SU in their infancy. Wc rcfcr 
hcrc only to the .equilibrium ulcdations, rccogniring 
31 thc samc LLDc bo& the imponancc of the othcr 
Pr- and the d i f I i cd ty  of cornbinin3 hcm into 
muniogful tools for Frcdichg contaminant behavior. 

Glculatioo of equilibrium spccics distributions of 
dissolvcd major and tracc constitucoy including 
ridiooudidcs such a uranium, may be uscd to 
uodcrsmd-the procuscs that control thc chemistry of 
surface- and groundwater systcms md, to somc c-xtcnt, 
thc c h c m i d  mobiliry in hue systcms and 
b i o ~ d a b i l i t y  to humans. Such prcxcsscs JS aqucous 
cornplcutioq olddatioo/rcdu~ioq 
3dsorp~oo/~csc?rp!ioq and mhcrrrl 
prcopitation/&oiuiino will colltrol the 
thcrmodynamic a c t i v i t i ~  of ndionuclidc spccics in 
solution. Both the divcrsiry intcrdcpcndr-..v of 
rcscluch c f f o a  ascciatcd with chcmid  rcdL.:.B'ii 

modcling x c  cffcctivcly dcrnonsuaicd by thc Iidpcrs 
atcd in &IC litcraturc r c k w  of Srrnc ct d. (1330) 
Ilnd those publishcd in JCMC (19i7), Jacobs and 
wbatlcy (1389, Jackson and Bocrcicr (13S6), ana 
.Mclchior and Basxit (1m). 

Thc disln'butioo of aq3cous spcacs at cquilibrium in 3 

multicompn!snt s+tc@: can bc reliably dculatcd only 

. 

. . li 
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with a combination of accuratc a n a l y ~ s  of water 
compositions and a compctcnt g c d c m i d  rcziaioo 
modcl. A gcxhcmical reaction modcl is dcfincd hcrc 
as thc iotcgration of mathcmatid cxprcssions 
dacribing thcorct id  c o o c e p ~ ~  and thcrmodynamic 
relationship 00 which the aqueous spcciati04 
solubility, adsorption. and m a s  trvlsfcr calcula~ozu 
arc bawd. A gcochcmical rcaaioo codc rcfcrs to the 
translation of a gcochcnical r z a d o o  model into a 
scqucocc of statcmcnts in a particular computer 
language. A compctcnt gcochcmical r a d o n  modcl is 
J, model that coolains all tsc ncccssuy submodcls m d  
kopcrrtant aqueous complucs. solids and gaxs fc: 'bc 
irnportaot clcmcnts of intcrcst rcquircd to adcqi 
intcrprct a givco d x a  xt. 

Gcochcmid r c a d o o  modcls may bc uwd to p. . i c t  
thc maimum concentration of clcmcnts. such Y 

uranium, that m3y be prcscnt in M aqucous sol&x. 
This typc of modclng d c d a t i o n  rcquira Lhc UYT to 
wlcd  cithcr a solubility or an adsorption rwdion to 
constrain thc maximum concentration limit of a 
radiooudidc or an, orhcr dissolved wnsljtucot. Thc 
modcling process is baxd on the fouowing 
assumptions and nccds for the cnviromcnt of 
intcruc 

v 

_. 

. - .  

For a coocco~ation limit bascd on 3 solubiLi~y 
rca&on. thc miocral phasc sclcucd as thc 

' 

sclubility control for thc radiooudidc of interat 
must havc known Lbcrmodynamic d a b  (c.g., 
solubility ~ o n ~ r ~ t )  and bc t c c h n i d y  dcfcnsibk 
(c-g, know0 to cxist in oaturc and bar, r 3 1 u  of 
prcopitatioo and dissolution that arc no( limited 
by kinetics). 

For a cooceotration limit b u d  on a sorption 
rcauion, thc subsmarc (c.g7 M iroo-oxyt~ydroxidc 
coating) sclcdcd as thc sorption control for rh 
radionuclide of intcrcst must bc t c c h n i d y  
dcfcnsiblc rclativc to thc soil or scdimcnt bcins 
modclcd and sorption pxamctcrs must be k n m  
for thc radiooudidc of intcrut and its major 
wmpcling ions for thc subslratc and b c  rangc of 
appropriate cnvironmcGtal conditions. . 

The rcauions or conditions that cootrol the pH., 
rcdox cooditionr, and coneorrations of 
cornpluing ligands (c.g., dissolved urbooatc) for 
thc dcrivcd aqucous solution must bc mumed 
and technidy  dcfcnsiblc. 

The modcl must h3vc a compctcnt thcrmodyoamic 
databasc that indudcs all thc octtssilly aqucora 
spccics, rcdox rcacljoos, mincrals, m d  saorplion 
substrata for thc radiooudidc of intcrcst and for 
Lhc other constituents of coviroomcotd 
importance. 
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Thc composition of watcr (in parricukr, PI' Eh 
and altllinity) contading Lhc radionudidc- 
containing pbascs ;JUS[ bc known. 

Most gcochcmical modcling calculations will bc 
limited to quilibrium ccnditions, buaux: of Lhc 
g c n d  a k n a  of kinctic ratc d u u  for the 
aqu& speciation, solubility, and/or sorption 
rcadions kvotving thc radionudidc d intcrcst and 
ohu constjtucnll of cnvironmcntal importmcc. 

Thc results of thc modcling calculations provide Lhc 
t d  concentrations of diwlvcd radionudidc and 
ohcr clcmcnts indudcd in initial aqucous solution; 
~ b u t i o m  (total conantrations and pcrcrntaga) of 
b l v c d  radionudidc in cach valcna SWC indudcd 
in thc modd [e& U O ,  Urn, and U O ] ;  
b % u t i o m  (conantrations and pcrtxntagis) of 
diffcrcnt urapium aqucous spcxics 1c.G UO;', 

dormation or assumptions rcgardmg the ratc of 
rclcasc of the radionudidc of intcrcst hom its source 
t u m ,  such as con- soils or a low-kwl- 
radioactiw-vaslc (LLW) sitc, m o d c h g  dculations 

mas prtscol in aqucous solution plus auodatcd 
m i n d  p k )  of a radionudidc in Lhc cnvironmcnt 
undcr rcvicrv. Bceusc thcrmodynamic h t y p i d y  
do not ha= thc resolution to disiiningursh among 
diffcrcnt isotopic forms of r a d i o a u d i d c a - e  
aqucous spcdcs or soli4 gtochcmical modcling 
calculations do not provide any informatim on Lhc 
b i u t i o n  of thc Mcrcnt  radionudidc isotopes 
prcscnt io the a q u c o a  or assodated solid ph-. 

uo dOH)aYad* PO,,) 2cWoH) ;I.  ut 

cannc% pmvidc an eztimafc of thc total w (LC- 

of Australia (Svcrjcnsky, 1992); Poqx de Caldas 
Projcd in thc Shtc  of hiinas G c r G  B d  
(Nordstrom ct al, 19Fo; Bruno ct al, 1991; Cross 
ct d.. 191) ' :  PaImottu ~ ~ a J o g u c  Proja in 
southcrn Finland (0ll.h 1992)] 

k s c s m c n t  of thc g c d c m i d  bchavior of 
radionudidcs, such as uranium, at mdidatc sitcs 
for high-lcvcl radioactive: a a ~ l c  rcpasjtoriu 
(Mcycr ct  al.. 1986; SAIC, 1985; G h c n  et aL 
1 w  

Valihtion of Lhcrmodynamic and solubiliv data 
for uranium-conlaining aqucous +ems (Krupka 
ct al, 1983) 

Prdction and anal+ of intcractions of addic 
uranium mill tadings solutions wilh sedlncanu 
(Fclmy ct al, 1987; Pctcrson ct al, 1983) 

Gcocbcmical rca&on coda haw bccn uwd to modcl 
a of problems aso6atcd  wih thc bchavior of 
uraniumcOntaiaing phases in natural cnvironmcnts. A 
fcw.exampb of applications rclatcd to thc 
gcochcmi$ bchavior of uranium indudc Lhc 
f o l l o ~  

Prcdicdoa of thc intcradion of groundwater and 
c o r n p a a d  bcntonitc and Lhc rad% cflcds on 
thc maximum solubilities of disrohzd uranium at 
a P O ( C ~  nudcar w s t c  repository (Wanner, 
198/) 

&&nation of thc c f fcd~  of ionic strcnqh, 
groundua[cr compositios and tcmpcriturc on 
calculatcd solubilities of d k l w d  uranium 
(Lcmuc and Garisto, 1992) 

Prcdidioo and analy;S of water-rod kcradions 
and assodated uranium mincralization and 
mobility at natural d o g u c  study situ for 
r a d i o a h  wastc disposal systems [c.& Alliptor 
Rivcr ADaloguc Project in thc N o d c r n  T c m t o ~  
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Pcrformanct a s y ~ ~ c a t  of a radionudidc soure 
tcrm and transport inrohrlng uranium (Mdu et 
aL 1%) 
Analysis of Lhc r c l m  of uranium from 
bordcatc g l ~ r ~  incorporating nudcar wa~fc 
(Grambow ct al, 1991) 

Gcochcmicd modcLng of maximum conaatntion 
limits providcs MJuablc information for input to 
performance asscumcnt analywr Thuc mults may 
havc mmc limjtations. For cramplc, cvcn if thc input 
paramctcn arc technically dcfcnsiblc, thc a n a @  
rnodcl may bc too conscrvativc and prcdid 
concentrations that arc unrcaIi.4~ This &n 
mlgbt result from 1) wlcdion of an ultrasonvrvativc 
solubility or adsorption r a d o n  constraint, 2) thc 
abscnce of kinctic n t c  data for kcy rcadons, or 3) 
inadquatc thcrmodynamic and sorption mastant d a q  
including thw for organicamplcdng ligan& and 
d k d  radionudidc reactions. AJLhough thc 
calculations could guide further sitc chaxadc*on 
and anal& thc conaptual modd on which Lbc 
m o d c h g  dculations art based would havc to bc rc- 
m d  rcbtivc to i ts  d c g c c  of c ~ n s c r ~ a k  and 
rcfrncd for thc cnvironmcnt of iolcrcst. 

Hovcwr, thc c q d b r i u m  codes are mil cstablidd 
and simplc to opcratc. With Lhc appropriate user 
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intcrfaa, essentially anyone with a chemical 
background can input the parameters needed to 
calculate the quilbrium assemblage of uranium 
species in a soil solution. Whereas the codcs 
them& arc rusonabty robust, the quality of their 
p r d d i o n s  is only as ,ood as the quality of the input 
data As &own in Table 4, failure to input the values 
for Pco, (ic, TIC) or pH can have a dramatic effect 
on the equilibrium concurtrations predicted for a 
vngle pharc It is not enough just to idcntrfy the 
compounds prcscnt-to asses their environmental 
availability, some &ate of their soIubGty is needed, 
and this can come only from a geochemical code or 
an empirical determination. In the absence of 
empirical d e t e n n i n a t i o ~  geochemical modeling is 
uscntial. 

EquiLbrium geochemical co&s are readily available 
.and not diEfiarlt to use. Howw.r, they do not 
w M p o n t e  J1 the information that is needed (;.e., 
Irinctia, transpoxt) to detmnine environmental 
availbility. Thus, the inferred approach to measuring 
urvir0rrment;ll availability u not suitable for regulatory 
purpodu W i  further developments in phase 
ideotifcltim proadurts (e& automation of AEM 
arutyseS) and increased sophistication of geochemical 
codes (iie- incorporation of kinetics and transport 
modules), this approach miy k a m e  more practical. 

23 Summary of Existing Methods 

&cause the environmental avaibbity of uranium is 
related to the amount of aqueous uranium maintained 
in the soil soldon ovcr time, measurement techniques 
generally inmk detuminacion of both the total 
capacity of the soil to relcau uranium and the rate at 
a+kh the uranium is rcleascd to maintain a certain 
conantration 

Two mzjorapproachu have k e n  taken to estimate 
thuc parametus. The Grst involves direct contact of 
the soil with a solution that simulates in a short Lime 
period the soil environmental conditions expcdcd over 
a much longer h e  interval Induded under Lhis 
broad umbrella arc 1) the simulated lung fluid 
procedure in which auosol panides arc equilibrated 
for diEerent time periods at JI T in an aqueous 
solution having a composition similar to that in human 
lung, 2) chemical exmaion procedures using 3 

m c t y  of solutions and approaches. and 3) 
b i o a d b i l i t y  studies in which uptake of uranium 
from soils or soil solutiotu by plants or organisms is 
measured. Squeotial  u u a d o n  procedures in which 
the soil is treated by suaccssinty banher solutions 
haw been M o p 4  C, 0th- environmentally related 
arzr_crme:nts and w : k k  standard methods designed 
for p a r t i a h  A u 3 u ~ :  are available. 

. 

Measurement of Ernironmental Availability 

The second major approach for h a t i n g  
environmental availabhty of uranium involves inferring 
the aqueous conantrations of uranium bawd on a 
determination of the solid phases in contact with the 
solution and geochemical modeling of the solubilities 
of thuc phases for the particular soil solution 
composition Phase identificatioD procedures indudc 
X-ray absorptiou spectroscopy, analytical electron 
microscopy, and the k r - b a s e d  spcdroscopiu. 
Geochemical modcling indudes dculations of the 
thermodynamic equilibria ol ions in aqueous solutions, 
the kinetia of solid divolutior and precipitation, and 
the transport of ions in soils and dimcnts.  Of these, 
the equilibrium codcs are well k l r -  whereas 
attempts to couple equilibrium cllculations with 
kinetic and transport procusu  in soils are still in 
their infancy. Thcsc auks  rely (II large databases 
containing informaIion about thamodynamidy 
distinct phases, readion stoichiometries, and other 
factors affecting readon khct.ics md transpon 

We have summarized many of Lhc features of the 
direct and inferred approa. -es in Tab!e 7. In our 
asstximeats of thesc two major approaches we 

information obtained suftiaent to atabiisb a 
defensible estimate of environmental availability?) as 
well ;IS the pradcal factors (Le- bow much time and 
money are rquircd to obtain the information and 
how many f ad t i e s  are available to perform the 
ad-?). Of the three direct approaches considered, 
two were eliminated for either tecfmical or pradical 
reasons. The simulated lung fluid test is dearly not 
spedfc or relevant to a soil eavirmmcnt and requires 
60 d q s  and numerous analyses to obtain the 
information. The bioavailability tests, whilc the most 

periods before the information could be obtained and 
hsvc not been developed suffiticntIy to warrant their 
adoption for regulatory pwposes. The phase 
idcatilication procedures for the infcrred measurement 
approach, while providing unique informati04 
generally do not provide complete information (cg, 
amounts of amorphous d u m  or adsorbed uranium 
dispused through the soil), arc q i v t ,  and because 
of their small specimen sizc rquirc many spcdmeo~ 
to be a d p d  before a s t a t i s t i d y  valid estimate can 
be obtained. h turn, the g c u c h - d  modeling for 
the phases identified by these techniques is focused on 
thermodynamic equilibrium and not suflicicnlly 
developed to h a d e  the kinetic aspects of the 
problem. 

We condudc that an approach b u d  on direct 
uYadion of the scil offers the best c o m h i t i o n  of 
information quality, low cost, and rapid turnaround. 
None of b e  standard or research m a h o d s  examined, 

coasidcrai the technical factors ( i i  is the 

rclev+nt of all the procedures, a h  require lengthy 
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howwcr, yield bolh the capacity and iplensity data 
needed to make a sound acssmcnt d environmental 
avaiiability. In tk following section, tbcrrforc, wc Ibc rigorous approach. 
identify the m - c s  of an ideal @rou 

anaction method as well as one that might be 
&le for interim use pending the development of 
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3 Recommended Approaches 

Our brief review of standard procedures and research 
Literature addressing quutiom about the determination 
of the forms and distributions of uranium in soils and 
sediments identified no wide:? acceptc,d techniques for 
determining the 'availabilitf of uranium in natural 
environments. Techniques are available and are 
routinely used for awssing the potential 'Icachabiliry' 
of b d o u s  components associated with spcdfic 
w a s t g  but the applicability of these methods to the 
remediation of soils contaminated with uranium wastes 
has noc been tested. 

Any procedure applicable to the NRC's needs must 
iddress a number of questions. Fust. the p r w d u r c  
should provide utimarcs of the 'solubility 
classifidon' of the aggregate uranium forms in the 
soil being tested. Th3t 4 the rcsults from the 
proccdurc should indicate if one or more forms of the 
uranium in the contaminated soil are readily soluble. 
Bewusc equilibrium concentrations of uranium in 
soluble phascs may vary by several orders of 
magnitude depending on environmental conditions, 
either 'soluble' will have to be defined for s p c d i c  
conditions, or the debition will have to be sufficienlly 
flexible to encompass a range of conditions. Second, 
the proccdurc should provide information regarding 
the relative mmes of uranium that might be 
associated with each of the different solubility 
fractions of ur~Uum. Fmally, thc p r w d u r c  should 
indicate the relative rcadvity of uranium in the sod. 
'Refractor)' forms of uranium (x measured by the 
SLF tcsts, for example) will be reactive and aaessiblc 
to the biosphere on Lime scales longer than those 
provided for by cuncntly available tests. An ideal t u t  
p r w d m c  wodi allow one to distinguish truly 
refrauory forms from those that are reactive but 
kinetically slow to solubilize. 

For *e long term, we recommend that the NRC 
invcstigatc methods and procedures that supply both 
speciation and kinetic information about the uranium 
xs a rational and rigorous basis for completing s11 
avironmental assessment. Much of this information 
could be obtained using a continuous lcaching 
procedure. 

Pending development of a technically rigorous 
p r o c t d q  we suggtst an interim procedure that is 
largely derived from standard test methods and follows 
the three-levcl decision-trce 3pprc;h. First, 3 bulk 
uranium analysis of the soil or scdirunt is completed. 
If  the measured conan~ations exceed s p c d k d  Limits, 
the a d y s t  may bcgh a series of eldracfions that 
include the ASTM D 3974-81 add-leach method, a 
modified EPA/SW 846 Method 1311 (TCLP) 
procedurq and an oxidizing curaction in a carbonate 

bufler. Mer Lhc bulk uranium analysis, a dedsion to 
rcmcdiatc, to take no  a d o n ,  or to pcrfonn the n a  
level of t c s t i q  would occur midway through in the 
procedure and, if furtbcr testing were xlcdcd, a final 
dedsion point would occur at the end of the t d q .  
The *on to remediae or to take no action would 
depend on whether thc analytical data fell a h  or 
below Limits to 'soluble' uranium conantrations 
established by M appropriate risk awcsMcnt model 
and would be sitc-spcdfc I 

This interim approach has several drawbacks. F W  
because of the conditions specified for the mactioos, 
b e  apprcuch will not provide useful kinetic 
information about the ra ta  of release of uranium 
from the contaminated sod. Second, 'action levels' 
the uranium conantrations that dckrmine which 
branch of the derision tree to follow, are oot dehotd 
Thesc Values must be specdied in conjunction with 
expau in hcallh and safety and with consideration d 
the rite-spedlic runcdiation goals. 

Applicability of either the rigorous or the interim 
procedure to setting remediation aaion levels at 
contaminated situ must be verified by correlation 
studies. The proadurcs recommended here arc thasc 
h a t  we believe have the highest probability for 
providing wful guidance in the remediation of 
contaminated sit- HowcKr, full tcSting of the 
proadurcs and a comparison with a wider sclcdion of 
pasiblc approaches prior to implementation is 
recommended. 

3.1 Rigorous Approach Using Flow- 
Cell Methodology 

The interim proccdurc doa not provide Critical picas  
of information that would be wful for risk 
asscsment. For the long term, M recommend that 
methods and proadurcs that supply both spcCialion 
and kinetic information about uranium be developed 
and that thcsc methods be correlated with h e  
cxpcdcd dynamics of uranium in contaminated soils 
and sediments. This typc of informationwould 
provide a more rational and rigorous basis for 
environmental rcmcdiation decisions. 

The rigorous approach follows the decision-tree 
concept described in Section 1 1 1  but uses a 
continuous flowstll p r w d u r e  to obtain both the 
solubility data of Step 2 and b e  kinetic data of Step 3 
( F i  2). Applicability of the p r d u r c  to setthg 
remediation action lev& at contaminated sites must 
still bc vcrifed by correlation studies. The proad- 
oullind.huc are t h e  that the highest 
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probability for providing uscful guidana in the 
remediarion of contamkited sites. However, a full 
tUting of the p r d u r u  and a comparison with a 
w i d e  wlcdon of possible approachu is 
r ammended  prior to implementation. 

3.1.1 Background 

The Oo'wall measurements arc b a d  on 
methodologies that have evolved over the lasf demde 
to musure the rates of -don of minerals under 
well-defined coaditionr Vlriora f l d  apparahrs 
have been designed and used io kinetic studies of 
m i n d  dLrolution (e& W o k  and 0011, 1985; 
Holdren and Speycr, 1985; b u s s  and Wolcry, 1986; 
Amonctte, 1388; Chscy et al, 1989). Conaptudy. the 
flow-crll mcaswcmcnts provide a type of information 
that is closer to that provided by the SLF 
musurcmeots thao L is to m y  of *e d e r  
pmadurcs  reviewed. The mettod yields masu of 
uranium released to solution under given 
environmental modhio~~ ,  urd determination of the 
dif€ercnt solubility c h u  is srnighdoraard. The 
equipment d o a n  the analyst to regulate the 
campositioo of both the ntra&on fluid and the gas 
phase io quiLbrium with the solution. dowing for a 
mom realistic simulation of ludhg proasses in soils. 

The Oow-all reactor approach has two disadvantages. 
F i  his  ty-pc of equipment has not been used in 
regulatory applications io the phss to the best of our 
knowledge. Cowqucnl3; the hardware a d  analytical 
upertise rquircd to use the mcthod axe not generally 
available, although they arc cady a q u i r u i  Second, 
the f l o w - a U  approach tends to generate a large 
number of samplts rquiring analysir, thm creating a 
f d y  heavy analytical burden for the laboratory. 
Howcver, rtccnt developments in automated on-line 
anaiysk techniques should Lascrr this load to a 
manageable leveL Despite thesc k t a t i o q  the flow- 
all tcchnoIogy has attained a degree of maturity that 
maku if potcncially suitable for regubtory 
applicationr 

3.12 Assumptions 

Certah assumptions are made io the oullining of this 
procedure: 

Uranium is the contaminant of primary conarn; 

Uranium in the soil/wdiment exists io watcr- 
soluble, nonvolatile forms; 

The samplu b c i i  tested arc not contaminated 
with noo-aqueous Liquids (NUL); +d 

4) The saturated conditions io the flow cell 
adequately mimic conditions in the sod, m n  
though soils are typically unsaruratcd. 

3.13 Special ized Equipment 

Impkmcntation of a nowccll mcasurcmcnt d 
uranium solubility rquircs  cutain quipment  iduding 

1) A reciprocating syringe pump to inject and 
simultaneously withdraw antrolled V ~ C S  of 
leaching solution at a ant~olled rate; 

2) Flow alls capable of acannodahg scik ha- 
a wide range of partide sizes (thesc arc not 
c o m m e r d y  available to the best of oar 
knowiedgt, but several dtsigns that can bc 
readily construued haw k c n  duuibcd  in the 
litcntllre); 

3) Water bath with tempenhue cootrolla to 
maintain extractions at a amstant tern- 

3.1.4 Procedure Outline 

Beraw this is n&u an establirbcd procrdrrrr, nor a 
modification of an established pmadure, we &k 
the general p r o d u e  with k t a i  operational dclail: 

1) Prime all solution-transfer lina and saturate the 
Wter in the boaom of the r a d o n  chamba with 
the initial extradon solution 

2) Add a krm m a s  of soil/&cnt to the rea600 
chamber. In p i e d ,  the m a s  of the soil sboold 
be q u a l  to 1096 of the volume of solution 
u p u i c d  to be rrsident in the chamber unda 
OpCrnLing cooditions. 

3) Set the flow rates on the pump to maintain a 
solution-rtsidena time in the readion chamber of 
bctwccn 8 and 24 hours, depeDding on the 
u p u i c d  reactivity of the sampk Higher Doa 
rates should be uscd for the more rea& nmple~.  

4) Fd the rtactioo chamber to its operational Lvrl 
With the initial lmching solution (probably a pH 5.0 
Ha solution with an ionic ma& of about (LOQI 
developed from GC1,; this is a mi14 non- 
oxidizing, non-complexhg acid wlcctc-d to &C 
soil solutions). Initiate stirring with a paddle 
stirrer, and maintain the suspcmion for a period 
equal to the sohtion-residena time. 

5) Initiate solutioo pumping, Solation is addcd and 
withdrawn from the reaction b ' x r  
simultan'ausly and at qual r a t a  
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calla effluent in suitably sited aliquots, usually 
ranging from 05 chamber volumes to 2.0 chamber 

uranium concentration of each fraction collected 
(an automated on-line procedure for these 
d y s u  could be readily developed). 

Conlinuc operation of the r e a d o n  chamber using 
t k  initial leaching solution until the rate of 
uranium release ha, become constant (usually at a 
\ t ry  low level). Drain the chambcr. 

Rcpuu step 1). 4), 5). 6). and 7) using a 0.1 M 
Ha solution 

PrrScrvlc the eflluent from the add leaching of the 
sample in 4 M Ha and analyze the solutions for 
U(rV)/TJ(VI) ratios using ionucbange 
mahodo!ogies (see Appendix B). 

W l ~ m e ~ .  MWWC the pH and total dissolved- 

This padure  a u l d  prescnt laboratories with 
extended me+surcmcnt periods and numerous analyses 
to be anducted for each sample. Leadung h c s  can 
be shortened, homvcr, by inuwing the flow r a t 4  
the acfl temperature, and/or the strength of the 
leaching  solution^ Likewise, the analytical burden 
would bc minimal if M automated on-he XI-up is 
used This procedure has the potentid to yield 
s i g n i f ~ ~ d y  more detailed and rigorously def ied 
infomution about the forms and reactivities of 
uranium species in a soil in a short time than any of 
the &r proadut t s  we have investigated. However, 

dcvclopment work is needed to define the 
pracrjcJ working conditions before the proctdure 09 
be implemented. 

3.1.5 Development Needs 

Previous efforts employing flowull readon have had 
primarily ruearch applicatioas. This approach for 
measuring uranium solubitity offers regulators a 
wh ide  Ior'obhhhg detailed rca&ity & m a t e s  for a 
m a t e d  undergoing remediation, and it should also 
provide information about how the amtaminant might 
leach rmder a broad rangt of environmental conditions 
(e& various precipitation regimcs, hydrologic 
regimes). Hocmm, it does not yet have an 
established 'track record' from which to judge ib 
pCrfOXlMllcC. 

Wc r w m m c n d  dcvclopmcnt of the flow-cell 
methodology for the purpose of assessing the 
environmental availability of uranium io soils, along 
with a ancertcd effort to correlate the flow-cell data 
with long-term leaching studic carried out with a 
variety of SO& under a range of realistic 
cnvironmcntd conditioos. At the &e h e ,  one or 
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more batch leaching proedurer [e& a modifcd 
EPA/SW 846 Method U11 (TcrP)] should also be 
evaluated and correlated wilh r&c field soil data. 
Based on a technical arwssment of how well the flow 
cell and batch methods correlate with field data, and a 
practical ascssmcnc of the re1atir.t costs required for 
a certain dcgrce of correlation, an informed and 
tccha idy  defensible dcdsion regarding the bcst 
m&od for determiking environmental availabilhy of 
uranium can be made. Clearly a fast, eamomical, and 
rigorous procedure must be dcvtbped if s o d  
remediation duisions arc to be made. 

3.2 Interim Procedure Using Standard 
Methods 

32.1 Background 

The mterim procedure we recommend (Fig 3) 
combines standard and nonstandard methods to allow 
some flexibility in setting rcgulatay h i t s  The 
proccdurc is smbllred !o oficr a staged res- to 
the problem in the hopes of climirating ua~eccsp~y 
aoalysu. Thus, the fint stage invr4w a 
determination of the @tal u d r n r  0 pruent in 
the soil The second stage invokr a d e t e r m i d o n  of 
the total envimnmen(al1y svailab& u d u m  n A V )  in 
the soil The t . .d  stage involva a mom intensive 
d&cation of the environmentally available uranillc~l 
into rcldivity s u b c k e . ~  [ie., r a d i l y  8-bk (RAW, 
slowly available (SAID, and very slowly rvailabk 
(VSAU) uranium. or two s u b d a o a  on thc bask d 
olddation state). At the c o m p l b  of the ad)= 
for the Grst or w o o d  uagts, a duision to rcmcdiate, 
to take no adon,  or to go on to the nexf stagc of 
testing can be made using Criteria based on 
appropriate risk-assessment modcb and Stc-spedGc 
information If the third stage d testing is n w s a z y ,  
then a Gnal decision to remediate wilJ bc ma& brscd 
on the analytical results, the appmpriate risk- 
iLSWSmat models, and other site information. 

Spedically, the initial step in the procedure in\* a 
determination of TU as part of a succning t e ~  If 
the tcvcls of TU arc lcss than an adon lcvcl srt by 
risk lrwcment methods (;.e-. XX in Fig. 3). no 
further tuting is n d e d  Higher ancentratiom of 
TU may require additional tcsting or, a t  the discmion 
of the contractor. a decjsioa to m e d i a t e  may be 
made. The second step in the proctdurc, which b 
d r a w  from the ASnci Method D 3974-81, is an 
overnight extradon of the sample in 0.6 M Ha 
This procedure is intended to p d c  the analp with 
an csthate  of TAU in the sampk If this q- of 
uranium is low (as deterabed  by appropriate risk 
ascsunent methods), no further .aion would bc 
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r q u i r e d  If TAU exceeds an upper adion lcnl set by 
risk -cot methods (Le., W in Fq. 3), 
remediation is r q & d  At intermediate l e d &  
however, the analyst would seleu one of two options 
in the third stage of the proccdure for further testmg. 

Option 1 invohzs sequential measurements of RAU 
. and SAUpn the same sample and the h a t i o n  of 

VSAU by the differcncc between TAU and the sum 
of M U  and SAU, Le, 

VSAU TAU - (RAU + SAW. 

Option 2 invotves determination of the rclalivc 
amounts of uranium prcsent as U(rv> or UCU) in 
the ~ m x t  obtained in the determination of TAU. If 
the sum of the U(VI) and a f radon of the U(IV) 
present (Le- a in Fs 3) is Ius Lhan a lower adion 
lcnl prescribed by appropriate risk assessmat 
models, then no adion is r q u i r d  Othcrwiu, the 
full test ducribed in Option 1 must be performed 

The analytical tcstr performed in Option 1 include 
EPA/SW 846 Metbod I311 (modified to conskt of 
fin sequential batch urtraclions with 0.1 El acetic 
add) for &malion of RAC. and an oxidizing 
exmaion in a carbonate buffer for estimation of 
SAU. The RAU proocdure is designed to c s b a t e  
the uchangcablt, carbonatc-bound, and part of the 
organically complucd and iron- and aluminum&de- 
bound uranium fractions in soil. The SAU procedure 
focuses on the U(IV) species present plus the 
remainder of the organically bound uranium. The 
uranium in the soil that is not rcmovtd by thcsc tm 
trcttments (;.e., the VSAU) is prucnt in iron and 
aluminum oxides and oxyhydroxidu, in phosphates, or 
as part of silicate minerals and is not expected to be 
of much concern horn an environmental vicarpoint. 

As onginally duigncd, EF'A/SW 846 Method I311, 
known as -the Toxicity Charaucristic Leaching 
Procedure or T W ,  determines the mobility of 
organic and i n o r p i c  contaminants in liquid, soh!, 
and multiphase wastes buried in a muniapal landfii. 
The method, thus, involves an organic-add-rich 
e m a d o n  liquor (acetic acid) that is harsher Cian 
would be upccted in most soils. If the aad-  
ncuvakdng capadty of the waste is low, the material 
is leached using a 0.1 M sodium aatate solution with 
an initial pH of about 4.9. If the acid-neutralizing 
upacity is high (as defmed by the method), 0.1 hi 
acetic add  With an initial pH of about 2.9 is used as 
the m a d i o n  liquor. AU urtadions are conducted in 
supcnuoas having a D.1 solutioosil ratio. Although 
m are rwonably codidcnt that ow modifed 
proadure involving s u d  atradioas  with t+ 0.1 
M @H 29)  a a t i c  add solution will measure al! 

uchangeable and carbonate-bound uranium. it is oo( 
dear what proportioar of the organically and oxide- 
bound uranium fractions in soils will be measured 
We u q ~ d  the modified method to orcrestimatc thc 
RAU f radon in sok but thir expedation must be 
confirmed by careful experimentation and c o n e l a h  
with long-term uranium leaching studies under r&c 
soil environmental conditicns. 

Detailed draft outlines of the pro+ interim 
proadurc and of proposcd quality control proadrrrcs 
are given in Appcndicu C and D. The p r o w  
interim procedure has no( been tested in the 
laboratory nor have b e  results of the proccdure bcco 
correlated with a d  release of uranium into the 
environment by soils Both of thesc S R ~ S  uc 
n c u x a r y  before it can be used to make regulator). 
dcdsionr. 

332 Assumptions 

In developing the interim procedure, a number of 
assumptioas have been made. Thwe a ~ ~ u m p t i o r ~  
have not been evaluated in the laboratory or on frJd 
samples and may r q u k  additional refinement. 

The proposed interim procedure asumes 

uranium is the primary contaminant of 
concern; 

uranium is pruent only in non-volatile form 
[e.g, UF,(g) is not a contaminant of conanr]; 

samples being tested arc soils or wdimen& 
and thuc samples arc not contaminated v d h  
NAPLS; 

soils and sediments being tuted arc prim- 
mineral soils (Le, total organiccarbon contaf 
should not ucced 10 w 76 of the airdried 
soil); 

the risk assodated With the uranium in SO& 6 
primarily due to thosc forms that can d i s s o k  
in the soil solution. 

ModXca t ions 

For the determination of TAU. wc recommend that 
ASTM Method 03974-81 (Digestion P r a u k  B) be 
employed. For the determination of RAU. 
rxcoramcnd two minor mdflcatioos to the EPA/SW 
&%'Method 1311 (Tcls): 

1) Five sequential u u a d o a r  by the 0.1 M @H 
2 9 )  acetic add solution for 18 f 2 h at r m  
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temperature (ch PT). The fin extracts are 
combined and the cumulative amount of 
uranium rclused is musurd on the combined 
a d  Lf kinetic informdon is desired, 
separate a d y w  of each -act can be made 
and summed to obtain the cumulative amount of 
uranium dcascd; - 

2) Smaller sample m w  and solution vo~umu are 
recommended for the p r d u r e  outtined h e n  
than u e  provided for in EF'A/SW 846 Method 
U11. Thcse recommendations arc made to 
conmhte toward the goal of waste minimhation 
as part of laboratory practicu. If the anal* is 
concerned that the sample mass provided for 
are insufficitnt to allow r c p n s e n t a k  sampling 
of the soil or sediment, the procedure should be 
modilied to allow for larger sample sixs 

32.4 Integration with Risk Assessment 
Models 

For use in some risk merit models and for 
regulatory purposq  the analytical results of the 
proposed intuim procedure may have to be converted 
to amounts of 'soluble' and 'insolnblc' uranium. In 
order to do chis, however, data from the first stage 
and either the second or third stage of the p r d w  
must be availahlc. If data from the first two stages 
are available, the d u e  for TAU can be used for 
'soluble' uranium, that 4 

Soluble U' = TAU 

If data from the f k t  and third stages arc used, then 
two options are posiile. For Option 1, 

Soluble u' = RAU + s(S4U) + X(VSAU), 

when c and X arc scaling factors that a a u n t  for the 
lower probability of the uranium in these two fractions 
contributing to the coaantration of uranium in 
solution. Values for I and X would most likely, be 
sitc-spcci6c and aatainly b e a n  0 and 1. 
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For Option 2, 

Soluble U' - U(M) + o ~ ~ ] ,  

where a is a scaling faaor similar to I and X and 
fallrng in the same range. In all i n c l a r r q  

'Lnrolubk U' = TU - 'Soluble U'. 

32.5 Development Needs 

The proposed interim p d u r e  wbs dmlopcd  to usc 
uisting standard methods to as ~TW,I a degree as 
possible. "he proadurc docs not take advantage of 
some of the pccukritics of h u m  guxhemistry. 
Prior to implementation of the method, 
of the behavior of uranium in ~ f u a l  mil and 
wlimcnts should be in- so that the results 
from the p r o a d u r u  a+f be better hrprued. 

SpeciGc recommendations for additional modificatioss 
or studies arc IS follows: 

a s p  

1) Assess the lcpchabtlity of uranyl phosphate 
phases during the hnt step (acid Gigcstion) d 

p r o d u a  tend to partition into soil phasphate 
phasu such as ulrritc T h e  phastx tend to 
be r d a k l y  refradory, even though they are a 
uranyl p(vr)] species h investiCption into 
the leachability of thcsc forms is WalTallted to 
better asses soil uranium dynamics and the 
risks asrociated with remediating (or not 
remediaLing) uranium bound in thue forms. 

2) Assess the r a t a  of lpapium dissolution under 
relevant e n v i r o n m d  conditions and mrrektc 
these results With both physical and chemical 
information putincnt to the soil cnvironmeat 
A potentially major shortcoming of the int& 
procedure is that it docs not provide 
mechaniuns for assess+ how quickly uranium 
might be released from soh undu realistic 
environmental conditions. 

the interim proadure. uranium weathering 



4 Analytical Services 

4.1 Background 

One task in this projtxt involved assembling a 
rcpmentative list of laboratoriu capable of 
conducting environmental availability analyscs for 
uranium in soils and sediments. We contacted about 
170 privatc,a.nd gmrnmcnt  laboratories and received 
rrsp0n.u~ from 3 2  Six of thuc 32 laboratories did 
not have a current or potential capabiliv in uranium + and arc therefore not indudcd in the lisling. 
The private laboratories contacted were idcnlificd as 
having en~nmenmJ-+  capabilities in the 
DirraOry of Testing Lobornroriy 1992 Edition 
(American Sodety for Testing and Materials, 1991). 

We focuycd on wet+mical methods and obtained 
inlormation about the Lboratoriu' capabilities to 

1) pcrform several standard methods [ASTM D3974- 
8l ASTM W793-43, EPA/SW8463oMq 
EPA/SWWSUll (TCLP), and NUREC/CR- 
14281; 

2) r e e k  adioactivc samplu with more than 200 
nCi adioadiviry g.'; 

3) reacivt sunples dayifid as hazardous w t c  (40 
CFR); and 

4) pcrform the analysts for TAU, RAU, SAU, and 
oxidation states of uranium as outlined in 
Appcndiccs A and B. 

We also obtained information about each laboratovs 
analytical instrumentation used for uranium 
dctctminatiom and their ucimatu of typical detection 
hds for liquid and solid specimens. 

Lastly, wc obtained a pooled cstimate of the 
laboratoriea'-my batch size, turnaround h e ,  and 
wtckly sample output for the TAU, RAU, SAU, and 
oridationjtatc procedures described in Appendices A 
and B. 

4.2 Cost, Batch Size ,  and Turnaround 
Time Estimates 

Of the 26 bboratorics Listed, 23 -e privately d 
and 3 were government fadk Thr rc~ponsc for a 
particular procedurt required that the laboratory be 
currently or potentially capable of performing h 
p r d u r e .  Althougb wc e.xpu%A 10 find a cost 
differeoa betaFccn these two &roup (Le-, private and 
govtrnmcnt), no dcar m n d  could be d i d n g d d  
and the data reported arc pooled for all the 
laborltorits amacted 

n e  proadurcs for TAU and SAU %re smgle-stcp 
m & n  methods. and thc Mmmta~ 'es gavz SimilaT 
&ala for them. The m a n  costs were 
per syapk,  with a twv-wxk turnaround time and 
average d y  output d about l20 ~amplc.. About 
80% of thc laboratories gave a cost redudon on 
b a ~ c b e r o f s a m p k  Thecostreductionpersample 
anragtd l3-14% (fZI-30) for bat& s i a s  of l3-15 
samplu 

The proadures for RAU and d m  oddation 
states invoM multiple rteps and this was r e f l e a d  in 
higher cnsts. Longer tunwound timq and smallu 

a- about $41&.f430 per sample, with 16- to 1% 
day turnaround times and 
s a m p l u  n e  batchuastductian and bat&+ 
results w e n  similar to thasc for the TAU and SAU 
proadurrs. 

wceldy sample output ncse two pro&dures 

outputs of 5040 

4 3  Laboratory-Specific Information 

Laborator), namg ad&- contad people, methods 

uranium tiqid and solid detucion Limih and sample- 

arc listed io o r d u  of their ZIP codts (going born ust 
to wcst in the United Stat- ic, from 00000 to 
99999) to make it d r  to find a laboatory by 
gcographicll location categoria for which no 
res- mas giwn by thc laboratory are shwn by 
-m- 

capab* uranium anaI)tieal t en tat ion, 

typc information arc listed Mow. ne labolatoria 

i 
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kdan and GI. 
359 a d  Avenue 
Tc-cCkNJ 07666 
Cont.ct: Pad Blumberg 
€%Oar Ml/837-7160 
TAX: M1/837-1235 
S M  Me&&. D3974-81, D4793-93.3050A, 1311 
Radb.ccttt Sunpla >200 oCJ/g: Ycs 
H m a d o t u  W u t r  Sampla (40 CFR): hX 
Andytid Iastramcotrtlos UV-Vi Fluorimeter 

Solid Dttatloa Urnit: 100 mg kg" 
Currrnt C.pabiUtla: TAU, RAU, SAU. Redox 
PoceOrlpI GpabiUtla: TAU, RAU, SAU. Redox 

Ugpid Ikttxutm Umlt: loo rg L" 

An*d servicg be 
390 Tabcrt Avenue, N.W. 
Athta,  GA 30309 
Coaba: Dr. Roy-Keith Smith 
mom2 404/892-8144 
FAX- 404/891-2'740 
Staa&rd Methods 3Qsoq I311 
RadiactAve S.nrpks >u)o UU/G No 
Hazmdoor Waste Sampler (40 CFR): Yes 
And$iol h b p w o b t l o n :  FAAS, GFAAS 

Solid Dclcctloo Ilmlt: 100 rng kg-' 
C u m t  Gpabilitla: TAU, RAU, SAU 
Pottmtial CapabiliUa: TAU, RAU. MU, Redox 

Uqdd Detrrtloa utde z0,m 18 L" 

NUREG/CRdm 

Eovironmcn&.l Socncc and E n p c c M g ,  I o c  
Ann: Analytical SCnictJ 
P. 0. Box lW3 

Contact K C M C ~  U. Erondu 
Phone: 904p33-1609 
FAX 904/33M6P 
Scmdard M&& D394-81 D4793-93,3050& U11 
bdimrcin S a m p l a  >ZOO nCI/o: No 
Hazardous Waste slmplcs (40 CFR): YCS 
h d y t i c d  InstrumcotatAon: ICP-MS 
Liquid Detcccion b i t :  0.10 18 L.' 
Sdid Dccactioa Ilmik 0.10 ma kg" 
C m t  CapabililicJ: TAU, RAU. SAU. Redox 
PoknUal Gpbilitia: TAU. RAU, SAU. Rcdm 

Gainesvillc. R. 32602-1703 



Bri-Mar Ioternational Labcratories, Lnc 
suite 101-10s 
2901 Fdcy Road 
Downers Grove, IL 6OSl5 
Contact Mark Boue 
Phone: M8/932-1166 
FAX: NR 
standard Rethodx NR 
Radloutin Sampla >200 nCl/g: No 
Huydwr Waste Sunplea (40 CFR): Nr, 
AMlytkrl htrnnUat.tia0: NR 
U q d d  Detection Udt: NR 
SoUd Ddectlon Mt: NR 
C u m K  GpbUIt ier  SAU 
Potentid Gpobllith: TAU, RAU, SA(!, Redox 

PDC Laboratories, Inc 
4349 Soutbport Road 
P. 0. Box 9071 

Cootsc~ John W a y a c  
Phooc 309/6764893 

Standard Mea& D3974-81, D47%93,350& 011 
Radioactive Sampla >2W aCl/g: b.'aybc 
Harardow Waste Samples (40 CFR): Ycs 
h d y U a l  Instrnmmtalioo: ICP-AES, UV-Vi 
Uqoid Detection Urnit: cg L*' 
Solid Ikter(ioo Umit: mg kg" 
CumnK Capbilltla: NR 
Potential Capabilitla: TAU, SAU, Redox 

P c o ~ ~ ~ I L  616124371 

FAX: 309/672-2726 

IT Analytid &mas 
U7l5 Rider Trail N 
E a d  City,MO 63045 
Contact: Donald Dihd 
Wonc 314/29&8566 
FAX: 314/W8-87S7 
Standard McChd:  D479193,3050A, I311 
Radioadin Sampla >2W nCi/g Yes 
Hanvdoos Waste Sampla (40 CFR): Yes 
AnslyUcal i n s t r n ~ t a t I 0 0 :  Laser Phosphorimeter, 

Uquid Detection Urnit. 1.0 g L" 
Solid krcttlon Wit: O.G1 mg kg" 
C u m n t  C.pabiliUa: TAU, RAU, SAU, Rcdox 
Potential Capabilities: TAU, RAU, S W ,  Redox 

A & L Mid W a t  Laboratones 
W11 B S k e d  
OmahqNE 68144 
Contae Dr. Jerome J. King 
Phone: 402/334-7770 
FAX J02/334-9121 
Standard McCh&. 30504 011 
hdlowttrr s l m p k  >u)o aCi/g: NR 
Hannlous Wute Sampla (40 CFR): Ycs 
Ao.lyticd I n r ~ t a t l o o :  ICP-AES 
Uquld Drtrctlorr Udt:  100 L" 
S a d  DrMlon limit: 10 mg kg" 
C u n m t  ChpaMiitkS: TAU, M U ,  SAU 
Polcntid G p b i l i t i a :  TAU, RAU, SAU 

A c s u - ~ ~  R-4 he 
463 Tabk Mountain Drivc 
Golden. CO 80403.1650 
Contact Bud Summen 
P ~ O O C  M3/277-9514 
FAX: ?m/Z77-9512 
Standard Methods: M5Q4 I311 
Kadimctive Samp(a >200 nCl/g: Ycs 
Harardocu Waste Sampla (40 CFR): Ya 
Analytical (nstmmcnbtio~: h e r  Phospborimctcr, 
Alpha, Fluorimeter 
Uquid Dctcrtioa b i t :  0.10 a L" 
Solid M o a  Limit: 0.01 mg kg.' 
Current Capabililia: izAU ' 

E'okotial Capabilitia: TAU, RAU. Mu. Redox 



DalaChem LaboratoriCS. Lnc 
960 W. LcVoy DriK 
Salt Lake City, UT 84123 
Coaloct: Lcc Harris 
pbooe: 801/2647100 
FAX: 801/268-9992 
Standud Methods D39744l,3WA, Ull 
R a d i d v e  Spnrpla >200 n c I / s  Ycs 
Harnrdour Waste s l m p l i r  (40 CFR): Ycs 
Andytltlcnl Imtmmentatiocc hser Phospborimctcr 
Uquid DctecUoa Ut: 0.10 L" 
Solid Dckctioo timil: 0.01 mg kg" 
C u m t  Capabililicr TAU, RAU, SAU. Redox 
Potential Capabilitia: TAU, RAU, SAU, Redox 

NUREGICRm2 

Wcstem Tcchnologig Inc 
31237 EL Broadway 
P. 0. Bax 2l387 
Phoenlx,AZ 85a36 
Contack M. English 

FAX: 602/4378706 
S b b r d  Methods 3050A. U11 
Radactin Sam- >ZOO nCI/R: No 

P ~ O O C :  502/437-1080 

Hazard..ru wutc Slmpb (40 CFR): Yes 
AaaiytiuJ LoJtrruncnt.ti00: ICY-AES 
IJquld Kktectioo Unit: 18 L" 
Solld tkteutoa llmlt rng kg" 
C w : t  Gpabiiitbt TAU, RAU 
PolenFil GpabiliLb: TAU, M U ,  SAU, R u i a  

Sandia National LaboratorieJ 
P. 0. Bo1 5800 
Albuquuqut, NM 871854mS 
Coo- James L Krumhanrl 
phooc: 5a5/844..9093 
FAX: SQS/844-73-c4 
Standad Methods NR 
Radioactive S.mpb >ZOO nCiiG Yes 
Hazardous Waste S u u p l a  (40 CFR): No 
A d y t i e l  h s ~ t s t l o n :  Neutron A&ntioq m, 
Uquid Dctrctioa Ut: 10,WO L-' 
Sdid Dcta20.l Umit 1.0 mg kg" 
Crur+nt G p b i l l d e s  NR 
Potential Gpabilitb: TAU, RAU. SAU, Redox 

. -  
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U. S. Environmental Protection Agency 
kdiologid Analysis Branch 
P. 0. Bax 93478 
LasVegas, NV 89193-3478 
Contnct Robcrt Holloway 
phooc to2/198PZ 
F a  NR 
shndud W&Ods: NR 
hdloricchr SlmprCr >200 n u / &  No 
H a n d -  Wutc Sampla (40 CFR): No 
Am.t)tlcrrl Inatrumcatdoe- Alpha 
Uqdd LMedoa llmlt cg L" 
Solid D e a o a  Ut: mg kg" 
Current GpabUltia: NR 
Potat id  GpaWiUa: NR 

Wcst Coast wal Servia, Lnc 
9840 Ak& Avcnue 
!ianfaFeSpringsCA 90670 
Coatact D. J. Northington 
Wa#: 310/94&2225 
FAX. 310/94&5850 
Stamdud Methodr: 3osQ4 0 1 1  

H d o t u  W u t c  Slmpla (40 CFR): Ycs 

Liquid Detrccloo U t  0.01 cg L.' 
Solid Detecdtm Limit: 0.003 mg kg" 
C u m t  Capabilities: TAU, RAU, SAU, Redox 
Potendal G p b U i U s  TAU, RAU, SAU, Redox 

R8dlowllrc S M l p l a  >200 ou/g Ycs 

Ad- LnrtrrUn~~t.Uon: ICP-MS 

Montgomery Labs 
55s wainut 
Pasadena, CA 91101 
Cootact Andy Eaton 
phone: 818/568-6425 
F a  818/5686324 
Standard Meth& D3974-81.305Q4 U11 
Raditmctlvr S.mpla >200 nCi/g No 
Hazprdoru Wute S l m p h  (40 CFR): Ycs 

Uqdd Detcdom Urnit: 20 jg L-' 
Solid Dctcctlon Iimit: u)o mg kg-' 
Cumat Capabilitta. NR 
Potential CapabiliUa: NR 

Ad- I r u ~ e O t . d O n :  ICP-MS 

000054 

Tcledyne Wah Chang Albany, 
Analytical Labs s v c r  
P. 0. Box 460 
1600 Old Salem Road 
Albany,OR 97321 
Contact Gary L B d  
Phone 503/%74939 
FAX: 503/%74986 
S h o d a d  Methods: D3974-8l., D4t93.43,30= Ull, 
CR-1428 
Radosctln Sunpla >zoo OCi/& Ycs 
Hamrdous Wute Slmpla (40 CFR): Y u  
Andflal Instmmmtatioo: Lascr Phosphorimetcr, 

Uquid Dc(eruoa Ud(: 0.01 g L ' 
Solid Dctrction Limit: 0.01 mg kg" 
Cumat Capabilitia: TAU. RAU, SAU. Redox 
Potential Capbilitiu: TAU, M U ,  SAU, Redox 

bucks  Testing Labortoricf Inc 
340 S. Harney Street 
Seattle, WA 58108 
Cootact Mike Nelson 

ICP-AES, ICP-MS 

WOE u)6/767-5060 
FAX: XXfl67-5063 
Steodard M&& 30% U11 
Radhctlve Sunpla >roO na/g No 
Hazardous Wprtc Samples (40 CFR): Ycs 
AnalyUcal Instrumentatloo: ICP-MS, UV-Vu 
Liqold Detection Umit: 18 L" 
Solld Detection h i t :  mg kg 
Cumnt Capnbiiitia: TAU, RAU. SAU, Redox 
PotentLal CPpabllltia: TAL!, M U ,  SAU, Redox 

Columbia Analytical Services 
017 Soutb Uth Avenue 
P. 0. Box 479 
Kelso, WA 98626 
Contact Jeff Christian 

FAX: 206/651068 
Standard Methods: 0397481, D4793-93,305Q4 I311 
Radioactive Sampla >ZOO nCi/g: No 
HRtardow Waste Sampla (40 CFR): Yes 
Analflcal Insbumlotation: ICP-MS 
Liquid Detection Litnit: 0.005 g L" 
Solid Dekdioo Umit 0.003 mg kg" 
Cumnt Gapabilitia: TAU, RAU. SAU 
P o h W  Capabilities: TAU, RAU, SAU, Redox 

Phonl: 21)6/565-84% 
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Pacific N L I - M  Laboratory 
P. 0. Box 999 
%thland,WA 99352 
Contact: Eric J. Wysc 
Pb- 509/5/63074 
FAX 509/376-141S 
StaOWMLthobr: NR 
hdldn sua* >zoo IICI/~ Yes 
Huardour Waste S u n p l a  (40 CFR): Y e  
A M I y t i d  Iutnmcntauorr: 1 8 - M S  
Uqdd Dctsctloa Wt: 0.01 rg L" 
Solid &tad00 Limit: 0.03 mg kg" 
C w t  Capabllltla: TAU, M U .  M U ,  Redox 
Potential Gpabil iUes:  TAU, M U .  SAU, Redox 

NUREG/CR4Z2 
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n halyrical services 

xchland, WA 99352 
2300 George Vlashrngton Way 

Contact: V M  Pettcy 

FAX: NR 
Standard Mtth&. D39768&3050A 
Rndioadvc S a m p l a  >200 nCJ/g Yes 
HP+ardous *.Vastc Samph (40 CFR): No 
AnOrNcrl LoJtrumcntaUo~~ h e r  Phospborimctcr, 
!CP-MS, Alpha 
Uquid Dctcctlon U n i t :  1.0 g L ' 
Solid D c t d o o  Urnit: NR 
Cumnt Capabilities: NR 
Potential Capabilities: TAU, M U ,  SAU, Redox 

Phont: 509/315-3131 

.. 
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Appendix A: Analytical Chemistry of Uranium 

A1 Assay for Total Uranium 

The methods for determining total uranium in soil can 
be grouped by whether the sampk ii destroyed during 
the analysis or remains csscnlially intau. Wet- 
chemical tcrhniquq by definition, involve a conversion 
of uranium from the solid phases to a solute in the 

d-ck .  On the other hand, scvcral n o n k w u k  
metboris of analysis can also be used, which involve 
uriting the s m p l c  with high-energy radiation and 
measuring the energy flux given off by the sample as 
a ruul t  of fluorcxrcnce or radioaclive decay. 
De tedon  limits art generally l o w  for the wet- 
chemical tcchniqug b q  rctrnt a h =  in X-ray 
sourax (i.c, synchrotrons) haw allmul hJghcr 
inddcnt fluxcs to  be f d  on tk ramplcs and 
hena  lorwcr detection limits. The dection of which 
methods to usc for determination d total uranium, 
thcreforc, is largely based on p a d  considerations 
rather tban on dear technical diflrrrncu 

liquid phasc'and, thus, arc co&datd sample- 

A.l.l Wet-Cbemical Techniques 

The maaucrnent  of total uranium in soils and 
sediments, using wct-chemid me- is a relatively 
straightforward p r o a d u r c  Although wc were unable 
to locate any digdon p r o a d u m  tiut had been 
daigned speaCcaliy for the dctcrmination of uranium, 
there are numerous studies a d b k  that address the 
d i g d o n  of soil, rock or sediment samples for the 
purpcrse of c'.etermiaing total metal compositions 
(Johnson and MaxwcU, 1989; Lim and Jackson, 1982). 

lo general, the proadaim call for digsung the 
sample by exposure to mixtures of bydrofluoric add 

and cjthcr perchloric (HCIO,) or nitric (HNO,) 
acid and heating the samplcs (e& to 60°C ovcmigbt) 
to promote decomposition. Some Mthods then 
evaporate the solution to near d r p q  thus 
concentrating'thc inorganic copstitua~~~ and volatilizing 
silica and fluoride. This cycle of acidification and 
evaporation may be rcpated as many as three Limes. 
The HF is included to break d m  silicate miner& 
and the mineral adds maintain the metals in a soluble 
form. Depending on the MWC of the starting 
material, transition met& including uranium, may be 
ruolubilized simply by leaching the residue from the 
HF treatments to a mildly acidic hydrochloric acid 
(HCI) solution. If there YC concerns that a fraction 
of the metal remaim bound in the rrfractoy soli& 
then the residue is usually mixed with a flux (c.g., Na- 
metaborate) and the sample is fused The sample 
bead produced by this fusion is then a d d ,  and the 
r u d t i n g  powder dissohd in a mildly acidic solution. 
Otber methods (e& Lim and Jadcroq 1982) require 

only a unglc dissolution step in HF and retain the N 
startiag volume of the sample. In thcse mcth& thc 
u ~ t s s  HF remaining after sample duxmposition u 
then ncutralizul by addition of boric a a d  (H,BO,) 
before analysis of the uranium. 

Numerous variations on thesc sample da.ompodhn 
procedures exiu Analysts haw employed high- 
prcuure r a d o n  vcycls (Le, bombs) in which to 
condud the sample digdon in ordcr to spced op chc 
procnr  Digdons completed in bombs are 
frqucntly completed in 24 h o w  or leu, whcrerr 
otha digestion technjquts generally require l o w  
Lime periods with two to k day being a typicll 
range. In almost all tasy laboratories are set up to 
allow for the simdtancous preparation of multiple 
samplu Recently, miaowavc digtstion systems nshg 
bombs amslructed from tctranuorocthyhe and olhu 
r e s h u t  polymers have come into gcncral usage and 
offer quick reliable digutions using a minimum d 
sample and reagent 

O w t  the sample has k e n  decomposed into soluMc 
C0rrsti;uentq transition-metal conantntiong including 
thosc for uranium, arc kcermined on be resulting 
aqueoru dut ioq  using any of a wide nnge of 
posvMe tcbniques. Thc major ttxbniqrws 
s p d h i l y  used for unnium determinations hdudc 
p d d - h s u  phosphorimctry, indudivdvupled-  
p h  mass apcctromety (IO-MS), b p p ~  
voltammeby, and spectrophotometry. When Using 
thcsc w e t s h e m i d  procrdurq the analyst must bc 
hruy awrc of all potential intcrfutncy quenchus 
and similar problems that af ied this sort cf anal+ 
The p d u r e s  do, generally, provide u a l l e n t  
inforrmtion regarding the total uraiium content of a 
samplc Howcvrr. because of the smrity of the 
d+um trutnent, information conoxuhg speciation, 
&cktioo state, or mincdogy is last in the anal+ 

Pdsd- l rx r  Pbasphohwtvy 

'Ibis is the baseline technique for uranium 
determinations in solutions. It has cxallcnt detection 
limits (a. 50 ng L" in dcan solutioru), but suffers 
from various types of intcrferenas (c& organic 
substancq Fe(lI), Fc(III), NCj", Mn(II), HCI], which 
are largely overcome by a combinition of oxidation to 
remove o r p i q  dilution, and crvplucation of the 
uranium with phosphatebased ligands. 

 he method (ASTM, 1992; ~ o b b i  et al., 191~) rrtia 
on IJX luminescent propertiu of the uranyl (UOZa') 
ion arhcn irradiated in the W region (337 nm). 
lifetime of Ihc luminescrna is extended by 
wmpir+n of the unnyi ion with phasphoric acid 
or prqr&.ary polyphosphate compoundr ~ C S C  
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ICP-MS mcthod discuucd except that light emitted by 
&td ions in the plasma is sent int9 a W-Vis 
spcEtrometcr for identification of tbc clcmcnts present 
and quantd5cation of their conantrations. Dctcdion 
limits for uranium arc on thc order of 10 r q  mL", 
i.c, roughly 3 orders of magnitude W c r  Lhaa thosc 
for the ICP-MS tcchniquc. 

Dcpding  60 spectromcter resolution and 
musurcment sequence (i.c., sequential clcmcntal 
anal+ K simultaneous analysis of xveral elcmcnts), 
thc insmuncot may be purchased for about W W K  
Thc multiclcmcotal capabilitics and modcratcly low 
d d c c h n  limits coupled with automated sampling and 
data reduction have madc ICP-AES thc dominant 
instrumcot for trace metal analysis in most 
l a b o a t o n u  Because of tbc isotopic analysis 
capability and lower dctedioo Limits of its sistcr 
technique ICP-MS, however, we cxpcu XP-AES to 
yield some of its dominance to ICP-MS, e s p c d y  for 
clcmurts such as U wherc isotopic ratios are 
important 

S t r i p p i q  Voltammetry 

Adsorptive stripping volrammcuy is an cmerging 
tuhnrquc &at may prove quite useful for uranium 
dctcrmioatioos io soil -acts 0°C'- ct al, 1992ab; 
Wang and Sctiadji, 1992) and s h w  great promise for 
autoomred analysis of a q u c o u  samples in the field 
The s t r c e  of the m c h d  arc that it can dctcrmine 
adation statcs directly on a single spccimen and thc 
dctcdion Limits are on thc order of 1 ng mL". 

The technique involves idsorption of a U(VI)- 
cupferron or U(Vl)-oxioc a m p l u  ar thc surface of a 
mercury elcarode. The potcntial of thc clcctrode is 
tbcn varied to r e d u a  the U. Thc amount of currcnt 
mcaswd  during the reduction proccs is dircdy 
propordo4 to thc amount of U prcscnt. Dctcclion 
h i t s  of 1 lg L" or lower wrc reported with rclatin 
erron of 3-S% being reported for groundwatcr 
samples. With soil udrads  (8 M_ HNO,), however, 
lower preacion is obtained (5(MO% rc l i t in  error, K 
B. OLscq 1993, personal communiwtion). 
Devclopmcnt work is continuing on this tcchniquc, 
and thcsc results may improve. 

Thc cost of the instrument is relatively low (s20.3oK), 
it may be automated, and sample analysis times on 
the order of a minutc or two are normal. Current 
implcncntations of the mcthod, howcvcr. havc yicidcd 
lower prcdsioo than hopcd for soil cma- (K B. 

problcnu with soil extraus haw been resolved, thc 
technique can be considcrcd quite robust and practical 

OLKS 1993. personal communication). O n e  the 
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for U, espedally whcrc oxidatioo state infc .aation is 
n e e d e d  

S p e c h - o P h W  

Numcrou spectrophotometric m&& & for thc 
dctcrmination of uranium io aqucous solution 
(Silfmrbraod-hdh et al, 1984, Kojima and 
Shigetomi, I=, Pavon e( al, 1989. 1%). These 
mcthods gemrally rely on the a m p l e x d o n  of 
uranium by a cbromophoric ligand IC-& 142- 
~dybrO)-2-0aphtboI  (PAN), 2 + b ~ o m e 2 p y ~ i d y b >  
Sdicihylaminophenol (SBr-PADAP), or &2'-(L& 

bis(ato))dbcntcoearsonic add (am m)] and 
thcn measuring thc a k h a  ai thc optimum 
aa\rleogth for the uraniumihromophorc complex. 
Othcr ions a n  form chromophoric compluru [e-& 
F c O  and Zro] m d  thcsc are masked by 
compluatioo with o d c  acid or MJTA [(trans-U- 
cydohcxylcncdinitrilo)tctraadc d). Solubility of 
the chromophoric rcagents is oftrn limited in aqucom 
solutions and so anactions into ~oopolar phascs (or 
onto ion cxchogc r&) are often UItd to 
prccooantratc thc analytc and eliminate ioterfcrcna% 
Thcse methods are a h  easily adapted to automated 
lloa*iojectioo anal+ ~ b s o l u t ~  detedioo 
thucfore, depend 00 prcwoccntrrtion f a d o n  and 00 
the molar absorptivity of the c h r o m o p h o r e - d u m  
complex Values for the M o o  limit of as low as 
05 g L" have been reported, d b  relative enon of 
2% or leu. 

dihydr~3,6disdfe2,7-0aphd~h~- 

Thc axu of materials and inseumcntation arc 
relatively low for this tuhniquc d m  cornpard with 
the  other^ and, as a consequena, it can be pcrfomd 
in almast any mt chemistry laboratory. The 
tcchniquc is robust, but the iostrumcntal dctedion 
limits ar: compuablc to those of h e  ICP-AES. As 
with all the wetchemical tcchniquq flowinjection 
analysis alloars oxidationitate d e t u m b d o o s  to be 
made on splits of the samples using separate read00 
loops, and prcconaotration tecbpiqws can cnhance 
the detection limits. The method is practical and 
inupepSin, but not used as widely as the mort 
instrumcntatioo-intensive tcchniquq perhaps bccaust 
it seems tedious. 

The leading featurts of the wctibcmical techniques 
for total uranium arc silmmaritcd in Table A.l. 

A13 Nondestructive Techniques 

X-ny Spcctrornctry 

halyrical X-rays can be udtcd-p @e sample by 
irradiation with photons having cnugics grater than 
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ICP-Ms 0.01 - 10 

ICP-AES 10.0 

S m  1.0 
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Spetmphotomcby 05-10 

S y T d r O m l x R F  1-50 
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- 10 
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Appcndix A: Analytical Chcmkuy 

the absorption edgc of the inner-sbell clcdronic 
&tion of intenst (cg., U-L,) or by irradiation 
with charged partides of higb energy (e.g.. protons. 
C ~ ~ 0 4  and alpha @des). In borh instan- the 
probabilities assniatcd with X-ray produdon in the 
sample, and with attenuation of the incident 
photons/partidu and of the emitted X-rays, are well 
understood +&nonctte and Sanders, 1994). In 
g e n e 4  the ficiency of X-ray production falls off 
with incnaSing atomic o u m k r  and much more rapidly 
for partide &tation t h ~  for photon udtation 
T h q  X-ray fluorescence 0 is more suited to 
UMium detaminariopc than proton-induad X-my 
emission (PEE) based purely on physical prinaples. 
Becauv attenuation of X-rays by the sample is 
important, the detection limits for uranium by X-ray 
spectfometry aril1 vary by u much as an order of 
~ a g n h d c  dcpendmg on the m a r k  For uample, 
they will be +&an@ higher for uranium in an iron 
oxide mauix than in an duminosilicatc m a d  W~th 
c D n d o m l  equipment and routine counting (img 
detcdion Limits on the order of 1 g g" ranging up to 
about 50 g g" arc ob6nc.d with XRF. Synchrotron 
X-ray souras, however, offer incident fluxes Lhat are 
stvlcd ordus of magnitude greater than can be 
achicved by atnvent i cd  X-ray I U ~  With thesc 
souras, detection limil~ into the subng g" realm are 
pasublc. The X-ray microprobe, currently under 
development at wmal ktitutions, offers the 
p s i i i l i t y  of obtahiq ainccntntion maps of elements 
in undisturbed samples at submicron resolution and ng 

Because of its ability to d y ~ e  solid spccimens and 
relatively few spectral interfereoaf X-ray 
spectrometry has h y s  bctll an important technique 
for the elementll h c t e r i t a t i o n  of soils and 
s e d l n c n ~ ~  (Amoncttc and Sandus, 1994). The 
technique finds application in a variety of instruments 
in whicb Specimens may be probed by characteristic 
X-rays, clec~ropr, protom, and, m a t  rcundy, 
synchrotron-gcncratcd X-radiation. The cost and 
availability of chuc inurumenu vary considerably, as 
do their andytid capabilities. Most analytical 
l ab ra to r i a  will have a t m s  to an X-ray fluorcxtnce 
(XRF) spcdrometcr and, paYibly, to an electron 
micmprobc CEM). A few will ha= a c a s  to a proton 
accelerator for proton-induad X-ray emission (PIXE) 
sptdnlscogy, whcrczu the number of synchrotron 
facilitiss available to commercial analytid laboratories 
can probably be counted on one hand. Cats for a 
total uranjum dctcrmiouion by XRF on a bulk 
sample are on the order of SSO to SUO per sample 
depending on the laboratory, the sample ma- and 
the deteaion limit desired (1 g" is typical). 
Electron microprobe costz are similar per 
detcrmina~ion, but r q u i n  many analyses to achim 

8'' ScnSiLivity. 

statistical certainty regarding the bulk sample. 
Analyses by P E E  are comparable in cost to XRF, at 
a s a d k  of approximately 1 order of magnimde in 
the dctcdion limit The best dctcdion limits (Ed 1 
ng g") for total uranium are achicvcd with 
synchrotron radiation for bulk samples. The ongoing 
dewlopmcnt of the X-ray microprobe promis  to 
allow stnrcr~ral and addationuatc dctennkdons of 
w;tnium-&aring partida present at cg ICKIS, in 
addition to total uranium concentration maps at ng g" 
IcvtL. Neverthclcss, synchrwons arc primarily 
rcsearch tools and are not g c n c d y  used for routine 
analytical mtxsurcmcnts of soik. This situation may 
chaagc in the future, if dedicated analylical 
synchrotrons are built. In the mantime, the usc of 
synchrotron radiation for rrgulatory purposes can be 
considered impra&cal, if only because of the limited 
number of fadlitiq and the pbnning, travtl, and 
inconvenience involved in ooUe&ng the data Thus, 
XRF and, in some instances, PEE, remain the only 
practical X-ray spectrometric tcchniquu for analysis of 
wanium in soils. 

Gamna-Ray Spectromctq 

Neutron Adrotion 

Neutron activation analysis is isot0pc-specifc, relying 
on the readon between a neutron of energy above a 
certain threshold value and a s p c d t c  atomic nudcus 
to potentially yield a nudeus having a lugher energsic 
state ( S t c h u ,  1971; Hclmlte, 1982). For =U. the 
readon with cpithcrmal neutrons (LC., neutrons 
having energies > 0 5  ev) results in the produdion of 
-U. ?his h o p e  of uranium is radioactive and 
decays to =Np with the dcase of a beta partide and 
a gamma ray having an energy of 74.7 kcV. The "U 
nuclide has a hali-life of about 24 minutcs. The "Np 
nudide then decays by a emission (E = 
106. PS, and 278 k e v ) ~ G t h  thc half-de of 
the OONp nudide being about 2 4  days. Thus, 
measurements can be taken soon ahcr irradiation at 
74.7 kcV or after several days at 1% 228, or  278 
kcV. depending on which nudcar * d o n  is 
selected. The requirements for neutron activation 
analysis arc a source of neutrons ( t y p i d y  a small 
rcsearch nudcat reactor or a Van de G r d  partide 
accelerator), a sample that is reasonably transparent 
to the neutro- and a dctedion system for counting 
gamma rays emitted by the sample after it is 
irradiated. Detection limits depend on the le@ of 
irradiation, the energy of the neutrons d a t i v e  to a 
rcsonance energy where neutron capture is favorable, 
the efficiency of the gamma detector, the sample six, 
and the length of time after irradiarion and before 
cno~nting. Sample sizu taaging fiom3O-WI mg an 
typical, although -plu much smaller a'n be 

I.- 
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a w m o d a t d  Micra (1980 rcpor td  a uranium 
dc:c&on limit of Hx) ng g' for soils irradiated with 
cpithcrmal ~ltutzom. Other workers bavt reported 
d u e s  from about 5 to 4O ng g" for uranium, 
depending on the neutTons used (Z ichk i  and 
McKowt, 1984, Landskger  and Wu, 1993). 
Unartainty of the analysis depends largely on 
co~ting-staristia (;.e- error decreases as the square 
root of the number of counts) with the contriiation 
from d e r  fadon be& 1w f.ban 1% rclativc 

1 

(Helmlre, 19az). 

ZkW and McKom (1984) reported on a method 
that gave much lomr  detection limits for liquid 
samples. Briefly, the method involvlcd a 
prcconantration step in which the uranium was 
c o m p l d  by an exchange resin dissolved in kcrascnc. 
Tht organic phasc was then anal& as a liquid and 
yielded results in the 1-20 ng L" range that agreed 
well with phmphorimetric measurements of the same 
samples. 

Neutron advation ad)& for 
neutrons affords Urrllcnt d c t d o n  limits, ampamble 
to those obtaioed with spchrotroo radiation On a 
practical basis, h w v c r ,  it sharu one limitation with 
synchrotron radiatioo, in that the number of neutron 
sourcts is small and those that arc available arc 
bcavily subscribed. The analytical cmts can bc quite 
low (one lab outside the US. apparently can analyre 
samples for SlO each, although a typical cost 
domestically is in the BS100 rangc Adding to irs 
practicality is the minimal sample preparation 
requirement and rapid turnaround (a. 1 a x k  under 
oplimal onditions). Thus, the only factor IimiLing its 
use is the limited number of facilities. If an 
arrangement cao be made with one of thuc facilities, 
this method is cminu~tly pradcal. 

usiog epithumal 

Panicklndud Gamm i h i d o n  

The impact of highenern (> 02 MeV) charged 
partidu on a sample will result in a few partide- 
nudeus collLions with the nucleus being left in ao 
excited state As with neutron irradiatioo, some 
characteristic gamma rajs will be released as lhcsc 
nudci decay, and their measurement allows 
quantification of nuclides in the sample. Mast of 
thuc udtd nudci have +cy short half-lives (i.e- 
fractions of a second), and the gamma rays emitted ' 
arc termed 'prompt gammas' because they must k 
measured while the +mplc is being irradiated. Tbe 
aoss sectioas for panicle-induced gamma cmksioo 
(PIGE) decrease with increasing atomic number and 
decreasing m a s  of the incident particle. The best 
uo5s scdions for uranium, therefore, are obtained 
with heavy ion bombardment of b e  sample. 

NUREG/CR4232 

Partiderinduud gamma emision spcctromctq bas 
minimal sample preparation requirements and can, 
prolidc data wry rapidly. For uranium 
d e t c d o q  it requires a small p d d e  aacelcrator 
capable of generating : heavyion bcam. These 
instruments are not as still= as synchrotrons but 
neither arc they as tommon as XRF spccb~mctcn. 
Because of the low QOSS d o n  for uranium, the 
detection Limitc are comparable lo bme for XRF and, 
c ~ n s e q u c ~ y ,  the PIGE t d n i q u e  has sccn little rue. 
Ln view of the relatively limited souras and LckIurter 
detection limh, this method is not very pradeal. 

The salient fcaturu of the analytical techiquu for 
nondestruck determination of uranhm in solids arc 
summarized in Table A.1. 

A2 Assay for Uranium Oxidation 
State 

In pneraI, the oxidation state of uranium has a  dire.^ 
on its solubility md, ha, its envirollmcntll 

avaibbhty. Uranium in the +4 stile is u s d y  k 
soluble than that in the other common oxidation state 
(+a), and, as a c o ~ u c n c c .  much Ius of an 
environmental risk. HOWVU, is axidized to 
U(W) rather easily (E" - + O m ,  Bruno et d, l%S) 
and the kinetics of this reaction wiU be c r u d  to any 
asscsyllent of environmental availability. T h q  a 
determination of the oxidation state of d u m  in 
both the aqueous and thc solid phasu  is needed. 
dong witb some way of estimating the kinetics of 
U o  oxidation in a p a r t i a h  soil, in order to 
properly awss the potential risk associated witb the 
uranium oxtamhat ion This t y p ~  of measurement 
can be done either by w e t s h e m i d  tcchniqurt or by 
direct specboxopic tcchniquu [c& X-ray absorption 
ncaruige strub~re (XANES). k r  photoacodc,  
laser Raman, optical lumintsctllu]. 

412.1 Direct Spectroscopic Techniques for 
Oxidation State 

Direct specf rwpic  measurement of the d u m  
oxidation state in solids or liquids is possible using 
XANES speararcopy. This technique measures small 
(0.1eV rulut ion)  shifts in the position and shape O€ 
the X-ray absorption spcct~m of an element as one 
scans in energy across the absorption edge. In a 
crude sccny the more rcduad  an atom is (LC, the 
greater the number of valencc4cll cledrons), the IUS 
energy it needs to eject an inner-shell electron and a 
slight shift (ca. 2-3 eV per unit di f fe rme in oxidation 
number) to lowr eacrm is scen in tbc positioo of the 
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but the theory is well enough developed to allow 
prediction of the shape and location of the absorption 

Although several groups in the U. S. Department of 
Energy (DOE) complex and univcnity community 
have been pursuiog XANES s p e u r w p y  of U in 
SO& wc arc iware of ody one manuscript wnaming 

d, 1994). Tbc data presented dearly show a 452V 
shift in the pasition of the L, absorption cdgc for 
uranium in going from U o  to U O .  M o r m r ,  
the shift is Iinurly proportional to the Eradion of 
U(vI) prcscnt in sevcal samples ha* mimuu of 
the two oxidation states, making posvblc a 
quanti& analysis of the average oxidation state of 

it is nondcs&uciive to the sa~nplc and that data CUI 
be C O U ~  from field-moist specimens if desired X- 
ray absorption ncarcdgc smcturc spearcrscopy 
rqui res  an inlcnu tunable X-ray soura that is 
available, for practical purpasu, only at a spchrotroa 
Conrequcntly, XANES is not praciical for routine 
analytical pwposes (at fast until a dedicated 
anal*cal syochrotron facility a be built). 

0th~ dircd rpectrosaopic techniques (ic, kru 
p h o t o a c o d s  lawr Raman, and optical luminuccne 
SpcProscDpia) interrogate the sample by 
monochromatic k r  Ii& and mcasurt the optical 
absorption (laser Raman), optical emission 
(Iumincsaaa), or thermal emission (laser 
photoacoustic) properties of the sample. The 
densi t ies  of thermal and optical emissions for a 
spec& atomic transition arc generally inwrwly 
related Thus, laser photoacoustic signal is moog 

In 
general, then, bser photoacoustic spcctrosco~ is more 
sensitive to U(n? s p u 5 u  and optical l h n a  to 
U(vI) spaits. Lasu Raman spectrcrscopy meaSurw 
&e v i i r a t i o d  spedta of fundooal groups and shows 
roughly equal sensitivity to the two oxidation states of 
U. Because of their md htghly collimated light 
s o u r c ~ ,  these three h e r - b u c d  techniques gcncrally 
sunple small podons of a soil and many 
measwemcnts arc necded to gain a statistically cutain 
estimate of the average U aidation state in the bulk 
soil. They yicld soiid-speciation information that CUI 
be Critical to the design of remediation tcchnologiu, 
but at much hiqhcr expc~sc tban wet-chcmid 
p r d u r c s .  

edge. 

the XANES spectrum of u solids in soils (Bertxh et 

u in the sample. The beauty of the tednique is that 

where the optical 1-cc srgaal is wuk 

A23 Wet-Cbernical Techniques for 
Oxidation States 

Tbe i i t c r tun  provides a oumbcr of u a m p l u  in 
which wetdemical procedures are used to estimate 

the distributioo of wapium oxidation stat= among 
readivc phases in soils cr scd imen~  In general. 
thuc proadures call fcr the leaching of uanium from 
a sample usiag a mild. nonoxidizing a a d - u s d y  H a  
Under chclc acidic conditions, both U(Tv) and 
arc r c l a k l y  stable and do 001 undergo ugnhant 
in.ercon&n OKT h time d c s  of moa U-ry 
measurement (Le, < days). It should be DoLcd thai 
the leaching of a sample is done using much milder 
cooditiopr than chase used to c o m p l e  a t d  vmplc 
dissolutioa As a result, the praulurcs  ured in these 
d e t e n n h i o n s  of uranium oxidation state do DO[ 

UtaJlium 
lodrcd in rcbactory phasts (e& silicate and some 
phosphate minulls) will not bc induded in the 
estimates of the addation*te distnbutioos of this 
metal in the sample. Of critical concern in this 
leaching step is he rclcasc of F c O  that mold r u d  
with U(N) to yield U O  and thus, potentially, g k  P 

soil 

caract oll of the uranium from the umple.  

falsc UtimlLc of thc initial uo:u(W) ratio in tbc 

Ona in solution, a number of difiercnt approaches 
Carl be used to cstimatc thc rclativr: obuadaaa oft& 
diffuent &tion states of unaium. One Iong- 
&&shed method is to use uchaagc r u b s  (0. T. 
Fanner, 1993, p c ~ o a l  communiartion). 'Ihac 
p r d u r a  usually inwtvc a number of steps: h, a 
aliquot of the sample is mixed with a mild adking 
agent to w n m  dl uranium to the U(W) f q  and 
atotalandysisisamduuedonthis. T h c o . v e  
samples are a d j d  to a 2 UHCI conantntbq and 
p d  a u t x  an cxcbogc bed. Under these 
conditions, be U O  is trapped by the columq 

A mild oxidizing agent is added to the elut~iaic to 
u ) n W  the U o  to U O  and Lbc quantity of 
uranium m u s u r d  Finally, the column hdding thc 
U p q  is cluted with disljlled m t u ,  allowing che 
U o t o k r r l u s t d  ' I b c e l u t r i a t e i s t h e n ~  
for uranium. The sum of the uranium in rbctwo 
fradons should be qual to the total solubSiPd 
uranium m c a s d  in the Gnt step. Once the tw 
oxidation statu of uranium have bcen separ;ltcd any 

A, Scdion A L l  (c& pulscdJascr phosphorimciry) 

prcstrrt in each solution. 

hotber  approach to the pfobkm. one tbe U is in 
solution, is to scclcdivcly precipitate the U(rv) by 
addition of cupfuron (Vogel et al, 1989, p. 271472) 
or by copreziphion with NdF, (Anderson, 1984). 
After r e m d  of b e  pruipitatc by fltraticq tbe 
supernate is ruiuad with T i 0  and the crrplemm or 
NdF, copruipitarioa reputed to obtain the h d o n  

* - *  

wherras the u o  spccies pass through the d i r m n  

of the wctihemical techniques described io Appendix 

can bc used to qrullfdj the amounts of uranium 

originally present as U O .  
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As an alternative to the exchange and predpitadon 
methods oxidation s t a t u  of uranium in solution can 
be mcasured directly using polarographic methods. 
With hue meth& all forms of solubilized uranium 
M plated onto an appropriate electrode (e.& 
mercury or gold), and the current generated as a 
function of voltage applied can be used to estimate 
thc quantity of uranium prcsent in each of the 
difiucnt adation s t a t u  

For soils, mast ancmpts at quantifying oxidation states 
han been devoted to thosc of iron (Amoncttc et al, 
1%). None of rbuc attempts were spuifically 
dmgned for quantification of uranium oxidation states 

' in s o k  The same general sample-bandling and 
sampledecomposition principles hold for W 
elunents, hoormr. The main diaiculty is in 
Stlbilbing the original ratio of asidtcd to r e d u d  
s p u i u  during the decomposition/utraction p r o a s  
unlil t k y  tap be quanliGd Although oxygen from 

a n  alter this ratio, other components 0: the soil may 
a d  as oxidants or  reducmtts during Lhc decomposition 
p'pccss. 
m m d  are known to redua Fe(IU) during 
deuxnposition, whereas manganese odd= a d  as 
addantr Uranium, with its much lower standard 
d u & o n  potential may not be as susaptiblc to 
rcduaion as Fe(lU) by organic matter and sulGdes 
buk by the same token, it is more likely to be 
Ondited by K . n O  and perhaps even Fe(II1). Often 
thcsc effects tap be muted if a stable complex of the 
ion in qucstion can be lonned during Lhe 
deampmition procus. The classic example is that of 
l.lGpbcnanthroline, which stabilizes the Fe(II) spcou 
towards oxidation by rajsing its reduction potential 0.4 
V. A similar ligand might be found for U o  
(pasybly cupfcrron). 

Ignoring tbue difGcultiu for the time being, wc haw 
modified-other existing methods for uranium 
oddation-state determination to come up with a pair 
of rcthemical m e t h a  hascd on ionuchangc and 
on wpredpitadon, that may prove suitable for analysis 
of ufapjum oddalion s t a tu  in soils (see Appendix B). 
Thac methods have not been tested in their cment  
form in the laboratory and, almost certainly, will not 
work for all SOL If nothing clsc they will give an 
estimate of the ond redox status of the soil relative 
to the U(kCr,/U(rv) reduction potential (it may also 
be possible to develop a compluant-bavd method in 
which the uranium oxidation states arc stabilized until 
anal+). As ducribcd, Lht methods can be 
performed rather u s i l y  by rlmost any commercial 
laboratory for about S30040 a sample, depending on 
the degree of automation and the mcthcd. 

thc air is an obvious souIcc of oxidizing power h a t  

For uzmple. organic matter and sullide 

Some of the features of analytical methods for 
o x i u o n  state determinations of uranium arc listed in 
Table A 2  

A3 Speciation of Solid-Phase 
Uranium 

like d e r  tracc metals the solid-phaw &um in 
soils can ouvf as an urhangublc  cation on ~ninz& 
as an organically bound constituent, as a pure or 
mbred-valence oxide, and as a strud~ral C O ~ ~ T X X U  of 
vuiolu silicates, phosphates, or vanadates &caw 
soils and sediments arc heterogeneous anisotropic 
systcu, even at a miawcopic d e ,  the dominant 
form of a trace metal may change from ooc rcgion to 
the n e a  Anempll to spuiate thc solid forms d 
uranium in a large body of soil, therefore, Lce a 
nearly impossible task. Becawc thesc attcmpts are 
often predicated on how the uranium will MU, 

becn use4 ra thu  than absolute definitions baud 00 
identification and quantification of s p a i l k  mincrJ 
phsa Since we ut interested in the ' e n v i r o n m d  
avaLib&v of uranium in soils, ic, in its r u & v i y  
iowuds the sod ~Iution, this type of o p l i o d  
&&fieation is reasonable. 

opcrrcional dc6nitions of uranium rpc&ioa hm 

The literature is replete with exbaaion and lea- 
p r o a d u r u  ranging from sjngleitcp utradoq 
tbrougb multistep, single-fluid prouzdur- to mu& 
cxh&mt, sequential p r o a d u r u  Tcuicr ct al(1979) 
for ugmple, used a sequential utr;rction procedure 1.7 

clasify thc traa metals in soils into five hctims 
uchanguble, bound to carbonatcq bound to 
manganese and iron oxide4 bound to organic rmttu, 
and residual A rimibr emadon proadurc w 

uranium in Lhc m i n e d  phases of rock am h n  the 
Koongarra uranium ore body. Othu systuniuic 
studies regarding rbc a d a b i l i t y  of rbc diacrwt fornu 
of uranium to solution or  to biota haw b a n  lim;trA 
Beaust these categories are arbitrarily de6ned. 
absolute standards do not udy and it is d&dt to  
asses the accuracy of the technique. Howxr .  L& 
precision obtained for txacc metals in sedimcn~ 
s m p l e s  by Tcssier et al. (1979) wiu in the 
nughborhood of 10-30% rc la t iveJur ly  not as prrCire 
as for total uranium, but still managtable. 

followtd by Y v u s c  et al (1991) to spccktc the 

Each of these proccduru yields an Lctimatc of w 
of d u m  a w d a t e d  with some spcdlic, 0pc-y 
dehd soil component- Thuc components may bc 
OarroIYty define4 as is the casc for most of the steps 
outliDed in sequential procedures, they may be h d y  
b a d ,  ps is found for most a a d  wadons or Lbey 
may lac4 an:. d d e f i o c d  relationship to spcdfu 4 
pb:iet 'Ilk last case is rcprucnted by mort tntcr 
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Appendix A: Analytical Chemistry 

gain confidence h a t  the output from a S+IC 
musuremeat, or writs of musurements, can bc 
m c a m & l t y  interpreted 

All the extraction proccdurcs are essentially wet- 
chemical me&& Processing time and per sample 
costs orill depend on a number of factors such as 
wmples per bat4 or  the number of samples &at a 
labaratory is able to cxPad simultmcow. In 
general, soil #on prior to IJIC extraction 

require from 48 to 168 hours total timc. Each 
cxtradion step, then would normally q u i r e  
approzimately 2 hours to complete (typically 18 hours 
on the agithlion d c v i q  plus six h o w  cf sunplc 
haudling, soldon p r c p a d o n ,  awhgazion and/or 
Glbation, etc). T d  solution analytical time will 
vary, but pH and dissohzd uranium apa3scs a n  
normally be completed in 4 bourz. Sampk holding 
tima between c o m p k n  of an dradion step and 

cleaning (if approprkte), grinding, e t 4  will 

thc analysis dthc fedting :olrrtion will vary wilb the 
analytical Ladlicy. 

Casu pu sample pu a d y s i s  vary from proccdmc to 
p r d u r c .  Normally, owt will iDcnasc as Lhc number 
of extraction stcps in- and as the number and 
typc of ul.radion liquors cmplofi inucasu A rough 
estimate obtained from one commercial laboratory 
gave n 5  pcr artradon step, SI10 per analysir of total 
soluble uranium, and SW per uranium 
digcstion/adysis for total uranium. 'Ihur, for a 
sample rquiring th ru  -dons, dctermiaatiov for 
both U O  and 
uranium digcstioq an &ate of the 14 mst would 

performed by a annmudal laboratory. A bfg 
number (a 160) of commercial laboratories are 
equipped to pafonn this typc of analysis in the 
united S t a t u  

Difcctspcctrcwapu spuiation of solid-phase uranium 
is also pouiblc by a variety of techniques. The 
integrated appnmch suggcstd by Morris (D. E. 
Morris, Los Alamlls National Laboratory. 1993, 
p c ~ n a l  communiation) and h i  in Appendix 
4 W o n  e 1  ulilires X-ray ahsorption (XAS) and 
optical IumincSacDa speczrcwopks primarily to 

microscopy can Iko be used to identify uranium in 
hia wuions and individually dispcrJcd partidcs by a 
combination of clcdron diffradion and X-ray emission 
s p o s = o p y .  The dit- analyses :cod to quantify the 
forms ot uranium but do not necusarily provide 
idonnation about the availability of the uranium. 
ADalytical co~ll t a d  to be higher &, with a typical 
sample cc&ig in the ncighhxhood of fS000 by b e  
XAS/oplical luminuana  approach @. E. Morris, 

in ea& cxtrae a n d a  total 

bz SL035 [(31615) + (2X3XsllO) + (l.lcrrso)b if 

spcciatc the d u m  in soils. Analytical C l ~ O O  

Los Alamos National Laboratory, 1994, personal 
communication). Lastly, the question of the statistical 
ccnainty a w c i a t d  with a few meaturemcots of a 
very small fradon of the soil remains. 

A.4 Speciation of Uranium Isotopes 

The specific aaivity of the uranium in a sample 
&pen& on its isotopic cornposkion Three MU 
isotopes of uranium contribute to the elements 
activity "tr. % and T"v. In closed, natural 
systems. uranium hss a s p d i c  adivity of 0.68 pCi 
18". The percentage of Lhis adivity originating from 
each isotope is 48.93%. 2.14%, and 48.93%, 
respedively. In ncarswfaa  emiroruncnb (e& soit), 
h-r, the "tr isotope tends to have a slightly 
highcr mobiiq than the other two i s o t o p  Tbis 
stems born the hu that "tr dcriKs from the decay 
of %, and hence, tcnds to rcside in mineral sites 

have bcca dam+ by the duay  procus. 
Solutiom paying b u g b  so& therefore, will leach a 
disproportionately b r g ~ r  mount of the btr isotope, 
resulting in spedfic adivitics SCrcrJ times higher than 
0.68 6 *.I. Cuncndy, the EPA uys a s f l c  
a&ty of 1 3  61 18.' as the n o d  activity of 
uranjlLp in surfaa waters. 'Ibis d u e  is b a d  on a 
gcomctric mean of adivities musurcd on watu 
samplu co l lacd  during a nationwide radon survcy 
(U. S. Environmental Protection Agency, 1%. 1991d). 
B e c a w  much of the cnvironmcntil hazard aso&tcd 
with uranium is due to its s+c activity, which is 
known to yiuy in m a t h e r d  systems, this factor, c r  
one d u i d  from a direct measurement of the h o p U  
ratios, should be part of any cstimafc of 
:owronm:nta) availabilitj. 

The isotopic mompasition of a d u n ~ b c a r i o g  sample 
GO be determined in a number of ways (Table A2). 
7%: mast straightforward of there b mass 
spcuromctry, h e r e b y  all the tocopes of uranium can 
be determined regardless of their speafc activity. If 
the sample u already in liquid form. as in an -4 
foj example, it can be iatroduad into the 
spcdromctu  via the ioduukdy coupled plasma 
interface (aqueous -US! or by clcctron or chemial 
ionization (organic -US). The rcant development 
of dircu insertion probe analysis daws plaamurt of 
a solid sample dircdy into the ionization chamber of 
the mass spectrometer, thus avoiding the need for 
digdon or extraction. Howern, lhis te&qve may 
nof be suitable for soils where uranium is in low 
conantrations because i: does nm allow 
prcconentration of Lhc sm?lc. 

"wo typu of nuclear spccrrosco~ tan be used for 
detcrmiDation of uranium isotopes. If the uranium is 
prcconcntrated in solution form and Lhtn 
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e l ~ o p b t c d  as a thin layrr onto a m d  suppon the 
alpha-putide energy spectrum can be measured using 
e surfacr barrier dctcctor and a multichmncl analvrtr 
sand= et al, m.  his method will ~ t e u  d ~ ,  
'V. and =U (ic-. the n a d y  occuniq isotopes) 
a a d  as mmt of the anlhropogcnic isaqcs. 
Grrrrma spcummctry can also be uscd far isotopic 
aaatpS but is mast scnsitivc to -U, an 
anthropogtaic isotope, and kmshivc to =U. U the 
sample is bombarded with cpithermal m o r s ,  
hovevcr, -U wiU be amvcrtd to md can then 
bc mcawrul by gmnma spuzromeby (strinns 1971; 
Gtdny et 1Ql8; Micra, 1980). 

Uranium concurpttions can also tx estirmlcd 
indirectly in solid sunples by 
the duay  products mTh a n d y q  whicir are 
established rdati* quickly (* 100 &ys) after 
purificrtion o f  U a d  aaainmcnt of scalar 
quikbrium (€2- J. Scme, 1994, yvsonal 
CO~uniGitiOa). 

Analytical costs fa d p h .  spcctrum=by arc about 545- 
SlW per sample and at lust one in tunahal  
hboratg, offus rapid turnarounds on Lbc older of 1 
m k  l b  1 8 - M S  approach hrs less sample 
preparation and, in principlc, 08- a quictp 
t w o u n d  time. Howmcr, carts and turmround time 
~ a r y  considerably (as long 60 days in one laboratory). 
In addition, some oroblems in quantifyurg =U haw 
bccn cncountpcd at least one laborator): dt.hough 
thex do no( Sccm to be commm. AvaddSLty of 
equipment for both methods is a m r p u a k  and, 
ansquently,  the tro tcrhniqua may be CanSiJcrtxi 
q d y  praaical, d the decision as to ahiEh one to 
use depending on individual CiTcumaan~e~ 

a spcmascopy of 
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Appendix B: Draft Wet-Chernical Methods for Oxidation-State 
Determination of Uranium in Soils 

B.l Ion-Exchange Method 
(modified from method given by 0. T. Fymcr based 
on work by Kraus and Nelson (1956) and an 
extraction step of Yanase et al. (1991)) 

This method, which has not becn tuted in its 
complete form in the laboratory, xgrcgatcs U(N) 
from U(VQ and also allows masurcmcnt of total 
available uranium on a single sample of soil. 
Available uranium is that which a n  k diwlved in 6 
M HCI at 8SC. The segregation step works by ion 
uchangc on a rtrong-baw anionuchaage rcsin at a 
pH that o p h k  U(vI) adsorption relalive to U O .  
The U(W) is tbco eluted from tbc cxrhangc resin 
With deionized aatcr. The U O  remaining in the 
initial solution is then oxidized to U(vI), passcd 
through the exchange rcsin, and the UraDjum adsorbed 
is eluted as before. The total available uranium can 
be estimated by the sum of the uranium in tbcsc two 
f r a d o q  and compared Mtb rcsults obtained by 
oxidizing a separate aliquot of the sample initially and 
then performing the ion exchange step. 

RE€aix!& 

dcioukd H,O 
5 M HCI, preheated to 85°C in water bath 
4 M HCI 
10% H,O, solution 
high-purity inert gas (N2, Ar) for sparging 
(deoxygenation) 

Materialx 

8S'c shaking water bath 

<0.45-pn filter membrana (25-mm diameter) 
2S-mm-diamctrr W t u  membrane holder 
Cl-saturated sixong-basc anionuchangc resin (e.& 
Ambcrlitc 404 Do= 1) 
Ion uchange column, at Iwt 4 an long and 0.25 an' 
in cross section 

3Gml add 1 S d  poly bot t lc~  with air-@t seals 

Imtrume otatioq * 

Inductively coupled plasma mass spectrometer 
OR Puked-laser phosphorimetcr 

Samulinp 

The soil should be maintained in a field-moist 
coodilioq isoliucd from almosphcric oxygen 

aoal% about SO g of soil should be gently ground to 
a coarse powder (to pass a &mesh sieve) under 
acttone or isopropyl alcohol. homogenizd. and stored 
under nitrogen in an air-@; container. T w  l b g  
smples of tbc ground soil should be weighed mokL 
ovendried to a constant wight at l O S g  and 
rcwclghcd after mling in a duica tor ,  to dacrminc 
moiuurc content AU analytjd results will be 
reported in terms of the oven-dry wight  o f  the soil 

Mtlbod 

Carefully we& (to 1-mg prtdsion) about 1 g of tbe 
ground and homogcnizrd sod and transfer into a l25- 
od polypropylene bode. Tare the botde and ap, dd 
60 ml (65.4 g assuming density of 1.09 g ud-' at 
2 0 T )  of 6 M HCl (prcheatd to 85°C in ihc mer 
bath), cap tightly, rcwclgh the bottle and ap, and 
plact in the shakmg water bath. M e r  ;iigcsting for 2 
hours, remove the bottle; while it is still hot. 
ctolrihrge and then GIter the supernate tbm& a 
0.45-pn flter membrane into a dean us-ml 
polypropylene bottle. Wash the solid rcmaiaing in the 
digctlion bottle and on the fitcr papcr wilh two 5-d 
aliquotz of fruh, 85q 6 M HCL 

Tare NO U m l  polypropylene bottles and transfer 
approldmatcly 20 ml (21.8 g assuming densiry of 1.09 
g ml" at 20°C) of the hot HCI -rad into each 
bottle and reweigh. To the first bottle ( h c r d t u  
referred to as Bottle A), add 10 ml of dcioPizcd aod 
deoxygenated H,O. To the second bottle (hcreaftu 
referred to as Bottle B), add 1 ml of 10% H,O, 
solution and &eo 9 od of H,O. Gently stir bo& 
bottles to mix (do not cap Bottle B). 

Allow the remaining 6 M HCI utrad to d to room 
temperature and then determine the density of h e  
cxtrau solution and of the origud 6 M H a  solutioo 
(this can k determined at any time on a cool sampk) 
using a 25-ml calibrated volumetric fldsk. Thcse 
dcnridcs will be used to determine the actual amowus 
of HCI that m r e  used to m a d  the sampk and that 
were transferred into Bottles A and B. 

. 
'< 

9 *' 

' 

' 

Pas the contents of Bottle A through the anion 
exchange column (the column should be w e d  
using 4 M HCI) and aUcu the effluent in a dean 
bottle (hereafter referred to as Bottle C). Rinse 
Bottle A with one 5-mi aliquot of 4 M Ha and plss 
t h r o e  the column into Bottle C. Add 1 ml.:of 10% 
H,O, to Bottle C. P l a a  Bottle B and C, 
loosely capped, in the 85°C water bSLb for 30.rninuta 
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- -  

the ahscna of air bubbles on the aak of the bonlcs. 
(In snnc ipst.nas, ovun@t incubations may bc 
rquircd to completely remove all the H1O,.) 
Meanwhile, pass about 15 ml of dcionitrd H,O 
through the rlrrhrnpr column to elute the U(W) from 
B d c  A that was adsorbed to the ruin and collect 
the cfnucllt in a 30-ml polyethylene bottle. This 30- 
ml bottle conrains the U O  that was ertadui from 
the soil 

Whur the H,O, has decomposed in Bottles B and C, 
rrmorc them from the wata balh and duow them to 
cool to room tunperatwe. While they arc -ling, 
rcsahrrale the column with a- by paying 0.1 M NaQ 
solution through and then eluting with deionized H,O 
to thc pbscna of a- (u t d e d  by additio- of 
AgNo, solution to tbc cfnueol). Pass thc cooteots of 
W e  B thmagh tbe aolumn and ripsC the boUk with 
5 ml o f 4  M H a  as b e f a  Elute the U O  
adsorbed to thc odumn with 25 ml ofdtioaizedH,O 
and d c c t  tbe elutriafc in I 30-ml potypropylcnc 
boale. lllisboalcamtaiDstheto(alULhatwas 
cmraed from the soiL 

~esarmrte the Colt- with a* wow a d  fim 
repeat the io0 uchangc pmass for Bottle C The 
third 30.d W e  amcabs the U O  that was 
un.aaedfromthtsoil 

The solutioos in tbe S m l  bottles may &en be made 
to volume with r q c n t  H,O and a n a l y d  direcrly by 
pulscd-lasu pbosphorimetry (ASTM DS174-91). Lf 
anatydd by 1 8 - M S  is desired the solutiom may be 
diluted with HNO,. 

standards 
With each batch of samplcr a set of standard UCN) 
and U(W) mnpla should be ma to verify the results. 
A stock solutioO of U(W) in 4 M Ha should be 
stable. A U o  solution can be prrparcd from the 

(add 1 ml for cvuy 100 ml of stock solution). After 

musf be O d W  by the addition of 2 ml of I2 M 
HNO, for my 100 ml of stock solution 

u o  stock ~ ~ o l ~ t i ~ n  by duction with 20% Ea, 
the uranium bu t- remaining xa, 

B.2 Copmipitation Method 

(1991)l 

complete form in the labolafoy, wgrrgates u(n? 

[modified from Anderson (1984) and Yanasc et aL 

method, which haJ not been tcstcd in its 

from U(VI) and ab0 allows measurement of total 
available uranium on a singie sample of soil. 
Available U is bat which can bt diuolvcd in 6 M 
HQ at 8 5 ' c  'Ihe segregation step works by 

copredphion  of the unnous ion v(W)J with NdF,. 
The 
T i 0  and copredpitated as before. The totzl 
available uranium can be cstimated as the s u m  of t k  
uranium in these two h d o q  and compared whh 
results obtained by redwing a scpaak aliquot of tbc 
sample initially and pcrfonning the copredpitation 
step. 

R b e a . t &  

deiooized H,O 
aoncurtntcd HCI 
6 M H Q  preheated to 85T in watn bath 
0.6 M Ha + 0.0s M HF C I  pkstic bottle) 
U% Nd aolution as Nd(N0,). spuged 
48% HF 
213% Tia, (prepare fie&) 
high-prrrity inert gas (N1, Ar) for spaqing 
(d-w-04 

lmcriak 

85T shaking water bath 

remaining is then r e d u d  to U(N) by 

30.. US-, andZ0-d  poty boaln with &-tight rub 
<0.45-pn tltcr mcmbrancs (Umm diameter) 
S m m - d i a m e ~ n  h i tu  manbranc hddcr 
a-sa- stroag-blsc anioncxchangc resin (e+ 
Ambulite 400, Dowu 1) 

InductnJy coupled pbsma m a s  spaxrometcr 
QB Pulsed-laKr phosphorimetcr 

samolian 
The soil should be mlinflined in a Md-moist 
cnoditian, isolated from atmospheric oxygen 
(prefcrabiy under nitrogm), and stored either bwm 
or at 4.C until time for anaIy&. immediately b;efac 
analysis, about 50 g o l d  should be gently ground to 
a ooam powder (to p a s  a @mcsb sim) under 
acetone (I isopropyl alcohol, horn- and s t d  
under nibugu~ in an &-ti@ c o n e .  "WQ 1- 
samples d the ground soil should bc weighed rn* 
ovendried to a consta~t weight at and 
reweighed after -ling in a dcriocator, to determine 
moisture content All dytid rcsuki will be 
reported in terms of the ovca-dry weight of the soil 

m!d 
Carefully wigh (to 1-mg precision) b u t  1 g of (he 
ground and homogcnkd soil and d e r  into a 125 
ml polypropylene b c e k  Tare t tc W e  and cap, dd 

20T)  of 6 :.JI HCI (preheated to 8ST in the w a t ~  
60 ad (65.4 g assuming density of 1m g ml" at 
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bad,, cap 
place in the shakmg water bath. After d i g d n g  for 2 
hours, r c m o e  the bottle; v.Me it is still hot, 
aotnfugq and Wr the supernate t h r o e  a 0 . 4 5 - p  
6ltcr membrane info a dean l25-ad polypropyicnc 
bottle. Wash the solid rem- io the digestion 
bottle and on the filter paper with two 5-ml aliquots 
of b e 4  8S@ 6 M HCI. 

Tare two 2W-d polypropylene bottles and trader 
approximately 20 ad (21.8 g assuming density of 1.09 
g ml" at ZIT) of the HCI -ad into each bottle 
a d  repllcrgh. To the fm bottle (hereafter referred !O 

as B o d e  A) add 1 ml of U% Nd solution and then 
180 ml of d e i o d  and deoxygenated H 2 0 .  To the 
m o d  b d e  (hueafter referred to as Bot& B) add 
2 ml of 25% Nd solution and then 1@ml of H,O. 
$hakc both bottles to mir To bottle A add 0.1 ml of 
concentrated HF. To Bottle B add 0.1 ml of 20% 
Ta,, e and then add 0.6 ml of HF. Shake both 
bodes to mix and allow to siand for kt 1- 1 hour 
to doar the NdF, predpitatc to form. 

M o w  the remaining 6 M Ha edad to am1 to room 
temperature and then determine the density of the 
curact solution and of the origiDal6 M HCI solution 
(h i s  cao be determined at any time on a cool sample) 
using a 25-4 cal i iatcd volumclric k k .  Thcsc 
densities will be uscd to determine the actual amoun!~ 
of HCI that were wed to e m a d  the umplc and that 
were tzarsferred into Bottles A and B. 

After staoding, film the suspension in Bottle A 
through a 0.45-po fdter membrane. vving both the 
frltratc aod h e  film cake. Wash the fdtcr cake With 
0.6 M HCl4.03 M HF and transfer membri-ne and 
Giter & to a dun =mi poly bottle. The fdtcr 
d e  in this bottle contains the U(IV) that was 
enractcd from the soil. Add 0.1 ml of TU, to the 
filtrate from Bot& A and mix Then add 1 ml of the 
3% Nd soiution, follomd by 0.6 ml of HF. Mix 
and ler s h d  for an hour. Filter as before. wash the 
filter cakc, and transfer the membrane md  cake to a 
separate B m l  bottle. The filter cake in this bottle 
contains the U(VI) that was cxuadcd from the soil. 

For B d e  B, Btcr and wash tbc fdtcr cakc z for 
Bottle A, and trader the membrane containing the 
filter cake to a third 30-ml polypropylene bottle. The 
filter cake in this boctlc contains the total uranium 
th3t whs extracted from tbc soil. 

rcwagh the bottle and cap, and 

. 

To the cootcots of each 30-ml bottle. 3dd 3 mioimum 
amount of conccntmtcd HCI to dissolve. the NdF, 

Appendix B: Draft OxidatioDstatc M~thodr 

prcapitate. The solution then may bc diluted UJ 
volume with HNO, for subsequrnt d e t m  of 

phospborimctry (ASIM DS17491) is drsird, Lbcn the 
uranium must be o x i d i d  to Urn by addition of 
H,O, (after dissolution of the Lilter cake in HCI) and 
the sample purifcd by p q c  lhrough 3 C l w a t e d  
stroog-base anioouchange resin (e& Amberhe 400. 
Dowu 1) after decomposing the H,O, and adimung 
the HCI concentration to 4 M. The U(W) r b e d  
on the exchange rain is then eluted wilh dcionhrd 
H,O and diluted to volumc, and this sample is 
analyzed by phcnphorimeUy. 

slid.&& 

With each batch of m p l u  a set of standard 
and U(VI) samples should be nm to vcrify the r r ~ u l t r  
A stock solution of UCVI) in 4 M HCI should bc 
stable. A U(N) solution cao bc prep& from the 
U o  stock solution by r d u d i o a  wih 20% Ti, 
(add 1 ad for every 100 ml of stoct solution). MU 
the uraoium has b rcduaxi, the rcmainiog 
must be oxidized bj the addition o f 2  ml of l2 M 
HNO, for every la, ad of stock solution 

~ r a n i ~ m  by I O - M S .  If anal+ by pulscd-lascr 
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Appendix C: Draft Interim Method for Estimating 
Environmentally Available Uranium in Soils 

C.1 Background 

Uranium occurs insoils both as a namdy- 
duncnt and as a r r d  of a d  human a w b u  
The uranium is p m  in a rangc of forms, some of 
which are readily available to the biosphere, some of 
which are a d a b l e  bat dow to be released to the 
biospbuc, and some d which u i s t  in rcfraeoy 
forms 

Uranium has a unique chemistry relative to most 
metals. Uranium can be bigbly soluble, cspcaally in 
&dizing, carbonatc4Kanng environments Under 
rutucing conditions in circumncupal-pH systems, 
uranium is sequcslercd As a rcsult of this unusual 
chcnustry, asscwncnt m d o d s  dcvcbped for generic 
cnvironmcntll conants may not be applicable for 
ayusing UraniumSDllUmbIed s i t s  

Remutiation a&vit iu a~ uraniumsontaminated sites 
arc currcntty king d r k n  by two amarns: t d  
conantrations-of uranium, and the amounts of 
uranium that are available to the bimpherc. 
merit methods mxst provide & m a t e s  of both 
total and aMilable forms of uranium in the soil. 

This drab interim metbod was developed s p c d f d y  
for the NRC to provide a s u i -  of procedures that 
will enable the agency and its rcgulatcu to obtain 
Cyimatcs of the quanti& of available uranium 
prrscnt in sooils at contaminated s i t u  It does not 
provide a p r w d u r c  for utimaring total soil uranium; 
standard p r o a d u r u  for determining total uranium are 
available elscarhere, and are not reputed here. 

C.2 Purpose 

The purpme of tb't draft interim method is to prwide 
an analytical protocol for crtimahg thc quantities of 
uranium present in readily available, d0ag available, 
and wry slowty available fonnr  The protocol is 
dcsigned for the analysh of individual soil s a m p l q  the 
results of which arc to be integrated with test r u t h  
obtained on other soil sample as well as other types 
and souras of information Dedsions conarning 
appropriate remediation dtdsiops &odd not be b a d  
on the results of individual or a smd number of tcstr 
H m r .  the intcgnhon of thc r u u h  obtained from 
multiple tests is beyond the scope of this m d o b  

C 3  Definitions 

N - Total Uranium - the sum of all fradions of 
uranium contained in the sample. This i n d u b  both 
avaikblc and rc f r rdoy  fractions The value may be 
determined inslrumentlily, for example, using X-ray 
Fluoresance w, or Instrumental Neutron 
Advation Analysis (INAA), or it may be determined 
chemically after total dissolution of the sample 
(typically accomplished using HF/HaO, dig&oq or 
by fusion of the samplc in an a p p r o p h e  flux). This 
quanliry is not determined by this draft interim 
methob 

RAU - Readily Available Uanium - tbe bidion of 
uranium in a soil that is potentially soluble and whosc 
release to soil solutions is not kinetically inhibited 
RAU generally indudcs uranium bound in the 
following forms: exchangeable uranium, U p )  
hydrous oxidu, d u m  copredpitakd with 
cubonatts, some organically bound forms, aod some 
fonnr sorbed onto iron or manganest scsquioxidu 

SAU - Slowly Available Uranium - This fraction of 
uranium is not highly soluble in low allalinity, 
&cumneutral waters, although it can be made 
available, usually by a transformation =don (c& 
oajdation from U(IV) to U O ] .  The fraction 
generally indudcs dixrrte reduad axide p h ~ ,  and 
some portion of the d u m  bound in soil organics 

. VSAU - Very Slowly Available Uranium - This 
fraction of uranium can be ma& available only under 
art& rubict iw conditions. The fradion is generally 
a m p a d  of uranyl phosphate miner& and of 
uranjum bound in crystJlinc iron and manganesc 
oxidy  rcfradoy soil orgtnia, and some uranyl 
SilicatCS. 
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Weigh out 1353 f 0.002 g of U0,.'31:0. Placc in a 
dcan 500-d beaker and add ca. a00 ml of reagent 
water and 100 ml of concentrated. rcagent-grade H a  
S ! w i y  add 5.0 ml of 30% H,O,. Placc suspension 
on a hot plate, hcat to ca. &IT, and hold at that 
temperature for about 30 ininutu Rem= from fhc 
hot plalt and allow to cool to room temperature. 
T d e r  the solution quant ihk ly  IO a 1O@hnl 
volumetric llaslr Dilute to volume with 4 N H U  
This is a stock solution containing lo00 ppm uranium 
The activity of the solution wiU depend on the ;sotopic 
composition of the initial rcagcntr 

This solution should be stable for a period of 30 daw 

Workiq spiking solutions arc prepared from the stock 
standard daily. Dilute I33 ml of stock solution IO INI 
ml with 4 N HCL 'zhis solution should be stable for 
about 7 daw If the initid r q p x m  were prepared 
from depleted uranium, this should yield an 
cxpuimcntal spikc of about SI PC; ad.'. 

c d l l  Rcduad-U Spiking Solution - Prepare this 
huh daily. In a 1Wml volumctric flasis add 133 ml 
of the U(VQ stock solution, and 02 ml of a 2056 
XQ, s o l u t i ~ a  Mix and allow to s m d  at room 
temperature for l5 & u t a  Add 25 ml of l.2 N 
a d d  Allow thir to stand for l5 minutu Dilute to 
100 mi w i h  4 N HCI. This should yield a spa* 
solution that, if prepared from depleted uranium. will 
c o n k  about 50 pCi of 

With cach batch of samples a set of standard U O  
and U O  samplcs should be run to vem the reszulll 
A stock solution of U(vI) in 4 M HU should be 
stable. A U o v )  schtion & be prepared from the 
U o  stock solution by reduction with 20% XQ, 
(add i ml for every 100 ml of stock solution). After  
the U haJ becn reduad, the remaining XU, must be 
oxid id  by the addition of 2 ml of U M HNO, for 
every 100 ml of stock solution. In additio- known 
amounts of U o v )  and U(vI) solids should be added 
to an uncontamiDated soil sample that is otbemise 
simibr to the contaminated soil sample and carried 
through the entire TAU and oxidat ionete  
d e t c r m k d o a  

. 
d.'. 

As an alternative to the dctcrminatim of the 
U(IV)/'U(Vr) ratiw the analyst may choau to 
perform he adabi l i ty  assessment of the uranium 
d i r d y .  This assusmcnt is done using a combination 
of EPA/SW 846 Method U11 (TCLP) and rcvarch 
protocob Rcsults from these p r d u r e s  arc n o t  only 
c r u d  if rcmcdial actions are needed. but could also 
provide infomation that would be useful for 
determining appropriate remedia technologies. 

C.6 Reagents 

cd1 Deaxysenated R e a g c n t G n C  Water - Spargc 
with purihed itrogcn or boil vigorously while applying 
a vacuum for 30 miouta and store in air- 
contakr .  Should bc prepared dady unlcv storage 
under an anoxic atmasphere is availble. 

C6.2 
U N). This should be r a g e n t v a d e  a a d  

cd3 

Conantrated Hydrochloric Acid - (nominally 

N h c  Aad  - reagcnt grade - nominally S N. 

C6.4 

C 6 5  

C6.6 N a a  - 4.0 M - ragcat grade. D k k  f338 
g of rugtnt-gradc N a a  in 1 L of w e n t  arater. 

C6.7 
Dissoht IO g of silver itratc in 100 ml of reagent 
witer. Store in an opaque container, and keep out of 
&ea light 

Hydrogen Peroxide - 30% - reagent pa&. 

DOIKX lxl0 anion uchangc resin 

S k r  ~ilrue - A ~ N O ,  - 1~ so~uho.  

C 6 8  Acccic A a d  Solution - 0.1 M - dilute 5.7 ml 
of g l a d  a d c  add  in 1.00 L of reagent wcr. 
Check pH of the Solution. If aoneclty prepared, the 
solution should haw a pH of 288 f 0.05. 

C6.9  
D k d v c  52.04 g of rcagent-gradc NaHCO, in 1.00 L 

Sodium Biarbonate Solution - 0.1 M - 
of reagent water. 

(2.6.10 Oxidized-U Spiking Solution - Prepare a 
lo00 p p  standard stock solution from appropriate 
reagents. The d y s t  needs to  bc aware of both the 
chemical form and the isotopic composition of the 
reagent, bccausc many uranium compounds are 
prepared from depleted uranium. The following u an 
example of a ~andard preparation, although chemical 
weights must be adjusted for the chemical form used 
as the base rcagenL 

- e  .. 
I .  

s 9'. =.& - 2 - b 

C.7 Matqrials and Equipment 

C.7.1 

C7.2 
polyethylure, a o d  washed 

(2.73 
&TIM 397481. Alternately, one can employ- 

Gnlrifugc bottles, L25 ml, polycthylurc . 

Sample bottles - 3O mI (appror) - 

Mecharrid Shaker - zs per requirements of y- 
p' :t ? 
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r o t a q  m k r  s e e d  in EPA/SW 846 Method U11 
WW. 
C7.4 
hltcrs with a minimum of 25 ml of 4 N HU.) - 
n o d  pore i k  of 0.6 to 0.8 pn. 

C 7 3  
n o d  pore size. 

Glass Fiber filters - add washed (by 

lhembrane 6lten - B 0.- to 0.45-m 

C3.6 Standud labontory equipment and &ssware. 

C.8 Health and Safety 
This method i n v o k  the use of hazardous and 
radioldivc matcrialr The written proadwcs  do not 
purport to address health and safely issues nor to 
ad- k u u  relared to the disposal of radioadivlc or 
a k d  hazardous w&u It is the ruponsibility of the 
usex of this method to establish appropriate h d t h  
and safety p r a d a s ;  to comply with all local, s u t ~  
and federal rcgultiom conarning the use and 
& p o d  of radiondive and hazardous matuial; and to 
detrrmine MY olhu regulatory Itnitations of the 
F r d u r t s  prior t0 thcU USC. 

C.9 Sample Collection 

Collect a minimum of 15 kg (rSa, g) of sample in 
the field by appropriate meaPr P l a a  sample in a 
suitable air-tight container, such as a ziplocking 
plastic bag. Without u n n d  compacting the 
samplc, m i n h k  the d u d  space (air) volume of the 
bag. Store on ia, or at appraximatcly 4% and 
transport to the analytical labooratoy. Holding timer 
for the field-moist samplu from rime of collection to 
the initiation of the atraction proadwe  should k 
Ius Lhan 2l.daF 

C.10 Sample Preparation 

C10.1 
h'otc the prescna  of any phase secpuation (e& water 
condensation on the bag) when the bag is r e m o d  
from refrigeration and on cornpledon of warming. 

Warm the sample to room icmpcnnue. 

C10.2 while the sample is still in the container, e 

Open bag. and spread sample on a noncoatcd. lint- 
frce paper. Rem- by'hand. all coiwe organic 
debris (e& s t i 4  twip, leaves, and leaf fragments) 
and pcbblu (diameter > 5 mm) fiom the sample. 
Do not b o y  soil aggregates (diameter 
this point. Return the sample to the pkstic bag. 

gently crush any coarse soil dcds (diameter >3 an). 

3 cm) at 

C103 
bag by hand for a minimum of fk minut- Sail 
wcgatu and small dods can bc datroyd at this 
point to farilirlrc the mixing and homogcnidoa of 

Hom0gcnb.e the soil sample by G& 8 the 

tht sample. 

C10.4 
inlo w an$-* qual &oar R a  OIIC 
Pomaq &bel, and store a an uchinl .urnpie at 4 C  
Rebag the serond portion, and Lkl this the 
Working' badion 

Opcn the sample bag and split the sampk 

Cl0.5 Determine the field mokturc. F-emwc 
approximatdy 50 g of U d  m o a  sample from the 
WorLing' fraction bag, p h a  in a tared, uncmwd 
p& dish, and p l a a  the dish in a drying oven (T = 
laS-ll0.c) ovcrni& Runavc rtri dish from thc 
ovlp, p k a  in a dcsicutm until cool, and natigh 

moisture adon tauor (FJ as follows: 
cornputt the puccll; moisture content ( M c )  md tbc 

and 

whnt M u  is the mass of the Wd-moist sample, and 
M, is the rrmu of the o~ndricd sample. 

C10.6 
EF'A/SWP-904S. 

Detumine the soil pH of the sample 

C10.7 
using E P A / S W P W .  

Detumine the soil organk matta content 

C.l l  Composite Samples 
The method assumw that the anal~.st is working with 
individual. unaggegted soil s a m p l u  HOW, 
conditions at the Geld location might justrfy the 
blending of multiple soils into a single Eomposite 
sample. Soils can be blended into compode y m p k  
if the following conditions arc m e t  

a) Total uranium concentrations in individual s;unplu 
10 be com@cd vary by Ius than ZDSb from the 
mean of all samples to be cornposited 

b) Soil organic matter amtcnu of individual ~ m p k  
to be amposited v q  by Iws than ZHI from thc 
m u n  of all samples to ht cornposited 
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c) Sail pH values of individual samples to bt 
compaaited nry by Ius than 05 pH unit from the 
m u n  of all samplu to be cornposited 

d) Soil w p l u  from difkrent horimns or Lrom 
d i f k t n t  soil chsi6cation group should not be mixed. 
For uamplt ,  samples from an Ap h o h r  should be 
coe@ted only with other samples cokded from Ap 
horiuw hlixingsoobbetarccnA,E,B,orC 
horixuu should be avoided. Similarly, soils collcctcd 
born different soil suia should no( bc composlle4 
nor h u l d  soils from di f icmt  familiq subgroups 
&rt;u groups, suborden, or orders be mixed. 

c.12 Procedure 

C.U.1 Total Available Uranium 

This proadwe  is based on Prada B of AslM 
D347481. ModiIiations to the proadurc are 
wrggcrtul basdon unnium-rpeahcchcmjcll 

This mctbod hu oo( bcco laboratory 
or firld tested, and the e f f i a y  of the m a h o d  should 
be cnlurted prior to its application to a spuif ic  site. 

r_121.1 
pol@yicac mtrifuge Wcs, transfer approsimately 
2 g of field-moist roil If the lcnb of uranium 
cnnllmirulion are cxputed to be lw, this mas may 
bcioac&uJ up to 10 g as required to artain the 
needed scnsitivicy. Record the wight of the soil in 

M a  as Sa, S,, and S,. Label a fourlh bottle as 
Bo; this bottle will be used to dctcrminc the 
m u i o n  effidcnaes for the combmed spking 
soolutiops. 

CUU 
of soil uscd for the uanium emaction from the 
relation: 

hto each o f  three 125-4 1 :dc-mou* 

ach WC to the nearest 10 mg (ODi 6). Label the 

Caladatc the dry wcrght equivalent (M,Wg) 

M,, = M,,'FM 131 

Record these wclghts and save for later computations. 

C - U U  Add 1.00 ml Of the olcidized-U spiLing 
solutiao to ucb of the Wcs labeled S , and B, Add 
1.00 ml of the d u d - U  spiking solution to each of 
the bottles labeled S, and B, 

C J 2 U  Add 95.0 ml of reagent Mtcr and 5.0 ml of 
conantrated reagent-grade HCI to a n w e  bottle 
labeled Sa. Add 94.0 ml of reagent water and 5.0 ml 
of concentrated reagcntmdc HC! to the bottles 
labled S, and S,. FW, add 93.0 ml of r a p t  
want and 5.0 ml of conantrated r w n t - g r a d e  H U  
!o@&e bottle labeled Bo. G p  each h t l c  tigbtly and 
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suspend the roil in the solution by shaking vigorody. 
LoascD the a p  and dkw the solution to s t a d  for 
smual minutes to pcrmit aoy CO,(g) generated from 
thc rucfioo o f  carbamk miDcfals to a c l p c  the 
system. Rcclpkboalcrhgbt ly .  
NO7E I t  is crucial &at the &on p r d u r c  be 
c o m p h d  using Ha HNO, and H,SO, haw the 
pozcntial to axidizc U O  to U(vI) during the 
-don process and must be avoidd during this 
portion oft he^ 

crU5 ShaketbcrPrpcnrionronam- 
shaker far 16 f 2 hoars (cmmigbt) at room 
tan-t. 

clzld 
SOWxg, for 30 minutes Decanl the supcrnatlnt from 
uch boalc into a dem beaker. h4-m the volume 
(or mas) of sdutioo namrd f m n  each lx& 
Then, 6ltr.rcub dutionthroughafreshG.&m 

witb a minimal .mount o f  rcagca -tu. annbining 
t h c w a s h ~ t a w i t b t b c ~  Dilutc 
combincd and wuh h uch bonlt to 
1UM ml with rugent wafer, m d  saw the four 
solulioru for uranium adysis by an appropriate 
p r o a d w e  (t& ICP-Ms). 

c r U . 7  AnrlyLc wh of the solutions for total 
disohd uranium by any appropriate p r d u r e  
accOtdiDg to the fdbaring guidclincs: 

Qntrihrge the rmpcnsions x a minimum of 

membrane 6 k .  Wash the 6itcringdmice and h r-. 

a) 
l25-d beaker. Rauve: the tunaindcr of the 
analytical rolutiolls fcr tw p s & l k s .  Fmt, a 
portion of thc sdutioas may be required for the 
U O / U ( v r )  aodyscs duaibcd in LU Second, it 
rmy be ncccl(iyy to rrput thc following steps using 
Merent dilutioas if the final uranium cooantrations 
fall oucsidc Lht  o+ n q e  for the method of 
choia. 

T d e r  m.0 ml o f  the analytd  solutions to a 

b) Add 1.0 ml of 30% H,O, to tht sclutioa 
dropwisq with gentle + (e& orirh a magnetic 
stirrer) of the sobdon If the effuvtsance of the 
solution b m u  vigorom, momcntuily stop the 
addition of the pcroxidc 

c) Ooce h e  H,O, has been addul, u m r  the baker 
with a nbbcd watch glass and gently heat the solution 
:o 8oT f 5'. Hold at this tunpuaturc for 30 
minUtCS. 

d) 
to cool to mom tempemure 

Remow the beaker from the hoc plate aad allow 

r *' . 
, -  

*+.. 
, -1 
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e) 
to a 25-ml vdumetric fbst Dilute to volume with 
rtagtnt wakr. 

f )  
uranium conantration determination on the four 

T d c r  the cootcab of the beaker qUantitakly 

Use this solution to complete the total dissolved 

- P b  - 
C I L I A  Actions Bvcd on the Results 

Thru actions can mutt, b a d  on the bdings from 
the TAU ana& 

a) U the obsuvlcd TAU cnnantratiorrs are ks tban 
the Lorwn-Limit A h o n  k v d s  s p c d c d  by the 
regulating body, no huther a d o n  is mandatd 

b) If the o k n d  TAU c o m t i o a s  arc pmlu 
than the Lowu-lhh Action Lmds but less than the 
U p p a - l h h  A& Lm4 thcn the analyst is 
dirwscd to seajQn c u  of cu3 to caminlu Lhe 
proadurr. 

c) If the TAU cooantdoas cxcted the Uppu 
h d ~ c t i i o n  k 4  Lheo d optha ut a n i k b k  
Thc Malyst may cboase to coatirruc with the 
p r d u r q  at Sc&on e122 or C- to obtain 
a d d i t i d  infomiltion about the forms and adability 
of Lhc unnium wntamirdoo u tbc dtc Such 
i c f o d o n  might k wehrl in sclccting remediation 
altcrnativcs. AltcrnaMy. thc site operator may be 
&redd by cbc regdatiag body to perform ariain 
adoxu nr complecr~ s p u j f i d  dun-UT i d  

C U 3  Distribution of Oxidation States 

C.U -~rrpare four ion- co~umng one for 
each of the four samplu S,, S , ,  SI, and Bo, With a 
stroq-basc anionuchangc resin by loading a column, 
having diJncpdoru appro% Ob an in diametu x 4.0 
an in length. Cwvcrt tht rain to tht Cl'fonn by 
washing the columns with a minimum o f 5 0  ml of 4 
M H a  

C J Z U  
and Bo, me two LZ5-d polypmpyicnc boctlcs and 

ml" af ZIT) of the TAU atract into each We. 
To the tint boalc in each set ofw ( r e f e d  to s 
Bode A), add 20 mJ of dcioaizcd and d c q p a u d  
H,O and 8.0 ml of l2 N H a  To the scmnd Soale 
in each set (referred to as B& B). add 1 ml of 
30% H,O, solution, 1.0 ml of H,O and 8.0 ud of I2 

For acb of the four samples, So, S,, S,, 

u d u  20.0 ml (CI. 218 g @ density of 1.09 g 

N Ha. Gcntty stir botb bottles to mix (do not cap 
Bottle B). 

C.U33 
anion uchangc column and collea the cfiluent in a 
dun, Us-ml boale (referred to as M e  C). Rinse 
B & A  with 5 ml of 4 M HCI and parr through ttrC 
column into Bottle C Add 1 ml of 1Eh H,O, to 
B& c 

Pass &e cootcots of Bonle A Lhrougb an 

U Z U  P L a a B d e B a n d B o t f l e C l d y  
capped, in an 85°C -tu bath for 30 &uta or u d l  
all tbeH,O, has decomposed 1s indicatbd by the 
a h a  of air bubbles on the walls of the Wa (m 
some ksmuzs, an overnight incubah rmy be 
required). The contents of B d e  B represent the 
total amdab& uranium cooantration in the sooil 
sample. The malenu of Bottle C reprrscPr the lolll 
available U O  [radon. 

ClZ23 Pass 25 ml'of deionized H,O Lbc 
wbngealune Collcatbisfrauioninaboale 
lam D. The ~9ntcpts of this boalc repnseDt tlu 
t d  a i l &  U(W) fraction from &e soil 

C J U h  I f t h c u r a n i u m m m t o b e d o h e  
using rhc Lsu-phosphorimcy mclbod (ASIM DS174 
91) or a r e l a d  method that would ha= be subject 10 
sigdjcant chloride intcrfuuras, procud to step 
c u 7 .  othtrwisc go to step C W l L  

c l l l 7  
-with. minim- of 50 ml of 4 M N a a f h c n  
wash the column with 50 ml of r u g c a t  water. Tcst 
for tbc pnscnc+ of a-in t h e m  sllge, or the 
by testing the effluent with AgNO,. 

absur= o f  a-;n the e l u t ~ t c  

. 

Recondition the ion- duma by 

contiouc to 
wash mlumrr until the AgNO, t a t  dunoDsata Lhc 

U22s Pass the anten ts  of Bocllc B Lhrougb the 
column and rinsC the bottle with 5 ml of 4 M H a  
Elute the Uo1)  adsorbed to b e  column witb 25 ml 
of deionized H,O and colled the clutriatc io a 3hd 
polypro~urc bottle. 
usraded from the soil 

This bottle contains d u 

W Reput steps lEL7 and u28 but p a s  the 
w n t e a t s o f B O t t l e C a a a s t h c ~ r r s i r r  This 
ramp& con& the U O  uzrased born be  soiL 

C.lZ2.lO The solutions collected from Boala B. C, 
and D can k made to volulpc in D m l  v ~ l u m e f k  
O h  md anJYred dirutly by puled-bwf 
phcaphorimce). (Asrryr D5174-91). 

C.IZ.Z.Il If by ICP-MS U the 
solutions may be diluted wizh HNO,. 



AppcnQ C Draft Lnlaim Mctbod 

C X 3 8  
determination of SAU. 

Save the soil residue for subsequent Cl23 Readily Available Umnium 

This proccdurc is a m d c a t i o n  of the EPA/SW 846 
Method 1311 (TCLP). It h a s  bcen modified to 
address u n n i u m ~ p c d c  chcmiay requiremenu. The 
p r d u r c  h a  not been tested h bboraicry or field 
conditioq so the &acy of the method should be 
Cvalwted prior to it application to a specific site. 

U23J h a B m l ,  widemouth antnhrge W e  
( p o ~ y l c n c ) ,  add the eqwrleot of ca 10 g of by 
soil rmu to ch: bo(tlc ReuYd the arc& of moist 
soil a d d d  to the n e u a  Olls g The m a s  of field 
moist sod (MM) is comp.Jtcd as 

M, = 10.O/Fu 141 

clf33 w,) &ai should bc added to the sample tc bring the 

computed as 

Compute the mlume of ulradion fluid 

. t d  soluti-d r h o  to D.1. This volume u 

V, = 21*(M,*F,) - M, Isl 
C U 3  Add the iquind volume of extrrdion nuid 
(0.1 M HOAq pH 29). Cap the bode, &kc the 
supcluioq and looscn thc cap to rclicve any pressure 
buildup c a d  by the diuolulion of carbonate 
minerds tha~ may be prcvnL Make a note of 
samples that gt0cr;ltc usify detectable ovcrprusurts 

C . W A  R e a p  the vusels and sc.surc in the rotary 
agitation 
room tcmpcnfmt (ca. Z.c) for 18 f 2 h For 
samples containing carbonate mine& it may be 
neayary to rrIim - prusurc pcriodicalty. 

C.l23S 
anlrifuge thc samples to remove soolids. Decant &e 
dear supernaunt into a Mer. Separate an aliquot 
and determine thc pH of the e m a d  N t c r  thc 
remainder of tbc u m c t  through an Pad-washed g k -  
Gbcr Otcr wirh nominal pore Jites in the range of 0.6 
to OS AdQfy the h a t e  to ca. 0.1 M with nitric 
a d d  and saw U for analysis 

U23d 
more times 

of co,. 

Rotate surrplu at 30 f 2 rpm at 

At tbc end of thc agitation period, 

Rcpac steps lU3 through -5 three 

C.W.7 Analyz the cxznus within 48 hours after 
the completion d each m u i o n  step, and in no * 

m o t  more than 4 days after the caradon r e p  a r h ~  
complecui. If tiDclic information is no1 dut+d, thc 
four urtr;lds may bc combined and a single analysis 
for total uranium ma& 

ClZ.4 S l d y  Available Uranium 

This proctdurc is derived from a series of axnuion 
and churdcrintion p r d u r c s  dcnlopcd by Oak 
Ridge N u i d  Laboratory (Fm& et al, 1993, 
k c  md Marsh, 1992). Thc procedure ku ad been 
tuted in Lba;llory or field amditions, so tk e&aq 
of the method should be c n l d  prior to its 
a p p l i a h  to a spcciGc sitt 

CUA-I Using thc soil d u e  and bode 
from tbc M U  dc~cmimtb, add 200 ml of rhc 0.1 
M NaHCO, solution (PH 83) and 1 ml of 30%' 
H,O,. G p  the bottle IoOSety so that any prcyurc 
caused by rhc decomposition of the H,O, a n  bc 
d d  

U2.42 P L a  the bottle in a shaking mer bab at 
2593 and inabate for 6 h o u n  while e at 3 O f z  
rpm- 

W 3  
another 1-ml aliquot o€ 30% H,O, to the suspuubn 
and again cap the bottle loloscly. 

Aficr the 6rst 3 burs of incubah add 

.+' 
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Appendix D: Dnft Quality Control Procedures for Determining 
Environmentally Available Uranium in Soils 

D.l Background 

AppcoCir C of this report contains a dccailed 
p r d u r e  for the dctcrmiDatioo of cnvironmenr;lllv 
availaMe uranium as readily avaiiable, slowty available, 
yrry h v t y  avaibblc, or total available uranium. The 
methods recommended to complete thesc 
detenninatioas have been taken both from standard 
methods and from tbe ruulb of r w c b  being 
c o o d u d  Lhroqhout the DOE c o m p l u  At Lhis 
pobt. the recommended proadures  should be treated 
as dnff proccdura Their efficacy has not been 
laboratory or Gcld-tami. 

7\vo isrua that r t h c  to the quality of the data 
obuintd from thc method are not addressed in the 
p r d m a l  *.:?-up. F- the method docs not 
a h  OC procedures that must be implcmcnfcd to - the quality of the results being obtained 
Second. the method dncs not addrus umplc batding. 
Clearly, there are sig i f iant  Lime and cart sa+ 10 
be bad by analping multiple u m p l u  concuncndy, 
and thew savings GUY be realizrd without sauiliting 
the ability to asses certain aspects of the q d t y  of 
the results. 

&aft interim method for the determination cf 
cnvironmenlally available uranium. The recommendid 
procedures depend on the number of samples being 
anal@. Thc proadurcs are desped to auist in 
the determination of tbc prcdsion and accuracy of the 
data generated The p r o a d u t a  do not provide 
vcbida for ascsing the comp!dcness, cornpanhilit); 
or rcprcseDtuivencv of Lht satnpling. For 
information regarding thesc asputs, users arc direded 
to the site manager or ovcrzight officer t3 obtain 
informatim pertaining to a site-ddc Quality 
Assurana ?'!an, if such a plan d 

The draft interim method and .k QC protocob 
provide fcr only opeationaIiy dcfned fradions of soil 
d u m ;  asigwuen~ of specific phasu or soil 

fraction is based on theonticll dduaf ioas  and on 
a limited amount of field upcriena. Tk method is 
aocrlifiog laboratory a d  Gcld verifcrtion to mwc 
accurate pamay the s@c condition: uncia which 
k f c  uranium-karing phasu arc solubili2=d during 
the -&on procedurrs. 

fraccioru of bound uranium 10 azl opusriooally d e h d  

D.2 Field Duplicates 

The draft infuim method & for the co- of 
individual ramplcs of ;bout 15 kg i i ~  m a s  by 
approptia& meanr Tbc locations at 1 site from 
which s ~ p k  arc collcaed urd the means used to 

USrA are 
dirtcted to the Site Sampling Pbn. if ~ u c h  a document 
udsls. for guidance regarding appropMie proadurcs 
and protoads for identifying sampling lo~tioos and 
proper collection techniques. 
provide for the colleclion of sampks from both situ 
known or susputed to contain metamination, and a 
number of arus in arhich potential mnrlmirutian has 
b u n  " ' d  Tbc latter w m p k  are for the 
UtimVioo of local background W of uranium. 

Fklddupl ia tc  samples arc soil samples collected to 
help - the spatial variability of the amtaminant 
dirtn'bution Soil pro+= are koown to vary 
markedly on horizontal spatial scala of 1 m. Field 
duplicatcs arc collected to provide information a h u t  
the mapiiude of this type of variability. Duplicats 
should be colleclcd regardless of the samplrng forma& 
i.c, they apply equally to both individual and 
composite samples (as dched in Appc& C). 

collcct the samples arc important k u c s .  

The plan should 

Duplicate samples arc usually cnllecrcd by rcpcating 
the complete urnpiing procedure a a location 
approximately 1 m autsidc any dkturbd a n t  

The purpose of this appendix is to recommend c x t a b  
QC procrdures to bc used in conjun&un with Lhc. 

TI NUREG/CRdm 
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auoaiatcd with tbc primary sampling sirr Typically. a 
ptotocol is dcilned for dctcnniahg the ampass  
diredioo away from h e  primary site to ample for the 
duplicate. La coUcaing Geld duplicates, k is imprtant 
to repeat the e& sampling p r d u r r  Soils from 
h e  tvm sampling loatioos should not be commrngld 

O o a  colhed, duplicate sampla as 
-e, Ediridual samples, amrparabk to other 
routiac samples. 

' 

The number of Wd duplicaks to k -4 viuk 
depending on the total number of saxnpb to bc 
colltcld for the program. If ten or fcrcr samples 
an to be coUtx!cd, field duplicata s h o d  be c ~ k f c d  
for a minimum of 50% of the samplu L[ between 11 
a d  50 ~ p l a  M to k coUectd, thn the g a t =  
of S or 2096 of tbc samples sbould be cdk4ed in 
dupl ia tc  Lf 51 OT more samplts UT to be all-4 
then the grcafu d 10 or 10% of tk - p k  should 
be collcctcd in duplicate. 

Fdd duplicates are designed to &cain hrformatioo 
rrguding the spatial mriability of amrzlainsnt(s) of 
herut, both within localized areas and over the sitc 
as whole Pcrfannana of the anal* laboratory 
U not to be judged based oo the rrsultrobtliDed 

. from thcsc samples 

D 3  Sample Batching 

Thc grouping of sunplcs togdler into arnmoo 

the &deny of the analytical opcracioa by controlling 
weal batches is a commoo pncciac It increases 

the o u m k  of stmdards, blanks, drrpliam, and 
r c h d  Qc sampks that must be a d y d  arhile 
maintainiag the ability to  detcraine the 
q d t y o f  the rcsdls being O b t a i n d  

Depending on cht typu of samples bcig d y c c d  
and the goals of tht analysis program, tbcrr: are 
differcot criteria far determining how -plu should 
k batchcd. The user is refemd to tbc Site Sampling 
or Analysis Plans for information, if sud plans cdst 
Gurually, samples to be bat& togctba should ham: 
similar properties (c& lcvtk of uranium 
cootamination). In the abscna of 0 t h  infotmatioq 
samples can gcnezauy be batchcd by 4 typc, horiron, 
and gugnphic loation of colleclion 

Batch siu will vary, depending on a o m b c r  of 
facto= Howzvu, for MY given vries d proccdureg 
then should be a maximum brtcb s i 7 1  For the 
proaduru ducnbed in the draft interim method, 
inciividual batches should not CItCtci l.5 nmples. 
although &e maximum size will depend m the 
facilities available to the labontory. S d  batches (5 

samples or fewer) have difZcrcot OC protocols than 
do rouliac analytical b a t h  (6 to 15 runples). 

D.4 Preparation Duplicates 

k sods have bun collcctd and aucmbltd into 
analytical batch- a number of soil preparation and 
chplctuinticn operations arc to bc donc, induding 
d of coamc organic dcbris and pcbbles, 
dcauction of soil dods and aggregates, samplt 

and d w o n  of soil m o a  
pH, and or+ amteat A number of fadon rmy 
make it diffiadt to  obtain homogeoeorrs s a m p b  For 
cnmpl;  partkuy dcampased organic m a n u  may k 
too diffusc to rem- fmm samples and ye: mhcrcnt 

6 s v l r p b  may u p c r i m a  panicle& secpuaho 
daring shipping and handling. While careful midng of 
rmrplcs should *e the majority of sucb 
pmblups preparation dupiicata are suggtstcd as a 
mctm of thc effc&vureu of lhis p o h  d 
Ibc procedurr. 

. .  

@ to p m c o t  ea& sample mixiag. SimiLrty, 

Each batch of samples. rrgardless of size, should ham: 
a miaimum of two prepadon duplicatu. 

. 

D 5  Total Available Uranium 

D3.1 Standards, Blanks, and Spikes 

Sptcific uraninm analysis methob arc not mmdatcd 
by thc draft intuim method The methods used will 
d e p d  on the crpab- of the bboratory, the 
wed cooantrations of d u m  to be found in the 
s& and othcr fadon.  

In F e r a l ,  if a WctdcmiEal method is to be osul for 
each batch of 

m a n i a  as cootjined in the samples. The standards 
will be w d  to d i r a t e  the ipstniment at the 

one reagent blank and thra 
*tal standards will be prepared in the same 

b+oaiog of thc analytical 'mq' ooc of the Lhrce 
stlnkrds or blanks will be analyLcd h e r  cvery 
smu& sample, and the awrrpletc suite of 
stdardsfilaal will be anal@ at the end of the 
h c b  The standards,inlaspascd throughout the ~ 1 1  

I .  

1. II T' i 
t .  
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Appendix D: D d t  Quality Goad Prococok 

D322 St.~dudMdldooa 

Sampln S ,  and S,  arc prepared as standard additions 
for &e soil sampla  The purpose of thcsc samples is 
to detaminc whether anaIytical i n t c r f c r w  Lhrough 
either quenching or signal duncement. art arising 
from the soil  solution^ 

Sample Bo is the combined s p a  s o l u h  blank It 
is indudul to provide csimata about r rcov~ry  
pcrantiges and the stability of thc two aridation 
states of d u m  in the exfrauion s o l U t i c m L  

aod those at the end of the run are included to 
cnnhrm instrument sfability. 

DJJ2 BlanL, 

In addition to the reagent blanks d c s a i i  in Sedioa 
D5.1.1 the analyst &odd prepare p r d u r a l  bbnks 
by numirig I sequence of the rcagents through the 
m c t i o b  proadurc in the ahsene of soil. 

If the analyst is ruoning a und batch (g samples), . 
ooc procedural bknk must be wmpletkd. If a roulinc 
batch is bciDg NO (5 c N c LS), then a minimum of 

pmadural blanks should be included. 

DJ.13 Sgkrs 

Spilcn arc the 

Sections C6.10 and C6.11) Because thesc solu~opr 

amantzitions of toul d u m  be conhrmed for each 
solution. 

or U o  solutions that arc used 
in Lhe prrpurtion d samples labclcd SI Of s, (see 
arc prrpued frtsh prior to usq it is essurtial that the 

Prepare scpar;rtt bocllu of the two spikes by diluting 
200 ml of each spike with 93 d of distilled w a t u  
and 5-0 ml of wnantrated H a  Ruo these solutions 
through the entire *&on sequence, and determine 
tht cooantration of uranium in cach spiking solution 
Each spike should have approximakly 100 -si of 
uranium per y m p k  

S p k  s a m p k  should be p r e p a d  wnarmrrlly with 
the SampLS If changes in the coaaamtions lrirt 
buause of p r o a g c s  amning during the holding of 
samples, this inucaws the probability of king able to 
d c t w  the dmqu 

DJZ Samples and Standard Additions 

D J U  Saa~plu 

Routine samples prepand aard ing  to the draft 
interim mcthod are labeled .So.’ During a n o d  
weal run, the analyst is directed to m-we 
uranium concclltntioru io six routbe samples m4 for 
the seventh sample, to q e a t  the adysis of one of 
the previous six s m p k  In sel- a sample for 
r e p a t  analys& the analyst should attempt to select 
samplu irom different relalive positions wilhin the 
group [for exampic, b e  re-analysis of the third samplc 
mry time &odd be avoided.) The purpose of the 
repeat anal* is to provide the laboratory p c ~ o t ~ ~ ~ l  
the opportunity to identify potential problems. 
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Sampla S,,  S,, and B, should k run for dl ~ p k  
if the analyst is warking arhh individual soil samples 
or with s m d  btchcs ( i i  the number of wmplcs is 
I c u  than or qual to 5). If the is I 
routiDc ba~ch, the analyst should pi4 randomly, five 
samplts for which standud d d i t h ~  (0 bc rue 

D.6 Distribution of Oxidation States 

If total available uranium ConCcDhations c x d  the 
l a m r - l i m i ~  Aaon M but ue lowu tbur the 
Upper-Limit A&on LcKi the d c  0- h 
stvcr;rl options including paforming a 
of uranium addaticm states, or mwiag d h d y  to tbe 
determination of rudily anilrblt, sl0w;y a d 4  and 
wry slowiy available uranium. If the sile opembnx 
choosc to perform the o x i d a t i o n ~ e  Lhey 
should m i c w  this d o n  0thcz-k~ they arc 
d i r d  to skip dirculy to Section D.7. 

D.6.1 Standards, Blanks and Spikes 

The prurdures dcscrbcd in W o n  DJ.l ~lf diteaty 
appliabk to thcsc analysts The anaiyst is dirrcted 
to fcllov those proadum for this portion of thc 
= a w  

D . U  Samples and Standard Additions 

The pm.-edurts desaibcd in Section D52 arc d h d y  
applicable to thuc d y s u  The analyst is directed 
to follow those p r o d m  for this portion d tk 

. .  

d y r i r  

D.7 Readily Available and Slody 
Available Uranium 

The determination of readily available, slody 
available, and very slowly available is mandated if tbe 
totll available uranium aonaalrations arc grrrta tbrn 
the Iawu-Limit Adha kvd, but k than thc 
Upper-limit ,\&n kd, AND the oxidation state 
dctumimion iodiatu  that the q w  of U(vI) b 



Appcodix D: D a f t  QuaIity Control Protocols 

the upld Qcccds the hwtr.Limit Action Lcvcl. In 
additios the site operator may elca to initialt this 
suics of +a3yscs to h e r m i n e  the operationally 
defined huions of soil uranium d i ~ d y  after 
c ~ m p L t i o n  of the TAU analysu This dcdrion 
negates tbe rtquircmurt to compkte the oridation- 
slltc ar+is desaibcd in Sedion ClLT 

D.7.1 Standards, Blanks, and Spikes 

Tbc p m c d w t s  dtscnkd in Sedion D5.1 are dirtdfy 
app6abk to these rnaJysu Tbe is diredcd 
to ldbar those procedures for this podon of the * 
D.72 Samples and Standard Additions 

Tbc pmccdurcs d b c d  in S d o n  D52 are d i r d y  
a- to thesc d y s c s .  The analyst is directed 
to L O h w  thosc p r o a d m  for this portion of thc 

DS Very Slowly Available Uranium 

V a y  rlooAy rv*ikblc uranium is determined by 
di&rcna bctwcen th: total a d a b l e  uranium 

cooccntration and the sum of Lhe conaneations from 
b e  other fraaioa Because this docs not involve a 
spculic analytical proccdwc, no QC rquir,mcnts are 
outlined for Lhis determination H m r ,  analytical 
laboratories completing &e of the otbcr 
fradions are cncouragtd to compute the VSAU 
fraction for all samples. The relative contribution of 
this hction to the total available uranium &odd 
show a condscnt pattern across the sample 
population, and in all cases the value for this fradion 
should be positive. 

D.9 Summary 

n e  levcls of oc sample analysis being suggested by 
this appendix are srriacr than thasc of mast an+d 
programs. The motivation for this a k s  out of the 
a n a m  that uranium chcmisey can be scnsitivt to a 
range of conditioq and, given the early stage of 
development of this interim proacdure. tbc additional 
burden of QC is not only jrrrti6ed but 
asurc the analytical kb0r;rtoxy and b e  sttc opuat~r 
that no uocrpectcd in;erferencu or related problem 
a r k  during the preparation aad analysis of s a m p l ~  

to 

2' . 

p' . .: 
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Appendix E: Aqueous Complexes of Uranium 

The .tc.ched Lists prcscnt the hm or ~ c d  
4 u m u  c o m p ~  of uranium. The compluts are 
p-td by nuja amrdhting ion(s) and, within 
each lktiq arc presented in order c?f increasing 
oddation state. 

For most arhpll -ten, the only stable 4umus 
c o m p l u a w  be thmt of tbe uranyi ion PO]. 
Otkr  species exist eitha m d l y ,  or, in the c ~ s e  
of cnt.in UrMoUI W O ]  rptcics. under amditiorts 
thrt Ilt Uypial  o f &  systuns fa example af pH 
dues ltyl thrn h u t  4.0 or 

Dominrnt species in nafuraJ w- which in mast 
GKU will bc a spuies derived from the uranyl ion, 
will depend in large part on the pH md major and 
minor ion composition of the wta. Unda most 
om- halide ion, uitmgea (ammonium or nitrate) 
;on. p h o u p h q  and similar compluu 
andhltc trivial hcriopr of the tozrl disohed 
uranium spuio~ More armmonly, the rquoions, 
cadmute cannplacs, ad, LO a lcsscr od& thc 
sulfite and oqpnk a m p l u c s  WiU dominlrl.. the 
aqucous s p i e s  of uranium in natural WQS 
H o a r c ~ ~ ,  beuw the a h l u t e  and rchtivc 
abund.nas of these species are dependent on many 
facton, it is iDnppropriatc to suggest that any s@c 
subset of species will dtscribc the expcc~ed spedation 
in any g k o  wmplc  

In h e  Lisls that follow, the uranium complcr is Liud 
in the frst column, the oxidation state of uranium in 
the compla is k e d  in sccond column, and a number 
corresponding to a refmega at the end of the d o n  
that c o n k  hythu data about the compla is listcd 
in h e  thtd column. 

than 11. 

L+ 
UO" 
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UBr’ 
U B r T  
UBr,’ 
UBr; 
UBr,’ 
UBr,* 
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Mtrqen (Nifrate m d  ).rmodom) Corn- 

Si l late Cornplaa 

P w l b f c  Soil 0- Complau 

Formic 
Acetate 
Propanoic Acid 
L a c t i c  Acid 
llandelic Acid 

Malonate 
Oxalate '. - 

.<: , .i 1 :  < 
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Xathyl Xalonic Acid 
D k t h y l  Malonic acid 
Succinata 
nalaic Acid 
Phthalic Acid 
=A 
Eydroxyacmtic Acid 
Mmrrclptoacatic acid 

000092 
2; . 

< -  

(3) Wannu, H. and I. Forest, chunicol 
lkmm+mm;U of Umaiwq V d  I, North 
Holknd WI,  ?I- Y&, 1992 

(4) Kryner-Schmb4 U, H. B;saOrf R H. Xi and 
G. Mux, Solubility Frcduds and Complex 
F o d o n  E q u i l i  in h e  Syrtcrm Uranyl 
Hyikaridc and Uranyi Cadmute U T  and 
I=O.1 M.' - ~cro,  5 ~ ~ 1 4  ism 
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Appendix F A Solubility-Ranking System to Describe the Relative Availability 
of Major Uranium Minerals and Uranium-Bearing Soil Phases 

F.l Background 

The purpasc of this appendix is to V n t  the 
approach chal M investigated as a possible 
c l a d h i o n  d u n e .  %lub&tf can bc 
conapcrraltzrd in a number of mmyl Solubility has a 
thcrm0dpun.i~ inttrpruatioq in which one can 
cstim& the conantrahm of uraniup in quiLirium 
with a solid p k  if & solution puuncten. such 
as pH, pc. alllllin;ty, and sulfate conanttatiorq are 
known. In contray Kdhwarf (1980) cmployd an 
:mpLical. kinetically bascd delinition for solubility. 
%lUb& p h e s  were thau that rcadcd quidly to 
diwlvlc in vatu, rcgardius of their actual. 
thena-czlly dew solubility. This results in 
some apparen! contradictions between the two 
.system For example, in a soil cnviroamcn~ uranium 
tctxtflnoride is thermodynamically unstable. That iq 
in an oxidiing &aatc-rich cnviroamcnl. it should 
spontanmusly convert to some form d a uranyl 
mbona~c Howsvcr, tk phase is slow to transform 
beclusc of kinetic ~0nrtr;rint.s on the oxidation from 
uranous to myt Therefore, this highly unstable 

of the downcv of the readion 
phasc is dauified as 'Y by Kalkwarf (1980) because 

In spite of this apparent limitation, the solubility 
ranking sptcm m p r u a x  is primarily 
thermodparmcally based. Considerations arz made 
for fauors such as w h c k  redox reactions arc 
invow bu the system bzs S m r e  limitations beausc 
oi a hck of soli4 kinetidy based information on the 
e l a t i n  rata of reactions of difjercnt d u m  phases. 

. .  
For h i s  ruson, wc lnunpc to divide the c h d a h o a  

ma for h m  soil p h z q  but we a d  making 
rged6c 
a no dafa arc anilablc 

along liner thu arc based rn Lnowicdgc of h 

for the many phsca for which lialc 

F.2 Methods 

Ncn, for uch phue.  the readion d formation m 
written out in terms of the major onnponents d the 
m i n e d  We then tlbuktd dl the nonunnium 
spedc j  invohd in the ~ d i o u s  of f o d o n  For 
each of these spedcs an wed 'reprcscntrtid soil 
water a & v i t i u  Thue values slrtrc based on a 
consensus agreement among the goup munbux The 
spcCia and their 'reprrscnlativc' adivities are ked in 
Tab& F 1  

Then, an: ranked :he rdatiVr: solubility of uch mineral 
by d m a t i n g  the uranyl ion adivity that would bc in 
quilbrium with & a ~  phzsc (assuming oxidation of 
U O  spcda], using the component ion adivitier 
listed in Table F 2  It is critical to r- hat this 
is not a rigorous computation The effects of 
speciation and ion complexation were not cOnridu+d. 
ncr wis the probability that, i many awg dw, 
more sfable minu+lr would bc forming spon-usfy 
in the p m a  of the listed phasc. Nonethck  h e  
p ~ d u r c  d w  provide an &ate of Lhc re* 
solubiitieS of the different phses .  Ruultr from Lhue 
computations are listed in Tables F3, F.4 and FJ. 

F 3  Results and Discussion 

As already indicated, results from the computations 
are given in Table F3. The seven sp ie s  in Table 

provided a solubility ckssification. [Note Lhat 
KalLwdlf (1980) gavc a dassification for ammonium 
diur;matc - (NH,)2UI0, - rather tbao for sodium 
diuranate, the spcC;u b e d  in Tablc F.l. The 
IbUNTEQ databasc did not have a d u e  for the 

F3 are thost spedcs for which Kaharf (1980) 

ammonium p- 50 rht soditim phase data are 
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7.237 
1.842 
2 - 659 
2.283 

51.749 

H- 
e- 

re” 
K- 
ws” 
m- 
Na’ 

13.896 
44.448 

-17.524 
-16.0872 

Ba- -9.0 
cq’ -6.5 
c.” -2.7 
cub -8.0 
r- -7.0 . 

-8.0 
-3.5 
-3.0 
-7.0 
-1.8 

-10.5 
-10.0 

- 2 . 7  
-6.0 

-10.0 
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7514 

-17.536 
7.237 

-7.708 
-22.591 

38.271 
8.95 
6.086 

87.536 D 
6.763 D 

-6.292 D 
-6.9045 48t-D, 528-Y 

19.119 
-6.95 

-10.70 

Y 
Y 
Y 

c 
r i:.. 

F.4 Snmmaxy and Recommendations 

F5 References 
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cp 4 5 

D-achorpitr 

8-autunite 
Sr-autunita 
D-8ChapitO 

p u 8 O n 8 i t O  

r u t h o r f o r d i n r  
t o r k r n i t e  
Ormophano 
Oraaiphitr 
D-8chorpitO 

a u t u n l t o  
I(-autunite 
Na-autunite 

c a r n o t i t e  
o o d d y i t e  

hawseite 
tyuyununite 

-17 .S36 
7 .a37 

-16.0872 
1.842 
2.283 

2.659 
-15. 005 
-10.403 

-8.639 
-8.31 

44.682 
-7.372 
-7.708 

-22.S91 
44.440 

-6.724 
52.433 
49.979 
44.457 
-6.206 

14.434 
44.964 

-17.524 
51.749 
-5,1026 

-5.097 
- 5 .  0163 
-4.833 

44.099 

43 ..927 
48.244 
47.409 
-0.512 
-0.5 16 

6.329 
-3.521 

-14.03 

17.536 
6.713 

-1.3564 
-1.842 
-2.283 

-2.659 
-3.295 
-3.597 
-5.361 
-5.69 

-5.841 
-5.928 
-6.292 
-6.9045 
-7.224 

-7.276 
-7.433 
-7.4895 
-7.7285 
-7.794 

-7.934 
-7.982 
-8.188 
-8.3745 
-8.8974 

-8.903 
-8.9837 
-9.167 
-9.785 

-10.0495 

-10.1135 
-10.122 
-10.4045 
-12 -394 
-13.984 

-14.7145 
-14.8895 

? 
1 
D 

488- D, 528- Y 
? 

D/W 
? 
7 
7 

D/W 

D 
7 
7 
7 

DIU 

Y 
Y . .. 
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m, 38.271 J9.729 
D4 (-1 8.95 -6.95 
Ninpyoito 63.496 -9.796 
aA 6.086 -10.70 
Urrainito  13.896 -11.896 

U S b  39.642 -11.9105 Y 
Coffiait-9 16.993 -12.293 Y 

I 



i 

m, 38.271 19 -729 Y 
04 (-) 8.95 -6.95 Y 
NinqyoFto 63.496 -9.796 Y 
OA 6.086 -10.70 Y 
Uraninite 13.896 -11.896 Y 

U.a, 39.642 -11.9105 Y 
Coffinit. 16.993 -12.293 Y 
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Nlar ForrpoL Rdaeac 

Mmrnat hy l t m  XUO2AmO4*3H20 
Aprlnl~rlt. (~,~a,Sr)(U02)304*4H20 
Andormonit. Na2Ca(UO2)(CO3)3.6820 
Ankolmito-mmta (Xl.7,BaO.2)(002)2(~)2.6820 
krmonururoopathltm RAl(002)4(AsM)4.40820 

hrmmnuranylltm-ea ’ Ca(002)4(Am04)2(08)4*6Fl20 (1),(3) 
Ashanite (Nb,Ta,U,Io,Xn)408 (1) 

Autunltm--C. (Ca,Sr) (002) 2 (FQ4)2*10.6RZO (11, (3) 
Autunltm-C.-amta Ca (002 ) 2 (Po4 ) 2.6820 (1) 

Ammmlbornito (Pb,Ba)(UO2)6(BlO)4((A~,P)04)2(OH)12*3a20 (1) 

Autunltm-Ca-omaudo (830)4Ca2(002)2(POI)4*5820 
AutuGitm-8 ( m y n )  E2 (002 ) 2 (a) 2.8Fl20 
Autunite-la Ra2(W2)2(901)2*8820 
Bammmt l t m  r.(uo2)2(POI)2.8R20 
Bauranoito BaU207.xE20 

Baylmyitm 
Socqumrmlltm 
Borgmnitm 
Sotaf It* 
Botaf it** 

Bljvootltm 
Billiotltm (myn) 
Boltuoodltm 
BoltwooditrNa 
Brannarito 

Brannorite-ortho 
Calciourmoltm 
Calcionruzoite-meta 
Calcurmolitm 
Cunotitm 

choralltm 
c l u  km it 
Cllifordlta 
Coconinoltm 
Cof f inltm 

cofflnltm, yttrian 
canprmlgnacitm 
Couminltm 
Cupromklodankite 
Curlmnlto 

1032 (002 ) (CO3 ) 3.18820 
ca(U02) 604 (OR) 6.8820 
Ba (002 ) 4 (FO4)2 (08)4.8IDO 

(Ca, 0) 2-x (Nb,fl) 2 0 6  (OR,?)  1-z 
(P,cA)(Nb,Ta,Ti)OB.rrHZO 

( L n ) 2 ( ~ 0 2 ) 4 ( C 0 3 ) 4 ( O F I ) 6 . l l a Z o  
Ba( W 2 )  604 (OR) 6.8820 
K(B3O)U029104*R20 
(Na, K) (830)002S104.820 
UT1206 

~ ~ i 2 0 6  (OH) 
CaU207*11MO 
(Ca,Na, Ba)U207*xH20 
~(002)3(XoO4)3(0E)2*8820 
x2 (002 ) 2 (vol ) 2 . a 0  

(Ln,Th,Ca,O)(P04,SlO) 
(Ra,Ca,Pb)202(O,OR)7 
UT0309 
(IO,Al)(UO2)4(PO4)2(S04)2(OE)*22H20 
usiw 



Curitm 
Daviditm 
Dmsmawkeritm 
Dorr U a i t m  
D I v i n d t  it. 

Duarontite 
Iourmuimritm Pb040134H.20 
ItUc.vlllitm-B& ( S y n )  Ba(UO2)2V208~SH20 
It ittchm it. 
murongite A113(U02)7(P01)13(OH)l4*S8870 

Pb2 (002 ) 3 (PO4 ) 2 (OE) 4.3HZO 

l4n (U02) 2 ( W 4 )  2.4H20 

Criumlitm (syn) 11311.002 (W3) 3.820 
Cuillaninite Bi(W2)3(~)4(S.o3)2.3mo 
G u n r i t e  w3 (-1 
H a i m i t e  ca(002)2S16015.5E20 \ 

Firllinrondite (ryn) Pb2(002)(A#M)2 

Ba(002)2(AaM)2~10820 
Ba (002 ) 2 (-04) 2.8830 
Pb2(UO2)3(Aao4)2(OE)4*3mO 
002.833.2820 
0 ( H e )  2 (OH) 2.2820 

.. 

Cu (U02) 2 ( S a )  2 (OH)2*6820 
(002 ) C03*2R20 
?e (002 ) 2 (A.04) 2.12E-20 
?m(UO2)2(Am04)2*8gZO 
Pb (a02 ) SiOI*CnO . 

Johannite 
Jol iot  i t a  
Kahlmrite 
Kahlerit.-mrtr 
Kawlfte 

Kirchhrkrit-ta 
Kivuite 
Lagmrao~nito 
L i u d r r t i t e  
L i a i g i t m  

~o(002)2(Aa04)2*8810 
(Th,C.,  Pb)R2 (00 2 )4( PW)2 (OH) 8*7H20 
~am2(002)24(CO3)8Si4012.60E20 
U (Nb, Ta) 208 
Ca2002(a)3)3.1OB20 

Zn (002 ) 2 (A004 ) 2*10E20 
(Ca,K,H30) (002)2(VM)2.H20 

Cu(002)3(3.03)3(08)2*7H20 
Pb-p63-B20 

C.2 (002 ) 2v208 

Pb(002) (Ta3)2 
U4no7032*20H20 
UnoSOl8.5H20 
A l (  U02 ) 3  (PO4)2 (08)3*5.5BZO 
C.0(P04)2.HZO 

i -., 

i 



Novacokit0-2OA (*p) 
Nwacrkit0-22A (0p) 
Novacafito-mmta 
OuroFnito 
Puamchoepito 

Pumonito 
Pat8chackite 
Phoophurmylito 
Phuralumito 
P h u r c a l i t o  

Prthovalmkita (syn) 
Pytochlorm 
R A b b i t t i t .  
R.arault*  
Rurunculito 

R . u v i t t C .  
R a n u d i t o  
R i c h o t i t o  
Roubault it. 
Ruthorf ordin. 

S d h l g a l i t .  
S a l m l t .  
S a y r i t o  
Schmittor i t a  
Schoupito 

S k l c ~ d ~ ~ m k i t o  
s o d d y i t a  
S p l n i t r E  
S t r m l k h l i t .  
S t u d t i t o  

Xg ( W 2  ) 2 (A.04) 2.10820 
Xg(002)2(Am04)2.12820 
ng(UO2)2(AsO4)2.8E20 
(630) 2 (Co, Mg) (002) 2 (SiO4) 2.3820 
W2.86.1. SE20 

Pb2 W 2  (PO4 ) 2-0 

CA (UO2) 3 ( W ) 2  (OH) 2.6820 
Al2 ( W 2 )  3 ( W ) 2  (08)6.10820 
Ca2 (002 ) 3 (W) 2 (0E)J.IEIZO 

mO(Nb,T.)208 

Pb(D02)2(W)2*2CIIO 

Ca3lQ3(U02)2(a)3)6(~)4*18820 

hl(EUO)(U02)(~)(06)3*3810 

(Ra,ca,0)2(#b,T.)206(08,?) 

nca (002 ) 608.9EQO 

ca (002)  2V10028.1€fIZO 
Pb (W2) 4 (PO4) 2 (08) 4.7820 
0-Pb-0-620 
012 (uo2 ) 3 (08) 10.5810 
002 C03 

EA1 (DO2) 4 (Po() 4.16820 

Pb2 (002) 506 (08)2*4IPO 
002T.03 
a03.2820 

ng ( ~ 2  2 (-1 2 * m 0  

003.2820 
IaC.3 (W2 ) :a) 3 (S04)?*10810 
U(-)2 
-2 (1102 ) 2V208 (08) 2.mo 
C. (002) 6 (CO3) 5(08)4.6810 

big (W2)2 (Si03m) 2.5810 
(002)2 (si-) *282O 
(002 ) ~kdW*4870 
Ral(W2) 2~208.6820 
004.4X20 

U04.2830 
W 6  (W2Si04) 6.30R20 
cl)(g(W2) (C03]3012fIZO 
(U,?o,V)(Ti~Sn)206 
(Th,U,CI) (9101) 1-8(03)4~ 



Thorutitm (Th,0 a) Ti206 
Thrmadgoldita A1(002)(P04)2(OH).8HZO 

. Forkmite cu(W2)2 (M) 2.WO 
forkrnitr-arta Cu(002)2(Fa4)2.8HZO 
TriMgUlitm A13(U02)4(P01)4(0E)5~S820 

f r i e b - i t a  (C.?U) (P04).2870 
Troquit. 
Tpyaumnite-Ca ca ( W 2  ) 2v208.8820 
T’pyrsunltm-canta 

002 (002) 2 ( -04) 2.12m0 

ca (002 ) 2 ( rn) .xBZO 
Umohoitt17A UO2noOl.4BZO 

u- #2 U-Wb-0 
ulummod I12 003-si02-ii20 
UMrnWd I13 3U03-2503-9H20 
U n n M  I3 003.820 
unnrrwd I1 C.-Pb-0-A.01-870 

C a - U - S i 4 . E 2 O  
(Cat Sr) 2~023.108.20 
0 - S f 4  
Pb-0-V-0-H20 
C . - ~ P b - I e - ~ . x E 2 0  

unnumd #e C r - ~ U - s O r  
0- 19 ca-0-VM-€ao 
onnumd #I1 BaO-W2-Am20S 
Upalitr 
Uruphite (myn) (m4) (W2) (pO1)*3R10 

A l ( W 2 )  30(m) (PO4 ) 2.7870 

Urminitm 9307 
Urminitm 002.25 
Uraniaite w 2  

Urmoc Frc it m - w t  a 
tlrlbocir&m Ea( W2)2 (Po4)2.10820 

Eat W 2  ) 2 (W) 2.6820 

Urwircitm-mmta 
Urraophurekta 
Urumpillte (U02)6SO4(OH) 10.12820 
Urlooepathitm EA1(002)4(POI)4.40820 
Uranompha.ritm Bi20209~3820 

B. (WZ ) 2 (PO4 ) 2.8B20 
C. (1330) 2 ( W 2 )  2 (9101) 2.3820 

Urmoepinttm ca (002) 2 (M) 2.10810 
Urano.pinlttl7A-B.ta ( m y n )  Ca (002 ) 2 (Am04 ) 206H20 
UrMorpinltt9A-nwta ( eyn ) Ca ( W Z  ) 2 (A- ) 2.8810 
O r l o o e p i n i t t l a  ~a2(tlD2)2(A804)2.S820 
Vrmpyrochloro (Uv C a e  Ob) (Nb T.) 207 

Yl 
. 5-2 
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Urmilita X42 (U02 ) 2915016*9H20 
UVMita U2V602 1 el 5820 

Vcmdandriarmchaito PbU7022el2BZO 
Vamemrmrchaitmta 

V.admb_r.nda ita CuU04.2Ef20 

U(U02) 3 ( W) 2 (OH) 6.2810 

Vmmmaarmmchaita tJ(Uo2)3(W)2(08)6.4810 
VanuralitcZU Al(UO2)2vt~(O8)~llE20 
vUlUSalit8-Al-0.ta 
Vmuralitc-8 (830)(U02)2V108.3.6H20 
Voglita 

kl(002) 2 (VOI ) 2 (oe) *e810 

WCu (UO2 ) (CO3 ) 4.6H20 

Walpuzgitm 
W - h i t .  
Widammnnitr 
Womlmandorf ita 
Wprtite-17A 

Si4(W2)(A.01)201*3830 

Pb2W2 ( a 3  ) 3 
(Pb, Ca) ~Z07.2820 
CI-U-C03*BZO 

IC1 (002 ) 2 (si205)3*4820 

Wylrtitr2lA C.3U7C2022 (OH) 16.4E20 
ZallarittC. C.002 ( W 3  ) 2.5810 
2,mllarit-ta ( m y n )  Caw2 (CO3 ) 2.3F120 
Zeunerita Cu(U02)2(A.O()2~16E20 
Zeunorita-mmta Cu (U02)2 (A.04 ) 2.8820 

Zippoita (U02)3(S04)2(0H)2.8820 
Zippmita-Co (myn) Co(UO2)6(SOI)3(0fl)10~16820 
Zippit-K 
Zippitcng ng(w2)6(S04)3(~)10.16BZo 
Zippita-Ra ( m y n )  Na4(O02)6(W)3(0H)10~4E20 

K 4  (002) 6 ( W) 3 (OR) 10.4820 

tipprit-Ri (.yn) Ri(W2)6(s~)3(~)10~16820 
Zipmito-Ln ( m y n )  tn2 (002) 6 (304)3 (08)  10.16820 
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0. SJWLEMEMTAW W f E S  

1.L .SI IUCTOB-er l  

This report review8 existing approaches to determine their potential for assessing the environmmtal avdlobikv 
(i.0.. aqueous rolubilitv) of uran?Jm in bulk soils or sediments. Direct empiriul appmaches ttut involve 
extractions by rqueous solutions provide estimates of the solubility of operationally defined componcms. 
Attbmately, indim approaches based on adwncad instrumenol fschniques can be used to identify 
forms of udnium; the contribution of each form to the solubility is then inferred from geochemical equBrium 
and kinetic models. At present, the direct empirical approaches am more likely to provie useful estjmams of 
emironmentally available uranium at reasonable costs. For the lonq term, we recommend de-mem of a 
flow-cell procedure that incorporates diuolutiomte information imo the assessment of e n v i r m t a l  
avdlabilii. In ttre imerin., we recommend development of a batch wet-chemical procsdure based on a 
combination of standard and nonstandard nwthqds. Both procedures require Labomtory tsrting 2nd corrdath 
with field data befOrs being usad for regulatory purposes. Last!v, we hrve tabulated titerature d m  on the 
apueous complexes of uranium and major uranium minerals, shown that the environmental avaiWlity o f  
&um cannot be pndined from thermodynamic solubility data alone, and compiled a list of iabaatorhs 
capable of performing cwironmental avaifabilii determirutions. 
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