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Abstract

Soils and sediments contaminated with uranium posc
certain covironmental and ecological risks. At low to
moderate levels of contamination, the magnitude of
these risks depends not only on the absolute
coocznlrations of uranium in the matenial but also oa
the availability of the uranium (o drinking water

. supplies, plants, or higher organisms. Rational
approaches for regulating the cdean-up of sites -
cootaminated with uranium, therefore, should consider
the value of assessing the enviroamental availability of
uranium at the site beforc making dedsions regarding
remediaion. The purpose of this work is to review
cxisling approaches and procedures to determine their
poteatial applicability for assessing the covironmental
availability of uranium in bulk sous or sediments.

Eoviroamental availability is a complex issue involving
not only solubility, but also factors such as particle
size, kinetics, and the geochemical cnvironment in
which the matenial is reacting. As a result,
assessment methodologies can be desigued to focus on
any of a sumber of specific aspects of uranium
chemistry. For example, there arc apalytical methods
for total uranium, for uranium oxidatios states, for
uranium solid phase spedation, and for the differcnt
isotopes of uranjium, Each addresses valid issues
rclating to environmental availability. For this project
we bave sclected aqueous solubility of uranium as the
surrogate {or estimating availability.

Two major casses of approaches could be used in this
type of assessment. Direct empirical approaches
provide cstimates of the solubility of operationally
defined components of a soil. The procedures involve
cxtractions by aqueous solutions of various
compositons. Alternately, indicect approaches can be
uscd to idenlify speafic forms ur phases of uranium;

the coantribution of cach phase to the solubility is
inferred from geochemical models based oa
thermodynamic and/or kinctic data.

For the present state of the technologies, direct
empirical approaches are most likely to provide useful
estimates of environmentally available uranium at
rcasonable costs. The indirect methods offer a range
of information £at obtainable using the cmpincl
approaches; however, costs, availability of the
measurcment hardware, and uncertainty regarding the
interpretation of the results currently place these
technologics more appropniately in the realm of
research tools. This situation should be re-evaluated
periodically,. We recommend testing and development
of a wet-chemical procedurc based on a combination
of standard and nonstandard methods for an inlenm
procedure, We believe that, eventually, methodologies
must incorporate kinetic data as a cruaal part of a
rigorous asscssment. For this reason, we recommend
the evaluation of a flow<cll wmethodology for
incorporaton into an approach that would use kioetic
information in the determination of environmental
availability. Both the interim and rigorous procedures
require laboratory testing and correlation with ficld
data before being used for regulatory purposes.

In addition to making the rccommendations regarding
mcthodology, we bave tabulated data from the
literature oo the aquenus complexes of uranium and
major urapium mincraly, examincd the possibility of
predicting environmental availability of uranium based
oo thermodynamic solubility data, and compiled 2
represeatative list of analytical laboratories capabk of
performing covironmental analyses of uranium in sous
and sediments.
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Executive Summary

Soils and sediments contaminatcd with uranium pose
ccrlain environmeatal and ccological risks. At low to
moderate levels of contamination, the magnitude of
these risks depends oot only oo the absolute
conceatrations of uranium in the material but also on
the availability of the uranium to drinking water
supplics, plants, or higher organisms. Rational
approaches for regulating the clean-up of sites
contaminated with uranium, therefere, should consider
the value of assessing the covironmental availability of
uranium at the site before making dedsions regarding
remediation.  The purpose of this work is to review
existing approaches and proccdures to determine their
fXential applicability for assessing the environmental
availability of uranium in bulk sods or scdimeots.

Concepts

An uoderstanding of three concepts is enitical to
assessing the environmental availability of uranium in
solls and sediments. The first of these is
“environmental availability itself. We define
coviroumental availability with respedt to uranium as
“the ability of a soil to supply uranium to organisms.” .
Because the major pathways by which uranium moves
from the soil to organisms involve an initial
solubilization step, we can implement the definition of
environmental availability by considering “the ability of
a soil to maintain an aqucous conccotration of
uranium in the soil solution.” Environmental
availability can be described in terms of two primary
paramecters, capacty and intensity, Capadity describes
thbe mass of uranium in a soil that can eventually
become soluble. Intensity describes the amount of
wraaium that is soluble at any particular momeot, ic.,
the aqueous concentration of wranium. Although
capaaty is more casily measured, inlensity bas a
greater beaning on ¢ovironmental availability because,
to a largg extent, it is the concentration of aqueous
uranium that determines how much is taken up by
organisms. From the standpoint of risk assessment,
we are interested in the limc-resolved inteasity of
uranium, i.e., what aqueous concentrations of uranium
will be maintained by the soll over a certain time.
Thus, a determibation of e¢avironmental availability
requires a conceptual model that correlates casily
mcasured parameters (e.g., capacitics) with bascline
obscrvations of aqueous uranium concentrations in
ficld soils (c.g., intensities).

The sccond concept critical to assessing covironmental
availability is that of correlation. Correlation involves
cvaluating any opcrational measure of availability, such
as extracted concentration, mass, or kinclic data

obtained from soil extraction proccdures, and
interpreting the results in the context of other data
describing a particular soi or sediment. The
correlation is used to obtain an overall estimate of the
expected aqueous concentration of uranium present in
a particular eaviroomental situation. Examples of
data other than immediate uranium concentration that
arc considered in the correlation process include
ramfall patterns, temperature regimes, soil pH, pooas
iron oxide cootent, organic carbon content, texture,
mineralogy, aad hydraulic conductivity. Several risk-
based objectives can be pursuzd for the correlation.
Each of them requires the parumeterization of a
mode] that takes into account important factors
coatrolling solubility or availability of uranium in soils.
This correlation model serves as a useful guide for
sclecting the most important cavironmental parameters
to be mcasured and for assessing risk levels assocated
with differcat degrees of remediation.

The third key concept used in the context of assessing
covironmental availability is that of a dedsion tree.
Quite simply, a dedision tree is a prioritization of the
steps required to reach a remediation dedsion. At
somc¢ point a decision mus: be made to remediate or
to take no action, based on the-assessment of
covironmeatal availability that is made. The criteria
on which the decision is made must include both the
resalts of a soil uranium asalysis and their
interpretation in terms of a correlation model that
takes into account the other factors influcndng
covironmecatal availability. For example, if one were
to compare 1) a sandy soil on a flood plain in a
humid zonc with 2) a claycy soif on a platcau in an
and 2oae, cach soil baving the same uranium
analytical results, clearly the first soil would pose a
graater covironmeatal risk and require remediation
before the sccond. The important point to remember
is that the dedision tree approach offers a redpe for
making remediation dedsions, but the criteria
.cmployed must bave sound technical bases that take
into account factors other than the immediate
analytical concentration of uranium.

Forms in Soils

In wranjum ore deposits, the most common forms of
uranium arc in the reduced and mixed oxides
(uraninitc and pitchblende), silicates (cofTinite and
uranopbane), uranothorite, and various phosphatc and
vanadatc mincrals (autunile serics, carnotite). In soils
and other pcar<surface covironments, uranjum and -
uranjum-bearing miacrals weather to form a range of
phases, tymically oxides, carbonates, pbosphates, and

NUREG,CR-6232




Executive Summary

adsorbed speaies. - Uranium is most mobile in
oxidizing, carbonate-rick waters that are high in
divalent cations sucu as caldum and magpesium. Iron
and manganese oxide phases act as effective
adsorbents for oxidized uranium ions.

Analytical Methods

A varicty of methods can be used to determine the
total amounts of uranium present in a soils as well as
the amounts of U(TV) asd U(VT), the types and
amounts of solid-pbasc uranium, and the isotopic
composition of the uranium. Total uranium can be
mcasurcd by decomposition of the sample in strong
add solutions and analysis of the uranium released by
pulsed laser phospborimetry, inductively coupled
plasma mass spectroscopy, inductively coupled plasma
atomic emission spcctrometry, stripping voltammetry,
spectropbotometry, X-ray spectrometry, cpithermal
ncutron aclivation, and prompt gamma tmission
spcctroscopy. The sclection of method depends
largely on practical considcrations rather than -!zar
technical differcnces.

Dctermination of the amounts of uranium in each
oxidation state [i.e., U(TV) and U(VI)] is more
difficult because of the relatively tow reduction
" potential of U(VI) in aqueous solution and the
coasequent case with which U(IV) can be oxidized to
U(VT). Direct spectroscopic techniques such as X-ray
absorption, laser photoacoustic, laser luminesceace,
and laser Raman spectroscopics minimize the potential
{or changes in oxidation state during analysis, but
generally sample only small portions of the soil and
tbus requirc many mcasurcments {0 have statistical
significance.  Wet-chemical techniques involving iox
cxchange, polarography, or specific preapitation
processes have been used in pure systems, but may
oot work well in soils because of iaterferences from
other redox-sensitive specics, notably iron,
Nevertheless these procedures can be applied to soils
to gain some information about the relative oxdative
or reductive capaaty of the soil as a whole.

Solid-phase uranium in soils can occur as an
exchangeable cation on minerals, as an organically
bound counstituent, as a pure or mixed-valence oxde,
or as a structural constituent of various silicates,
phcsphates, and vasadates. B :causc soils and
scdiments are heterogeneous systems, the dominant
{form of uranium may change from onc soi partcic to
the pext. Spedation of the solid-pbase uranium,
therefore, is typically done by assessing it5 tendency to
dissolve in different aqueous solutions ranging from

NUREG/CR-6232

deionized water to strong acd solutioas. Tdesc
selective extractions give rise to operaticoal definitions
of spedation for solid-pkase uranium rather than strict
crystallographic or thermodynamic phases. As with
oxidation state detcrminations, direct spectroscopec
techniques can identify some of the solid-phase
uranium as can analytical clectron microscopy, bat
quantification is limited by the cost of the methods
and the number of samples required to obtain the
desired degree of statistical certainty.

Detcrmination of the uranium isotopic dstnbutioa is
donc by mass spectrometry or by nudear
spectroscopy, generally after a preconceatration step.
The mass spectrometric techniques include ionization
of solid samples dircatly as well as from aqucous or
organic solutions. Nuclear spectroscopic techniqoes
inciude the counting of cither alpha partides from an
clectropiated specimen or gamma rays after irradration
of the specimen with epithermal neutronos

Techniques for Measurement of
Environmental Availability

Because the cnvironmental availability of wanium is
related to the amount of aqueous uranium maintxined
in the scil solution over time, measurcment techmques,
geocrally involve determination of both the total
capagaty of the soil to rcleasc uranium and the ratc at
which the uranium is released to maintam a certzin
conceotration.

Two major approachcs bave been taken to cstimaie
thesc paramcters. The first involves direa costact of
tac soil with a solution that simulates in 2 short ttme
period the soil covironmental conditions apected over
a much longer time interval. Included under this
broad umbrella arc 1) the simulated luag fhud
proccdurc in which acrosol particles are equilibrated
for different time periods at 37 °C in an aqueous
solution baving a cowposition similar to that in boman
lungs, 2) chemical extraction proccdures esing a
varicty of solutions and approaches, and 3)
bioavailability studics in which uptake of wranium

from soils or soil solutions by plants or organisms is
measured. Scquential extraction proccdurcs in winch
the soil is treated by successively harsher solutions
bave been developed for other covironmentally related
assessments and several standard methods designed
for particular situations arc availablc.

The second major approach for estimating

coviroamental availability of wranium invobes inferring
the aqueous conccnl.ratiqns of uranjium based on a
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determination of the solid phases in contact with the
solution and geochemical modeling of the solubilitics
of these phases for the particular soil solution
composition. Phasc identification procedures include
X-ray absorption spectroscopy, analytical electron
micoscopy, and the laser-based spectroscopics.
Geochemical modeling includes calculations of the
thermodynamic equilibria of ions in aqueous solutioas,
the kineties of solid dissolution and precpitation, and
the transport of ions in soi’s and sediments. Of these,
the equilibrium codes arc well developed, whercas
altempts to couple equilibrium calculations with
Koctic and transport processes in soils are still in
their infancy. These codes rcly on large databases
conlaining information about thermodynamically
distinct phases, reaction stoichiometries, and other
factors affecting reaction kinetics and transport.

In our assessments of these two major approaches we
considered the technical factors (ic, is the
information obtained sufficcat to establish a
defensible cstimate of cavironmental availability?) as
well as the practical factors (ie,, how much time and
moncy are required to obtain the information and
how many faalities are available to perform the
analyses?). Of the three diredt approaches considered,
_ two were climinated for cither technical or practical

rcasons. The simulated lung fluid test was clearly oot
speafic or rclevant to a soil cavironment and required
60 days and pumerous analyscs to obtain the
information. The biocavailability tests, while the most
relevant of all the procedures, also required lengthy
peniods before the information could be obtained and
bad ot beea developed sufficently to warrant their
adopaon for regulatory purposes. The phase
identification procedures for the inferred mecasurement
approach, while providing unique information,
generally did not provide complete information (c.g.,
amounts of arporphous uranium or zdsorbed uranium
dispersed through the soil), were expensive, and
because of their small speamen size requircd roany
specimens (o be analyzed before a statistically valid
estimate could be obtained. In turn, the geochemical
modcling for the phascs identified by thesc techniques
was focused on thermodynamic equilibrium and oot
sufficently developed to handle the kinctic aspects of
the problem.

We concluded that an approach based oo dircct
extraction of the soil offered the best combination cf
information quality, low cost, and rapid turparound.
None of the standard or rescarch methods examtoed,
bowever, yiclded both the capacity and intensity dala
needed to make a sound assessment of covironmental
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availability. We deaded, therefore, to identify the
characteristics of an idcal rigorous extraction method
as well as onc that might be suitable for interim use
pending the development of the rigorous approach.

Recommended Approaches

A technically rigorous procedure for use in estimafing
the cavironmental availability of uranium in a sod
would provide information about the amouat of
exchangeable urapium present, the concentration of
uranium found in the soil solution, the mineral forms
from which the cxchangeable and ‘soluble uranium
originated, the amounts of U(IV) and U(VI) prescat,
the total amount of uranium present, and the tme
rate of rclease of uranium from the solid phasc osto
the soil solution. With the exception of the total
uwranium measurement, this wealth of information
could best be collected, using a flowrthrough ccll
containing a single soil sample subjected to a
scquence of treatments with successively harsher
solutions and treatment conditions over a lime persod
ranging from a few hours to days. Analysis of the
uranium coaccotratioas in the effluent wonld provede
kinetic information about the operationally defined
forms of uranium present and their relative amounds.
Data {rom the fow-through~cell approach, when
correlated wit% long-term field studies of uranium
bebavior in a varicty of soils, would provide the best
possible cstimate of cavironmental availability at a
rclatively low cost and short turnaround time.

Because previous examples of the flow-through-cell
approach werc primarily for rescarch applications and
not focused oo the determinations of wanium
availability for regulatory purposes, sevoral years maght

"be nceded to develop the approach in an appropriate

manner. Certainly, several ycars would be required to
perform the fic!d correlation studies needed, althomgh
some of the natural analog studics of uranjum
bebavior in sediments might be of use. In the
abscoce of a ngorous procedure, an iolerim proccdmsc
drawn largely from standard mcthods is necded

Our proposed intzrim procedure involves a
combination of extractions that mecasuses the total
uranium in the sample and then subdivides this into
four scparate fractions: readily available, slowly

. available, very slowly available, and unavaiable. The

readily avzilable fraction consists of uranjum leached
by a modified EPA/SWP 846 Mcthod 1311 (TCLP)
extraction procedure in which § successive treatments
with pH 2.9 acetic add wre applied to the same
sample. These repetitive treatmeats allow some

NUREG/CR-6232



Executive Summary

estimate of the kinctics of release of the readily
available uranium. The slowly available fraction
consists of the 2dditional uranium leached from the
sample previously treated by the TCLP proccdure
when it is leached with an oxidizing, pH 83,
carboanale buffer solution. The very slowly available
fraction is determined by the difference between the
sum of the readily available and slowly available
fractions and the total available uranium {raction.

The total available fraction is determined by overnight
extraction of uranium from a fresh soil sample with a
0.6 M HCI solution. Total uranium is determined by
an appropriate method sclected by the analyst and the
differcnce between this value and the total available
uranium determination is classificd as the unavailable
uranium fraction. We also developed a protocol
spedfying practices to ensure that high-quality data
were obtained for the proposed interim proccdure.

Both the rigorous and the interim proccdures arc
casily incorporated into a staged dedision-tree
approach to making a remediation dedsions. This
staged approach is designed to kecp the pumber and
cost of analytical determinations to the minimum
needed to make sound remediation decisions. In each
procedure, a determination of total uranium would be
made first. If the uranium were below a certain level,
80 further tests would be nceded and a "no action*
dedsion on rcmediation would be made. Likewise, if
the uranium were above a sccond, much higher level,
a ‘remediate” dedsion would be made and no further
analysis would be oceded. Samples baving total
uranium values between the two limits would then be
subjected to the additional testing to dlassify the
uranium as (o its availability. Appropriate site-spealfic
risk assessment models would be used to set the two
limits for the dedsion tree.

For the Yigorous approach, remediation decisions
would be made based oan the total solubility of the
uranium, on the rate at which it was relcased, and on
the other site-speailic factors included in the nisk
assessment model. For the intenim approach,
remediation decisions would be based on the amounts
of total available uranium-with inlcrmediate values,
the additional testing for readily available and slowly
available uranjum would be performed and a final
dedision based on these values. An opliooal oxidation
state determination of uranium in the total available
uranium extract could also be used to make a
rcmediation deasion, with the caveat that if the test
yiclded predominandy bexavalent uranium, the
additional tests for readily and slowly available
uranjum would need to be performed. Lastly, we
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outlined the mcans by which the analytical values for
uranium obtained in the proposcd interim procedure
can be cooverted to values for “soluble” and
*insoluble’ uranium for use in risk assessment models.

Neither the rigorous nor the interim procedures we
proposc have ucen tested in a faboratory or field
sctting, nor have their results been correlated with
long-term soil uranium availability. In our judgemceng,
laboratory lesting and correlation must be done before
cither procedure can be considered technically
defensible.

Analytical Services

During the project we ottained information from 26 ;
apalytical laboratories (3 government and 23 privatc) " e
about their analytical capabilitics for uranium testing : N
of soils and their estimated costs, batch sizes, and %
turnaround times for the proposed interim proccdure.
The response for a particular procedure required that
the laboratory be curreotly or potentially eapable of:
performing the procedure. Although we expected ‘to
find a cost difference between these two groups (ic.,
privatc and government), no clear tread could be :

distinguished.

The procedures for total available uranium and slowly
available uranium were single-stcp extraction methods,
and the laboratorics gave similar estimates for them. ; s LA
The mean costs were $200-225 per sample, with a . R ==
two-weck turparound time and average weekly output -
of about 120 samples. About 80% of the laboratories
gave a cost reduction on batches of samples. The
cost reduction per sample averaged 13-14% (525-30)
for batch sizes of 13-15 samples.

-

The procedures for readily available uranium and
uranium oxidation state determinations involved
nsultiple steps, and this was reflected in higher costs,
longer turnarousd limies, and smaller weekly sample
output. Thesc two procedures averaged about $410-
$430 per sample, with 16- to 19-day tumaround times
and weekly outputs of 50-60 samples. The batch-cost-
reduction and batch-size results were similar to those
for the total available uracium and slowly available
uranium procedures.

Supplemental Information
As part of our revicw of uranium chemistry in soils
we assembled lists of the known or suspected aqucous

complexes of uranium and the known uranium
mincrals. We also attcmpted to develop a solubility
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ranking system (simiar to that developed for th2
synthetic lung fluid test) that could be used to
estimate the covironmental availability of uranium
based on thermodynamic solubility data alone. The
calculated ion activity products obtained for a
rcpresSntative group of urapium mincrals equilibrated
in a typical soil solution showed littiz correlation with
the solubility classifications obtained for the samc
minerals in the syntbetic lung fluid test. We
conciuded that there was no technically defensible
mcthod for estimating the kinctic dissclution bebavior
of hexavalent urarium phases for which oaly
thermodynamic solubility data were available, and that
there was po substitute fou kinetic dissolution studies
under conditions representative of soil cnvironments.
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Exccutive Summary

Conclusions

We conclude by stating that 0o proven method for
estimation of the eovironment:: = adility of uranium
in soils or sediments current” . ... We recommend
immediate testing of an interim procedure drawn from
standard soil extraction methods and the development
of information that correlates the results of the
interim procedure with other propertics of soil known
to influence cnvironmental avai'abdity. For the long
term, we recommend development of a rigorous flow-
through-ccll approach to measure speciation, solubility,
and kinctic information about the uranjum present in
soils and tc correlate this with other soil properties.
Neither ibe proposed interim procedurc nor the
rigorous procedure should be used to make
remediation dedsions without adequate laboratory
testing and establishment of a correlation database.
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1 Introduction

1.1 Background

The U. S. Nudear Regulatory Commissioa’s (INRC)
existing guidance on ioterim remediation criteria for
sites and fadlities naving soils and other materials
cootaminated with uranium is contaioed in a 1981
Branch Technical Position (BTP) entitled Disposal or.
Qusite Storage of Thornium or Uranium Wastes {rom
Past Operations, Under Option 2 of the BTP, two
sets of eniteria are provided for soluble and insoluble
uranjum that bas been enriched and depleted mith
respect to U, Although NRC bas a rulemaking
under way that is expected to cventually replace the
-critenia in the 1981 BTP, this rulemaking will not be
completed until at least 1995. Io the interim, NRC
will continue to require liceasees and responsible
parties to remediate faclitics having uranium-
contaminated sou following the critenia in the BTP.

This document summarizes the results of a projeat
funded by NRC with the objective of identifying
candidate procedures for the determination of the
caviroamental availability of uranium in soils and
sediments. To date, no proccdurcs acceptable for
regulatory purposes arc available for determining the
environmental availability of uranium in soil even
though differences in availability can bave a large
impact on enviroomental migration and dose to
bumans. NRC has adopted NUREG/CR-1428
(Kalkwarf, 1980b) to classify solubilitics of airborne
uranium particulates. The method described in
NUREG/CR-1428 requires determination of the rates
at which uranium particulates dissolve in simulated
lung fluid media. Although the method is considered
adequzte for airborne particulates, it bas never been
employed by NRC staff for detcrmining uranium
solubility in soil. The candidate procedures identified
in this document bave not been subjected to
laboratory or field evaluation. Such evalution must be
performed before implementing these procedures.

The~project involved five tasks. T sk 1 idestified
possible solubility-based procedure: (e.g.,
NUREG/CR-1428) and specation: based procedures
(i.c,, based on the identification of specific compounds
and forms of uranium) for assessing the environmental
availabiity of uranium in soils. Task 2 involved
detailed technical assessments of these two types of
proccdures. Task 3 provided detailed practical
asscssmeats of the two approaches along with a
recommendation as to which approach to pursue for
regulatory purposes. Task 4 involved the compilation
of a lst of uranium species possibly preseat in
contaminated soils, along with guidance regarding their
cavironmental availability and the impact of soil
propertics on this availability. Task 5 involved the
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compilation of a list of analytical facilitics capable of
performing the testing procedures being assessed.

We began by assessing the different analytical methods
for total wranium, for uranium oxidation states, for
wanium in solid pbases, and for the different sotopes
of uranium. We then examined the ways of assessing
the covironmental availability of uranium. This cffort
focused on the aqueous coucentrations of uranium in
water bathing the soil or sediment particles (ic, the
sotl solution) because the mobility of uranium (and
hence its environmental availability) in the solid phase
is, by comparison, negligible. The two major
approaches identified were 1) the direct empirical
approach involving various types of extractions by
aqueous solutions, and 2) the indirect approach in
which the solubility-controlling pbases of uranium are
identified and their contributions to the soid solution
inferred from geochemical models based on known
thermodynamic solubuity and/or kinetic data.
Throughout this study we have bad to infer much of
the information about uranium analysis in soils from
sources in which soil was not a factor. In short,
although the analytical chemistry of uranium is well
developed, the determinatioa of the eovironmental
availability of uranium in soils and sediments is not.
Such a determination not only requires sound
analytical chemistry, but also a clear understanding of
the complex chemical processes that can occur in a
soil system and their relative importance in controlling
the availability of uranium to the soi solution and,
oventually, the organisms that live off the soil.

Our approach was to canvass individuals with
experience in the analysis of uranium in soils,
scdiments, and natural waters and to augment this
cffort with a Literature scarch of technical articles and
reports related to the subject. Our technical
assessment, therefore, is based on published data as
well as on the cumulative experience of ourselves and
other individuals familiar with the issue. Although all
the procedures that were given technical evaluations
were also given a practical evaluation in this task, we
focussed on 1) the apalytical procedures for uranium,
2) the best direct procedure for assessing the
covironmental availability of uranium in sous, and 3)
the best inferred procedure for uranium avaiability.
Practical factors that were assessed include cost,
aceessibility and number of facilitics capable of
performing the analyses, and turnaround time for the
analysis. After completing tbe practical assessment, it
was clear that a procedure yielding a rigorous
determination of the environmental availability of
uranium in soils did oot exist. We therefore identified
an interim procedure based on standard methods that
could be used until a more ngorous procedurs could
be developed.
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1.2 Key Concepts

Three fundamental conecpts underlic our approach to
the project. Eavironmental availability eacompasses
all the processes by which soil uranium becomes
available for uptake by organisms. Correlation
iovolves the process by which analytical coneentration
data for uranium arc converted into meaningful
asscssments of risk. Dedsion trees provide
mechanisms for streamlizing remediation decisions
based on apalytical determinations of uranium spedes
in soils. In the next three sections we cxpand oo our
decfinitions of thesc three concepts.

12.1 Environmental Availability

The covironmental impad of uranfum is largely
determined by its cffet on the biological functions of
animals and, secondarily, plants. Fundamentally,
covironmental availabiity can be defined as the ability
of the soil to supply uranium 'o organisms. Uptake
and accumulation of uranjum by animals typically
occurs by ingestion of water or food containing
uranium, although inhalation of dust particles can be
an important pathway in somec situations. Because
incorporation of uranium in food involves uptake of
uranium by plants from an aqueous solution (i.c. the
soil solution), both of the major pathways by which
uranium is taken up by animals iovolve soluble
uranium. (This simplification ignores the adive
uptake of uranium and other ions by plant spedes.)
In a gencral sense, the cavironmental availability of
soil uranjum can be redefined in terms of the ability
of a soil to maintain an aqucous concentration of
uranium in the soil solution.

Eovironmental availability can be described in terms
of two primary parameters, capacty and inteasiry.
Capaaty describes the mass of uranium in a soil that
can cventually become soluble. Intensity describes the
amount of uranium that is soluble at any particular
momeat, i.c, the aqueous concentration of uranium.
Although capadity is more casily mcasured, intensity
bas the greater bearing on environmental availability
because, to a large extent, it is the concentration of
aqueous uranium that determines bow much is taken
up by plants or animals. From the standpoint of risk
assessment, we are interested in the time-resolved
intensity of uranium, ic., what aqueous concentrations
of uranium will be maiotained by the soil over a
ccrtain Urme.

Procedures that measure uranium capadty and
intcasity data for soil systems include the following:

* Single-step and sequential soil extraction
procedures, which measure the sol's uranium
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capadty (cg., the amount rcleased by EPA/SW
846, Mcthod 3050A) or fractions thereof (eg,
exchangeable uranium).

¢ Kinctic soil extraction procedures, which measure
the rate at which the sol approaches a given
soluble uranium concentration (intensity) or,
alternatively, the rate at which a particular solid
uranium form (capaaty) is exhausted under a
well-defined set of conditions.

* Analytical electron microscopic identification of
arystalline uranium phases (capaaty).

* Geceochemical modeling, which is aimed at
quanlifying the concentration of uranium in the
soil solution (iotensity) from a knowledge of the
uranium solids present (capaaty) and other sou
propertics.

* Measurcments of aqueous uranium

concentrations in the soil solution or groundwater

(ntensity).
In a rough scose, the last measurement can be G
considered a dired measurement of the instantancous -
covironmental availability of uranium. However, we -
must predict whether the cavircomental availability
will go up, go down, or stay the same, for relatively =
long periods. St predictions require an
understanding of the processes that affect uranjium
chemistry in soils, measurement of the paramecters -
that describe these processes, and the meorporapon of =
these paramecters into some kind of mode! that allows =
accurate predictions to be made. A determinaticn of
covironmental availability requires a model that
corrclates casily measured parameters (c.g., capadties) =
with bascline observations of aqueous uranium
concentrations in ficld soils (e.g., intensities).

+

122 Correlation

Uranium solubility and mobilization potential in seds
will be determined by more than the intrinsic
propcm'cs of the contaminant. It is truc that the
propertics of the uranium solids invoived (c.g,
cquilibrium solubility, particle size, or surfacc arc:\
will always be cucial components of the
characterization. However, this informatioa alonc &5
not suflicent~climatologjcal, landscape, and soil-
genesis factors arc central to determining the
availability of uranium. Climatological factors, such as
scasonal rainfall pattcrns, average annual rainfall, aad
seasonal temperalure regimes, influcnce land use,
pative vegelation, and related factors, and more
directly contribute to sefling the enviroamental
pathways along which a contaminant will migrate.




The physical and chemical properties of a soil (c.g,
sol pH, Eh, soil gas CO,, the iron or organic
conteats of a soil, the texture, mineralogy, and the
consequent hydraulic condudtivity) can all influence the
apparcnt solubility and mobilization of uranium.

Given the diversity of factors influcncing availability,
one technically defensible approach for establishing the
relationship between the results obtained from one or
a scries of standard mcasurcment procedures and the
actual risk is to undertake a corrclation study
involving a range of the relevant paramcters.

Correlation involves evaluating any extracted
concentralion, mass, or kinctic data obtained {rom soil
extraction procedures in the cootext of other data
describing a particular soil in the ficld. The
correlation is used to armive at an overall estimate of
the expected concentration of uranium presest in
comparable environmental situations. Several nisk-
bascd objectives might be pursued for the correlation.
For example, one could target maximum attainable
closed-system uranium solubdlitics. Alternately,
avcrage growing-scason uranjum conceotralions in soil
solution would be a viabis objective. Regardless of
the risk target, corrclations require the
parameterization of a model that takes into account
the important factors controlling the solubility or
availability of uranium in soils. QOuace the model is
constructed, it serves as a uscful guide for detcrmining
what epvironmental parameters must be measured,
and provides yuidance concerning nisk levels assodated
with differcat degrees of remediation.

In the arca of soil fertility, these types of correlations
bave beea built up over many decades, based on
expenicnce gained {rom the analysis of thousands of
samples. While an effort of this magnitude is oot
appropniatc for the nranium problem, one defensible
approach for building a correlation model involves
testing several dozen soils from a vanety of
representative sites. The soils would be characterized
for the relevant soil properties (c.g., bydraulic
conductivity, texture, pH, Eh, exchange capadties,
mincralogy, orgapic carbon) and spedfic site factors,
such as temperature and predipitz2tion regimes, would
be determined. Each soil would be extrace ! using
scveral cvaluation procedures, for example the TCLP,
a scquential procedure (e.g., Yanase et al, 1991), a
kinetic procedure, and, perbaps one or more short-
term batch equilibrium and columa-lcaching
proccdures using water similar in composition to the
soil solution from the test site. Other detailed
charactenization procedures, for cxample determination
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of the U(TV)/U(VT) ratio, would also bc completed.
A few (3-5) ficld lysimeters would be deployed at
cach feld location (or literature values from relevant
studies would be examined) to correlate the behavior
observed in the extracticn and column-leaching studies
with that observed in the field. Statistical analysis of
these data would determine the relative importance of
the speaific forms of uranium present, and of the
cavironmental factors speaific to the soil and site.
This approach would produce a technically defeasible
selection of an appropniate soil extraction procedure
for conducting the nisk assessment. The product
weuid be an casily parameterized model having
general applicability to soils and requiring input data
that are relatively inexpensive and casily obtained,.
The input data would nclude results from an
extraction procedure and small amount of andllary
information rcgarding the soil and the site.

123 Decision Trees

The third key concept used in the context of
covironmental availability is that of a dedsion tree
(Fig. 1). Quite simply, a dedsion trec is a
prioritization of the steps rcquired to reach a
remediation dedsion. At some point a dedision must
be made to remcdiale or to take no action, based on
the assessment of eovironmental availability that &
made. The qriteria on which the dedsion is made
should include both the results of a soil uranium
analysis and their interpretation in terms of a’
correlation model that takes into account the other
factors influending covironmental availability.

The dedsion-trec approach can accomodate ngid
criteria (e.g, the 35 pCi g limit se1 by the U. S.
Department of Energy for uranjum concentratioss in
bulk soil at the Fernald Site) or fcxble crileria that
incorporate other information about the soil and the
site. For example, if onc were to compare 1) a sandy
soil on a flood plain in a humid zone with 2) a dayey
soil on a platcau in an arid zone, cach soil having the
same uranium analytical results, dearly the first sold
would pose a greater coviroamcatal risk and rcqmn:
remediation before the second.

The important point to remember is that the decsion
trec approach offers a recipe for making remcdiation
dedsions. To thc maximum cxtent possible, the
criteria employed should have sound technical bases
that take into account factors other than the
immcdiate analytical concentration of uranium.
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Bulk Uranium
Analysis

l

Step 1:

.U, < AB pci g U, > AB pct g

No Action
Required

Step 2

Selective Extraction Procedure

U., < XX ppb

XX ppdb < 0, < XY ppb

No Action Remediation
Required Required
Step 3: Kinetic Sﬁudy
d0/dt < II mole g' day’ du/dt > 1Z mole g' day’
No Action Remediation
Required Required

=

U., > XY ppd

- 9874

Figure 1. Example of a Decision Tree for Assessing Environmental Availability

of Uranium la Solls and Sediments
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13 Forms of Uranium in Soils and
Sediments

Uranium is a naturally occurring clement; as such, it
is found in a wide range of mincrals and rock types
and ils conceotrations can span many orders of
magnitude. The average crustal abundance of
uranium-is on the oider of 3.4 ;g g*. Typical
- concentralions in common rock types vary
considerably; in carbonates, uranium concentrations
are typically 0.1 to several ;g g". Granites and other
sialic rocks commoanly bave concentrations ranging
from a few to about 12 ;g g Individual minerals
within these rock types can, similarly, bave widely
varying uranium concentrations. For example, in
granites, uranium tends (o concentrate in amphibole
phases (c.g, horableade) or as minor intergranular
cxide phases.
Although some 187 different minerals have been
identified in which uranium is an essential component,
only a {ew minerals make up the vast majority of
uranium ore deposits. The most common mincrals
arc the reduced and mixed oxides (uraninite, UO,,
and pitchblende, a mixed oxide), silicates (coffinite
and uranophanc), uranothorite, and various phospbatc
and vanadate minerals (c.g.,, autunite-series minerals,
carootite).

In sous and other near-surface environments, uranium
and uranium-bearing mincrals weather to form a
range of phases. Although not a great deal of
wnformation on the spedation of uranjum.in soils and
scdiments is available, the information reviewed
indicates that a few common processes cootrol the
distribution and mobility of uranium in soils. In most
souls, uranjum-bearing phases are subjected to
oxdative weathering. Uader these conditions,
uranium exposed at mincral-solution interfaces
becomes oxdized to the U(V1) form. At this point,
the fate of-the metal depeads on a oumber of factors
wncluding the quantity of uranjum that is available to
solution, the composition (c.g., pH, Eh, carbonate
content) of the weathening solutions, and the
composition of the soil or sediment.

Uranium is most mobile under oxidizing, carbonate-.
bearing conditions. Therefore, under these coanditions,
voc would antiapate that uranium would be most
soluble. Howewver, other sccondary factors may alfect
the mobility as well. For example, in the presence of
low-ionic-strength solutions (i.c., “soft waters’), the
uranyl ion concentrations will probably be regulated in
part by exchange processes. The uranyl ion will
adsorb onto clays, organics, and oxides, and this will
limit its mobility. As the ionic strength of the

sa
R oe -

Introduction

solution increases, other ions, notably Ca®’, Mg?*, and
K°, will displace the uranyl ion, forang it into
solution. For this reason, the uranyl ion is particularly
mobie in “bard” waters. Not only will other cations
“outcompele” the uranyl ion for exchange sites, but
carbonate ions will form strong soluble complexes with
the uranyl ion, further lowering its activity while
increasing the total amount of uranium in soluton.

Some of the sorplion processes to which the uranyl
ion is subjected are not completely reversible.
Sorplion onto iron and manganese oxides can be a
major process for cxtracting uranium from solution.
These oxide pbases act as a short-term, irreversible
sink for uranium in soils. Uranium bound in these
phases is not generally in isotopic cquilibrium with
dissolved uranium in the same system, suggesting that
the reaction mediating the transfer of the metal
between the two phases is slow.

Staff from the Oak Ridge National Laboratory [e.g.,
Trabalka et al. (1987) and Boandictti et al. (1979)}
bave conducied long-term investigations of the solution
chemistry of actinide elements present in an alkaline
freshwater pond (pH = 9.1). The poad, ORNL Poad

3513, is a former final low-levcl-radioactive-waste

sctling basin used at the Oak Ridge faclitics.
Although the sitc studies included uranium, which was
prescat in the +6 valencr stale, most of studies
focused oo other actinides preseot in this pood Total
uranium was analyzed by a fluonmetric method, and
its individual isotopes were determined by alpha
spectrometry. The results of these studies indicated
that adsorption by sedimentary materials in the pond
was the dominant factor controlling effective actnide
cooceotrations in solution. The rescarchers bebeved
that this may partly explain the absence of any strong

- positive correlation between the coocentrations of

dissolved carbopatc and uranium spedes. Solubility
calculations, which were bascd on the assumption of

- solubility equilib-ium between the soluble uranium and

solid UQ,(OH),, predicted uranium coaceotrations
that were 100 times higher than those measured at
the poond (Boadictti ct al. 1979).

Organics arc another possible sink for uranyl ioas in
soils and sedimeants. The mechanisms for uranium
scquestralion bave not been worked out in detail,
although several different processes may be involved.
Onc possible process may involve sorption of the ion
onto exchange sites, such as carboxylic acd groups.
These groups can coordinate with the uranyl ion,
displacng watcrs of hydration, and form stable
complexes. A process such as this probably accousts
(or a significant fraction of the organically bound
uranium in soils, and, perhaps, in sediments. )
Altcroatively, scdimentory o-;anics may participate in
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oxidation-reduction (redox) processes. For this type of
process, the organics would act to reduce the uranium
to a U(TV) spedes. These speaes are notoriously low
in solubility, and many rcmain assodated with the
organic phase after precipitation as a reduced oxide.
Litde scems to actually be known about the paturc of
Organic-uranium assodations in sois or scdiments,
although several different types of interactions may be

taking place.

If uranium is abundant in the sample, it is possible
for it to form its own distinct soil mineral phascs.
Reduced uranium ores will weather in a step-wise
manner (o form a series of increasingly oxidized
intermediates with the final products being schocpite
or one of its polymorphs. In the prescnce of
sufficent dissolved silica (H,SiO,), weathenng
processes scem to favor the formation of coffinite or
similar silicate phases, although, based on the
information reviewed to date, the factors favoring the
formation of schoepite or coffinite bave not been
worked out in detail. Rates of the reactions involving
the weathering and alteration of the diffctent uranium-
bearing phases have not been studied in any detail,
Surface oxdation of uraninitc and other reduced
uranium oxides appears (o occur rapidly in pH-neutral,
oxygen-bearing aqueous solutions. However, we also
infer that the oxdized layer may form a protective

- surface layer that inhibits further reaction under
certain conditions. Furtber study is needed (o
determine the role of protective oxide layers in
regulating the biocavailability of different forms of
uranjum.

Systematic studies regarding the availability of the
differcat forms of wranium to solution or to biota
bave been limited. Most of the studies develop
correlations between availability and somc nominal,
operationally defined fraction of the metal such as
“aad extractable.” Details regarding the accessibility
of the different forms of uranium, as discussed above,
are limited.

1.4 Analytical Chemistry of Uranium

At some point in the process, determination of the
cnvironmental availability of urapium requires
quanUtative determinations of the amounts of uranium
present in a sample. Because the quality of the
covironmental availability determination depends
beavily oo the quality of the analytical data, we list, in
the four scctions that follow, the major analytical
techniques used to estimate total uradium, uranium
oxidation states, solid-phase. species, and isotopic
spedes. A more detailed dcsmpuon and assessment
of cach technique is given in Appeodix A.
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1.4.1 Assay for Total Uranjum

The methods for determining total uranium in soil can
be grouped by whether the sample is destroyed during
the analysis or remains essentially intact.  Wet-
chemical techniques, by definition, involve 2 conversion
of uranium from the solid phases to a solutc in the
liquid phasc and, thus, arc considered sample-
destructive. On the other band, several nondestrudive
methods of analysis can also be used, which involve
c.mung the sample with hxgh-cncrgy radiation and
measuring the energy flux given off by the sample as
a result of fluorescence or radicactive decay.

Detection limits are generally lower for the wet-
chemical techniques, but recent advances in X-ray
sources (i.c., synchrotrons) have allowed higher
inddent fluxcs to be focussed on the samples and
hence lower detection limits. The selection of which
methods to usc for determination of total uranium,
therefore, is largely based on practical considerations
rather than on clear technical differences.

The wetchemical techniques we surveyed include acd
digestion, pulsed laser phosphorimetry, inductively Y
coupled plasma mass spectrometry, mducuvcly coupled™™
plasma atomic umission spectrometry, adsorptve -
stripping voltammetry, and spectropbotometry.
Nondestructive techniques surveyed include X-ray
spectrometry ncutron activation analysis, and prompt- °
gamma cmission spectrometry.

1.42 Assay for Uranium Oxidation States

In general, the oxidation state of uramium bas a direct
bearing on its solubxlxty and, benee, its environmental
availability. Uranium in the +4 state is usually less
soluble than that in the other common oxidation state ™
(+6), and, as a conscquence, much less of an
eavironmental risk. However, U(V) is oxidized to
U(V1) rather casily (E° = +025V, Bruno et al, 1985)
and the kinetics of this reactioa will be crudal to any
assessment of cavironmeatal avallabiity. Thus, a

" determination of the oxidation statc of uranium in

both the aqueous and the solid pbases is needed,
along with somc way of estimating the kinetics of
U(1V) oxidalion in a particular soil, in order to
properly assess the polcnua] risk associated with the
uranium contamination. This typc of measurement
can be done cither by wet<hemical techaiques (c.g,
ion exchange, prcapuauon or polarography) or by

“direct spectroscopic techniques {¢.g., X-ray absorpuon

near-cdge structure (XANES), laser photoacoustic,
laser Raman, optical luminescence).
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1.43 Speciation of Solid-Phase Uranium

Like other trace metals, the solid-phasc uranium in
solls can occur as an exchangeable cation on minerals,
as an organically bound constituent, as a pure or
mixed-valence oxide, and -as a structural constitucat of
various silicates, phospbates, or vanadates. Because

_soils and scdimeants are hetcrogeneous anisotropic

Systems, cven at a microscopic scale, the dominant
form of a trace metal may change from oae region to
the pext.  Attempts to speciate the solid forms of
uranium in a large body of soil, therefore, face a
nearly impossible task. Because these attempts are
often predicated on how the uranium will react,
opcrational definitions of uranium spedation have
been used, rather than absolute definitions based on
identification and quantification of specific mineral
phases. Since we are interested in the “enviroamental
availability” of uranium in soils, i.c., in its reactivity
towards the soil solution, this type of operational
dlassification is reasonable.

The literature is replete with extraction and leaching
procedurcs ranging from single-step extractions,
through multistep, single-fluid procedures, to multi-
extractant, scquential procedures. All the extraction
proccdures are essenlially wet-chemical methods and
yield estimates of the mass of uranjium assocated with
some speaific operationally defined soil composent.

" Direct spectroscopic specation cf solid-phase uranium

is also possible by a varicty of techaiques including X-
ray absorption (XAS) and optical luminescence
spectroscopies and analytical electron microscopy.

The direct analyses quantify the forms of uranjum, but
do not nccessarily provide information about the
availability of the uranium and, because of small
sample sizes, require a larger number of analyses to
achieve the same aegree of statistical certainty as the
extraction techniques.
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1.4.4 Speciation of Uranium Isotopes

The spedific activity of the uranium in a sample
depends oa its isotopic composition. Three natural
isotopes of uranium contribute to the clement's
acivity: U, ™U and ™U. In closed, natural
systems, uranium has a specific activity of 0.68 pCi
", The perccatage of this activity originating from
cach isotope is 48.93%, 2.14%, and 48.93%,
respectively. In near-surface covironments (c.g., soils),
howewver, the ®U isotope tends to have a slightly
higher mobility than the other two isotopes. This
stems from the fact that U derives from the decay
of ®U, and heacs, tends to reside in mineral sites
that have becn damaged by the decay process.
Solutions passing through soils, therfore, will leach a
disproportionately larger amount of the U isotope,
resulting in spedific activities several times higher than
0.68 pCi 4g". Currcnly, the EPA uses a specific
activity of 13 pCi ;g™ as the nominal adivity of
uranium in surface waters. This valuc is based on a
geometric mean of activities measured on water
samples collected during a pationwide radon survey
(U. S. Environmeatal Protection Ageacy, 1985, 1991d).
Because much of the eavironmental hazard associated
with uranium is duc to its spedific aaivity, which is
known to vary in weathered systems, this factor, or
onc derived from a direct mcasurement of the isotopic
ratios, should be part of any estimate of
environmental availability.

The isotopic composition of a uranium-bearing sample
can be determined in a sumber of ways. The most
straightforward of these is mass spectromelry, whereby
all the isotopes of uranium can be determined
regardless of their spedfic adivity. Two types of
nuclear spectroscopy (alpba, and gamma after
cpithermal neutron irradiation) also can be used.
Because the data from these techniques are generally
comparable, the choice of method for isotopic
composition largely depends on individual
drcumstances.
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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 Background

This presentation is a summary of the work of
Kalkwarf (1979, 1980a, 1980b). The geacral purpose
of using a Simulated Lung Fiuid (SLF) test is to
evaluate the potr ntial bealth risk assodated with the
inbalatios of airborne uranium products. Esscotially,
the health nsk (i.c., radiation dose) is inversely
proportional to the rate of dissolution and subscquent
expulsion from the Jung of a given wranium speacs
(or spedics composite). As noted by Kalkwarf (1979),
“maxamum dissuiution rates arc sought because the
Jung is expected to be the site for cfficicat dissolution
and because the values are to approxmate clearance
rates that included contributions from endocytosis and

aliary-mucus transport.*

The dissolution rate mod:l used for this type of test
was developed by the International Commission on
Radiologicai Protection (ICRP, 1975, 1979ab, 1980,
1981ab, 1982abc) and establishes three compoanents of
dassification for lung-deposiied uranium-costaining
material. These classifications represent balf-lives for
the residence time of the matenal in the lung where
D (days) denotes O to 10 days, W (weceks) denotes 10
to 100 days, and Y (years) denotes >100 days. If
dearance of the malterial from the lung is sot stnictly
cxpooential with time, it is approximated by a sum of
thc exponcenuals and the matenal is classified
according to the fractions of D, W, and Y
componeats. The model used for uranium dissolution
dassificution is represented by the equation:

F = L fexp(-0.693t/7,)

where F is the fraction of uranium remaining
undissolved as a function of lime, f; is the -inual
weight fraction of component i, and 7; is the
dissolution baif-ime of component i. Values for F
are calculated by subtracting the amount of uranium
dissolved during any sampling period {rom the amount
undissolved at the beginning of that penod and
dividing this quantity by the total amount of uranium
in the sample.

The dissolution rate classification results for five pure
uranjum compounds are shown in Tables 1 and 2
(Kalkwarf, 1980b). These data show the differcaces in
solubility of U(VI) and U(1V) compounds. Since
dissolution in the lung fluid is desirable” for
elimination of the uranium from the lung, it is the
U(1V) compounds that are the most hazardous from
the inbalation standpoint. 1In soils, on the other hand,
U(1V) is of the least concern because it is not soluble
and thus is much less likely to contaminate
groundwater. Kalkwarf (1979) also applied the
dissolution-rate classification test using synthetic lung
fluid to other uranium compounds assocated with a_
vancty of uranium processing plant and mining ’
operations. In cach case, the samples were fully

charadterized, the major uranium solids identificd, and

their dissolution rates determined. From a

determination of the dissolution balf-imes as shown in

Table 2, ICRP dissolution rate dlassification:, could be
assigned.

2.1.12 Current Procedure and Limitations

The three methods used to determine dissolution-rate
classification in simulated lung fluid arc the “batch
mctbod,” the “sandwich method,” and the “mini-batch
method” (Kalkwarf, 1979). The methods are
distinguished by the quastty of sample analyzed
and/or the uranjum concentration of the sample. The
batch method bas beea applied to 0.6-g samples or
greater, while the sandwich melhod bas been applicd

Table 1. Pure uranium compound samples used to calibrate the SLF

S
P

e
o b
s

procedure (Kalkwarf, 1980b)

Particle Expected Valence

Sample Color Size Range Components  State

Ammonium diuranate  Yellow 0-45m (NH,),U,0, UV

Uranium trioxide Yellow 0 - 45 ym o, U(Vv1)

Uranium octoxide Greeaish black 0 -45,m  U,O, UV +VI)

Uranium dioxide Brownish black 0-45 )m  UO, u@av)

Uranium tetrafluonde Green G-45 mm UF, u(tv) -

"9 NUREG/CR-6232
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procedure (Kalkwarf, 1900%)

' Vol =

- Tuble 3.- Weight fractiens. (), mma« b fdives (1), sad ICRP disselvtiontate
classifications of pure sranies compeunds sbialacd with the batch SLF - -

Sample 1, 1, f, 1 Chassicntion
Amm xium divranste’ 1.00 $01 o - D
Ursalum triozide
Batch mcthod 045 053 035 134 45%D, 55%Y
. Mini-bstch method 051 073 049 184  S1%D, O%Y
Ursnium octoxide 1.00 - - - Y
Urenium dioxide 100 ” - - Y
Uranlum tctraflyonde 1.00 - - - Y

' Reporied velves (rom 1900 saniynis.

10 small sampic siees (S0 mg) of high wanium
coscesirstion (cg., pure oxdes) scaked botweea two
mcmbrane ﬁhcnthlmnpuuodbyn
tetraflvorocthyle .crux Most of the roceat work
coaducicd af the P Northwest Laboratory (PNL)
bas ueed the misni-batch method, which smal
sample sizes (ca. 100-500 mg) at {airly low woenium
cosccatrations (¢ g, 30-100 g §).

The geacral procedure for aay of the throe methods i
oucatially 8 varistion of the mial-betch method
curreatly wsed st PNL. This mctbod beging with the
conodnoa of alrborne dust oo ashiess 20- yon Jot
uader high-votume alr low (40 dm).
ers arc thea ia o desiceator with
uhydrouulaM| ale pelicts ovcraight to remove
residusl motsture, After drylag, the filtered
particulatcs are vacuumed onto 8 25-mm-diameter
membranc (iter, compotited, and subdivided iato four
fractions. One fraction i wsed (or XRP anslysis whils
the other three are used lor the leach test as triplicate
samples having 128 mg, 250 mg, aad 500 wg of
samplc. These fractions are iato scpasate 10-
mi resction vials with § ml of synthetic luag fluid asd
mainlained-at 37°C for the duratios of the lcach test.
Aftcr each of eight sam istervale (0.17, 033, 1.0,
3.0, 100, 200, 300, asd 60.0 day), the samplcs are
centrifuged (0 yield ¢ clcar supcrusie, the superasic b
collected and saved {or tota) uranium analysis, and 2
fresh S-enl aliquot of synthetic lung fluid &s added to
the solid remalning la tbe reaction vial. The
superaatc sampics are acidified with coeccetrated
HNO, and snalyred for total uraniums by ICP-MS,
'A'lbeuddthemdaytul,thcmdmlw.dwbdm
the vial is digested in an HF-HCO-HNO, matrix and
alio analyred for total wanium, The surs of the
uranium in all {ractions mdudmg the residual material
sbould cqual the total uranium concentration of the

 NUREG/CR4$232
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4ai¢.du-phumudo;auwacm
specimen.
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winim disohutios mr&*z‘: |

w-uotheuwouwd

soils and sodiments i s focus oa tingle sct of
m(tc.lwowubody(ea sad &
limied sumber of well-defined solid vicw
of the differeat com ollu.ﬂ and of sol
solutioas (Table 3), asd of the more p&nud

chemistry of wranium o solls, extrapolatios of (he
resuls of this specific test (0 a differcet oot of
couditions (e.g, the sol) solutioa st 20°C) & act

t deleasible. Howeser, the tost classifics the
waalum ta as opcratioually defined way, which may
prove wseful for sa caviroameotal avallability
ssacsament.

While the SLF test 4 considered an appeopriste
procedure for cvalusting the potential heakth effocts of
sirborwe particulsles, & hat ot beea c-med

NRC staff (0 determine the solubility la of
sedimests. The SLF (est addresses o well-coastraloed
caviroamenta) gltustion, l.c, the caviroamest found ia
the humas lung. The ure
defined (ic., labalstion ), the sxposure
coaditioas arc well kmown (Le, pH, p0O,, fluid
composition) and vary oaly within small ranges, and
the cxposure hazard has been characterized

particle residesce time in the lungs). For cnd
sedimcats, virtually moac of thesc & have beeo
sddressed in the hterature, The major practical -
drawbacks sssociated with this method are that &
requires 1) long equilibeation times (i.c., a total of 60
days) aad 2) wany analyses. Both of these factors
contribute to & bigh persample cost aad s long
turnaround time,

r
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Table 3. Compositions of simulated lung fluld (Kalkwarf, 1980b) and
typical Hanfocd-site groandwater

1ua Lung Fiuld Groundwater

- meq L
Calagum, Ca** 50 24
Magnesium, Mg?** 20 12
Potassium, K* 40 03
Sodium, Na* 1450 1.4
Total Cations 156.0 53
Bicarbonate, HCO," 310 23
Chlonde, C1° 114.0 08
Citrate, H,C,0,* 1.0 —
Acctate, H;C,0,° 7.0 —
Phosphate, HPO, > 20 -

Sulfate, SO, > 10 16 i

Total Anions 156.0 4.7 .

3

pH 7374 8.14 :

In spite of these drawbacks, the SLF te<t has some
fcatures that make it uniquely pertineat to
investigating uranium solubility in soils. Ia Section 3
and Appendix C, we discuss an analogous mcthod that
might serve as an adequate surrogate for this
procedure for soil systems if extensive correlation with
lougerm leaching tests is made.

2.12 Extraction Procedures

212.1 Background

Within soils and sedimeats, metals, nutrients and
many contaminants arc fypically present in several
cocxisting phascs The different forms and phases can
bave widely varying solubilitics and/or availabilitics.
Even for a single, weli-defined phase, its solubility or
the rate at which it releases the contaminant to the
cavironment can depend on the chemical enviroament
within the soil. As a result, ooc of the challenges
confronting regu'atory ageacies is to accurately and
cconomically assess the availability of a contaminant in
a particular soil or sediment. Frequeatly, this type of
assessmeat is made using a soil extraction procedure,

.. Soil extraction mcasurements fall into three broad

c_ézcgorm Single-step chemical extractions are

. 'Tf.;" .

.1. 1»..

proccdures that typically use a single solution to
cxtract the contaminant of interest. This type of
proccdure is the mainstay of standard methods, and
has been frequently used in both regulatory and
assessment applications. The sccond broad categnry
includes mulLchcp or scquential chemical extractions,
in which the soil is reacted with a series of different
extraction hquors, cach more chemically aggressive
than the previous, with the intent of quantifying the
distinct chemical forms of the contaniinant in the
sample. .Sequential extractions have been used
primarily in reszarch apphcauons The third type of
soll extraction mcasurcment is designed to measure
the rate of release of the contaminant under a spedfic
sct of conditions that can be correlated with field
conditions. Kinetic extractions invotve cither
sequential extractions of a single sotl sample using
fresh aliquots of the same extraction liquor or a
single-step extraction carried out on scveral replicate
sou samples for different periods of time, and often
find applications for caviroomesntal and regulatory
purposes.  All three types of procedures are designed
to extract and measure specific, chemically defined
compoacats. The primary distinctions among them
are the specificity with which one attempts to define =~
1) the pumber of distinct phases in the sample, and 2). '

NUREG/CR-6232

LOAndvin 00023



Measurement of Eavironmental Availability

the rate at which these phases dissolve to yield
aqueous jons.

Uranium may be present as an exchangeable ion
adsorbed to organic matter, carbonates, or clay
mincrals; as a constituent of amorphous and
crystailine iron ard aluminum (hydrous) oxides; as a
discrete_ uranium-oxide {which may contain U(IV),
U(VT), or both), silicate, phospbate or vanadate
mineral; and as an accessory component in common
silicate minerals. The goal of A scquential chemical
extraction is to determine the partitioning of uranium
among these fractions. Whea used carcfully, the
sequential procedures will provide qualitative to semi-
quantitative information pertaining to the chemical
form and oxidation state of the uranium in the
sample. In contrast, single-step and kinclic chemical
extractions attempt to assess only availability of the
uranium from the soil, regardless of the spedific
chemical form. These approaches make no attempt to
distinguish from which fprms the soluble uranium
originates. All three types of procedure provide the
user with operationally defined results.

Soil extraction procedures rely on the proposition that
uranium bound in different pbases will react, or fail to
react, with the extraction solutions to different erteats
and at different rates. For example, high-ionic-
streagth, ncar-ncutral-pH solutions can be used to
extract exchangeable forms of wranium effectively. In
addition, uranium oxides, silicates, ctc. will be slightly
soluble in these solutions. If the soil has Litde
uranium resideat on exchange sites, then the bulk of
the mstal released to solution may have been released’
from other discrete phases. Because the procedures
rcly oo chemical metbods to scparate and identify the
differcat pbases, therc will always be a certain amount
of overlapping reactivity among the presumably
discrete phases. Thus, the phasc scparation is rarely
definitive,

Although single-stcp and kinetic extractions arc mot
saddled with the difficulty of delincating spedific forms
of uranium (or other contaminants) in sois or
scdiments, relating the results to concentrations io the
ficld may be difficul. Any {orm of uranium exhibils a
range of solubilities in different soil enviromnents.
For example, Table 4 lists the solubilitics of schoepite,
a hydrous uranyl oxide, for ranges of pH and total
inorganic carbon (TIC) conceotrations that span those
commonly found in sois. These values were
compuled using GM, an in-house equilibrium
geochemistry code. At any given pH, the solubility of
schoepite can var' *y as much as two orders of
magnitude for a {actor-of-10 change in TIC. Similas:;.
varying the pH significantly influcoees the solubility,
espeaally at higher TIC values. Because most

NUREG/CR-6232
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Table 4. Calculated aqueous concentrations of
uranjum in equilibrium with schoepite (UO,*2H,0)
at specified pH values and total Inorgaaic carboa
(T1IC) counceatrations

pH TiC Uranium
mol L mol LT mg L

50 0.01 7.82E-05 18.6
5.0 0.001 2.17E05 | 52
6.0 0.01 2.19E-04 521
6.0 0.001 6.73E-06 1.6
70 0.01 1.07E-03 256.
7.0 0.001 129E-05 3.1
8.0 0.01 1.95E-03 463.
8.0 0.001 1.97E-05 47
9.0 0.01 257TE03 611.
9.0 0.001 434E-05 103

sclective chemical extractions rely on the use of a
single, well-defined extraction liquor (cg, distilled
water, acetic aad buffer), the solubility measured by
the procedure may or may not be representative of
the coaditions fouad in the soil

The range of conditions encountered in soils differs
considerably from that prescated by the SLF test. In
the buman lung, the factors controlling wanium
solubility, i.c., temperature, pH, Pco,, bukk fluid
compasition, and humidity, are, effectively, invanant.
As a result, more or less direct correlanoas can be
madz between SLF dissolution measurements and the
flu-hing rate of the mctal from the lungs. The wide
range of conditions that will be cncountered in the
soils, even at a single faality, will generally predude
the drawing of universal cooclusions from a limited set
of extraction mecasurements. As a result, the claim
made {or most soil extraction proccdures is not that
they can provide cstimates of covironmentally realistic
conceatrations or mobilities for uranium or other
mctals, but rather that they provide a umiform
foundation {rom which dedsions of a regulatory nature
can be made.

Because most chemical extraction procedures have
been designed to accomplish soccific goaks, the analyst
selects among them according to the intended usc of
the information. These goals do - ot necessanly carty




s

over {rom one study to others. For example, ccriain
proccdurcs have becn developed for the scparation of
U(V) spedes from U(VI) spedces and are different
from those that have been developed to determine
which uranium-bearing phases are most closcly
assocrated with conuolling the mobility and
groundwater cooceotrations of uranium. Some
modification and/or merger of these techaiques might
be required if one were interested in atiempting 1o
solate or identify the bioavailable fractions of uranium
o a soil,

In spite of the opecrational paturc of the dcfined
phases, chemical extractions bave found a range of
applications in both eavironmeatal and agricultural
ficlds. Soil fertility tests for °plant-available” nitrogen,
phosphate, potassium, and other nutrients bhave beea
used for decades to determine proper fertilizer
application rates with great success (Black, 1968;
Tudale and Nelson, 1975; Walsh and Beatoon, 1973;
Mortvedt et al, 1972). Tessier et al. (1979) and
Sheppard and Thibault (1992) have used the more
rigorous sequential extractions (o identfy the phases
that transition metals become assodated with in
scdimentary cavironments. These types of information
bave been used to estimate the bioavailability and fate
of metals in thesc systems.

The next section presents brief descriptions of some of
the standard procedures that are available to
determine extractable melals from covironmental
niedia 1o addition to the extraction media and test
conditions, we include a short discussion of the
purpose of cach test.

2122 Standard Methods

Chemical extraction procedures, as used in the past,
bave found both regulatory and rescarch applications.
Io the context of eavironmental metals, scveral
methods-bave been designed to determine the
predominant metal-bearing pbasés in solids and ores,
or simply to provide estimates of availability (Table 5).
More detail for cach of these methods is presented in
tbe paragraphs following.

For cach method in Table §, the major compoacents of
the r.nrac(mg liquor, the initial pH, the solution:soil
ratio (ml g™), the tcmperature al which the extraction
is carmied out, and whether single or multiple
cxractions are performed, as well as the calculated
extraction cfficdency for removal of schoepite from a
soil are listed. Although the composition of the liquor
will change as the liquor reacts with the contaminated
sod or sediment, the initial composition provides a

rough idea of how chemically aggressive the liquor is

thwards the soil. For all the procedures cxccp( those

Ex
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with extremely acdic liquors, the final pH of the
extracting fluid will, in most cases, be significantly
different from the initial value. Soils and sedimeats
have significant pH-buffering capaaties and, in most
procedures, this is taken into account by measuring
the pH at the end of the extraction as well as at the
start. Several of the procedures use distilled water as
the extracting liquor, in which case, the pH will be
esseoually that of the natural soil. For the purposes
of calculating the schoepit= extraction cffiacocy, we
assumed a pH of 6.0 for such proccdures Additional
assumptions in the calculation were 1) that the soil is
costaminated with 100 ppm of uranium deposited as
schocepite (UO, *2H,0) and no other forms of
uranium, 2) that the extraction solution maintains the
initial pH value, 3) that the extraction solution attains
cquxhbnum with the schoepite, 4) that the TIC
coocentration in the system is cqual to 107 M (the
lower coocentration listed in Table 4), and S) that
there are no kinetic constraiots limiting the release ot
the metal from the solid pbascs. In some cases listed
in Tatle 5, the extraction would require many volumes
to be able to extract the uranium, whercas m others
(c.g~ the TCLP mcthod employing the acetate buffer)
the extraction is just suffigent to dissolve the available
wranium, and in sull others (c.g, the D3974-81
procedure) the proccdurc is capable of solubilizing -
many times the amount of uranjum bisted.

ANSI/ANS-16.1-1986
Summary of the Procedure

This procedure was designed (o measure the Icaching
rate of nuclides from various stabilized forms (c.g,
glasses and grouts) of low-level wastes. The standard
calls for placing the sample in demineralized water for
speafied periods of lime, those times being after 2, 7,
24, 48, 72, 96, 120, and 144 hours from the start of
the procedure. The sampling intervals can be
extended to day: 19, 47, and 90 from the iniBation of
the procedure if desircd. A unique aspect of the
procedure is the determination of leachate volumes.
The procedure assumes that the sample is a compadt
solid (c.g., vitrified), and that onc can obtain an
estimate of its geometrical surface arca. (This
requirement precludes the usc of unconsolidated soils
or sediments in the procedure.) The analyst places
the solid waste (preferably a cylindrical shape, but it is
also acceptable to use a sphere or parallelepiped) in a
quantity of demineralized water whose volume is equal
10 ten times (10x) the gecometrical surface area of the
solid. The leaching s allowed to occur for the
specified period, and then the solution is completely
cbanged to [resh, demincralized water. The leachate
is analyzed for the desircd analytes at the termination

-~
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Measurement of Environmental Availability

Table 5. Standard methods for the extraction of metals and their calculated effectiveness in extracting
uranjum from a soll contamlinated with 100 mg U kg™ as schoepite (UO,72H,0)

Solution Solution Solution: Extraction Time BV e
Method Composition pH Soll Ratio  Temperature  Series? Extracted
ANSI/ANS-16.1-1986 dist H,0 6.0' -1 room yes —!
ASTM D 397481 HCI/HNO, <0.1 2718 95°C no 100%

HO ~02 100. room no 100%
ASTM D 3987-85  dist H,0 6.0 20.0 room no N%
ASTM D 47393  dist H,0 6.0' 20.0 room yes 32% per batch
ASTM D 4874-89  dist H,0 6.0! -? room yes 1.4% per.porc

volume

EPA/SW 836 NaOAc 49 200 243°C a0 100%
Mecthod 1311 (TCLP) HOAc 29 20.0 243°C no 100%
EPA/SW 846 HNO,/H,0,/ <00 ~-15. 95°C no 100%
Method 3050A HO

Vs0il pH sesumed to be 6.0

'1e8t dexigned for monolithic compacted waste forms, 5ot appropriate for soils

* Now-throagh column leaching test

of cach period. Data from the study arc combined 10
develop a single “Leachability Index” for the sample.

Nominal Applications

As indicated above, this procedure was developed to
measure and index the release of radionuclides from
solid waste forms (not unconsolidated soils and
scdiments) as a result of leaching in demineralized
water. Results from the procedurce should be used to
infer leaching behavior for periods less than 1 year;
however, extrapolation to longer periods can be made
from assumptions about diffusion rates and the
morphology of the waste form. The procedure is not
intended to mimic conditions to which the waste form
might be cxposed in the ficld; rather, the procedure is
designed with the intention of using reproducble
conditions that are readily achicvable.

ASTM D 3974-81 (Reapproved 1990)
Summary of the Procedure

This standard procedure provides twg altcrnatives for
leaching metals from soils or sediments. The first
procedure is the more complex and more vigorous,
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and extracts a larger fraction of the metals from the
solids. The procedure calls for adding 4 g of sod to a
beaker, to which is then added 100 ml of distilled
water, 1 ml of concentrated nitric add, and 10 ml of
conceatrated bydrochloric add. The mixture is heated
10 95°C and hcld at that temperature until the total
solution volume is reduccd to between 10 and 15 ml
The leachates arc scparated from any remaining solids
by filtration, and the solution is diluted to an
appropriatc volume and analyzed for the desired
analytes. The alternate procedure calls for placiog 1 g
of soil or scdiment in an appropriate reaction vesscl,
adding 95 ml of distilled water and 5 ml of
conceatrated hydrochloric add.  Tke reaction vessel is
scaled, and the mixture is shaken at room
temperature overnight (ca. 16 hours). Tbe solution is
filtered to remove solids, and is analyzed for the
desired analytes.

Nominal Applications

Both procedures are sufficiently vigorous to cffect
dissolution of most of the environmentally available
forms of uranium from a soil or sediment. The first
procedure will have greater cffidracy :: solubilizing
reduced oxides and, perbapr. soms:: sitizates. However,



the first procedure employs an oxidizing add (HNO,)
and is thus not svitable for measurements in which
onc wished to determine the oxidativa state
distribution of the uranium in the sample. The
secoad procedure uses a non-oxidizing acid, and so is
appropriate [or axidation-state determinations.

. Neither procedure provides information regarding the
specific forms binding the uranium nor do they
provide estimates of rates at which the uranium would
be released from these phases.

ASTM D 3987-85
Swmmary of the Procedure

This proccdure is designed to perform a shaker
extraction of solid wastes in distilled water. For the
procedure, a ‘sample of known weight (eg, 0 g) is
added to an appropriate-sized vessel. A volume of
distilled water cqual to twenty times the weight of the
sample in grams is added to the vessel (cg, for the
70-g sample, 1400 ml] of distilled water is added).

The vessel is scaled and placed in an agitator, and the
sample agitated for 18 + 025 hours at room
temperature. The vessel is opened, and solids are
allowed to settle. The supcroatant is then decanted
and filtered, the pH is mcasured, and the bulk of the
solution is prescrved for the analytes of interest.

Nominal Applications

This test is basically designed to give an indicator of
the water solubility of a contaminant is a soil or
sedimeat. The test is shortterm and docs not yield
any ime-dependent indication of the dissolution
behavior,

ASTM D 4793-93
Summary of the Procedure

This procedure is similar to procedure D 3987-85,
except that it provides for the measurem~nt of the
time ratc of rclease of the contaminant from the
sample. In essence, a sample of known weight is
added to a reaction vessel, and a volume of distilled
water cqual to 20 times the mass of the dry solid (in
grams) is added. The vessel is scaled and then
agitated for 18 +0.25 hours at room temperature.
After separation of the leachate by oressure filtration,
all solids are returned to the rcaction vessel
quantitatively, and the procedure is repeated nine
additional times. ‘The first four extraction scquences
must be completed without a break of morc than a
few bours between runs. The test requires two wecks
for mmf!‘uon.

Measurement of Environmental Availability

Nominal Applications

Because of its similasity to D 3987-85, this rrocedure
provides cssentially the same type of phase-speafic
informaton. The primary differeace between the
methods is that Method D 479393 docs provide some
additional informatio. about the time rate of release
of the contaminant from the solid.

ASTM D 487489
Summary of the Procedure

This is a standard method for lezdhing solid wados ie
a column apparatus. The solid material is packed oo
a soil column. The physical characteristics of the
column (c.g., density, porosity, permcability, soil
texturc) should mimic those expeared in the field
Onc then determines the pore volame (ie., void
volume) of the column. The columa is saturated with
distilled water (or other fluid, if required by the test
requircments), and the analyst begins continvous
pumping of the leaching sotution through the column.
Pumping rates should be cqual to about ooc pore
volume per 24-bour (& 10%) paod The cffluent is
collected, the pH measured, and the solution
preserved according to the analyses to be conducted.
The test can be continucd for any period of time, -
although tests arc typically run fot at least 10 pore
volumes.

Nominal Applications

Tte test provides information abow the rates of
release of a contaminant from a sod or sedimeat. Of
the standard methods, in form and mformation
gencrated, this procedure is the closest enviroomental
cquivalent of the SLF Test. Becawse of the low
solution:solid ratio used in the test, the proccdure has
a limited ability to provide estimates of the quastitics
of uranium that might be assodated with specific
forms. For ecxample, if the soil were contaminated
with 50 ppm schocpitc, and if the Kinetics of schocepite
dissolution in the soil were such that the leachate
attains cquilibrium with cach void volume (a gracrous
assumption), them the procedurc wocld need to be run
for at least a month to deplete the schoepite. Thus,
the prozedure is not suitable for detcrmining the
oxidation state of uranium in the sol.

EPA/SW 846, Methcd 3050A

Summary of the Procedure

This method is a wet-chemical digeston procedurs to
detcrmine the total concentration of a metal
conlamipant in a particular soil, sediment, or waste.
To perform the procedure, 3 1- 1o 2-g sample is
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added to a conical beaker. Five ml of distilled water
and 5 ml of concentrated nitric aad are added to the
solid and mixed to form a paste. The mixturc is
beated to 95°C and maintained for 10-15 mioutes.
The sample is coaled and an additional § ml of
coacentrated nitric add is added. This is then heated
to 95°C and maintained for about 30 minutes. This
last series of steps is repeated ounc additional time,
and then the nxric adad solution is reduced to ca. §
ml. At this pomt, the sample is cooled, and 2 ml of
distilled water are added along with 3 ml of 30%
hydrogen peroxde. This mixture is heated to inivate
the peroxide reaction. Peroxide is added in 1-ml
increments untl all appareat reactions cease, or until
a total of 10 ml of peroxide bave been added,
whichever occurs first. After the mixtwre has cooled,
the analyst adds S m! of concentrated hydrochloric
aad, 10 ml of distilled water, and the mixture is ooce
again heated to about 95°C and rcfluxed for an
additional 15 minutes. The mixture is cooled, the
extraction liquor is filtered, and the total solution
diluted to 100 ml with distiled water. The solution is
now rcady for amalysis by ICP, ICP/MS, or a rclated
method.

Nor-inal Applications

This method yields a measure of the total potentially
rcactive metal assocated with the soil or sediment.
The only fractions of the metal that should not be
extracted by this procedure are those that arc bound
within the erystalline lattice structure of refractory
silicates. Because oxidizing acids and peroxide are
uscc in the first portions of the procedure, the
mcthod is not suitable for estimating the distribution
of uranium between the two oxidation states, nor is
the method suitable for making ecstimates ol mincral

spedation.
EPA/ SW 846, Mcthod 1311 (TCLP)
Summary of the Procedure

This proccdure, also known as the Toxaty
Characteristic Leaching Procedure or TCLP, provides
the acalyst with two alternative extracton procedures,
the selection of which depends on the acid-neutralizing
capaaty of the sample. The first extraction liquor is a
pH 493 1 0.05 sodium acetate solution; the second
solution is a dilute acetic acid solution with a pH of
2.88 + 0.05. To determine which of the two
extraction liquors to employ, a 5-g sample is added to
a beaker to which 965 ml of distilled water is added.
This slurry is stirred vigorously for 5 minutes, and the
pH of the suspension determined. If the pH is less
than 5.0, use extraction liquor #1. If not, then 3.5 ml
of 1.0 N HCl is added to the slurry, and the mixture
is beated to 50 C for 10 ninutes. After the
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suspension has cooled, the pH is once again
measured. If the pH is less than 5.0, extraction liquor
#1 is uscd for the procedure; othermise, usc
extraction liquor #2.

Osoce the appropriate extraction liquer bas been
determined, 100 g of soil or sediment is added to the
reaction vessel, and 2 L of the extraction liquor arc
3dded. The vessel is sealed tightly and placed oo a
rolary agitation device. The vessel is agitated at 30
rpm for 18 + 2 hours at room temperature (2 +
3°C). The liquid portion of the extraction liquor is
scparated from the solids using a glass fiver filter.
The pH of the extraction fluid is recorded, 2ud the
fluid preserved for subsequent apalysis.

Nominal Applications

This procedure, which is widely used for regulatory
purposcs, was onginally dcsxgncd to assess the
potcatial mobthty of mectals in an organic-add-rich
landfill environmeat. The method bas several
advantages relative to other procedures discussed.
The extraction Liquor has a bigh cnough ionic strength
to “encourage’ the release of exchangeable uranium to
solution; at the same time, the medium is oot so
aggressive toward the solids as to effect significant
dissolution of solid phases that arc only slightly
soluble undcr covironmental conditions. As a result,
the method forges a compromise between those
procedures that attempt to measure all available forms
of the contaminant, and those that seck to estimate
some quasi-steady-state level of contaminant that
might be observed. However, the TCLP docs not
mimic the patural conditions of the environment, nor
does it provide information about the rate at which
different pbases in the sample react.

2123 Sequential Extraction Methods
Extraction procedure of Yanase ct al. (1991)

The goal of the study conducted by Yanase et al.
(1991) was to describe the distribution and sccondary
mobilization (i.c., changes that bave taken place io the
cmplacement of the ore deposit) of uranium at the
major ore deposit ncar Koongarra, Australia. The site
has been studied as a natural analog for processes
affecting disposal of high-level nudcar waste.

Summary of the Procedure

To prepare the sample, SO g of rock or soil is crushed
and homogenized. Note that at the end of cach
extraction step that sample is centrifuged and the
supernatant is filtered through a 0.45-ym filter prior to
sample preservation and storage. 1) A 1-g aliquot of
sample 1s shaken in 40 ml of 1.0 -+{ Na-acetate




(adjusted to pH 5.0 with acetic acd) for 4 hours at
room temperature. This step nominally removes
exchangeable and carbonatc-bound uranium. 2) The
residuc from step 1 is shaken with 40 ml of Tamm s
solution (109 g L oxalic add plus 16.1 g L NH,-
oxalate) for 4 Lours at room temperature in the dark.
This step nominally removes amorphous hydrous
axides of iron, aluminum and silicon in addition to
sccondary [presumably U(VI)] urapium minerals.  3)
The residue from step 2 is shaken with 40 m! of CDB
solution (1 g of Na-dithionite added (o 60 ml of a 03
M Na,-atrate + 02 M NaliCO, solution immediately
before use) at 85°C for 30 minutes. This step
nominally removes the crystalline iron mincrals.  4)
The residue from step 3 is shaken with 60 ml of 6.0
N HQ for 2 bours at 85°C. This step nominally
rcmoves nonexchangeable uranium assodated with clay
mincrals and some refractory minerals. 5) The
residue from step 4 is put into a platinum crudble,
and 5 ml of perchloric acid and 25 ml of HF are
added. The sample is heated to 60 °C overnight, and
then cvaporated (o dryness. Obne gram of Na,CO,
and 2 g of Na-etraboratc arc added to the sample
and the sample is fused. The resulting cake is
dissolved in 6.0 N HCI and the solution analyzed.
This step measures all remaining uranium in the
sample.

The procedure is fairly elaborate; even so, it cannot
be used to address all issues that might be raised with
regard to a soil or sediment. The primary focus of
the procedure is to provide information about the
partitioning of uranium among somc of the major
mincral forms in the soil. In spite of this, the
investigators did not allow for steps that might permit
onc to distinguish different oxidation states of
urapium. Furthermore, it is not cdear at what point in
the procedurc phosphate phases (c.g, torbemite,
autunite, salecite) would be leached to the extraction
solution. They might dissolve during steps 2, 3, or 4
in the procedure. Since uranyl phosphates can be a
major-alteration product of reduced uranium oxides
(c.g, uraninite, gummite), it would be uscful to have
information on this topic. Finally, the procedures
focus on determining the partitioning of the uranium
among the different mincral spedes; it does not
address cither the rates at which the differcat mineral
might readt with patural waters, nor docs it address
what the “cquilibrium® coacentrations of uranium in
contact with the soil might be. These picces of
information would be uscful in a regulatory context.

Extraction Procedure of Tessler et al. (1979)

Tessier et al. (1979) recognized that a contaminant,

once deposited in a soil or sediment, will partition
":(sclf -among a number of different fractions or phases.
Furificrmore, the mobility and cavironmeatal
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availability of the contaminant have the potential to be
dramatically different for the diffcrent fractions.
Tessicr ct al. suggested that the use of a sequential
extraction proccdure might provide detailed
information about the origin, form, biological and
covironmental availability, and susceptibility for
mobilization and transport. The goal of their study,
therefore, was to ideatify a scries of procedures that
would allow an analyst to determine the partitioning
of transition metals into operztionally defined, but
covironmentally relevant fractions.

Summary of the Procedure

The procedure purports to scparatc metals into five
distinet fractions: exchangeable, bound to carbonates,
bound to Fe and Mn oxides, bound to organics, and
residual metals The procedure is carned out using a
1-g sample of sediment or soil. To estimate the
exchangeable fraction of the meétal, the sedimeat is
extracted for 1 hour with 8 ml of a 1.0 M magnesium
chloride solution that has a pH adjusted to 7.0. The
slurry is centrifuged, and the solution decanted, -
filtered, and saved for analysis. The sediment pellet
resulting from the treatment is washed with 8 ml of
distilled water, and this slurry is ceatrifoged. The
water from this step is discarded. Tessicr ct al. had

some concern about the effidency of this step. -

Transition metal concentrations released during this
step were gencrally small to uadetectable, suggcsung
that the sorption of the metals to the ac.bangc sites -~
might be suffidently strong to prevent quantitative’
removal by this step.

To mecasure the carbonate-bound fraction, the
scdiment or soil pellet is suspended in 8 ml of 2 1.0
M Na-acetate solution whose pH is adjusted to 5.0.
This suspension is maintained at room tcmperature
and agitated constantly for the 5-h period of the
extraction. Tessier ct al. recommend that if the
sample contains coarse-grained carbooates, the
duration of the extraction should be extended, and the
apalyst must check the pH of the suspension
occasiopally to maintain it at about 5.0. At the cnd
of this step, the suspension is centrifuged, the solution
is decanted, and the pellet is washed as in ihe first
step. This procedure will releass metals from
carbonates and, because of the slightly lower pH, will
effectively complete the desorption of any metals

bound on exchange sites.

For metals bound to iron and manganesc oxides,
Tessier et al. recommend the use of 0.04 M
hydroxylamine-HCl in a 25% (v/v) acetic acd
solution. The pellet from the second step is
suspeaded in 20 ml of the reagent, heated to %6 +
3°C, and agijtated occasionally. The suspension is
mamtamcd at this temperature for 6 bowrs. At (.hc
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end of this step, the suspension is cooled and
ceotrifuged, the solution decanted, and the pellet
washed as in the first step.  An investigation of the
use of other rcagents, specifically a dtrate-dithionite
solution that is commonly employed in other studics,
suggested that these reagents lcad to the loss of
metals through their predpitation as sulfide minerals.

Organically bound mctals arc extracted using an aadic
pcroxde solution. The pellet from the third step is
wetted with 3 ml of 0.02 N nitric add and 5 ml of
30% H,0,. The pH is adjusted to 2.0, and the
mixturc heated to 85 °C for 2 b with occasional
agitation. A sccond 3-ml aliquot of peroxide is added
to the vessel, and the mixture is once again heated to
85 °C for 3 h. After cooling, S ml of 32 M
ammonium acetate in 20% (v/v) nitric add is added
to the sample, and the suspension is agitated at room
temperature for 0.5 b. The suspeasion is then
ceotrifuged, and the solution decanted. The pellet, as
before, is washed.

Finally, the residual solid was dissolved in a mixture
of HF and HC1O,. Tbe pellet is wetted with 2 mi of
HCIO, and 10 ml of HF. This is warmed and
cvaporated to ncar dryness, at which point a second 1-
ml addition of HCIO, and 10 ml of HF arc added. -
Again the sample is heated to near dryness. One
milliliter of HCIO, is added and the mixture heated
until the solution begins to fume. At this point, the
residue is dissolved in 12 N HCL and the total diluted
10 25 ml with distilled water.

The development of this procedure is notable because
of the care that was taken to cvaluate alternate
lechniques. At different stages during the
development, the authors compared several nominally
comparable techniques for a particular step and, based
oa their observations, they were able to determine the
relative strengths and weaknesses of the alternatives.

Other SZquential Extraction Procedures

In addition to the two extraction proccdures described
above, the literature contains pumerous deseriptions of
other metbods for cvaluating the partitioning of
Lransition metals among the possible phases in a soil
or sediment. In many cases, these proccdures are
similar to those descnbed, with only minor
modifications in the order of application or in the
reageots used. Examples of these procedures can be
found in Malo (1977), Jackson (1979), Presicy et al
(1972), Brannon et al. (1977), Luoma and Jenne
(1976), Gupta and Chen (1975), and Engler ct al.
(1979).
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2.12.4 Technical Applicability of Extractions

As illustrated in the previous sections, there are a
wide range of extraction procedures available for
determining different, operationally defined fractions
of uranjum or other contaminants in sotls and
sediments. The procedure one would choose to
cmploy 1n an application will depend on the goal for
the measurement. In the context of site remediation,
extraction procedures have some limitations, both m a
generic sease and specifically for uranium chemistry,

Ia the geveric sease, all of the extraction procedures,
whether the single-step, lime-sequence, or scquennal
extractions, provide only operationally defined
compoocnts for the contaminant. While informaton
of some type is obtained from cach procedure, noec
of the methods provide data that can be used directly
to understand the dynamics of uranim in the soi or
sediment to be remcdiated. Onc-to-one correlations
of extraction results with uranium behavior could be
developed on a site by site basis. This would require
that an extensive site characterization be completed,

" including a bydrogcologic model for the mobilization

and redistnibution of the clement in the caviroament

The other major limitation of the majonty of the
extraction procedures is that few of the methods are
constructed to take advantage of some of the unique
features of uranium chemistry. An important aspect
of uranium geochemistry is its redax bebavior.
Uranium (IV), a common form in cxde fuels, mincral
deposits, and mine tailings, bas a limited solubility.
Therefore, in this form it is not readily available to
the biosphere. However, most uraninite (UO,) and
gummite (U,;0,) pbases are susceptble to oxidation
to the (+6) state and subscquent mobilization. Noae
of the extraction mecthods reviewed provide a means
ior estimating the ratio of U(TV) to U(VI) in
cavironmental samples, even though this would be a
uscful indicator of the quantity of uranium that might
be immediately available to the biospbere. Another
shortcoming of the extraction procedures reviewed is
that nonc -of the mcthods investigated mechanisms for
isolating and identifying the quantity of phospbate
mincrals present in a soil or sedimest Unlikc many
other metals, uranium is able to form relatively stable
phosphate phases in soils (c.g., saledte), even when
the concentrations of both uranjum and phosphorus
are at trace levels. Because uranyl [U(VI)]
phosphates have low solubilities, relative to uranyl
oxides and silicates, it would be uscful to bave a
mechanism for distinguishing these different forms in
order to obtain better estimates of wranium mobibty
and availability in the soil being remediated.




Given these limitations both with respect to extraction
proccdures io geaeral and with respedt to uranium in
particular, it would be useful to decdde what
charaderistics of extraction procedures might be
benefical, and then, using this as a foundation,
determine how well the various procedures epable an
analyst to address those issues. In this context, we
bave selected a number of candidate criteria that
could be uscful for evaluating the applicability of
uranjum extraction procedures. This list is not a
definstive list, but rather is constructed with the intent
of demonstrating bow onc might go about cvalvating
available procedures, and, perbaps, defining new
procedures that better meet the goals of the spedific
task.

Example Evaluation Criteria

Criterion 1: Does the procedire extruct the exchangeable
Jraction of uranium bound in the soil?

At a minimum, the proccdure should produce an
estimate of the readily accessible fraction of the
uranium. Ip most cases this will require that the
exchangeable fraction plus additional mazerials will be
lcached to solution. The exchangeable fraction is a
highly mobile and available form of uranium.

- Because of the processes regulating exchange, most
methods will oot provide information regarding the
mass of uranium bound on these sites. Mctbods that
altempt to charadenize “steady-state” or “equilibrium*
concentrations of the contamipant will fail to measure
the mass of uranium resident on exchangeable sites.
This would lead to a serious underestimation of the
quantity of available, or reactive, uraninm in the
system. Also, any soi or scdiment with high
coocentrations of organic matter or clays wll
preferentially adsorb uranium. Thus, proccdures that
aspirc to measure “soluble” uranium, for example in
dis‘illed water, might actually lose material to
adsorption as part of the extraction procedure.
Therefore, a reasonable procedure might include a
step that extracts the soil with a high-ionic-strength,
modcratc-pH solution carly in the process.

Criterion 2: Does the procedure provide some estimate
"of the concentration of the contaminant that might be
found in a natural soil water? >

This is a2 common criterica used in developing many
single-step and sequeatial procedures, although it is
not dear how distilled water extracts of a soil can be
related to the dynamics of the costaminant in the
field. (Perbaps the best way to obtain estimates +.i
soi waler concentrations of a contaminant is to
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measure them in the ficld using zero-tension
lysimeters.) Possible transformation of the
contamisant during the extracion procedure, for
cxample dissolving a metastable oxide and depasiting
the resultant ions onto exchange sites, make
interpretation of these mcasurements suspedt for most
metals. Nooetheless, the widespread use of these
procedures suggests that some investigators have found
useful applications for the information.

Criterion 3: Does the procedure allow one to detomine
Sfrom which mineral forms the contaminant onginated in
the sod? . :

Although this type of information is not generally of
interest for regulatory purposes, remediation cfforts at
a site might be made more effective if the
predominant forms of the contaminates were known
so that the trcatment technology could be focused to
address one or a few phases. Single-step and bulk
analyses of soils do not yield the information needed
o make these judgements. Hewever, because
different forms of uranium will display markedly
different mobilitics and bioavailabilities, the type of
information obtained from this type of measurement
could be exceptionally useful.

Criterion 4: Does the procedure, with appropriate
adjustments, allow the analyst to obtain estimates of the
U(Iv)JU(V1) ratios in the sample?

Although not as definitive as a thorough mincral
spcdation mcasurcment, there is a strong correlation
between the oxdation state of uranjum in a sample
and its availability. As already noted, exceptions
include the limited solubiity of ecrtain U(VI)-
phospbate and -vanadatc minerals and, oa the other
.side, the rapid oxidation and dissolution of ccrtain
reduced mineral forms of uranjium. This type of
measurement gencrally calls for the extraction of the
sample with a non-oxidiziug, mildly acidic solution.

Criterion 5: Does the method provide for estimating the
total mass of the contaminant at the site?

A common rcgulatory consideration is the total
concentration or activity of uranjum at a site. A
mcthod that provides this type of informatin will
potentially satisfy a number of different requirements.
As a modification on this criterion, onc might
mcasure the poo-residual (i.c., non-patural) forms of
the uranium. This type of proccdurc would cmploy
stroog adds in oxidizing solution, although the
extraction liquors would probably aot be suffigently
vigorous (o attack silicate phascs.
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Cnterion 6 Does the proceduse allow the analyst to
estimate the fime rate of release of uranium from the
sample? .

Ouc of the strengths of the SLF test is that it
provides cstimales as 1o the time rate of relcase of
uranium from a sample. Kinetics of uranium release
from covironmecatal samples is an area of incomplete
knowledge. Varying organic concentratioos in a
sample can lead to dissolution rate changes for
uranium oxidation and dissolution by several orders of
magnitude (Grandstaff, 1976). Although dissolution of
uranium from soils or scdimeats is a geochemically
complex problem, uscful information can still be
inferred from mcasurcd release rates

We bave developed a table illustrating bow well the
mcthods discussed in Sections 2.1.22 and 2123 meet
Liese six cniteria (Table 6). As is evident, none of the
mecthods is capable of addressing all the criteria.

Each of the methods provides some information about
the system, but clearly data from more than one

method are needed to make sound remediaton
dedsions.

2.12.5 Summary and Recommendations

The methods discussed above cmploy diverse sets of
reagents and were developed to address different
regulatory and rescarch issues. For the most part,
methods currently employed as standard metbods use
cither single-stcp extractions or multistep proccdures
that cmploy single extraction media. With the
exception of the TCLP (EPA/SW 846-Method 1311),
these prrcedures use cither distilled water or strong,
and gencrally oxidizing, acids as the extraction
medium. As a result, the methods arc best suited to
addressing a narrow range of regulatory issucs i
which spedific picees of information are required. In
the context of this type of application, the information
users must be careful to match the peeds of thar
programs with the type of information obtaioed from
the procedure(s) being employed.

Table 6. Summary of analytical characteristics of selected standard soil extraction procedures

Criterion

1 2 3 4 5 6
Method Exchange Equilibium Migeral U(IV)/U(VI) Total U Rate
ANSI/ANS-16.1-1986 N! Y N N N Y
ASTM D 397481 (HNO,) Y N N N Y N
ASTM D 3974-81 (HCI) Y N N Y N N
ASTM D 398785 N Y N N N N
ASTM D 4793-93 N Y N N N Y
ASTM D 487489 N Y N N N Y
EPA/SW 84€ - 1311 (¢H 4.93) Y S N N N N
EPA/SW 846 - 1331 (pH 2.88) Y N N S N N
EPA/SW 846 - 3050A Y N N N Y N
Yanase ct al. (1991) Y S Y N Y N
Tessier ¢t al. (1979) Y. N Y N Y N

'Y = the procedure mects this criterion, S = the procedure may sometimes, under vertain circumstances, meet this citerioa, aad N = the

procedure never satisflics this criterion.
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Of the rescarch procedures reviewed, oaly the
proccdure cmployed by Yanase et al. (1991) was
designed to investigate uranium spedation specifically.
Other procedures bave beea more geacrally developed
to investigate the partitioning of a range of trace
metals in soils and scdimeats. All of these proccdures
appear to have beca developed on the premiss that
uranium or other trace metals exist primarily as minor
compooeots in the soil; they focus on distinguishing
the metals that arc bound in carbonates from those in
ron or mangancsc oxides, soil organics, or other
pbases. None of the methods seem to provide
mcchanisms for evaluating certain chemical
characteristics that might be unique to uranium.
Specifically, the methods do not provide for ways to
determine U(1V)/U(VI) ratios or to distinguish uranyl
pbospbates (or vanadates) from uranyl bydrous oxides,
oor have they addressed the situation where one might
wish to distinguisb uranium oxides from uranium
sequestered in hydrous wron, manganese, or aluminum
oxides.

A major limitation of both the standard methods and
the sequential extractions is that noae of the methods
provide results that can be direaly correlated to the
cxpected behavior of uranium at the site being
studicd. Admittedly, uranium dynamics in soils is a
complex function of soil hydrology, soil chemistry,
regional climate and rclated fadors. As a resul, it is
not rcasonable to expect any single measurement
mcthodology to provide information relevant to the
uranium dyoamics for all systems. Users of these
mcthods, therefore, cither must accept the results of a
test as a surrogate or indicator of potential behavior,
or must use a combination of cxisting standard and
advanced procedures to obtain morce specific data
regarding uranium behavior. The standard methods
will be relatively easily implemented, and bave well-
constrained costs associated with them, although the
results will bave a degree of unccrtainty associated
with them. The advanced methodologics, on the other
band, require developmental work. To correlate
uranium bebavior in 2 soil with the results obtained
using a measurement wethodology, long-term studies
must be undertakea ou dissolution and transformatioa
processes. The specific goal of these studies should
be to learn what measures provide the best estimates
of uranium soil dypamics in a representative rapge of
“typical® soil regimes.

In light of these different goals, there arc scveral
options for choosing the procedures to employ for
characterizing a uranium-contaminated soil for
rcmedial tovestigations. If the user is constrained to
using standard methods (or modifications thereof), the
most appropnate standard method for this purpose is
probably the:TCLP (EPA/SW 846-Mcthod 1311).
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This method has two variations, cach of which would
yield information pertinent to site clean-up.

Extraction at pH 4.9 can yicld information about
cxchangeable, carbonate-bound, and other loosely
bound uranyl compounds. The more aggressive pH
2.9 solution should extract uranium sequestered in
poorly aystalline bydrous oxides and some of the
organically bound fraction. Together, these fractions
probably constitute most of the uranjum in the sample
that will be cnviroomentally available over time frames
of less than several years. The method does ot yield
time-rate of releasc information, nor docs it provide
speaific information about the spedation of uranium in
the soil However, the opcrationally defined available
uranium’ is of regulatory interest.

Extraction proccdures that provide either kinetic
information or more specific information about the
forms and partitioning of the uranium at the site arc
oot currently established. Methods and procedures do
cxst in the literature that would epable an investigator
10 obtain these types of data in a routine or standard
way. However, because of the range of information
that is potentially available from different types of
cxraction proccdures, onc would nced to define the
desired product carcfully before attempling to develop
a new procedure or sct of proccdures (o support site
remediation cfforts. Sequential extractions used in
conjusnction with some form of kinetic measuremeat
probably bold the best opportunities for corvelating
the results of a mcasurcment methodolegy with the
expected short-term behavior of uranium in a soil
However, proccdures {or such appiications remain to
be developed.

We bave reviewed a range of standard proccdures and
rescarch cethodologies that qualify as selective or
sequential extraction procedures. Currently, these
methods seem to be the most practical for estimating
the covironmental availability of uranium dircctly.

The methods are almost universally rapid and provide
reproduable operational definitions of uranium 4
reacivity classes. Extraction resulls can be corrclated
with loog-erm studies of availability performed on a
matrix of different soil types and covironmental
conditions. The techniques are easily performed in
most wet<hemistry laboratories with a minimum of
capital cost.

2.13 Bioavailability Studies

Ingestion of plants that bave assimilated uranium from
contaminated soils and direct ingestion of uranium-
containing soils arc important pathways lcading to the
uptake of uranium by humans and animals. Although
these processes are important, the results of our
Literature search indicate very few data exist regarding
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ficld and laboratory studies of the bioavailability of
uranium from sois and scdimeuts. Morcover,
ideotification and characterization, including valence-
state determinations, were not conducted or reported
io the few studies identified in our review.

Cannon (1952) studicd the effect of uranium-vanadium
deposits oo the vegetation of the Colorado Platcau.
For plants rooted in uranium-bearing rock, Cannoan
found the highest concentrations of uranium in the
roots and sceds. The results indicated that the
availability of uranium to plants was strongly
influenced by soil clay content, organic maticr content,
soil aadity, and depth of the root system.

Miera (1980) evalualed the bioavailability of uranium
o a single spedces of small mammal, the white-footed
decer mouse (Peromyscus maniculanus rufinus
(Mermam)] ia two different environments: uranium-
contaminated soils at a weapons-testing site ocar Los
Alamos, New Mexico, and an inactive uranium mill-
tailings pile located near Grants, New Mexico. The
objective of the study was to determine whether
uranjum coocentrations in lissues and organs of white
footed deer mice could be related to soil uranium
conceotrations. The concentrations of uranium were
determined for vanous soil size fractions and whole
(i.c., unfractionated) soil samples. The uranium
analyses of the soil samples from the Grants and the
Los Alamos sites were done by a ncutron assay and
an instrumental epitbermal neutron activation analysis
technique, respectively. The mincralogical form and
valence state of the uranium in the soils were not
characterized. The study indicated a high vanatioa in
uranium distributions at the Los Alamos site, which
Micra concluded to be a result of the uranium
dispersal patterns {from the explosive test shols. At
the Grants site, the relatively bomogencous
distribution of uranium was attributed to the solubility
of uranium resulting from the relining process and the
uniformity of soil particle sizes that optimizes the soil
mixing processes. More ingested vranium was
metabolically assimilated in the white-footed deer
mousc at the Grants site, a result that Micra
attnibuted 1o a more soluble form of uranium at this
site.

Drecsen et al. (1982) examined the ennichment of
poteatially toxic constitucats (4.g., uranium) in
uranium mill residues and the aqueous mobility and
bioavailability of these coataminants in the
covironment. The investigation included laboratory
studies involving the leaching of tailings with water
and the plant uptake of contaminants. A greenhouse
cxpcriment was cooducted to evaluate contaminant
uptake from the alkalioe tailings by native plaot
spedes. A grass (Sporobolus airoides) and a shrub
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Chassard-Bouchaud and Galle (1988) studied the

(Atiplex canescens) were grown in two environmental
scttings: 1) soil-covered tailings and 2) sod aloae.
The results of the laboratory studies were also
compared to contamination mcasured near an actual
tailings pile. Water extractions of trace constituents
from the tailings, sediment, and soil samples were
completed by mixng the air-dricd solids with
deionized water for 30 days at a solid-to-liquid mass
rato of 1:5. No additional characterization of the
solids was reported. Uranium was analyzed by
delayed ncutron counting after thermal ncutron
Uradiation of the tailings, soil, vegetation, extract, and
water samples. The analyses indicated that uranium
conceatrations in the tailings extracts were at least 25
limes greater than those in the soil extracts. On the
other band, the mean concentrations of uranjum in
the shrubs grown in tailings were 15 times greater
than in those grown in soils, indicating that the water-
exiract conccotrations of uranium did not pecessanly
correspoad to the quantity of that clement in the
above-ground portica of the plaat.

cellular and subcellular distribution of U in several
organisms using microanalytical techniques. The
organisms included oysters, musscls, shrimps, crabs,
and sca spiders collected from the French coastal
walers, lsotopic measurements and cellular images of
the radionuclide distribution were obtained using
sccondary ioo mass spectrometry (SIMS).  X-ray
spedrometry was also used to study radionuclide
distribution at the subccllular level. Chassard-
Bouchaud and Galle were able to deteet U
bicaccumulations in cvery speacs, larget organism,
cell, and organclle. Although Cbassard-Bouchaud and
Galle discussed the possible pbysiological strategies for
the uptake, storage, and climination of uranium by
these organisms, oo specific information was provided.
Since this short paper was included in the proccedings
of an in(croational confercnce, the issue of uranjum
bioavailability may bave been discussed in their oral
presentation.

Linsalata et al. (1989) conducted a field study of adult
steers in an area in Orange County, New York, that
has clevated background radicactivity. The objectives
of the study were to assess lissuc concentrations,
soil-to-tissuc concentralion ratios, and the comparative
bioavailability of isozopic Th, U, Ra and light rare-
carth clements in adult stecers. The clements chosen
for study display some physical, chemical, and
biological properties that are similar to those for
transuranic actinide elements present in high-level
suclear waste.

Linsalata et al. (1991) conducted a ficld study in the
Pogos de Caldas platcau, Brazil. This arca has
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clevated natural background radioactivity. The
purpose of the study was (o assess tissue
concentrations and the comparative bioavailability of
isotopic Th(1V), U@V, V1), Ra(Il) and light rare-carth
clemeats in adult steers, pigs and chickens. Tz field
study showed that the isotopic ratios in the farm
animals’ tissuc resemble closely, with few exceptioans,
those in soils over which the animals forage. These
results indicited the importance of the sod component
in the biouptake of these elements by animal tissues.

Gartea et al. (1981) conducted a study of comparative
uptake of ™U, ™Th, and ®Pu from soil by fescue,
grasshoppers, and small mammals at the contaminated
White Oak Creck floodplain in cast Teooessee. The
floodplain, which is near the Qak Ridge National
Laboratory, was originally the site of a liquid retention
pond for radioactive waste, and was contaminated with
plutonium and fission products in 1944. Samples used
1o this study included carcasses from shrews, mice,
and rats and bonc samples from raccoon, crossum,
woodchuck; and rabbit. Radioouclides were extracted
from 10-g soil samples using 8 M HNQ, for 48 hours.
The authors considered 8 M HNO, to be cflective io
extracling total actinides, because the radionuclides in
this soil were expeded 1o be present as surface-
adsorbed forms as opposed to some refractory form.
Analyses of ™, mm and ™Pu in the supernatant
were completed using alpha spectrometry.
Radionudides in the plant and animal tissue samples
were analyzed by thermal emission isotope dilution
mass spedrometry. The results indicated that the
pattern of uptake of these radionuclides by biota from
the soil was U > Th =~ Pu. This pattern of
accumulation corresponded to the autbors’ previous
studies regarding the extractability of these
radioouclides from soil using 1 M HNO, and

10% Na LO ;5% NaHCO,. Garten et al. considered
the pattern of extractability from soil to be probably
related to the valence states of these radionuclides

(UCV1), Pu(lV), and TRAV)].

Sheppard et al. (1984) used (icld lysimeters (o study
plant growth, plant uptake, and redistribution of
uranium and chromium in soil. The tnvestigations
included studies of two plant species (alfalfa (Medicago
safiva) and Swiss chard (Beta vulgars cicla)] in two
sou types (loam and sand) that were spiked with
uranium. The uranium was added at two depths

(15 and 30 cm) in the form of the uranyl {U(V1)] ion
using uranyl nitratc solution. Analysis of uranium was
completed using activation analysis/delayed ncutron
counting. The SOLMNQ chemical speaation
computer model was used to estimate the uranium
spedation in both soils. The spedation calculations
indicated that the uranium under these conditions
should bchavc as’ m anion, with the dominant species

\1
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being UO,(HPO,)}, (UO,),(OH);, UO,(CO,)%
and UOQ,(CO,);. Sheppard et al. found that the total
uptakc of uranium increased significantly as more
uranium was applied to the soil. Plant uptake of
urapium was determined to be independeant of plant
spedes and the placement depth of uranium
cootaminalion in the loam soi. In sandy sodl,
however, the uptake of uranium by plants was greater
where the uranium placement was pear the soil
surface. Sheppard et al. attributed this increased
uptake to ths prescoce of more roots in the shallow
zone. They rcasooed that the lower uranium uptake
with deep placcment might refleat less root activity or
a reducing cavironment that altered the initial U(VT)
to less soluble forms of uranium. The studies also
indicated that the uranium did not migrate
significantly in the loam soil. Sheppard et al.
spcculalcd that wranium was immobilized by org‘.uuc
matter in the loam sol. In the sandy soil, uranjum
placed near the surface migrated predominanty

upward, whereas, with deep placcment, some uranium -,

might bave been lost to the water table.

Sheppard and Evenden (1985) studied the uptake of
uranium and several other metals (technetium,
phosphorus, and tron) by barley (Hordeumn vulgare)
grown in ficld lysimeters. The purposc of the
investigation was (o cxamine metal uptake and
mobility at the water table interface between the
unsaturated, usually acrated sotl and watcr-saturated,
often anacrobic soil. The study included
incasurements of plant uptake, plant root distnbution,

and soil profiles of total and ¢ 2ractable concentrations .

of uranium and the other metals. The soil was
trcatcd with uranyl icn in the form of uranyl nitrate
solution. Soil sampling included the extraction of
uranium from the sod using 0.02 M CaCl, and 05 M
NaHCO, (pH 85). Analysis of uranjum was
completed using ncutron activation/delaycd-peutron
counting. Resulls indicated that uranium was most
mobile in the acrated soll. The migration was
predominantly upward and particularly from the
shallow treated layer when the water table was fixed.
The greatest retention of uranium occurred in the
anacrobic treated layers. The mecasured
concentrations of uranium in the plants were
approximately a factor of 10 higher than background,
but were statistically different from backgrouad oaly in
the casc of shallow uranium placement with a fixed
water table. The plant uptake of uranjum reflected
the mobility of uranium at these conditions and plant
root activity. The studies showed that the mobility of
somc metals changes as they migrate {rom anacrobic
to acrobic zones. This transition zoac occurs at the
boundary of oxygea depletion and not the water table
interface.
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Sheppard and Thibault (1988) investigated the vertical
migration of uranium, (cchnetium, iodine, and
peptunium in peat from two types of mires typical of
the Canadian Precambrian Shicld. Both mire deposits
were Jocated within the area of the Whiteshell Nudear
Rescarch Establishment in Pinawa, Capada. To study
uranjium migration, core samples of pcat matenal

were spiked with uranyl [U(VT)] ion using uranyl
nitrate solution. Analysis of
ocutron activation. The studies included
mcasurements of scasonal groundwater level
fluctuations and chemical composition changes in the
mires. Uranium analyses of peat and pore water
samples from the cores indicated that uranium sorbed
cffectively to the peat and was quickly immobilized.
The concentrations of uranium in the surface peat
were very low, with the uranium coocentrated necar the
spike location. The results indicated that the mobility
of uranium is retarded in this redudng covironment.

Nooc of the studies we reviewed approached the
subject from the standpoint of trying to predict the
cavironmental availability of uranium from a particular
sod. Rather, they were conducted to explore some of
the possible pathways that bioaccumulation of uranium
might follow. A bioassay for regulatory purposes
might involve germination of bean sprouts, or some
other rapidly growing plant or microorganism, in an
3gar containing the sou of interest. The rate of
uptake by the test organism would then be correlated
with long-term studies of uranium relcase to
groundwater and/or to plants and mammals to
estimate the risk factors. A complele assessment of
covironmeantal avaifability for susface soils would
include some sort of a bivassay to account for
lerrestrial movement of the uranium not assoaated
with groundwater. To our knowledge, no such
lovestization has been undertaken by any rescarch

group or regulatory ageacy.

Procedurey to determine the bioavailability and toxicity
of contaminants fall ‘nto two broad categories: aquatic
tests and tervestrial tests. The aquatic tests bave been
the standard-bearer for these types of measurements.
Standard test organisms [e.g., fat hcad minnows,
daphnia (a zooplankton), various algac species] are
exposed to the contaminated water or an extract of
the sotl, for a defioed period (Postoa ct al., 1984).
For acute cxposure asscssmeunts, the tests usually last
four days. Chronic exposure tests can be run for up
to 28 days. A geperal limitation with the aquatic tests
ts their lack of specificity. The organisms react to all
contaminants presest in the sample, so unless one has
a detailed characterization of the materials being
tested and is aware of synergistic interactions among
those cootaminants, it is virtually impossible to assign
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a spedific organism response to the prescoce of a
single cootaminant

The terrestrial tests (Linder et al, 1992) are relatively
new, having been developed within the last decade.
The terrestrial tests cocompass a battery of
measurcments, including sccd-germination lests, root-
clongation tests, greenhouse tests, and carthworm-
toxiaty tests. These tests are gencrally more
applicable to situations in which the contaminants are
partitiored onto soil solid phases. As with the aquatic
tests, these procedures tead to be broad-spectrum
tests; that is, it is difficult to assign obscrved toxaty
to a spedfic contaminant unless additional work is
undertaken. ’

Costs for the aquatic and terrestrial tests vary. There
are severa) dozen commerdal laboratories in the
United States that arc curteotly capable of conducting
the aquatic toxdaty tests with noaradionuclides.: We
bave oot beea able to determine how many
laboratories also are equipped to handle uranium and’
other radionuclides, although we expea the pumber to
drop by morc than an order of magnitude. Costs for
these tests are expected to be several thousands of
dollars per test. For the terrestrial testing, about six
laboratories in the United States arc capable of
performing the cvaluations. Of these, oaly one
currently is sct up lo bandle radiosuclides. Costs for
the tests also vary. Sced-germination and root-
clongation tests will be available for about $1,500 to
$2,000 per test. Greenhouse testing is considerably
morc cxpensive. We have not obtained cxad figures,
but astidpate the costs 1o be on the order of $10,000

to $12,500 per test.

2.1.4 Selection of Direct Measurement
Approach '

Clearly, the SLF procedure cannot be used directy to
estimate the enviroomental availability of uranium in
soils. It does, however, incorporate an estimate of the
release rate of uranium, something that is lacking in
most of the other proccdures we bave examined. The
bioassay approach also has some appcal, but has oot
been developed sufficently to be used for regulatory
purposcs. The only dircct approach that has been
developed to a degree that would make adaptation for.
regulatory purposes possible is onc based oa a rapid
chemical extraction proccdure. The ideal proccdure
would directly measure the rat=s of rclease of uranium
from the soil solid phase to the soil solution and
would take into account the varicty of uranium-bearing
solid phases present in soils, as well as the different
solution composilions and flow rates that may be
encountered. - .




2.2 Inferred Measurement of
Availability

The inferred measurement approach does not measurc
the rate of uranium relcase from each soil dircctly,
but rather estimates it based on quantificalion of the
thermodypamically identifiable pbases of uranium
assodated with the soil solids. This information is
then coupled with fundameatal thermodynamie,
kinetic, and hydrologic data to estimate the
covironmental availability of uranium. Tbe success of
the approach relics on 1) the ability to correctly and
cconomically quantify the important uranium-beanng
pbases in a soil, and 2) the integrity and applicability
of the fundamecotal data that are uscd to predict
uranium availability. Rather than being operationally
defined, as the direct availability measurements tend
to be, the inferred approach is based on absolute data
and offers the potcatial of being both simpler and
wore predse.

22.1 Phase Identification Procedures
22.1.1 X-ray Absorpton Spectmscolpy

With the advent and continued development of
dedicated synchrotron fadilitics, X-ray abwrpuon
spectroscopy (XAS) bas emerged as an important and
accessible technique for the determination of local
structure (ncarest-ncighbor identity and distance, and
coordination number) and oxidation state of atoms.
This information is located in two portions of the X-
- ray spectrum and obtained by scanning across the
absorption edge for a particular inper-shell clectronic
transition (e.g, the K edge or the L, edge). The
actual position of the edge varies slightly with the
oxidation state of the atom, geacrally shifting to lower
coergics as the axdation state decreases. In addition,
pre-edge features often appear in spectra for the
higher oxidation states as a result of transitions of
clectroas from inner shells to outer valence shells that
are unoccupicd as a result of the oxidation state.
Thus, rom a combination of absolute edge position
and fearures near the edge (i.c, within 40 ¢V on both
sides) much can be deduced about the oxidation state
of the atom. Examination of this portion of the
absorption spectrum is termed X-ray absorption near
edge structure (XANES) spectroscopy and requires
little or no computer modeling to extract the
information. An clectron is cjected from the atom as
a result of X-ray absorplion and will produce features
in the spectrum 40 ¢V to about 1000 ¢V above the
absorption edge that contain information about the
identity, interatomic distance, and coordination oumber
of the nearest aipmic ncighbors to the absorbing
atom. _'I'hu*aorbpn of the spectrum is referred to as
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the extended X-ray absorption {ine spedrum
(EXAFS), and claborate computer modeling is
required to extract the information.

Because the technique is relatively new, only a few
cxamples of its usc for characterization of uranjum in
sous have beca published. Dent et al. (1992)
compared the EXAFS spectra of uranyl ions in
solution and adsorbed to silica and moontmonionite.
Using the X-ray micoprobe (XRM) with a beam size
of 50x50 pam, Bertsch et al. (1993) collected XANES

"spectra of uranium-contaminated soil samples from

Fernald, Obio, and the Savannah River Site, South
Carolina, and were able to determine thé average
oxdation statc of the uranium in the samples. They
noted that most of the U(TV) was present in the sand
size fraction, presumably from airborne particle
deposition, whereas uranium adsorbed to the clay
fraction was csscotially all hexavaleat. They did not
spedfy, however, whether precautions were taken
during separation of the clay fraction to prevent the
oxidation of colloidal and adsorbed uranium in these
soils. The highest conceatration of uramum n the
samples studied was about 1000 g g*, and lhcy
estimated that concentraticas as low as 10 g g™

could be studied with the microprobe technique.

The application of XAS for identification of urapium
solid spedes in soils can reveal information about -
average oxidation statc and with XRF can quantify the
total uranium prescot. Use of the XRM can extend
the resolution of the method to as low as a few
microns, and this resolution is expected to improve as
the development of the XRM continues.

Furthcrmore, XAS aliows the examination of hydrated
samples in heir patural state since it does oot require
a high vacuum. However, these techniques reveal the
local structure rather than ideatifying specfic
thermodynamic phases that can be treated in a
geochemical equilibrium model. Extraction of phase
information (cg, nearest ncxghbor distances) requires
considerable time and expertise with a sophsua(cd
computer model However, onc can imagioc an
automated claborate XRM sct-up that would
systematically scan a sample for uranium, collect an
XANES spectrum, an XRF spectrum, and an XRD
spcctrum at cach point of interest (say where uranium
conceatrations above a ccrtain threshold level were
found), and usc this information to estimatc the
amounts and forms of uranium in the sample.
Obviously, representative sampling would be required
and there would always be some concern about
extrapolating the results from the XRM analyses to a
whole soil. Such a system docs not currcally exist,
but may become possible in the next 5 to 10 years.
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22.12 Analytical Electron Microscopy

Elccron microscopy combines the ability to image
samples on a very small scale with other analytical
techniques for identification and quantification of
composilion [energy-dispersive X-ray analysis (EDX)]
and structure {electron diffraction (ED)}. Tbe entire
packagZ of (cchniques is often refered to as analytical
clecton microscopy (AEM) and is a powerful tool for
the detailed examination and characterization of soils
(Gilkes, 1994). Thc technique can identify particles
on the order of a few nanometers in diameter on the
basis of chemical composition and, if crystalline,
crystal structure. However, the measurcments must
be made under a high vacuum and, for diffraction,
must be from very thin specimens that allow
transmission of the clectrons. The technique, thus, is
best suited for examination of uruaium that is in
discrete arystalline phases that are oot readily altered
by desiccation. Because of the high resolution
atlainable, this technique can also be used, in
conjunction with image apalysis software, to guantfy
the sizes and shapes of the individual particles for
later usc in estimates of absolute dissolution rates.
Uslike XAS, AEM docs not offer a capability for
dctermination of oxidation states. The sample
preparation requiremeals arc also morc restrictive
than those for XAS. Oan the other hand, the
resolution and imaging capabilities arc far supenior
and may offsct these limitations. '

22.13 Laser-Based Spectroscopies

The phasc-identification approach taken by onc group
at Los Alamos National Labaratory involves
integrating the information from XAS with that from
several laser-based techniques (D. E. Morris, Los
Alamos National Laboratory, 1993, personal
communication). The laser spectroscopics employed
include optical luminescence, Raman, and :
photoacdustic. In geoceral, luminescence is more
seositive to U(VT), whercas photoacoustic is more
sensitive to U(1V). The Raman technique samiples
vibrations of functional groups and has roughly
cquivalent sensitivity to compounds of cither valence.
The integrated approach offers the ability to
characterize uranium in soils with a minimum of
pretreatment and thus has the potential of being
highly accurate from a phasc-identification standpoint.
Analytical costs, however, are in the ncighborhood of
55000 per specimen, and about $500,000 in capital is
occded to purcbase the instrumestation.

22.1.4 Preconcentration Techniques

Although identification and quastification are not
-accomplished directly by preconceatration, phase
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identification is often enhanced by various solid-phbase
preconcentration proccdures that rely on differences m
partide-size, density, surface charge, and other physical
propertics (o scparate the pbases of interest from the
sod matnx (Laird and Dowdy, 1994). Becausc of the
high density of uraniwmn relative to the mincrals that
make up the bulk of the soil minerals, a
preconcealration technique relying on deasity
{racionation would scem to bave great promise for
increasing the concentration of uranium in specimens,
thereby lowering the cffective detection limits for the
various phases present. We are not aware of any
work in which this approach has been takea
spedifically for the isolation of uranium phases m soils.

22.15 Assessment of Phase Identification Procedures

Phase identification gencrally requires a combination
of information about the clemental composition of the
speamen and its structure.  As such, X-ray and
partidle-bcam techniques are the main ways of
identifying individual plises and ideatification is rauch
casier for arystalline phases than for amorphous
pbases. In soils, uranium cooceotrations arc low
coough (o require microbeam techniques, in which
individual particles arc identificd and then
characerized. As a result, the direa phase-
identification approach requires minimal quantitics of
soll for each specimen, but, in analogy to sand-grain
analysis in classical petrograpby, samplmg of very large
pumbers of individual particles from a particular soil
in order fer the results to be statistically meaningful.

XRM and AEM are two techniques that can acguire
both compasitional and structural information about
small particles. Oupe limitation to the XRM is that it
requires a synchrotroa X-ray source to obtain canugh
X-ray flux on the speamen for analytical purposes.
The AEM, on the other hand, is a relatively common
instrument and accessibile to many laboratories.  Of
the two instruments, then, the AEM is dearly the
wmore practical and offers structural, compositional,
morpbological, and spatal information about the
uranium in sous.

The main drawback of AEM is duc to its being a
microbcam technique. A large pumber of individual
characterizations may bhave to be performed before an
average composition for the whole soil can be
deduced.  Furthermore, extensive sample preparation
(i.c, thin sections) is required if spatal information is
desired. Lastly, the technique docs not lend itself to
oxidation state determinations (cven by quantification
of oxygen and stoichiometric calculations). As noted
by Nash (1992), “the standards and unknowns muost be
well polished and clean, bave the same thickness. of C
coating, and bave surfaces perpendicular 10 the o



clectron beam. These procedures are particularly
caritical for O because the signal is derived from very
pcar the surface, and C bas a high mass absorption
cocfhicent for OK_ radiation.” Thus, oxdation state
analyses by oxygen quantifiction can be donc only on
thin scctions and may be subject to considerable error
i not properly performed.

Io short, the AEM technique, though powerful, docs
oot idcntify amorphous pbases readiy, cor adsorbed
uranium. =0 “apreainitated uranium at small mole
' .v ignore a considerabie fraction
um prescot in soils. This, 1n

el tedious and labor-intensive
sate.e of the data cadection, makes it not particularly
practical for routine declermination of environmental
availability of uranium. It may better serve as an
anallary technique to belp idealify phases extracted by
wet-chemical methods and aid in the correlation of
reactivity and availability.

222 Geochemical Mndel.ing

Geochemirni modcling is a bre . icrm (hat may
include calc.ations of the ther udynamic equilibria of
ions in aqueous solutions, the k - =tics of solid
dissolution and preopitaticn, anu hc transport of inns
io soils and sediments. Of these, the equibbrium
codes are well developed, whercas attempts to couple
cquilﬂ)rium calculations with kinetic and transport
processes 1o soils are still in their infancy. We refer
here oonly to the cquxlxbnum calculations, recognizing
at the same time both the importance of the other
processes and the difficulty of combining them into
mcaningful tools for predicting contaminant behavior.

Calculation of cquilibrium species distributions of
dissolved major and trace constilueats, including
radioouclides such as uranjum, may be used to
understand the processes that control the chemistry of
surface- and groundwater systems and, (o some 2xtent,
the chemical mobility in these systems and
bicavailability to bumans. Such processes as aqueous
complexatioa, oxdation/reduction,
adsorption/desorytion, and mineral
preapitation/dissoiuiinn will control the
thermodynamic activities of radionuclide specics in
solution. Both the diversity aod interdepende--v of
research cfforts asscaated with chemical reacion
modcling arc cffectively demonstrated by the p.:pc.rs
ated in the literature review of Seroe ct al. (1990)
and thosc published in Jenne (1979), Jacobs and
Whatley (1985), Jackson and Bourcicr (1986) and
Melchior and Bassett (1990).

The distribution ol agiecous speacs at cquilibrium in a
“multicompong; n( Jystcﬁ can be rcliably calculated only
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with a combination of accurate analyses of water
compositions and a compcelent geochemical reaction
model. A geochemical reaction model is defined bere
as the integration of mathematical expressions
descnbing theoretical concepts and thermodynamic
relationships oo which the aqueous spedialion,
solubility, adsorption, and mass transfer calculatioas
arc based. A gecochemical reaction code refers to the
translation of a geochemical reaction model into a
sequence of statements in a particular computer
language. A compctent geochemical reaction model is
a modcl that contains all the necessary submodels and
important aqueous complexes, solids and gases fer "he
important clements of interest required to adequ v
wnterpret a given data scl.

Geochemical reaction models may be used 10 . - uict
the maximum coocentration of elements, such as
uranium, that may be prescot in an aqueous solution.
This type of modcling calculation requires the user to
select either a solubthly or an adsorpuon readtion (o
constrain the maximum coancentration limit of a ’
radionuclide or any other dissolved coanstituent. The
modeling process is based on the following
assumptions and needs for the environmest of
interest:

* For a concentration limit based on a solubility
reaction, the mincral phasc selected as the ’
sclubility control for the radioouclide of interest
must have known thermodynamic data (e.g.,
solubility constant) and be technically defensibic
(c.&, known to cxist in paturc and bave rates of
preapitation and dissolution that are not limited
by kinetics).

¢ For a concentration limit based on a sorption
reaction, the substrate (c.g, an iron-oxyhydroxde
coaling) selected as the sorption cootrol for the
radionuclide of interest must be technically
defeansible relative to the soil or sedimest being
modeled, and sorption parameters must be known
for the radionuclide of interest and its major
competing ions for the substrate and the range of
appropriate environmeclal conditions.

¢ The reactions or conditions that control the pH,
redox conditions, and concentrations of
complexing ligands (e.g., dissolved carbooate) for
the derived aqueous solution must be assumed
and technically defeasible.

* The model must bave a competent thermodynamic
databasc that includes all the necessary aqucous
speaies, redox reactions, mincrals, and sorption

_substrates for the radionuclide of interest and for
the other constitucats of eavironmental
importance.
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* The composition of water (in particular, p¥ Eh,
and alkalinity) contacting the radionuclide-
containing phases (aust be known.

. * Most geochemical modeling calculations will be
limited to equilibrium conditions, because of the
general abscnce of kinctic rate values for the
aqucous spediation, solubility, and/or sorption
reactions involving the radionuclide of interest and
other constituents of covironmental importance.

The results of the modcling calculations provide the
total concentrations of dissolved radionuclide and
other clements included in initial aqueous solution;
distributions (total concentrations and percentages) of
dissolved radionuclide in cach valence staic included
io the model [e.g, U(VD), U(V), and U(IV)];
distributions (oonccnu'auons and pcrc.cnlzg:.s) of
different uranium aqueous spedcs {e.g, UO3',
UO,(0OH),’(aq), (U0,),C0,(0H),]. Without
information or assumplions rtgardmg the rate of
release of the radionuclide of interest from its source
term, such as contaminated soils or a lowevel-
radicactive-waste (LLW) site, modeling calculations
cannot provide an estimate of the total mass (ie,
mass present tn aqueous solution plus assodated
mineral phases) of a radionuclide in the environment
under review. Because thermodynamic data typically
do not have the resolution to distinguish among
different xso(opnc forms of radionuclide-coztaining
aqucous specaics or solids, geochemical modeling
calculations do not provide any informatios oa the
distribution of the different radionuclide isotopes
prescot in the aqueous or assodated solid phases.

Gcochemical reaction codes bave been used to model
a vanc'y of problcms assodated with the bebavior of
uranium pbases in natural eavironments. A
few examples of applications related to the
geochemical bebavior of uranium include the

following

* Predicticn of the interaction of groundwater and
compacted beotonite and the resulting cffects on
the maximum solubilities of dissolved uranium at
a potential nuclear waste repository (Wanncr,
1987)

* Estimation of the cffects of ionic strength,
groundwater composition, and temperature on
calculated solubilitics of dissolved uranium
(Lemire and Garisto, 1992)

* Prediction and analysis of watcr-rock interactions
and assodated uranium mineralization and
mobility at natural analogue study sites {or
radicactive waste disposal systems {e.g, Alligator
River Analoguc Project in the Northern Ternitory
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of Australia (Sverjensky, 1992); Pogos de Caldas
Project in the State of Minas Gerais, Brazil
(Nordstrom ct al, 1990; Bruno ct al, 1991; Cross
et al, 1991)}; Palmottu Analogue Project in
southern Finland (Ollila 1992)}

* Assessment of the geochemical bebavior of
radionuclides, such as uranium, at candidate sites
for high-level radioactive waste repositories
(Mcyer ct al., 1986; SAIC, 1985; Kelmers ct al,
1984)

~* Validation of thermodynamic and solubility data

for uranium-containing aqueous systems (Krupka
ct al, 1983)

¢ Prediction and analysis of interactions of aadic
vranium mill tailings solutions with sediments
(Felmy ct al, 1987; Peterson ct al, 1983)

* Analysis and derivation of mechanistic constants
for the adsorption of uranium (Turmer et al,
1993) .

¢ Performance assessment of a radionuclide sourcs
term and transport involving uranium (Muller et
al, 1986)

* Analysis of the rclcase of uranium from
borosilicate glass incorporating nuclear waste
(Grambow ct al, 1991)

Geochemical modeling of maximum conceotration
Limits provides valuable information for ioput to
performance assessment analyses. These results may
have some limitations. For cxample, even if the input
paramecters are technically defensible, the conceptual
modcl may be too conscrvative and predict
concentrations that are unrealistic. This situation .
might result from 1) sclection of an ultra-conscrvative
solubility or adsorption reaction coastraiot, 2) the
absence of kinetic rate data for key rcactions, or 3)
inadequate thermodynamic and sorption constant data,
including those for organic-complexing ligands and
assodiated radionuclide reactions. Although the
calculations could guide further site characterization
and analysis, the conceptual model on which the
modcling calculations arc based would have to be re-
assessed relative to its degree of conservatism, and
refined for the environment of interest.

However, the cquilibrium codes are well established
and simple to operatc. With the appropriate uscr

1. It sbould be noted that the U. S. Nuclear Regulacory

_Commission was a participant ia the Alligator River Asalogue »nd

Pogos de Caldas projects.



interface, essentially anyone with a chemical
background can input the parameters needed to
calculate the equilbrium assemblage of uranium
spedes in a soil solution. Whereas the codes
themselves are reasonably robust, the quality of their
predictions is only as _ood as the quality of the input
. data. As shown in Table 4, failure to input the values
for Peo, (iLe, TIC) or pH can have a dramatic effet
on the cquilibrium concestrations predicted for a
single pbase. It is not coough just to identify the
compounds present—to assess their eaviroamental
availability, some cstimate of their solubiiity is needed,
and this can come only from a geochemical code or
an empirical determination. In the absence of
cmpirical determinations, geochemical modeling is
esseatial.

Equilibrium geochemical codes are readily available
"and not difficult to use. Howewver, they do not
incorporate all the information that is needed (i.c.,
kinetics, transport) to determine environmental
availability. Thus, the inferred approach to measuring
enviroameatal availability is not suitable for regulatory
purposes. With further developments in phase
identification procedures (eg, automation of AEM
analyses) and increased sophistication of geochemical
codes (ie., incorporation of kinetics and transport
modules), this approach may become more practical.

23 Summary of Existing Methods

Because the environmeatal availability of uranium is
related to the amount of aqueous uranium maintained
in the soil solution over iime, measurcment techniques
geoerally involve determination of both the total
capaaity of the soil to release uranium and the rate at
which the uranium is released to maintain a certain
concentration.

Two major approaches have been taken to estimate
these parameters. The first involves direct costact of
the soil with a solution that simulates in a short lime
period the soil eavironmental conditions expected over
a much longer time interval. locluded under this
broad umbrella are 1) the simulated lung fluid
procedure in which acrosol particles are equilibrated
for differcat time periods at 37 °C in an aqueous
solution having a composition similar to that in buman
lungs, 2) chemical extraction procedures using a
variety of solutions and approaches, and 3)
bioavailability studies in which uptake of uranium
from soils or soil solutions by plants or organisms is
measured. Sequential extraction procedures in which
the soil is treated by successively barsher solutions
bave been developed fur other environmeatally related
assessments and scversi standard methods designed
for particifai situeiivut are available.

Mcasurement of Environmental Availability

The second major approach for estimating
covironmental availability of urasium involves inferring
the aqueous concentrations of uranium based on a
determination of the solid phases in contact with the
solution and geochemical modeling of the solubilities
of these phases for the particular soil solution
composition. Phase identification procedures include
X-ray absorptiou spectroscopy, analytical electron
microscopy, and the laser-based oscopies.
Geochemical modeling includes alculations of the
thermodynamic equilibria of ioas in aqueous solutioas,
the kinetics of solid dissolutior. and precipitation, and
the transport of ioas in soils and sediments. Of these,
the equilibrium codes arc well develeped, whereas
attempts to couple equilibrium cakulations with
kinetic and transport processes in soils are still in
their infancy. These codes rely on large databases
containing information about thermodynamically
distinct phases, reaction stoichiometries, and other
factors affecting reaction kinetics and transport.

We have summarized many of the features of the
direct and inferred approa. “es in Table 7. In our
assessmeats of these two major approaches we
considered the technical factors (ie., is the
information obtained sufficient to establish a
defensible estimate of eaviroomental availability?) as
well as the practical factors (i.c, how much time and
money are required to obtain the information and
bow many fadlities are available to perform the
anaiyses?). Of the three direct approaches considered,
two were climinated for cither technical or practical
rcasons. The simulated lung fluid test is clearly not
spedific or relevant to a soil cavironment and requires
60 days and numerous analyses to obtain the
information. The bioavailability tests, whilc the most
relevant of all the procedures, also require tengthy
periods before the information could be obtained and
have not been developed sufficieatly to warrant their
adoptios for regulatory purposes. The phase
identification proccdures for the inferred measurement
approach, while providing unique mformation,
geanerally do not provide complete information (c.g,
amounts of amorphous uranium or adsorbed -uranium
dispersed tarough the soil), arc expensive, and because
of their small specimen size require many specimens
to be analyzed before a statistically valid estimate can
be obtained. Ia turn, the geoch=mical modeling for
the phases identified by these techniques is focused on
thermodynamic equilibrium and oot suffiaeatly
developed to handle the kinetic aspects of the
problem.

We conclude that an approach bused on direct

. extraction of the scil offers the best combination of

information quality, low cost, and rapid turnaround.
None of ibe standard or rescarch methods examined,
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Measurement of Environmental Availability

Table 7. Summary of methods for measurement of environmental availability of uranjum

Number Cost Tarn- Lab
of U per Set-up around Avail- Kinetic Speciflc
Method Det'n' Sample Cost Time adility Data - to U Comments
- ~§ - —d—
Direct™
Simulated Lung Fluid 29 152K 50-200K*> 70 Mcdium Yes Yes Not applicable to soils
and sediments
Batch Extractions
Single-Step 6 675 50200K 14  High No Yes
Sequential 12-36 2590 50-200K 16-19 High Yes Yes
Bioassays
Aquatic 12-247 2,000 <50K 7-30 Medium No No Labor intensive
Terrestrial 12-48? 12K <50K 3060 Low No No Labor intensive
Inferred*

X-ray Absorption Spectroscopy

Bulk 3 100 <5K* 730 Low No Yes Requires access to
synchrotron; cost is for
average oxidation state
data (i.c., XANES) oaly

Microprobe >1007  >20007 <50K*  7-30 Low No Yes Requires numerous

analyses of single grains
for statistic 3 ccrtainty

Analytical Elearon >100?7 >20007 200900K 7-30 Medium No Yes Does not identify
Microscopy amorphbous U phases ot
detect adsorbed U

Laser-based 10-100 <5000 S00K 7-30 Low No Yes Identifies functional

Spectroscopy groups and oxidation
states
lssuma tripl determinats
! requires corrclation with other factors to est er ] ilability to orgrnisms
’depcnds oa instruments uscd for total uranium dzlemumlnou-SSOK for phosphorimetry and alpba/gamma cpe:uvmeny 250K (or ICP-MS
* requires geochemical modeling 1o obtain solubllity estimates snd then corrclation with otder factors for en ilability esti

¥ does 8ot include cort of synchrotron facility

bowever, yicld both the capacity and intensity data axraction method as well as one that might be
needed to make a sound assessment of environmental saitable for interim use peading the developmeat of
availability. In the following section, therefore, we the rigorous approach.

identify the characteristics of an ideal rigorous
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3 Recommended Approaches

Our brief review of standard procedures and research
literature addressing questions about the determination
of the forms and distributions of uranjium in soils and
sediments identified no widely accepted techniques for
determining the “availability” of uranium in natural
covironments. Techniques are available and are
routinely used for assessing the potential “leachability”
of hazardous components associated with specfic
wastes, but the applicability of these methods to the
remediation of soils contaminated with uranium wastes
bas not been tested.

Any procedure applicable to the NRC’s needs must
address a oumber of questions. First, the procedure
should provide estimates of the “solubility
classification® of the aggregate uranium forms in the
soil being tested. That is, the results from the
procedure should indicate if one or more forms of the
uranium in the contaminated soil are readily soluble.
Because cquilibrium conceatrations of uranium in
soluble phases may vary by scveral orders of
magnitude depending on environmental coaditions,
cither “soluble* will bave to be defined for specific
coanditions, or the definition will have to be sufficiently
flexible to encompass a range of conditions. Second,
the procedure should provide information regarding
the relative masses of uranium that might be
assodiated with cach of the different solubility
fractions of uranium. Finally, the procedure should
indicate the relative reactivity of uranium in the soil
“Refractory” forms of uranium (as measured by the
SLF tests, for example) will be reactive and accessible
to the brosphere on time scales longer than those
provided for by currently available tests. An ideal test
procedure woul1 allow one to distinguish truly
refractory forms from those that are reactive but
kinetically slow to solubilize.

For the long term, we recommend that the NRC
investigate methods and procedures that supply both
speaiation and kinetic information about the uranium
as a rational and rigorous basis for completing an
<ovironmental assessment. Much of this information
could be obtained using a continuous Icaching
procedure.

Pending development of a technically rigorous
procedure, we suggest an interim procedure that is
largely derived from standard test methods and follows
the three-level decision-tree approzch.  First, a bulk
uranium analysis of the soil or sedinient is completed.
If the measured concentrations exceed specified limits,
the analyst may begin a series of extractions that
Jinclude the ASTM D 3974-81 acid-leach method, a
modified EPA/SW 846 Method 1311 (TCLP)
procedure, and an oxidizing extraction in a carbonate

k)

buffer. After the bulk uranium analysis, a deasion to
remediate, to take no action, or to perform the next
level of testing would occur midway through in the
procedure and, if further testing were sclected, a final
deasion point would occur at the end of the testing
The decision to remediate or to take no action would
depend on whether the analytical data fell above or
below limits to “soluble™ uranium concentrations
established by an appropriate nsk assessment model
and would be site-spealfic.

This interim approach bas several drawbacks. First,
because of the conditions specified for the extractions,
the approach will not provide useful kinetic
information about the rates of release of uranium
from the contaminated soil. Second, “action levels”
the uranium concentrations that determine which
branch of the dedsion tree to follow, are not defined.
These values must be specified in conjunction with
experts in health and safety and with consideration of
the site-specific remediation goals.

Applicability of cither the rigorous or the interim
procedure 1o sctting remediation action levels at
contaminated sites must be verified by correlation
studies. The procedures recommended here are those
that we belicve have the highest probability for
providing useful guidanee in the remediation of
contaminated sites. However, full testing of the
procedures and a comparison with a wider sclection of
possible approaches prior to implemeatation is
recommended.

3.1 Rigorous Apprdach Using Flow-
Cell Methodology

The interim proccdure does not provide critical pieces
of information that would be useful for risk
assessment.  For the long term, we recommend that
methods and proccdures that supply both speciation
and kinetic information about uranium be developed
aod that these methods be correlated with the
cxpected dynamics of uranium in contaminated soils
and sediments. This type of information would
provide a more ratiosal and rigorous basis for
coviroameatal remediation decisions.

The rigorous approach follows the dedsion-tree
concept described in Section 1.23 but uses a
continuous flow-ccll procedure to obtain both the
solubility data of Step 2 and the kinctic data of Step 3
(Fig. 2). Applicability of the procedure to setting
remediation action levels at contaminated sites must
still be verified by correlation studies. The procedures
outlined .bere are those that have the highest
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Step 1: Bulk Uranium
Analysis

: |

U, < AB pci{ g U, > AB pci g*

No Action
Required

Step 2: Flow-Cell Procedure

] |

- U € XX ppb U, > XY ppb
No Action
Required
du/dt < 2Z mol g" day’ du/dt > 2Z mol g day”
No Action Remediation
Required Required

Figure 2. Dedision Tree for the Rigoroas Approach for Assessing
Enﬂnuug?h{AnMaNﬂq(ﬂlhlﬂtnIn!hﬂsnndSannnu
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probability for providing useful guidance in the
remediation of contaminated sites. However, a full
testing of the procsdures and a comparison with a
wider selection of possible approaches is
recommended prior to implementation.

3.1.1 Background

The flow-cell measurements are based on
methodologies that bave evolved over the last decade
10 mcasurc the rates of reaction of minerals under
well-defined conditions. Various flow-ccll apparatus
have been designed and used in kinetic studies of
mineral dissolution (e, Wollast and Chou, 1985;
Holdren and Speyer, 1985; Knauss and Wolery, 1986;
Amonette, 1988; Casey ct al,, 1989). Conceptually, the
flowccll measuremeants provide a type of information
that is closer to that provided by the SLF
measurcments than it is to any of ‘te other
procedures reviewed. The metkod yiclds masses of
uranium released to solution under given
caviromncental conditions, and determination of the
different solubility classes is straightforward. The
cquipment allows the analyst to regulate the
composition of both the extraction fluid and the gas
phasc in equilibrium with the solution, allowing for a
more realistic simulation of leaching processes in soils.

The flow-cell reactor approach has two disadvantages.
First, this type of equipment bas not been used in
regulatory applications in the past, to the best of our
kanowledge. Coansequeantly, the bardware and analytical
expertise required to use the mecthod are oot generally
available, although they are easily acquired Sccond,
the flow-cell approach tends to generate a large
aumber of samples requiring analysis, thus creating a
fairly heavy analytical burdea for the laboratory.
However, recent developmeants in automated on-line
analysis techniques should lessen this load to a
manageable level. Despite these limitations, the flow-
cell technology has attained a degree of maturity that
makes if poteatially suitable for regulatory
applicatioas.

3.12 Assumptions

Centain assumptions are made in the outlining of this
procedure:

1) Uranium is the contaminant of primary concern;

2) Uranium in the soil/sediment exists in water-
soluble, nonvolatile forms;

3) The samples being tested azc not contaminated
with non-aqueous phase liquids (NAPLs); and

) e
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4) The saturated conditions in the flow cell
adequately mimic coaditioas in the soil, cven
though soils are typically unsaturated.

3.1.3 Specialized Equipment

Implementation of a flow-ccll measurement of
uranium solubility requires certain equipment mcluding

1) A reciprocaling syringe pump to inject and
simultaneously withdraw controlled volumes of
leaching solution at a controlled rate;

2) Flow cells capable of accomodating sots having
a wide range of particle suzes (these are not
commeraally available to the best of oar
knowiedge, but several designs that caa be
readily constructed bave been described in the
literature);

3) Water bath with temperature controller to
maintain extractions at a constant temperature.

3.14 Procedure Outline

Because this is ncither an established procedure, nor a
modification of an established procedure, we describe

the general procedure with limited operational details:

1) Prime all solution-transfer lines and saturate the
filter in the bottom of the reaction chamber with
the initial extraction solution.

2) Add a krown mass of soil/sediment to the reaction
chamber. In geaeral, the mass of the soil should
be equal to 10% of the volume of solution
expected to be resident in the chamber under
operating conditions.

3) Sct the flow rates on the pump to maintain a
solution-residence time in the reaction chamber of
between 8 and 24 hours, depending oo the

expected reactivity of the sample. Higher flow
rates should be used for the more reactive samples.

4) Fill the reaction chamber to its operational level
with the initial leaching solution (probably a pH 5.0
HQl solution with an ionic strength of about 0.005
developed from CaCl;; this is a mild, non-
oxidizing, non-complexing acid sclectzd to mimic
soil solutions). Initiate stirring with a paddic
stirrer, and maintain the suspession for a perrod
equal to the solution-residence time.

5) Initiate solution pumping. Solution is added and
withdrawn from the reaction cham’>er
simultaneously and at equal rates.
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6) Collect cfflucat in suitably sized aliquots, usually
ranging from 05 chamber volumes to 2.0 chamber
volumes. Measure the pH and total dissolved-
uranium coocentration of cach fraction collected
(an automated on-line procedure for these
analyses could be readily developed).

7) Continue operation of the reaction chamber using

the initial leaching solution until the rate of
uranium rclease has become constant (usually at a
very low level). Drain the chamber.

8) Repeat steps 1), 4), 3), 6), and 7) using a 0.1 M
HQ solution.

9) Preserve the cffluent from the add leaching of the
sample in 4 M HC! and analyze the solutions for
U@IV)/U(VI) ratios using ion-cxchange
methodologies (sec Appendix B).

This procedure could present laboratories with
extended measurement periods and numerous analyses
to be conducted for each sample. Leaching times can
be shortencd, however, by increasing the flow rates,
the ccll temperature, and/or the streagth of the
leaching solutions. Likewise, the analytical burden
would be minimal if an automated on-line set-up is
used. This procedure has the poteatial to yield
significanly more detailed and rigorously defined
information about the forms and reactivities of
uranium spedes in a soil in a short time than any of
the otaer procedures we have investigated. However,
some development work is needed to define the
practical working conditions before the procedure can
be implemented.

3.1.5 Development Needs

Previous efforts employing flow-cell reactors have bad
primarily research applications. This approach for
measuring uranium solubility offers regulators a
vehicle for “obtaining detailed reactivity estimates for a
material undergoing remediation, and it should also -
provide information about how the contaminant might
leach under a broad range of environmental conditions
(e.g. various predipitation regimes, hydrologic
regimes). However, it does not yet have an
established “track record® from which to judge its
performance.

We recommend development of the flow-cell
mcthodology for the purpose of asscssing the
covironmental availability of urasium ia soils, along
with a concerted effort to correlate the flow-cell data
with long-term leaching studies carried out with a
variety of soils uander a range of realistic
convironmental conditions. At the same time, one or

NUREG/CR-6232

more batch leaching procedures jeg., a modified
EPA/SW 846 Mecthod 1311 (TCLP)] should also be
cvaluated and correlated with realistic field soid data.
Based on a lechnical assessment of how well the flow-
ccll and batch methods correlate with field data, and a
practical assessment of the relative costs required for
a certain degree of correlation, an informed and
tcchnically defensible decision regarding the best
method for determining environmental availability of
uranium can be made. Clearly a fast, economical, and
rigorous proccdure must be developed if sound
remediation dedisions are to be made.

3.2 Interim Procedure Using Standard
Methods

32.1 Background

The wterim procedure we recommend (Fig. 3)
combines standard and nonstandard methods to allow
some flexibility in setting regulatory limits. The
procedure is structwed to offer a staged response to
the probiem in the hopes of climirating unnecessary
apalyses, Thus, the first stage invcives a
determination of the total uraniem (TU) preseat in
the soil. The second stage involves a determination of
the total environmentally available uranium (TAU) in
the soil The third stage involves 2 more intensive
classification of the environmentally available uranium
into reactivity subclasses [ic., readily available (RAU),
slowly available (SAU), and very slowly available
(VSAU) uranium, or two subclasses on the basis of
oxidation state). At the completion of the analyses
for the first or second stages, a dedsion to remediate,
to take 8o action, or to go os to the next stage of
testing can be made using criteria based on
appropnate risk-assessment modeks and site-spedfic
information. If the third stage of testing is necessary,
then a final dedision to remediate will be made based
on the analytical results, the appropriate risk-
assessment models, and other site information.

Spedfically, the initial step in the procedure involves a
determipativn of TU as part of a screening test. If
the Ievels of TU are less thap an action level set by
nisk assessment methods (i.e, XX in Fig. 3), no
further testing is needed. Higher concentrations of
TU may require additional testing or, at the disaction
of the contractor, a decision to ramcdiate may be
made. The second step in the procedure, which &
drawn from the ASTM Method D 3974-81, is an
overnight extraction of the sample m 0.6 M HQL

This procedure is intended to provide the analyst with
an cstimate of TAU in the sample. If this quantity of
uranium is low (as determined by appropriate risk
assessment metbods), no further acion would be
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Total U

| |
| N

< xx pci g* XX < TU < YY pci g > YY pci g

NO ACTION REMEDIAYTE OR PERFORM AVAILABLE U TRST

Total Available U (TAU, ASTM D3974-~81)

! -

< xx pci g ‘XX < TAU < YY pCi g°' > ¥YY pci g
RO ACTION REMEDIATE z A
Option 1 Option 2 e

|

U(IV) and U(VI) In ASTM D3974-81 Extract !
w/epiked soil controls

l

|

U(VI)+ a{U(IV)] < XX pci g U(VI)+ a(U(IV)] > XX pci g
NO ACTION

‘ |

<=~ PERFORM OPTION 1

Readily Available U (RAU, Modified TCLP, 5 timee @pH 2.88)

Slowly Available U (SAU, Oxidizing Extraction in CO, Buffer, pH 8.3)

RAU + x(SAU) + A(VSAU) < XX pci g RAU + x(SAU) + A(VSAU) > XX pCi g
HO ACTION RENEDIATE

ﬂgnri 3. Draft Interim-Procedure Decision Tree for Assessing Envimnmenhl Availabllity of Uranium i(n Seils

P
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required. If TAU exceeds an upper action level set by
risk assessment methods (i.e, YY in Fig. 3),
remediation is required. At intermediate levels,
bowever, the analyst would sclect one of two options
in the third stage of the procedure for further testing,

Optioa 1 involves sequential measurements of RAU
and SAU on the same sample and the estimation of
VSAU by the difference between TAU and the sum
of RAU and SAU, i.c.,

VSAU = TAU - (RAU + SAU).

Option 2 involves determination of the relative
amousts of uranium present as U(TV) or U(VT) in
the exbact obtained in the determination of TAU. If
the sum of the U(VI) and a fraction of the U(IV)
preseat (i.c, ain Fig 3) is less than a lower action
level preseribed by appropriate risk assessmeat
models, then no action is required. Otherwise, the
full test described in Option 1 must be performed.

The analytical tests performed in Option 1 include
EPA/SW 846 Method 1311 (modified to coasist of
five scquential batch extractions with 0.1 M acetic
add) for estimation of RAU, and an oxidizing
extraction in a carbonate buffer for estimation of
SAU. The RAU procedure is designed to estimate
the exchangeable, carbonate-bound, and part of the
organically complexed and iron- and aluminum-oxide-
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 removed by these twn
treatmeants (i.c., the VSAU) is present in iron and
alumioum oxides and oxyhydroxides, in phosphates, or
as part of silicate minerals and is not expected to be
of much concern from an environmental viewpoint.

As ornginally designed, EPA/SW 846 Mecthod 1311,
known as the Toxicity Characteristic Leaching
Procedure or TCLP, determines the mobility of
organic and inorganic contaminants in liquid, solid,
and multipbase wastes buried in a municipal landfill.
Tbe method, thus, involves an organic-acid-rich
extraction liquor (acetic acid) that is harsher than
would be expected in most soils. If the acid-
neutralizing capaaty of the waste is low, the material
is leached using a 0.1 M sodium acctate solution with
an initial pH of about 4.9. If the add-neutralizing
capacity is high (as defined by the method), 0.1 M
acetic acid with an initial pH of about 2.9 is used as
the extraction liquor. All extractions are conducted in
suspensions having a 20:1 solution:soil ratio. Although
we are reasonably confident that our modified
procedure involving successive extractions with the. 0.1
M (pH 2.9) acetic add solition will measure al!

NUREG/CR-6232
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exchangeable and carbonate-bound uranium, it is ot
clear what proportions of the organically and oxide-
bound uranium fractions in soils will be measured.
We expect the modified method to overestimate the
RAU fraction in soils, but this expectation must be
confirmed by careful experimentation and correlation
with long-term wranium leaching studies under realistic
soil environmental conditicas.

Detailed draft outlines of the proposed interim
procedure and of proposed quality control procedures
arc given in Appendices C aod D. The proposed
interim procedure bas not been tested in the
laboratory nor have the results of the procedure been
correlated with actual release of uranium into the
covironment by soils. Both of these steps are
pecessary before it can be used to make regulatory
deasions.

322 Assumptions

In developing the interim procedure, a number of
assumptions have been made. These assumptions
bave not been evaluated in the laboratory or on field
samples and may require additional refincment.

The proposed interim procedure assumes

1) uranium is the primary contaminant of
concern;

2) uraojum is preseat only in noa-volatile forms
{e.g. UF,(g) is not a contaminant of conccrl;

3) samples being tested are soils or scdimcnt.f.
and these samples arc not contaminated with
NAPLs;

- 4) soils and sediments being tested are primarily
mineral soils (Le., total organiccarbon content
should not exceed 10 wt % of the air-dried
soil);

S) the risk associated with the uranium in sois i
primarily duc to those forms that can dissolve
in the soil solution.

3.2.3 Modifications

For the determination of TAU, we recommend that
ASTM Method D3974-81 (Digestion Practice B) be
cmployed. For the determination of RAU, we
recoramend two minor modifications to the EPA/SW
846 Method 1311 (TCLP):

1) Five sequential extractions by the 0.1 M (pH
2.9) acetic acid solution for 18 £ 2 h at room

|




temperature (ca 22°C). The five extracts are
combined and the cumulative amount of
uranium released is measured on the combined
extract. If kinetic information is desired,
separate analyses of cach extract can be made
and summed to obtain the cumulative amount of
uranium released;

Smaller sample masses and solution volumes are
recommended for the procedure outlined here
than are provided for in EPA/SW 846 Mcthod
1311. These recommendations are made to
contribute toward the goal of waste minimization
as part of laboratory practices. 1 the analyst is
concerned that the sample masses provided for
are insufficient to allow representative sampling
of the soil or sediment, the proccdure should be.
modified to allow for larger sample sizes.

2)

32.4 Integration with Risk Assessment
Models

For us¢ in some risk assessmeant models and for
regulatory purposes, the analytical results of the
proposcd interim procedure may have to be converted
to amounts of *soluble” and *insoluble® uranium. In
order to do this, however, data from the first stage
and cither the second or third stage of the procedure
must be available. If data from the first two stages
are available, the value for TAU can be used for
“soluble® uranium, that is,

“Soluble U* = TAU

If data from the first and third stages are uscd, then
two options are possible.” For Option 1,

“Soluble U” = RAU + «(SAU) + A(VSAU),

where «and A are scaling factors that account for the
lower probability of the uranium in these two fractions
contnbuting to the concentration of uranium in
solution. Values for « and A would most likely be
site-specific and certainly between 0 and 1.

37

- 32.5 Development Needs

" sediments should be investigated so that the results
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For Option 2,

“Soluble U* = U(VI) + a[UQV)],

where ais a scaling factor similar to cand A and
falling in the same range. In all instances,
“lasoluble U*

= TU - *Soluble U".

The proposed interim procedure was developed to use
existing standard mcthods to as great a degree as '
possible. The procedure does not take advantage of
some of the pecularities of uranium geochemistry.

Prior to implementation of the method, several aspects
of the bebavior of uranium in natural soil and

from the procedures might be better interpreted.

Specific recommendations for additional modificatioas
or studies are as follows:

1) Assess the leachability of uranyl phosphate
phases during the first step (adid digestion) of
the interim procedure.  Uranium weatheriag =
products tend to pardtion into soil phosphate
phases such as salecite. Thece phases tend to -+
be rclatively refractory, even though they are a2
uranyl [U(VI)] species. An investigation info
the lcachability of these forms is warranted to
better assess soil uranium dynamics and the =
risks assodated with remediating (or not
remediating) uranium bound in these forms.

Assess the rates of uranium dissolution under
relevant eavironmental conditions and correlate
these results with both physical and chemical
information pertinent to the soil eavironmeat.
A poteatially major shortcoming of the interim
procedure is that it does not provide
mechanisms for assessing how quickly uranium
might be released from soils under realistic
covironmental conditions.

2
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4 Analytical Services

4.1 Background

One task in this project involved assembling a
representative list of laboratories capable of
conducting eavironmeatal availability analyses for
uranium in soils and sediments. We contacted about

. 170 private_and government laboratories and received

responses from 32, Six of these 32 laboratories did
oot have a current or potential capability in uranium
analysis and are therefore not included in the Listing
The private laboratories contacted were identified as
having environmental-analysis capabilitics in the
Directory of Testing Laboratories, 1992 Edition
(Amcrican Sodety for Testing and Materials, 1991).

We focussed on wet-chemical methods and obtained
information about the laboratories’ capabilities to

1) perform scveral standard mcthods [ASTM D3974-
81, ASTM D4793-93, EPA /SW846-3050A,
EPA /SW846-1311 (TCLP), and NUREG/CR-
1428);

2) reccive radioactive samplcs with more than 200
oCi radicactivity g*;

3) receive samples classified as hazardous waste (40
" CFR); and

4) perform the analyses for TAU, RAU, SAU, and
oxidation states of uranium as outlined in
Appendices A and B.

We also obtained information about each laboratory’s
analytical instrumentation used for uranium
determinations and their estimates of typical detection
limits for liquid and solid specimens.

Lastly, we obtained a pooled estimate of the
laboratories’_cost, batch size, turnaround time, and
weekly sample output for the TAU, RAU, SAU, and
oxidation-state procedures described in Appendices A

_ and B.

000050 .

4.2 Cost, Batch Size, and Turnaround
Time Estimates

Of the 26 laboratories listed, 23 were privately owned
and 3 were government faciliies. The (=sponsc for a
particular procedure required that the laboratory be
currently or potcntiaily capable of performing the
procedure, Although we expected to find a cost
differcace between these two groups (i. ¢, private and
government), no clear trend could be

and the data reported are pooled for all the
laboratories contacted

The procedures for TAU and SAU -vcre single-step
extraction methods, and the laboratories gave similar
estimates for them. The mcan costs were $200-225
per sample, with a two-week turnaround time and
average weekly output of about 120 samples. About
80% of the laboratories gave a cost reduction on
batcher of samples. The cost reduction per sampie
averaged 13-14% (325-30) for batch sizes of 13-15
samples.

The procedures for RAU and uranium oxidation
states involved multiple steps, and this was reflected in
higher costs, longer turnaround times, and smaller
weekly sample output. These two procedures
averaged about $410-3430 per sample, with 16- to 19-
day turnaround times and weekly outputs of 50-60
samples. The batch-cost-reduction and batch-size
results were similar to those for the TAU und SAU
procedures.

43 Laboratory-Specific Information

Laboratory names, addresses, contact people, methods
capabilities, uranium analytical instrumentation,
uranium liquid and solid detection limits, and sample-
type information are listed below. The laboratories
are listed in order of their ZIP codes (going from east
to west in the United States, ic, from 00000 to
99999) to make it easicr to find a laboratory by
geographical location. Categories for which no
respoase was givean by the laboratory are shown by
INR‘I .

NUREG/CR-6232



Analytical Services

Ledoux and Co.

359 Alfred Avenue

Teaneck, NJ 07666

.Contact: Pau} Blumberg

Phoae:  201/837-7160

FAX:  201/837-1235

Standard Meihods: D3974-81, D4793-93, 3050A, 1311
Radioactive Samples >200 aCi/g Yes
Hazardous Waste Samples (40 CFR): NR
Analytical [nstrumentation: UV-Vis, Fluorimeter
Liquid Detection Limit: 100 ;g L™

Solid Detection Limit: 100 mg kg

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

Iadustrial & Environmental Analysts, Inc.
P. O. Box 12864

Research Triangle Park, NC 27709
Contact: Donald J. Goebel

Phoae:  919/677-0090

FAX:  919/677-0427

Standard Methods: NR

Radiocactive Samples >200 aCi/g No
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-MS, Alpha
Liguid Detectioa Limit: 0.50 " L

Solid Detectioa Umit: mg kg

Current Capabilities: NR

Poteatial Capabilities: TAU, RAU, SAU, Redox

Analytical Services, Inc.

390 Trabert Avenue, N.W.

Atlanta, GA 30309

Countact: Dr. Roy-Keith Smith

Phone  404/892-8144

FAX:  404/892-2740

Standard Methods: 3050A, 1311
Radleactive Samples >200 aCi/g: No
Haxardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: FAAS, GFAAS
‘Liquid Detectioa Limit: 20,000 pg L*
Solid Detection Limit: 100 mg kg*
Current Capabilities: TAU, RAU, SAU
Potential Capabilities: TAU, RAU, SAU, Redox

NUREG /CR-6232

Environmental Science and Engineering, Toc.

Attn: Analytical Services

P. O. Box 1703

Gainesville, FL  32602-1703

Contact: Kenoeth U. Eroadu

Phone:  904/333-1609

FAX: | 904/333-6622

Standard Methods: D3974-81, D4793-93, 3050A, 1311

" Radicactive Samples >200 nCi/g: No

Hazardous Waste Samples (40 CFR): Yes
Anpalytical Instramentation: 1CP-MS

Liquid Detection Limit: 0.10 ;g L™

Solid Detection Limit: 0.10 mg kg™

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

Center For Applied Engioeering, Inc.
10301 9th Street N.

St. Petersburg, FL 33716

Coatact: Chris Given

Phooe: 813/578-4331

FAX: 813/576-0318

Standard Methods: 30504, 1311
Radioactive Samples >200 aCl/g: Maybe ’
Hazardous Waste Samples (40 CFR): Yes

Analytical lastrumentation: ICP-MS

Liquid Detectioa Limit: 0.010 4% L "
Solid Detectioa Limit: 0.030 mg kg™

Current Capabilities: NR

Poteatial Capabilities: TAU, RAU, SAU, Redox

Metallurgical Services Co.

4102 Bishop Lanc

Louisville, KY 40218

Coatact: David Brown

Phoae:  502/968-5000

FAX:  502/964-5000

Standard Methods: NR

Radioactive Sampiles >200 2Cl/g: No
Hazardous Waste Samples (40 CFR): No
Analytical Instrumentation: ICP-MS, XRF
Liquid Detection Limit: NR

Solid Detectioa Limit: NR

Carrent Capabilities: NR

Potential Capabilities: TAU, RAU, SAU, Redox

000051
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Bri-Mar Iotermational Labceratories, Inc.
Suite 101-105

2901 Finley Road

Downers Grove, [L 60515

Contact: Mark Boese

Phone: 708/932-1166

FAX: NR
" Standard Methods: NR

Radiocactive Samples >200 aCl/g: No
Hazardous Waste Samples (40 CFR): Nc
Analytical Instrumentatioa: NR

Liquid Detection Limits NR

Solid Detection Limit: NR

Current Capabilities: SAU

Potential Capabilities: TAU, RAU, SA(!, Redox

PDC Laboratories, Inc.

4349 Southport Road

P. O. Box 9071

Peoria, IL  61612-9071

Coatact Joha LaPayne

Phone: 309/676-4893

FAX:  309/672-2726

Standard Methods: D3974-81, D4793-93, 30504, 1311
Radioactive Samples >200 nCi/g: M aybe
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-AES, UV-Vis
Liguid Detection Limit ;g L™

Solid Detection Limit mg kg™

Current Capabilities: NR

Potential Capabilities: TAU, SAU, Redox

IT Analytical Services

13715 Rider Trail N

Earth City, MO 63045

Coatact: Donald Dihel

Phone:  314/298-8566

FAX:  314/298-8757

Standard Methods: D4793-93, 3050A, 1311
Radioactive Samples >200 nCi/g Yes
Hazardous Waste Samples (40 CFR): Yes
Aagalytical instrumentation: Laser Phosphonmc!cr,
Alpba

Liquid Detection Limit: 1.0 ;g L

Solid Detection Limit: 0.61 mg kg

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilitiess TAU, RAU, SAU, Redox
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A & L Mid West Laboratories

13611 B Street

Omaha, NE 68144

Contact: Dr. Jerome J. King

Phone  402/334-7770

FAX:  302/3349121

Standard Methods: 30504, 1311
Radioactive Samples >200 nCi/g NR
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-AES

Liquid Detection Limit: 100 ,gl,'
Solid Detection Limit: 10 mg kg™
Current Capabliities: TAU, RAU, SAU
Potential Capabilities: TAU, RAU, SAU

USPC] Analytical Services

4322 S 4%th West Avenue

Tulsa, OK 741076121

Contact: Gerald Holmes

Phooe: 918/446-1162

FAX: 918/445-0945

Standard Methods: D3974-81, D4793—93 3050A, 1311
Radioactive Samples >200 aCi/g: No
lHazardous Weste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-AES

Uquid Detection Limit: 500 ;g L'

Solid Detection Limit 50 mg kg™

Current Capasbilities: TAU, RAU, SAU
Potential Capabilities: TAU, RAU, SAU, Redox

Accu-Labs Research, Inc.

4663 Table Mountain Drive

Golden, CO 80403-1650

Coatact: Bud Summiers

Phoone:  303/277-9514

FAX: 303/2779512

Standard Methods: 30504, 1311

Radioactive Samples >200 oCl/g Yes
Hazardous Waste Samples (40 CFR): Yes
Analytical Iastrumentation: Laser Phosphonmctcr
Alpba, Fluorimeter

Liquid Detection Limit: 0.10 »g L™

Solid Detection Limit: 0.01 mg kg™

Current Capabilities: RAU

Potential Capabilitles: TAU, RAU, SAU, Redox
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Analytical Services

Hazen Research, Inc. Western Technologies, Inc.
4601 Iadiana Street 3737 E. Broadway
Golden, CO 80403 . P. O. Box 21387
Contact: NR : Phoenix, AZ 85036
Phooe: NR Coutact: M. English
FAX: NR Phone:  502/437-1080
Standard Methods: D3974-81, 3050A. 1311 FAX: 602/437-8706

" Radicacti Samples >200 aCl/g Yes Standard Methods: 3050A, 1311
Hazardous Waste Samples (40 CFR): Yes Radicactive Samples >200 nCi/gz No
Analytical Instrumentation: Fluorimeter Harardous Waste Samples (40 CFR): Yes
Liquid Detection Limit: 200 ;g L™ Analyticul Instrumentation: ICP-AES
Solid Detectioa Limit: 1.0 mg kg* Liquid Detection Limit: 4g L™
Current Capabilities: TAU, RAU Solid Detection Limit: mg kg™
Poteatial Capabilities: TAU, RAU Current Capabilities: TAU, RAU °

Potenal Capabilities: TAU, RAU, SAU, Redox

Pacg Inc. Sandia National Laboratories

5930 Mcintyre St. . P. O. Box 5800

Golden, CO 80403 : Albuquerque, NM 871850975

Coatact: Bill Sandberg Countact: James L. Krumbans]

Phooe:  303/278-3400 : Phone:  505/844-9093

FAX:  303/278-2121 FAX: 505/844-7354

Standard Methods: 1311 ~ Standard Methods: NR

Radioactive Samples >200 aCl/g: No Radioactive Samples >200 nCi/g Yes

Hazardous Waste Samples (40 CFR): Yes Hazardous Waste Samples (40 CFR): No T
Analytical Instrumentation: Lascr Phosphonimeter, Analytical Instrumentation: Ncutron Adtivation, DCP
Alpha Liquid Detection Limit: 10,000 ;g l.x

Liquid Detectioa Limit: 10 ;g L' Solid Detection Limit: 1.0 mg kg™

Solid Detection Limit: 1.0 mg kg Current Capabilities: NR

Current Capabilities: NR Potential Capabilities: TAU, RAU, SAU, Redox

Potential Capabilities: TAU, RAU, SAU, Redox

E P. l.aboratones

DataChem Laboratonies, Inc

960 W. LeVoy Drive

Salt Lake City, UT 84123

Coatact: Lee Harris

Phooe:  801/266-7700

FAX:  801/268-9992

Standard Methods: D3974-81, 30504, 1311
Radioactive Samples >200 nCi/g Yes
Hazardous Waste Samplés (40 CFR): Yes
Analytical Instrumentation: Laser Phosphorimeter
Liquid Detection Limit: 0.10 ;g L

Solid Detection Limit: 0.01 mg kg

Current Capabilitiess TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

(40 CFR): Yes
r Pbosphorimc(er,
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U. S. Environmental Protection Ageacy
Radiological Analysis Branch

P. O. Box 93478

Las Vegas, NV 89193-3478

Contact: Robert Holloway

Phooe: 702/798-2325

FAX: NR

Standard Meéthods: NR

Radioactive Samples >200 oCl/g: No
Hamardous Waste Samples (40 CFR): No
Analytical Instrumentation: Alpha
Liquid Detection Limit- ;g L

Solid Detection Limit: mg kg™
Current Capabilities: NR

Potential Capabilities: NR

West Coast Analytical Service, Inc.

9840 Alturtis Avenue

Santa Fe Springs, CA 90670

Coutact: D. J. Northington

Phooe:  310/948-2225

FAX:  310/948-5850

Standard Methods: 3050A, 1311

Radioactive Samples >200 oCl/g Yes
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: JCP-MS

Liquid Detection Limit: 0.01 ;g L™

Solid Detection Limit: 0.003 mg kg

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

Montgomery Labs

555 Walnut

Pasadena, CA 91101

Coatact: Andy Eaton

Phone:  818/568-6425

FAX:  818/568-6324

Standard Methods: D3974-81, 3050A, 1311
Radioactive Samples >200 nCi/g No
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-MS
Liquid Detection Limit: 20 ;g L

Solid Detection Limit: 200 mg kg
Current Capabilities: NR

Potential Capabilities: NR
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Teledyne Wah Chang Albany,

Analytical Labs Sves.

P. O. Box 460

1600 O!d Salem Road

Albany, OR 97321

Contact: Gary L. Beck

Phone:  503/967-6939

FAX: 503/967-6986 A
Standard Methods: D3974-81, D4793-93, 3050A, 1311,
CR-1428

Radioactive Samples >200 nCi/g Yes

Hazardous Waste Samples (40 CFR): Yes

Analytical Instrumentation: Laser Phosphorimeter,
ICP-AES, ICP-MS

Liquid Detection Limit: 0.01 ;g L

Solid Detection Limit: 0.01 mg kg

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

Laucks Testing Labortories, Inc.

40 S. Harney Street

Seattle, WA $8108

Coatact: Mike Nelson

Phone:  206/767-5060

FAX: 206/767-5S063

Standard Mecthods: 3050A, 1311

Radioactive Samples >200 nCi/g No
Hazardous Waste Samples (40 CFR): Yes
Analytical Iostrumentation: ICP-MS, UV-Vis
Liquid Detection Limit: ;g L

Solid Detection Limit: mg kg™

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

Columbia Analytical Services

1317 South 13th Avenue

P. O. Box 479

Kelso, WA 98626

Coatact: Jeff Christian

Phone:  206/565-8496

FAX: 206/636-1068

Standard Methods: D3974-81, D4793-93, 30504, 1311
Radioactive Samples >200 oCi/g: No '
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-MS
Liquid Detection Limit: 0.005 ;g L™

" Solid Detection Limit: 0.003 mg kg

43

Curreat Capabilities: TAU, RAU, SAU
Potential Capabilities: TAU, RAU, SAU, Redox
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Analytical Services

Padific Ncihwest Laboratory

P. O. Box 999

Richland, WA 99352

Coatact: Enc J. Wyse

Phone:  509/376-3074

FAX:  509/376-7475

Standard Methods: NR

Radloactive Samples >200 nCl/g Yes
Hazardous Waste Samples (40 CFR): Yes
Analytical Instrumentation: ICP-MS

Liquid Detectioa Limit: 0.01 ;g L

Solid Detection Limit: 0.03 mg kg™

Current Capabilities: TAU, RAU, SAU, Redox
Potential Capabilities: TAU, RAU, SAU, Redox

NUREG/CR-6232

IT Analytical Services

2800 George Washington Way
Richland, WA 99352

Contact: Van Pettecy

Phone:  509/375-3131

FAX: NR

Standard Methods: D3974-81, 3050A

. Radioactive Samples >200 aCl/g Yes

Hazardous 'Vaste Samples (40 CFR): No
Analytical Instrumentation: Laser Phosphorimeter,
1CP-MS, Alpba

Liquid Detection Limit: 1.0 s L™

Solid Detectioa Limit: NR

Current Capabilities: NR

Potential Capabilities: TAU, RAU, SAU, Redox
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- Appendix A: Analytical Chemistry of Uranium

A.1 Assay for Total Uranium

The methods for determining total uranium in soil can
be grouped by whether the sample i< destroyed during
the analysis or remains essentially intact. Wet-
chemical techniques, by definition, involve a conversion
of uranium from the solid phases to a solute in the
liquid phase™and, thus, are considered sample-
destructive. On the other hand, several nondestructive
methods of analysis can also be used, which involve
cxnung the sample with hxgh-encrgy radiation and
mecasuring the cnergy flux given off by the samplc

a result of fluorescence or radicactive decay.
Detection limits are geaerally lower for the wet-
chemical techniques, but recent advances in X-ray
sources (ic., synchrotrons) have allowed higher
incident fluxes to be focussed on the samples and
bence lower detection limits. The sclection of which
mcthods to use for determination of total uranium,
therefore, is largely based on pracucal considerations
rather than on clear technical differences.

A.1.1 Wet-Chemical Techniques

The mcasurement of total uranium in soils and
sediments, using wet-chemical metbods, is a relatively
straightforward procedure. Although we were unable
to locate any digestion procedures that had been
designed specifically for the determmation of uranium,
there are numerous studies available that address the
digestion of soil, rock or sediment samples for the
purpose of determining total metal compositions
(Johnson and Maxwell, 1989; Lim arnd Jackson, 1982).

In geaeral, the procedures call for digesting the
sample by exposure to mixtures -of bydrofluoric acd
(HF) and cither perchloric (HCIO,) or nitric (HNO,)
acd and heating the samples (e.g, to 60 °C overnight)
to promote decomposition. Some methods then
cvaporate the solution to oear dryness, thus
concentrating”the inorganic constituents and volatilizing
silica and fluoride. This cycle of addification and
cvaporation may be repeated as many as threc limes.
The HF is included to break down silicate minerals,
and the mineral acids maintain the metals in a soluble
form. Depending on the nature of the starting
material, transition metals, including uranium, may be
resolubilized simply by leaching the residuc from the
HF treatments to a mildly acidic hydrochloric acid
(HCI) solution. If there are concerns that a fraction
of the mectal remains bound in the refractory solids,
then the residue is usually mixed with a flux (e.g., Na-
metaborate) and the sample is fused. The sample
bead produced by this fusion is then arashed, and the
resulting powder dissolved in a mildly aadic solution.
Other methods (e.g, Lim and Jackson, 1982) require
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only a single dissolution step in HF and rctain the full
starting volume of the sample. In these methods, the
excess HF remaining after sample decomposition is
then neutralized by addition of boric aad (H,BO,)
before analysis of the uranium.

Numerous variations on these sample decomposition
procedures exist. Analysts have employed high-
pressure rcaction vessels (i.c., bombs) in which to
conduct the sample digestion in order to speed up the
process. Digestions completed in bombs are
frequently completed in 24 bours or less, whereas
other digestion techniques generally require longer

. time periods, with two to five days being a typical

range. In almost all cases, laboratorics are set up to
allow for the simultancous preparation of multiple

samples. Recently, microwave digestion systems using
bombs coastructed from tetrafluorocthylene and other

“ resistant polymers have come into general usage and

offer quick reliable digestions using a minimum of
sample and reagent.

Once the sample has been decomposed into soluble
constiuents, transition-metal conccatrations, including
those for uranium, arc determined on the resulting
agueous solution, using any of a wide range of
possible analytical techniques. The major techniques
spedfically used for uranium determinations include
pulsed-laser phosphorimetry, inductively-coupled-
plasma mass spectrometry (ICP-MS), stripping
voltammetry, and spectrophotometry. When using
these wet-chemical procedures, the analyst must be
fully aware of all potential interferences, quenchers,
and similar problems that affect this sort cf analysis.
The procedures do, generally, provide excellent
information regarding the total uraaium content of a
sample. However, because of the severity of the
digestion treatment, information concerning speciation,
oxidation state, or mincralogy is lost in the analysis.

Pulsed-Laser Phosphorimetry

This is the baseline technique for uranium
determinations in solutions. It has excclient detection
limits (ca. 50 og L™ in clean solutions), but suffers
from various types of interferences [e.g., organic
substances, Fe(I), Fe(Tll), NQ;", Ma(ll), HCI], which
are largely overcome by a combination of oxidation to
remove organics, dilution, and co-uplexation of the
wranium with phospbate-based ligands.

The method (ASTM, 1992; Robbms ct al,, 1985) rehes
on the luminescent propcrues of the unnyl (vo,’ )
ion when irradiated in the UV region (337 nm).
lifetime of the luminescence is extended by
compicxaiion of the uranyl ion with phosphoric add
or pnpnc.,ary polyphospbate compounds. Thesc
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ICP-MS method discussed except that light emitted by
exated ions in the plasma is seat into a UV-Vis
spectrometer for identification of the elements present
and quantification of their conceatrations. Detection
limits for uranium are on the order of 10 ng mL",
i.c, roughly 3 orders of magnitude higher than those
for the ICP-MS technique.

‘Depending 8a spectrometer resolution and
measurement sequence (i.c., scquential elemental
analysis vs. simultancous analysis of scveral clements),
the instrument may be purchased for about $60-130K
The multiclemental capabilitics and moderately low
detection limits coupled with automated sampling and
data reduction bave made ICP-AES the dominant
wnstrumest for trace metal analysis in most
laboratories. Because of the isotopic analysis
capability and lower detection limits of its sister
technique ICP-MS, however, we expect ICP-AES to
yield some of its dominance to ICP-MS, espedcially for
clements such as U where isotopic ratios are
umportant.

Stripping Volummetry

Adsorptive stripping voltammeuy is an cmcrgmg
technique that may prove quite useful for uranium
determinations in soil extracts (Wang et al., 1992ab;
Wang and Setiadji, 1992) and shows great promise for
automated analysis of aqucous samples in the ficld.
The strengths of the metnod are that it can determine
oxdation states directly on a single spccimen and the
detection limits arc on the order of 1 ng mL™.

The technique involves adsorption of a U(VI)-
cupferron or U(V1)-oxine complex at the surface of a
mercury clectrode. The poteatial of the electrode is
then varied to reduce the U. The amount of current
mcasured during the reduction process is directly
proportional to lhc amount of U present. Detection
limits of 1 gg L™ or lower were reported with relative
crrors of 3-5% being reported for groundwater
samples. With soil extracts (8 M HNO,), however,
lower precicion is obtained (50-60% rclative error, K
B. Olsen, 1993, personal communication).
Development work is continuing on this technique,
and these results may improve.

The cost of the instrument is relatively low ($20-30K),
it may be automated, and sample analysis times on
the order of a minute or two are normal. Current
implcmcn(ations of the method, however, have yicided
lower precision than hoped for soil extracts (K B.
Olsen, 1993, personal communication). Once the
problems with soil extracts bave been resolved, the
technique can be considered quite robust and practical
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for U, espedally where oxidation state infc .aation is
nceded.

Spectrophotometry

Numerous spectropbotometric methods exist for the
determination of uranium in aqueous solution
(Sufwerbrand-Lindh et al, 1984; Kojima and
Shigetomi, 1989; Pavon et al, 1989, 1992;). These
mecthods geaerally rely on the complexation of
urapium by a chromopboric ligand [c.g., 1-(2-
pyridylazo)-2-naphthol (PAN), 2-(5-bromo-2pyridylazo)-
S-dicihylaminophenol (5-Br-PADAP), or 2.2'{(1,8-
dihydroxy-3,6-disulfo-2,7-naphthalene-
bis(azo))dibenzenearsonic acd (Arscnazo OT)) and
then mecasuring the absorbance at the opimum
waveleagth for the uranium-chromopbore complex
Other ions can form chromophoric complexes [c.g.,
Fe(IIl) and Zr(IV)] and these are masked by
complexation with oxalic acd or DCTA {(trans-1,2-
cyclohexylenedinitrilo)tetraacetic acd). Solubility of
the chromopboric reageats is often limited in aqucous
solutions and so extractions into noopolar phases (or
onto ion exchange resins) are oftea used to
preconcentrate the analyte and eliminate interferences.
These methods are also casily adapted to automated
flow-injection analysis. Absolute detection limits,
therefore, depend on preconceatration factors and on
the molar absorptivity of the chromophore-uranium
complex. Values for the detection limit of as low as
05 ;g L have been reported, with relative crrors of
2% or less.

The costs of materials and instrumentation arc
relatively low for this technique when coropared with
the others and, as a consequence, it can be performed
in almost any wet chemistry laboratory. The
technique is robust, but the instrumental detection
limits ars comparable to those of the ICP-AES. As
with all the wet-chemical techniques, flow-injection
analysis allows oxidation-state dcterminations to be
made on splits of the samples using scparate reaction
loops, and preconcentration techniques can enhance
the detection limits. The method is practical and
incxpensive, but not used as widcly as the more
instrumentation-inteasive techniques, perbaps because
it sccms tedious.

The leading features of the wet-chemical techniques
for total uranium are summarized in Table A.l.

A.12 Nondestructive Techniques

X-ray Spectrometry

Analyua.l X-rays can be excited in the sample by
irradiation with pho(ons having cncrgxcs greater than

Ead
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Table Al. Summary of available analytical methods for the determination of uranium by

wet-chemical or noadestructive techniques

" 0000649

Detection  Relative Cost per  Instrument
Method Limit Precision  Analysis’  Cost Comments
Wet-Chesical g L* —_% - —$—  —$—
" Laser 0.05 <4 50-100 ~45K Good predsion at low concentrations

Phosphorimetry but numerous interfereaces (Fe, Mn,
HQ, NO,)

ICP-MS 0.01 ~10 100 ~250K High ionic strength solutions suppress
scasitivity, excellent for multiclement
and isotopic analyses; becoming the

instrument of choice for commerdal labs .
ICP-AES 10.0 ~10 100 ~50-100K Currently instrument of choice for
: metals analyses; not as seasitive as ICP-
_ MS and no isotopic capabilitics

Stripping 10 5-50 100 ~30K Shows promise, but still in development;

Voltammetry direct determination of oxidation states;
can be automated

Spectrophotometry  0.5-10 2-10 50-100 ~-10K Rclatively preparation iatensive but
otherwise comparable to ICP-AES; |
flow-injection analysis allows oxidation
state dcterminations

Nondestructive g g — % — e N

XRF >1000 ~10 50-150 ~250K Most common nopdestructive techniqoe;
multiclemental capability

Synchrotron XRF  1-50 ~10 50-150 -3 Has greatest sensitivity but requires
access (o a synchrotroa; microprobe

- allows determmation of elemental
composition, average oxidation statc and
structure of crystalline uranium particles

PIXE > 10,000 ~10 50-150 - Requires small partide accelerator;

: multiclemental capability best for light
clements

Neutron Activation 500 cs.? 50-100 - Limited number of fadlities available;
furn around time of ~ 1 week

PIGE > 1000 cs. 50-150 - Requires heavy-ion accelerator;

Vincludes sampic preparation

'l.uyba‘hy quired, capsbility beyond mast independent laborstorics
! dcpends oo counting statistics, but p:nny < ms
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the absorption edge of the inner-shell electronic
transition of interest (c.g, U-Ly) or by irradiation
with charged particles of high energy (e.g., protoas,
clectrors, and alpha particles). In both instances, the
probabilitics associated with X-ray production in the
sample, and with attenuation of the incident
photons/particles and of the emitted X-rays, are well
understood {Amonette and Sanders, 1994). In
general, the efficiency of X-ray production falls off
with increasing atomic oumber and much more rapidly
for particle zxcitation than for photon excitation.
Thus, X-ray flucrescence (XRF) is more suited to
uranium determinations than proton-induced X-ray
cmission (PIXE) based purcly oo physical principles.
Because atteauation of X-rays by the sample is
important, the detection limits for uranium by X-ray
spectrometry wil! vary by as much as an order of
magnitude depending on the matrix. For example,
they will be significantly higher for uranium in an iron
oxide matrix than in an aluminesilicate matrix. With
conventional equipment and routine counting times,
detection limits on the order of 1 4g g ranging up to
about 50 ;g g are obtained with XRF. Synchrotron
X-ray sources, however, offer incident fluxes that are
several orders of magnitude greater than can be
achicved by conventicnal X-ray tubes. With these
sources, detection limits into the sub-ag g”* realm are
possible. The X-ray microprobe, currently uader
development at several institutions, offers the
possibility of oblaining concentration maps of elements
in undisturbed samples at submicron resolution and ng
g" sensitivity.

Because of its ability to analyze solid spccimens and
relatively few spectral interferences, X-ray
spectrometry has always been an important technique
for the elemental characterization of soils and
scdiments (Amonette and Sanders, 1994). The
technique finds application in a variety of instruments
in which specimeas may be probed by characteristic
X-rays, clectroas, protons, and, most recently,
synchrotron-generated X-radiation. The cost and
availability of these instruments vary considerably, as
do their analytical capabilitics. Most analytical
labnratories will have access to an X-ray fluorescence
(XRF) spectrometer and, possibly, to an clectron
microprobe (EM). A few will bave access to a proton
accelerator for proton-tnduced X-ray emission (PIXE)
spectroscopy, whereas the number of synchrotron
facilities available to commerdial analytical laboratorics
can probably be counted on one band. Costs for a
total uranium determination by XRF on a bulk
sample are on the order of $50 to $150 per sample
depending oo the laboratory, the sample matrix, and
the detection limit desired (1 ;g g* is typical).
Electron microprobe costs are similar per
-etermination, but require many analyses to achieve
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statistical certainty regarding the bulk sample.
Analyses by PIXE arc comparable in cost to XRF, at
a sacrifice of approximately 1 order of magnitude ia
the detection limit The best detection Limits (ca’ 1
ng g"') for total uranium are achieved with

'synchrotron radiation for bulk samples. The ongoing

development of the X-ray microprobe promises to
allow structural and oxidation-state dcterminations of
uranium-bearing particles present at ;g g™ levels, in
addition to total uranium concentration maps at ng g*
levels. Nevertheless, synchrourons are primarily
research tools and are not generally used for routine
analytical mcasurements of soils. This situation may
change in the future, if dedicated analytical
synchrotroas are built. In the meantime, the use of
synchrotron radiation for regulatory purposes can be
considered impractical, if only because of the Limited
nsumber of fadlities, and the planning, travel, and
inconvenicnce involved in collecting the data. Thus,
XRF and, in some instances, PIXE, remain the only
practical X-ray spectrometric techniques for analysis of
uranium in soils.

Gamma-Ray Spectrometry
Neutron Activation

Neutron activation analysis is isotope-specific, relying
on the rcaction between a ncutron of energy above a
certain threshold value and a spedfic atomic nucleus
to potentially yicld a nucleus having a higher energetic
state (Steinnes, 1971; Helmke, 1982). For U, the
reaction with epithermal neutrons (ie., ncutroas
having energies > 05 eV) results in the production of
U. This isotope of uranium is radioactive and
decays to ™ Np with the release of a beta particle and
a gamuna ray having an energy of 74.7 keV. The U
nuclide has a hali-life of about 24 minutes. The “Np
nuclide then decays by beu}amma cmission (E_ =
106, 228, and 278 keV) to *Pu, with the half-life of
the *’Np nuclide being about 2.4 days. Thus,
mcasurements can be taken soon after irradiation at
74.7 keV or after several days at 106, 228, or 278
keV, depending on which auclear transition is
selected. The requirements for neutron activation
analysis are a source of neutrons (typically a small
research nuclear reactor or a Van de Graaff particle
accelerator), a sample that is reasonably transparent
to the seutrons, and a detection system for counting
gamma rays cmitted by the sample after it is
irradiated. Detection limits depend on the leogth of
irradiation, the ecacrgy of the ncutrons relative to a
resonance encrgy where neutron capture is favorable,
the efficiency of the gamma detector, the sample size,
and the length of time after irradiation and before
counting, Sample sizes ranging from-50-500 mg are
typical, although samples much smaller <in be
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accomodated. Miera (19802 reported a uranium
detection limit of 500 ng g for soils irradiated with
cpithermal neutrons. Other workers bhave reported
values from about 5 to 40 ng g for uranium,
depending on the neutrons used (Zielinski and
McKown, 1984; Landsberger and Wu, 1993).
Uncertainty of the analysis depeads largely on
counting-statistics (i.c., error decreases as the square
root of the namber of counts) with the contribution
from other factors being less than 1% relative
(Helmke, 1982).

Ziclinski and McKown (1984) reported on a method
that gave much lower detection Limits for liquid
samples. Bricfly, the method involved a
prcconcentration step in which the uranium was

complexed by an exchange resin dissolved in kerosene.

This organic phase was thez analyud as a liquid and
yielded results in the 1-20 ng L™ range that agreed
well with phosphorimetric measurements of the same
samples.

Neutron activation analysis for ®*U using epithermal
ncutrons affords excellent detection limits, comparable
to those obtained with synchrotron radiation. On a
practical basis, however, it shares one limitation with
syachrotron radiation, in that the oumber of neutron
sources is small and those that are available are
beavily subscribed. The analytical costs can be quite
low (one lab outside the U.S. apparently can analyze
samples for $10 each, although a typical cost
domestically is in the $50-$100 range. Adding to its
practicality is the minimal sample preparation
requircment and rapid turparound (ca. 1 wick under
optimal conditions). Thus, the only factor limiting its
use is the limited oumber of facilities. If an
arrangement can be made with one of these facilities,
this method is emincatly practical.

Particle-Induced Gamma mission

The impact of high-energy (> 02 MeV) charged
particles oo a sample will result in a few particle-
nucleus collisions with the pucleus being left in an
excited state. As with pcutron uradiation, some
chbaracteristic gamma rays will be relcased as these
ouclei decay, and their measurement allows
quantification of nuclides in the sample. Most of
these exated nuclei bave very short half-lives (i.c,
fractions of a sccond), and the gamma rays emitied
arc termed “prompt gammas® because they must be
measured while the sample is being irradiated The
cross sections for particle-induced gamma emission
(PIGE) decrease with increasing atomic number and
decreasing mass of the incdeat particle. The best
cross scctions for uranium, therefore, are obtained
with heavy ion bombardment of the sample.
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Particle:induced gamma emission spectrometry has
minimal sample preparation requircments and can,
provide data very rapidly. For uranium
determinations, it requxrcs a small particle accelerator
capable of gencrating & heavy-ion beam. These
instrumeants are aot as scarce as synchrotrons but
acither are they as common as XRF spectrometers.
Because of the low cross section for uranium, the
detection limits are comparable to those for XRF and,
consequcndy, the PIGE technique has scen little use.
In view of the relatively limited sources and lackluster
detection limits, this method is not very practical.

The salient features of the analytical techiques for
nondestructive determination of uranium in solids are
summarized in Table A.l.

A2 Assay for Uranium Oxidation
State

In general, the oxidation statc of uranium bas 2 direct
bearing on its solubility and, heace, its environmental
availability. Uranium in the +4 state is usually less
soluble than that in the other common oxidation state
(+6), and, as a coasequence, much less of an
cavironmental risk. However, U(TV) is oxidized to
U(VT) ratber easily (E® = +0.25V, Bruno et al, 1985)
and the kinetics of this reaction will be crudal to any
assessment of coviroomental availability. Thus, a
determination of the oxidation statc of uranium in
both the aqueous and the solid phases is nceded,
along with some way of cstimating the kinetics of
U(TV) oxidation in a particular soil, in order to
properly assess the potential risk assodated with the
uranium contamination. This type of measurement
can be done cither by wet-chemical techniques or by
direct spectroscopic techniques [¢.g, X-ray absorption
near-cdge structure (XANES), laser photoacoustic,
laser Raman, optical luminescence}.

A2.1 Direct Spectroscopic Techniques for
Oxidation State

Direct spectroscopic measurement of the uranium
oxidation state in solids or liquids is possible using
XANES spectroscopy. This technique measures small
(0.1<¢V re<olution) shifts in the position and shape of
the X-ray absorption spectrum of an element as one
scans in coergy across the absorption cdge. Io a
crude sense, the more reduced an atom is (ic., the
greater the number of valence-shell electrons), the less
coergy it needs o eject an inner-shell electron and a2
slight shift (ca. 2-3 eV per unit difference in oxidation
number) to lower eacrgy is scea in the position of the
absorptic:: edge. The effect is confounded by
coordinaticn aumber (c.g, tetrahedral vs. odahadral)
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but the theory is well enough developed to allow
prediction of the shape and location of the absorption
cdge.

Although several groups in the U. S. Departmeat of
Eacrgy (DOE) complex and university community
have been pursuing XANES spectroscopy of U in
soils, we are aware of only one manuscript concerning
the XANES spectrum of U solids in soils (Bertsch et
al, 1994). Thbe data prescated clearly show a 4.5-¢V
shift in the position of the Ly absorption edge for
uranium in going from U(TV) to U(VI). Morcover,
the shift is linearly proportional to the fraction of
U(VT) present in several samples having mixtures of
the two oxidation states, making possible a
quantitative analysis of the average oxidation state of
U in the sample. The beauty of the technique is that
it is non-destrudtive to the sample and that data can
be collected from ficld-moist specimens if desired. X-
ray absorption ncar-edge structure speciroscopy
requires an intense tunable X-ray source that is
available, for practical purposes, only at a synchrotroa.
Consequently, XANES is not practical for routine
analytical purposes (at least until a dedicated
analytical synchrotron facility can be built).

Other direct spectroscopic techniques (ic., laser
photoacoustic, laser Raman, and optical luminescence

. spectroscopies) interrogate the sample by

monochromatic laser light and measure the optical
absorption (laser Raman), optical emission
(luminescenee), or thermal emission (laser
photoacoustic) propertics of the sample. The
intensitics of thermal and optical cmissions for a
specific atomic transition arc generally inversely
rclated. Thus, laser photoacoustic signal is strong
where the optical luminescence signal is weak. la
general, then, laser photoacoustic spectroscopy is more
sensitive to U(TV) spedes and optical luminescence to
U(VI) species. Laser Raman spectroscopy measures
the vibrational spectra of functional groups and shows
roughly equal sensitivity to the two oxidation states of
U. Because of their small highly collimated light
sources, these three laser-based techniques generally
sample small portions of a soil and many
mecasurements are needed to gain a statstically certain
cstimate of the average U oxidation state in the bulk
soil. They yicld solid-speciation information that can
be critical to the design of remediation techaologies,
but at much higher expense than wet-chemical
procedures.

A22 Wet-Chemical Techniques for

‘Oxidation States

The literature provides a aumber of cxamples in
which wet-chemical procedures are used (o estimate

AL
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the distribution of uranium oxidation states among
reactive phases in soils cr sediments. In general,
these procedures call fcr the leaching of uranium from
a sample using a mild, nonoxdizing acid—usually HCL
Under these addic conditions, both U(IV) and U(VT)
are relatively stable and do not undergo significant
interconversion over the time scales of most labaratory
measurement (ie, < days). It should be noted that

' the leaching of a sample is donc using much milder

couditions than thase used to complete a total sampie
dissolution. As a result, the procedures used in these
determinations of uranium oxidation state do not
extract all of the uranium from the sample. Uranium
locked in refractory phases (eg, silicate and some
phosphate minerals) will not be included in the
estimates of the oxidation-state distributions of this
metal in the sample. Of critical concern in this
leaching step is the release of Fe(IlI) that could react
with U(TV) to yield U(VT) and thus, poteatially, give a
false estimate of the initial UTV):U(VI) ratio a the
soil. :

" Once in solution, a number of different approaches
can be used to estimate the relative abundance of the - -

different oxidation states of uranium. Oac long-
established method is (o use exchange resins (0. T.
Farmer, 1993, personal communication). These
procedures usually involve a aumber of steps: first, an
aliquot of the sample is mixed with a mild axidizing
agent to convert all uranium to the U(VI) form, and
a total analysis is conducted on this. Then, »aoxidized

samples are adjusted to a 2 M HCl conceatration, and .

passed across an exchange bed. Under these
coaditions, the U(VT) is trapped by the column,
whereas the U(TV) species pass through the column,
A mild oxidizing agent is added to the clutriate to
coavert the UTV) to U(VI) and the quantity of
uranium measured Finally, the column holding the
U(V]) is cluted with distilled water, allowing the
U(VI) to be relcased. The elutriate is then analysed
for uranium. The sum of the uranium in the two
fractions should be equal to the total solubilzed
uranium measured in the first step. Once the two
oxidation states of uranium have been separated any
of the wet-chemical techniques described in Appendix
A, Section A 11 (cg., pulsed-lascr phosphorimetry)
can be used to quantify the amounts of uranium
present in cach solution.

Asnother approach to the problem, oace the U is in
solution, is to selectively predpitate the U(TV) by
addition of cupferron (Vogel et al, 1989, p. 471472)
or by coprecipitation with NdF, (Anderson, 1984).
After removal of the predpitate by filtraticn, the
supernate is reduced with Ti(l) and the cupferron or
NdF, copredpitation repeated to obtaint the fraction
originally preseat as U(VI). o
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As an alternative to the exchange and precipitavion
mcthods, oxidation states of uranium in solution can
be mecasured directly using polarographic methods.
With these methods, all forms of solubilized uranium
are plated onto an appropriate clectrode (e.g,
mercury or gold), and the current gencrated as a
function of voltage applied can be used to estimate
the quanlity of uranium present in cach of the
differeat axidation states.

For soils, most attempts at quantifying oxidation states
have been devoted to those of iron (Amonette et al,
1934). None of these attempts were specifically
designed for quantification of uranium oxidation states

"in soils. The same general sample-handling and
sample-decomposition principles bold for both
clements, however. The main difficulty is in
stabilizing the original ratio of oxidized to reduced
speaes during the decomposition/extraction process
uolll they can be quantified. Although oxygen from
the air is an obvious source of oxidizing power that
can alter this ratio, other components oi the soil may
act as oxidants or reductants during the decomposition
process. For example, organic matter and sulfide
minerals are known to reduce Fe(IlT) during
decomposition, whereas manganese oxides act as
oxidaots. Uranium, with its much lower standard
reduction poteatial may oot be as susceptible to
reduction as Fe(lll) by organic matter and sulfides
but, by the same token, it is more likely to be
oxdized by Mn(TV) and perhaps cven Fe(I1l). Often
these effects can be muted if a stable complex of the
ion in qucstion can be formed during the
decomposition process. The classic example is that of
1,10-phenanthroline, which stabilizes the Fe(IT) spedes
towards oxidation by raising its reduction potential 0.4
V. A similar ligand might be found for U(TV)
(possibly cupferron).

Ignoring these difficulties for the time being, we bave
modified-other existing methods for uranium
oxdation-state determination to come up with a pair
of wet-chemical methods, based on ion-exchange and
on coprecipitation, that may prove suitable for analysis
of uranium oxidation states in soils (scc Appendix B).
These methods have not beea tested in their current
form in the laboratory and, almost certainly, will oot
work for all soils. If nothing clsc they will give an
estimate of the overall redox status of the soil relative
to the U(VT,/U(TV) reduction potential (it may also
be possible to develop a complexant-bas~d method in
which the uranium oxidation states are stabilized until
analysis). As described, the methods can be
performed rather casily by almost any commercial
laboratory for about $300-400 a sample, depending on
the degree of automation and the methcd.
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Some of the features of analytical methods for
oxidation state determinations of uranium arc listed in
Table A2

A3 Speciation of Solid-Phase
Uranium

Like other trace metals, the solid-phase uranium in
soils can occur as an exchangeable cation on minerals,
as ap organically bound constituent, as a pure or
mixed-valence oxide, and as a structural constituent of
various silicates, phosphates, or vanadates Because
soils and sediments are heterogeaecous anisotropic
systes, even at a microscopic scale, the dominant
form of a tracc metal may change from ooc region to
the next.  Attempts to spedate the solid forms of
uranium in a large body of soil, therefore, face a
acarly impossible task. Because these attempts are
oftea predicated on how the uranium will react,
operational definitions of uranium speciation have
been used, rather than absolute definitions based on
identification and quantification of spedfic mineral
phases. Since we arc interested in the “eavironmental
avaiiability” of uranium in soils, ic., in its reactivity
towards the soil solution, this type of operational
classification is reasonable.

The literature is replete with extraction and leaching
procedures ranging from single-step extractions,
through multistep, single-fluid procedures, to multi-
extractant, sequential procedures. Tessier et al (1979)
for example, used a sequential extraction procedure t=~
classify the trace metals in soils into five fractions:
exchangeable, bound to carbonates, bound to
manganese and iron oxides, bound to organic mattes,
and residual A similar extraction procedure was
followed by Yanase et al (1991) to speciate the
uranium in the mineral phases of rock cores from the
Koongarra uranium ore body. Other systematic
studies regarding the availability of the different forms
of uranium to solution or to biota have beea limited.
Because these categories are arbitrarily defined,
absolute standards do not exist, and it is difficult to
assess the accuracy of the technique. However, the
precision obtained for trace metals in sedimeat
samples by Tessier et al. (1979) was in the
ncighborhood of 10-30% relative—clearly not as precise
as for total uranium, but still manageable.

Each of these procedures yields an estimate of mass
of uranium associated with some specific, operationally
defined soil component. These componeats may be
narrowly defined, as is the case for most of the steps
outlined in sequential procedures, they may be broadly
based, as is found for most add extractions, or they
may lack any well-defined relationship to spedfic soil
phzses. This last case is represented by most water
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Table A2, Selected features of analytical methods for the determination of aranium oxidation

states and uranium isotopes

Masz Spectrometry

‘ Detection  Relative Cost per lastrument
Method Limit Precision  Sample'  Cost Comments
Oxidation States w L’ - %— —$— ~$—
lon Exchange varies? ~10 400 ~50-200K  Easily implemented in most labs
instrument cost dcpeads oa method
used for total vranium determination
Copredipitation varics ~10 400 ~50-200K Easily implemented in most labs
instrument cost depeuds on method
used for total uranium determisation
Stripping 10 . ~550 100 ~30K Promising technique, but not widely
Voltammeny " available yet; can be automated
XANES 10 g g* ~20 50-150 ~? Requires access to a synchrotroe; g
microprobe under developmeat; B
Laser-based 10,88 ~20 <5000 ~500K Emerging techniques; primarily used for
Spectroscopies rescarch
Isotopes

ICP-MS 0.01 . ~10 100 ~250K High ionic-strength solutions suppress
' seasitivity, becoming the instrument of
choice because of multiclemental ..
capabilities; widely available .
Other MS 10 atoms  ~10 100 ~600K Limited availability, primarily used for
rescarch applications
Alpha = ' 12Bq cs' 65100  ~80K Moderate availability
Spectrometry
Gamma 12 Bq cs 100 ~80K Moderate availability
Spectrometry
1. m__L A

d:pmammdmmmcmodusedmdonmmmm

’wfmmmamqmm depend
* dcpends on counting mutua. but gesenally < 10%

extracts of soils. The multistep, single-fluid extractions
are capable of providing a limited amount of kinetic
information.

Regardless of the approach, a great deal of caution
needs 10 be used when attempting to relate the results

59 .

of exuaction procedures o ficld situations. Few of
the proccdures attempt to mimic field geochemical
conditions, s0 correlating extraction results with the
cxpectcd geochemical behavior of uranium at specific
sites is not a routine undertaking. Extensive
condawnwkmllhavctobemplctedmad:rto
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gain confidence that the output from a speaiic
mecasurement, or serics of measurements, can be

meaningfully interpreted.

All the extraction procedures arc essentially wet-
chemical methods. Processing time and per sample

. costs will depend on 2 number of factors such as
samples per batch, or the number of samples that a
laboratory is able to extract simultancously. In
general, soil preparation prior to the extraction
(drying, clcaning (if appropriztc), grinding, etc.] will
require from 48 to 168 hours total time. Each
extraction step, then would normally require
approximately 24 hours to complete (typically 18 hours
on the agitation device, plus six bours cf sample
bandling, solution preparation, ceatrifugation and/or
fillration, etc). Total solution analytical time will
vary, but pH and dissolved uranium analyses can
normally be completed in 4 bours.  Sampie holdiag
limes between completion of an extraction step and
the analysis of the resulting -olution will vary with the
analytical facility.

Costs per sample per analysis vary from procedure to
procedure. Normally, cost will increase as the number
of extraction steps increases and as the number and
type of extraction liquors cmployed increases. A rough
estimate obtained from onc commeraal laboracory
gave $75 per extraction step, $110 per analysis of total
soluble uranium, and $150 per uranium
digestion/analysis for total uranjum. Thus, for a
sample requiring three extractions, determinatioas for
both U(TV) and U(VT) in cach extract, and a total
uranium digestion, an estimate of the total cost would
be $1,035 [(3x875) + (2x3x8110) + (1x5150)), if
performed by a commerdal laboratory. A large
asumber (ca. 160) of commerdal laboratories are
cquipped to perform this type of analysis in the
United States.

Direct-spectroscopic speciation of solid-pbase uranium
is also possible by a variety of techniques. The
integrated approach suggested by Morris (D. E.
Mormns, Los Alamos National Laboratory, 1994,
personal communication) and described in Appeadix
A, Section A 2.1 utilizes X-ray absorption (XAS) and
optical luminescence spectroscopies primarily to
specate the uranium in soils. Analytical electron
microscopy can also be used to identify uranium in
thia sections and individually dispersed particles by a
combination of clectron diffraction and X-ray emission
- spectroscopy. Tbe dircet analyses tcod to quantify the
forms ol uranium but do not necessarily provide
information about the availability of the uranium.
Analytical costs tead to be higher also, with a typical
sample costing in the neighborhood of $5000 by the
XAS/optical luminescence approach (D. E. Morris,
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Los Alamos National Laboratory, 1994, personal
communication). Lastly, the question of the statistical
certainty assodated with a few measurements of a
very small fraction of the soil remains.

A.4 Speciation of Uranium Isotopes

The specific activity of the uranium in a sample -
dcpcnds on its lSO(OplC composition. Three natural
isotopes of uranium contribute to the element's
adtivity: ®U, ™U and ®U. In closed, natural
sysxcms, uranium has a specific activity of 0.68 pCi
. The percentage of this activity originating from
cach isotope is 48.93%, 2.14%, and 48.92%,
respectively. In ncar-surface environments (c.g. soils),
bowever, the 2U isotope teuds to bave a slightly
higher mobility than the other two isotopes. This
stems from the fact that ®U derives from the decay
of 2%, and heace, tends to reside in mineral sites
that have been damaged by the decay process.
Solutions passing through soils, therefore, will leach a
disproportionately- larger amount of the ™U isotope,
resulting in specific activities several times higher than
0.68 pCi sg". Currcnty, the EPA uses a spedfic
activity of 13 pCi g as the nominal activity of
uranium in surface waters. This value is based on a
geomctric mean of activitics measured on wates
samples collected during a natioowide radon survey
(U. S. Environmental Protection Agency, 1985, 1991d).
Because much of the eovironmental hazard associated
with uranium is due to its spedfic activity, which is
known to vary in weathered systems, this factor, or
onc derived from a direct measurement of the isotopic
ratios, should be part of any estimate of
covironmantal availability.

The isotopic composition of a uraaium-bearing sample
can be determined in a number of ways (Table A2).
The mast straightforward of these is mass
spectrometry, whereby all the isotopes of uranium can
be determined regardless of their spedific activity. U
the sample is already in liquid form, as in an extract,
for example, it can be introduced into the
spectrometer via the inductively coupled plasma
interface (aqueous extracts) or by electron or chemical
ionization (orgzmc extracts). The recent development
of direct insertion probe analysis allows placement of
a solid sample directly into the ionization chamber of
the mass spectrometer, thus avoiding the nced for
digestion or extraction. However, this lcchmquc may

- not he suitable for soils where uranium is in low

conceatrations because it does not allow
preconcentration of the sample.

Two types of nuciear spectroscopy can be used for
determination of uranium isotopes. If the uranium is
preconcentrated in solution form and thea



clectroplated as a thin layer onto a mectal support the
alpha-particle energy spectrum can be measured using
2 surface barricr detector and a multichamnel analyzer
(Sanchez ct al., 1987). This method will detect My,
U, and ™*U (ic. the naturally occurring isotopes)
2s well as most of the anthropogenic isolopes.
Gamma spectrometry can also be used for isotopic
analysis, but is most seasitive to U, an
- anthropogenic isotope, and insensitive to ~U. If the
sample is bombarded with cpithermal ncmtroes,
however, *U will be converted to ®U and can then
be measured by gamma spectrometry (Steinpes, 1971;
Gladaey et al,, 1978; Micra, 1980).

Uranium concentrations can also be estimated
indirectly in solid samples by a spectroscopy of

- the deay products ™ Th and a, which are
established relatively quickly (within 100 days) after
purification of U and attainment of sccular
cquilibrium (R. J. Serne, 1994, personal
communication).

Analytical costs for alpha spectrom=try are about $65-
$100 per sample and at least onc internatiooal
laboratory offers rapid turnarounds on the order of 1
week. Tie ICP-MS approach bas less sample
preparation and, in princple, offers a quicker

. turnaround time. However, costs and turmaround time
vary coasiderably (as long 60 days in oae laboratory). -
In addition, some oroblems in quantifying U bave
been encountered by at least one laboratary, altbough
these do not seem to be common, Availanlity of
cquipment for both methods is comparable and,
consequently, the two techniques may be considered
equally practical, with the dedsion as to which oac to
usc depending on individual dircumstances.

A.5 References

American Socicty for Testing and Materiak, ASTM
D5174-91, “Standard Test Method for Trace Uranium
in Water by Pulsed-Laser Phosphorimetry.” Annual
Book of ASTM Standards, 11.02:425427, ASTM,
Philadelphia, Pennsylvania, 1992

Amonette, J. E, and R. W. Sanders, “Noodestructive
Techniques for Bulk Elemental Analysis,” Quansitanve

Methods in Soil Minealogy, J. E. Amonette, and L. W.'

Zelamy (eds.), pp. 148, Soil Sdence Socety of
Amernica, Madisn, Wisconsin, 1954,

Amogette, J. E_ F. A Khan, H. Gan, J. W. Stucki,
and A. D. Scott, “Quantitative Oxidation-Stite Analysis
of Soils,” Quaniritanve Methods in Soil Mincalogy, J. E.
Amonctte, and L. W. Zelamny (eds), pp. §-113, Soil
Sacace Sodety of America, Madison, Wisconsin, 1994.

61

Appendix A: Analytical Chemistry

Anderson, R. F, "A Mecthod for Determining the
Oxdation State of Uranium in Natural Waters,”
Nuclear Instruments and Mrtsods in Physics Research,
273: 213-217, 1984,

Bertsch, P. M, D. B. Hunter, 3 R. Sutton, S. Bajt,
and M. L. Rivers, "In Sity Chemical Speciation of
Uranium in Soils and Sedimeants by Micro X-ray
Absorption Spectroscopy.” Environmental Science and
Technology, (1994, in press).

Bruno, J, 1. Grenthe, and B. Lagerman, “Redox
Processes and UO,(s) Solubility: The Determmation
of the UO,* /U** Redox Potential at 25°C in HAO,
Media of Different Ionic Strength,® Sciensfic Basis for
Nuclear Waste Management [X, Materials Research -
Sodety Symposia Proceedings, 50:299-308, Materials
Research Sodcety, Pittsburgh, Pennsylvania, 198S.

Gladney, E. S, W. K Heasley, and M. M. Mmor,
“Comparison of Three Techniques for the
Mcasurement of Depleted Uranium in Soils,”
Analytical Chemistry, 50: 652-653, 1978.

Greenfield, S, L L. Jones, and C. T. Berry, “High
Pressure Plasma as Spectroscopic Emission Sources,”
Analyst, 89 713-720, 1964.

Helmke, P. A, *Ncutron Adivation Analysis® Methods
of Soil Analysis, Part 2, Chemical and Microbiological
Properties, 2nd Ed. pp. 67-84, American Sodety of
Agronomy, Madison, Wisconsin, 1982

Houk, R. S, V. A. Fassel, G. D. Flesch, H. J. Sveg,
A. L. Gray, and C. F. Taylor, “Inductively Cougled
Argon Plasma as an Ion Source for Mass
Specrometric Determination of Trace Elements,”
Analytical Chemisty, 52: 2283-2289, 1980.

Jobnson, W. M, and J. A. Maxwell, Rock and Mineral
Analysis, 2nd Edition, Robert Knieger, Malabar,
Florida, 1989.

Kojima, T., and Y. Shigetomi, “Spectrophotometric
Determination of Uranium(VI) by Solvent Extraction
with Trioctylphosphine Oxide and a Molten Mixture of
Bipbeayl and Napthalene,” Talanta, 36: 603-605, 1989.

Landsberger, S, and D. Wu, “Improvement of
Analytical Scasitivitics for the Determination of
Antimcny, Arsenic, Cadmium, Indium, Iodine,
Molybdenum, Silicon and Uranium in Ai-Lorne
Partculate Matter by Epithczmal Neutron Activation
Analysis,” Journal of Radioanalytical and Nuclear
Chemistry, Articles, 167: 219-225, 1993.

'NUREG/CR-6232

iz

-




Appeadix A: Analytical Chemistry

Lim, C. H, and M. L Jackson, *Dissolution for Total
Elemeatal Analysis,” Methods of Soil Analysis, Part 2,
Chernical and Microbiological Properties, 2nd Ed., pp.
1-12, American Sodety of Agronomy, Madison,
Wisconsin, 1982

Miera, FR., Jr, LAS624-T (Thesis), "Measurements
of Uranium in Soils and Small Mammals,* Los
Alamog National Laboratory, Los Alamos, New
Mexico, 1980,

Pavon, J. L. P, B. M. Cordero, J. H. Mcadez, and R.
M. 1. Agudo, "Application of a Nested-Loop System
for the Simultaneous Determination of Thorium and
Uranium by Flow Injection Analysis,® Analytcal
Chemnisvy, 61: 1789-1791, 1989.

Pavop, J. L. P, C. G. Pinto, E. R. Garda, and B. M.
Cordero, *Flow-Injection Determination of Thorium
and Uranium after On-Line lon-Exchange
Preconcentration on Dowex 50-X8," Analytica Chimica
Acta, 264: 291-296, 1992,

Rajec, P, "Extraction Fluorimetric Determination of
Uranium by Convcnhonal Speatrophotometry,”
Joumal of and Nuclear Chemistry,
Letters, 166: 413-419, 1992,

Robbus, J. C, C. Castledine, and W. Kostiak,
Analytical Procedures for UA-3 Uranium .4nalysis,
Applications Brief 79-2, Santrex, Concord, Ontario,
198S.

Sanchez, A. M,, F. V. Tome, and J. D. Bejarano,
*Natural Isotopic Separation of Uratium in the
Guadiana Baun ' Journal of Radioanalytical and
Nuclear Chemisty, Letters, 118: 291-298, 1987.

Silfwerbrand-Lindh, C., L. Nord, L-G. Daniclsson, and
F. Ingman, “The Analysis of Aqueous Solutions with
Ethanol-Soluble Reageats in a Flow Injection System,”
Analynra Chimica Acta, 160: 11-19, 1984.

Soltanpour, P. N, J. B. Jones, Jr, and S. M.
Workman, ‘Optical Emission Spectrometry,” Methods
of Soil Analysis, Pant 2, Chemical and Microbiological
Properties, 2nd Ed., pp. 29-65, American Socicty of
Agronomy, Madison, Wisconsin, 1982.

Steinnes, E., “Epithermal Neutron Activation Analysis
of Geological Material," Activation Analysis in

Geochemistry and Cosmochemisoy, pp. 113-128,
Universitets Forlaget, Oslo, Norway, 1971.

NUREG/CR-6232

000072

Tessier, A, P.G.C. Campbell, and M. Bisson,
*Sequential Extraction Procedure for the Speciation of
Particulate Trace Metals,” Analytical Chemisoy, 51:
844-853, 1979,

U. S. Eavironmental Protection Ageacy, EPA 520/5-
85-008, Nationwide Occurrence of Radon and Other
Natural Radioactivity in Public Water Supplies (The
Nationwide Radon Survey), 198S.

U. S. Environmental Protection Agency, “National
Primary Drinking Water Regulations; Radionuclides;
Proposed Rules,” Federal Register, 56 FR 33050-33127,
July 18, 1991d.

Vogel, A. I, G. H. Jeffery, J. Bassett, J. Mcadham,
and R. C. Denney, Vogel's Teabook of Quantitative
Chemical Analysis, 5th Ed., Longman Sccectific and
Technical, Essex, England, 1989.

Wang, J., and R. Sctiadji, *Selective Determination of
Trace Uranium by Stripping Voltammetry Following
Adsorptive Accumulation of the Uranium-Cupferron
Complex,* Analytica Chimica Acta, 264: 205-211, 1992

Wang, J, J. Ly, and K. Ofsen, "Measurement of
Ultratrace Levels of Chromium by Adsorptive-
Catalytic Stripping Voltammetry in the Presence of
Cupferron,” Analyst 117: 1913-1917, 19922

Wang, J, R. Setiadji, L. Chen, and J. Lu, "Automated
System for On-Line Adsorptive Stripping
Voltammetric Monitoring of Tracc Levels of
Uranium®, Electroanalysis, 4: 161-165, 1992b.

Wendt, R. H,, and V. A. Fassel, "Induction-Coupled
Plasma Spectrometric Excitation Source,” Analytical
Chemistry, 37: 920-922, 1965.

Yanase, N, T. Nigbtingale, T. Payne, and P. Duerden,
*Uranium Distribution in Mincral Phases of Rock by
Sequential Extraction Proccdure,” Radiochimica Acta,
52/53: 387-393, 1991.

Zielinski, R. A, and D. M. McKown, “Determination
of Uranium Concentration in Water by Liquid Anion
Exchange-Delayed Neutron Analysis,” Joumal of
Radioanalytical and Nuclear Chemistry, Articles, 84:
207-212, 1984,




V574

Appendix A: Analytical Chemistry

Appendix B: Draft Wet-Chemical Methods for Oxidation-State
Determination of Uranium in Soils

B.1 Ion-Exchange Method

{modified from method given by O. T. Farmer based
on work by Kraus and Neison (1956) and an
extraction step of Yanase et al. (1991))

This method, which has not been tested in its
complete form in the laboratory, segregates U(IV)
from U(VT) and also allows measurement of total
available uranium oo a single sample of soil.
Available uranium is- that which can be dissolved in 6
M HCI at 85°C. The scgregation step works by ion
exchange on a strong-basc anion-exchange resin at-a
pH that opumizes U(VT) adsorption relative to U(TV).
The U(VT) is then eluted from the cxchange resin
with deionized water. Tbe U(TV) rcmaining in the
initial solution is then oxidized to U(VI), passed

through the cxchange resin, and the uranium adsorbed

is eluted as before. The total available uranium can
be estimated by the sum of the uranium in these two
fractions, and compared with results obtained by
oxidizing a separate aliquot of the sample initially and
then performmg the ion exchange step.

Reagents

deionized H,0

$ M HC), preheated to 85°C in water bath
4 M HCI

10% H,0, solutioa

high- punty inert gas (N,, A:) for sparging
(dcoxygenation)

Materiagls

85°C shaking water bath

30-ml add 125-ml poly bottles with air-tight seals
<0.45-pm filter membranes (25-mm diameter)
25-mm-diameter filter membrane holder

Clsaturated strong-basc anion-exchange resin (e.g,
Amberlite 400, Dowex 1)

Ion exchange column, at least 4 cm loog and 0.25 cm’
in cross section

Instrumentation

Inductively coupled plasma mass spectrometer
OR Pulsed-laser phosphonmeter

Sampling

The soil should be maintained in a field-moist
condition, isolated {rom atmospheric oxygen
(preferably under nitrogen), and stored cither frozen
or at 4°C until time for analysis. Immediately before

analysis, about 50 g of soil should be gently ground to
a coarse powder (to pass a 60-mesh sieve) under
acetone or isopropyl alcobol, homogenized, and stored
under nitrogen in an air-tight container. Two 10g
samples of the ground soil should be weighed motst,
oven-dried to a coastant weight at 105 °C, and
rewcighed after cooling in a desiccator, o determine
moisture content. All analytical results will be
reported in terms of the oven-dry weight of the soil

Mcthod

Carcfully weigh (to 1-mg precision) about 1 g of the
ground and homogenized soil and transfer into a 125
ml polypropyleae botue. Tare the bottle and an add
60 ml (654 g assuming deasity of 1.09 g mi? a

20°C) of 6 M HC! (preheated to 85°C in the Wa
bath), cap tightly, reweigh the bottle and cap, and
place in the shaking water bath. After digesting for 2
bours, remove the bottle; while it is still bot,
ceotrifuge and then filter the supernate through a
0.45-ym filter membrane into a clean 125-ml
polypropylese bottle. Wash the solid remaining in the ~
digestion bottle and on the filter paper with two S-mli
aliquots of fresh, 85°C, 6 M HCL

Tare two 125-ml polypropylenc bottles and transfer
approximately 20 ml (21.8 g assuming density of 1.09

g mi" at 20°C) of the hot HCI extract into cach

bottle and reweigh. To the first botte (bereafter
referred to as Bottle A), add 10 ml of deiocaized and  °
deoxygenated H,0. To the second bottle (hereafter
referred to as Bottle B), add 1 ml of 10% H,0,
solution and then 9 ml of H,0. Gently stir both
bottles to mix (do sot cap Bottle B).

Allow the remaining 6 M HCI extract to cool to room
temperature and then determine the density of the
extract solution and of the original 6 M HQ solution
(this can be determined at any time on a cool samplke)
using a 25-ml calibrated volumetric flask. These
deasities will be used to determine the actual amounts
of HC! that were used to extract the sample and that
were transferred into Bottes A and B. .

Pass the cootents of Bote A through the anion
exchange column (the column should be prepared
using 4 M HCI) and collect the cffluent in a clean
bottle (bereafter referred to as Botue C). Rinse
Bottle A with onc 5-mi aliquot of 4 M HQl and pass
through the column into Bottle C. Add 1 mi-of 10%
H;0, to Botle C. Place Bottle B and Bottle: C,
looscly capped, in the 85°C water bath for 30- minutes

63 or until all the H,0, bas decomposddUR BEEXGR &2

¢ty ohs
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the absence of air bubbles on the walls of the bottles.
(1a some instances, overnight incubations may be
required to completely remove all the H,0,.)
Meanwhile, pass about 25 ml of deionized H,0
through the exchange column to clute the U(VT) from
Bottle A that was adsorbed to the resin and colledt
the cfllucat in a 30-ml polyethylene bottle. This 30-

- ml bottle contains the U(VI) that was extracted from
the soil ’

When the H,0, bhas decomposed in Bottles B and C,
remove them from the water bath and allow them to
cool to room temperature. While they are cooling,
resaturate the column with C1° by passing 0.1 M Na(l
solution through and then cluting with deionized H,0
to the absence of C1° (as tested by additions of
AgNO, solution to the cffluent). Pass the contents of
Bottic B through the column and rinse the bottle with
5 ml of 4 M HQ as before. Elute the U(VD)
adsorbed to the column with 25 ml of deionized H,0
and collect the elutriate in a 30-ml polypropylenc
bottle. This bottic contains the total U that was
extracted from the soil

Resaturate the column with C1° as before, and then
repeat the ion exchange process for Bottle C. The
third 30-ml bottle contains the U(TV) that was
extracted from the soil. |

The solutions in the 30-ml bottles may then be made
to volume with reagent H,O and analyzed directly by
pulsed-laser pbospborimetry (ASTM D5174-91). If
analysis by ICP-MS is desired the solutions may be
diluted with HNO,.

Standards

With each batch of samples a set of standard U(TV)
and U(VI) samples should be run to verify the results.
A stock solution of U(VT) in 4 M HQQ should be
stable. A U(V) solution can be prepared from the
U(VI) stock solution by reduction with 20% TiCl,

(add 1 ml for every 100 ml of stock solution). Aftcr
the uranium has been reduced, the remaining TiCl,
must be oxidized by the addition of 2 ml of 12 M
HNO, for every 100 ml of stock solution.

B2 Coprecipitation Method
[modificd from Anderson (1984) and Yanase et al.
(1991)]

‘This method, which has not been tested in its
complete form in the laboratory, segregates UQIV)
from U(VI) and also allows measuremeat of total
available uranium on a single sample of soil.
Available U is that which can be dissolved in 6 M
“ HCl at 85°C. The segregation step works by
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copredipitation of the uranous ion [U(TV)] with NdF,.
The U(VI) remaining s then reduced to U(TV) by
Ti(T0) and coprecipitated as before. The total
available uranium can be estimated as the sum of the
uranium in these two fractions, and compared with
results obtained by reducing a scparate aliquot of the
sample initially and performing the coprecipitation
step.

Reagents

deionized H,0

concentrated HCl

6 M HQ, prebeated to 85°C in water bath
0.6 M HO + 008 M HF (in plastic bottle)
25% Nd solution as Nd(NO,), sparged

48% HF

20% TiQl, (prepare fresh)

high-purity inert gas (N,, Ar) for sparging
(dcoxygenation)

Materials

85 °C shaling water bath

30-, 125-, and 250-ml poly bottles with air-tight scals
<0.45-ym filter membranes (25-mm diameter)
25-mm-diameter filter membrane holder

Cl-saturated strong-base amon-cxnhangc resin (eg,
Amberlite 400, Dowex 1)

Instrumentation

Inductively coupled plasma mass spectrometer

OR Pulsed-laser phosphorimeter

Sampling

The soil should be maintained in a ficld-moist
condition, isolated from atmospheric oxygen
(preferably uader nitrogen), and stored cither frozen
or at 4°C until time for analysis. Immediately before -
analysis, about 50 g of soil should be gently ground to
a coarse powder (to pass a 60-mesh sicve) under
acetone or isopropyl alcobol, homogenized, and stored
under pitrogen in an air-tight contaiser. Two 10g
samples of the ground soil should be weighed moist,
oven-dried to a constant weight at 105°C, and
rcwelghed after cooling in a desiceator, to determine

moisture content. All analytical results will be
reported in terms of the oven-dry weight of the soil

Mcthod

Carefully weigh (to 1-mg precision) about 1 g of the
ground and homogeaized soil and transfer into a 125
mi polypropylenc botle. Tare the bottle and cap, add
60 ml (654 g assuming density of1.09gml at
20°C) of 6 A HCI (prebeated to 85°C in the water
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bath,, cap tightly, reweigh the bottle and cap, and
place in the shaking water bath. After digesting for 2
bours, remove the botue; vhile it is still bot,
ceotrifuge, and filter the supernate through a 0.45-;m
filter membrane tnto a clean 125-ml polypropylene
bottle. Wash the solid remaining in the digestion
bottle and on the filter paper with two 5-ml aliquots
of fresh, 85°C, 6 M HCL

Tare two 250-ml polypropylene botues and transfer
approximately 20 ml (21.8 g assuming density of 1.09
g ml" at 20°C) of the HCl extract into cach bottle
and reweigh. To the first botte (bereafter referred to
as Bottle A) add 1 ml of 25% Nd solution and then
180 ml of ‘deionized and deoxygenated H,0. To the
second bottle (hereafter referred to as Botué B) add
2 ml of 25% Nd solution and then 180-ml of H,0.
Shake both bottles to mix To botue A add 0.1 ml of
concentrated HF. To Bottle B add 0.1 ml of 20%
TiCl,, mix, and then add 0.6 ml of HF. Shake both
bottles to -mix and allow to stand {or at least 1 hour
to allow the NdF, predpitate to form.

Allow the remaining 6 M HCl extract to cool to room
temperature and then determine the density of the
txtract solution and of the original 6 M HCI solution
(this can be determined at any time on a cool sample)
using a 25-ml calibrated volumetric flask. These
densities will be used to determine the actual amounts
of HQl that were used to extract the sample and that
were transferred into Bottles A and B.

After standing, filter the suspension in Bottle A
through a 0.45-;an filter membrane, saving both the
filtrate and the filter cake. Wash the filter cake with
06 M HCI-0.08 M HF and transfer membrane and
fiter cake to a clean 30-ml poly bottle. The filter
cake wn this bottle contains the U(1V) that was
extracted from the soi. Add 0.1 ml of TiCl; to the
filtrate from Bottle A and mix. Then add 1 ml of the
25% Nd solution, followed by 0.6 ml of HF. Mix
and let stand for an hour. Filter as before, wash the
futer cake, and transfer the membrane and cake to a
separate 30-ml botile. The filter cake in this botte
contains the U(VI) that was extracted from the soil.

For Bottle B, filter and wash the filter cake as for
Botte A, and transfer the membranc cootaining the
filter cake to a third 30-ml polypropylenc bottle. The
filter cake in this bottle cootains the total uranium
that was extracted from the soil.

To the contents of cach 30-ml botte, add a minimum
amount of concentrated HCI to dissolve the NdF,
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precipitate. The solution then may be diluted to
volume with HNO, for subsequent determination of
uranium by ICP-MS. If analysis by pulsed-laser
phospborimetry (ASTM D517491) is desired, then the
uranjium must be oxidized to U(VT) by addition of
H,0, (after dissolution of the filter cake in HQY) and
the sample purified by passage through a Cl-satarated
strong-base anion-exchange resin (¢.g, Amberiite 400,
Dowex 1) after decomposing the H,0, and adjusting
the HC! concentration to 4 M. The U(VI) retamed
on the exchange resin is then eluted with deionized
H,O0 and diluted to volume, and this sample is

analyzed by phosphorimetry.
Standards

With each batch of samples a set of standard U(TV)
and U(VT) samples should be run to verify the results.
A stock solution of U(VIT) in 4 M HCI should be
stable. A U(TV) solution can be prepared from the
U(VT) stock solution by reduction with 20% T:Q,
(add 1 ml for every 100 ml of stock solution). After
the uranium has been reduced, the remaining THQ,
must be oxidized by the addition of 2 ml of 12 M
HNO, for every 100 ml of stock solution.
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Appendix C: Draft Interim Method for Estlmatmg
Environmentally Available Uranium in Soils

The method presented is a draft
interimn procedure developed for the U.
S. Nuclear Commission
(NRC) under contract NRC FIN J-
5019 The method is based on
established standard procedures and on
results of research being conducted
within the DOE complex The method
has not been field-<tested to establish its
efficacy for estimating environmentally
available uranium in soils. Users are
cautioned (o employ approved quality
assurance /quality control protocols

with this method to maximize the
intespretability of the results.

C.1 Background

Uranium occurs in sois both as a naturally occurring
clement and as a result of certain human activities. -
The uranium is present in a range of forms, some of
which arc readily available to the biosphere, some of
which are available but slow to be released to the
?iospbcxe, and some of which exist in refractory
orms.

Uranium has a unique chemistry relative to most
mctals. Uranium can be highly soluble, espeaally in
oxidizing, carbooate-bearing cavironments.  Under
reducing conditions in circumncutral-pH systems,
uranium is sequestered.  As a result of this unusual
chemistry, assessment methods developed for generic
cavironmental concerns may not be applicable for
assessing uranium-contaminated sites.

Remediation activities at uranium-coataminated sites
are currently being driven by two concerns: total
conceatrations” of uranium, and the amounts of
uranium that are available to the biosphere.
Asscssment methods mast provide estimates of both
total and available forms of uranium in the soil.

This draft interim method was developed specifically
for the NRC to provide a serics of procedures that
will enable the agency and its regulatees to obtain
estimates of the quantities of available uranium
present in soils at contaminated sites. It does not
provide a procedure for estimating total soil uranium;
standard proccdures for determining total uranium are
available elsewbere, and are not repeated here.

000076

C.2 Purpose

The purpose of th's draft interim method is to provide
an analytical protocol for estimating the quantities of
uranium present in readily available, slowly available,
and very slowly available forms. The protocol is
designed for the analysis of individual soil sampies, the
results of which arc to be integrated with test results
obtained on other soil samples as well as other types
and sources of information. Dedsions concerning
appropriate remediation decisions should not be based
on the results of individual or a small sumber of tests.
However, the integration of the resuits obtained from
multiple tests is beyond the scope of this method.

C3 Definitions

TU - Total Uranium - the sum of all fractions of
uranium contained in the sample. This includes both
available and refractory fractions. The value may be
determined instrumentally, for example, using X-ray
Fluoresceace (XRF), or lastrumental Neutron
Activation Analysis (INAA), or it may be determined
chemically after total dissolution of the sample
(typically accomplished using HF/HCIO, digestions, or
by fusion of the sample in an appropriate flux). This
quantity is not determined by this draft interim
method. :

RAU - Readily Available Uranium - the fraction of
uranium in a soil that is potentially soluble and whose
release to soil solutions is not kinetically inhibited.
RAU gencrally includes uranium bound in the
following forms: exchangeable uranium, U(VT)
bydrous oxides, uranium coprecipitated with
carbonates, some organically bound forms, and some
forms sorbed onto iron or manganese sesquioxides.

SAU - Slowly Available Uranium - This fraction of
uranium is not highly soluble in low alkalinity,
drcumaneutral waters, although it can be made
available, usually by a transformation reaction (c.g,
oxdation from U(IV) to U(VI)]. The fraction
gencrally includes discrete reduced oxide phases, and
some portion of the uranium bound in soi! organics.

* VSAU - Very Slowly Available Uranium - This

67

fraction of uranium can be made available only under
certain restrictive conditions. The fraction is geacrally
composed of uranyl phosphate minerals, and of
uranium bound in crystalline iron and mangancse
oxides, refractory soil organics, and some uranyl
silicates.
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As an alternative to the determination of the
UQAV)/U(VT) ratios, the analyst may choose to
perform the availability assessment of the uranium
direatly. This assessment is done using a combination
of EPA/SW 846 Mcthod 1311 (TCLP) and rescarch
protocols. Results from these procedures are not only
crudal if remedial actions are needed, but could also
provide information that would be useful for
determining appropriate remediai technologies.

C.6 Reagents

C.6.1 Deoxygenated Reageat-Gradz Water - Sparge
with purified nitrogen or boil vigorously while applying
a vacuum for 30 mioutes and storc in air-ight
container. Should be prepared daily unless storage
under an anoxic atmosphere is available.

C.62 Concentrated Hydrochloric Acid - (nominally
12 N). This should be reagentgrade acid.

C.63
C.64

Nitric Add - reagent grade - nomisaily 5 N.
Hydrogen Peroxide - 30% - rcagent grade.
C.6.5

C.6.6 NaCl-40M - rcagent grade. Dissolve 2338
g of reageat-grade NaCl in 1 L of reagent water.

Dowex 1x10 anion exchange resin.

C.6.7 Silver Nitrate - AgNO, - 10% solution.
Dissolve 10 g of silver nitrate in 100 ml of reagent
water. Store in an opaque container, and keep out of
direct light.

C.6.8 Acetic Add Solution - 0.1 M - dilute 5.7 ml
of glacial acetic acid in 1.00 L of reagent water.
Check pH of the solution. If correctly prepared, the
solution should have a pH of 288 + 0.05.

C.6.9 Sodium Bicarbonate Solution - 0.1 M -
Dissolve 52.04 g of rcagent-grade NaHCO, in 1.00 L
of reagent water,

C.6.10 Oxidized-U Spiking Solution - Prepare a
1000 ppm standard stock solution from appropnate
reagents. The analyst needs to be aware of both the
chemical form and the isotopic composition of the
reagent, because many uranium compounds are
prepared from depleted uranium. The following is an
cxample of a standard preparation, although chemical
weights must be adjusted for the chemical form used
as the base reageat.

N
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Weigh out 1353 + 0.002 g of UO,2H,0. Placc o a
clean 500-ml beaker and add ca. 200 ml of rcagent
water and 100 ml of concentrated, reagent-grade HCL
Slowly add 5.0 ml of 30% H,0,. Placc suspension
oo a bot plate, heat to ca. 80°C, and hold at that
temperature for about 30 minutes. Remove from the
bot plate and allow to cool to room temperature.
Transfer the solution quantitatively to a 1000-ml
volumetnic flask. Dilute to volume with 4 N HCL
This is a stock solution cootaining 1000 ppm uranium.
The activity of the solution will depend on the isotopic
composition of the initial reageats.

This solution should be stable for a period of 30 days.

Working spiking solutions are prepared from the stock
standard daily. Dilute 133 ml of stock solution to 100
ml with 4 N HCL This solution should be stable for
about 7 days. If the initial reageats were prepared
from depleted uranium, this should yicld an
experimental spike of about 50 pCi ml™

C.6.11 Reduced-U Spiking Solution - Prepare this

fresh daily. In a 100-ml volumctric flask, add i33 ml <
of the U(VT) stock solution, and 02 ml of 2 20% :
TiCl, solution. Mix and allow to stand at room o
temperature for 15 minutes. Add 2.5 mi of 12 N nitric ton
add. Allow this to stand for 15 minutes. Dilute to ’
100 mi with 4 N HCL. This should yicld a spiking .
solution that, if prepared from depleted uranium, will

contain about 50 pCi of UTV) ml™

With cach batch of samples a set of standard U(TV)
and U(VT) samples should be run to verify the results
A stock solution of U(VI) in 4 M HCI should be 4
stable. A U(IV) scintion can be prepared from the

U(VT) stock solution by reduction with 20% TiCl,

(add i ml for every 100 ml of stock solution). After

the U bas been reduced, the remaining TiCl; must be
oxidized by the addition of 2 ml of 12 M HNO, for

cvery 100 ml of stock solution. In addition, known

amounts of U(TV) and U(VI) solids should be added

10 an uncontaminated soil sample that is otherwise

similar to the cootaminated soil sample and carried

through the catirec TAU and oxidation-state

determination.

[

C.7 Materials and Equipment
C.7.1 Centrifuge bottles, 125 ml, polycthylene .

C.72 Sample botiles - 30 ml (approx) -
polycthylene, aad washed.

C.73 Mecchanical Shaker - as per requirements of
ASTM 3974-81. Alternately, onc can cmploy _&hc %

1)
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rotary mixer specified in EPA/SW 846 Method 1311
(TCLP). .

C.7.4 Glass Fiber filters - add washed (by rinsing
filters with a minimum of 25 ml of 4 N HCL) -
nominal pore size of 0.6 to 08 ;m.

C.7.5 Membrane flters - ca 0.40- 6 0.45-ym
nominal pore size.

- C.7.6 Standard laboratory cquipment and glassware.

C.8 Health and Safety

This method involves the use of hazardous and
radicactive matenials. The written procedures do not
purport to address health and safety issues nor to
address issues related to the disposal of radioactive or
mixed bazardous wastes. It is the responsibility of the
user of this method to cstablish appropriate health
and safety practices; to comply with all local, state,
and federal regulations concerning the use and
disposal of radioactive and hazardous materials; and to
determine sny other regulatory limitations of the
procedures prior to their use.

C.9 Sample Collection

Collect a minimum of 1.5 kg (1500 g) of sample in
the ficld by appropriate means Place sample in a
suitable air-tight container, such as a zip-locking
plastic bag. Without unsecessarily compacting the
sample, minimize the dead space (air} volume of the
bag. Store on ice, or at appraximately 4 °C, and
transport to the analytical laboratory. Holding times
for the ficld-moist samples from time of collection to
the initiation of the extraction procedure should be
less than 21.days.

C.10 Sample Preparation

C.10.1 Warm the sample to room iemperature.
Note the presence of any pbase scparation (e.g, water
coadensation on the bag) when the bag is removed
from refrigeration and on completion of warming.

C.102 While the sample is still in the container,
gently crush any coarse soil clods (diameter >3 cm).
Open bag, and spread sample on a non-coated, lint-
free paper. Remove, by'hand, ail coarse organic
debnis (e.g, sticks, twigs, leaves, and leaf fragmeants)
and pebbles (diameter > 5 mm) from the sample.
Do not destroy soil aggregates (diameter < 3 am) at
this point. Return the sample to the plastic bag,
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minimize the air spacc within the bag, and rescal the
bag.

C.103 Homogenize the soil sample by agitat g the
bag by hand for a minimum of five minutes. Sail
aggregates and small clods can be destroyed at this
poiat to faclitate the mixing and homogenization of
the sampie.

C.10.4 Open the sample bag and split the sample
into two approximately equal portions. Rebag one
portion, label, and store as an archival sample at 4°C.
Rebag the second portion, and label this the
*Working® fraction. ’

C.10.5 Dectermine the field moisture. Remove
approximately S0 g of ficld moist sample from the
*Working* fraction bag, place in a tared, uncovered
petri dish, and place the dish in a drying ovea (T =
105-110°C) overnight. Remove p=tri dish from the
oven, place in a desiccator uotil cool, and reweigh.
Compute the pereen: moisture content (MC) and the
moisture correction factor (F,) as follows:

MC = 100°(My - Mg/M, ()
and
Fy = (100 - MC)/100 (2

where M, is the mass of the ficld-moist sample, and
M, is the mass of the oven-dried sample.

C.10.6 Determine the soil pH of the sample using
EPA/SWP-9045,

C.10.7 Determine the soil organic matter content
using EPA/SWP-9060. :

C.11 Composite Samples
The method assumes that the analyst is working with

individual, unaggregated soil samples. However,
conditions at the field location might justify the

" blending of multiple soils into a single composite

sample. Soils can be blended into composite samples
if the following conditions arc met:

a) Total uranium concentrations in individual samples
to be compasited vary by less than 20% from the
mean of all samples to be composited.

b) Soil organic matter contents of individual samples
to be composited vary by less than 20% from the
mean of all samples to be composited.
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¢) Soil pH values of individual samples to be
composited vary by less than 0.5 pH unit from the
mean of all samples to be composited.

d) Soil samples from different horizons or from
different soil classification groups should not be mixed.
For example, samples from an Ap horizor should be
composited oaly with other samples coliected from Ap
horizons. Mixing soils between A, E, B, or C
borizons should be avoided. Similarly, soils collected
from different soil series should aot be composited,
nor should soils from different families, subgroups,
great groups, suborders, or orders be mixed.

C.12 Procedure
C.12.1 Total Available Uranium

This procedure is based oo Practice B of ASTM
D3974-81. Modifications to the procedure arc
suggested based on uranium-spedific chemical
characteristics. This method has pot been laboratory
or field tested, and the efficacy of the method should
be evaluated prior to its application to a speafic site.

C1211 Into each of three 125-mi, v. de-mouth,
polyethylene ceatrifuge bottles, transfer approximately
2 g of field-moist soil. If the levels of uranium
contamination are cxpecied (o be low, this mass may
be increased up to 10 g as required to aftain the
needed sensitivity. Record the weight of the soil in
cach bottle to the nearest 10 mg (001 g). Label the
bottles as S,, S|, and S,. Label a fourth bottle as
B,; this bottle will be used to determine the
extraction effidencies for the combined spiking
solutions.

C1212 Calculate the dry weight equivalent (M pog)
of soil used for the uranium extraction from the
relation:

Mows = MF,

Record these weights and save for later computations.

C.1213 Add 1.00 ml of the oxidized-U spiking
solution to cach of the bottles labeled S, and B, Add
1.00 ml of the reduced-U spiking solution to cach of
the bottles labeled S, and B,

Cl214 Add 950 ml of reagent water and 5.0 ml of
concentrated reagent-grade HCl to centrifuge botte
labeled S,. Add 94.0 ml of reagent water and 5.0 ml
of concentrated reageat-grade HC! to the botes
_labeled S, and S,. Finally,"add 93.0 ml of reagent
- waltr and 5.0 ml of concentrated, reageat-grade HCl
- *'o’!he botde labcled B,. Cap cach bnttle tightly and

Bl
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suspend the soil in the solution by shaking vigorously.
Loosca the cap and allow the solution to staad for
several minutes to permit any CO,(g) generated from
the reaction of carbonate minerals to escape the
system. Recap the bottles tightly.

NOTE: 1t is crucial that the extraction procedure be
completed using HOL. HNO, and H,SO, have the
potential to axidize U(TV) to U(VI) during the
extraction process and must be avoided during this
portion of the procedure.

CJ2.1S8 Shake the suspensions on a mechanical
shaker for 16 + 2 hours (overnight) at room
tcmperature.

C1216 Centrifuge thc suspensions at a minimum of

5000xg, for 30 minutes Decant the supernatant from

cach bottle into a dean beaker. Mcasure the volumce .

(or mass) of solution recovered from cach bitle. : o
Then, filter cach solution through a fresh (.45 m = -
membrane filter. Wash the filtering device and filter e S
with a2 minimal amount of reagent water, combining .

the wash water with the supcrnatant  Dilute -

combined supernatant and wash from each bottle to

100.0 ml with rcagent water, and save the four

solutions for uranium analysis by an appropnate

procedure (c.g, ICP-MS).

Cl2.1.7 Analyze cach of the solutions for total
dissolved uranium by any appropriate procedure
according to the following guidelines:

a) Transfer 20.0 mil of the analytical solutions to 2
125-ml beaker. Reserve the 1emainder of the
analytical solutions for two possibilities.  First, a
portion of the solutions may be required for the
UQ@V)/U(VI) analyses described in 122, Second, it
may be necessary to repeat the following steps using
different dilutioas if the final uranium conceatrations
fall outside the optimal range for the method of
choice.

-2

b) Add 1.0 ml of 30% H,0, to the sclution
dropwise, with gentle mixing (e.g., with a magnetic
stirrer) of the solation. If the effervescence of the
solutioa becomes vigoroas, momentanily stop the
addition of the peroxide.

¢) Once the H,;0, has been added, cover the beaker
with a ribbed watch glass and geatly heat the solution
t0 80°C 1 5°. Hold at this temperature for 30
minutes.

d) Remove the beaker from the hot plate and allow
to cool to room temperature.

Sty
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¢) Transfer the contents of the beaker quantitatively
10 a 25-ml volumetric lask. Dilute to volume with
reagent water. ‘

f) Use this solution to complete the total dissolved
uranium conceotration determination oan the four

. samples. _

CJ218 Actions Based on the Results

Three actions can result, based on the findings from
the TAU analysis:

a) IUf the observed TAU concentrations are less than
the Lower-Limit Action Levels specified by the
regulating body, no furtber action is mandated.

b) I the observed TAU concentrations arc greater
than the Lower-Limit Adtion Levels but less than the
Upper-Limit Action Levels, then the analyst is
directed to Section C.122 or C.123 (o continue the
procedure.

¢) Uf the TAU concentrations exceed the Upper
Limit Action Levels, then several options are available.
The analyst may choose to continue with the
procedure, at Section C.122 or C.123, to oblain
additional information about the forms and availability
of the uranium contamination at the site. Such
icformation might be uscful in sclecting remediation
alternatives.  Alternatively, the site operator may be
directed by the regulating body to perform certain
actions or complete specified dean-up ievels.

- C.122 Distribution of Oxidation States

The following procedyre is undertaken if results of the
uranium analvees described in Section C.12.1 exceed
the Lower-Limit Adtion Level

c.121 -Prtpare four ion-cxchange columns, one for -

cach of the four samples S, S,, S,, and B, with a
stropg-basc anion-exchange resin by loading a column,
having dimensions approx 0.6 cm in diameter x 4.0
cm in length. Convert the resin to the (" form by
washing the columns with a minimum of 50 mi of 4
M HCL

CJ222 For cach of the four samples, S,, S, S;,
and B,, tare two 125-ml polypropylenc bottles and
transfer 20.0 ml (ca. 21.8 g assuming density of 1.09 g
ml” at 20°C) of the TAU extract into each bottle.
To the first bottle in cach set of two (referred to as
Botte A), add 2.0 ml of dcionized and

H,0 and 80 ml of 12 N HCl. To the second bottle
in cach set (referred to as Bottle B), add 1 ml of
30% H,0, solution, 1.0 mi of H,0 and 8.0 m! of 12
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N HCL. Geatly stir both bottes to mix (do not cap
Botue B).

C.1223 Pass the contents of Bottle A through an
anion exchange column and collect the effluent in a
clean, 125-mi bottle (referred to as Bottle C). Riase
Bottle A with 5 ml of 4 M HCl and pass through the
column into Bottle C. Add 1 ml of 10% H,0, to

" Bottle C.

C.1224 Place Bottle B and Bottle C, loosely
capped, in an 85°C water bath for 30 minutes or until
all the H,0, has decomposed, as indicated by the
abseace of air bubbles on the walls of the bottles (in
some instancss, an overnight incubation may be
required). The contents of Bottle B represent the
total available uranium concentration in the soil
sample. The conteats of Bottle C represent the total
available U(TV) fraction.

C1225 Pass 25 ml of deiopized H,O through the
exchange column. Collect this fraction in a bottle
labeled D. The conteats of this botile represent the
total available U(VI) fraction from the soil

C.J226 If the uranium analyses are to be dose
using the laser-phosphorimetry method (ASTM D5174-
91) or a related method that would have be subject to
significant chloride interferences, proceed to step
C.1227. Otberwise go to step C.122.11

CJ122.7 Recondition the ion-exchange column by
washing with a minimum of 50 ml of 4 M NaClL Then
wash the column with 50 ml of reagent water, Test
for the presence of C1in the final stages of the wash
by testing the effluent with AgNO,. Costinue to
wash column uatil the AgNO, test demonstrates the
absence of (1 in the clutniate.

CJ2238 Pass the contents of Bottle B through the
column and rinse the bottle with 5 ml of 4 M HCL
Elute the U(VI) adsorbed to the column with 25 ml
of deionized H,0 and collet the elutriate in a 30-ml
polypropylenc bottle. This bottle contains all U
extracted from the soil

CJ1229 Repeal steps 122.7 and 12.2.8 but pass the
eonuntsofBonleCaaossthemhangem This
sample coatains the U(TV) extracied from the soil

C.12210 The solutions collected from Bottles B, C,
and D can be made to volume in 50-ml volumetric
Oasks and analyzed directly by pulsed-laser
phosphorimetry (ASTM D5174-91).

CJ22.11 If apalysis by ICP-MS is desired, the
solutions may be diluted with HNO,.



C.12.3 Readily Available Uranium

This procedure is a modification of the EPA/SW 846
Mecthod 1311 (TCLP). It bas been modified to
address uramum-spedific chemistry requirements. The
procedure has not been tested in laboratery or field
.conditions, 50 the efficacy of the method should be
cvaluated prior to it application to a spedfic site.

C1231 In a 250-ml, wide-mouth ceatrifuge bottle
(polycthylene), add the equivalent of ca. 10 g of dry
soil mass to the bottle. Record the weight of moist
soil added 1o the nearest 005 g The mass of field
moist soil (MM) is computed as

M. = 100/F, [4]

C1232 Compute the volume of extraction fluid
(V3) that should be added to the sample tc bring the
lotal solution'solid ratio to 20:1. This volume is
computed as

Vg = 2I°(M°Fy) - My (5]

Ci1233 Add the .cquired volume of extraction fluid
(0.1 M HOAc, pH 29). Cap the bottle, shake the
suspension, and loosen the cap to relicve any pressure
buildup caused by the dissolution of carbonate
minerals that may be present. Make a note of
samples that generate casify detectable overpressures
of CO,.

C.1234 Reap the vessels and sccure in the rotary
agitation device. Rotate samples at 30 + 2 rpm at
room (empcratare (ca. 2°C) for 18 £ 2 h. For
samples containing carbonate minerals, it may be
nccessary to relieve excess pressure periodically.

C.1235 At the end of the agitation period,
ceatrifuge the samples to remove solids. Decant the
clear supernatant into a beaker. Scparate an aliquot
and determioe the pH of the extract. Filter the
remainder of the extract through an acid-washed glass-
Giber filter with pominal pore sizes in the range of 0.6
to 0.8 . Aadfy the filtrate to ca 0.1 M with aitric
acid and save it for analysis

C12356 Repeat steps 1233 through 1235 three
more umes.

C.123.7 Analyze the extracts within 48 bours after
the completion of cach extraction step, and in no -
eveot more than 4 days after the extraction siep was
completed. If kinetic information is not desired, the
four extracts may bc combined and a single analysis
for total uranium made.
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C.J1238 Save the soil residue for subscquent
determination of SAU.

C.1239 This RAU extraction scheme is designed to
measure uranium present in the following forms:
exchangeable uranium, uranium bound onto the
surfaces of iron and mangancse hydrous oxides,
hydrous uranyl oxide minerals, and some uranyl
silicates  Depending on the buffering capaaty of the
soil, this extraction may also result in the dissolution
of amorphous iron, manganese, and alumioum hydrous
oxides, and therefore may release any uranyl speces
bound in these phases.

The extraction should oot measure uranium bound in
reduced (unnous. Le, U(IV)] mincral oxide phascs

such as uranisite or gummite. The extraction should
uot be 5o rigorous that it removes uranyl phospbates,

or uranyl species bound in crystalline iron or
mangancse axide phases.

As with all operationally defined chemical extractioas,
wany factors affect experimental coaditions, and these
will have substantial impacts on the effectivencss and
selectivity of the extraction procedure. The major
factor contributing to the potestial variability of the
procedure is related to the form and composition of -
the origi.al soil sample. Care should be takes whea &
using this procedure to cmploy an approved quahty
assurance/quality control program to maximize the

interpretability of the results.

C.12.4 Slowly Available Uranium

This procedure is derived from a scries of extraction
and charaderization procedures developed by Oak
Ridge National Laboratory (Frands et al, 1992, 1993;
Lec and Marsh, 1992). The procedure has not been
tested in laboratory or field conditions, so the efficacy
of the method should be evaluated prior to its
application to a specific site.

C.1241 Using the soil residue and 250-ml bottle
from the RAU determination, add 200 m! of the 0.1
M NaHCO, solution (pH 83) and 1 ml of 30%-
H,0,. Cap the bottle loosely so that any pressure
caused by the decomposition of the H,0, an be
relieved.

C.1242 Place the bottle in a shaking water bath at
25°C and incubate for 6 hours while shaking at 30 £2

pm.

Ca1243 After the first 3 hours of incubaticn add
another 1-ml aliquot of 30% H,0, to the suspension
and again cap the bottle loasely.
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C.1244 At the end of the incubation period,
centrifuge samples to remove solids. Decant the clear
supernatant into an appropriate coantainer and filter it
through an acid-washed glass-fiber filter with nomimal
pore sizes in the range of 0.6 to 0.8 ,m.

‘C1248 Addify the filtrate to ca. 0.1 M with nitric
add and save for analysis

C1246 This SAU extraction is designed to measure
uranivm present in the soll primarily as discrete
uranous oxide phases.

The extraction should ndt be so rigorous as to remove .

uranyl phosphate phases, uransjum bound in crystalline
silicate pbases, or uranyl species bound in crystalline
iron or manganese oxides

As with all operationally defined chemical extracticas,
will have substantial impacts oa the effectivencss and
selectivity of the extraction procedure. The major
factor contributing to the potential variability of the
procedure is related to the form and composition of
the original soil sample. Case should be taken whea
u&ngthsproeedumtocmploymappmvedqudny
assurance/quality coatrol program to maxmize the
interpretability of the results.

C.12.5 Very Slowily Available Uranium

The VSAU fraction of soil uranium is defined as the
difference between TAU and the sum of the RAU
and SAU fractions Therefore, to compute the VSAU
fraction of uranium in a soil, onc c=pioys the
cquation

VSAU = TAU - (RAU - SAU) [6]
In general the VSAU fraction is presumed to comsist
of uranyl phosphates, uranyl species bound in
crystalline iron and manganese oxides, refractory
uranyl-organic complexes, and some portion of the
uranyl silicate fraction. The acrual phase distribution
will depend in large part on the forms of uranium
that are present at the site, citber as natural
background or in the form of the contaminant,

C.13 Calculation of Specific Activity

uranium exists in three isotopic
l'onns.”U , and ™U. Each isotope has a
dzﬂ'crcmbalfhfc,andheu:.dcayme. The balf-
lives and decay constants for cach isotope are

Y 1, = 450" yrs A= QSIEIONV y
U tp= T5x10* yrs; A = 9721107 yrt
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U t,= 248x10° yr, A = 279510 yr

Using the first-order decay equation

and, knowing that a picocurie (10" Curies) is equal 0
22 deays per minute, we can compute the mass of
cach isotope required to bave 1 pCi of material That
is, for U, 1 pCi = 298 ;g of the isotope; for U,
1pCi-0464pg;andfot U,1pCi = 161208 Of
course, isotopes never occur in pure form. For
naturally occurring uranium that is in secular
cquilibrium, the isotopic abundances are U =
99274%, ®U = 0.7205%, and ™U = 0.005%%. For
this material, 145 yg of uranium provides 1 pCi. If
ont is dealing with uranium that ts eariched, for
exampie to 2 atom% U, the mass required to
prodoce 1 pCi is 0.45 ;g Coaversely, if the
contaminapt is deplcted uranium, and assuming a
content of 0.60 atom% (down from 0.7205 atom%),
the mass required to yield a pCi is 266 ;8 Naturally
occurTing uranium may oot be in secular equilibrium,
The U isotope has a tendency to be leached from
so:kmdrockmﬂaulmonmﬁthmlhcpuw
isotope, ™U. Assuming a ®U/™U activity ratio of
2.0, the mass required to yield 1 pQi of uranium is
about 098 ;g

Depending on the type of material cootaminating the
site, ope can dcvelop an appropriate conversion factoe
to transform the results of chemical analyses, which
are usually reported in parts per million (ppm) or
ptﬂspcrbillion(ppb),intothcrcqnimdaaivityun'n.
These conversion factors are as follows: for enriched
uranium (200 atom% U) 2208 pCi 18, for
depleted uranium (0.60 atom% U) 0376 pCi 4~
for umnl uranium (sccular equilibrium) 0691 pCi
e, mdfornanuzlnnmumwuha”‘U/”'Ummy
rauoofz.o, 1.016 pCi g™
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Appendix D: Draft Quality Control Procedures for Determining
Environmentally Available Uranium in Soils

The quality control (QC) protocols
outlined below have been developed
for the U. S. Nuclear Regulatory
Cormvmission (NRC) under contract
NRC FIN 1-5019. The prowocols are
based on eswablished procedures,
although they have been generally

 expanded (0 meet the needs of this
specific set of analyses. The QC
requirements being recommended are
generally morre dernanding than those
required for routine testing being done
with established, siandard methods.
These recommendations are deing
made, in part, because neither the
analytical methods nor the QC
protocols been field-tested to establish
thar cfficacy for estimating
environmentally available uranium in
soils. Users are cautioned to employ
approved quality assurance methods,
including data verification and
validation procedures, with these
protocols to madmize the
intespretability of the results.

D.1 Backgrourid

Appendix C of this report contains a detailed
procedure for the determination of envircumentally
available uranium as readily available, slowly available,
very slowly available, or total available uranium. The
methods recommended to complete these
determinations have been taken both from standard
methods and from the results of rescarch being
conducted throughout the DOE complex. At this
poiot, the recommended procedures should be treated
as draft procedures. Their efficacy has not been
laboratory or ficldtested.

Two issues that relate to the quality of the data
obtained from the method are not addressed in the -
procedaral wriz2-up. First, the method does not
address QC procedures that must be implemented 1o
assess the quality of the results being obtained.
Sccond, the method dnes not address sample batching.
Clearly, there arc significant time and cost savings to
be had by analyzing multiple samples concurrently,
and these savings can be realized without sacrificing
the ability to assess certain aspeds of the quality of
the results,

The purposc of this appendix is to recommend cartain
QC procedures to be used in conjunction with the

‘ -00;00;8 "4\ .

draft interim method for the determination cf
cavironmentally available uranium. The recommended
procedures depend on the number of samples being
analyzed The procedures are designed to assist in
the determination of the precision and accuracy of the
data generated. The procedures do not prowvide
vehicles for assessing the completeness, comparability,
or representativencss of the sampling. For
information regarding these aspects, users are directed
to the sitc manager or oversight officer to obtain
information pertaining to a site-wide Quality
Assurance Plan, if such a plan exists.

The draft interim method and these QC protocols
provide for only operationalty defined fractions of soil
uranium; assignment of speafic phases or soil
fractions of bound uranium 10 aa operationally defined
fraction is based on theoretical considerations and on
a limited amount of field expericnce. The method is
awaiting laboratory aad ficld verification to moce
accuratery portray the specific conditions under which
discrete uranium-bearing phases arc solubilized during
the extraction procedures.

D.2 Field Duplicates

The draft interim method calls for the collection of
individual samples of about 1.5 kg in mass by
appropriate means. The locations at 3 site from
which samples are collected and the means used to
collect the samples are important issues. Users are
directed to the Site Sampling Plan, if such 2 document
exists, for guidance regarding appropriale procedurcs
and protocols for identifying sampling locations and
proper collection techniques. The plan should
provide for the collection of sampb from both sites
known or suspected to contain cnretamination, and a
aumber of arcas in which potential contamination bas
been minimized. The latter samples are for the
estimation of local background levels of uranium.

Field-duplicate samples are soil samples collected to
help assess the spatial variability of the contaminant
distribution. Soil properties are known to vary
markedly oo borizontal spatial scales of 1 m. Field
duplicates are collected to provide informalion about
the magnitude of this type of variability. Duplicatss
should be collected regardless of the sampling format,
i.c., they apply equally to both individual and
composite samples (as defined in Appendix C).

Duplicate samples are usually collected by repeating

the complete sampling procedure at a location
approximately 1 m Jutside any disturbed 2one
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Appendix D: Draft Quality Control Protocols

associated with the primary sampling sie. Typically, a
protocol is defined for determining the compass
direction away from the primary sitc to sample for the
duplicate. In collecting field duplicates, # is important
10 repeat the entire sampling procedure. Soils from
the two sampling locations should not be commingled.

Once collected, duplicate samples are treated as
discrete, individual samples, comparable to other
routine samples.

The number of field duplicates to be collected varies
depending on the total number of samples to be
collected for the . If tea or fewer samples
are to be collected, field duplicates shoudd be collected
for a minimum of 50% of the samples. If between 11
and 50 samples are to be collected, them the greater
of 5 or 20% of the samples should be collected in
duplicate. If 51 or more samples are to be collected,
thea the greater of 10 or 10% of the mpl&s should
be collected in duplicate.

Field duplicates are designed to obtain mformation
regarding the spatial vanability of contaminant(s) of
interest, both within localized areas and over the site
as @ whole. Performance of the analytial laboratory
is not to be judged based on the resuits obtained
from these samples.

D3 Sample Batching

The grouping of samples together into common
analytical batches is a2 common practice. It increases
the efficiency of the analytical operation by controlling
the number of standards, blanks, duplicates, and
related QC samples that must be analyzed while
maintaining the analyst’s ability to determine the
quality of the resuits being obtained.

Depending on the types of samples being analyzed
and the goals of the analysis program, there are
different criteria for determining how samples should
be batched. The user is referred to the Site Sampling
or Analysis Plans for information, if such plans exist.
Generally, samples to be batched togetber should have
similar properties (g, levels of uranium
contamination). In the absence of other mformation,
samples can generally be batched by sad type, horizon,
and geographic location of collection.

Batch sizes will vary, depending on a oumber of
factors. However, for any given series of procedures,
there should be a maximum batch sze. For the
procedures described in the draft interim method,
individual batches should not exceed 15 samples,
although thke maximum size will nd on the
faclities available to the laboratory. Small batches (5

NUREG/CR-6232

samples or fewer) have different QC protocols than
do routine analytical batches (6 to 15 samples).

D.4 Preparation Duplicates

Oonce soils pave been collected and assembled into
analytical batches, a number of soil preparation and
characterization operations are o be done, including
removal of coarse organic debris and pebbles,
destruction of soil clods and aggregates, sample
hunogcmunon. and determination of sotl moisture,
pH, and organic content. A pumber of factors may
make it difficnlt to obtain homogeneous samples. For
cample, partially decomposed organic matter may be
too diffuse to remove from samples and yc! coberent
coough to prevent cffective sample mixing. Similasly,
cerain samples may expericace particle-size scpanhon
during shipping and handbng While carcful mixing of
samples should climinate the majority of such
problems, preparation duplicates are suggested as 2
mansofcvalmnngthccﬂm&oflhnpomonof
the procedure.

Preparation duplicatcs are samples taken from the
same soil sample after the removal of coarse organic
debris and pebbies, the destruction of clods and
aggregates, and soil homogenization. It is
recommended that analyses of soil moisture, pH, and
organic content, as well as the measures of available
uramum, be conducted oo the preparation duplicates.

Each batch of samples, regardless of size, should have
a minimum of two preparation duplicates.

DS Total A_vailable Uranium

DA1 Standards, Blanks, and Spikes
DSL11 Analytical Standards

Spedific uraniom analysis methods are not mandated
by the draft interim method. The methods used will
depend on the capabilities of the laboratory, the
expected concentrations of uranium to be found in the
sotk, and other factors.

In geoeral, if a wet-chemical method is to be used for
cach batch of samples, one reagent blank and three
analytical standards will be prepared in the same
matrices as confained in the samples. The standards
will be used to calibrate the instrument at the
beginning of the analytical “run,” one of the three
standards or blanks will be analyzed after every
scventh sample, and the complete suite of
standards/blanks will be analyzed at the cod of the
barch The standards ‘interspersed throughout the run
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and those at the ead of the run are included to
confirm instrumeant stability.

D512 Blanks

In addition to the reagent blanks described in Section
D.5.1.1, the analyst should prepare procedural blanks

by running a sequence of the reageats through the
extraction procedure in the abscance of soil.

If the analyst is running a smali batch (<5 samples), .
one procedural blank must be completéd. If a routine
batch is being run (5 < N < 15), then a minimum of
two procedural blanks should be included.

D513 Spikes

Spikes are the UTV) or U(VI) solutions that are used
in the preparation of samples labeled S, or S, (see
Scctions C6.10 and C6.11) Because these solutions
arc prepared fresh prior to use, it is esscntial that the
‘conceatrations of total uranium be confirmed for cach
solution.

Prepare separate bottles of the two spikes by diluting
200 m! of cach spike with 93 ml of distilled water
and 5.0 ml of conceatrated HCL Run these solutions
through the entire extraction sequence, and detcrmine
the concentration of uranium in each spiking solution.
Each spike should have approximately 100 oCi of
uranium per sample,

Spike sampics should be prepared concurrently with
the samples. If changes in the coacentrations arise
because of processes occurring during the holding of
samples, this increases the probability of bcmg able to

detect the changes.
D.S2 Samples and Standard Additions
D521 Samples

Routine samples prepared according to the draft
interim method are labeled °S,." During a normal
analytical run, the analyst is directed to measure
uranium concentrations in six routne samples and, for
the seventh sample, to repeat the analysis of one of
the previous six samples. In selecting a sample for
repeat analysis, the analyst should attempt to select
samples from different relative positions within the
group (for example, the re-analysis of the third sample
every time should be avoided.) The purpose of the
repeat analysis is to provide the laboratory personncl
the opportunity to identify poteatial problems.
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D522 Standard Additions

Samples S, and S, are prepared as standard additioas
for the soil samples The purpose of these samples is
to determine whether analytical interfereaces, through
cither quenching or signal cohancement, are ansing
from the soil solutions.

Sample B, is the combined spiking solution blank. It
is included to provide estimates about recovery
percentages and the stability of the two axidation
states of uranium in the extraction solutions.

Samples §,, S,, and B, should be run for all samples
if the analyst is working with individual soil samples
or with small batches (ic., the number of samples is
lcsthanorcqualtoS) If the analyst is running a
routine batch, the analyst should pick, randomly, five
samples for which standard additions are to be run.

'D.6 Distribution of Oxidation States

If total available uranium concentrations exceed the
Lower-Limit Action Level but are lower than the
Upper-Limit Action Level, the sitz operator has
several options, including performing a determination
of uranium oxidation states, or moving directly to the
determination of readily available, slowiy available, and
very slowly available uranium. If the site operators
choose to perform the oxidation-state analyses, they
should review this section.  Otherwise, they are
directed to skip directly to Section D.7.

D.6.1 Standards, Blanks and Spikes

The procedures described in Section D.S.1 are directly
applicable to thesc analyses. The analyst is directed
to fellow those procedures for this portion of the
analysis.

D.62 Samples and Standard Additions

The proedures described in Section D.52 are directly
applicable to these analyses. Thc analyst is directed
to follow those procedures for this portion of the
analysis.

D.7 Readily Available and Slowly
Available Uranium

The determination of readily available, slowly
available, and very slowly available is mandated if the
total available uranium concentrations are greater than
the Lower-Limit Action Level, but less than the
Upper-Limit Action Level, AND the oxidation state
determination indicates that the quantity of U(VI) is
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the extract exceeds the Lower-Limit Action Level. In
addition, the site opcrator may clect to initiate this
senies of analyses to determine the operationally
defined fractions of soil uranium directly after
completion of the TAU analyses  This decision
negates the requirement to complete the oxidation-
state analysis described in Section C.12.2.

D.7.1 Standards, Blanks, and Spikes

The procedures described in Section D51 are direaly
apphicable to these anajyses. The analyst is directed
to lollow thosc procedures for this portion of the
analysis.

D.72 Samples and Standard Additions

The procedures described in Section D52 are directly
appbcable to these analyses. The analyst is directed
to follow those procedures for this portion of the
analyss. .

D8 Very Slowly Available Uranium

Very slowly available uranium is determined by
difference between the total available uranium

NUREG/CR-6232
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concentration and the sum of the concentrations from

the other fractions. Because this does not invoive a
specific analytical procedure, no QC requi.meuts are
outlined for this determination. However, analytical
laboratories completing the analyses of the other
fractions are encouraged to compute the VSAU
fraction for all samples. The relative contribution of
this fraction to the total available uranium should
show a consistent pattern across the sample
population, and in all cases the value for this fraction
should be positive.

D.9 Summary

The levels of QC sample analysis being suggested by
this appendix arc stricter than those of most analytical
programs. The motvation for this anses out of the
concern that uranium chemistry can be sensitive to 2
range of conditions, and, given the carly stage of
development of this interim procedure, the additional
burden of QC is not oaly justificd but necessary to
assure the analytical laboratory and the site operator
that no unexpected interferences or related problems
arise during the preparation aad analysis of sampies.
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Appendix E: Aqueous Complexes of Uranium

The attached lists present the known or suspected
aqueous complexes of uranium. The complexes are
prac.nted by major coordinating ion(s) and, within

cach listing, are presented in order of increasing

oxidation state.

For most natural waters, the only stable aqueous

" complexes™will be those of the uranyl ion [U(VI)).
Other speaes exist either metastably, or, in the case
of certain uranous {U(TV)] species, under conditions
that arc atypical of natural systems, for example at pH

values less than about 4.0 or greater than 11

Dominant species in natural systems, which in most
cases will be a species derived from the uranyl ion,
will depead in large part on the pH and major and
minor ioa composition of the water. Under most
conditions, balide ion, nitrogen (ammonium or nitrate)
ion. selcnates, phosphates, and similar complexes will

constitute trivial fractions of the total dissolved .

uranium species. More commonly, the aquo-ions,

carbopate complexes, and, to a lesser extent, the
sulfate and organic complexes will dominate the
agueous species of uranium in natural waters.

in any given sample.

In the lists that follow, the uranium complex is listed
in the first column, the oxidation state of uranium in
the complex is listed in second colurnn, and a number
corresponding to a referepee at the end of the section
that contains further data about the complex is listed

in the third column.
Metal, Oxide, and Aquo-lons
Ulo

v
u(oR)*
u(of),
U(OH),*
U(OH),
u, (OH),”

el

uo®
U(oH)*
U(OH),"

U(OH),’
U(OH),*
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(11)

(I11)
(111)
(111)
(111)
(I11)
(I11)

(Iv)
(1Iv)

(1Iv)
(IV)
(v
(IV)

. However, because the absolute and relative
abuadances of these species are dependent on maay
factors, it &s unppropmtc to suggest that any specific
subset of species will describe the expected spedation

(3)

(2).(3)
(3)
(3)
(3
(3)
{3)

(2),(3)
(3)

{(2),(3)
(2),(3)
(2),(3)
(2).(3)

81

U(OH),
v(oH),"
H,U0,

o, (0H),"
U, (OH),”
U, (0H),”
U, (0B),”
U, (OH),”
U, (OH)

o~

0o,

U0, (OH) *
U0, (OH),
UO, (OH),”
uq, (08).”
0o, (OH),"

o

ovo,”

uo,”

HUO,”
u,0,"

0,0, (OB)"
Uo, (OH)"
U0, (OH),*°
U0, (OH),’
o, (OH),”
vo, (OH),”

(UG, ), (OR)*

(U0, ), (OH),"

- (U0, ), (OH),"

(00, ), (OH)y’

(U0, ), (0OB),*

(U0, ), (OH),

(U0, ), (OH),"

(U0, ), (OH),"
(U0, ), (0H)”

(U0, ), (OB),

(U0, ), (OH),’

(1IV)
(1v)
(1IV)

(1Iv)
(Iv)
(1V)
(IV)
(Iv)
(Iv)

v)
V)
V)
V)
(V)
v
V)

(VI)
(V1)
(V1)
(V1)
(V1)
(V1)
(VD)
(VI)
(V1)
(V1)
(V1)

(Vi)
(V1)

(V1)
(VI)
{vI)
(V1)
(VI)

| (V1)

(V1)
(V1)

(VI)

(2),(3)
(3)
(3)

(3

(3)

(3)
(3)

(3)

(2),(3)

(3)
(1), (2).(3)
(3)
(3)
(3
()
(3)

(3)
(2),(3)
(3)
(3)
(3)
(3)
(2),(3)
(2),(3)
(2),(3)
(3)
(3)

(2),(3)
(3

(3)
(2),(3)
(3)
(3)
(3

(3)
(3)
(3)

(3)

Carboaate and Aquo-Carbonate Complexes

u(co, )"
u(cy,),°
u(co, ),"
u(co, ).~

(Iv)
(Iv)
(Iv)
(1IV)

(3
(3)
(3)
(3
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o(co, )~
u(co, )"

G{HCO, )™
U(HCO, ),"
U(HCO, ),
U(BD, ),°
U(BCS, ),
U(BCY, ),”

U(0H), (CO, )*
U(OH), (CQ, )"
U(0R), (COy ),"
U(O0H), (CO, },"
U(OH), (CO, )"

o, (€0, )
uo, (00, ),
0o, (0B, ),”
0o, (0, )"
0g, (C0, ),

o, (BCO, ) *
U0, (BCY, ),
U0, (BCY, ),"
uo, (BCO, )~

Uo, (09, ) °-
g, (C0, ),"
ug, (C9,),"
ug, (09, )" |
uo, (09, 3,

ug, (BCO, )’
Ug, (BCO, ),*
uo, (HCo, ),
uo, (HCo, ),”
uo, (HCo, ),

uo, (€O, ) (OR)
ug, (coy ) (0B),"
uo, (Co, ) (CH),*
ug, (CY, ), (H,0),"

(UG, ), (CO, ) (OH),
{U0,), (€O, ),”
(U0, ), (°0y ) (OH),

(90, ), (HCO, )O(OH),’
(U0, ), (CO, ) (OH),’
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(IV)
(IV)

(IV)
(1IV)
(1IV)
(IV)
(IV)
(1V)

(1IV)
(1IV)
(Iv)
{1v)
(1IV)

(V)
V)
V)
18]
(V)

(V)
V)
V)
(V)

(V1)
(V1)
(V1)
(V1)
(V1)

(VI)
(Vi)
(Vi)
(VI)
(V1)

WI)
(VI)
(VI)
(VI)

(V1)

(V1)
{(VI)
(VI)
(Vi)

(1)
{3)

. (3)

(3)

(3
(3)
(3)
(3
(3)

(3
3
{3
(3)
(3)

(3)
(3)
(1)
(3)
(3)

(3)
(3
(3)
(3)

(2)
(2)
(2)
(3
(3)

(3)
(3)
(3)
{3)
(3)

(3)
{3)
(3)
(3)

(1)

(3)
(3)
(3)
(3)

+(3)

#{3)
#{3)
. (3)

1 (3)

1 (4)
1 (4)

(U8, ), (CO ), (OH),” (VI)
(U0, 1, (COy ), (OH) ™ (VI)
(UG, )o(COy ), (OH)," (VI)

Sulfate Complexes

uso,”

U(Sso,),*
0(S0, ),"
U(S0, ).~
U(SO0, )"
u(so, ).~

UG,s0,

o, (SO, ),”
U0, (SO, ),”
uo, (S0, ).”

00,50,*
o, (S0, ),"
Uo, (SG, )y~
U0,S,0,°
U0,50,°
uo, (SO, ),"
UG, (SO, )y~
vo, (S0, ).~
U0, (SO, ),

00,50,
ug, (SO, ),"

Phospbate Complexes

TP,0,*

U(KPo, )"
U(H,PO, ),
U(B,PO, ),*

u(Po, )’

u(Po, },"
U(PO, ),"
U(PO, )"
U(PO, ),
O(PO, ),

u(HPO, )
U(HPO, ),°
U(HPO, ),"
U(HPO, )"
U(BPO, ),”
U(BPO, ),

'™

(IV)
(IV)
(IV)
(Iv)
(IV)
(1v)

(V)
V)
v)
V)

(V1)
(vI)
(VI)
(V1)
(vI)
(V1)
(v1)
(VI)
(VD)

(V1)
(V1)

(11I)
(11I)
(I1I)
(11I)

(Iv)
(Iv)
(IV)
(IV)
(IV)
(IV)

(IV)
(IV)
(IV)
(IV)
(IV)
(IVv)

(3)
(3)

(2;

(3
(3
(3)
(3)
{3
(3

(3)
(3
(3)
(3)

(3)
(3)
(3
(3)
(3
(3)
(3)
{3)
(3)

(2)
(2)

(3)
(3)
(3)
(3)

(3)
(3)
(3)
(3)
(3)
{3)

(3)
(3)
{3)
(3)
3)
(3)

3.
-

ST
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O(R,PO, )"
U(B,PO, },”
U(R,PO, ),
U(H,PO, ).*
U(R,PO, ),
U(gBPO, ),"

0, (BP0, ),™

Uo, (PO, )"
uo, (PO, ),”
00, (PO, ),
uo, (PO, )"
0o, (PO, ),

UQ, (HPO, )’
0o, (HPO, ),”
Uo, (HPO, ),
UQ, (HPO, ),”
UQ, (HPO, ),

Uo, (H,PO, )*
Uo, (K,PO, ),
Uo, (B,PO, },”

UQ, (PO, )’

uQ, (PO, ),”
UG, (PO, ),
Uo, (PO, )"
uQ, (PO, },™

U9, (HPO, ) *
uo, (BPO, ),"
UO, (ml )).' !
UQ, (RPO, ).~
uo, (HPO, ),”

U0, (B,PO, )’

uo, (K,PO, ),°
Uo, (B,PO, ),
0O, (HP, )"

Uo, (B,PO, )*
O, (K,PO, ) (E,PO, )’
U0, (K,PO, ) (EPO, ),°

uo, (HPO, ),"
UO,H,PO.'

vo, (HK,PO, ),*

uol (H,,PO. )n-

Uo, (B,PO, ) (H,PO, )’
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(IV)
(1Iv)
(Iv)
{IV)
(1Iv)
(1v)

(Iv)

0]
v)
v
V)
V)

V)
8]
v)
V)
V)

)
)
V)

{v1)
(V1)
(V1)
{(v1)
(V1)

(V1)
(V1)
(V1)
(Vi)
(V1)

(V1)
(VI)
(VI)
(V1)

(V1)
(V1)
(V1)

(V1)
(VI)
(V1)
(V1)
(V1)

{3
(3)
(3)
(3)
(3)
(3)

(3)

(3
(3)
(3)
3)
(3)

(3)
(3)
(3)
(3)
(3)

(3)
(3)
(3)

(3)
(3
(3)
(3)
(3)

(3)
(3)
(3)
(3)
(3)

(2)
(3)
(3)
(3)

(3
(3)
(3)

(2)
(2)
(2)
(2)

e (3)

UoCl (OR)"

ug,cle
uo,cl,
uo,cl,”
uo,c1”
uo,cL”

uo,cl’

vo,.cl,e
uo,cl,
uo,cl’
uo,clL*

UBc”

uBr®
UBrL,"
Usr,’
UBr,*
UBr,
uBr,”

(1v)
(v
(IvV)
(1v)
(1Iv)
(V)

V)
v)
V)
V)
V)

(Vl)
(V1)
(V1)
(VI)
(V1)
(v1Iy

(111)

(Iv)
(IV)
(IV)
(IV)
(1V)
(1Iv)
(1v)

V)
V)
V)
(v)
V)

(V1)
{(vi)
(Vi)
(VI)
(V1)

(11I)

(Iv)
(IV)
(Iv)
(Iv)
(Iv)
(IV)

(2).(3)
(2),(3)
(2),(3)
(2),(3)
" (2).,(3)
(2),(3)

(3)
(3)
(3)

- (3)

(3)

{3)
{(2),(3)
(2),(3)
(2),(3)
(2),(3)
(3)

(3)

(3
()
(3
(3
(3
(3)
(3

(3)
(3)
(3)
(3
(3)

(2),(3)
(3)
(3
(3)
(3)

()

(3)
(3)
(3)
(3
(3
(3)
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Uo,Br*
UQ,Br,
vo,Br,"”
00,Br.>
vo,Br,”

0o,Br’

UQ,Br,*
U0,Br,
0o,Br,”
U0,Br,”

o>
o1,”
o1,
u1,°
01,
o1’

Uo,I*
U0, I,
uo,I,"
oo, 1>
vo, I,

uo,I’

U0,1,°
uo,I,
uo,1.”
vo,1,>

u(10,)*
u(10,),"
U(10, ),
u(10),°
U(10, )y
u(10, )"

Uo, (10,)°
o, (10, ),
uo, (I0,),"
o, (10,).
UG, (IG,),"

o, (10, )"
uq, (19, ),°
U, (I0;),
o, (10, )"
uo, (10, ),

NUREG/CR-6232

(V)
vy
(v)
(V)
(V)

{(VI)
(V1)
(VI)
429
(V1)

(IV)
(IV)
{(IV)
(Iv)
{zv)

(1IV)

v)
V)
v)
v)
V)

(V1)
(V1)
(vn)
(V1)
(V1)

(1IV)
(IV)
(1IV)
(1v)
(IV)
(Iv)

v)
V)
V)
(8 4)
V)

(V1)
(V1)
(VI)
(V1)
(V1)

(3)
(3)
(3)
(3)
{2

(3
(3)
(3)
(3)
(3)

(3)
(3)
(3
(3
{3)
(3)

(3)
(3)
(3)
(3)
(3)

(3)
(3)
(3)
(3)
(3)

(3
(3)
(3)
(3)
(3)

(3)

(3)
(3)
{3)
(3
{3)

(3)
(3)
{3)
(3)
(3)
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Nitrogea (Nitrate znd Ammonium) Complexes

U(Nog, )
U(Ng, ),"
U(NG, ),
U(NO, ),°
U(NG, ),
U(Ng, )"

U(NH, )"
U(NR, ),”
U(NH, ),”
U(NH, ).~
U(NH; ),”
U(NY, )~

TO, (NG, )*®
U0, (NG, ),
Uo, (NG, ),”
o, (NO, ).~
Uo, (NG, ),”

Uo, (NE, )’
UG, (NH, ),
UO, (NE, )y’
Uo, (NB, ),”
Uo, (NH, ),

00, (NQ, )°
UG, (NG, ),°
U0, (NG, )y’
uo, (NG, )"
Uo, (NG, )~

UO, (NH, )"
uo, (NH, )"
Uo, (NH, ),"
Uo, (NH, )"
UO, (NH, ),"

Silicate Compiexes

U0,Si0(0H),

{1V}
(IV)
(IV)
(IV)
(1V)
(1V)

(IV)
(Iv)
(1Iv)
(Iv)
(1IV)
(1Iv)

v)
V)
(V)
v)
v)

v)
(v)
v)
v)
V)

(V1)

(V1)

(V1)
(VI)
(V1)

(VI)
(V1)
(V1)
(V1)
(Vi)

(V1)

Possible Soll Organic Complexes

Formic
Acetate
Propanoic Acid
Lactic Acid
Mandelic Acid
Oxalate
Malonate

(3)
(3)
(3)
(3
(3)
(3)

(3)
(3)
()
(3
(3)y
(3

(3
(3)
(3)
(3)
(3)

(3)
(3
(3)
(3)
(3)

(3)
(3)
(3)
(3)
{3)

(3)
(3)
(3)
(3)
{3)

(3)
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Methyl Malonic Acid

Dimethyl Malonic acid

Succinate

Haleic Acid
Phthalic Acid

EDTA

Bydroxyacetic Acid
Mercaptoacetic acid

Miscellaneous Complexes

oclo>

uo,clo,
U0,C10,
U0,Broy,’

U0, Se0,*
(UG, ), (OH),Se0,*

UO,H,‘

0o, (N, ),*
ug, (N, ),
ug, (N, )"

.000092

(1v)

(V1)
(V1)
(V1)

(V1)
(V1)

(VI)
(VI)

(vi) -

(VI)

(3)
(3
(3)
(3)

(3)
{3)

{3)

(3

(3)
13)

Appendix E: Aqueous Complexes
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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.1 Background

One task of this project was to attempt to develop a
solubility-ranking system for the major uranium-
bearing soil phases. Previously, Kalkwarf (19%0) bad
applied a system that summarized the obseoved
dissolution behavior of different uranium 'yhases in
terms of their kinetic dissolution rates. Rapidly
d'ssolving phases were dassified as D (for day-long
time-scales), phases with slower reaction -ates were
classified as W (for week-long time scales), and the
most refractory phases were classified as Y (for year-
length time scales). The ranking scale provided a
convenient method for estimating the relative risks
that might be associated with different uranium
bearing phases under a spedific set of expasure
conditions. Clearly, a similar ranking system would be
used if it were exteaded to commoa soil phases,
although the development of a classification scheme
for soil pbases poses difficulties because of the myriad
cffects that can enbance or suppress the kinetics of
dissolution in the field.

The pucrmof this appendix is to present the
approa we mvcsugated as a possible
classification scheme. “Solubility" can be
coaceptualized in a pumber of ways. Solubility has a
thermodynamic interpretation, in which ooe can
estimate the conceatration of uraniun in cquilibrium
with a solid phase if other solution parameters, such
as pH, pe, alkalinity, and suifate conceatrations, are
known. In contrast, Kalkwarf (1980) cmployed an
cmpirical, kinetically based dcfinition for solubility.
Soluple pkases were those that reacted quickly to
dissolve 1n vater, regardless of their actual,
thermodynamically defined solubility. This results in
some apparent contradictions between the two
systems. For example, in a soil environment, uranium
tetrafluoride is thermodynamically uastable. That is,
in an omdizing, carbonate-rich enviroament, it should
spontancously coavert to some form of a uranyl
carbonate. However, the phase is slow to transform
because of kinetic constraints on the oxidation from
uranous to uranyl. Therefore, this highly unstable
phase is classified as °Y" by Kalkwarf (1980) because
of the slowness of the reaction.

In spite of this apparent Limitation, the solubility
ranking system we presest is primarily
thermodynamically based. Considerations arz made
for factors such as whether redox reactions are
involved, but the system has severe limitations because
of a lack of solid, kinetically based information on the
“elative rates of reactions of differeat uranium phases.

For this reason, we attempt to divide the classfication
alonghnuthnmbmdmknovdcdgcofrtm
rates for known soil phazes, but we avoid making
specific estimates for the many phases for which lintle
or no data are available.

F2 Methods

The intent of this portion of the study was to establish
athcrmodymm:cauybascdsolubdnymnhngfot major
uranium minerals. To accomplish this, log(K ) values

at 25 °C for major uranium minerals and other phases
investigated by Kalkwarf (1980) were extracted from

the MINTEQ2A database. For the most part, these

data are derived from the NEA databasc on uranium

(sce Wanaer and Forest, 1992). Thosc specics aloag
Mlhurmpca:wlog(x,’)valuamhﬂedm ,
Table F.1.

Next, for cach phase, the reaction of formation was
writtea out in terms of the major componeats of the
mineral. We then tabulated ali the nonuranium
spedies involved in the reactions of formation. For
cach of these species, we assigned ‘represeatative” soil
water activities. These values were based on a
consensus agrecment among the group members. The
species and their tcpr&nunvc activitics are listed in
Table F2.

Then, we ranked the relative solubility of cach mineral
by estimating the uranyl ion activity that would be in o
cquilibrium with that phase {assuming oxidation of
U(TV) spedies], using the component ion activitics
listed in Table F2. It is critical to recognize that this
is not a rigorous computation. The effects of
speciation and ion complcnuon were oot considered,
acr was the probability that, in many cases, other,
more stable mincrals would be forming spoatancously
in the prescace of the listed phasc. Nonctheless, the
piceedure does provide an estimate of the relative
solubilities of the different phases. Results from these
computations arc listed in Tables F3, F.4 and F35.

F3 Results and Discuassion

As already indicated, results from the computations
are given in Table F3. The seven species in Table
F3 are those spedes for which Kalkwarf (1980)
provided a solubility classification. [Note that
Kalkwarf (1980) gave a dlassification for ammonium
diuranate ~ (NH,),U,0, — rather than for sodium
diurapate, the spedes listed in Table F.1. The
MINTEQ database did oot have a value for the
ammonium phase, so the sodiim phase data are

NUREG/CR-6232
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Appendix F: Solubility-Ranking System

Tuble F1 cont

Mineral Formula log(Ksp)

oor, 0o, ¥, 7.237

~ UOFYOH 90, FOH 1.842

UQ,FOH2H,0 UO,FOR*2H,0 2.659

DO, FOHCH,0 : - UO,POH*H,0 2.283

Uramphite (NH,) (UO,) (PO,) 51.749

Uraninite uo, ‘ 13.896

Uranocircite Ba(UQ,),(PO4), 44.448

Uranophane Ca(8,0),(00,),(510,), -17.524

Weeksite K,(U0,),(S10,},(OH}, -16.0872
Table F2 List of “represeatative’ soil solstion included for comparison.] Interestingly, the
species activities wsed (0 graerate the relative dassification divides along oxidation-state lines rather
solubility rankings. H* and ¢ are given as the than thermodynamic solubility tmes. All of the
ncgative log of the activity, All other species are uranous [U(TV)] phascs arc dassified as “Y" (ie,
listed as the log of the activity, refractory to dissolution) by Kalkwarf (1980), in spite

of the wide range in thermodynamic solubilities. This
suggests that there are significant kinetic barriers to
the oxidation of uranous phases in a SLF
Species Activity mecasurement.  Of the other species in Table F3.the
ammonium diuranate is classified as 43% “D° and
52% "Y". Al other phases, which are uranyl speaes, .
7.00 (pH) are classified as “D°. !

:

L) 1.00 (pe)
Table F.4 gives a listing of other uranyl mineral

Ba” -9.0 phases.  Given the lack of spedfic kinetic information

oo, -6.5 : about these phases, we can only review the list and

ca” -2.7 comment on the rankings in terms of certain

ot -8.0 expectations. lnl!ns context, the relative ranhng

r -7.0 . offer both surprises and support for the expectaticas.

: For example, we cxpect the uranyl fluoride specics to

re™ - be among the more readily available of the uranium

e -8.0 phases, and, indeed, they bave some of the highest .

x.,_ -3.5 solubilities. Conversely, we expected the most

Mg~ -3.0 common ore-forming minerals (cg, carnotite, r

NE, -7.0 tyuyamunite, the autunites, and the silicate phases, ]

Na’ -2.8 such as haiwecite, soddyite, and wreksite) to be [
among the most stable. This expectatios is supported

Po.> -10.5% by the relative rankings for the phospbate and 4

Pb" ~10.0 vanadate phases, but the silicates do not follow this

Hsio, -2.7 pattern. At this point, we belicve that there is

se* -6.0 insufficient kinetic information to provide a reliable

vo,; -10.0 *solubility” classification along the lines of the

) classification used by Kalkwarf. We suspect that the
phosphate and vanadate phases would eventually be
classified as cither “W™ or “Y" type phases, that many
of the oxides would be classified as cither “D® or "W*
corapounds, and that the silicates would generally

89 NUREG/CR-6232
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7 5%

Table FJ3 umndmuu-h«mmmmw-umummmmrqmw

solubllity classifications are avallable.

U(VI) Minerals

-17.536
7.237
-7.708
-22.591

oo,r,
7-00,
(Na),U,0,

UQ@V) Minerals.

38.271
8.95
6.086

00, (am)

87.536 D
6.763 D
-6.292 : D

-6.9045 48%7-D, S2%~-Y

19.729 Y
-6.95
-10.70 Y

3

dassify as “W* or “Y" compounds. However, these

projections are speculative, at best and must be
verified by expenmental determinatioa

Tablc PS5 presents a listing of uranoas mineral phases
aot investigated by Kalkwarf (1980). At this point, we
suggest that these phases would be dassified as Y™
type phases in the classification scheme used by
Kalkwarf (1980), because each would need to undergo
a redox process before reicasing UO,* to solutioa.
Although there are draumstances under which such
reactions can proceed rapidly, we suspect that they are
oot rapid for common uranous phases. This
condmmnmbcvutﬁcdbdoreadasnﬁanoans
applied to_these species.

Lasly, in Table F.6, we present an alphabetical listing

of uranium mineralt, théir chemical formulas, and
references with more informatioa about the mincrals,

F.4 Summary and Recommendations

We bave cramined the relative solubility of a oumber

of uranium minerals in “representative” soil solutions.
The solubility values generated during this exercise
shouldno(bemtaprucdassmdthcrmodynzmxc
solubilitics, because a number of major solution
such as ion complexation, are oot

into the computatioa. The results for
this solubility ranking do not correlate with the
log(K,,) values, and is not a useful index of expected
sol behavior.

NUREG/CR-6232

Comparison of the solubility rankings with those
values reported by Kalkwarf (1980) suggest that the
ml;ormn'olhngiadormunmumamhbdnynthe
oxidation state of the uranium in the sobid poase. :
Uranous phases are dassified as insoluble in
Kzlkw:rf’sschcmc,mdtbcmnylphmwhthc
cxception of the ammonium diurasate, are

as soluble. Results obtained by Kalkwarf are for
those phases that might be found in eavirooment™
mundmmmprmgfgdhﬂapnmﬂyonda,
and do not include phosphate, silicate, vanadate, or
carbonate minerals.

We found no technically defensible method available
formmngthehmbcdmlunonbchawof
uranyl phases for which only thermodynamic
information is currently available. As a result, we
recommend that, for thosc phases currently thought to
poscmkslomdmdu:korthcmmnm&,studa
be undertaken to assess relative rates of dissolution

and weathering in typical soil cavironments.
F.5 References

Reference numbers correspond to those used in Table
F6.

(1) Powder Diffraction File: Alphabetical Index
Inorganic Phases 1986, International Centre for
Diffraction Data, Swarthmore, Pgnnsyinnu. 1986.
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Appendix F: Solubility-Ranking System

Table FA lbdudtkdnﬂwmhmdmﬁmnm(‘ﬁ))m The dassification codes listed
Mthwpm'.h-duMﬂmeyWuMc-MMu&c
appareat stability of the phases is ore deposits. Listings Ia BOLD are takes from Table F3.

~ Mineral log(K ) Relative Classificaticn
. Ranking

or, -17.536 87.536 D
V0.7, 7.2 6.763 D
Weeksite ~-16.0872 ~1.3564 ?
0O, FOH 1.842 -1.842 D
UO,FOH.H,0 2.283 -2.283 D
0O, FOH.2H,0 2.659 -2.659 D
Boltwoodite -15.008 -3.295 ?
qummite -10.402 -3.597 D
a-00, -8.639 -5.361 D
p-00, -8.31 =-5.69 D
pryhevalskite 44.682 -5.841 ?
kasolite -7.372 -5.928 ?
4=-00, ~7.708 -6.292 D
(Ma), U0, . =22.591 -6.9045 48%- D, 52%-7Y
Uranocircite 44.448 -7.224 ?
D-schoepite -6.724 -7.276 D/W
parsonsite 52.433 -7.4323 ?
H~autunite 49.979 -7.4895 ?
Sr-autunite 44.457 -7.7285 ?
D~-schoepite -6.206 -7.794 D/W
rutherfordine 14.434 -7.934 D
torbernite 44.964 -7.982 ?
Uranophane -17.524 -8.188 ?
Uramphite $1.749 . -8.3745 ?

. D-schoepite -5.1026 -8.8974 D/W
D-schoepite -5.097 -8.903 D/W
D-schoepite ~5.0163 -8.98137 D/¥
schoepite -4.833 -9.167 D/W
sklodowskite -14.03 -9.785 ?
saleeite ] 44.099 -~10.049S '
autunite 43.927 -10.113S w/Y
K-autunite 48.2443 ~10.122 wW/Y
Na-autunite 47.409 -10.4045 W/Y
soddyite -0.512 -12.394 W/Y
carnotite -0.516 -13.984 Y
haweeite 6.329 -14.7145 Y
tyuyamunite -3.521 -14.8895 Y
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(IY)] minerals in MINTEQ database that have been assigned class!fication

BOLD nre reseits takes from Table F3.

Miperal log(K,) Relative Classification
~ ’ Ranking

our, 3s.271 19.729 Y

vo, (am) 8.95 -6.95% Y

Ningyoite 63.496 -9.796 Y

u,0, 6.086 -10.70 Y

Uraninite 13.896 -11.896 Y

0.0 39.642 -11.9108 Y

Coffinit=s 16.993 -12.293 Y

]
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Table FS List of uranous {Uranium (TV)] minerals in MINTEQ database that have been assigned classification
codes. Listings In BOLD are resuits taken from Table F3.

Mineral log(X,) Relative Classification
Ranking
ur, 38.271 19.729 Y
vo, (am) 8.95% -6.95% Y
Ningyoite 63.496 -9.796 Y
U0, 6.086 -10.70 Y
Uraninite 13.896 -11.896 Y
0.0, 39.642 -11.9108 Y
Coffinite 16.993 ~12.293 Y
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Tuble F.§ Alphabetic listing of uraniom minerals, their chemical formulas, and references.

Reference

Name Formula

Abernathyite KUO2A804°3H20 (1),(3)
Agrinierite (X2,Ca,Sr) (UO2)30444H20 (1)
Andersonite Na2Ca (U02) (CO3)3*6RH20 (1).(3)
Ankoleite-mata (X1.7,Ba0.2) (UO2)2 (PO4)226R20 (1),(3)
Arsenuranospathite " HAL(UO2)4 (AsO4)4°40H20 (1),(3)
Arsenuranylite-Ca Ca(UD02)4 (As04)2 (OH)4°6H20 (1),(3)
Ashanite (Nb,Ta,U,Fe,Mn)408 (1)
Asselbornite (Pb,Ba) (U02)6(BiO)4( (As,P)O4)2(0H)12°3H20 (1)
Autunite-Ca (Ca,Sr) (U02)2(PO4)2°10.6H20 (1),(3)
Autunite—Ca-meta Ca(U02)2(PO4)2°6H20 (1)
Autunite—Ca-pseudo (H30)4Ca2(U02)2 (PO4)4*SB20 (1).(3
Autucite-H (syn) H2(U02)2 (PO4)2°8H20 (1)
_Autunite-Na Na2(U02)2(PO4)2¢8H20 (1)
Bassetite Fe (U02)2 (PO4)2°8H20 (1),(3)
Bauranoite BaU207¢xH20 (1),(3)
Bayleyite Mg2(U02) (CO3}3°18H20 (1),(3)
Becquerelite Ca (U02)604 (OH) 6°8B20 (1), (N
Bergenite Ba(UO2)4 (PO4)2 (OH)4°8H20 {(1),(3)
Betafite (U,Ca) (Nb,Ta, Ti)08exH20 (1)
Betafite-Ca (Ca,U)2-x(Nb,Ti)206(0H,F)1-2 (1)
Bijvoetite (Ln)2(U02)4(CO3)4(OH)6°11H20 (1)
Billietite (syn) Ba (002)604 (OH) 6#8H20 (1), (3)
Boltwoodite K{H30)U02S104*H20 (1),(3
Boltwoodite-Na (Na,K) (H30)U025104°H20 (1)
Brannerite UTi206 (1)
Brannerite-ortho UT4206 (OH) (1), (3)
Calciouranoite - CaU207¢11H20 (1)
Calciouranoite-meta (Ca,Na,Ba)U207*xHB20 (1)
Calcurmolite Ca(U02)3 (Mo04)3(0H)2¢8H20 (1), (N
Carnotite K2(U02)2 (V04 )2%xH20 (1), (3)
Cheralite (Ln,Th,Ca,U) (PO4,S104) (1)
Clarkeite (Na,Ca,Pb)202(0,0H)7 (1)
Cliffordite UTelO9 (1)
Coconinoite (Fe,Al) (UO2) 4 (PO4)2(S04)2(OH)*22H20 (1)
Coffinite usiod {1),(3)
Coffinite, yttrian (U,Ln,Ca, Mg) (Si04, (OBH)4) (1)
Compreignacite K2(U002) 604 (OH) 6°8H20 {1),(3)
Cousinite MgU2M02013¢6H20 (3
Cuprosklodowskite Cu (U02)2 (S1030H) 296H20 (1).(3)
Curienite b (D02)2V208°5H20 (1).(3)
NURES/CR-6232 94
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Appendix F: Solubility-Ranking System

Table F.6 coat.

Name - Formaula Reference
Curite Pb2US0O7e3H20 (1).(3)
Davidite (Fe,Ca,U)2(T4,Fe)5012 (1)

" Demasmaekerite Pb2CuS (U02) 2 (Se03) 6 (OB) 622H20 (1)
Derriksite Cud (U02) (Se03)2(0H} 6 (1).(3)
Dewindtite Pb(UO2)3(PO4)2(0H)2¢3H20 (1).(N
Dumontite Pb2(U02)3(PO4)2 (OB)4°3B20 (1).(3)
Pourmarierite PbU4O13¢4H20 (1),(3)
Prancevillite-Ba (syn) Ba(U02)2V208¢5H20 (1), (3)
Fritzcheite Mn (U02)2(V04)2+4H20 (1), (3
Furongite Al13(U02)7(PO4)13(0H)14°58H20 (1),(3)
Grimselite (syn) X3NaUO2 (CO3) 3*H20 (1).(3)
Guilleminite Ba(UO2)3(0H)4(Se03)2¢3H20 (1), (3)
Gummite VO3 (am) (3)
Haiweeite Ca(U002)2816015°5820 \ (1).(3)
Hallimondite (syn) Pb2(U02) (AsO4)2 (1), (3)
Heinrichite Ba (U02)2 (AsO4)2¢10H20 (1)
Heinrichite-meta Ba(U02)2 (As04)2°8H20 (1), (3)
Buegelite Pb2 (UO2)3(As04)2 (OH) 4°3H20 (1
Ianthinite U02.833%2H20 (3)
Iriginite U (MoO4)2 (OH)292H20 (1), (3
Johannite Cu (U02)2(S04)2(0H)296B20 (1).(3)
Joliotite {T02)CO3%2H20 (1), (3)
Kahlerite Fe(UO02)2(A804)2912H20 (1).(3)
Kahlerite-mata Pe(U02)2 (As04)2¢8H20 (1),(3)
Kasolite Pb(J02)S104*H20 (1), (3)
Kirchheimerite-meta Co(U02)2 (As04) 28820 (1),(H
Kivuite (Th,Ca,Pb)H2(U0?)4(PO4)2(0H)8*7H20 (1)
Lepersonnite CalLn2(U02)24 (C03)8S14012+60H20 (1)
Lizadratite U(NDb,Ta)208 (1)
Liebigite Ca2U002 (C03 ) 310H20 (1),(3)
Lodevite-meta Zn(U02)2(As04)2¢10H20 (1),(3)
Margaritasite-(Cs,K) (Cs,K,H30) (UO2)2 (VO4)2°H20 (1) -
Margaritasite—Cs Cs2(U02)2vV208 (1)
Marthozite Cu(U02)3(Se03)3(0H)2°7H20 (1).,(3)
Masuyite Pb-U03-H20 (1),(3)
Moctezumite Pb(U02) (Te03)2 1,

" Moluranite U4M0703220B20 (1), (3)
Mourite UMo5018¢5H20 (1) . (3
Mundite Al(U02)3(PO4)2(0OH)3*5.5H20 (1).(3)
Ningyoite CaU(PO4)2°H20 (1), (3)
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Table F.§ coat.

Name Formula Reference
Novacekite-20A (syn) Mg (U02)2 (As04)2°10820 (1),(3)
Novacekite-22A (syn) Mg (U02)2 (As04)2012H20 (1)

" Novacekite-meta Mg (U02)2(As04)2°8H20 (1)
Oursinite (H30)2(Co,Mg) (V02)2(S104) 23820 (1)
Paraschoepite U02.86¢1.5H20 (1)
Parsonite Pb2002 (PO4 ) 20xH20 (1),(3)
Petacheckite Ure(Xb,Ta)208 (1)
Phosphuranylite Ca(U02)3(PO4)2(OH)296H20 (1),(3)
Phuralumite Al2(U02)3(PO4)2(0H)6°10H20 (1),(3)
Phurcalite Ca2(U002)3 (PO4)2(OH)4°4H20 (1),(3) -
Przhevalskite (syn) Pb(U02)2 (PO4)292020 , (1),(3)
Pyrochlore ({Ka,Ca,U)2(NKb,Ta)206(OH,F) (1)
Rabbittite Ca3Mg3(U02)2(C03)6(0H)4*18H20 (1),(3)
Rameauite K2Ca (D02 ) 608°9H20 (1),(3)
Ranunculite Al (H30) (U02) (PO4) (OH) 3#3H20 (1),(3)
Rauvite—Ca Ca (U02)2V100281€H20 (1), (3)
Renardite Pb(UO02)4 (PO4)2 (OH) 4¢TH20 3

- Richetite 0-Pb—0O-H20 (1)
Roubaultite Cu2(uo02)3(0H)10*SH20 (1).,(3)
Rutherfordine 702003 (1),(3)
Sabugalite HAL (DO2) 4 (PO4)4°16R20 . (1),(3)
Saleelte Mg (002)2 (PO4)20xH20 (1),(3)
Sayrite PL2 (U02) SO6 (OH) 2°4H20 (1)
Schmitterite 002Te03 (2),(3)
Schoepite TO3¢2H20 {(1),(3)
Schoepite-meta DO3%2H20 (1)
Schroeckingerite (syn) NaCa3(UO2) {C03)3(S04)Pe10H20 (1),(3)
Sedovite U (MoO4)2 (1),(3)
Sengierite Cu2 (002)2V208 (0H) 2¢xH20 (1} .(3)
Sharpite Ca(U02)6(C03)5(0H) 426820 (1),(3)
Sklodowskite Mg (D02)2 (S10308)2¢5H20 (1),(3)
Soddyite (D02)2(S104)*2H20 (1),(3)
Spinite~-H (UO2) HASO4*4H20 (3)
Strelkinite Na2 (002)2V2086820 (1),(3)
Studtite V044320 (1),(3)
Studtite-meta UO4*2H20 (1)
Swamboite UH6 (0028104 ) 6¢30H20 (1) ,(3)
Swartzite CaNg (002) (CO3)3°12H20 (1).(3)
Tanteuxenite (U,Pe,V) (T4,Sn)206 (1)
Thorogusmite (Th,U,Ce) (S1i04)1-z2(0R)4x (1)
NUREG/CR-6232 9%
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Table F.§ coat.
Name Formula Reference
Thorutite (Th,U,Cs)Ti206 (1)
Threadgoldite Al(U02) (PO4)2 (OH)*8H20 (1),(3)
.Torbexrnite Cu(U02)2 (PO4)24xH20 (1),(3)
Torbernite-mata Cu(U02)2 (PO4)2°8H20 (1), (3)
Triangulite Al3(U02)4(PO4)4(0H)S*SH20 (1)
Tristramite (Ca,U) (PO4)*2H20 (1)
Troegerite Y02 (D02)2 (AsO4)2912H20 (1),(3)
Tyuyamunite—Ca Ca (U02)2V208¢8H20 (1),(3)
Tyuyamunite—Ca-meta Ca(U02)2 (VO4 ) *xH20 (1),(3) -
Umohoite~17A UO02M004+4H20 (1),(3)
Unnamed #2 U-Nb—0 1)
Unnamed #12 U03-5102-H20 (1)
Unnamed #13 3003-2S03-9H20 (1)
Unnamed #3 Uo3eH20 (1)
Unnaned #1 Ca-Pb-U-AsO4-H20 (1)
Unnamed #6 Ca-U-81-04°H20 (1)
Unnamed #5 (Ca,S8r)2U7023¢10H20 (1)
Unnamed #7 U-8i-0 (1)
Unnamed #10 Pb-U-V-0-H20 (1)
Unnamed #4 Ca-Mg-Pb-Fe-U04°xH20 (1)
Unnamed #8 Ca-Mg~U-S04 (1)
Onnamed #9 Ca-U-VO4-H20 (1)
Onnamed #11 Ba0O-U02-A820S (1)
 Upalite Al (D02)30(0H) (PO4)2°7H20 (1),(3)
Uramphite (syn) (NH4) (U02) (PO4)*3H20 (1).,(3)
Uraninite 9307 (1).(3)
Uraninite 002.25 (1).(3)
Uraninite Vo2 (1).(3)
Uranocircite Ba(U02)2 (PO4)2¢10H20 (1),(3)
Uranocircite-sata Ba{U002)2 (PO4)296H20 (1)
Uranocircite-meta Ba (U02)2(PO4)298H20 (1), (3)
Uranophane-beta Ca(H30)2(U02)2(S104)23H20 (1),(3)
Uranopilite (U02) 6504 (OH) 10°12H20 (1),(3)
Uranospathite HAL (D02 )4 (PO4 ) 4°40H20 (1),(3)
Uranosphaerite B120U2093H820 (1),(3)
Uranospinite Ca(002)2 (AsO4)2°10H20 {(1),(3)
Uranospinite-17A-meta(syn) Ca(002)2(A=04)2°6H20 (1)
Uranospinite-9A-meta(syn) Ca(U02)2(AsO4)2°8H20 (1)
Uranospinite-Na Na2(0D02)2 (AsO4)20SH20 (1)
Uranpyrochlore (U,Ca,Pb) (ND,Ta)207 (1)
.. : L ;3.-
qy - NUREG/CR=-5232
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Wyartite-17A

Wyartite-21A
Zellerite~Ca
Zellerite-meta (syn)
Zeunerite
Zeunerite-meta

Zippeite
Zippeite—~Co (syn)
Zippeite-K
Tippeite—Mg
Zippeite-Ra (syn)

Zippeite-Ri (eyn)
Zippeite-In (syn)

Ca-U-C03°H20

CalU7C2022 (OH) 1694H20
CaU02 (C03 ) 2¢5H20
CaU02 (C03)2¢3R20

Cu (U02)2(As04)2¢16H20
Cu(U02)2 (As04 ) 208820

(U02)3 (504)2 (OH)2¢8H20
Co(U02)6(SO4)3 (OH) 10916H20
K4 (002)6 (SO4)3 (OH) 1004H20
Mg (UO02)6 (SO4)3 (OH) 1016H20
Na4 (U02) 6 (S04 ) 3 (OH) 10°4H20

R4 (U02)6(S04) 3 (OH) 1016820
Zn2 (UO2) 6 (S04) 3 (OH) 10916H20

Table F.6 cont.

Name Formula Reference
Ureilite Mg2(U02)2815016°9H20 (1)
Uvanite g2v6021215H20 (1)

. Vandenbrandeite CuUO42H20 (1), (3)
Vandendriecscheito PbU7022°12H20 (1),{3)
Vanseersecheite-meta U(U02)3 (PO4)2 (OH)642H20 (1),(3)
Vansaeersscheite U(U02)3({PO4)2(0B)6+4B20 (1),(3)
Vanuralite-Al Al(UO2)2V208 (OB)*11H20 (1), (3)
Vanuralite-Al-meta Al (U02)2(V0O4)2(0H)*8H20 (1), (3)
Vanuralite-H (H30) (U02)2V208e3, 6H20 (1)
Voglite Ca2Cu(UO02) (CO3) 426820 1), (3)
Walpurgite Bi4(U02) (AsO4)204¢3H20 (1),(3)
Weeksite K2(002)2(S1205)3°4H20 (1),(3)
Widenmannite Pb2UO2 (C03)3 {1),(3)
Noelsendorfite (Pb,Ca)U20722H20 (1)

(1)

(1
(1), (3)
{1),(3)
(1)
(1)

(1)

(1), (3)
{1).,(3)
(LY, (3)
{(1),(3)

(1), (3)
(1), (3)

NUREG/CR-6232
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