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Abstract
The migration of radionuclides is studied as a function of mineralogy utilizing batch sorption
and column experiments. The transport behavior of alkaline, alkaline-earth, and transition
metals, and actinide species is studied in pure mineral separates. The solid phases utilized
for these investigations are silicates, alumino-silicates, carbonates, and metal oxides and
oxyhydroxides. The results of this effort are utilized to aid in the elucidation of the dominant
chemical mechanisms of radionucl"!e migration, the prediction of radionuclide transport in
conditions similar to those expected at the proposed high-level nuclear waste repository at
Yucca Mountain, Nevada, and the identification of materials that act as natural geological
barriers or that can be utilized as strong sorbers in engineered barriers.

Introduction exchange. However, ion exchange does not
An effort has been initiated to study the play a significant role in the sorption of
migration of radionuclides in mineral phases actinides under near neutral pH. Beall and
that can play an important role at the Allard 2 report that three major factors
proposed high-level nuclear waste repository control actinide sorption under
at Yucca Mountain. The radionuclides in this environmental conditions: pH (for
effort are simple cations (strontium, barium, hydrolyzable ions), surface chemi-/orption
and cesium species), anions (pertechnetate), reactions for minerals that contain strong
and actinides (Np(V), Pu(IV), Pu(VI), and complexing ions, and redox reactions ©ran
Am(III) species). The water utilized to et al.3 studied the sorption of actinide
prepare the radionuclide solutions is water analogues on granite minerals utilizing MeV
from the well J-13 at the Nevada Test Site. ion beam techniques. Two retention
This water is thought to be representative of mechanisms were found to dominate the
the groundwater in the proposed repository sorption of transuranium analogues, namely
at Yucca Mountain. The solid phases for this incorporation within hydrosilicates and
study are silicates (quartz and cristobalite), precipitation of secondary crystalline phases.
feldspars, a zeolite (clinoptilolite), a clay
mineral (montmorillonite), calcite, an iron Sanchez et al. 4 studied the adsorption of
oxide (hematite), an iron oxyhyctroxide Pu(IV) and Pu(V) on goethite. Analysis of the
(goethite), a manganese oxide (hollandite), data obtained with the triple layer model 4
and a manganese oxyhydroxide predicted that four hydrolytic species of
(romanechite). Pu(IV), namely Pu(OH) +3, Pu(OH)2 +2,

Pu(OH)3 +, and Pu(OH)4 adsorb on the
Batch sorption experiments are utilized to goethite surface. Technitium (one of the
determine the partition of radionuclides longest lived radionuclides) is assumed to be
between the solid and solution phase, transported as pertechnetate in the
Previous sorption studies 1 indicate that subsurface. Consequently, it has the
simple cations such as Sr+2, Ba+2, and Cs + potential to travel at a faster rate than the
sorb strongly to aluminosilicates such as average groundwater velocity due to charge
days and zeolites via a mechanism of ion and size exclusion effects. Bondietti and



Francis 5 postulate that current risk water has been reported. 1 Solutions to study
assessments which consider Tc and Np the behavior of alkaline and alkaline-earth
potentially capable of migrating unretarded metals were prepared by_adding_ a spike_.. (le_..
from high level radioactive waste repositories than 10-6 M in concentration) of 85Sr, 13,Cs,
as TcO4" and NpO2 . may be overestimating and 133Ba to J-13 water; the pH of this
their L_otential hazard to the public. Their solution is 7.7. Np(V) was prepared in acidic
study_ points out that the Fe(II) in many solution by dissolution of NpO2 followed by
subsurface waters may maintain Tc and Np adjustment to the +4 oxidation sate and
in less soluble oxidation states such as TcO2 purification by ion exchange. An aliquot of
and NpO2. the acidic 237Np(V) solution was added to J-

13 water to yield a solution with a Np
In the present studies, the batch sorption concentration of 5 x 10-6 M and a pH of 7.6.
results will be tested under flowing The colloidal 239pu(IV) in J-13 water utilized
conditions utilizing column experiments, was prepared by diluting an acidic solution
One of the most important aspects of this of Pu(IV). The resulting pH of the colloidal
effort is that column experiments are Pu(IV) solution is 7.5; the Pu molaritv is 1 x
sensitive to multiple species present in 10-6. The size of Pu(W) colloids suspended in
solution (as is expected in the case of J-13 is in the range between 50 and 400 nra. 7
actinides), formation of colloidal suspensions A stock solution of 241Am(III) was prepared
(such as in the case of Pu and Am), and by dissolving AmO2 in 9 M HCL. Aliquots of
reactive sites in the substrates potentially Am(III) stock solutions are added to J-13
caused by agitation in the batch sorption water to yield solutions with a pH of 7.5.
experiments. Consequently, comparison of
the column studies with the batch sorption The batch sorption experiments consist of
investigations is expected to provide new pretreating 1 g of pure mineral with 20 ml of
and significant information for radionuclide J-13 water by agitating the phases for 14 days
migration as a function of speciation for and separating the phases by centrifugation.
important mineral phases. The pretreated solid phase is then

equilibrated with 20 ml of the solution
Experimental containing the radionuclide(s) of interest in ,_-
The zeolite phase being utilized in these 13 water. This equilibration step is followed
studies is a natural clinoptilolite sample that by separating the phases by centrifugation,
was purified to eliminate the smectite determining the amount of radionuclide(s)
fraction using the method of Chipera and left in solution after equilibration, and
Bish. 6 The clay is a natural montmorillonite determining a sorption coefficient for the
sample. Two calcite samples are being radionuclide(s) sorbed onto the solid phase
utilized, one synthetic and one natural. The by comparing the amount of radionuclide(s)
hematite and goethite utilized are synthetic in the solution phase initially and after
samples. The hollandite and romanechite equilibration.
used are natural samples. The purity of the
minerals was determined by powder pattern The definition of sorption coefficient, Kd, is
X-ray diffraction and elemental chemical given in equation 1. The assumption that
analysis. Ali _lid phases utilized were found equilibrium is attained during the
to be at least 99% pure. experiments conducted is inherent in the

definition of Kd. There is no evidence to

Ali solutions being utilized were prepared prove or disprove this assumption. If
with water from the well J-13 of the Nevada equilibrium is not attained in the sorption
Test Site. The measured pH of the J-13 water equilibration step of these experiments, the
was 7.9; the chemical composition of J-13 value of Kd's reported should be used as



distribution coefficients for the radionuclide Results and Discussion
between the solid and solution phases only The preliminary results obtained indicate
under the set of experimental conditions three main mechanisms for the migration of
specified, radionuclides in the types of solid mineral

phases studied: cation exchange, surface
radionuclide concentration in solid phase complexation, and physical adsorption. The

Kd = radionuclide concentration in solution phase' sorption coefficients obtained by batch
sorption techniques for Sr, Cs, and Ba in the

at equilibrium. (1) various mineral phases under study are given
in Table 1. The sorption equilibration time

The transport experiments consist of eluting for the experiments in Table 1 was 21 days.
the solutions containing the radionuclides Strontium, cesium, and barium exist as
studied through columns made of crushed simple cations in J-13 water and sorb via an
minerals. The amount of radionuclides eluted ion exchange mechanism in zeolites anti
through the columns is measured as a clays. The high degree of sorption o( these
function of time. The resulting elution curves cations in these exchangers (that abound at
are used to obtain the retardation factors, Rf, Yucca Mountain) indicates that naturally
of the radionuclides in each type of column, occurring minerals constitute an important
The free column volume is determined geological barrier for Sr, Cs, and Ba.
utilizing tritiated water. The retardation Comparison of the results obtained by batch
factor is given by the ratio of the velocity of sorption techniques with those obtained
water through the column (measured with using column experiments shows good
tritiated water) to the migration velocity of agreement for Sr, Cs, and Ba in the minerals
the radionuclide. The porosity of the column studied to date using column techniques
was determined by dividing the free column (synthetic calcite and hematite).
volume by the total column volume. The
total volume of the columns utilized is 4.2 The sorption coefficients for Np(V) in pure
crn 3 and the flow velocity is 158 m/y. mineral separates have been compiled in

Table 2. Ali metal oxides and oxyhydroxides
The retardation factors obtained under utilized were found to be strong sorbers of
flowing conditions and the sorption Np in J-13 water. The mechanism responsible
coefficients obtained using batch sorption for this strong Np retardation seems to be
techniques are being compared on the basis surface complexation. Calcite has been found
of equation 2 where p is the bulk column to be a moderately strong sorber for Np in J-
density and e the column porosity. 8 13 water. The higher sorption of the natural

calcite as opposed to the synthetic calcite can
Kd = (Rf- 1) E/p (2) be explained in terms of surface area of the

minerals. The natural calcite has a surface
The amount of radionuclide in solution for area a factor of 3 higher than the synthetic
column and batch sorption 'work was one. Clinoptilolite and montmorillonite are
determined using radioanalytical techniques, poor Np sorbers. Although Np(V) exists at
Strontium, cesium, and barium were studied least partially as the neptunyl cation in J-13,
together and the solution was analyzed for one possible explanation of these results is
each element using gamma-ray spectrometry, that the neptunyl cation is too large to fit in
Each actinide was studied separately and the the cation exchangers sites and dehydration
solutions were analyzed using liquid of the neptunyl cation in order to replace the
scintillation counting, resident exchangers cations is energetically

unfavorable.
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The retardation behavior of Am(m) seems calculated for Pu(W) colloid determined from
relatively independent of mineralogy. In fact, the column experiments is 5 ml/g for
previous observations indicate that Am can synthetic calcite and 1 ml/g for synthetic
adsorb onto non-geologic media. 9 Most of the hematite. Since the Pu used is colloidal in
observations made seem to indicate that nature, these results need to be compared
surface coprecipitation or physical adsorption with results obtained using the same
are responsible for the migration behavior of minerals and well characterized synthetic
Am. The correlation of Am retardation with colloids in order to determine whether the
the surface area of the minerals utilized is retardation observed is due to filtration or to
underway. This correlation is expected to aid an actual chemical interaction between Pu
in the elucidation of the mechanism(s) and the solid phase.
responsible for the migration of Am. As in
the case of Np, Am does not seem to sorb via The results that have been obtained to date
a cation exchange mechanism for exchangers are still under analysis and their
such as clinoptilolite and montmorillonite, interpretation should point to the studies that
This result has been verified using initial Am need to be effected in order to further
concentrations as low as 10-11 M. Comparison elucidate radionuclide retardation as a
of the Am retardation results obtained using function of mineralogy. The computer code
extremely small Am concentrations with EQ3 is being employed to determine the
those obtained at larger concentration levels speciation of Np, Am, and Pu in J-13 water at
should indicate the presence of Am surface room temperature.
co..precipitates.

Conclusions

Plutonium retardation is extremely sensitive The prediction of the radionuclide release
to the oxidation-reduction potential of the rates to the accessible environment in the
water utilized. Pu(W) exists mainly in proposed high-level nuclear waste repository
colloidal form in J-13 and can be excluded depends strongly on the interaction of the
due to its size from the column's vores. This radionuclides with the minerals that exist at
indicates that Pu(IV) has the potential of Yucca Mountain. The type of retardation
traveling in the subsurface faster than the information to be utilized in performance
average groundwater. Pu(V) and Pu(VI) can assessment calculations depends on our
act as ionic species in J-13 water. However, knowledge of migration mechanisms. The
preliminary results indicate that Pu sorption fact that the column work being performed is
kinetics are relatively slow; consequently, this capable of shedding new light on the
needs to be taken into account when interaction of the different actinide species
comparisons between column and batch with solid phases of interest makes this work
sorption experiments are made. essential to the safety objectives of the

proposed repository. Because the transport
Preliminary results describing the elution of experiments being performed in this effort
Pu(IV) colloid in J-13 water through columns will utilize pure mineral phases and well
of synthetic calcite and hematite can be seen characterized solution phases (containing
in Figures 1 and 2. In these figures, A/At actinides in known oxidation states), this
refers to the sum of Pu activity eluteci work will be instrumental in deciding the
divided by the total activity of Pu injected types of parameters that must be monitored
into the column. In the synthetic calcite in transport calculations. For instance, for Np
column less than 2% of the Pu eluted before sorption pH seems to be an extremely
the tritium front. In the case of synthetic dominant factor. In the case of Pu
hematite there was no Pu elution before retardation, the oxidation state of Pu (and
tritium was eluted. The sorption coefficients
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Table 1: Sorption Coefficients for Sr, Cs, and Ba in Pure Minerals

Kd (ml/g)
Mineral Sr Cs Ba pH
synthetic calcite 4.0x10 "1 3.3x10 "1 7.7x10 -1 7.9
calcite (Mexico) 5.7x100 1.3x100 5.0x100 8.0
montmorillonite (AZ) 1.4x103 1.4x103 1.7x103 8.0
synthetic hematite 2.4x101 4.0x10 -2 1.3x102 8.0
synthetic goethite 1.2x103 3.1x100 1.3x104 8.4
hollandite (NM) 5.5x101 1.9x100 9.7x103 8.0
romanechite (AZ) 6.2x101 6.8x100 2.2x104 8.1

Table 2: Sorption Coefficients for Np in Pure Minerals

Kd (ml/g)
Mineral Np* Npr pH
synthetic calcite 1,4x101 1.2x101 8.1
calcite (Mexico) 2.4x102 6.5x102 8.1
montmorillonite (AZ) 6.3x101 4.7x101 8.1
clinoptilolite (ID) 2.7x101 8.0
synthetic hematite 3.3x103 3.2x103 8.0
synthetic goethite 1.8x105 1.1x105 8.4
hollandite (NM) 1.2x103 1.1x103 8.1
romanechite (AZ) 3.8x102 3.9x102 8.1

*Sorption Equilibration Time = 21 days
tSorption Equilibration Time = 124 days



Figure 1' Tritiated Water (filled squares) and Pu(IV) Colloid in J-13
Watar (open squares) Eluted Through Synthetic Calcite
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Fi,:]ure 2: Tritiated Water (filled squares) and Pu(IV) Colloid in J-13
Water (open squares) Eluted through Synthetic Hematite
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