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RADIONUCLIDE MIGRATION LABORATORY STUDIES
FOR VALIDATION OF BATCH SORPTION DATA

Ines R. Triay, Alan J. Mitchell, and Martin A. Ott

Isotope and Nuclear Chemistry Division
Los Alamos National Laboratory
MS J514, Los Alamos, NM 87545

(50,5)665-1755

Abstract

Advective and diffusive migration experiments (within the Dynamic Transport Cotumn
Experiments and Diffusion Studies of the Yucca Mountain Site Characterization Project)
involve utilizing crushed material, intact, and fractured tuff in order to test and
improve df necessary) transport modets by experimentally observing the migration of
sorbing and non-sorbing radionuclides on a laboratory scale. Performing a validation
of the sorption data obtained with batch techniques (within the Batch Sorption Study) is
an integral part of the mission of the Dynamic Transport Column Experiments and
Diffusion Studies. In this paper the work scope of the radionuclide migration labo-
ratory experiments (as they apply to validation of batch sorption data) is reviewed.

Previous results of the radionuclide migration laboratory experiments are summarized.
Column experiments performed with crushed tuff and pure mineral separates indicate
that the sorption coefficients obtained with batch techniques agree with those obtained
under flowing conditions for alkaline and alkatine earth elements. The transport data
for the actinides through crushed tuff and pure mineral columns can not be fitted with
batch sorption coefficients; a small fraction of the actinides is etuted in the cotumn
experiments with a sorption coefficient smaller than the one determined in batch
experiments. Preliminary results indicate that the reason for the discrepancy is slow
kinetics of speciation in natural groundwaters for the actinides. If these results are
confirmed with further experimentation, we can conclude that the batch sorption
coeffidents provide conservative estimates for transport calculations.

Anions including pertechnetate have been studied using crushed tuff column exper-
iments. These experiments indicate that anion exclusion is observed in Yucca Mountain
_uffs. Anion exclusion causes anions to migrate faster than non-reactive tracers (such
as tritiated water). This effect is due to steric hindrance caused by the large size of

anions compared to the apertures of porous tuffaceous minerals _such as zeolites and
clays) and repulsion by the negatively charged tuffaceous mineral surfaces in contact
with natural groundwater.
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Tuffcolu_s made with solidtuff,under satiated conditions,indicatethatbatchsorp-

tioncoeffidents,obtainedutiliTingbatchtechniques,can be used tofitelutiondata of

alkalineand alk_ne earthelements provided thata detailedcharacterLzationofthe

hydrolo_c propertiesof the tuffisobtained.The radionuclidesorptionme@,_anism

observed under saturatedconditionsisexpectedtobe thesame as thatobserved under

unsa_ated conditions.The hydrologicpropertiesdominating thetransportof radio-

nuclidesunder unsaturatedconditionsareexpected tobe quitedifferent.The exper-

imenta/methods totestthishy-pothesis(which willallow theutilizationofsorption

parameters obtained under saturatedconditionstobe applied tounsaturatedtransport)

arecurrentlytmde_"design.

Resultsfrom column experiments with fracturedWf indicategood agreement between

fracturetransportmodels and theobserved elutionof nonsorbing radionuclides.The

sorbingradionuclidesexhibiteda smallfractionwhich elutedunretarded through the
fracture.Whether or not thisobservationisdue tocomplicatedhydrologicproperties

(such aschanneling,dispersion)inthe fractureisunknown.

Diffusionisconsideredone of the most importantretardationmechanisms infractured

media. The transportlaboratoryexperiments under diffusiveconditionsperformed
indicatethatthediffusioncoefficientfornonsorbing radionuclidesintosaturatedYucca

Mountain tuffison theorder of 10-6crn2/s.Large anions,such as pertechnetateare

excluded from tuffpores and theirdiffusioncoefficientsareon theorderof 10"7cm2/s.

The diffusionofthesorbing radionuclidesintosaturatedtuffcould not be fitted

assuming reversible,instantaneous,and linearsorption. Comparison of thefitsforthe

sorbingradionuclideswith theactualdataobtained indicatesthatconservativetrans-

portcalculationswillresultfrom a batch sorptioncoeffidentand thediffusion
coefficientobtainedfortritiatedwater.

The strategy to validate batch sorption data utilizing laboratory, transport experiments

is presented. This strategy consists of performing column experiments utilizing
crushed material and comparing the results to the results obtained from batch sorption

studies in order to study the effects of kinetics of speciation, mass transfer kinetics, or
non-Iinear, non-reversible, or non-instantaneous sorption. When differences between

batch sorption experiments and crushed rock columns are resolved, the next level of

complexity will be tackled. Solid tuff columns will be utilized to assess the effects of

surface properties (caused by crushing) on batch sorption coefficients. Diffusion exper-

iments utilizing solid tuff will also be utilized for validation of batch sorption coeffi-
dents. Crushed rock columns and solid tuff advective and diffusive experiments will

be conducted under varying degrees of saturation. This will allow assessment of the

validity of utilizing batch sorption coefficients (obtained under saturated conditions) to

calculate transport under unsaturated conditions. The final level of complexity will

involve utilizing fractured tuff columns to validate the concept of utilization of batch

sorption coeffidents in fractured media.



Introduction

The transport of radionuclides in porous media is governed I by advection, diffusion, or

kinematic dispersion. Dissolved species are carried along by the movement of fluid in

an advective migration mechanism. Species are transfered from zones of high concen-

h'aNon to zones of low concentration by diffusion. Kinematic dispersion is a mixing

phenomenon linked to the heterogeneity of the microscopic velodties inside the porous

medium. The transport equation1 describing the migration of a solute in a saturated

porous me,urn is given by equation 1.

V.(DVC -CLD =_ aCl_t + Q, (1)

where

D = dispersion tensor,

C = concentration of solute in soI'ution phase,

U = Darcy's velocity,

£ = porosity of medium,

t = time,

Q = 0 for a non-reactive solute,

Q = (1-£)ps 8F/_t for a sorbing solute,

Ps = density of the solid particles, and

F = mass of solute sorbed per unit mass of solid.

Dispersion has three components: DL, the longitudinal dispersion coefficient in the

direction of the flow and DT, the transverse dispersion coefficient in the two directions

at right angles to the velocity of the flow. The longitudinal and transverse dispersion

coefficients are given by equations 2 and 3, respectively.

D L = £d + (zL IU I, (2)

DT = £d + (_T {U I, (3)

where

d = effective diffusion coefficient in medium, and

cz= dispersivity.

In the absence of advection (U=0), equation 1 becomes equation 4 which describes the

migration of solutes by diffusion in a saturated medium.

V.(£dVC )= _ _C/_t + Q (4)



The mech_sm of sorption determines the relationship between F and C. When
sorption is linear, reversible, and instantaneous, the relationship bemveen F and C is
given by equation 5, where Kd is the sorption coefficient.

Kd = F/C (5)

Substitution of equation 5 into equation 1 yields equation 6. The expression in brackets

in equation 6 is the retarda_on factor, Rf. Equation 7 provides a means of comparing

results for sorption coefficients obtained under advective and diffusive conditions with
the sorption coefficients obtained utiIizing batch sorption experiments. The expression
for Rf (given in equation 7)is only valid if sorption is tinear, reversible and instan-

taneous. The Langmuir and the Freundlich isotherms are examples of non-linear
relationships between F and C.

V .(D VC - CU) = _ [1 + (1 - E) Ps Kd/_ ] 3C/3t (6)

Rf = 1 + (1 - E) Ps Kd/E (7)

When migration occurs under unsaturated conditions, dispersion is a function of
moisture content and equation 1 becomes equation 8.

V.(D(0)VC - CU) = aC30/Ot+ Q, (8)

where
e = moisture content.

Inspection of equations 1, 4, and 8 indicates that advection and diffusion experiments
can be utilized to validate the utilization of batch sorption coefficients for transport
calculations.

Experimental Work Scope

The work scope of the Dynamic Transport Column Experiments Study 2 of the Yucca
Mountain Site Characterization Project consists of performing crushed material, soLid,
and fractured tuff column experiments to validate the sorption coefficients obtained via
batch experiments. Column experiments with crushed tuff and pure mineral separates
are utilized to test the results of batch sorption experiments under flowing conditions
without altering the surface properties of the tuff. The crushed material column studies
are most sensitive to multiple solution species formation and colloid formation. The
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kinetics of sorption are studied by var._dngthe water velocity in column experiments.

Solid tuff columns are used to address the question of whether crushing affects sorption
measurements in the batch experiments. The column experiments will be performed as
a function of saturation to address whether sorption coefficients obtained via batch
sorption techniques (under saturated conditions) are applicable to unsaturated trans-
portcalculations.

Utilization of gravity as a driving force to obtain homogeneous distributions of water
for the study of radionuclide transport in an unsaturated system requires veD' long

times. Consequently, we will utilize vacuum 3 or centrifugation 4 to conduct transport
experiments in unsaturated media.

The Soil Measurement Systems apparatus (designed by Wierenga) for unsaturated
transport studies (see Figure 1) provides accurate determination of radionuclide migra-

tion through unconsolidated media. 5 En this system, water containing the radionuclide
of interest is introduced into a tuff-filled column. The typical dimensions of the column

are given in the Figure 1. A precision syringe pump is utilized to maintain constant
fluid flow. The regulator-controlled vacuum chamber provides a nearly constant
degree of saturation throughout the column and houses the fraction collector. Tensio-
meters allow accurate measurement of soil-water pressure via a transducer. When
tensiometer values are nearly equal, the water distribution throughout the column is
considered to be homogeneous. After elution through the column, small fractions of
the solution are collected in the fraction collector. These fractions are analyzed for
radionuclide concentration to de_ermine the rate of radionuclide migration.

Centrifugation techniques can also be utilized 4 to study unsaturated transport. Conca
designed the Unsaturated Flow Apparatus (see Figure 2) consisting of a modified
ultracentrifuge with an ultra constant rate flow pump that provides water (containing
the radionuclide of interest) to the surface of the solid material through a rotating seal.

Rotation speeds up to 20,000 rpm are attainable at temperatures up to 150°C and flow
rates down to 0.1 ml/h, making possible investigations with unconsolidated and
consolidated materials. Elutions are collected in the collection vessel and analyzed for

radionuclide concentration. The Unsaturated Flow Apparatus is capable of running
two columns at the same time; however, only one column is shown to be operational in

Figure 2.

The systems in Figures 1 and 2 (designed by Wierenga and Conca, respectively) will be
adapted to study the transport of actinides (under unsaturated conditions). This will
involve modifications to avoid contact of the solutions containing the actinides of

interest with metallic non-geologic surfaces which tend to sorb the actinides.

Fracture tuff columns are utilized to investigate the transport of radionuclides with
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FIGURE 2: UNSATURATED FLOW APPARATUS
(from reference 4)
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transverse matrix diffusion and channeled flow in fractures. Thes.e co[u_-:_nsexper-,

, [ments will allow the assessment of the applicability of batch sorption coefficients to
., transport calculations m fractured media.

The work scope of the Diffusion Study 5 of the Yucca Mountain Site Characterization
,, Project consists of performing transport experiments with solid tuff (in the absence of

advection) under various degrees of saturation. The first type of diffusion experiment
planned consists of a cell with two chambers containing groundwater. The chambers

/ are separated by a slab of tuff. Radionuclide(s) of interest is placed in one of the cham-
bers and the untraced chamber is monitored as a function of time for the arrival of the

radionuclide(s). The retardation factor is determined for sorbing radionuclides and
compared to the sorption coefficients (determined via batch techniques).

The second type of diffusion experiment consists of studying the kinetics of sorption
under diffusive conditions by immersing a wafer made of tuff in a solution containing
the radionuclide(s) of interest. The uptake of radionudides(s) by the thin wafers is
determined. The actinides exhibit sorption onto non-geologic media (such as the ,,vails
of containers). The kinetics of sorption under diffusive conditions is studied utilizing
containers made of tuff in the form of beakers. The solution containing the radionu-
clidefs) of interest is placed in the tuff beaker cavity and the uptake of the radio-
nuclide(s) by the tuff is measured as a function of time.

Unsaturated diffusion experiments are also planned. A solution containing the
radionuclides(s) of interest is injected into an unsaturated block of tuff. The distri-
bution of radionuclide(s) in the tuff as a result of diffusion will be determined by
sectioning the block of tuff and measuring the radionuclide(s) concentration through-
out the tuff block.

Summary of Transport Results

The results of column transport experiments have been summarized 6. Batch sorption
coefficients have been compared with the sorption coefficients obtained from crushed
tuff columns 'utilizing equation 7. The results are in good agreement for the catic- _
cesium, strontium, and barium 7. Elution of actinide solutions through columns made

of crushed pure mineral separates 8 and. crushed tuff9 shows a fraction of the actinide
eluting with a sorption coefficient corresponding to a smaller value than the one
obtained with batch sorption techniques. For instance, Figu,,'e 3 shows a fraction of the
Pu in a solution prepared with J-13 water and Pu(W) polymer eluting before the
tritiated water (which was utilized as a non-reactive tracer). Figure 4 shows the elution
of Pu in a solution prepared with J-13 water and Pu(VI).

A preliminary conclusion of the column experiments reported by Triay et al. 8 and

Thompson 9 is that the equilibration of actinide spedes in solution is slow. Slow kinetics

!!
m



Figure 3: Elution of Tritium (0) and Pu(IV) Pol,,q'ner (_)
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of speciation in solution ,,,,'iii result in conservative batch sorption coefficients valuc_.
The reason for this conclusion is that if multiple actinide species exist in solution that
vary in their ability, to sorb, and interconversion bet_veen the lowly sorbing and highly
sorbing species is slow, in large periods of time ali the lowly sorbing species ',,,'iiibe
converted to highly sorbing species and ',,,,iiibe retarded with a sorption parameter of
at least the magnitude of that determined in the batch experiments.

Anions 6 including pertechnetate have been studied using crushed tuff column
experiments. These experiments indicate that anion exclusion is observed in Yucca
Mountain turfs. Anion exclusion causes anions to appear to migrate faster than
tritiated water. This effect is due to steric hindrance caused by the large size of anions
compared to the apertures of porous tuffaceous minerals (such as zeolites and clays)
and repulsion by the negatively charged tuffaceous mineral surfaces in contact with
natural groundwater. The anion exclusion volumes determined (in the range of 0.03 to
0.1 ml/g ) were found to agree with the intracrvstalline pore volumes calculated from
the zeolitic and clay content of the tufts utilized.

The migration of radionuclides through intact solid rock columns was investigated. 10
The elution of sorbing cations (Cs, Sr, and Ba) through devitrified tuff exhibited greater
tailing in the elution curves that could be fitted by adjusting the dispersion coefficient
in equation 1. The elution of the sorbing cations through solid tuff columns could be
fitted with the measured batch sorption coefficient provided time-dependent dispersion
was invoked. Whether the anomalous dispersion behavior is the result of the finite size

of the solid columns is currently under study. Bacri et al. 11 have reported concentration
profiles (in unsaturated porous media) that exhibit long tails as a result of the sample
length being too small to achieve a statistical random walk.

A transport model12 was utilized to fit the elution of nonsorbing radionuclides through

fractures 13. The model consists of vertical flow through fractures with horizontal diffu-

sion into the matrix perpendicular to the fracture. 12 Elution of the sorbing radionu-
clides through the fracture exhibited a small fraction of the radionuclide eluting early.
This elution behavior could be due to dispersion or channeling phenomena.

Rock beaker experiments were utilized to study the diffusion of radionuclides through

saturated Yucca Mountain turfs. 14 The experimental technique involved fabricating
containers in the form of a beaker (made of tuff). Figure 5 shows a cross section of a
rock beaker encapsulated in a plexiglass container. The rock beaker sits on the
plexiglass container (surrounded by a layer of J-13 water on the sides). A plexiglassI'

stopper is utilized to prevent evaporation. The beaker has an orifice with a radius of 1.4
crn and length of 2.5 an. The rock beaker has a length of 5 cm and a radius of 3.1 cre.

The radionuclides utilized for these experiments were H-3, Tc-95m, Np-237, Am-241,
Sr-85, Cso137, and Ba-133. A J-13 solution containing the radionuclides of interest was

li
'Pl



.l_.__ + _. ' ....... ii !,j, ...... _:II'_ ii_i_It._J_ ........ il_ii!il+l,!|li!ililililiiliilii_,_!_L__ u!_liili__li!ii.li!+i,,+mli,i.iiili--i_i_iilliil!i!,ilililJiIJ_i,|. Li ,ililllliliJiUi,_ ,Li" ............. _i _,'+ ..... |

Figure 5: Sample Rock Beaker
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placed in the cavity of the rock beakers. Aliquots of the solution containing the

radionuclides of interest were taken as a function of time and analyzed for radionuclide

concentration. Figure 6 shows the concentration left in the solution in the cavity of the

rock beaker (made with tuff G4-737) divided by the initial concentration of the solution

placed in the rock beaker as a function of time elapsed after the J-13 solution was placed

in the cavity.

Figure 6: Diffusion Data for Rock Beaker G4-737
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The d_sion data were fitted to the diiffusion equation, given by equation 4, ufi,Nzing

the transpo_ code _CRN. r5 Figure 7 shows the fits obtained (soLid Lines)ufi, L_izing
_CRN for rmn-sorbing radionuclides (H-3 and Tc-95m) in a be_er made of ta G4-
737. The division coefficients obtained for the non-sorbing radion, udides in aN the
ruffs studied are gi,ven in Table 1. Large a_n,ionssuch as pertech, ne%ate are exdiude from
mff pores due to their s_e and charge. The diffusion coeffi,cien_s obtaiined for non-

sorb'ing radionuc_des agree well wi_h previous _esults. 16

Figure 7: Fit_ (solid lim.._) to diffiasion data for rock beaker G4- 737
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The relationship between F and C describes the sorption mechanism that is observed
for the sorbing radionuclides. If sorption is linear, reversible, and instantaneous, then
F[C is equal to a sorption coefficient (Kd). In order to test this assumption batch

sorption experiments were performed utilizing the tufts studies. The batch sorption
procedure consisted of pre-treating 1 g of tuff with 20 _.I of a 1-13 soiution for two
weeks, separating the phases, adding 20 ml of the 1-13 solution containing the
radionuclides of interest to the pre-treated tuff, separating the phases by centrifugation,
and dete_ing the amount of radionuclide in both phases. The sorption coefficients
(Kd) determined in this manner are given in Table 2.

The diffusion of the sorbing radionuclides could not be fitted assuming reversible,







inst_taneo_s,_d _inearsorp,_on.F_gure8 shows thefitthat.wo,u_dbeobt_ed
a.ss._ngthe_ffusioncoefficientdeterminedfortri._atedwateri,ntuffG4-737and the

sorp.tioncoeffident_eter_ned foreachso,rbi,ng radionudiideintuffG4-737.
Comparison of the f_ts for the sorb_ng radionuclides with the ac_al _ata obtained (see
examplJe in F_re 9)_ndi, ca_es t.h,at conservative transport cal_ations wiIl reset from a
batch sorp_,on Kd and the diffusion_ coef6cient obtained for t_,ated wa_er.

The res_s obt_ned from rock beaker experimer_t,s agree _th previous resutts. 17 Tuff
w_er e._eriments were u;_Hzed _o study the uptake of sorbing radionucfides by tuff.
The rate constants for uptake of _he sorbi,ng canons on tuff were consistent with a
model that is diffusion 1L_mited(where diffusion occurs in two stages). F_rst the cations
dNfuse _n_torock through water-filled pores and then the cations diffuse _nto narrower
tnVra-crystal_line channel_s. This diffusion model _e_d_ed sorption coefficients that agree
we_ with sorp_on coefficients determined with batch techniques for the cations Cs, Sr,
and Ba.

Figure 8: Cal'cu,lated Di,ff-usion Data for Rock I:_,ker G4-737

1,0E+0, # D=4e-7 Kd=0

9,0E-t • D=2e-6 Kd=0

D= 2L-_6Kd=8
8,0E-1

X D=2e-6 Kd=28

7,OE-I V D=2e-6 Kd=52

6,OE-1 q. D=2e-6 Kd=134

O D=2e--6 Kd=532
5,0E-1

(d

4.0E-1

3.0E-1

2.0E-1

1,OIE-I

0:0E+0-
1.0E+4 1,0E+5 1,0E+6 1,0E+7 t,0E+8

Time (seconds)



Figure 9'.Comparison of Fit Obtained (_solidline)with Acre,li Cs
Data 6solid square_) _for Rock Beaker G4-737
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Strategy for Validation of Batch Sorption Data

Figure 10 shows the strategy to be utilized to validate batch sorption data utilizing
laboratory transport experiments under advective and diffusive conditions. Batch
sorption experiments will be performed to obtain sorption coeffidents and identify
sorption mechanisms. These experiments are fast, easy, and inexpensive as compared
to column experiments. Results from column experiments uffiizing crushed material
will be compared with results from batch experiments (using equation 4).
Discrepancies may be due to slow kinetics of speciation in solution, mass transfer
kinetics, or sorption which is non-linear, non-reversible or non-instantaneous. Column
experiments will also be sensitive to the formation of radio-colloids (such as Pu(W)
polymer) or pseudo-colloids (such as rad.tonudides adsorbed onto minerals suspended
iri gi-oundWater).

Provided that the discrepancies between crushed rock columns and batch techniques
can be resolved and tt'tat the sorption coefficient (given by the batch technique) _elds a
conservative value, the effect of crushing ,,,All be studied. Intact tuff will be utilized in
column and diffusion experiments to assess whether batch sorption coeffidents
obtained with crushed material are applicable to transport calctflations.

Varying the degree of saturation in column and diffusion experiments will allow



Figure 10: Strategy for Validation of Batch Sorption Data



assessment of the appl'icabiliW of batch sorption coefficients (obtained under saturated
conditions) to transport calculations under unsaturated con_tions. Fracture tuff
columns w_l be utilized to study transport through fractured ruff. The transport modeI
describing vertical transport through fractures, diffusion from the fractures into the
matrix, and sorption within the matrix (described by a batch sorption coefficient) wiU
be tested.

Concluding Remarks

The validation of batch sorption data described in this paper has as its main objective
the vafidation of the concept of utilizing a batch sorption coefficient in transport
calculations. The fact that Figure I0 shows a Kd= 0 for coUoids simply means that it is

acknowledged that colloids m."v travel as fast as the groundwater and that colloid
transport ,,viii probably not be treated utilizing the batch sorption Kd approach.

lt has been postulated by calculations in the water chemistry efforts of YMP 18that the
amount of particulate matter in the groundwaters collected in the vicinity of Yucca
Mountain is not significant enough '-o carry a sizeable amount of radioactivity;
consequently, colloid transport is not important at this site. Since no conclusive
evidence exists yet, the Dynamic Transport Column Experiments and the Retardation
Sensitivity Analysis Studies of YMP are designing a colloid strategy in order to quantify
the genesis of colloids (by natural processes and as a result of emplacement) as well as
the transport of colloids through tuff.

Preliminary experiments in the field of colloids involved the determination of size

distribution of Pu(IV) polymers 19 and the study of colloid transport of well-
characterized synthetic colloids (in the size range from 0.1 to 10 micrometers) through
saturated fractures. 6 No elution of the colloidal material was observed in the fracture

experiments except in the case of the 1-micrometer colloids. Twenty-four percent of the
input material in the case of the 1-micrometer colloids was eluted through the fractured
tuff column. This observation is in agreement with the predicted size dependence of

colloid filtration transport models. 20
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