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ASSESSMENT REPORT ON THE
KINETICS OF RADIONUC LIDE ADSORPTION

ON YUCCA MOUNTAIN TUFF

R. S. Rundberg

ABSTRACT
The kinetics of sorption was measured by observing the up-

take of radionuclides by tuff wafers and crushed tuff as a func-
tion of time. In addition, the broadening of breakthrough curves
for cations eluted through crushed-tuff columns was interpreted in
terms of adsorption kinetics. The results of these measurements
are consistent with a diffusion-limited adsorption mechanism for
simple cations, such as strontium, cesium, and barium. The ad-
sorption kinetics for these simple cations is sufficiently fast so that
equilibrium can be assumed for the retardation of these chemi-
cal species in the groundwater velocities that would be reasonable
for must release scenarios. The actinides. in particular plutonium.
exhibited a slow time dependence for adsorption. The lack of re-
producibility in sorption measurements for actinides makes the in-
terpretation of those results tenuous. The further study of actinide
sorption kinetics is. therefore, recommended.

I. INTRODUCTION
The minerals present in the tuff underlying Yucca Mountain. Nevada, provide a nat-

ural barrier to the movement of radionuclides.1 This geochemical barrier is under study

by the Nevada Nuclear Waste Storage Investigations Project, which is examining the suit-

ability of the Yucra Mountain site as a potential high-level nuclear waste repository. This

geochemical barrier is generally due to the adsorption of radionuclides on the internal and

external surfaces of aluminosilicate and. to a lesser extent, metal oxide minerals. The

result is a slowing or retardation of the radionurlides with respect to the velocity of the

water: analogous liquid chromatography studies ran be performed in the laboratory. The

overall process of moving solutes through chromatographic columns, which includes ad-



vection. diffusion, dispersion, and adsorption, is called mass transfer. The performance

of a chromatographic column is measured in terms of the number o! th.rioret ical plates or

mass transfer uni ts . The number of mass transfer units depends on the rate of adsorption,

among other things. The commonly used formula that relates the retardation factor to the

sorption ratio assumes a large number of mass transfer units. An excessively low number

of mass transfer units can lead to earlier breakthrough than predicted.

The rate of adsorption of radionuclides on tuff may be limited by diffusion, reaction

between chemical species, or reaction with the solid phase. The study of adsorpt ion kinetics

can provide a basis for a fundamental understanding of the adsorption process. In addition

to surface absorpt ion, a mechanism that has extremel) slow kinelics and that may provide

a barrier to radionuclide migration is the dissolution and subsequent recrystallizat ion of

minerals. Some radionuclides can be incorporated into the newly formed mineral crystals

and become permanently immobilized. The time scale required to examine this phenomena

under the conditions expected in the field is not feasible for laboratory s tudy.

Understanding the kinetics of adsorption is impor tant for the correct interpretation

of laboratory radionudide migration experiments because some radionuclides, for what-

ever reason, exhibit changes in adsorption ratios with t ime (for example, plutoniurn and

americium") and also because some transport experiments involve relatively high water

velocities (for example, experiments involving t ransport by fracture flow). The interpreta-

tion of some phenomena is ambiguous unless sorption kinetics are considered. For instance.

some radionuclides elute rapidly through A crushed-tuff column because of kinetics, un-

charged or negatively charged species, or colloids. To interpret these results, supporting

evidence will be required from several independent experiments.

Rate constants for the kinetics of adsorption are necessary to establish firm limits

on water velocities for which equilibrium .sorption mechanisms can be assumed. This will

be important in the assessment, of repository performance under scenarios that involve

increased water velocities above those used in the laboratory columns studies. If the

velocities considered in the scenarios are above these limits, ..he retardat ion factors will

have to be adjusted accordingly- A series of limits based on the Thomas solution are

provided in See. V of this report .

Reaction rates and rate laws have been widely used in chemical research to elucidate

the mechanism of reaction. The order of the dependence of the reaction rate on the react.ant

concentrations can be used to infer the identity of an intermediate species in the reaction

mechanism. The magnitude rate constants or activation energy for reaction can also be

used to infer a reaction mechanism. For example, the exchange of ions on a surface would

likely have essentially no er - rgy barrier and the rate should only be diffusion limited.
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The effect of sorption kinetics can be observed in several ways. The shape of tracer

elutions through crushed-tuff columns can provide an estimate of the rate of reaction.

In column chrotnatography studies, usually the theoretical plate height increases, and

therefore, the peak width increases at very low fluid velocity where longitudinal diffusion

is significant. As the fluid ve'ocity in a chromatographic column increases, the plate height

will decrease until reaction kinetics prevents the solute from completely equilibrating with

the solid phase, at which point the plate height is minimized with respect to fluid velocity

and increases with increasing velocity. Column chromatography has been well described

using solutions to the mass transfer equations developed for linear reactions. The uptake

of solutes in crushed tuff or tuff wafers will yield reaction rates if the rate of reaction is

slower than the rate of diffusion into the tuff particles or wafers. If the reaction is much

slower than ciffusion into the particles, the reaction rate law can be determined directly.

If the rate of diffusion and reaction are nearly equal, interpretation is more complex but

can be carried '<ut using the method described in Sec. III.

The purpose of this report is to (l) present the known rate constants for the adsorp-

tion of cations on tuff, (2) provide velocity limits for which measured sorption ratios for tuff

are valid, (3) discuss the anomalous behavior of actinides in terms of kinetics, (4) assess

what impact kinetics could have on the transport of actinides, and (5) provide data that

can be used to validate transport models involving nonequilibrium sorption.

II. ELUTION CURVE SPREADING IN CRUSHED-TUFF COLUMNS

Strontium, cesium, barium, and other simple cations should interact with zeolites

and clays in geologic media by means of an ion exchange mechanism. Erickson's sorption

experiments with argillite show that the rate of sorption is diffusion controlled.3 Sorption

of strontium, cesium, and barium have been shown to correlate with the mineralogy of

tuff from Yucca Mountain.~ The Freundlich isotherms4 '5 determined for tuffs are also

consistent with an ion exchange mechanism. To further test this mechanism, the results

of experiments with crushed-rock columns were compared with what would be expected

from conventional ion exchange liquid chromatography.

The absorption behavior of the actinides with tuff appears to be more complex.

Complete elution curves for actinides in crushed tuff as a function of water velocity are

not yet available, and thus, the effect of mass transfer kinetics on actinide elution curves

cannot be addressed at this time. The kinetics of adsorption will be addressed in the

context of other experiments in Sec. IV.



A. The Theory of Column Chromatography

The sharpness of a column breakthrough curve depends on the number of mass

transfer units or the number of theoretical plates. This is illustrated in the solution to the

mass transport equation derived by Thomas (discussed in detail in Sec. V). The larger the

number of mass transfer units or theoretical plates, the sharper the breakthrough curve.

Note that chemists prefer to use theoretical plates, chemical engineers prefer mass transfer

units, and hydrologists prefer the Peclet number. Because various disciplines use a solution

nearly identical to the Thomas solution (for large values of N), the parameters are similar

or at least proportional to each other However, the Peclet number does not include the

chemical processes included in the mass transfer number. The number of theoretical plates

for a given column is equal to the length of the column divided by the theoretical plate

height. Thus, the sharpness of the breakthrough curve is inversely proportional to the plate

height. The following discussion is not a rigorous theoretical treatment, but it accounts

for the general performance of chrornatographic columns.

The theoretical plate height, H, in column chromatography is the sum of at least four

factors and can be represented by the following equation.6

H = Hp t Hd +- Ha - Hm ,

where

H}l is due to dispersion,

Hd -- is due to molecular diffusion,

Hs is due to mass transfer, sorption-desorption kinetics, and

Hrn is due to mass transfer, zone spreading.

The first term, which is due to dispersion, has no velocity dependence and can be repre-

sented by the equation

Hv 2Xdv ,

where A is a constant that depends on the packing and df, is the particle diameter. This

contribution to the plate height, results in broadening of the chromatographic peak caused

by the distribution of flow velocities and flow paths. Nonuniform packing of the column

will result in a wider distribution of flow velocities and. therefore, broader peaks.

The second term, the molecular diffusion term, is inversely proportional to fluid

velocity and. therefore, becomes dominant at slow fluid velocities. This relationship is

represented by the equation

Hd -- 2',Dmiv .



where

-; tortuosity factor.

Dm - diffusion coefficient in the mobile phase, and

v - average fluid velocity.

The tortuosity factor is actually inversely proportional to the tortuosity of the flow paths.

Spherical beads yield a tortuosity factor of — 0.6 (Ref. 7).

The last two terms are due to the kinetics of sorption and desorption. Because the

rate of ion exchange is normally diffusion controlled, these relationships are expressed in

terms of the diffusion coefficients of the ions and the geometry of the exchange particles.

Both these terms are directly proportional to the fluid velocity, and they are represented

as

/ / , qrd2v;Ds ,

where

q -- configuration factor,

r --- constant dependent on the relative migration rate,

d - thickness of the stationary phase, and

D., = diffusion coefficient in the stationary phase;

and

fl jn - ~JU V / Urn i

where ^ is another configuration factor. These equations show that at low fluid veloci-

ties the plate height is determined by molecular longitudinal diffusion and at high fluid

velocities by the rate of mass transfer.

B. Experiment Results

The fluid velocities used in most of the crushed-rock column experiments are low

enough for the theoretical plate height to be estimated on the basis of longitudinal diffusion

in the mobile phase. A small set of crushed-rock columns were chosen to illustrate this.

The diffusion coefficients can be calculated from ionic conductivities using Nernst's

equation8 for single-ion diffusion coefficients at infinite dilution.

8.931 ' 10



TABLE 1
DIFFUSION COEFFICIENTS

Cation

Sr ' -
Cs~
Ba- '

Ionic Conductivity

59.4
77.3
63.6

D'

7.745 v
2.02 •
8.32 >

/ s )

10
10
10

where

T temperature in degrees Kelvin,

A, ~ ionic conductivity, and

Z, - ionic charge.

The single-ion diffusion coefficients were thus calculated from the ionic conductivities9 and

are given in Table I. The theoretical plate heights were then calculated using -y = 0.6 for the

YM-54-1 tuff column. As can be seen in Table II, the resulting plate heights are too large.

The plate heights were also calculated with '; adjusted to give a best fit to the actual plate

heights. The calculated theoretical plate heights are large enough to demonstrate that

no unusually slow mechanism for sorption is necessary to explain the data in these cases.

The calculated plate heights shown in Table II can be compared with those in Table III.

Except for the case of column CS-5-2, which was run at a high flow rate, the peak shapes

are adequately described by diffusional broadening.

The performance of chromatographic columns is sometimes expressed in terms of the

reduced plate height, h, and the reduced fluid velocity, n:

h = H/'dp and

n - dpv I Dm •

Surprisingly close agreement was obtained when the reduced plate heights for the two CS-5

(Climax Stock granite) crushed-rock columns were compared with the theoretical values

for a typically efficient chromatographic column.1" Assuming a particle diameter of 70 fim

(median of the sieve fraction), the reduced plate height for column CS-5-1 is 11.0 and the

reduced velocity is 0.09. The reduced plate height for column CS5-2 is 8.0 and the reduced

velocity is 8.0. These results are within 10c/t of the theoretical values.1"



TABLE II

T H E O R E T I C A L PLATE HEIGHTS CALCULATED ON T H E

BASIS OF MOLECULAR DIFFUSION ONLY

YM-54-1 Y.M-54-1 YM-54-3 YM-22B CS-5-1 CS-5-2

Cation (- , -0.6) ( V 0.17) (-*-'- 0.21) (-,-0.35) (-,-0.40) (-/ - 0.40)

Cs~
Ba 2 '

0
0
0

.14

.37

.15

0.040
0.104
0.043

0.046
0.121
0.050

0.032
0.083
0.034

0.064

0.068

0.001

0.001

TABLE III
CRUSHED-ROCK COLUMN PERFORMANCE

Column
Velocity
(cm/s)

YM-54-3 7.0 • 10

CS-5-1 9.7 - 10

CS-5-2 8.8 , 10

Cation FWHM/to
a

YM-22B 1.7 / 10"4 Sr2-
Cs"
Ba2

YM-54-1 6.6 /• 10"5 Sr2~
Cs *

Cs*
B a 2 •

Sr 2 "
B a 2 '

Ba1' •

Nniu H

0.57
0.56
0.72
0.64
1.0
0.86
0.55
0.79
0.69
0.75
0.65
0.50
0.38

49
51
31
39
16
22
53
26
34
28
38
64
110

34
35
21
27
11
15
37
18
24
19
26
44
76

0.039
0.037
0.061
0.038
0.094
0.069
0.049
0.100
0.076
0.077
0.057
0.056
0.033

N'T is the number of theoretical plates and N„,,,., the number of mass transfer un i ' s .



The complete set of crushed-tuff elution data11 was fit to the error function solution

for mass transport, and the results are shown in Table IV. Strontium behaves as expected

on the basis of the previous discussion and sharpens dramatically as the velocity is increased

to 1.84 • 10 "cm/s. However, cesium and barium show significant broadening in the faster

flowing columns. Unfortunately, the data set is too sparse to make solid inferences as to

the cause of this behavior. It has been noted, however, that cesium sorbs irreversibly on

certain clay minerals. This process would undoubtedly be slower than simple ion exchange

and wouid broaden the elution curve.

Qj_. Conclusion
The spread of elution curves for strontium, cesium, and barium was studied in the

context of chromatographic theory. The spreading at water velocities below 10~4 cm/s was

controlled largely by the longitudinal diffusion of the cations in solution. There appears

to be a sharpening of the elution curve at velocities from 10 4 cm/s to 10~2 cm/s for

strontium. Cesium did not appear to elute more sharply at higher velocities, and barium

appeared.to sharpen with some exceptions. In none of the crushed-tuff column experiments

did the shape of the curves indicate excessively slow mass transfer kinetics.

The crushed-tuff elutions were fit to the error function solution of the transport

equations, and they adequately reproduced the data in the majority of cases. The elution

curves with the best fit, calculated curves are shown in the figures contained in App. A.

The curves were all fit using the Oak Ridge Generalized Least Squares code, ORGLS.

The error function deviated from the observed iesults in the tails of many of the elutions;

however, this discrepancy was small and because the mass of the radionuclide will arrive

earlier, it can be neglected.

III. THE UPTAKE OF CATIONS ON TUFF WAFERS
The elution curves discussed in the previous section indicate rapid sorption kinetics on

crushed-tuff columns. Sorption experiments were also performed on thin tuff wafers. When

a diffusion model with instantaneous equilibrium was applied to the data, it could not be fit

by adjusting the diffusivity or the distribution coefficient. The data can, however, be fit by

using a diffusion model with reversible reaction. The rate constants for uptake on tuff are

consistent with a model of sorption that is diffusion limited but where diffusion occurs in

two stages. First, cations diffuse into the rock through the water-filled pore space. Next,

the cations diffuse into the much narrower channels within the aluminosilicate crystals.

After they are within the zeolite framework or between the clay layers, the cations may

rapidly sorb on the negatively charged surfaces.



TABLE IV
MASS TRANSFER UNITS FOR CRUSHED-TUFF COLUMNS (DETERMINED BY

LEAST SQUARES FITTING OF CURVE SHAPES)

Sample

G-1-2334 B

G-1-2334 C

G-1-1883

G-1-1883 R

G-1-1883

YM-5

YM-22

YM-38-3

YM-54-1

a Continuous

Isotope/ Feed

I -
Tc
Tc
Sr
Ba
Cs

I-
Tc

I
I
Tc

I
Tc

I
Tc

Sr

Sr
Cs
Ba

Cs

Sr
Cs
Ba

feed.

cont.a

cont.
spike
spike
spike
spike

cont.
cont.

cont.
cont
cont.

cont.
cont.

cont.
cont.

spike

spike
spike
spike

spike

spike
spike
spike

N m t n

30.
41.
38.
14.
69.
52.

32.
37.

46.
33.
35.

68.
75.

84.
92.

19.

27.
23.
31.

3.

26.
10.
18.

Peak
Volume
(1/B)

0.620
0.571
0.528
63.8
731
1010

0.470
0.463

0.376
0.366
0.368

0.407
0.403

0.589
0.586

157

10.1
146
53.7

7160

13.1
31.5
38.1

Column
Length
(cm)

4.90
4.90
4.90
4.90
4.90
4.90

5.00
5.00

5.00
5.00
5.00

5.00
5.00

5.0
5.0

4.90

1.90
1.90
1.90

2.45

1.50
1.50
1.50

Velocity
(cm/s)

5.88 x 10~3

5.88 x 10~3

5.88 x HP3

5.88 x 10~3

5.88 x 10 " 3

5.88 x 10-3

1.418 x 10~3

1.418 x 10"3

1.418 x 10~3

1.418 x 10"3

1.418 x HT3

0.31 m£/hr
0.31 m£/hr

0.31 m£/hr
0.31 m£/hr

1.64 x 10~4

2.01 x 10~4

2.01 x 10~4

2.01 x 10~4

2.45 x 10 2

8.11 x 10~5

8.11 x 10~5

8.11 x 10-5

f

0.643
0.643
0.643
0.643
0.643
0.643

0.479
0.479

0.479
0.479
0.479

0.479
0.479

0.479
0.479

0.500

0.540
0.540
0.540

0.377

0.644
0.644
0.644



TABLE IV (cont)

Sample

Peak Column
Volume Length Velocity

Isotope/Feed N m t n ( l /B) J c m ) _ (cm/s)

YM-54-2

YM-54-3

JA-32-1

JA-32-3

JA-37

G-Tunnel

G-1-1292

G-1-1436

G-l-1883-1

G-l-1883-2

G-l-1982

G-1-2363

G-l-2410

Cs

Sr

Cs
Ba

Sr

Sr

Sr

Tc

Sr

HTO

Sr
Ba

Sr
Cs
Ba

Sr
Ba

Sr
Cs
Ba

Sr
Tc

cont.

spike

spike
spike

spike

spike

spike

spike

spike

cont.

spike
spike

spike
spike
spike

spike
spike

spike
spike
spike

spike
spike

29.

42.

22.
29.

66.

18.

19.

69.

5.

31.

19.
51 .

30.
14.
66

27.
46.

101.
110.
120.

159.
72.

21.5

22.4

62.0
66.6

41.1

13.4

39.0

2.0

69.6

1.33

5.45
27.3

54.9
518
253

30.9
242

67.5
279
203

50.9
0.408

1.49

2.60

2.60
2.60

4.40

1.85

2.15

5.00

2.95

8.00

2.14
2.14

4.35
4.95
4.95

3.10
3.10

4.85
4.85
4.85

4.85
4.85

1.49 1.34 x 10"4 0.706

2.60 7.16 x 10~5 0.652

7.16 x 10" 5 0.652

7.16 x 10^5 0.652

3.41 x 10"4 0.568

1.94 x 10"4 0.598

1.61 x 10"4 0.444

3.00 x 10~5 0.707

7.73 x 10- 5 0.769

3.44 x 10~5 0.700

1.27 x 10"4 0.677

1.27 x 10"4 0.677
6.72 x 10~5 0.614
6.72 x 10- 5 0.614
6.72 x 10~5 0.614

9.33 x 10~5 0.848
9.33 x 10~5 0.848

1.80 x 10"4 0.579
1.80 x 10"4 0.579
1.80 x 10"4 0.579

4.29 x 10"4 0.561
4.29 x 10~4 0.561
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TABLE IV (cont)

Sample

G-l-2476

G-1-2901

G-1-3116

G-1-3658

Isotope/Feed

Sr
Ba

Sr
Ba

Sr
Cs
Ba

Sr

spike
spike

spike
spike

spike
spike
spike

SDike

Nmtn

91.
139.

10.
70.

660.
64.
4.

380.

Peak
Volume
(1/B)

28.2
290

19.4
248

409
2710
3180

828

Column
Length

(cm)

4.88
4.88

2.90
2.90

3.00
3.00
3.00

3.05

Velocity
(cm/s)

2.33 x 10~4

2.33 x 10~4

8.46 Y 10~5

8.46 x 10~5

1.44 x 10"2

1.44 x 10~2

1.44 x 10~2

1.84 x 10-2

£

0.724
0.724

0.766
0.766

0.652
0.652
0.652

0.489

A. Experiment

Pretreated groundwater samples containing a radioactive tracer, 137Cs, 193Ba, or
85Sr"', were contacted with 2-mm-thick tuff disks with 2.54-cm diameter. The tuff disks,

supported by a teflon tnread, were immersed ir. the traced solution and agitated on an

orbital shaker. The water was sampled periodically and analyzed to determine radionu-

clide uptake as a function of time. Samples were taken from as early as 5 min after the

introduction of tracer to as long as 4 weeks afterward.

The tuff samples were obtained from Drill Hole USW G-l at Yucca Mountain,

Nevada. The samples were G-l-1436, a highly zeolitized ash-fall tuff from the Calico Hills

unit, G-l-1883, a partially welded devitrified tuff from the Prow Pass unit, and G-l-1982,

another partially welded devitrified tuff from the Prow Pass unit.12'13 The radionuclides

were absorbed on the zeolite minerals, and smectite clays are contained in the tuff matrix.

The mineralogic analyses of these samples are given in Table V.

B. Results and Discussion

The results of these experiments were compared with the analytic equation for dif-

fusion into a plane sheet from i solution of limited volume. The equation (equilibrium

sorotion and matrix diffusion) is plotted in Fig. 1. This plot has a log-log scale because

11



TABLE V
PERCENT OF MINERALOGIC CONTENT IN DRILL HOLE SAMPLES

AS DETERMINED BY X-RAY DIFFRACTION

Mite- Clinoptil- Cristob- Alkali
Tuff Sample Smectite Muscovite olite Quartz alite Feldspar

G-l-1436
G-l-1883
G-l-1982

< 5 < 5 75-90 5-10 — 5
2-5 < 5 — 20-40 0-10 40-60

5-20 < 5 — — 30-60 20-60

l - i

M/M 0.1-

0 01-
0

Kd - 230 ml/g

T) - 0.05

D8 - 8 33 X 10* cm2/!

Q Q—O-

10

DT/L2

~i—i i 111—

100
1 1 1—i

1000

Fig. 1. Comparison of matrix diffusion with slow mass transfer kinetics to matrix diffusion
with equilibrium sorption.
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in dimensionless form the data should be fit by simply translating the curve; that is,

scaling the diffusion coefficient. It is clear that all the data cannot be fit using this model,

particularly the early points.

One of the assumptions inherent in this formalism, which could affect the time de-

pendence of uptake, is that the diffusing species is partitioned between the solid and liquid

phases in a manner that is constant with time,that is, a linear adsorption isotherm. The

latter assumption is valid in highly zeolitized tuff and generally in tuffs having high sorption

ratios.14 At the concentration levels used in these experiments, the isotherm is expected

to be linear for the other devitrified tuffs as well, with the possible exception of cesium

isotherms (they can be nonlinear as a result of multiple high-affinity sorption sites). There-

fore, in this paper only the effect of sorption kinetics on the uptake radionuclides by tuff

wafers will be discussed.

The data were next fit to the one-dimensional diffusion equation for a plane sheet

coupled to a linear reversible reaction with the solid phase, as defined below.

The diffusion is governed by the equation

6c n*>2c f>s

It J72 It
with the simultaneous reaction of the type

6S L- L.
— - kic - k2s ,
or

where

c •-- concentration of the solute free to diffuse within the sheet,

s - concentration of the immobilized solute,

D -- diffusion coefficient,

j" -- position in the disk,

/ the time, and

k].k2 the rate constants of forward and backward reactions, respectively.

The solution to these equations is given by ("rank:15

A/.- v , . (I - n)eip(pnt) [a pn^ p2ja \

A/, ~ " ' l - : i ^ : \2[ ' "

w h e r e p n and qn a r e t h e n o n z e r o roo t s of

• - qn tan (qna), qn

13



and where a = £/{R + l)a,Moo = £co/(l + a ) , and

co = the initial concentration of tracer,

a — the thickness of the sheet,

I = the effective length of the solution,

Alt ~ the total amount of solute taken up by the sheet at time t,

Moo = the amount of uptake at injection time, and

R = k , /k 2 .

This solution is plotted in Fig. 1 as a solid line. An excellent fit to the data is

obtained with diffusion coefficients that are close to those expected for matrix diffusion.

All the uptake results for the three tracers on the three tuff samples show good fits with

the kinetic model. The rate constants and diffusivities are given in Table VI. Diffusion

coefficients for these cations are fairly close to the free ionic diffusion coefficients. This

similarity indicates that the diffusion path is not very tortuous. However, this may not

be true for the larger sample where dead-end pores would have more effect on diffusion.

Another interesting observation is that whereas the sorption rate constants vary by many

orders of magnitude, the desorption rate constants vary only slightly (less than a factor of

2) for similar tuffs and less than a factor of 4 for dissimilar tuffs, for a given cation.

The sorption ratios for samples of tuffs G-1-1883 and G-l-1982 were determined after

4 weeks by using the distribution of radionuclides between the tuff wafer and the solution.

The errors in mass balance of tracer between the solution and the tuff wafer for the G-l-

1436 sample were too large to yield a meaningful sorption ratio. A desorption experiment

was performed on this sample and the sorption ratios after 3 weeks were determined for

cesium and strontium. The results of these experiments are shown in Table VII with

corresponding measurements from crushed-tuff (batch) experiments.14 The agreement is

excellent, differing by much less than a factor of 2 in all cases.

14



TABLE VI
SORPTION RATE CONSTANTS FOR NEVADA TEST SITE TUFF

Tuff Radio- Kd k, k2 D
Sample nuclide (m£/g) (s"1) (s"1) (cm2/s)

G-l-1436 Cs 7 790 6.3 x 100 1.4 x 10~4 2.78 x 10~6

Sr 36 300 3.5 x 100 2.0 x 10"5 2.11 x 10" 6

Ba 148 000 1.2 x 101 1.7 x 10~5 3.38 x 10 7

G-l-1883 Cs 230 5.9 x 10"2 4.2 x 10"5 8.33 x 10~6

Sr 27 1.1 x 10~3 6.7 x 10"6 1.33 x 10" 5

Ba 210 5.7 x 10~2 4.4 x 10"5 8.89 x 10"G

G-1-1982 Cs 1000 4.0 x 10"1 4.7 x 10"5 9.44 x 10~6

Sr 88 9.5 x 10~3 1.4 x 10"5 1.37 x 10~5

Ba 800 2.6 x 10"' 4.4 x 10~5 8.89 x 10~6

TABLE VII
Kd COMPARISON: TUFF WAFERS vs CRUSHED TUFF

Kd (Wafer) Kd(Batch)
Tuff Sample Element (m£/g) (

G-l-1883

G-1-1982

G-l-1436 (desorption)

Sr
Cs
Ba

Sr
Cs
Ba

Sr
Cs

27
230
210

80
1 000

800

95 500

14 900

22
190
180

62
1 200

800

87 000

24 00
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If the .ate of sorption of radionuclides is controlled mainly by diffusion into zeolite

and clay crystals, the rate constants ki and k2 can be related to the diffusion coefficient

by the equations for mass transfer in ion exchange particles.16'17 The uptake of cations by

a mine;al is expressed as

6s _ &0DeI}

= Y^~\{t + Kdp)cm - s\,

so that

, and

where

cm = concentration in the pore fluid,

Sj = concentration in the solid phase at the interface,

r = the crystal diameter,

Qeff — effective diffusion coefficient,

Kd ~ distribution coefficient,

p — Jry bulk density, and

e — porosity.

This enables one to estimate a diffusion coefficient for an ion inside the zeolite or clay

crystal, assuming the film resistance on the crystal is the same for ion exchange resin.

Samples of the tuffs used in these experiments have been examined under a scanning elec-

tron microscope. The zeolite and clay crystals appear to be equal to or smaller than 1 fim

in diameter." This allows one to calculate an upper limit for the intracrystalline diffusion

coefficient. Table VIII reports these estimates and the diffusion coefficients determined

for two pure nature zeolites, chabazite and mordenite. The diffusivities in these zeolites

are many orders of magnitude smaller than the free ionic diffusivities. This difference is a

result of the narrow channels within the zeolite crystal structure through which the ions

must migrate. The kinetic diameter of chabazite is 4.3 A (Ref. 18), and that of mordenite is

From information received from David T. Vaniman, Los Alamos National Laboratory

(October 1983).
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TABLE VIII
INTRACRYSTALLINE DIFFUSION COEFFICIENTS

D2

Sample Ion (cm2/s)

Chabazite [19] Cs+ 4.9 x 10~13

Sr2T" 1.3 x 10~16

Ba2 1.3 x 10-13

Mordenite [20; Cs+ 5 x 10"15

Sr2+ 1.5 x 10"1G

Ba2 4.5 x 10-16

G-1-1436 Cs+ F2.3 x 10 14

Sr2+ F3.3 x 1O~15

Ba2 F2.8 x 10"14

G-l-1883 Cs" F6.7 x 10"13

Sr2^ Fl.l x 10"15

Ba2 F7.3 x KT15

G-l-1952 Cs^ F7.8 x 10~15

Sr2^ F2.3 x 10"15

Ba2 F7.3 x 10~15

3.9 A (Ref. 19). The kinet;c diameter for the zeolite clinoptilolite, which is present in the

tuff of the Calico Hills member of Yucca Mountain tuff G-1-1436, is 3.5 A (Ref. 20). The

channel opening in a fully hydrated montmorillonite clay (the principle adsorbing mineral

in G-l-1883 and G-l-1952 tuff) is approximately 5.6 A (Ref. 20); therefore, a larger

diffusivity is expected for montmorillonite. Until more complete crystal size distributions

are measured in these tuffs, this difference cannot be observed. The estimated diffusivities

show that the mass transfer rates observed for cesium, strontium, and barium sorption on

Yucca Mountain tuff are consistent with a diffusion-limited ion exchange mechanism.

C,_ Conclusions

The sorptive properties of Yucca Mountain tuff for the simple cations of strontium,

cesium, and barium are consistent with a simple ion exchange mechanism. The uptake of

these radionuclides by intact samples of tuff can be described by matrix diffusion accom-

panied by a reversible adsorption reaction. The mass transfer kinetics is also consistent

with diffusion-limited ion exchange, where the rate-determining step is diffusion into the
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channels within crystals of zeolites and clays. The sorption ratios for these cations on

intact tuff are in excellent agreement with the sorption ratios that were determined for

crushed tuff during batch-technique experiments. This agreement is primarily the result

of the small crystal size observed in the tuffs; that is, the crushed- and intact-tuff samples

have similar grain sizes.

IV. ACTINIDE SORPTION
Any discussion of the kinetics of sorption for the actinides is difficult because the

mechanism of sorption is not known nor is the chemical form of plutonium or americium
;n neutral pH solutions known with any certainty. However, there are some trends exhibited

in the actinide sorption data that allow inferences to be drawn. One of these is the lack of

a consistent increase in the sorption ot actinides on tuff samples containing progressively

greater composition of minerals with abundant cation exchange sites; that is, zeolites

and clays. This observation suggests that either the predominant species of plutonium

or americium is not a cation or that the predominant cationic species is too large to be

adsorbed on the intracrystalline sites. In Sec. 11 and III, the adsorption of cations was

shown to be diffusion limited. Therefore, the kinetics of actinide sorption could be expected

to be slow only if the reaction from the predominant species to form an adsorbing species

is slow. Another trend is found in the desorption of actinides. The actinides generally

desorb with a Kd equal to or greater than 10 times the adsorption Kd- This observation

could indicate slow desorption kinetics. However, there are several alternate explanations;

for instance, the higher desorption could also indicate precipitation or the saturation of a

limited number of strongly binding adsorption sites.

A. Time Dependencj? of Actinide Sorption in Batch Measurements
The sorption ratios for radionuclides on Nevada Test Site tuff have been measured as

a function of time for many elements and tuff samples. The simple cations in agreement

with the diffusion-limited mechanism discussed earlier did not show significant changes in

sorption ratios with time over 12-week periods. Plutonium and, to a much lesser extent,

americium have shown a change in Kd with time, although there is large scatter between

replicate measurements. The data for plutonium and americium are summarized in Table

IX. A number of paradoxes presented by the data should be noted: (l) americium Kcjs do

not appear to increase with time, with the possible exception of the YM-49 experiment:

[?.) americium K^s appear to decrease with time in several experiments (the significance

r» this observation is dubious in view of the large scatter in americium K^ values); and (3)

plutonium KrjS increase with t.imp in several of the experiments; that is, in experiments

18



TABLE IX
ACTINIDE KINETICS OF SORPTION

mple
:trn)

Am

Pu

Am

Am

Am

Pu

Pu

Am

JA-18

JA-18

JA-32

JA-37

YM-22

YM-22

YM-22

YM-38
•"' 75

75 - 500

Time
(weeks)

1
2
4
8

1
2
4
8

1
2
4
8

1
2
4
8

3
6
12

3
6
12

3
6
12

3
6
12
3
6

Kd

214
198
225
82

120
110
101
144

110
110
185
79

430
370
430
640

1500
1100
1100

37
64
100

130
120
280

9500
7300
2600
6100
5200

Errora

±120
±120
±120
± 28

± 50
± 50b

± 20
± 80

12 2500

Deviation from the mean of duplicate runs.
Estimated error.
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TABLE IX (cont)

Sample
(Mm)

Pu

Am

P u

Am

Pu

Am

Pu

YM-38
<75

75-2500

YM-49

YM-49

YM-54
<75

75-2500

YM-54
<75

75-500

G-1-1883

G-l-1883

Time
(weeks)

3
6
12
3
6
12
3

3
6
12

3
6
12

3
6
12
3
6

3
6
12
3
6
12

f>._>
6
12

O
iJ

6
12

Kd Error3

130
320
650
58
120
240
6200

2900
2800
7100

145
180
210-820

900
1300
900
150
150

66
64
76
52
81
160

4200
4500
5300

5)
71
94

Deviation from the mean of duplicate runs.
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with YM-22, YM-38, YM-49, YM-54, and G-l-1883. The data in Table IX are all listed in

terms of Kd so that they more easily convert to concentration in solution for the following

useful relations. The Kd is equal to the concentration in the jolid, q (moles/g), over the

aqueous concentration, c (moles/m£),

c

All the batch measurements were performed with 1 g of solid/20 ml of solution so that by

mass balance the solid phase concentration is

20co 20c
q = i r '

where co is the initial concentration. Thus,

c 20
co ( 2 0 - / Q )

A plot of YM-22 plutonium sorption in terms of c/co is shown in Fig. 2. The

accompanying curve is a fit to the data using a linear reversible rate law. If we assume

linear concentration dependence, the rate of change in solution concentration is

dc

the solution to which is

c 2 0 2
— I I • Q

[ Jk 20fc!

klC ~r k2[20co- 20c ,
at

co [ Jki - 20fc2
! l ki + 20k2 ' V ;

This rate law fits the data in Fig. 2 reasonably well. However, the rate constant k! — 6.37

x 10~7 s"1 is very small as compared with the 6.3 x 10~6 to 1.1 x 10~3 s^1 observed for

simple cations, and k2 = 6.37 > 1O^9 is small compared with 6.7 x 10~6 to 1.4 x 10~4

s"1. For the desorption experiment, the rate law is

Jt = klC ~
and the solution analogous to Eq. ( l) is

* l4
qo fc] -r 20k2' k\ + 20k2

The Kd can be calculated as a function of time using

K = j?2/te<V)_
d ' 1 - \qjqo)
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Fig. 2. The c co as a function of time for plutonium sorption on YM-22 (Tpt) tuff.
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The resulting sorpticn and desorption values are shown in Table X. The fit to the sorption

data appears lo be quite good and the desorption values are at least of the correct order

of magnitude. Until experiments exhibiting a kinetic effect are run ever smaller time

increments, an order of magnitude fit is all that can be expected and deviations from the

linear rate law cannot be measured.

B. Conclusions

The phenomenon of actinide sorption is still not well understood. The reproducibility

of batch sorption experiments on actinides is poor. The plutonium feed solutions have

contained a mixture of oxidation states from IV to VI. The thermodynamic data base for

actinide solubility is too poor to accurately predict the solubilities in Drill Hole J-13 water.

Thus, the effects cf precipitation, which would yield an apparent sorption ratio, cannot

be ruled out in the batch measurements. Furthermore, there is no sensitivity to cation-

adsorbing minerals such as clays and zeolites. This leaves the mechanism for "sorption"

in doubt.

The kinetics of sorption are apparently slow for plutonium in a number of cases

although time dependence is not observed in every series of batch measurements. However,

to be conservative, the slow sorption observed in a few cases can be ufed as a baseline for

sorption kinetics. The kinetic constants established in the preceding section will be used

in Sec. V for establishing groundwater velocity limits for which the Kd or equilibrium

sorption constants are still valid. The uncertainty in the rate constants and velocity limits

is difficult to estimate because the mechanism is so poorly understood.

TABLE X
SORPTION/DESORPTION RESULTS FOR SAMPLE YM-22

Experimental Calculated

Time (m^-'g) 0

(weeks) Sorption Desorption Sorption Desorption

3 37 1400 33 1770

6 64 1300 71 906

12 100 1300 99 475
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Further experimentation with the actinides is necessary to improve confidence in

predicting the retardation of these elements. As plutonium in defined oxidation states

becomes available, more meaningful sorption studies can be performed. Experiments of

this nature have already been initiated at Los Alamos and progress can be expected soon.

In addition, it is desirable to study the interaction of single species with pure minerals.

This research is also planned for the future.

V. WATER VELOCITY LIMITS FOR APPLYING SORPTION RATIOS
The kinetics of sorption will increase spreading in the breakthrough curve as fluid

velocity increases. If the fluid velocity increases sufficiently, premature breakthrough will

occur. The velocity at which this premature breakthrough occurs is the limit to which

the equilibrium treatment of sorption is valid. The velocity limits can be determined for

a porous medium using Thomas's formulation.

A. The Thomas Solution
Most calculations of sorption breakthrough curves for elution of ionic tracers from a

chromatographic column employ some form of the Rosen solution.21 However, the more

general treatment by Thomas22 takes into account the curved shape of the equilibrium

relationship, that is, the Langmuir Isotherm. In many cases, a favorable equilibrium could

compensate for the lowering of the apparent Ka by using a column at high fluid velocities.

This effect may be especially important in the near-field situation where the radionuclide

concentration may be high. Thomas assumed that the rate of adsorption can be represented

by an expression for a monovalent ion exchange reaction such as

Cs+ -r Na- R = Cs- R-^Na +

(c) • [qm - q) = (g) x (cD - c) ,

where

Na — R and Cs - R = sorbed ions,

c,gm - q-. q, and c0 - c - concentrations of the species in the above equilibrium,

gm — sorption capacity, and

co — carrier ion concentration.

The kinetic expression for the forward reaction in the above eaulibrium is

Kac(1_ 1 ) . } { e o c ) ±
Qm A ' qm

where
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PB = the bulk density,

K — the kinetic coefficient,

a -- interfacial area per unit volume of bed, and

K - equilibrium constant.

Solving this equation coupled to the mass balance relationship

PB 5 5

where

e = porosity and

v — fluid velocity,

and substituting

t 6t

t

+ V6i ~

X

V

where x is the column length, and using the appropriate boundary conditions for continuous

feed yields the following solutions:

c _ J{n/K,nT)
7O J{n/K,nT) + \T::~J[n1nT/K)}exp\l - [K - l)(n - nT)\ &"

q 1 -J{nT,n/K)
q~m ~ J[nJK^nfyT}r^~J{n,nT/K)}exp\l - [K - l)[n,nT)) '

where
Kax

n — = dimensionless distance or number of transfer units to position x,
ve

T uecot

nT = — — dimensionless time,
QrnPB

Io = the zero - order modified Bessel function.

The computer program THOMAS was written to calculate breakthrough curves.

The J functions were evaluated numerically using Gaussian quadrature; 16-point Gaussian

quadrature reproduced exactly the published table of Vermeulen.17 Figures 3 to 6 show

the resulting curves for 2 to 25 mass units; they were calculated with equilibrium constants

of 1, 10. and 100. It should be noted that when the breakthrough (c/c0 = 0.5) occurs at

T - 1.0, the following relationship holds:

KdPB
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1 1 1 1 1 1

Fig. 3. Thomas solution breakthrough curves calculated by using 2 MTUS.

o
CJ

i 1 1 I 1 1 10.0

Fig. 4. Breakthrough 'urves calculated by the Thomas solution using 5 MTUS.
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Fig. 5. Thomas solution breakthrough curves using 10 MTUS.

o
O
U

0.0

T.

Fig. 6. Thomas solution breakthrough curves using 25 MTUS.
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where

Rj — retardation factor,

Kd — distribution coefficient,

PB — bulk density, and

t = porosity.

If T is less than 1.0 at c/c0 = 0.5, the following relationship holds:

The calculations show that for K = 1, the breakthrough begins to arrive early by

a few percent at 25 mass transfer units. However, with K = 10, the breakthrough does

not begin to arrive significantly early until the number of mass transfer units is less than

five. It is also interesting that increasing the equilibrium constant from 1 to 100 does not

significantly improve column performance. A favorable equilibrium, K > 1, also sharpens

the breakthrough curve, giving an effectively higher number of mass transfer units. This

effect could be important in many cases. For example, for YM-22 tuff, the results for

sorption capacities, groundwater analyses, and Ka values5 give an equilibrium constant of

about 20 for cesium. Also, isotherm data2 at high concentrations indicate an equilibrium

constant of about 17 for cesium of YM-22 tuff. The equilibrium constant, K, for cesium

calculated from the sorption capacity, Kd value, and data from groundwater analyses for

JA-18 tuff is about 120. This may be an important effect for many radionuclides in the

near field and, therefore, more measurements of isotherms at high concentrations could

prove useful. However, for most simple cations, extremely hiph fluid velocities are required

to lower the number of mass transfer units to a level where this effect is important.

B. Calculated Limits
The velocity limits for which chromatographic theory and retardation factors are

valid can be determined from the minimum number of mass transfer units established

in the previous section. However, there are two bases that can be used to relate mass

transfer units to groundwater velocity, (l) the measured mass transfer units from column

experiments and (2) the calculated mass transfer units from kinetic rate constants. The

use of measured mass transfer units is not the most conservative because the overall mass

transfer coefficient depends on. among other things, the hydrodynamic dispersion, which

in turn depend? on the flow path and/or pore structure along the flow path in Yucca

Mountain.
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The adsorption-rate-limited mass transfer coefficient depends on fluid-side kinetics

at lower water velocities, and at higher velocities the mass transfer coefficient is dominated

by particle-side kinetics. This relationship is demonstrated in the following equation:23

where

Df

dp

e

v

Kd

P

1 1

K b

1

_3.45(§*)V<W(6(1-O0/)J

1
+

~ mass transfer coefficient,

- ion diffusivity in the fluid,

— particle diameter,

= porosity.

— water velocity,

— distribution coefficient,

— the dry bulk density, and

kpa = particle-side rate constant.

The first term, the fluid-side kinetics, is inversely proportional to the velocity. The

second term, particle-side kinetics, is independent of velocity. Thus, at high velocity the

overall mass transfer coefficient, K, is equal to the particle-side kinetics. Also, this equation

has a maximum for the mass transfer coefficient at a velocity determined by the relative

kinetic parameters for the fluid- and particle-side kinetics.

Table XI compares the observed mass transfer coefficients with those expected on the

basis of the adsorption kinetics observed in Sec. II. The mass transfer unit numbers were

measured in the crushed-tuff columns thai were run at the fastest water velocities, and

the expected mass transfer coefficients were based on fluid- and particle-side rates. These

numbers were calculated using the following formula:

n = Kaxjvt ,

where

a the interfacial area of the solid phase per unit volume of bed and

x — length of the column.

The interfacial area, a, was assumed to be approximately 200 cm"1 and the average

particle size, about 100 fim. Because the sorption rate constants for the actual mineral

assemblages in the tuff studied by the column method were not always available, the

average desorption rate constant of 4.8 x 10 5 was used. The desorption rates did not
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TABLE XI
MASS TRANSFER UNITS FOR CRUSHED-TUFF COLUMNS

Sample (cm/s)

G-l-3116 1.4 x 1CT2

G-l-3658 1.8 x 1CT2

YM-38 2.45 x 10~2

G-l-2331 5.9 x 10" 3

Element Measured

Sr
Cs
Ba

Sr

Cs

Sr
Cs
Ba

660
64
4

380

8

140
52
69

220
250
86

200

160

340
390
130

N Mass Transfer Units
Calculated From Calculated From

Fluid Side Particle Side

20
120

650

40

550

4.4
43
16

vary more than an order of magnitude for very different mineral systems described in

Sec. III.

In some cases, the agreement between experimental results and the theoretical cal-

culations is poorer than 1 order of magnitude. This may be due to one of several errors.

(1) The kinetics of the tuff samples run at high velocity have not been determined inde-

pendently by other means, such as tuff wafers. (2) Nonfickian dispersion or channeling

was not accounted for. (3) There may be irreversible interactions, particularly for cesium.

When elements are adsorbed with a large Kd (greater than 100 m£/g), the kinetic

rate constants appear to give a number of mass transfer units that is larger than observed.

Therefore, it would seem that the most conservative approach would be to use measured

velocities as upper limits when the Kd is greater than 100 and calculated mass transfer

units to establish velocity limits when the Kd is smaller than 100. The threshold velocity

is the velocity above which the number of mass transfer units is less than five. Table XII

lists the threshold velocities as a function of ion and Kd for a 100-m-long column with a

porosity of 0.3.

There are no limits listed for americiurn because the KdS are generally larger than

100, there is no firm evidence for sorption kinetics, and crushed-tuff columns have not yet

been run as a function of velocity. Likewise, tuff columns have not been run for plutonium

with tuffs having a Kd much greater than 100. The limits listed in Table XII cannot be
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TABLE XII
VELOCITY LIMITS FOR THE APPLICABILITY OF Kds

Kd Maximum Velocity Maximum Velocity
Element (m£/g) (cm/s) (m/y)

Sr

Cs

Ba

Pu

10
100

1000

10
100
1000

10
100

1000
10 000

10
100

5.6 -
5.6 •

1.3 x

5.6 •

5.6 x
1.0 •

2.6 '
2.6 x
2.6 x
9.7 x

7.5 x
7.5 x

10"
101

io-

10°
101

102

10 '
10"
101

101

lO'4

in-3

1.8
1.8
4.1

1.8
1.8
3.1

8.2
8.2
8.2
3.1

2.35
2.35

« 10°
x 107

> 107

• 1 0 f i

< 107

• 107

x 104

x 105

x 106

x 107

x 102

x 103

used in any absolute sense—only as guidelines. If, in the performance assessment of the

Yucca Mountain site, scenarios are introduced in which water velocities approach these

limits, further study (including field tests) will be necessary to obtain a more consistent

data base and fully evaluate the effect of dispersion.

VI. SUMMARY AND CONCLUSIONS

Simple cations, such as strontium, cesium, and barium, adsorb on Yucca Mountain

tuff with high distribution coefficients and rapid sorption kinetics. The crushed-tuff column

elutions with simple cations have shapes, which at low water velocities (less than 10"3

cm, s) were consistent with the logitudinal diffusivity of the cations. Thus, the mass

transfer was much faster than the self-diffusion in water. However, when uptake of these

cations was studied using 2-mm thin wafers of intact tuff, the uptake as a function of

time did not fit instantaneous adsorption kinetics. These data fit quite well with a linear

reversible adsorption mechanism coupled to diffusion into the water. The rate constants

thus determined were high and suggested a two-step diffusional model, where the diffusion

inside the intracrystalline channels of zeolites and clays proceeds much more slowly than



does diffusion in the intercrystalline pore space; however, the adsorption process at the

surface was very fast. The rate constants determined by the water technique were applied

to the prediction of elution curve shapes from crushed-tuff columns run at high water

velocities—about 10"2 cm/s. The agreement between the predictions and the measured

results was poor in some cases (a 2-order-of-magnitude discrepancy). This was expected

because the rate constants used to predict the behavior in the crushed-tuff columns had

not been determined for the tuff sample used in the column. Additionally, there are known

irreversible processes for the sorption of cesium on many minerals; these processes would

tend to distort the shape of elution curves without producing a nonconservative retardation

factor.

An estimate of the velocity limit for which adsorption kinetics would be a concern

was determined using the more conservative of the predicted mass transfer coefficients or

the lowest mass transfer coefficient observed in the crushed-tuff column elutions. This

calculation was performed for a 100-m tuff column with a porosity of 30%, which would

approximate transit through the bedded tuff of the Calico Hills tuff formation at Yucca

Mountain. The finding of this exercise was that the kinetics of adsorption for the simple

cations is fast enough to provide a sufficiently ample safety factor in the velocity limit

so that adsorption kinetics in porous flow scenarios can be neglected. However, if one

considers the kinetic rates calculated from batch sorption measurements, this was not the

case for plutonium. The maximum velocity of 230 m per year, although well above the

expected norrinal water infiltration rate, does not provide a sufficient safety factor to allow

the neglect of kinetics in all scenarios, particularly in view of discrepancies as high as 2

orders of magnitude between results from crushed-tuff columns and those calculated in a

similar manner.

The observation summarized above provides a basis for future research in sorption ki-

netics. The recommendations for future research on adsorption kinetics in Yucca Mountain

tuff are given below.

(1) The adsorption of simple cations can be considered diffusion limited and further

study of their kinetics does not appear to be necessary for performance assessment

of any future repository at this site or evaluation of the transport of simple cations

in Yucca Mountain.

(2) Sensitivity analyses should be performed to verify that the conclusions leading to

recommendation (1) are valid for fracture flow scenarios.

(3) The kinetics of actinide adsorption on Yucca Mountain tuff should be studied in more

detail.



(4) The effect of nonlinear isotherms on the transport of radionuclides should be exam-

ined in sensitivity studies to determine if these isotherms will aggravate the effects

of mass transfer kinetics.
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APPENDIX A
FITS OF COLUMN ELUTION TO MASS TRANSFER SOLUTION
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Fig. A-l. Sample G-1-2334B crushed-tuff column technetium elution, continuous feed.
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Fig. A-7. Sample G-1-2334C crushed-tuff column one-button continuous feed.
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APPENDIX B
FITS OF WAFER UPTAKE TO KINETIC MODEL
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Fig. B-l. Sample G-l-1436 strontium diffusion with slow sorption.
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