
CHAPTERFTVE

APPLICATION TO RADWASTE ISOI,ATION

5.1 Introduction

The results of this study, particularly the analytical model fits to the measured

elemental profiles, can be applied to the issue of radionuclide transport associated with an

undergrorurd radioactive waste repository. These analytical model fits can be used to

calculate element-specific diffusivity values, which in tum can be used to calculate

retardation factors, as discussed below. The retardation factors from this study place

important bounds on the values that should be used in safety assessment model

calculations. Combined with ottrer information regarding the fracturing and mineralization

associated with the Marysvale hydrothermal system, other important implications of the

results of this study can be made regarding the effect of fracture-controlled hydrologic

flowon overall retardation of radioactive waste elements.

5.2 Calculation of Retardation Factors (R)

An important endeavor associated with assessing the potential performance of an

underground repository is the attempt to quantiff the degree to which the movement of

radionuclides is controlled by various retarding mechanisms (e.g., sorption). One such

effort has been the estimation of retardation factors E), as discussed by Reardon (1981),

Krauskopf (1986 and 1988), Seme (1992), and Miller et al. (1994).
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Two methods of calculating retardation factors were attempted for the Marysvale

samples. The first method, assuming advective elemental tansport and reversible

adsorption, determines the retardation factor by estimating the velocities of the elements

(i.e., solutes) relative to the estimated velocity of the transporting fluid (cf. Equation 4.5).

The second method, assuming diffusive elemental transport (with or without advection)

and reversible adsorption, determines the retardation factor via simple relationships

between the measured apparent diffusivity D., the elemental fluid/rock partitioning IQ,

and the retardation factor R (cf. Equation 4.5).

As will be discussed below, the first method noted above could not be applied to

the Marywale samples because the calculated amount of advection and associated fluid

velocity was negligible. However, the second method was applied, andyielded D" values

and retardation factors rrytrich establish reproducible diffusivity values for diffusion-

dominated U transport under geologically realistic, in situ conditions.

5.2.1 Retardation Factors Based on Fluid/Solute Velocity Ratios

The extent of water transported within a hydrothermal system can be considered

to be monitored isotopically by associated hydrogen and oxygen isotopic alteration of the

host rocks. In the case of advective water transport, the extent of hydrogen isotopic

exchange can be considered to best express the extent of water transport through the rock

medium @owman *a1.,1994; Cathles and Shea" 1992) because it is the most pervasive

(i.e., far-reaching) element associated with water/rock interaction. Based upon the ratios

of the hydrogen and oxygen mole content of water versus typical granitic rock values it
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can be approximated that, in the case of an advection fron! hydrogen alteration moves

-27 imes faster than oxygen alteration through a granitic rock (Cathles and Shea 1992).

Using these concepts, an affempt was made to estimate the extent of advective water

transport from the Marysvale measured oxygen isotopic exchange profiles. However, as

discussed in Section 4.5, the lack of any inflection within the oxygen isotopic profiles of

quartz and orthoclase within the MVl70 subsamples disallows the use of analytical

modeling to independently establish a duration of fluid transport and associated fluid

velocity. Therefore, V/V, retardation factors for the MVITO series were not calculated.

As previously discussed, the orygen isotopic profile for the MVlTl series was

modeled to have a coupled diffusion-advection velocity of - 2.1 x lo-rt [m/sec], which

gives a fluid (i.e., hydrogen) velocity of - 5.8 x l0-17 [m/sec]. These velocities yield a

calculated characteristic length of advection (L : Vt) of approximately one micron. This

distance is orders-of-magnitude less than the scale of sampling (approximately 5 mm), and

indicates that advection was a negligible component of the transport associated with the

MVlTl samples. The above advective characteristic length can be compared to the

diffusive characteristic length d^) for the same profile, r,rrhich is approxim ately 0.02

meters, and well within the scale of sampling.

5.2.2 Retardation Factors Based on Diffusivity-Derived Kas

One of the fundamental parameters calculated from the diffusion-only model

curve-fits, as discussed in Section 4.4, was a measure of the overall diffusivity, typically
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referred to as apparent diffusivity (D") Based upon these diffusivity values, which are

discussed in more detail in Section 5.3.1, retardation factors were estimated using the

methodolory of Neretrieks (1980), and further discussed by Rasmuson and Neretnieks

(1981) and Nerefirieks (19s2). In this methodology, & can be carculated from the

apparent (i.e', measured) diffusivity D" using the relationship

K6=# Equation 5.1

where p is the rock density, and the effective diffusivity D. is expressed by

Ds=DwQ,- Equation 5.2

where p. is the effective porosity, { t, u tortuosity factor, and D* is the diffusivity of
r

the element in water. If p is in [kg/m3], then Ie is in [m3lkg]. This study uses values of

t
/" = 0'005 

-d ; 
= 0.1 for ttre lv[arywale quartz monzonite, which are the same values

T

used by Neretnieks (19s0) for granitic rock. D* values for each element are from Li and

Gregory Q974), except forthe REEs Nd, Lu, and Tb uihich are estimated as an

approximate average of La and yb.

The apparent diffusivity values calculated from the measured elemental profiles

range from approximately 10-18 to l0-rt m2lsec. As discussed in more detail in Section

d

-
T
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5.3.1, although these values are quite small, they are realistically largerthan those of solid-

state diffusion (e.g., Freer, l98l), as well as realistically smaller than those of diffusion in

water, and appear to lie within the range of diffusivities expected for coupled bulk-grain

boundary diffusion.

As discussed in Section 4.4, under the assumption of reversible adsorption,

retardation factors can be calculated from IQ values (see Equation 4.5). These retardation

factors are given in Table 5-1, along with their associated diffusivity and Kd values.

In the MVl70 series, retardation factors ranged from approximately 2.4 x 105 for

Tb to 3.0 x 107 for Nd. In the lrA/l7l series, retardation factors ranged from

approximately 2.7 x l0a for U to 2.5 x l0? for Ca.

The MVl70, MVlTl (U*), 3A2, and 9A9B U profiles yielded retardation factors

of 3.6 x 105, 2.7 xl}a,l.3 x 105, and 1.9 x 105, respectively.

5.3 Application of Marysvale Results to Radwaste Isolation

The Marysvale-specific retardation factors are discussed below in terms of the

appropriateness of the calculations used, the validity of ttre calculated values, and their

overall implications to radwaste isolation.

5.3.1 Comparison of Literature D. Values

The study of natural analogs helps to establish realistic, "real-world" bounds to

the inferences about repository performance based upon theoretical considerations and
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short-term experiments (Krauskopf, 1988), and indeed may be the only truly defensible

way to test and validate performance assessments (Allard, 1992).

The results of this study form a case in point. For example, the previously noted

range in D" values of approximately l0-r7 to l0'15 m2lsec from the measured Marysvale

uranium profiles is somewtrat smaller than the value of 1.5 x l0-r5 m2Aec used in previous

Swiss safety assessment (Gewiihr base case) model calculations, which was chosen to

conservatively reflect the lower botrnd of measured U D" values (NAGRA, 1985). The

results of this study would suggest that the Gewiihr value is slightly over-conservative in

terms of estimating uranium transport retardation factors.

Also, in an earlier attempt to measure in situ D. values for uranium transport, the

study of Alexander et. al (1990) noted in Section 1.2 calculated an apparent diffusivity

value of approximately l0-ro m2lsec from U distribution in bulk granitic rock around a

pegmatitic vein. However, their sampling scale was greater than that of this study (2 cm

versus 0.5 cm) and, perhaps more importantly, they calculated D. using a diffusion-only

model fit. Indeed, they concluded that it is likely that a significant advective component

exists for the U migration in their samples, and noted that the D" values for U reported by

Shea (1984) of lO're to l0-16 m2lsec are probably more realistic. The D" values of this

study (approximately l0-r? to l0'rr m2lsec) both support and improve upon the earlier

results of Shea (1984), yielding slightly larger apparent diffusivities, and consequently

smaller retardation values, for the diffusive-only transport of uranium in granitic rock.

The D" values of this study can also be compared to other diffusivity values (see

Figure 5.1) associated wittr various related types of diffusion such as, in decreasing order,
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diffusivity in water @*), pore-water diffusivity (DoJ,grain boundary diffusivity (Dgu),

coupled volume-grain boundary diffusivity @,-eu), and volume diffusivity @"). Under

the same temperature, pressure, and viscosity conditions, differences in D* values are

mainly dependent upon ionic valence (z) and radius (r), or the ionic potential z/r,

reflective of the coulombic interactions in electrolyte solutions (Li and Ctregory,1974;

Nakashima, 1994). Similarly, Do* and Drr values are dependent upon such parameters as

porosity and tortuosity, reflective of the probability of collisions with pore walls (Li and

Gregory, 1974; Nakashima" 1994). In addition, interaction between ions and mineral

surfaces, such as sorption (expressed by IQ), would reduce measured diffusivities

(Nakashim4 1994).

Harrison (1961) also identified three main types of diffusion kinetics operative in

multiphase, aggregate systems, and related the relative amount of diffusion taking place

within either the grain boundary or the solid volume of any given phase. In type C

kinetics, diffusion occurs essentially solely within the grain boundary, since volume

diffusion is negligible (measured diffusivity values would tend to be in the Do* range). In

type A kinetics, the characteristic length of diffusion within the solid t.5"t t is greater

than or equal to to the distance (L) between grain bourdaries or microfractures, such that

diffusion advances through the solid as a nearly planar front (measured diffusivity values

would tend to be in the D" and Du-r6 ranges). Type B kinetics are intermediate between A

and C, with 1016; less than or equal to L (measured diffusivity values would tend to

be in the Dgu and D,,-r6 ranges). Any system will progress from type C to type A wittt
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time (Farver and Yun4 l99l; Joesten, l99l). As an example, for D" = l0 20 m2lsec and L

: I pm, $pe A kinetics will be achieved in approximately 100 years (Joesten, l99l).

Typical D* values for ions range from approximately 2x l0-e to 5 x l0-10 m2lsec

at25 oC, with an approximate activation enerry of l5 kJ/mole (Li and Crregory, 1974\.

Do* values measured by tracer tests within porons media are approximately 2 orders-of-

magnitude less than corresponding Do, values, such that an upper, non-sorbing (e.g.,

iodide anion) limit for Do* is approximately l0-r0 m2Aec, intermediate values (e.g., Cs, Sr,

and Co) are approximately l0-ll m2lsec, and a lower, sorbing, large-ion (e.g., uranium)

limit for Do* is approximately l0-r2 m2lsec, with activation energies of 15 to 30 kJ/mole

(Idemitsu et al.,1992a; Idemitsu et al., 1992b; Nakashima 1995).

The upper limit for Dru values (apertures less than - 25 nm) can be estimated to

be approximately l0'12 m2lsec at25 oC,while intermediate values (e.g., Cs, Sr, and Co)

and a lower limit (e.g., uranium) are approximately 5 x l0-ra m2lsec and l0-r5 m2lsec,

respectively, as measured by tracer tests within the "nanopore network" seen in the

feldspars of the Inada granite, again wittr activation energies of 15 to 30 kJ/mole (Idemitsu

et al.,1992a; Idemitsu et al., 1992b; Nakashima 1995).

D,,-r6 values are transitional between the above water-saturated diffusion types

and water-absent volume diffusion, and are consequently characterized as "wetted" and

"non-wetted' depending on whether water is present at the grain boundary. Measured

wetted and non-weffed D"-r5 values for oxygen in a fine-grained quartz aggregate are

approximately2xl0 ' r3to6xlO' laand3xl0 ' r7to3xlO'rem2/sec,withact ivat ion
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energies of approximately l5 and 95 kJ/mole, respectively, from 800 to 450 oc (Farver

and Yun4 |gg2).Interestingly, experimental results of Mg and Si diffusion through

reaction layers (D.il around serpentine, forsterite, and enstatite grains of approximately

l0-1? to 10-22 mzlsec puce etal.,1972) possibly express a low-temperature (25'C)

extension of the D"-p data field'

Numerous Du values have been determined for many different diffusing species

and solid matrices. For comparison Purposes with the above D'-r5 dat4 measured D"

values for orygen in cr and p quartz are approximately 5 x lg-rs to 10'22 m2lsec' with an

average activation energy of approxim ately Z45kJ/mole, from 800 to 450 "c (Giletti and

Yund, 1984; Farver and Yund, l99l)'

considering the results of the above studies of the noted types of diffusion' the

measured Marysvale apparent diffusivity values for uranium of approximately 10-15 to

l0-r? m2lsec at approximately 200 to225oc can be characterized as coupled volume-grain

boundarydiffusivity(D*,o),withanactivationenerryanticipatedbetween15and95

kJ/mole.Thiscanbeseenintermsofthepreferentialroleoffeldsparsandassociated

microfeatures (e.g., intracrystalline microfractures, exsolution lamellae)' the enhanced

participationofvolumediffusionduetothealterationofthefeldsparstoclays'andthe

progressionofthediffusionkineticsfromtypeCtotypeAduetothe10,000tol5,000

year duration of the hydrothermal event'
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5.3.2 Comparison of Literature IQs and Calculated Retardation Factors

The Marysvale U, Cs, Nd, and La IQ values appear to be in agreement wittr

reported values for these elements under similar Eh and pH conditions, but using different

experimental techniques, particularly batch-sorption studies. This supports the

applicability of lQ-based retardation factors calculated from diffusion profiles, allowing

for IQ values to be determined under more realistic, in situ conditions than can be

achieved by batch-sorption studies.

Reported batch-sorption trla values for U under reducing conditions for granitic

rock (McKinley and Scholtis, 1992) range from 0.001 to 5, which yield retardation factors

of 540 and2.7 x 106, respectively, for the same values of p" and p used in this study.

Therefore, the retardation factors calculated from the Marysvale in situ U profiles, under

acidic and mildly reducing conditions, support the higher IQ (and associated R) values

reported in the literature from laboratory batch-sorption studies under similar Eh-pH

conditions. These results also support the use of the apparent diffusivities in calculating

IQ values and related retardation factors, as developed by Neretrieks (1980), which in

tums allows the use of diffusion profiles.

Other reported batch-sorption IQ values (McKinley and Scholtis, 1992) for

elements measured in this study include Cs, Nd, and La. The calculated upper-bound

retardation factors for these elements from those data are 5.4 x 105, 2.2 x 106, and 4.3 x

107, compared to values from this study of 3.8 x 106 to 3.5 x 107, 3.0 x 107 to 5.2 x 108,

and 1.8 x 106 to 6.4 x 106, respectively. Again, the retardation factors calculated from the
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Marywale in situ elemental profiles support, or even exceed, the higher Ie (and

associated R) values reported in the literature. The orders-of-magnitude range in the

calculated retardation factors is due to the range in the apparent diffusivity (DJ and

diffusivity in water @*) values, as expressed by (combining Equations 4.5,5.1and 5.2)

rd
R- r*Kap_l  *n"7

Q, Do
Equation 5.3

As previously noted, due to the observed hydrothermal alteration associated with

the MVl70 and MVlTl series, the IQ values derived from the measured elemental

profiles could well be inappropriately based upon non-equilibrium conditions. This is

particularly true for the major mineral-forming elements Nq Mg K, Ca (which are not

radwaste-related elements), and possibly also for the minor elements Rb, cs, and Ba

uilrich can substitute for K and Ca However, the distribution of the REEs L4 Nd, Tb,

Yb, Lu (wtrich are radwaste-related elements) and" in particular, the trace element U

(which is not only a radwaste-related element, but also one unequivocally introduced into

the host rock via the hydrothermal fluid) are more likely govemed by sorption rather than

mineral dissolution and precipitation, and therefore it is appropriate to use the calculated

I(6 values, as discussed in Section 4.4.

Even though there is sound theoretical and empirical evidence to question the

validity of IQ measurements and their use in calculating retardation factors (e.g., Reardon,

1981, Moody, 1981, Langmuir and Mahoney, 19g4, and Allard, lggz),all computer
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codes used for safety assessment predictions of deep geologic disposal of radioactive

waste rely upon retardation factors, and related distribution coeflicients such as IQ

(Seme, 1992). Consequently, it is desirable and essential that radwaste-related

performance assessment use retardation effect models that are as simplified as practicable,

because within the complex and heterogen@us geologic disposal systems only a few

processes will actually dominate the mobility of key contaminants, and the uncertainty of

those process-related parameters other than retardation (e.g., water flow, porosity,

fracturing) will be much larger than the uncertainty introduced by the selected retardation

model (Allar4 1992).

5.4 Implications for Far-Field Retardation in Fractured Granitic Rock

The calculated IQ-based retardation factors for the Idarywale samples (in

agreement with other literature values) indicate significantly strong retardation of some

important radionuclides that could be anticipated to migrate away from the spent fuel

canisters of an underground radwaste repository. However, the penetration depth of the

measured MVlTl elemental profiles is only on the order of a few centimeters. Since the

hydrologic flow within granitic rocks is highlv fracture-controlled, and the amount of rock

that can possibly serve as a radionuclide sink is limited by the exposed fracture surface

are4 the total amount of radionuclides retarded by the granitic rock will be shongly a

function of ttre degree of fracturing.

A simple calculation can serve as an exirmple of the influence of fracturing upon

the amount of hydrothermally emplaced uranium. Recall that the majority of uranium
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mineralization at l\darysvale is associated with fault planes and jointing within the granitic

rock in mainly two populations: l) major and minor veins (e.g., Freedom #2 veins); and 2)

veinlets and fracture coatings (e.g., MVl70 and MVlTl). The first population comprises

mineralized second to third order fractures (see Section 4.2.3.2) with representative

spacing of - 100 meters. The second population comprises mineralized fourth to fifttr

order fractures with representative spacing of - 5 meters.

If the Central Mning Area at the Marysvale district can be approximated as I km

long roughly norttr to south, 0.5 km wide roughly east to west, and I km deep, then the

number of fracture planes within and bounding this volume is: I I major N-S veins, each

with a fracture plane area (FPA) of I km2; 6 major E-W veins, each with a FPA of 0.5

km2; 201 N-S veinlets, each with a fracture plane area (FPA) of I km2; and l0l E-W

veinlets, each with a fracture plane area (FPA) of 0.5 km2. Ttrerefore the total fracture

area of first population major and minor veins is l4 km2, and 252 km2 for the second

population veinlets.

Uranium concentrations at Marysvale have been either measured or calculated to

range from - 50,000 to 100,000 ppm in ttre major and minor veins, and from - l5 to 50

ppm in the veinlets and fracture coatings. The distance at which the concentration is one-

half (xcoJ of the soruce concentration (Co) is approximately 0.1 meters for the major and

minor veins (Kerr et al., 1957) and approximately 0.02 meters for the veinlets and fracture

coatings (this study). Using those xg6.5 distances, assuming equal mineralization along

both sides of the entire surface of the fracture plane, and using average uranium

concentrations of 75,000 and 25 ppm, the calculated mass of uranium is - 5.7 x 105 kg
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(- | .25 millions pounds or - 625 tons) around first population fractures and - 6. 8 x 102

kg (- 1,500 pounds or - 0.75 tons) around second population fractures. These calculated

values could change significantly and, for example, increase if there are unaccounted for

fracture sets, or decrease if only portions of the fracture planes are mineralized (e.g., via

channelized flow). The total uranium production at Marysvale has been estimated at -

275,000 tons with an average 0.2% grade as u:os (Kerr, 196g), or - 550 tons as Uros.

Consequently, even though a typical fractured granitic rock offers only a limited

number of hydrologic pathways, it also offers a limited amount of rock volume as a

potential retardant to radionuclide migration. Thus, even though the measured Marysvale

retardation factors support the work of others indicating a high-degree of retardation by

granitic rock, the contribution of a granitic geologic barrier to the overall repository

system performance should be based on careful consideration of the amount of

hydrologically active fracturing present in the rock. For example, if the amount of a given

radwaste element is small (i.e., the total amount in the spent waste within the

underground repository) relative to the potential volume of rock that can realistically

retard its movement away from the repository, then the geologic barrier may contribute

significantly to the safe performance of the repository. However, if the amount of the

radwaste element is larger or the effective surface area (and therefore rock volume) or

effective residence time (of water in contact with surfaces) is smaller, then the geologic

barrier may play a lesser role (Moreno and Neretnieks, 1993).

Also, the results of the large-scale modeling discussed in Section 4.2 would

indicate that ttrose fractures that are immediately above the repository, or almost so,

203



would be the ones that control most of the fluid flux caused by heat from the spent-fuel,

and therefore most of the elemental transport and potential retardation. This conclusion

is supported by the observed uranium distribution at Marysvale which is concentrated in

fault fractures above a small hidden pluton, and the modeling results of ttris study wtrich

show that fractures controlled both fluid flow and mass transport. The rock type, depth,

temperature range, and fracturing characteristic of the Marysvale study area are applicable

to many repository designs and locations (see below).

Further, the change in mineralory (especially feldspars to clays) observed in the

Marysvale samples (as well as most other hydrothermally altered granitic rocks) would

also be expected to occur to some extent above the repository due to interaction between

the host rock and the relatively hot ascending waters. This could have a significant effect

upon the retardation of radwaste elements (Krauskopf 1988), due to the enhanced

retardation of clay versus granitic rock for most elemenb (e.9., Sr, Cs, U) and the reduced

retardation of some other elements (e.g., Ra). This would also argue against ttre

indiscriminate use of batch-sorption experiments, which are relied upon extensively in

radwaste safety assessment calculations, that use crushed fresh rock to be representative

of the retarding host rock.

Finally, the duration of the studied hydrothermal system at Marysvale has

important implications to the assessment of geologic repositories. Essentially all

laboratory and field-based experiments carried out to determine diffusivities,I(4s, or

retardation factors take place on a time-scale of weeks, months, or at most a few years.
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The amorurt of time that affected the measured lvlarysvale samples was between 10,000

and 15,000 years under in situ conditions that are similar to those anticipated for most

geologic repository designs in granitic rock. Ca*rles and Shea (1992) calculated the fluid

flow induced by a model geologic repository, based upon published design criteria (US

Department of Energy, 1988). Based upon those calculations, the Marysvale natural

hydrothermal system and a repository would produce similar depths of circulation (- 5

km) and morimum fluid temperatures (- 250-300 oC), over similar periods of time

(10,000 to 15,000 years), given rock with equivalent permeabilities. The major

distinction between the repository and Marysvale natural hydrothermal system would be

in the total amount of fluid circulated, where the repository was modeled to drive - 102

kglcn? of water, relative to - lOa kglcm2 modeled for the Marysvale system in this study.

Consequently, many of the observations and measured parameters at Marysvale strould

be similar to those expected for a geologic repository emplaced in similar rock with

hydrologically active fractures, over realistically comparable periods of time. Under the

reasonable assumption that the measured Marysvale D" values represent matrix diffusion,

the results indicate that the retarding mechanism of matrix diffusion can be extended to

include coupled volume-grain boundary diffusion, uilren water-enhanced diffusion (e.g.,

hydrothermal) is allowed to take place over geologically realistic periods of time.

The results of this study, which has tried to establish as best as practicable the

temporal, thermal, chemical, and hydrologic conditions under which the studied elemental

transport and retardation took place, will hopefully be a meaningful addition to the

continuing efforts to beffer assess the performance of geologic radwaste repositories.
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Table 5-1. Retardation factors calculated from model cuFye-fits.

Profile diffusivity in
water D* I

[mzlsec1

effective

diftusivity
D"2

[mzlsec]

apparent
diftusivity

D"3

[m2lsecl

K6
calculated
from D" 1

lm3ftel

calculated IQ
retardation
factor R 5

MVITO

enriched

Na 1.33 x l0-e RI 6.7 x 10-133.14 x l0-r7 7.U 4.2 x 106

K 1.96 x l0'e RI 9.8 x 10-136.98 x l0'r t 52.0 2.8 x 107

Ba 8.4t x l0-ro RI 4.2 x l0-r3 5.96 x lO'rt 26.3 1.4 x 107

Nd 6 x l0' lo R2 3 x l0-r3 2.0 x l0-r8 55 3.0 x 107

tx 6 x l0' lo R2 3 x 10-13 4.0 x l0-r7 2.8 1.5 x 105
U 4.26 x l0'ro RI 2.1 x l0-r3 l .17 x l0-16 0.67 3.6 x lOs

depleted

Mg 7.05 x l0-ro RI 3.5 x l0-r3 5.96 x l0-r8 21.9 1.2 x 107

Ca 7 .93 x l0-ro RI 4.0 x l0 ' r3 1.07 x l0-r7 13.7 7.4 x 106

Cs 2.07 x l0-e RI 1.0 x l0-r2 7.84 x l0'r8 48.9 2.6 x 107

Tb 6 x l0-ro R2 3 x 10-13 2.5 x 10'16 0.4 2.4 x l}s

Yb 5.83 x l0'ro RI 2.9 x l0-r3 4.19 x l0-r7 2.58 1.4 x 106

MVITI

enriched
K 1.96 x lO-e RI 9.8 x l0-r3 l.O7 x l0'r7 33.9 1.8 x 107

Ca 7 .93 x l0-ro RI 4.0 x l0-r3 3.22x l0-r8 45.6 2.5 x 107

Rb 2.06 x l0-e RI 1.0 x l0 ' r2 l .8 l  x l0-r7 2t. l l . l  x  107

Ba 8.48 x l0'ro RI 4.2 x l0-r3 3.23 x l0'r7 4.86 2.6 x 106

u* 4.26x l0-ro RI 2.1 x l0 ' r3 1.59 x 10'r5 0.05 2.7 x l}a

u** 4.26 x l0-ro RI 2.1 x l0 ' r3 1.06 x l0-r7 7.44 4.0 x 106
depleted

Na 1.33 x l0-e RI 6.7 x l0-r3 1.30 x l0 ' r5 1.89 1.0 x 106

Cs 2.07 x lO-e RI 1.0 x l0-r2 5.46x l0-r7 7.02 3.8 x 106

la 6.17 x l0 ' ro RI 3.1 x l0-r3 3.39 x l0-r7 3.37 1.8 x 106

Tb 6 x l0'ro R2 3 x l0-r3 7 .4 x 10-17 1.5 8.1 x lOs

3/.2 U 4.26 x l0'ro RI 2.1 x l0-r3 3.33 x l0-16 0.24 1.3 x lOs
9A9B U 4.26x l0'ro RI 2.1 x l0 ' r3 2.29 x 10-16 0.34 1.9 x lOs

Notes:
I as im in infinircly dilute solution at25 "C,using equivalent ionic conductivities and Nernst equation @l).
2 calculated using "granitic" values for tortuosity 6/t2:0.1 and effective porosity e:0.005 (see text, E4ration 5.2).
3 from best-fit coupled diffusive'advective modet.
I calcuf ated using quaro monzonite rock density p : 27Cf lkdm'l (see text, Equation 5. l).
5 calculated from K6based retardation relationship. Seo Equation 4.5 of text.
Rl : Li and Gregory (1974).
R2: estimated as an approximate average ofLa and Yb values from Li and Gregory (1974).
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Figure 5.1 Anheruus diagram showing representative diffusivities (and
activation energies in kJ/mole) for water, pore-water, grain boundffi!,
coupled volume-grain boundary (wetted and nonwetted), volume, and
reaction layerdiffusion relative to MVITL U (after Nakashima, 1994)
The estimated range for uranium diffusion measured in the MVLTl
subsample series appears to lie within the extended field of coupled
volume-grain boundary diffusion. The three Upes of grain-boundary
diffusion kinetics of Harrison ( 196 I ) are shown. See text for discussion
and references.
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