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1. Introduction

The LLNL near-field hydrologic source term (HST) model is based on a mechanistic
approach to radionuclide retardation—that is, a thermodynamic description of chemical
processes governing retardation in the near field, such as aqueous speciation, surface
complexation, ion exchange, and precipitation (Pawloski et al., 2000; Pawloski et al.,
2001; Tompson et al., 1999). The mechanistic approach allows for radionuclide
retardation to vary both in space and time as a function of the complex reaction chemistry
of the medium. This level of complexity is necessary for near-field HST transport
modeling because of the non-linear reaction chemistry expected close to the radiologic
source. Large-scale Corrective Action Unit (CAU) models—into which the near-field
HST model results feed —require that the complexity of the mechanistic approach be
reduced to a more manageable form (e.g. Linear, Langmuir, or Freundlich sorption
isotherms, etc).' The linear sorption isotherm (or K) approach is likely the most simple
approach for large-scale CAU models. It may also be the most appropriate since the
reaction chemistry away from the near field is expected to be less complex and relatively
steady state. However, if the radionuclide retardation approaches in near-field HST and
large-scale CAU models are different, they must be proved consistent. In this report, we
develop a method to link the near-field HST and large-scale CAU model radionuclide
retardation approaches.

The mechanistic approach to radionuclide retardation modeling is more technically
defensible than the K, approach because it is based on a thermodynamic description of
chemical processes. Furthermore, unlike the K, approach, the thermodynamic basis of the
mechanistic approach is not affected by data transferability issues. Linking the K,
approach (to be used in large-scale CAU models) to the near-field HST mechanistic
approach provides defensibility for the K, approach and consistency between near-field
HST and large-scale CAU models. Nevertheless, it must be noted that the mechanistic
approach, like the K, approach, requires validation to be successful. This report provides
a partially validated mechanistic approach for the porous flow reactive transport case.
The approach proposed for the fracture flow reactive transport case has not been
validated. Thus, the methodology described herein requires significant additional
evaluation and validation before implementation. Nevertheless, the approach, in its
present partially validated form, provides significant insight into the variability and scale
of radionuclide retardation in a number of Nevada Test Site (NTS) stratigraphic units.

In this report, we summarize the process of upscaling the near-field HST model
mechanistic radionuclide retardation approach to a simplified large-scale CAU K,
approach. Our proposed method for upscaling radionuclide retardation from the near-
field HST mechanistic model to a CAU-scale K, model requires several steps:

1. A mechanistic sorption model must be developed based on highly controlled
single-mineral/single-radionuclide experiments. The experimental data must span a

' The large—scale corrective action unit (CAU) models can include spatially variable radionuclide
retardation (within the model resolution) but not the complex chemistry applied in near—field models.



large range of solution conditions such that a mechanistic description of each
radionuclide—mineral interaction is well constrained. A mechanistic sorption model
was initially developed for the CAMBRIC HST simulations (Tompson et al., 1999), has
been significantly updated (Zavarin and Bruton, 2000a; Zavarin and Bruton, 2000b;
Zavarin et al., 2002) and was most recently implemented in the CHESHIRE HST
simulations (Pawloski et al., 2001).

2. The mechanistic model that describes radionuclide—mineral interaction must be
simplified to a K, model. This requires justifiable simplifying assumptions (described
in Section 2).

3. Radionuclide sorption to individual minerals must be combined to describe sorption
in a medium containing a number of minerals (e.g. alluvium). This is described as
component additivity (Davis et al., 1998). Component additivity can be incorporated
into mechanistic or K, models. Component additivity based on a mechanistic model
was used in the CHESHIRE HST simulations (Pawloski et al., 2001).

4. Finally, the impacts of spatially variable (heterogeneous) flow and radionuclide
sorbing mineral distribution need to be evaluated. This is an explicit transport model
scaling issue which relates to effects of model resolution on transport. The effect is
dependent on the degree and scale of reactive mineral variability (e.g., Leblanc et al.,
1991; Tompson and Jackson, 1996) which may lead to modified dispersion behavior
for each radionuclide (e.g., Garabedian et al., 1988).

The development of a mechanistic sorption model has been discussed previously in detail
(Zavarin and Bruton, 2000a; Zavarin and Bruton, 2000b); a synopsis is given in
Appendix A. The focus of this report is primarily the simplification of the mechanistic to
the K, approach and the use of component additivity. The impacts of sorbing mineral
heterogeneity are discussed in context of Frenchman Flat alluvium and several Pahute
Mesa hydrostratigraphic units. Some comparisons of predicted K s to published batch
sorption data (Frenchman Flat alluvium only) are reported. For Frenchman Flat alluvium,
we also review earlier HST model simulations (Pawloski et al., 2000; Tompson et al.,
2001) and put them into context with newer mineral heterogeneity information (Carle et
al., 2002) and transport models. For Pahute Mesa, we use the CHESHIRE site data
(Pawloski et al., 2001) in combination with CAU scale and high spatial resolution
mineralogy data to examine heterogeneity effects on transport.

2. Basis for Simplification of the Mechanistic Approach
to the K, Approach

Radionuclide retardation in the environment is controlled by a number of processes
(aqueous speciation, surface complexation, ion exchange, precipitation, and
co-precipitation). A mechanistic approach is required to explicitly account for these
processes. Radionuclide retardation based on a mechanistic approach is highly defensible
since it is grounded in thermodynamics. The mechanistic approach allows one to predict
the behavior of radionuclides under dynamic environmental conditions (such as those



found in the immediate vicinity of underground nuclear tests) because it explicitly
accounts for the many factors that will affect radionuclide retardation. However, the
mechanistic approach is computationally very costly. While the computational cost can
be afforded in near-field HST simulations, this approach is neither feasible nor justifiable
for large-scale CAU models (the reaction chemistry away from the near field is expected
to be less complex and relatively steady state).

Under certain conditions, the complex mechanistic approach may be simplified to a linear
sorption isotherm (or K,) approach. The conditions required for this simplification are:

* Time-invariant solution conditions (groundwater chemistry)’

* Time-invariant radionuclide sorbing mineral abundances’

* Radionuclide concentrations well below the point at which sorption sites may become
saturated (sorption sites are pertinent to surface complexation and ion exchange
processes)

* Radionuclide concentrations well below the respective mineral precipitate saturations

* Solution conditions in which radionuclide co-precipitation will not occur.

These required conditions are met for most of the Nevada Test Site (NTS).

While most areas of the NTS should exhibit approximately constant groundwater
chemistry, mineralogy, and flow conditions, significant transience in the near field of
underground nuclear tests is likely. This is particularly true at times when test-related
high temperatures may result in high rates of glass dissolution and mineral alteration, as
well as heat-driven flow. Glass dissolution could, for example, increase or decrease
aqueous Na*, K*, Ca**, and Mg** concentrations. This would, in turn, affect radionuclide
sorption to ion exchange sites. Glass dissolution could affect the groundwater pH which
would, in turn, affect protonation of surface complexation sites (Pawloski et al., 2001).
Glass dissolution could also affect the redox state of near-field groundwater and severely
alter the transport behavior of redox sensitive elements such as Pu and U. Precipitation of
secondary minerals could change the radionuclide sorbing mineral abundances.
Precipitation of secondary minerals could also affect the permeability of the medium
which would, in turn, alter flow conditions.

While some transience in water chemistry is expected in the near field, the mineral
composition of NTS rocks will act to buffer the composition of these waters. Thus, the
groundwater chemistry should return to its ambient state at some point downstream.
Transience in radionuclide sorbing mineral abundance will also be isolated to the near
field and should not affect transport outside the cavity. Detailed geochemical modeling of
the near field allows for evaluation of the transient near-field effects. CAU scale models
are expected to use the near-field HST model results to capture this transient behavior
and do not need to account for these effects directly in their model. We base our
radionuclide retardation upscaling on far-field (CAU scale) conditions that meet the
requirements for simplification of a mechanistic approach to a K, approach.

? Invariant with respect to time but not necessarily space



While the K, approach requires that the assumptions listed above be met, the K, approach
can account for spatially variable (but constant) conditions. For example, the water
chemistry of the carbonate aquifer is significantly different from the water in the
fractured tuffs of Pahute Mesa. Radionuclide retardation (and K,s) should, therefore, vary
spatially as a result of water chemistry. Radionuclide K ;s will also be spatially variable as
a result of differences in sorptive mineralogy and dominant flow mechanisms (fracture
flow/porous flow). These spatial variations can be accounted for by developing a K,
approach based on categories of sorptive mineralogy, water chemistry, and flow
conditions at the NTS.

3. Radionuclides and Sorbing Minerals Included in the
Mechanistic Approach and Discussed in This Report

The predicted K, data presented in this report are based on non-electrostatic surface
complexation and Vanselow ion exchange mechanistic models developed for near-field
HST modeling. The mechanistic models account for the interaction of radionuclides with
the surfaces of iron oxides, carbonates, and aluminosilicates. For detailed information
regarding the mechanistic model see Zavarin and Bruton (2000a; 2000b) and Zavarin et
al. (2002). The reaction constants used by our model are tabulated in Appendix A. The
model was recently partially validated using batch and flow-through experiments with
Frenchman Flat and Yucca Flat alluvium (Zavarin et al., 2002).?

Some minerals that may significantly retard radionuclides are not addressed by our model
due to lack of published data or time constraints. For example, although manganese
oxides comprise a large fraction of the fracture-lining mineralogy in certain locations at
Pahute Mesa and other sites, limitations in surface complexation data did not allow for
their incorporation into our model. The absence of manganese oxides in our model results
in a more conservative simulation of radionuclide transport because these minerals are
not available to sorb radionuclides. However, the sorbing minerals included in our model
are expected to already comprise a large fraction of the radionuclide retardation capacity
of NTS rocks. Nevertheless, the effects of manganese oxides should be addressed in the
future to more accurately represent in-situ conditions and improve model defensibility.
This can be done by incorporating manganese oxides into our surface complexation/ion
exchange model or by providing detailed experimental evidence for their negligible role
in radionuclide transport.

The choice of radionuclides discussed in this report is based on a combination of
available unclassified radiologic source term (RST) radionuclide information (Smith,
2001; Bowen et al., 2001), available published sorption data, and surface
complexation/ion exchange reactions developed to date. Sorbing radionuclides discussed
in this report include the following: Ca, Cs, Sr, Am, Eu, Sm, Np, Pu, and U.* For each of
these elements, at least one isotope was included in recently published unclassified RSTs

3 Validation under fracture flow conditions has not been examined to date.
* This same set of radionuclides was used in Pawloski et al. (2001).



(Smith, 2001; Bowen, 2001).” Many more radionuclides are included these unclassified
RSTs than examined here. While some of these radionuclides are likely to behave as
tracers CH, *°Cl, *Tc, etc.), the behavior of other radionuclides can be predicted by
analogy to elements investigated here (e.g. Ho should behave similar to Eu). Still other
RST radionuclides could not be modeled effectively with our mechanistic model because
of data limitations or because surface complexation/ion exchange reactions have not been
developed to date. Further discussion with respect to implementing retardation of RST
radionuclides can be found in Tompson et al. (2001).

4. Component Additivity Methodology

If conditions for simplifying the mechanistic to the K, approach have been met, we can
calculate a distribution coefficient (K,) for every radionuclide—mineral pair in our surface
complexation/ion exchange database at a particular groundwater chemistry of interest.’ In
the following two sections, we describe how the individual radionuclide-mineral K s,
developed for a particular groundwater chemistry condition, can be combined
(component additivity) into a K, for each radionuclide and each mineralogically distinct
domain.” In this manner, we establish a method for simplifying the mechanistic approach
used in near-field HST models to a K, approach that can be used in large-scale CAU
models.

4.1 Component additivity in the K; model under porous flow

Component additivity relies on the principle that the sorption of a radionuclide in a
particular medium can be determined based on the additive radionuclide sorption effect
from the individual minerals contained in that medium:*

Kd =M=2Kd,i¢m,i (1)

mol,, /mL

where K, is the radionuclide distribution coefficient (mL/g) for a particular medium
under specified groundwater chemistry conditions, mol,,,/g,, 1s the molar quantity of a
radionuclide sorbed per gram medium, mol, /mL is the molar quantity of a radionuclide in
solution per mL solution, K, is the radionuclide distribution coefficient (mL/g) for the

° We assume here that all isotopes of an element behave geochemically in the same manner. Recently
published RST radionuclides include the following elements: H, C, Al, Cl, Ar, K, Ca, Ni, Kr, Sr, Zr, Nb,
Tc, Pd, Cd, Sn, I, Cs, Sm, Eu, Ho, Th, U, Np, Pu, Am, and Cm.

% The accuracy of the calculated Kd will depend on a number of factors, including the uncertainty in surface
complexation reaction constants, ion exchange constants, aqueous speciation constants, redox condition,
mineral surface area, mineral abundance, etc. A few of these uncertainties are reported in Appendix A
while most are difficult to estimate. They are not addressed in this report, though they play a critical role in
our ability to predict radionuclide transport behavior.

" We develop this model as an ideal case in which mineral surfaces are entirely accessible to the aqueous
radionuclides.

¥ The retardation behavior of each mineral will be dependent on the groundwater chemistry. Thus, distinct
radionuclide retardation factors must be evaluated for each distinct groundwater chemistry.



individual mineral i under specified groundwater chemistry conditions, and ¢,, is the mass
fraction of mineral i with respect to the total bulk medium.

The K, of a radionuclide in a particular medium can be converted to a unitless retardation
factor, R, by the following:

I ImL K .
Rty MOk /mL B 14PN K, 9, )
mol,,, [mL 6 &« "

where 6 is the porosity and p, is the bulk density of the medium.
4.2 Component additivity in the K; model under fracture flow

As in the porous-flow case, a K, approach can be developed for the fracture-flow case
using a mechanistic model and based on the simplifying conditions established in Section
2. However, due to the significantly more complex geometry of fracture flow, additional
steps must be taken to combine individual radionuclide-mineral K s into a single
radionuclide K, for a fractured medium.

Figure 1 is a plot of a simple parallel-plate fracture model. In general, porosities based on
a parallel-plate fracture density and aperture model provide a lower limit to the effective
porosity of a fractured medium (Shaw, 2003). The difference between parallel-plate
model and measured effective porosities, in part, results from the complex morphology of
real fractures (compared to the parallel-plate model fracture morphology). Flow in a real
fracture may be tortuous, significantly increasing the fluid path length (and effective
porosity). A real fracture surface may also include surface roughness which would
provide some flow turbulence. This could result in a greater effective porosity and would
allow for some small amount of flow in the matrix. A flowing “matrix reactive zone” was
conceptualized in CHESHIRE HST simulations to link the parallel-plate fracture model to
effective porosities established from field data (Pawloski et al., 2001).” Since the
calculated porosities based on the parallel-plate model were significantly lower than the
effective porosities determined field data, inclusion of a “matrix reactive zone” was used
to adjust the parallel-plate model effective porosity.

This conceptualization of a “matrix reactive zone” was based on a need to merge the
parallel-plate fracture model with field observations in CHESHIRE HST simulations and
not on a realistic conceptualization of physical flow. While fracture tortuosity or
turbulent flow may be used to qualitatively justify the need to incorporate some flow in
the matrix, we do not provide any validation for this conceptualization. However, the

? This conceptualization relies on flow in the matrix being allowed in only a very narrow zone alongside the
fracture. Allowing flow in a very narrow fraction of matrix can be justified by comparing the rate of
diffusion with the fluid residence time. Based on an effective diffusion coefficient of 10 cm?sec, several
millimeters of matrix will be accessed over 24 hours. Since this rate is very fast when compared to
residence times of fluids in large-scale models, it can be considered instantaneous. Nevertheless, it is
important to remember that diffusion into the remaining matrix needs to be accounted for by the more
traditional treatment of matrix diffusion.



effect of including a small “matrix reactive zone” on simulated fracture transport results
was investigated recently and shown to have little effect (Zavarin, 2002). This was, in
part, because radionuclides were able to quickly diffuse into the very thin “matrix
reactive zone”. Nevertheless, the repercussions of this conceptualization need to be
further evaluated under a variety of flow conditions (the use of a “matrix reactive zone”
is discussed further in Pawloski et al. (2001), Chapter 6). Furthermore, if the effective
porosities and fracture porosities are consistent, there is not need to conceptualize a
“matrix flow zone” (i.e. C=0 in the upscaling approach described below).

Matrix diffusion needs to be addressed both at the near-field and CAU scales and is likely
to play an important role in radionuclide transport in fracture media. In this report, we
provide an approach for calculating radionuclide retardation in the matrix'’ and the
fracture zones but do not discuss methods for implementing the diffusion (or exchange)
between these two continua. The implementation of matrix diffusion exchange functions
in transport models is not discussed in this report.

Based on the parallel-plate model described above, we can determine the effective
porosity (6,,) and the fracture flow zone porosity (6,,) (see Figure 1) by the following:

Oy =20 -f'mc'~(A +0,B+ Bmc) (3)
and
A+ HﬂB +60 C
O A BeC @)
- A+B+C

where p,, is the fracture density (m™), 6, is the fracture-lining porosity, 6, is the matrix
porosity, and A, B, and C are defined in Figure 1 in units of meters. Here, the
radionuclide distribution coefficient of the fracture flow zone, K,, ., will be:

mOZsorb/ gfz N '
dfe = W = EKd,i¢fz,m,i (5

i=1

mol,
where mol,,,/g,. is the molar quantity of a radionuclide sorbed per gram fracture flow
zone medium and ¢’ ; is an adjusted fracture flow zone mass fraction that accounts for
the fracture lining and matrix reactive zone mineral abundances:

! B m,i + C m,i
¢fz’m’i - pb,FL ¢ J,FL ph,M ¢ JM (6)
Py C+ Py B

' Note that radionuclide retardation in the matrix can be calculated in the same manner as in the porous
flow condition described in Section 4.1.
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Figure 1. A plot of the parallel plate fracture model used to develop the
methodology for upscaling retardation in a fracture flow environment.

where M and FL relate to matrix and fracture-lining parameters, respectively. Note that if
no flow is allowed in the matrix reactive zone, the equation is simplified to one
resembling porous flow. To determine the radionuclide retardation factor of the fracture
flow zone, R, we use the following equation:

R, =1+

fz
mol,, /mL 0,

K o 1o
mol,,,,, /mL -1+ @ P _ 1+ peb’fz EKd,i¢}z,m,i @)

fz =1

where the bulk density of the fracture flow zone is calculated by the following equation:

' _ pb,FLB+ pb,MC . (8)



4.3  Accounting for colloid effects in the component additivity K,
model

Colloids can significantly affect the net retardation of some radionuclides. Under
simplified conditions, the effect of colloids can be taken into account using our K,
approach. The model below assumes that radionuclide desorption kinetics and complex
colloid transport effects such as colloid filtration are not significant. This oversimplifies
colloid-mediated radionuclide transport significantly but allows one to evaluate colloid
effects in a rudimentary way. While this simplification is not likely to adequately treat the
process of colloid-facilitated transport at the near-field or CAU scales, it provides a way
to compare the effect that colloids have on each radionuclide and how radionuclide
transport can be exacerbated by such colloid-facilitated transport.

If we use an equilibrium model, one can determine a distribution coefficient for a
radionuclide sorbed to colloids, K, ,;, using Equation (1). Assuming a constant colloid

col?

load in solution, a retardation factor for a radionuclide sorbed to colloids, R,,,, can be
calculated by the following:
col =1+M=I+Kd colccol (9)
mol,, /mL ’

where C,,, is the colloid load in solution (g/mL) and mol,,/mL and mol, /mL are the molar
quantities of a particular radionuclide per mL associated with colloids and as a free ion in
solution, respectively." The adjusted radionuclide retardation factor in the fracture flow
zone (R’,) which accounts for colloid effects will then be:

/ mol,,
mo sorb (sz _1 q R ' _1
R, =1+ mL — 1+ mL — 14+ L (10)
mol,,, .\ mol ,, mol,, .\ (Rwl _l)molaq R,
mL mL mL mL

and the respective distribution coefficient (K,’,) will be:

!
I HfZ(sz ‘1) (11)
d.fz = ' .
p b.fz
A similar adjusted radionuclide retardation factor and distribution coefficient can be
calculated for porous flow."” However, as stated earlier, this adjusted retardation factor is

only useful for comparative purposes and is likely to oversimplify colloid effects at the
near-field and CAU scales.

' Note that we are not excluding colloids from the fracture lining or the matrix reactive zone. It is a result
of the simplified fracture—flow conceptualization used here.

"> However, for all predicted Ks and Rs reported here for porous flow, we assume that colloid do not play a
significant role.



5. Evaluation of Upscaling in Porous Flow

In this section, we predict radionuclide-mineral K s based on Frenchman Flat
groundwater conditions. The component additivity approach is then applied to the
CAMBRIC near-field HST model mineralogy of Tompson et al. (1999). The mineralogy
and water chemistry" used here and in Tompson et al. (1999), Pawloski et al. (2000), and
Tompson et al. (2001) is equivalent but the mechanistic sorption model differs. The
differences are the result of continued improvements to the mechanistic model
parameters. Comparison of our present-day mechanistic model results with the earlier
modeling efforts provides some perspective on these changes. We also compare the
predicted K s to measured K s reported for Frenchman Flat alluvium. Finally, we
examine predicted K, spatial variability in Frenchman Flat alluvium using a large number
of published mineral abundance data and evaluate this spatial variability in terms of
possible upscaling effects.

5.1 Radionuclide—mineral K s in Frenchman Flat alluvium
groundwater

The K, for each radionuclide—mineral pair is determined by (1) groundwater chemistry,
(2) mineral characteristics (mineral surface area, reactive site density, reactive site types,
protonation/deprotonation constants, cation exchange capacities) and (3) the mechanistic
models (non-electrostatic surface complexation and Vanselow ion exchange models)
used to describe sorption. For all predicted radionuclide K s presented in this report,
mineral characteristics (2) and the mechanistic models (3) are held constant. Thus, the
predicted K s listed in this report for each radionuclide—mineral pair are solely a function
of groundwater chemistry. The mineral characteristics and surface complexation/ion
exchange models are reported in Appendix A.

For the Frenchman Flat alluvium case, the water chemistry used to calculate the
individual radionuclide-mineral K;s was based on water analyses reported by Rose
(2001) from a variety of Frenchman Flat wells (Table 1). These water analyses are
consistent with those reported in the Frenchman Flat CAU Documentation Package (IT,
1999) (Figure 2). The low ionic strength sodium bicarbonate type waters are typical of
much of the NTS.

Given the water chemistry of Table 1 and the mineral reactivities established in Appendix
A, K s for each radionuclide—mineral pair can be calculated (Table 2). Included in Table
2 are K, uncertainties for each radionuclide—mineral pair. These uncertainties are based
on the surface complexation constant uncertainties in our mechanistic model (listed in
Appendix A)." The uncertainty in the ion exchange constants could not be readily
estimated because the ion exchange constants were taken directly from published data

" Water chemistry used here differs slightly from earlier models but not enough to cause a significant
change in predicted radionuclide retardation.

" For those surface complexation reactions that do not have standard deviations listed in Appendix A, a
Log K standard deviation of 0.5 was used. Note that Log K is not equivalent to Log Kd; see Appendix A
for details.
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Table 1. Ambient Frenchman Flat water chemistry used
to predict radionuclide distribution coefficients (K;s).

Concentration’

pH 8 420 3°

mg/kg
F 1.1+0.3
Na* 7926
K* 6.7x1.0
Mg* 2.8+1.7
Ca® 12.0+4.7
CI” 13.2+£3.5
HCO," 190462
S0, 34,8487
Si0, 56421

" Data from Rose (2001).

¥ Uncertainty (+1SD) determined from analyses of a number of
groundwater samples.

Y Data regarding Si was not reported; value of IT (1999) was used.

1000 5

100 4

10 4

Concentration, mg/L (except pH)

1' T T T T T T T T
pH Na K Ca Mg HCO3 C(Cl S04 SiO2

Figure 2. Comparison of water chemistry reported in Rose (2001) (black) with
average water chemistry reported in IT (1999) (red). Error bars represent one
standard deviation.
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and did not include uncertainty estimates. An attempt was made to establish reasonable
lower-limit ion exchange constants in the case of Cs. The lower-limit ion exchange
constants for Cs were assumed to be equivalent to K ion exchange constants for zeolite,
smectite, and basal plane illite. Ion exchange constants for the two illite edge sites were
reduced by a Log K of 1. The lower limit ion exchange constants for Cs are not based on
measured uncertainties and are, thus, only useful to demonstrate the sensitivity of
radionuclide transport to ion exchange constants. Lower limits for Sr and Ca ion
exchange constants were not estimated.

Table 2 presents K s for Pu at three O,(g) fugacities: 107, 10™'°, and 10" bars. Evidence
from Pu solubility experiments in Yucca Mountain waters (Nitsche et al., 1993; Nitsche
et al., 1994) suggest that Pu(V) should be the dominant Pu redox state in NTS-type
waters. A range of 107 to 107" bars was suggested in Zavarin (2002) to bracket the range

of possible Pu oxidation states; over this range, Pu(V) dominates but the contribution of
Pu(IV) and Pu(VI) varies widely."

Table 2. Radionuclide distribution coefficients (K,s) calculated using water
chemistry of Table 1 and mineral reactivities of Appendix A.

Zeolite

Calcite . oo Iron Oxide  Mica/illite* Smectite
(clinoptilolite)
Log (K,)

Ca 0.44 3.51 2.33 2.67
Cs 3.47 (2.86) 545 (4.45) 2.80 (1.31)
Sr -1.31x0.5 0.6.29 -0.02+0.32 2.32 2.27
Am 4.30+0.5 3.23+0.39 4.72+0.30
Eu 4.02+0.5 2.92+0.67 4.09+0.46
Sm 4.56+0.5 3.08+0.67 4.09+0.42
Np 1.58+0.5 1.95+0.47 1.23+0.27
U -3.07+0.5 1.83+0.43 0.79+0.39
Pu (O, = 107%)* 1.20+0.5 1.99+0.5 1.77+0.5
Pu (0,=107"% 1.69+0.5 2.48+0.5 2.15+£0.5
Pu (0,=1079) 2.30+0.5 3.07+x0.5 2.60+0.5

¥ Pu K s determined at three O,(g) fugacities : 107, 107'°, and 107" bars. The range of O,(g)
fugacities was suggested in Zavarin et al. (2002) to evaluate the effect of Pu redox state on
transport.

¥ Mechanistic sorption model is based on illite. However, XRD analysis did not distinguish
between illite and mica. We assume in our model that these two minerals behave similarly.

Y Values in parentheses are estimated K, lower limits based on lower limits for the respective
reaction constants.

" It is important to note that the oxidation state of Pu in solution is thought to be kinetically controlled
(non-equilibrium). Fixing the O,(g) fugacity is a simple way to achieve a ratio of Pu oxidation states
consistent with experimental data but is not based on observed O,(aq) concentrations in NTS waters.
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5.2 Average radionuclide K;s based on CAMBRIC HST model
alluvium mineralogy

The CAMBRIC near-field HST model mineralogy reported in Tompson et al. (1999) is
presented in Table 3. It was based on average radionuclide sorbing mineral abundances
reported for wells RNM-1 and UE-5n. This mineralogy was used in the CAMBRIC HST
simulations (Tompson et al., 1999), the classified Frenchman Flat HST simulations
(Pawloski et al., 2000), and the simplified Frenchman Flat HST simulations (Tompson et
al., 2001).

Table 3. Porous media volume fractions defined in CAMBRIC HST
simulations of Tompson et al. (1999).

Component Density* Volume Fraction Mass Fraction
g/cm’ % %

Inert Matrix 2.5 47 77.3

Clinoptilolite—Ca (zeolite) 2.13 5 7.0

Beidellite—Ca (smectite) 2.83 5 93

Calcite 2.71 1 1.8

Muscovite (illite/mica) 2.83 1 1.9

Iron oxide 4.27 1 2.8

Porosity - 40 -

* Densities from Johnson and Lundeen (1997).

Frenchman Flat alluvium radionuclide K s can be predicted using Equation (1) and data
from Tables 2 and 3. Table 4 presents the resulting K s as well as K s reported in two
other sources. The “high” and “low” values in were calculated based on one standard
deviation or the lower-limit sorption constant (for Cs) for all minerals in combination (i.e.
the uncertainty was estimated simply as a linear combination of uncertainties in the single
mineral K,s)."® As in Table 2, K s for Pu were predicted over a range of redox conditions.
In general, Pu sorbs more strongly as the solution conditions are more reducing owing to
the increased contribution of strongly sorbing Pu(IV).

It is useful to compare the K s calculated in this report (Table 4) with CAMBRIC near-field
HST radionuclide retardations reported in Tompson et al. (1999)." Based on their
homogeneous mineral distribution model, a K, of 10> mL/g was reported for Cs (see
Figure 152 of Tompson et al., 1999) compared to 10’7 mL/g reported here. The increase
in predicted K, results from mechanistic model improvements reported in Zavarin et al.
(2002). The data in Zavarin et al. (2002) suggest that Cs sorption to illite is stronger than

'® Uncertainties listed in Tompson et al. (2001) were reported as =2 standard deviations. These values were
replaced by +1 standard deviation in Table 4 to simplify comparisons with K s reported here.

' Footnote in Tompson reported Rs. We converted to K,s assuming a porosity of 40% and an average
mineral density of 2.5 g/cm’.
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Table 4. Predicted radionuclide distribution coefficients (K,s) for
Frenchman Flat alluvium and comparison with earlier values.

. . K, Tompson et al. (1999) Tompson et al. (2001)
Radionuclide (high,low) ’ K, Il;d (high,low)
Log (mL/g)

Ca 24 24

Cs 373727 2.9 30(3.0,2.1)
Sr 2.2 2.8 2.5(2.5,24)
Am 37(4.134) 424.7,37)
Eu 3.1(3.62.7) 39(44,34)
Sm 34(3.829) 44(49,39)
Np 0.7(1.1,0.3) 1.52.0,1.1)
U 0.4 (0.8,-0.03) 1.7(2.2,1.3)
Pu (0,=0.2)" 2.1 0.8(1.3,0.3)
Pu (O, = 107%) 091404

Pu (0,=107") 1.3(1.8,0.8) 20(2.5,15)
Pu (O,=107Y) 19(23,14)

"0, value indicates O,(g) fugacity (equilibrium redox state) in bars.

previously estimated. Nevertheless, the earlier value falls in the range of estimated K,
uncertainty."® In the case of Sr, a K,of 10** mL/g was reported in Tompson et al. (1999)
as compared to 10** mL/g calculated here. The decrease in K, results from several
mechanistic model adjustments recommended in Zavarin et al. (2002) including a
reduction in the affinity of Sr for smectite and a significant reduction in the reactive
surface area of iron oxide (600 m*/g reduced to 0.25 m*/g)."” While a range of uncertainty
is not reported here for Sr, it is important to recognize that the difference between the Sr
K, of Tompson et al. (1999) and that reported here is 0.6 log units. This difference is
similar to the range of uncertainty reported for most other radionuclides in Table 4. In the
case of Pu, a K, of 10*' was reported in Tompson et al. (1999) as compared to 10°°* "*
reported here for O,(g) fugacities of 10” to 10" bars. The difference in K, results from
combined adjustments to the reactive surface area of iron oxide and O,(g) fugacity. In the
case of Pu, the earlier value reported in Tompson et al. (1999) falls within the range of
uncertainty reported here (at 10" bars O,(g)). In general, while the Ks based on the
updated mechanistic model of Zavarin et al. (2002) are more thoroughly validated, the
values reported in Tompson et al. (1999) for Cs, Sr, and Pu fall within the expected range
of uncertainty in the predicted values reported here.”

The K s predicted in this report can also be compared to a recent report on a simplified
source term for use in large-scale modeling of radionuclide transport at Frenchman Flat

"® The uncertainties discussed here are related only to uncertainties in surface complexation and ion
exchange reaction constants. Uncertainties in other parameters (reactive surface area, solution chemistry,
redox state, and others) will also affect the overall uncertainty in predicted K,;s but have not been estimated
here.

' The value of 600 m*/g was based on hydrous ferric oxide which is an amorphous iron oxide with an
extremely high surface area. The value of 0.25 m*/g is based on results from flow through experiments; it
is consistent with lower surface area iron oxides such as hematite and may also reflect the fact that only a
fraction of the iron oxide in the alluvium may be accessible to migrating fluids.

2 Tompson et al. (1999) addressed radionuclide retardation for Cs, Sr, and Pu only.
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(Tompson et al., 2001). In that report, the groundwater chemistry and alluvium
mineralogy were based on data in Tompson et al. (1999) while the mechanistic sorption
model was based on data in Zavarin and Bruton (2000a; 2000b). The model in Tompson
et al. (2001) did not include recent improvements to the mechanistic model and alluvium
reactivity reported in Zavarin et al. (2002). Am, Eu, Np, Pu, Sm, and U K s predicted
here (Table 4, column 2) are distinctly lower than those in Tompson et al. (2001) (Table
4, column 4). This results primarily from a reduction in the effective reactive surface area
of calcite and iron oxide recommended in Zavarin et al. (2002). The Cs K|, is significantly
higher than in Tompson et al. (2001) because the Cs affinity for illite was increased. The
Ca K, is identical to that in Tompson et al. (2001). The Sr K|, is slightly lower than in
Tompson et al. (2001) as a result of adjustments to the cation exchange capacity of
smectite and several Sr reaction constants. Nevertheless, when the reported K,
uncertainties are taken into account, the values reported in Tompson et al. (2001) and
here are not altogether very different. In general, radionuclide K s differences are within
one standard deviation. It, therefore, appears that the most recent predicted radionuclide
K s improve upon but do not contradict earlier predicted K s.

5.3  Comparison of CAMBRIC HST model alluvium mineralogy
radionuclide K;s to measured data

Wolfsberg (1978) reported on several batch sorption experiments using Frenchman Flat
alluvium.” Recommended Frenchman Flat alluvium K s for Sr, Cs, and Eu were 217+45
(10*%), 70001600 (10°*), and >20000 (>10**) mL/g, respectively. Sorptive mineral
abundances and water chemistry of each batch sorption experiment was not reported.”
Thus, we could not attempt to match these K, results using the specific mineralogy and
water chemistry data. However, K s estimated by our model using the CAMBRIC HST
model alluvium mineralogy and Frenchman Flat groundwater chemistry are in reasonable
agreement with the data of Wolfsberg (1978). Predicted K s for Sr and Cs (10** and 10°’
mL/g, respectively) are quite close to batch sorption data. The predicted Eu K, (10*"
mL/g) is significantly lower than the measured average value. However, given the range
of K s reported in Wolfsberg (1978) (10*® to >10°° mL/g), the uncertainty in our
predicted value (two standard deviation range of 10°” to 10*' mL/g), and the limitations
of this comparison, the predicted value is in the appropriate range. Wolfsberg (1978) also
reported on a small number of uranium sorption experiments. We calculated an average
K, of 10'* mL/g from 5 reported values. The model predicted K, (10°* mL/g) is, again,
lower than the measured value. However, the variability in measured K, was quite large,
with a Log K, standard deviation of 0.5. Thus, the predicted K, is within two standard
deviations of experimental data for U. The K, component additivity approach based on
our mechanistic model, combined with our choice of water chemistry and sorptive
mineral abundances, results in predicted radionuclide K s in reasonable agreement with
measured Frenchman Flat alluvium data of Wolfsberg (1978).

! Most alluvium used in these experiments was from RNM-1, 256 meter depth, but some experiments
were performed using alluvium from other locations.

*2 The initial composition of the water used in these experiments was reported but the composition of
waters during batch sorption experiments was not.
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Additional model validation information was reported in Zavarin and Bruton (2000a;
2000b) and will not be repeated here. More recently, a large number of Frenchman Flat
and Yucca Flat alluvium radionuclide K, data (both batch sorption and flow through data)
was reported in Zavarin et al. (2002) and used to validate our model. Comparisons of
measured and predicted radionuclide retardation in both batch and flowthrough
experiments and improvements to model parameters have significantly improved our
confidence in the mechanistic model approach. The reader is encouraged to review
Zavarin et al. (2002) for further details.

While the comparisons between predicted and measured radionuclide K, reported here
and in Zavarin and Bruton (2000a; 2000b) and Zavarin et al. (2002) provide confidence
in the ability of the mechanistic model to predict radionuclide retardation in the porous
flow case, it is important to remember that a number of uncertainties associated with
predicting K ;s must be accounted for in any predictive modeling effort. The uncertainties
described here apply only to the uncertainty in surface complexation and ion exchange
reaction constants. Uncertainties in mineral abundance, solution composition, solution
speciation, reactive surface area, mineral accessibility to fluids, as well as other
properties also exist and should be acknowledged. The uncertainty analysis presented in
this report should, therefore, not be viewed as a complete uncertainty analysis of the
mechanistic model described herein.

5.4  Heterogeneous distribution of radionuclide K;s in Frenchman
Flat alluvium

While relatively little data is available to compare measured and predicted radionuclide
K s in Frenchman Flat alluvium, there is significant quantitative information on the
mineralogy of that alluvium. In Sections 5.1 to 5.3, we evaluated radionuclide—mineral

K s based on a Frenchman Flat groundwater, compared our updated mechanistic sorption
model component additivity results to previously reported radionuclide retardation
models, and compared these K s to a small number previously published batch sorption
data (Wolfsberg, 1978). In the following section, we examine the range of predicted K s
based on published mineral abundance data for Frenchman Flat alluvium.

A large number of mineral abundance data have been reported for Frenchman Flat
alluvium (Table 5). The range of reported radionuclide sorbing mineral abundances will
yield a range of predicted radionuclide K s. This spatial heterogeneity in radionuclide K s
can affect radionuclide transport. Near-field HST models have attempted to resolve
spatially heterogeneous radionuclide sorption at a relatively fine spatial scale (2 meters in
the CAMBRIC HST model of Tompson et al. (1999)). Tompson et al. (1999) showed that,
in some cases, the spatially heterogeneous distribution of radionuclide sorbing minerals
will have large effects on radionuclide transport. If large-scale CAU models assign
uniform properties to Frenchman Flat alluvium (including radionuclide sorption
properties), they may not accurately predict radionuclide transport. Spatial heterogeneity
needs to be examined both at the near-field HST and large-scale CAU model scales.
Below, we examine the range of K s that might be expected in Frenchman Flat alluvium
as a result of spatially heterogeneous sorbing mineral abundances. This is the first step in
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evaluating the effects of spatially heterogeneous radionuclide K,s. In Section 5.5, we
further examine the effects of spatially heterogeneous radionuclide K s using 2D reactive
transport simulations.

Table 5. Reported mineralogic information (by XRD) for Frenchman Flat
alluvium.

#of  Depth Range  Sorptive

Drill Hole . Comments
samples meters Minerals
Ramspott and .
McArthur (1977) UE-5n 47 91-476 All S Wflo;‘“(;est:ifi‘;’ fﬂimit
and Beiriger (1977) v
Warren et al. (2002)  UE-5n 21 213-476 All Hunt Sidewall
~0.2 wt % detection limit
Zeolite, < Imm fraction
Jones (1982) U-le-l 26 160-329 calcite, clay’ 5 wt % detection limit
< 1mm fraction
Warren et al. (2002)  U-11g-1 3 306-329 All 02 wt % detection limit
Daniels and Core?
Thompson (1984) RNM-1 8 189-320 All 1-5 wt % detection limit
Warren et al. (2002)  ER-5-3 10 204-610 All Cuttings

~0.2 wt % detection limit
Percussion Sidewall and
Warren et al. (2002) ER-5-4 94 192-1134 All Cuttings

~0.2 wt % detection limit

" Oriented mounts of clay fraction suggest clay is smectite dominated.
#“All” sorptive minerals refers to all sorptive minerals included in our mechanistic model (calcite,
smectite, zeolite (clinoptilolite), illite/mica, and iron oxide).

Table 5 lists the various sources of mineralogy information on Frenchman Flat alluvium
used here to predict radionuclide K s. For each reported set of sorbing mineral abundance
data, some limitations to the data exist. The XRD data detection limit of Ramspott and
McArthur (1977) and Beiriger (1977) for UE-5n alluvium samples was 5 wt %. [ron
oxides were found in these alluvium samples only at <5 wt % (i.e. trace levels). Other
minerals such as micas were also found to be <5 wt % (labeled as “trace”).” Since most
sorbing minerals were found at trace quantities, they were poorly quantified. This poor
quantification results in significant uncertainty in our predicted K,;s. Recent and more
accurate XRD analyses of alluvium samples from UE-5n over a similar depth range
revealed iron oxide, mica, and calcite concentrations of 0.5,2.9, and 1.6 wt % (Warren et
al., 2002). These mineral concentrations would all be considered “trace” or
non-detectable if the detection limit were 5 wt %. Thus, the high detection limit for
mineral abundance data of Ramspott and McArthur (1977) and Beiriger (1977) results in
greater uncertainty in predicted K s. The effect of XRD detection limits on the predicted
K s can be examined by comparing the predicted K s based on data of Ramspott and
McArthur (1977) and Beiriger (1977) to the more recent data of Warren et al. (2002).
This comparison will be discussed below.

 In predicting radionuclide K s based on these data, minerals listed as “trace” were given a nominal value
of 2.5 wt %.
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Jones (1982) reported mineral abundances for only three of the five radionuclide sorbing
minerals included in our mechanistic sorption model. Detection limits were also high (5
wt %). Furthermore, the data were based on the <Imm fraction of the alluvium. Predicted
K s based on these data may under-predict the true sorptive capacity of the alluvium as a
result of missing sorbing minerals and high detection limits. However, K ;s may also be
over-predicted because the <1mm fraction was isolated for XRD analysis; this fraction of
the alluvium is likely to contain a greater abundance of sorbing minerals than the bulk.
Limitations of these data can be evaluated by comparing them with more recent data of
Warren et al. (2002) for the same samples (see discussion that follows).

Daniels and Thompson (1984) achieved a lower detection limit by size fractionating
alluvium samples for XRD analysis. Unlike Jones (1982), they back-calculated mineral
abundances for the bulk alluvium based on their size fractionated data (thus, achieving a
mineral abundance detection limit of ~1 wt % for the bulk alluvium). Nevertheless, iron
oxide was detected in only one of the ten samples. This may have resulted from a genuine
low abundance of iron oxide in the sampled alluvium or as a result of detection limits.

Recent efforts (Warren et al., 2002) were designed to improve detection limits and better
quantify minerals present in trace amounts. This has significantly improved the
quantification of trace sorbing minerals such as iron oxides. Analysis of ER-5-4 samples
revealed a range of O to 1.5 wt % iron oxide with an average of 0.5+0.2 wt %. Similarly,
micas and other minerals that contribute to the sorptive capacity of the alluvium were
better quantified.

Predicted radionuclide K ;s based on the sorptive mineral abundances reported in
Ramspott and McArthur (1977), Beiriger (1977), Jones (1982), Daniels and Thompson
(1984), and Warren et al. (2002) are reported in Table 6 and Figure 3. The predicted K,
for each individual sample and each radionuclide is reported in Appendix C. To predict
radionuclide K s, the same K, component additivity approach described in Sections 5.1
and 5.2 was used. Reactive mineral characteristics and the mechanistic model (Appendix
A) do not vary throughout this report. The water chemistry used to predict K,s here was
the same as that used in Section 5.1. Thus, K s for radionuclide—mineral pairs are the
same as reported in Section 5.1 and listed in Table 2.

Table 6 lists the Log normal K, standard deviations for each set of data listed in Table 5.
These standard deviations (Table 6) are unlike those listed in Table 5. In Table 5, we
presented radionuclide K, standard deviations based on uncertainties in our mechanistic
model sorption constants. In Table 6, we present radionuclide K, standard deviations
resulting from the heterogeneous distribution of radionuclide sorbing minerals in
Frenchman Flat alluvium. Similarly, the range of predicted radionuclide K s reported in
Figure 3 is the result of spatial variability of sorptive mineral abundances.

The standard deviations listed in Table 6 suggest that the heterogeneous distribution of

sorptive minerals can significantly affect the transport of radionuclides in Frenchman Flat
alluvium. However, it is important to note that this mineral abundance data was not
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evaluated in the context of alluvium depth, or depositional environment. The data in
Table 6 simply relate to the ranges of radionuclide K s that might be expected in
Frenchman Flat alluvium given the sorptive mineral abundance data available. The
spatial distribution of minerals was discussed in a recent report (Carle et al., 2002) and
will not be repeated here. However, the spatial analysis of Carle et al. (2002) is used in
the following section to evaluate the effects of heterogeneous mineral distribution on
flow and transport.

Irrespective of the detection limit, sampling method, sampling interval, sampling area,
and other differences between the mineralogic data sets, the average predicted K, for each
radionuclide in each data set is surprisingly similar (Table 6). For example, the average
K, for Ca varies by less than one order of magnitude (log K, = 2.2 to 2.9). Furthermore,
the observed K, differences between data sets can often be explained by the limitations of
certain data sets. For example, the sorbing mineral abundances reported in Jones (1982)
result in the highest K s for all radionuclides except U and Cs. The reported mineralogy
was based on the <1mm fraction of alluvium and, therefore, biased the mineralogic
composition towards the clay fraction of the alluvium. It is, therefore, not surprising that
this would result in higher K,s. However, since iron oxide was not reported and U sorbs
primarily to iron oxides, the K, for U is nearly the lowest of all data sets. The Cs K, is
much lower than in other data sets principally because the abundance of mica (the
dominant Cs sorber) was not reported.

Regardless of the differences between data sets, all data sets suggest that heterogeneous
distribution of sorbing minerals results in a large range of K s in Frenchman Flat
alluvium. When taking all data into account, K, variability results in a log normal
standard deviation of 0.30 to 0.47. Based on a two standard deviation range, spatial
variability in K, results in a K, range of 1.20 to 1.88 orders of magnitude.

Trends regarding the sorption of the various radionuclides are the following:

* Trivalent radionuclides (Am, Eu, and Sm) behave very similarly and have very high
K.

* Cs sorbs as strongly as the trivalent radionuclides as a result of strong sorption to
illite/mica.

* Ca and Sr behave nearly identically due to their similar sorption characteristics with
respect to smectite, zeolite, and illite/mica.

* Pu sorption at a O,(g) fugacity of 107" bars is slightly greater than Np owing to the
contribution of Pu(IV) sorption.

e U sorption is weakest.
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Table 6. Predicted average radionuclide distribution coefficients (K,s) using reported radionuclide sorbing mineral

abundances.
Ramspott and Warren et al.  Jones (1982) Warren et al. Daniels and  Warren et al. Warren et al. Sum of All Data
McArthur (2002) (2002) Thompson (2002) (2002)
(1977) and (1984)
Beiriger (1977)
Log K,
Drill Hole UE-5n UE-5n U-11g-1 U-11g-1 RNM-1 ER-5-3 ER-5-4 All Drill Holes
Ca 2.74+0.57° 2.28+0.28 2.93+0.24 2.94+0.05 2.18+0.47 2.79+0.26 2.28+0.31 2.54+0.45
Cs 3.93+0.12 3.91+0.12 2.91+0.22 3.86+0.04 3.56+0.22 3.80+0.27 4.03+0.21 3.82+0.39
Sr 2.52+0.58 2.01+0.30 2.70+0.25 2.71+0.06 1.93+0.48 2.56+0.28 2.00+0.34 2.29+0.47
Am 3.39+0.22 3.84+0.09 4.02+0.18 3.79+0.04 3.45+0.35 3.79+0.23 3.91+0.22 3.78+0.30
Eu 2.83+0.23 2.23+0.09 3.52+0.19 3.24+0.07 2.88+0.34 3.27+0.23 3.32+0.23 3.22+0.30
Sm 3.14+0.25 3.45+0.09 3.89+0.21 3.54+0.15 3.16+0.33 3.62+0.25 3.56+0.26 3.50+0.33
Np 0.18+0.30 0.51+£0.08 0.90+0.22 0.61+0.13 0.21+£0.36 0.65+0.23 0.61+£0.24 0.54+0.32
U -0.52+0.39 0.06+0.07 -0.07+£0.19 0.03+0.12 -0.42+0.48 -0.14+0.21 0.09+0.16 -0.11+0.33
Pu (O, = 107%) 0.44+0.25 0.91+0.08 1.02+0.18 0.86+0.06 0.52+0.37 0.82+0.22 0.97+0.20 0.83+0.30
Pu (0, =107"% 0.84+0.26 1.30+0.08 1.43+0.18 1.26+0.06 0.92+0.37 1.23+0.21 1.37+0.20 1.23+0.30
Pu (0, =107") 1.33+0.27 1.77£0.08 1.93+0.18 1.76+0.06 1.40+0.38 1.73+0.20 1.84+0.20 1.71+0.30

¥ Average and standard deviation determined assuming log normal distribution.
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Figure 3. Predicted radionuclide K s based on sorptive mineral abundances. A-G: average (black
circle) and standard deviation based on mineral abundance, median (red) and bars (minimum and
maximum). G: Minimum and maximum measured K s of Wolfsberg (1978) (green), Zavarin et al.
(2002) batch (yellow), and Zavarin et al. (2002) flowthrough (pink). H: Average (black circle) and
standard deviation based on mechanistic model uncertainty.
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Interestingly, the variability in predicted K, resulting from heterogeneous mineral
distribution is similar in scale to the uncertainty in predicted Am, Eu, Sm, Np, Pu, and U
K s resulting from uncertainly in our mechanistic model reaction constants (compare
Table 5 K, uncertainties resulting from reaction constant uncertainty to Table 6 K,
uncertainties resulting from reactive mineral variability).”* Since the uncertainty in K,
resulting from the mechanistic model reaction constants is at the same scale as the
uncertainty resulting from mineral distribution, it is likely that both uncertainties need to
be taken into account in transport models.

In Figure 3, the predicted K s for each individual mineral abundance data set and the
composite data set are plotted alongside the K s predicted using mineral abundances from
the CAMBRIC HST simulations (i.e. Table 4). Interestingly, Log K s predicted using the
CAMBRIC HST mineralogy are very similar to average Log K s predicted using the
composite mineral abundance data (Ca (2.4 vs.2.5),Cs (3.7 vs. 3.8), Sr (2.2 vs. 2.3), Am
(3.7 vs.3.8),Eu (3.1 vs.3.2),Sm (3.4 vs.3.4),Np (0.7 vs.0.5),and Pu (1.3 vs. 1.2 at
0,(2)=107" bars, respectively)” even though mineral abundances are not the same. The
mass fraction of smectite, mica, zeolite, calcite, and iron oxide in the CAMBRIC HST
simulations is 9.3,1.9,7.0, 1.8, and 2.8, respectively, as compared to 11.9,2.9,15.8,5.7,
and 0.37, respectively, for the average composite data set (data reported in Appendix C).
For the radionuclides listed above, the difference in radionuclide sorbing mineral
abundance does not significantly affect the predicted K;s. However, U Log K s are
relatively different (0.4 vs. —0.1, respectively). This difference in K, can be traced to a
significant difference in iron oxide abundances (a factor of 8 difference).

Another way to measure the average retardation behavior of Frenchman Flat alluvium is
to integrate the available mineral abundance data over depth. If we use the data from ER-
5-4 which includes the largest interval of alluvium and the highest sampling density, the
depth integrated mass fractions of smectite, mica, zeolite, calcite, and hematite for are
19.0,3.6,5.0,5.8,and 0.47%, respectively. The resulting Log Ks for Ca, Cs, Sr, Am,
Eu, Sm, Np, U, and Puare 2.4,4.0,2.2,4.1,3.5,3.7,0.8,0.2,and 1.5 (at Oz(g)=10'10
bars), respectively (Appendix C). While these mineral abundance values are somewhat
different than the composite mineral abundance reported above, the resulting K s are
nearly the same (particularly when considering the uncertainty in the predicted values
themselves).

It is useful to compare the K, variability results based on mineral abundance data to the
CAMBRIC HST simulations performed by Tompson et al. (1999). Tompson et al. (1999)
reported on three models of radionuclide sorbing mineral distribution. In the first,
minerals were distributed homogeneously throughout the model domain. In the second,
no sorbing minerals were included. These two model were considered the extreme cases
of mineral distribution. In the third case, sorbing minerals were included in only those

* Ca, Cs, and Sr sorption is dominated by ion exchange for which reaction constant uncertainty estimates
were not available (see discussion in Section 5.1).
» All K, values presented here are in units of mL/g
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grid cells whose hydraulic conductivity belonged to the lowest 10% of the entire
hydraulic conductivity range. Outside of the lower 10% conductivity grid cells, a K, of 0
mL/g was assigned. The isolation of sorbing minerals in the low conductivity zones was
based on the concept that the sorbing minerals may be preferentially distributed with the
lower permeability materials (Tompson and Jackson, 1996; Tompson et al., 1996). This
third case can be compared to the observed variability in predicted K, based on mineral
abundance data (i.e. Figure 3). Unlike the third case of Tompson et al. (1999), the
overwhelming majority of measured Frenchman Flat mineral abundance data results in
predicted radionuclide K s greater 1 mL/g. Only a few Np and Pu (at O,(g) fugacity of
107 bars) predicted K s are less than 1 mL/g. A significant number of data with predicted
K s less than 1 mL/g appear only in the case of U whose average K, is quite low (0.8
mL/g). This result suggests that zones in Frenchman Flat alluvium that have no
radionuclide retardation are highly unlikely. This, in turn, suggests that the heterogeneous
mineral distribution model used in the CAMBRIC near-field HST simulations of Tompson
et al. (1999) most likely overestimated the scale of heterogeneity and its effect on
radionuclide migration. The mineral abundance data collected in Frenchman Flat and the
resulting predicted K, data suggest that, with the exception of U, alluvium zones in which
radionuclide retardation does not occur are rare. The lowest predicted K s for Ca, Cs, Sr,
Am, Eu, Sm, Np, U, and Pu are 17, 200, 9.9, 750, 210, 410,0.4,0.1, and 0.8 mL/g,
respectively. In the case of Pu, the lowest value is predicted at an O,(g) fugacity of 107
bars. At an O,(g) fugacity of 107" bars, the lowest predicted K, is 2.0 mL/g. These lowest
predicted K, ;s may be the most appropriate conservative estimates of radionuclide
retardation in Frenchman Flat alluvium.

Figure 3G includes the ranges of radionuclide K,s measured by Wolfsberg (1978) and
Zavarin et al. (2002). In general, K s for each radionuclide range over one to two orders
of magnitude, consistent with the predicted K, variability. However, the range of
measured and predicted K, does not always coincide. For example, Sm and Eu measured
K s tend to be higher than predicted Ks. This comparison suggests that the mechanistic
model may have limitation in its ability to predict K ;s. However, the comparison cannot
be made without some knowledge of the experiment details. For example, K, data of
Wolfsberg (1978) was collected mostly on 100-200 mesh size sieved sediment. This
would skew the data to K s higher than those expected for the whole sediment (which
includes larger and less sorbing particles). Zavarin et al. (2002) batch sorption
experiments were performed over a wide range of solution conditions using a single
sediment collected from the U-1a tunnel system of Yucca Flat.”® Thus, we cannot strictly
compare predicted K, variability that results from a range of alluvium mineral
compositions to a range of measured K, that results from changes in solution composition
using a single sediment. Finally, flowthrough experiments of Zavarin et al. (2002) were
performed on only two sediments and a total of four column experiments. The measured
range of K ;s may, therefore, not be representative of average Frenchman Flat alluvium
mineralogy. Despite the difficulties in comparing the available measured K,s with
predicted radionuclide K s, it appears that the mechanistic model predicts the scale and

* Yucca Flat alluvium sample mineralogy was similar to that of Frenchman Flat alluvium and expected to
behave similarly.

23



magnitude of K, variability in Frenchman Flat alluvium reasonably well. The application
of this predictive model at near-field or CAU scales requires a thorough understanding of
its limitations.

5.5  Effects of heterogeneously distributed radionuclide K,;s on
CAU-scale reactive transport

To examine the effect of mineral variability on CAU-scale reactive transport, we
developed a heterogeneous permeability and K|, field for use in reactive transport
simulations. The K, field for each radionuclide was developed using a Gaussian Random
Field approach based on mineralogic data reported in Carle et al. (2002). The 3D K,
fields used here in reactive transport simulations have identical distribution patterns as
the 2D K, fields described in Carle et al. (2002); plots of these 2D K, fields are
reproduced here in Figures 4 and 5. The heterogeneous permeability field was developed
based on the Gaussian Random Field approach as well (described in detail in Appendix
B). In the simulations presented here, the permeability field was correlated to the Sr K,
field. The Sr K|, field was used because Sr will sorb strongly to clays and zeolites which
tend to correlate negatively with permeability. However, this relationship was not based
on field data from Frenchman Flat and should be regarded as hypothetical; flow-through
results must, therefore, be interpreted with caution. All other radionuclide K, fields were
correlated to the Sr-based permeability field while honoring the original radionuclide K,
distribution patterns developed in Carle et al. (2002). To evaluate the effects of the
heterogeneous radionuclide K, and permeability fields on transport, three scenarios were
simulated for each radionuclide: A) negative correlation between K, field and Sr-based
permeability, B) positive correlation between K, field and Sr-based permeability, and C)
no correlation between K|, field and Sr-based permeability. Model details are described in
Appendix B.

Flow was simulated over a block of alluvium 18 x 6 x 1.5 km in size. An ambient
hydraulic gradient of 0.001 [m/m] was imposed along the x-direction of the domain
(consistent with Tompson et al., 1999) and no flow was assumed for all other faces. The
domain was discretized onto a 100 m grid longitudinally and 10 m grid vertically. The
flow field was determined using the NUFT code; a particle transport model was used to
simulate radionuclide transport. Both these codes were used in recent CHESHIRE HST
simulations (Pawloski et al., 2001) and are described therein. Radionuclide decay was not
included in simulations; simulations presented here are meant only to illustrate effects of
heterogeneity. Simulations were run for 20,000 years to provide enough time for most
radionuclides to break through. A large (.5 x 1 x .5 km) instantaneous, rectangular unit
source of contaminant was initially centrally located 1 km from the origin of the x-axis.
This large contaminant source was simulated in an effort to provide an ergodic source
that sampled a large quantity of both the physical and chemical heterogeneity. The mass
flux of contaminant was tracked at three breakthrough planes located 1000, 2500 and
3500 m downgradient from the source edge. All breakthrough data reported here result
from the plane at 1000 m.
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Simulation results for all radionuclides and the three flow field scenarios are plotted in
Figures 6 through 11. Am, Eu, Sm, and Cs data are not shown because their
breakthrough was not observed over the entire 20,000 year simulation period at the
1000 m breakthrough plane. Indeed, these results suggest that significant transport of
these radionuclides through Frenchman Flat alluvium is unlikely. However, a calibrated
flow field combined with site specific hydrologic and geologic information would be
necessary to confirm this result. Note that the tracer peak breakthrough occurs at 30
years; this is equivalent to a groundwater velocity of 33 m/year.

Ca initial breakthrough is predicted to occur only at ~10,000 years (Figure 6).
Nevertheless, these simulations suggest that Ca may migrate as far as 1 km in 10,000
years.”” Also, though subtle, the effects of the flow field correlation with K, can be
observed with the negative correlation resulting in the earliest Ca breakthrough. Since in
the negative correlation, lower K s are predominantly found in the high permeability
zones, this results in faster breakthrough. However, the effect is small, owing largely to
the fact that even the low Ca K s are, in fact, quite high. Thus, significant retardation
occurs even in the high permeability zones.
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Figure 6. Breakthrough of tracer (TR) and Ca negatively, positively, and
uncorrelated to the flow field permeability.

The effect of negatively correlating K, and permeability is most clearly seen in the case
of Sr (Figure 7). Nevertheless, the effect is rather slight for similar reasons as the Ca
simulation: Sr K ;s do not vary spatially very much and they are relatively high in all
cases.

* Radionuclide decay was not included in these simulations. Radionuclide decay may further reduce the
migration of radionuclides whose half-life is relatively short.
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Figure 7. Breakthrough of tracer (TR) and Sr negatively, positively, and
uncorrelated to the flow field permeability.

Figure 8 presents the Np breakthrough. For this radionuclide, significant breakthrough is
predicted to occur, consistent with the relative weak sorption of Np to most mineral
surfaces. Also, the negatively and positively correlated scenarios result in nearly
equivalent breakthrough. Because the spatial distribution of Np K s is significantly
different from that of Sr, and because Np K s are quite low throughout the flow field,
permeability correlation with the K, field of Sr has little impact on Np transport.
Regardless, Np is predicted to move relatively quickly when compared to Am, Eu, Sm,

Cs, Ca, or Sr.
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Figure 8. Breakthrough of tracer (TR) and Np negatively, positively, and
uncorrelated to the flow field permeability.
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As in all K s reported here, Pu transport is simulated at three different O,(g) fugacities.
The range of O,(g) fugacity relates to the range of conditions in which Pu(V) dominates
in the aqueous phase. Results are plotted in Figures 9 to 11. At an O,(g) fugacity of 107
bars, sorption to mineral surface is dominated by Pu(V) sorption. It should, therefore, not
be surprising that its transport behavior is predicted to be nearly identical to that of
Np(V). Since Np(V) and Pu(V) aqueous speciation as well as sorption are similar, their
similar behavior should be expected. As the fraction of Pu(IV) in solution increases
(O,(g) fugacity decreases), sorption (and retardation) is predicted to increase.
Nevertheless, some migration of Pu is predicted at all O,(g) fugacities examined here.
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Figure 9. Breakthrough of tracer (TR) and Pu at 107 bars 0:(g) negatively,
positively, and uncorrelated to the flow field permeability.
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Figure 10. Breakthrough of tracer (TR) and Pu at 107" bars 0:(g) negatively,
positively, and uncorrelated to the flow field permeability.
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Figure 11. Breakthrough of tracer (TR) and Pu at 107" bars 0:(g) negatively,
positively, and uncorrelated to the flow field permeability.

The migration of U is predicted to be the fastest of all sorbing radionuclides examined
here. Typically, U sorbs rather weakly to all mineral except iron oxide. Iron oxide
concentrations in Frenchman Flat sediments are low. Furthermore, we have found that the
effective reactive surface area of iron oxides is also quite low (0.25 m*/g, Zavarin et al.,
2002) which suggests that a large fraction of the iron oxide is inaccessible (possibly
occluded). The low abundance and low effective surface area of iron oxide (the dominant
U sorbing mineral) results in very low predicted U retardation in Frenchman Flat

sediments.
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Figure 12. Breakthrough of tracer (TR) and U negatively, positively, and
uncorrelated to the flow field permeability.
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It is interesting to compare radionuclide retardation in the transport simulations to the
average K s predicted using all available Frenchman Flat mineral abundance data (Table
6). With a porosity of 40% and a bulk density of 1.5 g/cm’, average Rs for Ca, Cs, Sr,
Am, Eu, Sm, Np, U, and Pu using predicted K, data of Table 6 (column 9, all data) are
1300, 25000, 730, 23000, 6200, 12000, 14, 4.0, and 26/65/193, respectively (three Pu
values are reported for O,(g) fugacities of 107, 107'%, and 107" bars). Rs for this same list
of radionuclides based on the transport model peak arrival times are >670, >670, >670,
>670,>670,>670, 18,4.3,37/80/270, respectively.28 It appears that the heterogeneous
distribution of radionuclide sorbing minerals and the heterogeneous permeability field
used in these simulations do not significantly affect the average transport behavior of
these radionuclides at this scale. However, the effect of heterogeneous permeability and
radionuclide retardation does have a large effect on dispersion. For example, while the
peak breakthrough of Np occurs at 600 years, Np is initially observed 1000 m from the
source 500 years earlier.

Based on the predicted radionuclide retardations and the results from reactive transport
simulations, we can conclude that:*

* (Ca,Cs, Sr, Am, Eu, and Sm appear to be greatly retarded and are not likely to
migrate greater than 1 km in 10,000 years under the conditions examined with
these reactive transport simulations.

* Np, U, Pu, and all non-sorbing radionuclides may travel a significant distance.
* The heterogeneous distribution of radionuclide sorbing minerals in Frenchman
Flat alluvium does not seem to significantly affect the average radionuclide
retardation under the conditions examined with these reactive transport

simulations.

* The heterogeneous distribution of permeability and radionuclide retardation may
have a very large effect on dispersion which leads to significantly faster initial
breakthrough of radionuclides downstream.

6. Evaluation of Upscaling in the Fracture-Flow Case

The methodology for developing a radionuclide R for a fracture flow environment based
on single mineral radionuclide K s was described in Section 4.2 of this report.” In this
section of the report, we predict radionuclide-mineral K s for average Pahute Mesa
groundwater (Section 6.1), calculate average radionuclide Rs at the CHESHIRE site

* Since the simulations were run out to only 20,000 years, we estimate that radionuclides whose peak
breakthrough was not observed have retardation factor greater than 670.

* Note that radionuclide decay was not accounted for in the reactive transport simulations presented in this
report. **'Pu decay and **' Am ingrowth have been shown to significantly affect the spatial distribution of
! Am with time (Pawloski et at., 2001); these effects were not accounted for in this report.

* In the fracture flow case, it is simpler to evaluate radionuclide sorption using the unitless retardation
factor (R) instead of the retardation coefficient (Kd). The relationship between Kd and R in both the
porous—flow and fracture—flow cases is described in Section 4. Nevertheless, both R and Kd data are
reported in Appendix E.
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(Section 6.2) and for six hydrostratigraphic units’' defined in Drellack et al. (1997)
(Section 6.3), and evaluate spatial heterogeneity of Rs at a number of scales (at the
near-field scale (Section 6.2), between hydrostratigraphic units (Section 6.3), within
hydrostratigraphic units (Sections 6.4 and 6.5)).

6.1 Radionuclide-mineral K;s in Pahute Mesa groundwater

As in the case of porous flow, radionuclide K s in fracture flow systems are based on the
mechanistic sorption model described in Appendix A. If conditions defined in Section 2
are held, the mechanistic model can be simplified to the K, model. To predict a K, for
each radionuclide-mineral pair, the solution composition, mineral characteristics, and
mechanistic models must be defined. The mineral characteristics and mechanistic models
are developed in Appendix A and are held constant throughout this report. The solution
composition at Pahute Mesa is described below.

The solution composition used in the CHESHIRE HST model (Pawloski et al., 2001) is
reported in Table 7. This water composition was an average of Area 19 and 20 water data
reported in Smith et al. (1998), Smith et al. (1999), Rose et al. (1997), and IT (1999). For
modeling purposes, we used an O,(g) fugacity range of 10~ to 107" bars. This range of
0O,(g) fugacity was suggested in Zavarin (2002) to span the range of redox conditions
under which Pu(V) dominates in solution. The dominance of Pu(V) in Pahute Mesa—type
waters is suggested from experimental measurements of Pu redox state in waters of
similar composition from the NTS ((Nitsche et al., 1993; Nitsche et al., 1994). Analysis
of Pu sorption over this entire range can be used to evaluate the sensitivity of Pu transport
to redox.

Using the water chemistry in Table 7, K ;s were calculated for the five radionuclide
sorbing minerals and the nine radionuclides included in our mechanistic model. The
radionuclide K s are listed in Table 8. Uncertainties listed in Table 8 are based on real
and estimated standard deviations resulting from uncertainties in the sorption constants of
our mechanistic model, as described earlier.

The K, for each radionuclide—mineral pair is quite similar in Frenchman Flat and Area 19
and 20 waters (compare Table 2 with Table 8). The small changes result from the subtle
changes in water chemistry between Frenchman Flat alluvium waters (Table 1) and Area
19 and 20 waters (Table 7). Nevertheless, both waters are low ionic strength sodium
bicarbonate type waters with pH~8 which results in similar radionuclide-mineral K s.

3 HSU’s used in Drellack (1997) were based on the designations used in the regional model of IT (1997).
These HSU’s were used here because documentation on fracture densities, fracture apertures, effective
porosities, fracture lining mineralogy, matrix mineralogy, matrix porosity were all available, published, or
could be derived/averaged. These data had not been reported at a finer scale. As a result we chose to
examine RN retardation at this scale. However, this document was written as an approach and not a
solution. Data and methods are documented in detail such that RN retardation values can be recalculated if
HSU and their properties are revised. All necessary mineralogic, K, and R data is included in Appendices
to allow for K, calculations.
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Table 7. Water chemistry used in the CHESHIRE
HST model of Pawloski et al. (2001).

Constituent CHESHIRE Water
Concentration, mg/L (except pH)

pH 8.2

Na 65

K 34

Ca 104

Mg 0.5

HCO, 107

Cl 12

SO, 35

SiO, 56

0,(aq) !

" 0,(aq) concentrations controlled by O,(g) fugacities of 107,
107'°, and 107" bars.

Table 8. Radionuclide distribution coefficients (K,s) calculated using water
chemistry of Table 7 and mineral reactivities of Appendix A.'

Calcite Zeolite Iron Oxide  Mica/illite¥  Smectite
(clinoptilolite)
Log (K,)

Am 4.49+0.5 3.40+0.41 4.98+0.38
Ca 0.52 3.60 251 2.85
Cs 3.50 (2.90) 5.56(4.56) 2.89 (1.39)
Eu 437+0.5 3.48+0.67 4.51+0.46
Np 1.84+0.5 1.81+0.44 1.27+0.28
Pu (O, = 107%)?* 17105 2.10+0.5 1.93x0.5
Pu (0,=107"%) 2.10+0.5 2.57+0.5 2.27+0.49
Pu (0,=107") 2.85+0.5 33705 2.96+0.47
Sm 4.67+0.5 3.64+0.67 4.67+0.42
Sr -1.24+0.5 3.37 -0.20+0.30 251 245

U -1.80+0.5 2.660.43 1.63+0.38

¥ Pu K s determined at three O,(g) fugacities : 107, 107'°, and 107" bars. The range of O,(g) fugacities was
suggested in Zavarin et al. (2002) to evaluate the effect of Pu redox state on transport.

¥ Mechanistic sorption model is based on illite. However, XRD analysis did not distinguish between illite
and mica. We assume in our model that these two mineral behave similarly.

" Uncertainties reported here represent the uncertainty in the mechanistic model reaction constants. When a
value in parentheses is listed, it represents a lower limit Kd value (upper limit not assigned).

6.2  Average radionuclide Rs based on CHESHIRE site mineralogy

6.2.1 Calculating radionuclide Rs — Americium example

Using the radionuclide-mineral K s of Table 8, radionuclide retardation in fractures with
Table 7 water compositions can be estimated using the component additivity approach

outlined in Section 4.2. The average mineralogy of the fracture linings and matrix
developed in the CHESHIRE HST model (Pawloski et al., 2001) is listed in Table 9. The
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fracture-lining mineralogy was based on an average fracture lining mineral abundance for
devitrified tuffs below the water table at Yucca Mountain (data of Carlos et al., 1995).
The matrix mineralogy was based on a combination of XRD and petrographic
measurements for the devitrified mafic poor Calico Hills lava at the CHESHIRE site.
Additional parameters developed in the conceptualization of the high permeability
fracture flow zones at the CHESHIRE site are listed in Table 10. These are the parameters
required to predict Rs at the CHESHIRE site using the radionuclide—mineral K s listed in
Table 8 and component additivity described in Section 4.2.

Table 9. Average fracture lining and matrix mineral abundances used in
the CHESHIRE HST model (Pawloski et al., 2001)."

Mineral Density Volume Mass
g/cm’ % %
---------------- Fracture Lining’ ----------------
Inert Matrix 2.5 61.7 71.3
Iron Oxide (hematite) 527 1.1 2.7
Mica 2.83 0 0
Smectite 2.83 8.0 10.5
Calcite 2.71 59 74
Zeolite (clinoptilolite) 2.13 8.3 8.2
------------------- Matrix*
Inert Matrix 2.5 84.69 99.56
Iron Oxide (hematite) 527 0.02 0.050
Mica 2.83 0.04 0.053
Smectite 2.83 0.25 0.33
Calcite 2.71 0 0
Zeolite (clinoptilolite) 2.13 0 0

¥ Small errors in fracture-lining mineral abundances were found in the CHESHIRE HST model
of Pawloski et al. (2001); these are corrected here.

¥ Fracture lining defined by 8 fractures/meter, 100 micrometer coating with 15% porosity.
Fracture linings also contain 19.7 vol. % manganese oxides but their reaction with
radionuclides was not considered due to lack of data. From the mineral density and volume
fractions, the fracture lining bulk density is 2.16 g/cm’.

¥ Matrix porosity is 15%. From the mineral density and volume fractions, the matrix bulk
density is 2.13 g/em’.

Table 10. Parameters used in conceptualization of high
permeability fracture flow zones in the CHESHIRE HST
model (Pawloski et al., 2001).

Fracture density m™ 8 (=(2D)")t
Fracture aperture m 5x107* (=2A)
Fracture lining thickness m I1x10™*(=B)
Matrix reactive zone thickness m 25x107° (=C)

Colloid concentration g/mL 1.17x10™*

T A, B, C, and D are employed in the radionuclide retardation calculations.
They are shown in Figure 1.
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As an example, we calculate the Am R under the fracture flow conditions defined by
Tables 9 and 10. Calculations are based on radionuclide—mineral K s presented in Table
8. The conceptualization of the fracture flow medium is described in Section 4.2 and
Figure 1.

The effective porosity of the medium is calculated using Equation (3):

0, =2x8(2.5x107 +0.15x10™ +0.15x2.5x107) =0.01024. (12)

This effective porosity includes the porosity from the fracture aperture, the porosity of the
fracture lining, and the porosity of the “matrix reactive zone”. In the CHESHIRE HST
model (Pawloski et al., 2001), flow was assumed to occur in all these zones. The
simulations were conceptualized in this manner to link the calibrated flow model and the
mechanistic sorption model. The need arrived from the fact that calibration of the flow
field at the CHESHIRE site resulted in an estimated effective porosity of the fractured
medium of ~1%. This effective porosity could not be accounted for simply from fracture
aperture related porosity unless fracture densities and apertures were increased to
unrealistic values. Instead, fracture densities and apertures were taken from field
observations and the effective porosity was accounted for by allowing some flow in the
matrix along the fractures (called the “matrix reactive zone” in this report). This
conceptualization was discussed in Zavarin (2002), Pawloski et al. (2001), and in Section
4.2 of this report. Additional discussion can also be found in Appendix E.

To determine Rs, the porosity of the fracture flow zone (6,,) must also be calculated. The
fracture flow zone porosity is defined as the combined porosity of the fracture, fracture
lining, and matrix reactive zone. It is calculated using Equation (4):

-4 -4 -3
sz =2.5><10 +0.1j><10_4+0.15x2_.35x10 _ 0225 (13)
25%x107 +107 +2.5%x10

To calculate the Am K, of the fracture flow zone (K, ), the mass fraction of each mineral
must be determined. Since the fracture flow zone encompasses both the fracture lining
and matrix reactive zones, average mineral mass fractions in the fracture flow zone must
be determined. Using Equation (6), the mass fractions of illite, zeolite, smectite, calcite,
hematite, and inert matrix are 5.03x107*,3.21x107,7.25x107, 2.89x107, 1.49x107, and
0.969, respectively. The Am K, can then be calculated using Equation (5):

K, = 10*" x 7.25x107° +10** x2.89 107 +10°* x1.49x107 =785  (14)

Once the Am K, is known, the Am R of the fracture flow zone (R,) is calculated using
Equations (7) and (8) to yield:

=14 12X 9500 (15)
: 0.225
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In Equation (15), the Am R, is calculated in the absence of colloids. However, colloids
effects on Am migration should be significant and similar to those observed for Eu
migration (Kersting et al., 1999). In an equilibrium model, the Am R;, can be adjusted by
the R related to Am sorption to colloids (R,,,). Radionuclide distribution coefficients for
smectite colloids (K, ) used in the CHESHIRE HST model are listed in Table 11. The Am
R, is determined using Equation (9):

R

0 =1+(10°” x1.17x107) = 98 (16)
The adjusted Am R in the fracture flow zone which accounts for colloid effects (R’;,) is
determined using Equation (10):

N (L -

Thus, sorption to colloids decreases the Am R by nearly two orders of magnitude.

As described in Section 4.3, we have made some significant simplifications to the
transport behavior of colloids. First, colloid loads in the fractures are assumed to be
constant. Second, colloids are not subjected to filtration processes. Third, radionuclide
sorption to colloids is assumed to be an equilibrium process. And, fourth, colloids travel
within the entire fracture flow zone and are not restricted to the fracture. Comparative
simulations in which colloids were homogeneously distributed in the fracture flow zone
or isolated to the fracture did not result in any difference in breakthrough (Zavarin, 2002).
This occurred because of the relatively fast diffusive exchange of ions between the
fracture and the very narrow fracture lining (100 um) and matrix reactive zones (2.5 mm)
and the lack of any slow sorption/desorption kinetics in our model. However, the lack of
colloid filtration and radionuclide sorption kinetics in this simplified model severely
limits its applicability. While this simplified colloid model is not likely to adequately
treat the process of colloid-facilitated transport at the near-field or CAU scales, it does
provide a way to compare the effect that colloids have on each radionuclide and how
radionuclide transport can be exacerbated by colloid-facilitated transport.

An important aspect of the fracture flow case is the diffusion between the fracture and the
matrix. Radionuclide retardation in the matrix, combined with matrix diffusion increases
the effect of matrix diffusion on transport. While matrix diffusion needs to be accounted
for, this aspect of fracture transport is not discussed here. Furthermore, since
radionuclide retardation in the matrix is calculated in the same manner as the porous flow
case, it is not discussed in this section unless warranted.
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Table 11. Predicted radionuclide distribution coefficients (K;s)
for smectite colloidsf.

Smectite Colloids

Radionuclide (high Jow)*
Log (mL/g)
Ca(Il) -
Cs(I) -9
Sr(IT) -
Am(IIT) 592 (6.31,5.62)
Eu(III) 545 (5.91,5.05)
Sm(III) 5.61 (6.07,5.16)
Np(V) 2.21(2.50,1.93)
Pu (O, = 107%)?* 2.87 (3.39,2.39)
Pu (0,=107"% 3.19 (3.68,2.74)
Pu (0,=1079) 3.88 (4.37,3.43)
U(VD) 2.58(2.99,2.25)

T Colloid reactivity was based on the reactivity of smectite using a 1:1 ratio of
>AlOH and >SiOH reactive sites. However, the reactive site concentrations
were based on particle size measurements and colloid concentrations reported by
Kersting and Brachman (1998) (7.86x10'° particles/mL and 80.8 nm average
particle diameter). A reactive site density of 2.31 sites/nm” was used.

9 If illite/mica colloids were included, the Cs colloid Log K, would be 5.56
(Table 8 data).

¥ Pu K s determined at three O,(g) fugacities : 107, 107'°, and 107" bars. The
range of O,(g) fugacities was suggested in Zavarin et al. (2002) to evaluate the
effect of Pu redox state on transport.

* High and low values represent the uncertainty associated with the mechanistic
model reaction constants.

6.2.2 Summary of average radionuclide Rs

Table 12 lists the Rs for all radionuclides examined here and for both the fracture flow
zone and the matrix.”” These radionuclide Rs were calculated using the surface
complexation and ion exchange reactions and sorbing mineral properties reported in
Zavarin et al. (2002). It is interesting to compare these values to the radionuclide
retardation ratios presented in Table K.9 of Pawloski et al. (2001) and reproduced here
in Table 12.” The differences in radionuclide Rs are related to mechanistic sorption
model adjustments suggested in Zavarin et al. (2002). For example, we predict here that
the Cs fracture flow R is 10*** while in the CHESHIRE HST simulations (Pawloski et al.,
2001), an R of 10** was reported. The difference is related primarily to an increase in the
affinity of Cs for mica/illite suggested by our recent sorption experiments (Zavarin et al.,
2002). Sr Rs are lower because the cation exchange capacity of smectite and the affinity

2 While uncertainties associated with the mechanistic model reaction constant are reported throughout this
report, the uncertainties are similar in the case of porous flow and fracture flow. They are, therefore, not
discussed in this section unless warranted.

3 Note that in Pawloski et al. (2001) Table K.9, retardation ratios are reported. Retardation ratios are
defined as the ratio of sorbed to aqueous moles of a radionuclide. Here, we present retardation factors
which are equal to “retardation ratio”+1. This difference in units is only significant in cases where sorption
is extremely low.
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of Sr for smectite and zeolite were lowered. Am, Eu, Sm, Np, U, and Pu Rs are
significantly lower in the fractures as a result of decreased calcite and iron oxide surface
areas. However, this effect is minimized in the matrix since no calcite and very little iron
oxide exists in the matrix.

Adjustments to the reactive surface areas of calcite and iron oxide were based on
alluvium porous flow experiments (Zavarin et al., 2002). However, the reactive surface
area of these minerals may not necessarily be the same in a fracture flow environment (it
may, in fact, be rather site specific). We chose to use the mineral reactivities reported in
Zavarin et al. (2002) for consistency and because these values provide more conservative
estimates of transport for most radionuclides. Without a significant validation effort, it is
not possible to evaluate the accuracy of the mechanistic model or this upscaling approach
in the fracture flow case. Radionuclide Rs calculated in this report for the fracture flow
case should be interpreted with these limitations in mind.

Kersting et al. (1999) found that most aqueous Cs was associated with colloids in water
from ER-20-5. Based on a smectite-dominated colloid model, we predict that Cs would
not be strongly associated with colloids, resulting in a large R for Cs in the fracture flow
zone (10°%*). Since Kersting et al. (1999) reported that illite was also part of the colloid
mineralogy, we propose an alternate Cs R based, conservatively, on an illite-dominated
colloid mineralogy. In this case, the fracture flow zone R for Cs is 10", significantly
lower than the earlier value. Based on the observations of Kersting et al. (1999), it is
likely that this may be more reasonable (and conservative) R for colloid-mediated Cs
fracture transport conditions.

Table 12. Predicted radionuclide retardation factors (Rs) at the CHESHIRE site.

CHESHIRE HST model

Fracture flow zone Matrix (Pawloski et al., 2001)
Fracture/Matrix
Average (Low, High)®  Average (Low, High)* Average
Log R

Ca 2.19 1.56 2.30/1.77
Cs 324(226)° 344 (2.44) 2.63/2.72
Sr 1.93 1.22 2.37/1.77
Am 1.84 (1.87,1.79) 3.64 (3.35,4.00) 2.38/3.68
Eu 1.89 (1.81,1.92) 3.18 (2.72,3.64) 2.77/3.08
Sm 2.01 (1.97,2.04) 3.34 (2.88,3.81) 3.11/3.24
Np 0.68 (0.41,1.04) 0.37 (0.23,0.61) 1.72/0.84
U 0.97 (0.65,1.33) 0.79 (0.50, 1.17) 1.84/1.39
Pu (O, = 107%)?* 0.94 (0.56, 1.33) 0.77 (0.41,1.21) 1.87/1.29
Pu (0,=107"% 1.25 (0.85, 1.60) 1.09 (0.67,1.55)
Pu (0,=1079) 1.75 (1.44,1.94) 1.78 (1.31,2.25)

" If colloids assumed to be dominantly mica/illite, Rs for fracture flow zone would be 10"

" R measured at O,(g) fugacity of 107,

¥ Pu K s determined at three O,(g) fugacities : 107, 107'°, and 107" bars. The range of O,(g) fugacities was
suggested in Zavarin (2002) to evaluate the effect of Pu redox state on transport.

* High and low values represent the uncertainty associated with the mechanistic model reaction constants.
When only one value is listed, it represents the lower limit value (an upper limit was not assigned).
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6.2.3 Heterogeneous distribution of radionuclide Rs at the CHESHIRE
site

To evaluate heterogeneity and scaling issues at the near-field scale, the average fracture
radionuclide Rs were related in Chapter 8 of Pawloski et al. (2001) to initial breakthrough
of radionuclides at the downstream boundary of the CHESHIRE HST model.** The results
are reproduced here in Figure 13 which presents the time of median peak breakthrough at
the downstream boundary of the near-field HST model as a function of fracture R.”
Several 1:1 correlation lines are plotted to illustrate the relationship between tracer peak
breakthrough arrival time, retarded radionuclide arrival time, and R. For example, in the
simulations which included heat-related transient flow in the near field, peak tracer
breakthrough occurs at 2 years (i.e. R = 1 at 2 years). Based on tracer breakthrough at 2
years, the 1:1 correlation line, which relates effective R to peak breakthrough arrival time,
does not intersect the data for the retarded radionuclides. This suggests that the average
predicted fracture Rs for the sorbing radionuclides would overestimate peak arrival times
of retarded radionuclides. Interestingly, based on the mean flow velocity of high
permeability zones, peak tracer breakthrough is predicted at 0.4 years. With this tracer
breakthrough time, median peak breakthroughs for the sorbing radionuclides correlate
quite well with the predicted average Rs of the fracture flow zone. This suggests that the
predicted transport of sorbing radionuclides in a heterogeneous and transient near-field
HST model may still be related to the average predicted Rs along the dominant flow path
(the high permeability fracture flow zones). The results suggest that near-field scale flow
field and radionuclide retardation heterogeneities may possibly be regarded as dispersion
effects and that the near-field scale radionuclide retardation can be qualitatively related to
average Rs of the high permeability fracture flow zones.

It is critical to note that the average Rs were not, in this case, average Rs for the entire
CHESHIRE HST model domain. In fact, average Rs for only the high permeability fracture
flow zones can be related to average near-field radionuclide transport. This issue is
further complicated in large-scale models since hydrologic characteristics of the domain
are known at a scale much larger than the high permeability zone scale observed at the
CHESHIRE site (high permeability zones are at the scale of tens of meters). The question
thus becomes: what is the most appropriate mineralogic conceptual model for the small
high permeability zones that are likely to account for most of the flow in large-scale
models? In the following sections of this report, we provide data at the scales for which
mineralogic data are available. Some discussion of how these data may be used in
large—scale models are suggested but further refinement of these scaling issues is
undoubtedly necessary.

* Dispersion effects are not discussed in this report. However, discussion of upscaling effects in a
fracture—flow environment as they relate to hydrodynamic dispersion can be found in Chapter 8 of
Pawloski et al. (2001).

% This plot can be used to compare the simulated retardation of radionuclides to their respective predicted
average Rs. For example, if tracer peak breakthrough occurs at one year and is plotted at R=1, all retarded
radionuclides should fall along the 1:1 correlation line that intersect the tracer. Thus, if R = 100, the peak
breakthrough time should be 100 years.
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Figure 13. Comparison of particle model median peak breakthrough for
radionuclides with average retardation assuming homogeneous mineralization.
Thick black line represents ideal relationship assuming tracer breakthrough peak at
1 year with no test-related heat. Thin gray lines bracket range of uncertainty of
peak tracer breakthrough with no test-related heat. Dashed line represents ideal
relationship assuming tracer breakthrough peak at 2 years, as inferred from
particle model median tracer breakthrough with test-related heat. Thin black line
indicates ideal relationship assuming average flow velocity for high permeability
hydrofacies (from Pawloski et al., 2001).
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6.3  Average radionuclide Rs based on Pahute Mesa
hydrostratigraphic unit mineralogies

In Section 6.2, average radionuclide Rs at the CHESHIRE site were reported and the effects
of heterogeneity at that scale were evaluated. Below, we predict average radionuclide Rs
for six hydrostratigraphic units whose scale is significantly larger. The resulting
radionuclide Rs are compared to determine whether significant differences in
radionuclide Rs are predicted at the scale of hydrostratigraphic unit.

6.3.1 Morphology and mineralogy of 6 hydrostratigraphic units

In Table 13, data regarding six hydrostratigraphic units (Timber Mountain Aquifer, Tuff
Cone, Bullfrog Confining Unit, Belted Range Aquifer, Basal Confining Unit, and Basal
Aquifer) are summarized. The CHESHIRE HST model domain lies within the Tuff Cone
(TC) hydrostratigraphic unit as defined in Drellack et al. (1997).*° The data in Table 13
were collected from a variety of sources; the origins of the data are described in the
following text.

Information regarding fractures was gathered from Drellack et al. (1997). This data set
represents one of the most comprehensive examinations of fracture densities and
mineralogies on Pahute Mesa. The fracture density listed in Table 13 is the density of
open fractures. A significant number of closed fractures also exist but it was assumed that
these would not contribute to fracture flow. Also, the fracture density was originally
measured as fractures per vertical foot. Because the majority of these fractures were high
angle, the fracture density, when corrected for the dip, is significantly greater. The
fracture density presented in Table 13 was calculated assuming an average fracture dip of
~75 degrees. The percent open fracture relates to the fact that significant fracture infilling
as a result of fracture-lining secondary mineral formation reduces actual fracture aperture
compared to the ideal reported fracture aperture. A range of fracture openness was
reported for each hydrostratigraphic unit. In general, these values suggest fracture-lining
mineral thicknesses on the order of 40 to 350 micrometers, consistent with observations
in IT (1998) and what was applied in the CHESHIRE HST model (100 um).

% Assignments of stratigraphic units to hydrostratigraphic units have changed with time (more recently,
Shaw (2003) placed the mafic poor Calico Hills Lavas near CHESHIRE into the Calico Hills zeolitized
composite unit (CHSCM)). However, we continue our evaluation using the assignments in Drellack et al.
(1997) and IT (1997) to retain consistency with the fracture and matrix parameters/assignments listed in
these reports.

41



Table 13. Parameters used to define radionuclide K;s and Rs for selected hydrostratigraphic units at Pahute Mesa.

Hydrostratigraphic Timber Mountain Tuff Cone Bullfrog Confining Belted Range Basal Confining Basal Aquifer
Unit Aquifer Unit Aquifer Unit
(HSU) (TMA) (TC) (TCB) (TBA) (BCU) (BAQ)
Fracture Density, m™ ¥ 0.38 2.16 0 2.79 0 7.61
Fracture Aperture, mm 0.72 0.53 - 0.08 - 03
% Open Fracture 10 - 100 1-50 - 1-10 - 1-10
Effective Porosity * 0.0013 0.0013 _ 0.0013 B 0.0013
(0.00051 - 0.0035) (0.00051 - 0.0035) (0.00051 - 0.0035) (0.00051 - 0.0035)
Matrix Porosity * 0.08 - 0.50 0.12-0.45 0.07 - 047 0.19-0.39 0.33-0.45 0.09 -0.27
FRACTURE LINING SORBING MINERAL ABUNDANCES?, wt %
Calcite 13 3(5.2)° - 0 - 50
Zeolite 7 30 (32.5) - 24 - 50
Smectite 15 11 (13.3) - 12 - 0
Fe/MnOx 5 20(1.1,6.3) - 60 - 0
———————————— MATRIX SORBING MINERAL PROBABILITY AND ABUNDANCE (log wt %)* ————————————
Calcite 009 023+086 0.14 009+065 007 -020+0.17 055 037055 073 041055 0.71 0.58+0.58
Zeolite 044 141064 041 134+062 045 150+051 028 098+0.72 037 098+0.69 0.60 1.24+0.65
Smectite 0.60 050+0.57 081 050+054 0.84 -028+052 095 085053 097 1.04+035 092 1.05+0.33
Iron oxide 054 -021+0.24 048 -0.15+029 055 -0.16+0.18 0.37 -0.08+034 028 -0.08+0.22 0.33 0.00 £ ?
Mica 050 0.03+040 0.65 007+042 0.82 003+042 0.76 0.18+0.55 059 029+056 029 0.58+0.23

T Stratigraphic units that comprise these hydrostratigraphic units are defined in IT (1997).

¥ Fracture density, fracture aperture, % of fracture aperture that is open, and the fracture-lining mineral composition were taken from Drellack et al. (1997). Fracture density
was corrected for fracture orientation by assuming all fractures dip at ~75 degrees.

§ Effective porosities and bulk matrix porosities were taken from IT (1997) Phase I Data Analysis Task Volume 7, Table 5-1. Values in parentheses for effective porosities
are the range of porosities for a 2 standard deviation Log normal range. Matrix porosity values represent the lower and upper bounds of porosity.

¥ Average and standard deviations of matrix sorbing mineral concentrations were calculated from an analysis of all XRD data available in Warren et al. (2000) for the
hydrostratigraphic units of interest.

¥ Wt % in parentheses based on data from Carlos et al. (1995).

* The probability is a measure of how often the particular mineral was observed. The abundance is a measure of the average quantity of the particular mineral observed in only
those samples where the particular mineral was observed. Thus, to calculate the true average abundance, one must multiply the reported abundance by the probability.
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TC fracture apertures were reported to be 0.5 mm, consistent with the CHESHIRE HST
model (Pawloski et al., 2001). However, fracture densities reported in Drellack et al.
(1997) are lower than those used in the CHESHIRE HST model. The fracture density used
in the CHESHIRE HST model high permeability zones was 8 per meter as compared to an
average of 2 per meter for the TC unit reported in Drellack et al. (1997). Observations of
Blankennagel and Weir (1973) suggest that fracture densities in the high permeability
zones at the CHESHIRE site could be as high as 14 per meter but the open fracture fraction
was not reported. Erikson (1991) observed fracture densities in the range of 3 per meter
in high permeability fracture flow zones in a drill hole near CHESHIRE (UE-20n #1).
Prothro and Drellack (1997) observed fracture densities of 8.5 per meter in high
permeability fracture flow zones 2 km north of CHESHIRE (ER-20-6 #1). The relatively
low fracture densities reported in Drellack et al. (1997) as compared to observations of
Blankennagel and Weir (1973) and others may be largely the result of scaling. The
individual hydrostratigraphic units reported in Drellack et al. (1997) comprise high and
low permeability zones, the average of which may be significantly lower than the narrow
regions of high fracture density zones reported by Blankennagel and Weir (1973) and
others.

The effective porosities reported in IT (1997) are not consistent with fracture porosities
calculated using fracture densities and apertures of Drellack et al. (1997). For example,
fracture densities and apertures for the TMA suggest that the fracture porosity should be
0.00027 if flow is contained within parallel fractures. This porosity is a factor of five
lower than the effective porosity in IT (1997). The inconsistency between effective
porosity and fracture porosity was also encountered during development of the CHESHIRE
HST model. In the CHESHIRE HST model, the effective porosity was linked to physical
measurements of fracture densities and porosities by conceptualizing a “matrix flow
zone” (Pawloski et al., 2001). The larger effective porosity is accounted for by allowing
flow within the matrix along the fracture boundary (see Figure 1 and Sections 4.2 and
6.1). A recent report examined the effect of using this conceptualization on radionuclide
breakthrough (Zavarin, 2002) and found that the effect of adding flow to a small zone of
matrix that borders a fracture does not significantly alter radionuclide breakthrough (as
long as this matrix zone is small enough to be accessed by diffusion at a time scale much
shorter than the fluid travel times in the domain).

The fracture-lining sorbing mineral abundances reported in Drellack et al. (1997) were
determined by counting the number of times a particular fracture-lining mineral was
observed. This observational probability cannot be directly related to the quantitative
abundances of the various minerals in the various hydrostratigraphic units. However, we
found that the quantitative abundances of fracture-lining minerals (based on data from
Carlos et al., 1995) were similar to the observational probabilities reported by Drellack et
al. (1997) for the TC hydrostratigraphic unit. For modeling purposes, we assume that the
observational probabilities are equivalent to average abundances of radionuclide sorbing
fracture-lining minerals. In Section 6.5.3, we report on mineral abundances and resulting
Rs of the TC hydrostratigraphic unit based on the fracture mineral abundance data of
Carlos et al. (1995). The comparison of mineral data from Drellack et al. (1997) and
Carlos et al. (1995) is discussed there.
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Fracture-lining iron and manganese oxide minerals were not distinguished in the analysis
of Drellack et al. (1997). However, the reactivity of iron and manganese oxides can be
quite different. In the simulations presented below, we present two cases: (1) Fe/MnOx
reported values are dominated by iron oxides and (2) Fe/MnOx reported values are
dominated by manganese oxides for which sorption constants are not known. Evaluation
of the sorptive capacity and distribution of manganese oxides is necessary to effectively
distinguish their radionuclide retardation effects from those of iron oxides.

The matrix sorbing mineral abundances in the various hydrostratigraphic units were
calculated by averaging the available XRD data contained in Warren et al. (2000) for the
stratigraphic units that comprise each hydrostratigraphic unit. The average abundances
reported in Table 13 are the average abundances for each mineral in cases where it is
observed. The associated mineral observational probability indicates the degree to which
the particular mineral is distributed throughout the hydrostratigraphic unit. The standard
deviations reported in Table 13 are a clear indication of the strongly variable abundance
of minerals. The probabilities suggest that minerals are distributed heterogeneously
(calcite, in particular) which may significantly affect the radionuclide transport in these
units.

6.3.2 Average radionuclide Rs of 6 hydrostratigraphic units

Below, we present radionuclide Rs for six hydrostratigraphic units located on Pahute
Mesa. The K s for each radionuclide—mineral pair were based on the water chemistry for
Pahute Mesa listed in Table 7. It was assumed that the water chemistry in all six
hydrostratigraphic units was the same and equivalent to the water chemistry used in the
CHESHIRE HST model (based on an average groundwater composition from Area 19 and
20 wells). Thus, K s for each radionuclide—mineral pair are equivalent to those used in
Section 6.1.

Combined with the component additivity approach outlined in Section 4.2 and the
morphology and mineralogy data described in Section 6.3, radionuclide Rs can be
assigned to each of the six hydrostratigraphic units. Tables 14 and 15 list the Rs
determined for six hydrostratigraphic units and nine radionuclides. In Table 14, fracture
flow zone Rs are reported for the iron oxide dominating case.”” In Table 15, fracture flow
zone Rs are reported for the manganese oxides dominating case. Additional details
regarding the calculation performed to computer the predicted Rs can be found in
Appendix E. This appendix also contains the associated K, data.

Several assumptions were made in calculating radionuclide Rs. Fracture densities and
apertures were taken from Table 13 but the percent open was ignored; for simplicity it
was assumed that the fractures are entirely open. A nominal fracture-lining thickness of
100 micrometers was used throughout. The thickness of the matrix reactive zone was
adjusted so that the average effective porosity listed in Table 13 was consistent with the

7 The two reported cases are defined in Section 6.3.1.
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fracture conceptualized effective porosity. For the TMA, TC, and TBA, the matrix
reactive zone thicknesses were: 4.6, 0.05, and 0.62 mm. For the BAQ, the high fracture
density and aperture resulted in an effective porosity of 0.0029, significantly larger than
the average effective porosity listed in Table 13. No matrix reactive zone was included
for this hydrostratigraphic unit but the fracture density and aperture was not adjusted to
the effective porosity listed in Table 13. For all simulations, the matrix porosity was
taken to be the average of the range reported in Table 13. Although significant variability
in the matrix mineral abundances is reported, we evaluate the average mineral abundance
case here. The product of mineral abundance and probability (Table 13) defined the
average mineral abundance. For all fracture flow zone Rs, the effect of colloids on
radionuclide retardation was based on the simplistic approach described in this report and
colloid K,s from Table 11. The case in which illite colloids are present is also reported for
Cs (see footnote to Table 11).

Differences in radionuclide Rs between the four hydrostratigraphic units in the case of
fracture flow and between the six hydrostratigraphic units in the case of matrix flow are
on the order of 0.4 to 2.3 Log R. The source of these differences is the differences in
sorbing mineral abundances and fracture/matrix morphologies (i.e. Table 13 data) of
these units. The results suggest that radionuclide retardation in the various
hydrostratigraphic units will differ significantly. However, it is important to note that the
uncertainties in Rs (based on the mechanistic model uncertainties) are, in some cases,
significantly larger than the differences between the various hydrostratigraphic units. In
those cases, uncertainty in radionuclide retardation constants may have a greater effect on
model uncertainty than the retardation differences between hydrostratigraphic units.

The R uncertainties reported in Tables 15 and 16 relate to uncertainties in our mechanistic
sorption model. In general, the uncertainties in Am, Eu, and Sm retardation are very
small in fracture flow zones but large in the matrix. In the fracture case, sorption to
fracture-lining minerals is buffered by sorption to colloids. Thus, the uncertainty in the
colloid sorption counteracts the uncertainty in the fracture-lining mineral sorption. The
net effect is that retardation uncertainty is small. This buffering effect is not observed in
matrix case because colloids are absent. For these radionuclides (Am, Eu, and Sm), the
greater uncertainty in the fracture-flow Rs comes from the estimate of colloid loads and
reactive site densities. These uncertainties were not included in our analysis, in part,
because it is not clear how these uncertainties should be approached. Uncertainty in Np,
Pu, and U Rs is large in both the fracture and matrix cases. Under conditions specified in
Table 7, U and Np are not expected to sorb strongly to colloids (see Table 11). The effect
of colloids on Pu retardation is a function of its redox state. At an O,(g) fugacity of 107
bars, Pu(IV) concentrations in solution are very low which results in a weak association
of Pu with colloids. At an O,(g) fugacity of 10™'"° bars, Pu(IV) concentrations in solution
are significantly higher resulting in a stronger colloid effect. This stronger colloid effect
also results in a reduction in the R uncertainty in fracture flow zone data with decreasing
0O,(g) fugacity (see Tables 16 and 17). For U in BAQ, sorption is weak enough that
uncertainty in retardation becomes irrelevant.
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Table 14. Predicted retardation factors (Rs) for selected hydrostratigraphic units assuming Fe/MnOx dominated by iron

oxide.
—TMA ~—  —— TC ————- TCB ————TBA —— BCU ————— BAQ ———
Fracture Matrix Fracture Matrix Matrix Fracture Matrix Matrix Fracture Matrix
Log R (low, high)*

Ca 3.34 344 295 3.37 3.57 324 2.99 2.94 3.36 374

Cs 4.04 4.15 3.19 4.28 4.38 4.30 443 4.24 327 4.70

(3.13) (3.24) (2.40) (3.34) (3.46) (3.34) (3.44) (3.25) (2.66) (3.74)

Sr 3.12 322 2.72 3.14 335 2.99 2.73 2.67 3.14 3.50

Am 2.03 4.05 1.92 4.19 347 2.64 4.62 4.62 2.26 5.08
(206,1.99) (3.774.40) (194,1.88) (3904.54) (3.18381) (2.652.61) (435496) (435497) (250,194) (4.81,542)

Eu 2.06 3.60 1.98 373 3.04 2.69 4.18 4.18 2.60 4.65
(198208) (3.14406) (1.892203) (3.27420) (256352) (2.592.73) (3724.65) (3.724.65) (249265 (4.19,5.12)

Sm 2.14 3.79 2.06 3.92 323 2.74 441 441 2.98 490
(2.112.16) (3.32426) (2.022.11) (346439 (2.763.72) (2.702.78) (3944.89) (3944.88) (2923.02) (443,5.38)

N 0.80 0.77 1.08 0.83 0.64 1.72 1.21 1.18 1.61 1.69
P (057,1.13) (0.57,1.07) (0.74,149) (0.62,1.14) (048093) (1.352.15) (091,1.58) (0.89,1.54) (1.152.09) (1.37,2.08)

U 1.18 1.20 1.77 1.26 1.17 2.46 1.45 1.37 0.19 1.85
(0.85,1.54) (0.87,1.59) (1.372.17) (093,1.65) (0.84,1.56) (2.052.86) (1.11,1.85) (1.05,1.77) (0.20,0.19) (1.51,2.25)

Pu (0, = 10 1.12 1.16 1.36 1.27 0.89 2.04 1.64 1.62 1.46 2.09
2 (0.74,151) (0.77,1.62) (093,1.77) (0.85,1.74) (0.59,1.31) (1.57246) (1.172.12) (1.162.11) (1.03,1.87) (1.62,2.58)

Pu (0, = 10°) 1.43 1.50 1.74 1.61 1.24 243 1.98 1.97 1.81 244
2 (1.03,1.79) (1.06,198) (1.312.11) (1.1622.09) (0.84,1.70) (1.9822.80) (1.51,247) (1.49245) (1.372.18) (1.96,2.93)

Pu (O, = 10-%) 1.94 221 2.31 2.31 1.96 3.00 2.68 2.66 2.34 3.14
2 (1622.12) (173269 (197250) (1.84279) (149244) (2.66320) (2.213.16) (2.19,3.14) (2.00254) (2.66,3.62)

* High and low values represent the uncertainty associated with the mechanistic model reaction constants. When only one value is listed, it represents the lower

limit value (an upper limit was not assigned)..

9 1In the case where illite colloids exist, Cs Log Rs would be reduced to 2.40, 1.56,2.67, and 1.64 for TMA, TC, TBA, and BAQ, respectively.
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Table 15. Predicted retardation factors (Rs) for selected hydrostratigraphic
unit fracture flow zones assuming Fe/MnOx dominated by manganese oxides.

TMA TC TBA BAQ
Log R (low, high)®

Sr 3.12 2.68 2.90 3.14
Am 2.03 1.86 2.59 2.26
(2.05,1.99) (1.88,1.82) (2.60,2.55) (2.50,1.94)
Eu 2.06 1.89 2.60 2.60
(1.98,2.08) (1.81,1.91) (2.532.62) (2.49,2.65)
Sm 2.13 1.98 2.66 2.98
(2.10,2.15) (1.95,2.00) (2.63,2.68) (2.92,3.02)
N 0.77 0.57 1.13 1.61
p (0.55,1.10) (0.37,0.88) (0.86,1.48) (1.15,2.09)
U 1.10 0.65 1.37 0.19
(0.79,1.46) (0.44,0.96) (1.05,1.74) (0.20,0.19)
s 1.10 0.88 1.55 146
Pu (f(Oyp) = 107) (0.72,1.49) (0.53,1.25) (1.12,1.97) (1.03,1.87)
PPN 1.40 1.15 1.86 1.81
Pu (f(0y) = 1075 (1.00,1.75) (0.77,1.50) (1.44,2.22) (137,2.18)
ias 1.90 1.63 2.35 234
Pu (f(0s) = 107) (1.58.,2.08) (1.32,1.80) (2.04,2.53) (2.00,2.54)

 Average Log R is followed by the Log R range (in parentheses) determined from uncertainties in
surface complexation and ion exchange constants.

* High and low values represent the uncertainty associated with the mechanistic model reaction
constants. When values are not listed, lower/upper limits were not assigned.

The radionuclide R data presented in Tables 15 and 16 represent the first attempt to base
large-scale hydrostratigraphic unit radionuclide Rs for a fracture flow environment on the
detailed mechanistic approach developed for near-field HST models. This linking of the
mechanistic model to a simpler radionuclide R model may provide a seamless
methodology for upscaling retardation and a defensible mechanistic basis for assigning
Rs.™ In the following section, we discuss heterogeneity issues first by comparing
CHESHIRE site and TC hydrostratigraphic unit radionuclide retardation and second, by
examining the heterogeneous mineral distribution in the fractures and matrix of the TC
hydrostratigraphic unit.

6.4  Comparison of Tuff Cone hydrostratigraphic unit and
CHESHIRE site radionuclide Rs

The CHESHIRE site falls within one of the hydrostratigraphic units (TC) described in
Section 6.3. By comparing radionuclide Rs of the TC hydrostratigraphic unit with those
of the CHESHIRE site, we can illustrate the significant spatial heterogeneity of
radionuclide Rs observed at the sub-hydrostratigraphic unit scale.

* It is important to remember that the methods described here for the fracture flow case have not been
validated or tested against laboratory fracture flow experiments. Thus, they are largely theoretical and
require a significant validation effort before implementation.
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Comparison of radionuclide Rs at the CHESHIRE site and the TC hydrostratigraphic unit
reveals some important issues. At CHESHIRE, fracture Ca, Cs, Sr, Am, Eu, Sm, Np, U,
and Pu predicted Log Rs are 2.2,3.2,19,1.8,1.9,2.0,0.7,1.0,and 0.9/1.3/1.8,
respectively (Table 12; note that three values for Pu are related to the three O,(g)
fugacities examined). In the TC unit, predicted fracture Log Rs are 3.0,3.2,2.7,1.9,2.0,
2.1,1.1,1.8,and 1.4/1.7/2.3, respectively in the iron oxide dominated case (Table 14) and
30,32,2.7,19,19,2.0,0.6,0.7,0.9/1.2/1.6, respectively in the manganese oxide
dominated case (Table 15). In the case of Ca and Sr, the TC Rs are significantly higher
than the CHESHIRE site values because of the greater abundance of zeolite in the average
TC unit. In contrast, Cs, which sorbs primarily to illite/mica, and Am, Eu, and Sm, which
sorb strongly to smectite, iron oxide, calcite, and colloids, appear to have similar Rs at the
CHESHIRE site and the average TC unit. As will be discussed in Section 6.5, radionuclide
sorbing mineral abundances vary spatially across the TC hydrostratigraphic unit. As a
result, radionuclide retardation at the CHESHIRE site is not representative of the entire TC
unit.

In the case of Np, U, and Pu, the predicted TC unit Rs based on the iron oxide dominating
case (Table 14) are significantly higher than for the CHESHIRE site Rs. Conversely,
average TC unit Rs based on the manganese oxide dominating case (Table 15) are similar
to or slightly lower than the CHESHIRE site Rs. Since the TC unit data in Drellack et al.
(1997) does not distinguish between iron and manganese oxides, and our mechanistic
model does not, at present, include sorption to manganese oxides, the manganese oxide
dominating case is the more conservative. If radionuclide sorption to manganese oxides
was included in our model, the CHESHIRE site and TC unit predicted Rs for those
radionuclides that sorb strongly to this oxide would likely be significantly higher.

The difference between the CHESHIRE site and the TC matrix Log Rs for all radionuclides
is quite large (up to 2 order of magnitude difference in R). The difference in radionuclide
matrix Rs results from the difference in average sorbing mineral abundance in the matrix.
As mentioned in Section 6.3.1 and will be shown in the following section, the distribution
of radionuclide sorbing minerals in the matrix is very heterogeneous at the scale of the
TC unit. Within the TC unit, zeolitized, devitrified and vitric tuffs and lavas all exist and
their mineralogy can be quite distinct. For example, the CHESHIRE site is dominated by
devitrified lavas which contain little or no zeolite and only small quantities of iron oxide,
smectite, and mica. As a result of the low abundance of sorbing minerals, Rs are
relatively low. Other parts of the TC unit are largely zeolitized or have high quantities of
smectite, which would result in much higher Rs.

In Section 6.3.2, we reported on heterogeneity at the hydrostratigraphic unit scale.
Comparison of the CHESHIRE site and TC unit suggests that spatial heterogeneity may
play an important role in radionuclide transport at the sub-hydrostratigraphic unit scale as
well. CHESHIRE site average radionuclide Rs (Section 7.3) were developed using sorbing
mineral abundance data specific to the CHESHIRE site located entirely within one
stratigraphic unit (mafic-poor Calico Hills, a sub-unit of the Volcanics of Area 20). In the
TC case, radionuclide Rs were based on average sorbing mineral abundance data for
several stratigraphic units that comprise the TC hydrostratigraphic unit (Paintbrush
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group, Volcanics of Area 20, and Crater Flat Group). Spatial heterogeneity of sorbing
minerals at the sub-hydrostratigraphic unit scale accounts for the difference in Rs for the
TC and CHESHIRE site cases.

It is also important to note that spatial heterogeneity of both flow and sorbing mineral
abundance was predicted even at the sub-CHESHIRE HST model scale (Pawloski et al.,
2001). Spatial heterogeneity at this scale was shown to have an effect on radionuclide
transport as well. However, the results suggest that small near-field scale flow field and R
heterogeneities may be regarded as dispersion effects and that the near-field scale
radionuclide retardation can be semi-quantitatively related to average Rs of the high
permeability fracture flow zones (Section 6.2.2). The impact of these different scales of
heterogeneity need to be evaluated to justify radionuclide retardation upscaling
approaches. Furthermore, the integration of heterogeneous flow with radionuclide
retardation needs to be evaluated, particularly in the highly heterogeneous fracture flow
regime. The integration of heterogeneous flow and radionuclide retardation was
evaluated in this report for the Frenchman Flat alluvium case (Section 5) but will not be
evaluated for the fracture-flow case. However, in the following section, we illustrate
heterogeneous radionuclide retardation in the fracture flow domain based on data at the
sub-hydrostratigraphic unit (TC unit). Integration of these data with a heterogeneous flow
model would allow for an evaluation of heterogeneity scales and their effect on
large-scale transport.

6.5  Heterogeneous distribution of radionuclide Rs at the
sub-hydrostratigraphic unit scale

The comparison of CHESHIRE site and TC unit radionuclide Rs suggests that radionuclide
retardation at the sub-hydrostratigraphic unit scale will be heterogeneously distributed.
To further examine this scale of heterogeneity, we evaluated the heterogeneous
distribution of predicted Rs as a function of depth for a number of wells located on
Pahute Mesa and Yucca Mountain. Only samples that are part of the TC unit were
examined, revealing heterogeneity at the sub-hydrostratigraphic scale. The water
chemistry, fracture density, fracture aperture, porosity, and other parameters were held
constant and based on the average TC unit parameters listed in Table 13. Thus, we
evaluated only the effects of heterogeneous mineral distribution and not other parameters.
These Rs were calculated using the same methods as those described in Section 6.3 for
the average hydrostratigraphic unit case. Details regarding the calculations performed and
all mineralogy, K, and R data are reported in Appendices D and E.

6.5.1 Heterogeneous distribution of radionuclide Rs in the matrix of
the Tuff Cone hydrostratigraphic unit

The distribution of Rs as a function of depth in the matrix of the TC unit are shown in
Figures 14 through 25. The matrix mineralogy data were collected from Warren et al.
(2000). The data presented here are a subset of those used to determine matrix mineral
abundance averages listed in Table 13. The subset includes data from a select number of
wells with a relatively high density of reported mineral abundance data. Sorbing mineral
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abundances and predicted radionuclide Rs (and Ks) for data point reported here are listed
in Appendix D.

In the four drill holes (J-13, UE-25, USW-G1, USW-G2) examined, tremendous
heterogeneity in R appears for all radionuclides examined. Furthermore, some structure is
observable, indicating that a number of layers within the TC hydrostratigraphic unit have
distinctly different retardation behavior. For example, a zone of high Cs retardation
occurs near a depth of 750 feet in the J-13 well. This may be related to a distinct
stratigraphic unit. Similarly, a zone ranging from 250 and 1000 feet in UE-25 shows
distinct Rs for Am, Eu, Sm, Ca, and Sr.*” Below 1500 feet, the variability in R for most
radionuclides in UE-25 is large but distinct zones cannot be distinguished. It may be that
zones of distinct R are on the scale of 100 feet which would be too small to observe with
these data. Nevertheless, the data suggest that the distribution of Rs in the matrix of the
TC unit will be much more complex than in the Frenchman Flat alluvium. It is likely that
heterogeneous distribution of radionuclide sorbing minerals in the TC unit will have a
significant effect on transport. The differences between the average CHESHIRE site and
the average TC unit predicted Rs result from the heterogeneous distribution of
radionuclide sorbing minerals.

Figure 26 summarizes the data in Figures 14 to 25 in a similar manner as shown for
Frenchman Flat alluvium in Figure 3. The heterogeneous distribution of radionuclide
sorbing minerals is significantly greater when compared to the Frenchman Flat alluvium
radionuclide K,s. The summary of all data suggests that the minimum R for all
radionuclides is 1 (i.e. unretarded transport) while the standard deviation to the average is
greater than 1 log R for the majority of sorbing radionuclides.

¥ Note that a distinction between vadose zone and saturated zone was not made here.
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Figure 16. Np, U, and Pu matrix Log R as a function of depth based on mineral
abundance data from well J-13.
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6.5.2 Heterogeneous distribution of radionuclide Rs in the fractures of
the Tuff Cone hydrostratigraphic unit

The distribution of Rs as a function of depth in the fracture flow zones of the TC unit are
shown in Figures 27 through 41 for UE-25, USW-G1, USAW-G2, USW-G3, and
USW-G4. In the case of fracture flow zone mineral abundance data, these Rs are
calculated based on a combination of available fracture-lining mineral abundance data
and the average matrix mineral abundance reported in Table 13 for the TC unit. Thus, the
variability of the fracture flow zone mineral abundances are calculated only as the
variability relates to fracture-lining minerals and not to the underlying matrix mineralogy.
Since the fracture flow zone conceptual model includes sorption effects from a small
amount of accessible matrix, applying an average matrix mineralogy reduces the possible
scale of R variability. Furthermore, it is assumed that fracture densities, apertures, and
other parameters remain constant across the entire TC unit. This is unlikely, especially
since significant lithologic changes occur in this unit. Inclusion of information regarding
the heterogeneous distribution of parameters other than fracture-lining mineralogy would
add additional layers of complexity to our analysis. Analysis of variability of a suite of
parameters would help elucidate which parameters have the greatest impact on transport.
However, this analysis is beyond the scope of this report. Sorbing mineral abundances
and predicted radionuclide Rs (and K,s) for each data point reported here are listed in
Appendix E.

For the case of Cs, the data presented here are reported for the case where illite colloids
contribute to the reduction of the Cs R. However, both the illite colloid and smectite
colloid case is reported in Appendix E for Cs. The inclusion of illite colloids reduces the
variability in Cs R since colloids are assumed to be distributed homogeneously and
dampen the observed R variability. This dampening is more severe for Cs that for other
colloid-sorbing radionuclides (e.g. Am, Eu, and Sm) because the dominant Cs sorber is
illite which is found in the matrix but not in fracture lining. Since average matrix
mineralogy is used in this analysis, the resulting Cs R varies less than any other
radionuclide. If variability in matrix mineralogy were included, significantly greater
variability would be observed (see Cs R data in Figures 15, 18, 21, and 24).

The variability in fracture flow zone R for individual radionuclides is slightly less than in
the matrix case. The reduction in R variability, in part, results from our use of an average
matrix flow zone mineralogy. The contribution of the average matrix mineral abundances
is easily observed for certain radionuclides as a minimum R value. For example, in Figure
27, Am, Eu, and Sm all have minimum R values near 10 (Log R = 1.0). If heterogeneous
distribution of matrix minerals were included in this analysis, greater variability in R
might be observed.

As in the case of radionuclide R distribution in the matrix, zones of distinct retardation
can be observed in the fracture flow zone data. For example, a 300 foot thick zone near
the 1250 foot depth of USW-G1 has predicted Rs for Am, Eu, and Sm that are over an
order of magnitude greater than the surrounding medium. This same zone includes a peak
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in Np, Pu, and U Rs. In USW-G2, Ca and Sr Rs are consistently lower at depths below
2500 feet that above 2500 feet.

Figure 42 summarizes the data in Figures 27 to 41 in a similar manner as shown for
Frenchman Flat alluvium in Figure 3. Again, the significantly greater heterogeneous
distribution of radionuclide sorbing minerals compared to the Frenchman Flat alluvium
K s is quite obvious. The lower limit R for all radionuclides is controlled by the average
mineralogy of the matrix which contributes to the fracture flow zone radionuclide Rs. If
matrix mineral variability were included, heterogeneity in R would likely increase.
Nevertheless, the standard deviation to the average Rs range from 0.5 to 1 log R for the
majority of sorbing radionuclides. Unlike Frenchman Flat alluvium, it seems likely that
heterogeneous distribution of radionuclide sorbing minerals in the TC unit will have a
significant effect on transport. Heterogeneity at the sub-hydrostratigraphic unit scale will
need to be accounted for in large-scale CAU models.
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Figure 27. Am, Eu, and Sm fracture Log R as a function of depth based on mineral
abundance data from drillhole UE-25.
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Figure 28. Ca, Cs, and Sr fracture Log R as a function of depth based on mineral
abundance data from drillhole UE-25.
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Figure 30. Am, Eu, and Sm fracture Log R as a function of depth based on mineral
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Figure 36. Am, Eu, and Sm fracture Log R as a function of depth based on mineral
abundance data from drillhole USW-G3.
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Figure 37. Ca, Cs, and Sr fracture Log R as a function of depth based on mineral
abundance data from drillhole USW-G3.
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Figure 38. Np, U, and Pu fracture Log R as a function of depth based on mineral
abundance data from drillhole USW-G3.
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Figure 39. Am, Eu, and Sm fracture Log R as a function of depth based on mineral
abundance data from drillhole USW-G4.
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Figure 40. Ca, Cs, and Sr fracture Log R as a function of depth based on mineral
abundance data from drillhole USW-G4.
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Figure 41. Np, U, and Pu fracture Log R as a function of depth based on mineral
abundance data from drillhole USW-G4.
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7. Conclusions

Radionuclide K s predicted using the recently updated version of our mechanistic model
(Zavarin et al., 2002) combined with the mineralogy and water chemistry from CAMBRIC
HST simulations (Tompson et al., 1999) compare well with earlier predicted K s reported
in Tompson et al. (1999), Pawloski et al. (2000), and Tompson et al. (2001). This
suggests that improvements to our sorption model expand our ability to predict K ;s and
provide validation to our model but do not contradict earlier predicted K, data.

A number of reports on Frenchman Flat alluvium mineralogy were used to estimate the
variability in predicted radionuclide K s resulting from spatially heterogeneous
radionuclide sorbing mineral distributions. The range in radionuclide K s resulting from
variations in sorbing mineral abundances are on the same scale (= 0.5 Log K,) as the
uncertainties in radionuclide K s that result from uncertainties in our mechanistic surface
complexation constants. This suggests that both the uncertainty in predicted K,s and the
variability in mineral abundance will affect radionuclide transport predictions.*

Based on heterogeneous flow field and heterogeneous K, distribution simulations, we can
conclude that Ca, Cs, Sr, Am, Eu, and Sm appear to be greatly retarded and are not likely
to migrate greater than 1 km in 10,000 years under the Frenchman Flat alluvium
conditions examined with these simulations.*' However, Np, U, Pu, and all non-sorbing
radionuclides are predicted to travel a significant distance. 3D simulations reveal that the
heterogeneous distribution of radionuclide sorbing minerals (in conjunction with a
heterogeneous permeability field) in Frenchman Flat alluvium does not seem to
significantly affect the average radionuclide retardation under the conditions examined
with reactive transport simulations. Average radionuclide K s predict peak breakthrough
in 3D simulations accurately even under heterogeneous permeability and K, distribution
conditions. However, dispersion of radionuclides as a result of heterogeneous
permeability and K, distributions is apparent in 3D simulations.

We have demonstrated the methodology by which our mechanistic model can be
simplified to a K, model in a fracture flow environment. Rs were predicted for several
radionuclides using the average CHESHIRE site sorbing mineral abundance data and flow
conceptualizations used in Pawloski et al. (2001). Based on these data, it appears that the
average radionuclide retardation in the dominant fracture flow zone at the near-field scale
can be related to the overall radionuclide peak breakthrough at that scale. These
CHESHIRE site results were compared to radionuclide Rs for six hydrostratigraphic units.
The result suggest that (1) heterogeneous sorbing mineral distribution at the
hydrostratigraphic unit scale is significant and should be included in CAU models and

“ A large number of other uncertainties have not been evaluated in this report (uncertainties in reactive
surface area, surface charging behavior, aqueous speciation constants, conceptual model, solution
chemistry, mechanistic model validity, Vanselow ion exchange validity, etc.). Our analysis is, by no means,
a complete uncertainty analysis. However, uncertainty in mechanistic model reaction constants clearly
needs to be accounted for (along with many other uncertainties).

* Note that the effect of radionuclide decay was not accounted for in these simulations.
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(2) heterogeneous radionuclide sorbing mineral distribution at the sub-hydrostratigraphic
unit scale is significant and needs to be included in CAU models. Examination of matrix
and fracture radionuclide retardation as a function of well depth for the TC unit reveals
significantly greater heterogeneity in radionuclide retardation than observed in
Frenchman Flat alluvium. This suggests that heterogeneous radionuclide retardation in
the Pahute Mesa hydrostratigraphic units (at least in the case of the TC unit) will have a
much greater effect on the transport of sorbing radionuclides than in the Frenchman Flat
alluvium case.

8. Recommendations

We make the following recommendations for upscaling retardation in the Frenchman Flat
alluvium porous-flow case:

* The methodology described in Section 4 should be used, in conjunction with
available measured K, data, to calculate large-scale CAU model radionuclide K s in
Frenchman Flat alluvium.

* Uncertainties of = 0.5 Log K, represent the uncertainty in upscaled mechanistic model
reaction constants.

* Recent ER-5-4 mineral abundance data is extensive and more precise than data used
in earlier Frenchman Flat HST models. The depth averaged mineral abundances
provide the best estimate of average Frenchman Flat alluvium mineralogy.

* The redox behavior of Pu needs further study. At present, uncertainty in Pu redox
behavior can be estimated by sensitivity analyses over a range of O,(g) fugacities
from 107 to 107" bars, the range over which Pu(V) is the dominant oxidation state in
solution.

* Based on 3D simulations reported here, it appears that the peak breakthrough of
radionuclides can be predicted by the average radionuclide K ;s in Frenchman Flat
alluvium (i.e. heterogeneous distribution of K, may not need to be included in
large-scale models). However, a critical examination of permeability variability in
alluvium needs to be examined to confirm this.

* The effect of (K, and permeability) heterogeneity on dispersion is significant and
needs to be examine further.

We make the following recommendation to upscaling retardation for the Pahute Mesa
fracture-flow case:

* The methodology described in Section 4.2 can be used to calculate large-scale CAU
model Rs in fracture flow environments but needs further validation and testing.
Furthermore, a more robust colloid model is likely to be necessary.

* Uncertainties of = 0.5 Log K, represent the uncertainty in upscaled mechanistic model
reaction constants.

* Differences in radionuclide retardation between hydrostratigraphic units (HSUs of
Drellack, 1997) is significant and should be accounted for in CAU scale models.

* Spatially heterogeneous radionuclide retardation in the fracture linings and matrix at
the sub-HSU scale needs to be accounted for in large-scale models. A statistical
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representation of heterogeneity such as the one described here for Frenchman Flat
alluvium may be appropriate but needs further examination.

¢ Uncertainty in colloid loads and reactivity must be further investigated as this
comprises one of the largest uncertainties in predicting Rs for certain radionuclides in
fracture flow conditions.

* Colloid-facilitated Pu transport is highly dependent on the redox behavior of Pu. At
present, uncertainty should be estimated by incorporating Pu transport sensitivity
analyses at O,(g) fugacities ranging from 10~ to 10~ bars.
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Appendix A. The Mechanistic Sorption Model

The data presented below document the information used to calculate the distribution
coefficients (Ks) and retardation factors (Rs) presented in this report. This appendix
includes all surface complexation constants, ion exchange constants, mineral surface
properties, and aqueous complexation constants used to define radionuclide K s/Rs. The
methods used to implement our mechanistic models are also discussed.

A.1  Sorption reactions included in the sorption model

Table Al lists the radionuclide—mineral surface complexation reactions accounted for in
our reactive transport model. Table A2 lists the ion exchange reactions accounted for in
our model. In all cases, isotopes of the same element were treated identically. While the
radionuclide—mineral reactions used in our near-field HST model represent a large
proportion of reactions expected to control radionuclide migration in the near field,
several notable reactions are missing. In particular, manganese oxide minerals may play
an important role in decreasing radionuclide migration but published sorption data are
scarce. Data from Keeney—Kennicutt and Morse (1985) suggest that Pu sorbs more
strongly to goethite (an iron oxide) and calcite than 8—MnO, (a manganese oxide).
Vaniman et al. (1995) found that Pu was most strongly associated with smectite in
fracture linings while Pu sorbed strongly to disordered Mn-oxides in the bulk tuff (Duff
etal., 1999). Data in Keeney—-Kennicutt and Morse (1984) suggests that calcite and
goethite sorb Np much more strongly than 6—-MnO, or Na-montmorillonite (a smectite).
Although these data suggest that manganese oxides may not be the primary sorbers, the
sorptive capacity of the many different manganese oxide minerals still need to be
examined. Additional data regarding the interaction of radionuclides with manganese
oxide minerals would likely result in a more accurate description of radionuclide
migration; the absence of such data results in a more conservative measure of
radionuclide migration.

In addition to the absence of manganese oxide reactions, some radionuclide—mineral
interactions were approximated. For Sm(III), data regarding sorption to iron oxides and
aluminosilicates was not available in the literature. Thus, surface complexation constants
were assumed to be equivalent to those of Eu(Il). This is not altogether unreasonable;
rare earth elements (REEs) are often assumed to behave similarly, with K ;s decreasing
slightly with increased REE Z (see calcite data in Zhong and Mucci (1995) and goethite
data in Koeppenkastrop and Decarlo (1992)).
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Table Al. Radionuclide-mineral interaction described by
non-electrostatic surface complexation.

Element Iron Oxide Calcite Aluminosilicate’

Am(III) v v
“Ca(In) ¥
Cs(D)
Eu(III)
Np(V)
Pu(IV)
Pu(V)
Sm(III)
Sr(IT)
U(VI) 4

<

¥
+
i

< LN e
LI
o L

<<

¥ Surface complexation to aluminosilicates modeled assuming smectite to be the
dominant reactive aluminosilicate.

¥ Sorption to aluminosilicates via ion exchange

9 This radionuclide—mineral interaction was not taken into account but is known
to be relatively insignificant

¥ Sm(III)-iron oxide and Sm—aluminosilicate interaction was estimated using the
reaction constants of Eu(IIl) because data was not available.

Table A2. Radionuclide-mineral interaction described by
Vanselow ion exchange.

Element smectite illite/mica* zeolite (clino-)
Na* v v v
K* v v v
Ca*" v v v
Mg* v v §
Cs* v v v
Sr* v v v
U0,> t t t

" sorption of actinides and REEs to aluminosilicates dominated by surface
complexation in most cases.

¥ 3 site types on illite/mica with varying affinities.

¥ Mg®* does not exchange readily into the inner channels of clinoptilolite
(clino-).

9 Both background (stable) and test-related (*'Ca) isotopes were accounted for
and their reactivity was assumed to be equal.
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A.2  Defining surface complexation reactions

Surface complexation (SC) reactions involve mineral surface functional groups and
aqueous species. A typical surface complexation reaction and associated equilibrium
constant can be written in the following manner:

>SiOH + Pu* < >SiOPu™ + H* (Al)
. (> sioPu™* )(H*) (x)
(> SiOH)(Pu**)

where >SiOH is a surface functional group (on a silicate mineral), Pu* is an aqueous Pu
species that reacts with the surface (to form >SiOPu’™), and H* is released as a result of
the reaction. Just as for simple aqueous complexation reactions, the above surface
complexation reaction has an equilibrium reaction constant, K, that describes the relative
activity of all species at equilibrium.

Factors that influence surface complexation on a particular mineral include:

* Surface area

. pH

* Aqueous complexation
* Ionic strength

* Surface charge

Since sorption reactions occur at the mineral-water interface, sorption will be dependent
on the mineral surface area available for reaction. The pH can significantly affect
sorption as well. For example, in Equation (A1), as the concentration of H" increases, a
larger fraction of Pu** will remain in solution. Surface functional groups (e.g. >SiOH)
may also become protonated/deprotonated as a function of pH and affect sorption.
Aqueous complexation will influence the concentration of aqueous species in solution;
this may increase or decrease sorption depending on the species involved in the reactions.
For example, U sorption decreases as a function of carbonate concentration in solution
due to the formation of uranyl carbonate complexes (Duff and Amrhein, 1996). Ionic
strength may influence sorption by reducing the effective concentration (i.e. activity) of
aqueous species and affect the charging behavior of the surface. Surface complexes as
well as surface protonation and deprotonation can also affect the charging of the surface
which will, in turn, influence sorption. Unlike K s, surface complexation reactions can,
ideally, account for all factors that influence the ratio of sorbed to aqueous radionuclide
concentrations. Because surface complexation reactions account for changes in
environmental conditions, they provide a much more robust basis for simulating
radionuclide sorption.
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Here, we use the non-electrostatic surface complexation model (NEM). The NEM
(Kurbatov et al., 1951) assumes that surface electrical charge does not affect equilibrium
surface complexation reactions. Although the NEM over-simplifies the factors affecting
surface complexation, several investigators have used this model approach to describe
sorption reactions (Bradbury and Baeyens, 1997; Davis et al., 1998; Zachara et al., 1994).
Davis et al. (1998) argued that the NEM approach may be the most appropriate for
complex environmental applications since the surface charging behavior of non-ideal
natural mineral phases is not well known. For additional information regarding the
non-electrostatic model and data, see Zavarin and Bruton (2000a; 2000b) and the model
update in Zavarin et al. (2002).

A.3  Defining ion exchange reactions

The permanent charge on some clay minerals is the result of non-charge-balanced ion
substitution. For example, the substitution of Si*" for AI’* in a clay will result in a
permanent negative charge. A permanent negative charge is typically balanced by cations
in solution that are attracted to the mineral surface. For example, the aluminosilicate
montmorillonite will typically have a permanent negative charge equal to ~800 meq/kg.
In soils, the majority of this charge is balanced by the major cations in the waters (Na*,
K*, Ca®, and Mg”"). When other cations such as Cs* are present, they may also become
associated with the negatively charged surface via ion exchange. The distribution of
cations on surfaces as a result of permanent charge can be described by ion exchange
reactions of the following form:

Na-X + Cs* <==>Cs-X + Na* (A3)
with an associated equilibrium constant :

(Cs— X)(Na+)

K= (Na— X)(Cs+)

(A4)

where “X” designates a surface association and the four terms in parentheses are the
activities of the respective species. For homovalent exchange such as the reaction shown
here, the activity of surface-associated species is often assumed to be defined by the
[cs-X] [Na-X]

and .
[Cs— X]+ [Na— X] [Cs— X]+ [Na— X]
Because the denominators for Cs—X and Na—-X activity are identical, the activity ratio of
surface species can be simplified to the total mol ratio of Cs and Na associated with the
mineral surface. The activity of species in solution are determined from speciation and
ionic strength activity corrections. The constant, K, describes the relative activity of the
