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V. DYNAMIC TRANSPORT STUDIES

A. CRUSHED-ROCK COLUMNS

Generally, batch-sorption experiments, which were
discussed in the previous chapter, are used to iden
tify sorption mechanisms and to obtain sorption
distribution coefficients (Triay et a1. 1996a,
1996b). Such experiments are fast, easy, and inex
pensive compared to other types of sorption experi
ments. In this section, we discuss our attempts to
verify the results of earlier batch-sorption measure
ments by performing crushed-tuff column studies
under flowing conditions without significantly
changing the surface properties of the tuff. By
comparing differences with the batch-sorption
measurements, such studies would be most sensi
tive to multiple-species formation, colloid forma
tion, and any other geochemical reactions (such as
changes in surface reactivity due to agitation) not
adequately described by batch-sorption distribution
coefficients. In these crushed-tuff column experi
ments, we investigated mass-transfer kinetics by
studying radionuclide migration as a function of
water velocity.

Column elution curves can be characterized by two
parameters: the time of arrival of the radionuclide
eluted through the column and the broadness (dis
persion) of the curve. The arrival time depends on
the retardation factor, R f , which, for soluble
radionuclides, depends, in tum, on the sorption dis
tribution coefficient, Kd• Significant deviations
(those larger than expected based on sampling vari
ability) in arrival time from that predicted on the
basis of the batch-sorption distribution coefficients
indicate one of the following problems:

• the presence of more than one chemical
species that are not readily exchanged and that
have different selectivities in tuff minerals,

• the presence of the radionuclide as a colloid,
• extremely slow sorption kinetics,
• nonreversibility of the sorption process, and
• solubility effects due to the presence of solids.

The broadness, or apparent dispersion, of the curve
depends on

• the kinetics and reversibility of sorption and
• the linearity of the isotherm that describes the

dependence of sorption on radionuclide con
centration.

The main goal of our study was to test the neces
sary assumptions made in using values of the sorp
tion distribution coefficient, Kd , (determined by
batch-sorption measurements) to describe hydro
logic transport. These assumptions are:

I. microscopic equilibrium is attained between
the solution species and the adsorbate,

2. only one soluble chemical species is present
(or if more than one is present, they inter
change rapidly),

3. the radionuclides in the solid phase are
adsorbed on mineral surfaces (that is, they
are not precipitated), and

4. the dependence of sorption on concentration
is described by a linear isotherm.

The importance of verifying these assumptions can
be demonstrated by the following hypothetical
cases. If equilibrium were not attained in the batch
experiments (violation of assumption 1), the retar
dation of radionuclides could be dependent on
groundwater velocity. If a radionuclide were pre
sent in solution as an anionic and a cationic species
and solution equilibrium were not maintained (vio
lation of assumption 2), the batch measurement
would predict a single retardation factor, whereas
in a flowing system, the anion could move unim
peded (its size and charge excluding it from the
pores of the Yucca Mountain tuff) compared to
movement of the cation. If the radionuclide had
precipitated in the batch experiments (violation of
assumption 3), the value of the Kd thus determined
would be meaningless, and depending on the pre
cipitation mechanism, colloid transport could be
important. If the isotherm was nonlinear (violation
of assumption 4), the migration front of the
radionucIides in a column study would usually
broaden, appearing as increased dispersion over
that observed for nonsorbing tracers.
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Figure 96. Cross section of Crushed-rock Columns.

V. Dynamic Transport Studies

Experimental Procedures

Groundwaters and solutions
Because the J-13 and UE-25 p#l well waters
that bound the Yucca Mountain groundwaters
are both oxidizing (Ogard and Kerrisk 1984),
all the batch-sorption and column experi
ments were performed under oxidizing condi
tions. In the batch-sorption experiments, both
groundwaters (filtered by a 0.05-l1m filter)
were used, but in the column experiments, we
used J-13 water (filtered) and a sodium-bicar
bonate buffer that simulated UE-25 p#l
groundwater (because of the unavailability of
water from this well). The synthetic UE-25
p#l water was prepared by dissolving 0.39 g
of Na2C03 and 8.90 g of NaHC03 in 10 liters
of deionized water, which duplicates the larg
er amount of bicarbonate in reference, or on
site, UE-25 p#l water.

In the column experiments, we used neptuni
um and plutonium solutions prepared in the
same way as for the batch-sorption experi
ments-by taking an aliquot of a well-charac
terized 237Np(V) or 239pU(V) acidic stock and
diluting it in the water being studied. We also
used tritium and pertechnetate solutions,
which were similarly prepared by adding an
aliquot of 3H or 95mTc acidic stock to the
groundwater being studied.

Crushed-rock column procedure
The details of the crushed-rock column experi
mental setup and procedure are illustrated in
Figs. 96 and 97. We packed plexiglas columns
with crushed tuff by using a continuously agitated
wet slurry, a technique that provides a relatively
homogeneous packing nearly free of stratification.
As in the batch-sorption experiments, all tuff sam
ples had previously been crushed and wet-sieved
(with the groundwater being used in the experiment)
to obtain particle sizes ranging from 75 to 500 11m.

After establishing the desired flow rate in the tuff
column using the desired groundwater, we injected
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an aliquot of the radionuclide solution and then used
a syringe pump to elute the radionuclide through the
column. The breakthrough or elution curve was
measured. Tritiated water was used to measure the
free volume of the column, which excludes dead-end
pore volume. The concentration of tritium, pertech
netate, 239pU, or 237Np in the eluent was measured
by liquid-scintillation counting. The crushed-rock
column dimensions and flow velocities that we used
followed the guidelines provided by Relyea (1982).
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Figure 97. Flow Chart of Crushed-rock Column Experiment.

(41 )

Results and Discussion

ac
V' . (D V'C - CU) = Eat + Q ,

ac aFV'. (D V'C - CU) = E- + Ph-, (42)at at
where Ph, again, is the dry bulk density of the
medium and F is the mass of solute sorbed per unit
mass of solid.

The most comprehensive explana
tion of the fate of reactive and
nonreactive solutes and suspended
particles in porous and fractured
media has been presented by de
Marsily (1986, Chapter 10). The
transport of radionuclides in
porous media is governed by
advection, diffusion, or kinematic
dispersion. Advection is the
mechanism in which dissolved
species are carried along by the
movement of fluid. Diffusion
causes species to be transferred
from zones of high concentration
to zones of low concentration.

Kinematic dispersion is a mixing phenomenon
linked to the heterogeneity of the microscopic
velocities inside the porous medium. The migra
tion of a solute in a saturated porous medium is
described by the following transport equation

where D is the dispersion tensor, C is the concen
tration of solute in the solution phase, U is the fil
tration velocity (Darcy's velocity), E is the porosity,
t is time, and Q is a "net source or sink term" that
accounts for such things as reactivity or adsorption.

For the case of a sorbing, nonreactive solute, the
equation becomes(40)
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Relationship between column and batch
experiments
We measured the batch-sorption distribution coef
ficients under static conditions by equilibrating a
solution containing the radionuclides with a sample
of crushed tuff. If we assume that equilibrium is
achieved between a single aqueous chemical
species and the species adsorbed on the solid
phase, the rate at which a radionuclide moves
through a column can simply be related to the sorp
tion distribution coefficient, Kd • The relationship
between the retardation factor, Rf , obtained from
column-transport experiments, and the values of
Kd , obtained from batch-sorption experiments, is
generally given by

Rf = 1 + ..8L Kd '
E

where Ph is the dry bulk density (including pores)
and E is the porosity of the column. Hiester and
Vermeulen (1952) derived this equation and care
fully described its underlying assumptions.

To test these assumptions, the radionuclide solution
used in the batch-sorption measurements was eluted
through columns containing tuff samples that came
from the same drill hole and depth interval and that
had been crushed and sieved to the same size frac
tion as samples used in the batch-sorption studies.

Dispersion has three components: the longitudinal
dispersion coefficient in the direction of the flow,
DL , and the transverse dispersion coefficient, Dr
in the two directions at right angles to the velocity
of the flow. These components are given by
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How do the earlier results of batch-sorption experi-

where d is the effective diffusion coefficient in the
medium and a is dispersivity.

The characteristics of the sorption determine the
actual relationship between F and C. For the case
in which sorption is linear, reversible, and instanta
neous, the ratio between F and C is simply equal to
the sorption distribution coefficient:

V· (D VC - CU) = {I + ~ Kd ] ~~. (45)

The expression in brackets in Eqn. 45 corresponds
to the retardation factor, Rf , given earlier (Eqn. 40).
Thus, we have a way to compare sorption coeffi
cients obtained under advective, diffusive, and dis
persive conditions with sorption coefficients
obtained from batch-sorption experiments. How
ever, this approach is valid only if sorption is lin
ear, reversible, and instantaneous.

The elution curves also reveal that, regardless of
the water being studied, the elution of 237Np does
not precede the elution of tritium for any of the
tuffs. This observation is extremely important
because if charge-exclusion effects were to cause
the neptunyl-carbonato complex (an anion) to elute
faster than neutral tritiated water molecules, signif
icant neptunium releases could occur at Yucca
Mountain. Another important observation that can
be drawn from these experiments is that values of
Kd can be used to obtain accurate or conservative
estimates for the performance-assessment calcula
tions of neptunium transport through Yucca Moun
tain tuffs.

ments (Triay et al.1996a. 1996b) compare with the
results of the crushed-tuff column experiments?
Inspection of Table 27 indicates good agreement
between the values of Kd obtained by the two
approaches, which means that the arrival time of
237Np can be predicted from a value for Kd • On the
other hand, the broad, dispersive shape of the elu
tion curves indicates that sorption of neptunium
onto zeolitic and vitric tuffs appears to be nonlin
ear, nonreversible, or noninstantaneous. Previous
work has found that sorption of neptunium onto
clinoptilolite-rich tuffs is rapid (Triay et al. 1996a)
and can be fit with a linear isotherm (Triay et al.
1996b). Consequently, the degree of reversibility
of neptunium sorption onto zeolitic and vitric tuffs
may be the most likely reason for the apparent dis
persivity in the tuff-column elution curves.

• We compared the sorption distribution coeffi
cients obtained from the column experiments
under flowing conditions to those obtained
from batch-sorption experiments under static
conditions.

Neptunium summary
• Using crushed-rock columns, we studied the

retardation of 237Np by zeolitic, devitrified,
and vitric tuffs in sodium-bicarbonate waters
under oxidizing conditions (at room tempera
ture, under atmospheric conditions, and using
different water velocities).

(43)

(44)F-=KC d

DL = €od + a L IU I and

DT = €.d + aT IU I ,

Substitution of Eqn. 44 into Eqn. 42 yields

Neptunium results
We measured the elution of Np(V) as a function of
water velocity through zeolitic, devitrified, and vit
ric crushed tuff in columns with J-13 well water
and with synthetic UE-25 p#1 water. The elution
curves have been previously published (Triay et al.
1996c). We calculated the porosity as the free col
umn volume divided by the total column volume
(free volume was defined as the volume of tritium
solution that had to be eluted to recover 50% of the
injected tritium). We then calculated values of R f
for the column experiments by dividing the free
column volume into the volume of neptunium solu
tion that had to be eluted to recover 50% of the
injected 237Np. From these values of Rf , we used
Eqn. 40 to calculate the column sorption-distribu
tion coefficients listed in Table 27.
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Table 27. Comparison of Neptunium I<.cJ Values from Batch and Column Measurements

Column Tuff Water Batch I<.cJ Column I<.cJ
Number Sample Type (ml/g) (ml/g)

1 G4-1508, zeolitic J-13 1.7 = 0.4 (G4-1510) 1.7
2 G4-1508, zeolitic J-13 1.7 = 0.4 (G4-1510) 1.2
3 G4-1505, zeolitic J-13 2.1 = 0.4 2.8
4 G4-1505, zeolitic Syn. UE-25 p#1 0.2 = 0.3 (G4-1506) 0.4
5 G4-1505, zeolitic Syn. UE-25 p#1 0.2 = 0.3 (G4-1506) 0.2
6 G4-1505, zeolitic Syn. UE-25 p#1 0.2 = 0.3 (G4-1506) 0.2
7 G4-268, devitrified J-13 -0.04 = 0.2 0.07
8 G4-268, devitrified J-13 -0.04 = 0.2 0.01
9 G4-268, devitrified J-13 -0.04 = 0.2 0.02
10 G4-268, devitrified J-13 -0.04 = 0.2 0.01
11 G4-272, devitrified Syn. UE-25 p#1 0.2 = 0.3 (G4-270) 0.06
12 G4-268, devitrified Syn. UE-25 p#1 0.2 = 0.3 (G4-270) 0.03
13 G4-268, devitrified Syn. UE-25 p#1 0.2 = 0.3 (G4-270) 0.03
14 GU3-1407, vitric J-13 0.1 =0.5 0.2
15 GU3-1407, vitric J-13 0.1 =0.5 0.1
16 GU3-1405, vitric J-13 0.03 = 0.2 0.1
17 GU3-1405, vitric Syn. UE-25 p#1 0.2 = 0.4 (GU3-1407) 0.1
18 GU3-1405, vitric Syn. UE-25 p#1 0.2 = 0.4 (GU3-1407) 0.1
19 GU3-1405, vitric Syn. UE-25 p#1 0.2 = 0.4 (GU3-1407) 0.1

• The column and batch distribution coefficients
agreed well for all tuffs regardless of the
groundwater studied and the water velocity
used for the column experiments.

• We found that batch-sorption distribution coef
ficients predict well the arrival time for neptu
nium eluted through a crushed-rock column.

• The apparent dispersivity of the neptunium
elution curves through the zeolitic and vitric
tuffs indicates that the sorption is either non
linear, irreversible, or noninstantaneous,
which means the transport cannot be com
pletely described using a sorption distribution
coefficient. The reversibility of neptunium
sorption onto tuff will be studied as the most
likely reason for the apparent dispersivity of
the elution curves.
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• The use of a batch-sorption distribution coeffi
cient to calculate neptunium transport through
Yucca Mountain tuffs would result in conserv
ative values for neptunium release.

• Neptunium never eluted prior to the nonsorb
ing radionuclide (tritiated water) used in the
column experiments. Thus, charge exclusion
does not appear to exclude neptunium from
the tuff pores.

• The general trends previously observed for
neptunium sorption using batch-sorption
experiments were corroborated by these col
umn experiments:
a) neptunium sorption onto devitrified and
vitric tuffs is minimal; and
b) neptunium sorption onto zeolitic tuffs
decreases as the amount of sodium and bicar
bonatelcarbonate in the groundwaters increases.
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Plutonium and technetium results
The elution of Pu(V) through zeolitic, devitrified,
and vitric crushed tuff was measured in columns
with J-13 well water and with synthetic UE-25 p#l
water. The elution curves for these experiments
(Figs. 98 through 107) indicate that vitric and
zeolitic tuffs sorb plutonium significantly, which is
probably due to their clay content. The shape of
the elution curves for plutonium indicates that use
of Kd values to predict plutonium transport through
Yucca Mountain tuffs will predict plutonium
releases conservatively. Results by Triay et al.
(1995a) indicate that plutonium sorption onto tuffs
is a slow process and probably due to a redox reac
tion occurring at the tuff surfaces. To verify these
batch-sorption results, which suggest that plutoni
um sorption, even to the lowest sorbing tuff type
(devitrified), could be significant, the migration of
plutonium as a function of flow velocity was mea-

sured in devitrified tuff using J-13 and UE-25 p#1
waters. Inspection of these elution curves (Figs.
108 and 109) confirms the trends observed using
batch-sorption techniques; the elution curves
observed for these columns are consistent with
slow sorption kinetics.

The elution of pertechnetate was also studied in
devitrified, vitric, and zeolitic tuffs in J-13 and
synthetic UE-25 p#1 waters as a function of flow
velocity. Inspection of the elution curves (Figs.
110 through 115) indicate that anion-exclusion
effects for pertechnetate in crushed tuff are essen
tially negligible except in the case of technetium
transport through zeolitic tuff in J-13 well water
(Fig. 114). In this case, the anion-exclusion effect
is small but measurable.
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Figure 98. Column 1: Plutonium through Devltrified Tuff. This plot shows the elution curves for tri
tium and plutonium-239 through devitrified tuff sample G4-268 with J-13 well water. Cumulative concen
tration (in Figs. 98 through 115) is the total activity of the recovered tracer divided by the total activity
injected initially. As seen by the variation of the final part of the curves, this variable has an experimental
error of about ± 20%.
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Figure 99. Column 2: Plutonium through Devitrified Tuff. This plot shows a second set of elution
curves for tritium and plutonium-239 through devitrified tuff sample G4-268 with J-13 well water.
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Figure 100. Column 3: Plutonium through Devitrified Tuff. This plot shows the elution curves for tri
tium and plutonium-239 through devitrified tuff sample G4-268 with synthetic UE-25 p#1 water.
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Figure 101. Column 4: Plutonium through Devitrified Tuff. This plot shows a second set of elution
curves for tritium and plutonium-239 through devitrified tuff G4-268 with synthetic UE-25 p#1 water.
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Figure 102. Column 5: Plutonium through Vitric Tuff. This plot shows the elution curves for tritium
and plutonium-239 through vitric tuff sample GU3-1405 with J-13 well water.
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Figure 103. Column 6: Plutonium through Vitric Tuff. This plot shows the elution curves for tritium
and plutonium-239 through vitric tuff sample GU3-1407 with synthetic UE-25 p#1 water.
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Figure 104. Column 7: Plutonium through Vitrlc Tuff. This plot shows another set of elution curves
for tritium and plutonium-239 through vitric tuff sample GU3-1407 with synthetic UE-25 p#1 water.
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Figure 105. Column 8: Plutonium through Zeolitic Tuff. This plot shows the elution curves for tritium
and plutonium-239 through zeolitic tuff sample G4-1533 with J-13 well water.
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Figure 106. Column 9: Plutonium through Zeolitic Tuff. This plot shows the elution curves for tritium
and plutonium-239 through zeolitic tuff sample G4-1505 with synthetic UE-25 p#1 water.
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Figure 107. Column 10: Plutonium through Zeolitic Tuff. This plot shows the elution CUNes for tri
tium and plutonium-239 through zeolitic tuff sample G4-1505 with synthetic UE-25 p#1 water.
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Figure 108. Column 11: Plutonium in Devitrified Tuff at Various Flow Rates. This plot shows elution
CUNes for tritium and plutonium-239 at different flow rates with J-13 water through devitrified tuff G4-268.
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Figure 111. Column 14: Technetium in Devitrified Tuff. This plot shows the elution curves for tritium
and technetium-95m at different flow rates with synthetic UE-25 p#1 water through devitrified tuff G4-268.
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Figure 113. Column 16: Technetium in Vitric Tuff. This plot shows the elution curves for tritium and
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B. SOLID-ROCK COLUMNS

Direct measurements of transport parameters in
actual subsurface materials under subsurface con
ditions are necessary for defensible modeling of
contaminant transport in host rocks and engineered
barriers surrounding nuclear and hazardous waste
repositories. The hydraulic conductivity, K, and
the retardation factor, Rr, along with the associated
distribution coefficient, Kd , are poorly known
transport parameters for real systems but are key
input parameters to existing and developing conta
minant release models. We experimentally deter
mined unsaturated Rr and K for core samples of
Yucca Mountain vitric-member tuff and zeolitic
nonwelded tuff from G-Tunnel, Bed 5, with respect
to J-13 well water with a selenium concentration
(as selenite) of 1.31 mg/I (ppm) at 23°C. Our
intent was to demonstrate that a method in which
flow is induced with an ultracentrifuge (the UFA™
method) could rapidly and directly measure Rrand
K in whole-rock tuff cores and then to compare
these directly measured unsaturated Rr values with
those calculated from Kd values obtained through
traditional batch tests on the same materials.

Methodology

Retardation
Retardation factors can be determined in flow
experiments where R f for a particular species is the
ratio of the solution velocity to the species velocity.
The retardation factor for that species is given by:

V KdR = ~ = I + Pd- , (46)r Vsp €

where Vgw is the velocity of carrier fluid, Vsp is the
velocity of the species, Pd is the dry bulk density, €

is the porosity, and Kd is defined as the moles of
the species per g of solid divided by the moles of
the species per ml of solution. If none of a particu
lar species is lost to the solid phase, then Kd = 0
and Rr = I for that species. In column experi
ments, a breakthrough curve is obtained for the
particular species and Rr is determined as the pore
volume at which the concentration of the species in

the solution that has passed through the column is
50% of the initial concentration (Cleo = 0.5). It is
now generally assumed that for unsaturated sys
tems € = 0, where 0 is the volumetric water con
tent (Bouwer 1991; Conca and Wright 1992a). The
study described in this section experimentally
addresses this concern under unsaturated condi
tions in whole rock and evaluates the use of data
from batch experiments in determining Rr in whole
rock.

We prepared solutions using J-13 well water with a
selenite concentration of 1.31 ppm and determined
the selenium concentrations with an inductively
coupled, argon-plasma, atomic-emission spectrom
eter (Jarrell-Ash Model 976 Plasma Atomcomp).
We used an ion chromatograph (Dionex Series
4000i) to determine the speciation of selenium in
solution. All selenium in the starting and effluent
solutions was found to exist as selenite.

Hydraulic conductivity
One way to drive fluid through rock is to use cen
tripetal acceleration as the driving force. We used
this approach with a new technology (UFA) to pro
duce hydraulic steady-state, to control temperature,
degree of saturation, and flow rates in all retarda
tion experiments, and to measure the hydraulic
conductivity. A specific advantage of this
approach is that centripetal acceleration is a whole
body force similar to gravity that acts simultane
ously over the entire system and independently of
other driving forces, such as gravity or matrix suc
tion. It has been shown that capillary bundle theo
ry holds in the UFA method (Conca and Wright
t 992a, t 992b).

The UFA instrument consists of an ultracentrifuge
with a constant, ultralow flow-rate pump that pro
vides fluid to the sample surface through a rotating
seal assembly and microdispersal system (Fig.
116). Accelerations up to 20,000 g are attainable at
temperatures from 220° to 150°C and flow rates as
low as 0.001 ml/hr. The effluent is collected in a
transparent, volumetrically calibrated container at
the bottom of the sample assembly. The effluent
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Figure 116. The UFA Method. This schematic of the UFA rotor is shown with paramagnetic seal and
the large-sample options. a configuration that is optimal for adsorption and retardation studies.

collection chamber can be observed during cen
trifugation using a strobe light.

The current instrument has two different rotor sizes
that hold up to 50 and 100 cm3 of sample, respec
tively. Three different rotating-seal assemblies
facilitate various applications and contaminant
compatibilities; they are a face seal, a mechanical
seal, and a paramagnetic seal. Figure 116 shows
the large-sample option with the paramagnetic seal,
a configuration that is optimal for adsorption and
retardation studies.

Numerous studies have compared use of the UFA
approach with traditional methods of doing this
type of analysis in soils and clays, and the agree
ment is excellent (Conca and Wright 1992b;
Nimmo et al. 1987). Good agreement is expected
because the choice of driving force does not matter
provided the system is Darcian (see next para
graph) and the sample is not adversely affected by
a moderately high driving force (::s 1000 g for all

samples run in these experiments); both of these
provisions hold for most geologic systems. Addi
tionally, all techniques for estimating hydraulic
conductivity, K((J), are extremely sensitive to the
choice of the rock or soil residual water content, (Jr'

and to the saturated hydraulic conductivity, Ks ;

minor variations in 8r or K s produce order-of-mag
nitude changes in K( (J) (Stephens and Rehfeldt
1985).

The UFA technology is effective because it allows
the operator to set the variables in Darcy's Law,
which can then be used to determine hydraulic
conductivity. Under a centripetal acceleration in
which water is driven by both the potential gradi
ent, dr/J/dr, and the centrifugal force per unit vol
ume, pw2r, Darcy's Law is

q = -K(r/J)[!!j;- - pw2r] , (47)

where q is the flux density into the sample; K, the
hydraulic conductivity, is a function of the matric
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suction ("') and, therefore, of water content (0); r is
the radius from the axis of rotation; p is the fluid
density; and w is the rotation speed. When multi
component and multiphase systems are present in
the UFA instrument, each component reaches its
own steady-state with respect to each phase, as
occurs in the field. Appropriate values of rotation
speed and flow rate into the sample are chosen to
obtain desired values of flux density, water content,
and hydraulic conductivity in the sample. Above
speeds of about 300 rpm, depending upon the
material and providing that sufficient flux density
exists, d"'/dr «pw2r. Under these conditions,
Darcy's Law is given by q = -K("') [_pw2r].
Rearranging the equation and expressing hydraulic
conductivity as a function of water content,
Darcy's Law becomes

(48)

As an example, a whole-rock core of Topopah
Spring Member tuff accelerated to 7500 rpm with a
flow rate into the core of 2 mllhr achieved
hydraulic steady-state in 30 hours with a hydraulic
conductivity of 8.3 X 10-9 crn/sec at a volumetric
water content of 7.0%. Previous studies have veri
fied the linear dependence of K on flux and the
second-order dependence on rotation speed (Conca
and Wright 1992a; Nimmo et aI. 1987), and several
comparisons between the UFA method and other
techniques have shown excellent agreement
(Conca and Wright 1992a, 1992b). Because the
UFA method can directly and rapidly control the
hydraulic conductivity, fluid content, temperature,
and flow rates, other transport properties can then
be measured as a function of fluid content by asso
ciated methods either inside or outside the UFA
instrument during the overall run.

Fundamental physics issues involving flow in an
acceleration field have been raised and successful
ly addressed by previous research and in numerous
forums (Conca and Wright 1992a, 1992b; Nimmo
et aI. 1987; Nimmo and Akstin 1988; Nimmo and
Mello 1991). These studies have shown, first, that
compaction from acceleration is negligible for sub-

surface soils at or near their field densities. Bulk
density in all samples remain constant because a
whole-body acceleration does not produce high
point pressures. A notable exception is surface
soils, which can have unusually low bulk densities;
special arrangements must be made to preserve
their densities. Whole-rock cores are completely
unaffected.

The studies have also shown that three-dimension
al deviations of the driving force with position in
the sample are less than a factor of 2, but moisture
distribution is uniform to within I% in homoge
neous systems because water content depends only
upon "', and unit gradient conditions are achieved
in the UFA instrument in which d"'/dr = O.
Hydraulic steady-state is not as sensitive to
changes in rotation speed as to flux density. In het
erogeneous samples or multicomponent systems
such as rock, each component reaches its own
hydraulic steady-state and water content, as occurs
for such materials under natural conditions in the
field. This last effect cannot be reproduced with
pressure-driven techniques but only under a whole
body force field, such as with gravity columns or
centrifugal methods. The ratio of flux to rotation
speed is always kept high enough to maintain the
condition of d""dr = O.

Results and Discussion for Vitric and
Zeolitic Thff

Column breakthrough test results
For these experiments, the rotation speed was set at
2,000 rpm with a flow rate into each sample of 0.2
mllhr. The experiment was run for 9 days with an
initial selenium concentration of 1.31 ppm. Figure
117 shows the breakthrough curves for selenite in
the Yucca Mountain vitric member at 62.6% satu
ration and in the zeolitic nonwelded tuff at 52.8%
saturation. The experiment was stopped before full
breakthrough in the zeolitic nonwelded tuff, but the
Cleo = 0.5 point was reached. The retardation
factor for each tuff sample is only 2.5, giving a Kd

of 0.9 mUg for the Yucca Mountain vitric-member
tuff and 0.8 mUg for the zeolitic nonwelded tuff.
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o Zeolitized nonwelded G-tunnel tuff (1.21 glcm3 ; 52.8% saturation; K =1.2 X 10- 8 cm/s)
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Figure 117. Breakthrough Curves. The UFA column data plotted here for a Yucca Mountain tuff retar
dation experiment show the breakthrough curves for selenium. The initial concentration, Co' of selenium
(as selenite) was 1.31 ppm in J-13 well water.

During these experiments, the unsaturated hydrau
lic conductivity, K, for each sample at these water
contents was 2.5 X 10-8 cm/s for the Yucca
Mountain vitric-member tuff and 1.2 x 10-8 cm/s
for the zeolitic nonwelded tuff. Figure 118 gives
the characteristic curves, K( (}), for these tuffs deter
mined in separate experiments, as well as measure
ments for other tuffs and materials for comparison.
As in most whole-rock cores studied (Conca and
Wright 1992a, 1992b), the characteristic curves for
the tuffs are steep, almost linear functions of the
volumetric water content and are displaced accord
ing to the degree of welding and alteration.

Batch test results
We conducted batch-adsorption tests using the
same J-13 well water with the slightly lower sele
nium concentration of 1.1 ppm and the same
zeolitic nonwelded tuff from G-Tunnel, Bed 5, as
in the UFA column breakthrough test. The batch
adsorption tests consist of crushing and wet-siev-

ing the tuff, pretreating the tuff with J-13 water,
placing the selenium solution in contact with the
tuff, separating the phases by centrifugation, and
determining the amount of selenium in each phase
by difference using inductively coupled plasma
mass spectrometry. Control samples were used to
determine the sorption of selenium onto the walls
of the sorption containers. The control procedure
consisted of following the described batch-sorption
procedure with a sample containing the selenium
solution, except with no tuff added. The results of
the control experiments indicate no loss of seleni
um due to precipitation or sorption onto the walls
of the container during the batch-sorption experi
ment. The sorption distribution coefficients we
obtained are given in Table 28. The Eh of all solu
tions, measured after the sorption experiments, var
ied from 140 to 150 mY.

The data presented in Table 28 and Fig. 118 indi
cate agreement between the column and the batch-
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Figure 118. Unsaturated Hydraulic Conductivity. These UFA column data for various Yucca
Mountain and Bandelier tuffs and other soil samples show the unsaturated hydraulic conductivity, K, as a
function of volumetric water content, e. The name and the density of each tuff is given in the legend.

sorption experiments. At a selenium concentration
of -1 ppm, no sorption of the selenium by the tuff
is observed for the zeolitic tuff used in batch exper
iments, and minimal sorption (Kd of 0.8 mlIg) is
observed for the zeolitic tuff used in the unsaturat
ed column experiments. The method we used for

Table 28. Selenium Batch Adsorption
on Nonwelded Zeolltic Tuff*

Pretreatment Sorption KcJ
period (days) period (days) (mUg)

6.9 0.04 -0.2

6.9 0.04 0.3

6.8 13.9 0.0

6.8 13.9 0.2

·Experimental conditions: J-13 water; 20·C; 75-500 11m tuff
particle sizes; 1.1 ppm initial selenium concentration; solution
pH after sorption of 8.4; and samples from the same location in
G-Tunnel, Bed-5, as the tuff used in the column experiments.

the batch-sorption experiments to determine Kd

values (by difference) involves subtracting the
selenium concentration in solution after equilibra
tion with the solid phase from the initial selenium
concentration in solution. This method yields large
scatter in the data when the batch-sorption distribu
tion coefficient is small because two large numbers
are subtracted to get a small number. Inspection of
Table 28 also suggests that the kinetics of selenium
sorption onto tuff are fast.

Conclusions

This study demonstrated the feasibility of using the
UFA technology to rapidly and directly measure
retardation factors and hydraulic conductivities in
whole-rock cores of tuff under the unsaturated con
ditions that exist in the field. In UFA column
breakthrough tests, the retardation factor for the
selenite species was only 2.5 in both Yucca
Mountain vitric member tuff at 62.6% saturation
and zeolitic nonwelded tuff from G-tunnel at
52.8% saturation for a selenium concentration in
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J-13 water of 1.31 ppm. In batch tests on the same
material with an initial selenium concentration of
1.1 ppm, the average Kd was 0.08 ± 0.2 mUg,
which gives retardation factors that are slightly
lower than those from the UFA column break
through experiments. This finding suggests that
using batch-sorption coefficients to predict
radionuclide transport through unsaturated tuff will
yield conservative results.

Future experiments will use initial selenium con
centrations smaller than the ones used in these
experiments to further assess the validity of batch
sorption distribution coefficients to predict trans
port under unsaturated conditions. The unsaturated
hydraulic conductivities during the experiments
were 2.5 X 10-8 cmls for the Yucca Mountain vit
ric-member tuff and 1.2 X 10-8 cmls for the
zeolitic nonwelded tuff.
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C. RADIONUCLIDE TRANSPORT
THROUGH FRACTURES

Yucca Mountain was chosen as a potential site for
a high-level nuclear-waste repository because its
geochemistry is believed to form both a physical as
well as chemical barrier to radionuclide migration.
However, the Yucca Mountain region has under
gone significant deformation with the most recent
tectonic activity occurring during the development
of the Basin and Range geologic province and sili
cic volcanic activity. As a result of the tectonics
and volcanism, many faults and fractures were pro
duced within the tuffaceous units as well as the
entire region. In addition, volcanic tuffs are often
fractured as a result of cooling. The numerous frac
tures present at Yucca Mountain potentially repre
sent a breach in the natural barrier, providing a fast
pathway for contaminant migration.

Radionuclide transport calculations often assume
that radionuclides can travel through fractures
unimpeded; this assumption is too simplistic and
leads to overconservative predictions of radionu
c1ide releases to the accessible environment. The
assumption ignores two main mechanisms by
which retardation of radionuclides migrating
through fractures can occur: diffusion of the
radionuclides from the fractures into the rock
matrix and sorption of radionuclides onto the min
erals coating the fractures.

Minerals coating the fracture walls are generally
different from the host-rock mineralogy due to a
variety of factors ranging from precipitation of
hydrothermal waters or meteoric waters to alter
ation of the pre-existing minerals. A review of the
literature (Carlos 1985, 1987, 1989, 1990, 1994;
Carlos et al. 1993) has provided a list of the miner
als lining the fractures found at Yucca Mountain
(Table 29 and see the Appendix for detailed
descriptions).

The transport of radionuclides through fractures
from Yucca Mountain was examined to assess the
retardation that can be provided by radionuclide

diffusion into the matrix and sorption onto the min
erals coating the Yucca Mountain fractures.

Experimental Procedures

Groundwaters
The groundwaters used for the experiments pre
sented in this section were waters from Well J-13
(filtered through a 0.05-l1m filter) and two sodi
um-bicarbonate buffers that simulated the water
chemistry of the groundwaters from Wells J-13
and UE-25 p#1. We prepared the synthetic J-13
water by dissolving 0.03 g of Na2C03 and 1.92 g
of NaHC03 in 10 I of deionized water; the syn
thetic UE-25 p#1 water by dissolving 0.39 g of
Na2C03 and 8.90 g of NaHC03 in 10 I of deion
ized water. The reasons for having to use synthet
ic waters for the fracture-column experiments was
the unavailability of water from Well UE-25 p#1
and the prevention of microbial activity in the
columns.

Fractured-tuff samples
We used tuff samples with natural fractures from
drill holes at Yucca Mountain chosen from the
Yucca Mountain Project Sample Management
Facility (SMF) in Mercury, Nevada. The tuff
matrix of all samples consisted of devitrified tuff,
and the minerals lining the fractures were stellerite,
magnetite, hollandite, and romanechite. The sam
pling criteria was confined to I) cores with natural
fractures, determined by the presence of secondary
mineral coatings, and 2) fractures with removable
fracture walls that could be repositioned to their
original orientation. Based on this criteria, we con
cluded that of the fractured-tuff cores selected
(USW GI-1941, UE-25 UZ-16 919, USW G4
2981, and USW G4-2954) all consisted of natural
fractures except G 1-1941, the only core sample
that did not have secondary minerals coating its
fracture. The fracture in sample G1-1941 is appar
ently induced.

Radionuclide solutions
The radionuclide solutions used in the experiments
(tritium, pertechnetate, and neptunium) were pre-
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Table 29. Minerals Coating Fracture Walls in Yucca Mountain Tuffs

Zeolites
Heulanditc~ Clinoptilolite Ca4AleSi2s0n'24Hp~ (Na, K)6AlsSi3QOn,24H20

(range of compositions with arbitrary division of Si/AI < 4.4 for heulandite and SilAI > 4.4 for clinoptilolite)
Mordenite (Ca,Na2,K2).AleSi.a096·28H20
Analcime NaAISi206,H20
Chabazite CaAI2Si.0,2·6H20
Phillipsite (~,Na2,Ca)AI2Si4012-4-5H20

Erionite (Ca,Na2,K2).AleSi2s072·27H20
Stellerite CaAI2Si701S,7H20

Quartz
Tridymite
Cristobalite
Opal
Feldspars

Plagioclase (albite)
K-feldspar (sanidine)

Smectite family :
Dioctahedral (montmorillonite)
Trioctahedral (saponite)

Sepiolite
Palygorskite
Illite

Silica
Si02 - low-temperature polymorph of silica
Si02 - high-temperature polymorph of silica
Si02 - highest-temperature polymorph of silica
Si02·nH20

Solid solutions of albite (NaAISi30e) and anorth ite (CaAI2Si20e)
Solid solutions of orthoclase (KAISi30e) and albite (NaAISi30 S)

Clays

(Na,K,M9a.s,Cao.s'possibly others)a.33AI,s7Mga.33Si.°1a(OH)2'nH20
(C~.s,Na)a.33(Mg,FeMSi3.S7Alo.33)01a(OH)2·4H20
Mg.(Si20sb(OH)2·6H20
(Mg,AI)2Si.Ola(OH)·4H20
(H30,K)~AI.Fe.Mg.M96)(Si8-~1)02a(OH).

-------- ----- - ------ .- - -------------- - - _ ._- - --

(1 x 1 tunnel structure)
(2 x 2 tunnel structure)

Pyrolusite
Cryptomelane family:

Cryptomelane
Hollandite
Coronadite

Romanechlte
Todorokite
Aurorile
Lithiophorite
Rancieite

Manganese oxldeslhydroxides
Mn02
~2(Mn·+,Mn3+)s(0 ,OH),6

A=K
A = Sa
A = Pb

(Ba,H20)2MnsO,a (2 x 3 tunnel structure)
(Na,Ca,Ba ,Sr)03----<l.7(Mn,Mg,AI)sO'2,3 ,2-4.5H20 (3 x 3 tunnel structure)
(Mn2+ ,Ag,Ca)Mn307,3H20
m(Ala.sLia.sMn02(OH)2)·n{Alo567(Mn'+,Co,Ni,Mn2+)02(OH)2)'pH20
(Ca,Mn2+)(Mn'+).Og,3H

20
- ---- _ .._ - - - --- - - --- - - -

Hematite
Magnetile

Calcite

Fluorite

Iron oxideslhydroxides
Fe20 3

(Fe,Mg)Fe20.

Carbonates
CaC03

Halides
CaF2
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pared in the same manner as for the crushed-tuff
column experiments.

thin coating of Silastic™ within the overlip and the
milled D-sections.

Figure 119. Fractured-column Setup. Top view (top) and
cross-sectional view (bottom) of the column used in the frac
ture transport experiments.

Silastic was also spread over all exposures of the
rock core, including the fracture, and allowed to
cure completely. We selected a tube of transparent
Lucite™ with a diameter greater than that of the
endcaps, and cut it to a length measured betweeen
the middle of both endcaps. A piece of Plexiglas,
similar in thickness to the endcaps, was then cut in

Fractured-column procedure
The experimental setup that we used for the frac
tured-tuff column is shown in Fig. 119 (the flow
chart for the experiments is the same as for the
crushed-tuff column experiments (Fig. 97), except
the crushed-rock column is replaced with a frac
tured-tuff column). The fractured cores we chose
for column experiments were cut with a
rock saw perpendicular to the fracture to
produce smooth ends. The fracture was
secured with a hoseclamp, and we mea-
sured and logged the dimensions of the
fracture and the core for all samples.

Epoxy filling

Silastic™ coating

+--Lucite™ tubing

Top view
(not to scale)

Cross-sectional view
(not to scale)

\'Donut spacer

D-spacing

Next, we drilled two 1116-inch holes
through the troughs of each endcap to act
as the inlet and outlet flow ports for the
columns. The top of each hole was
redrilled to a depth of 1/4 inch and
tapped to a 1/4-by-28 thread. We secured
the endcaps to the fracture by placing a

We made round endcaps for the fracture
columns from 1/2- to I-inch flat
Plexiglas™. The diameter of the endcaps
was slightly larger than the core by
approximately 118 inch to produce an
overlip. We cored the endcaps within the
overlip to a depth of 1116 to 118 inch with
the exact diameter of the rock core and
then fitted them onto the core. We drew
a trace of the fracture on the caps with a
marking pen and, using a mill, cut 1/16
inch-deep troughs over the designated
area. The purpose of the troughs was to
induce equal dispersion of the tracer
through the fracture at the time of the
injection rather than creating a point
injection. We also milled two areas
(resembling opposing D's) 118 inch out
side both sides of the trough, 1/8 inch
from the cored overlip, and with the same
depth as the troughs.
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donut form so that it would fit between the Lucite
tube and the endcaps. The resulting donut spacer
was then pressed and sealed with Silastic to one
end of the fracture column. We poured epoxy into
the top of the column through the gap from the
Lucite tubing and the endcap until it almost over
flowed the tube.

After all the epoxy cured, we flushed the column
with carbon-dioxide gas for thirty minutes to facili
tate removal of insoluble nitrogen gas. Then the
column was submerged in a beaker containing
either synthetic UE-25 p#1 or synthetic J-13 water.
We subjected the beakers to a vacuum for a mini
mum of two weeks until all evacuating gas bubbles
had ceased. After saturation, we connected the
fracture columns, via one of the two outflow ports,
to a syringe pump. The purpose of the second out-
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flow port was to connect to a pressure transducer.
We then set the columns onto ring stands so that
tracer could be injected through the bottom. This
setup was done so that if gas bubbles developed
they would rest at the top of the column's trough
and not against the fracture. A constant flow rate
was established, and then we introduced a radionu
elide tracer into the system through an injection
valve. We collected the column elutions as a func
tion of time and analyzed them, using our standard
radiometric techniques, for the percentage of
radionuelide tracer recovered. The aperture of the
fractures has not yet been determined, but Table 30
gives the other characteristics of the four columns.

Batch-sorption experiments
For comparison with the fractured-column experi
ments, we conducted batch-sorption tests of neptu-

Table 30. Characteristics of Fractured Devitrified-tuff Columns

Column #1 Column #2 Column #3 Column #4

Tuff type Gl-1941 UE-25 UZ-16 919 G4-2981 G4-2954

SMF number N/A 0029365 0029366 0029368

Major minerals Alkali Feldspar Alkali Feldspar AlkaliFeldspar Alkali Feldspar
in tuff matrix and Quartz and Quartz and Opal CT and Opal CT

Minerals coating None (apparent Stellerite Hollandite Hollandite
the fracture induced fracture) Magnetite Romanechite Romanechite

Water type Synthetic J-13 Synthetic UE-25 p#l Synthetic J-13 Synthetic J-13

pH 8.6 8.8 8.6 8.6

Concentration 1.4 x 10-5 4.8 X 10-6 1.4 X 10-5 1.4 X 10-5
of 237Np (M)

Length (cm) 12.6 6.1 6.0 To be determined

Diameter (cm) 6.1 5.2 5.2 To be determined

Fracture aperture To be determined To be determined To be determined To be determined

Porosity To be determined To be determined To be determined To be determined

Volumetric flow
0.5 0.5 0.5 0.5

rate (ml/hr)
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nium onto the fracture minerals stellerite, hollan
dite, romanechite, and magnetite. We did these
tests under atmospheric conditions using 1-13 well
water with a Np(V) concentration of 6.7 X 10-7 M.
The batch-sorption tests consisted of crushing and
wet-sieving the minerals to a size of 75 to 500 ~m,

pretreating the minerals with 1-13 water, placing
the neptunium solution in contact with the minerals
for a period of 3 days (using a solid to solution
ration of 1 g to 20 ml), separating the phases by
centrifugation, and determining the amount of nep
tunium in each phase by difference using liquid
scintillation counting. We used control samples to
determine the sorption of neptunium onto the walls
of the sorption containers. The control samples
consisted of following the described batch-sorption
procedure with a sample containing the neptunium
solution only with no solid added. The results of
the control experiments indicate no loss of neptuni
um due to precipitation or sorption onto the walls
of the container during the batch-sorption experi
ment. The pH of the water in these experiments
was approximately 8.5.

Results and Discussion

As discussed earlier, neptunium does not sorb onto
devitrified tuff (for example, see Table 15, p. 87, or
Triay et al. 1996a), which constitutes the matrix of
all the fractures studied. Retardation during frac
ture flow occurs by diffusion of the radionuelides
into the tuff matrix or by sorption of the radionu
elides onto the minerals coating the fractures.
Table 31 lists the results of batch-sorption experi
ments describing the sorption of neptunium onto
natural minerals.

Although the extrapolation from these experi
ments to Yucca Mountain tuffs containing the same
minerals is not immediate, the data of Table 31
show some important trends. Neptunium has a
high affinity for hollandite and romanechite,
whereas sorption onto the zeolite stellerite is not
significant. If ion exchange is the main mechanism
for neptunium sorption onto stellerite, changing the
water from 1-13 to UE-25 p# 1 will only result in

less sorption (due to the formation of a larger
amount of the neptunyl carbonato complex and
competitive effects as a result of the higher ionic
strength in the UE-25 p# 1 water). The sorption of
neptunium onto magnetite does not appear to be
significant either. As shown in Table 31, the mag
netite sample we studied contains hematite and
goethite, which could account for the entire
observed sorption (Triay et at. 1996a).

Because no secondary minerals coating the fractures
were observed for the G 1-1941 fractured sample
(column #1 of Table 30 and Fig. 120), it can be con
eluded that the retardation of neptunium observed
for that column is due to diffusion into the matrix.

The total neptunium recovery of 70% in the UE-25
UZ-16 919 fractured sample (column #2 of Table
30 and Fig. 121) could be due to minimal sorption
onto the stellerite and magnetite coating that frac
ture or due to diffusion into the matrix. It is impor
tant to note that in changing the water for this col
umn from synthetic 1-13 to synthetic UE-25 p#I,
the speciation of neptunium changes from a mix
ture of neptunyl and carbonato complex to almost
100% carbonato complex (which can be excluded
from tuff pores due to size and charge).

Neptunium seems to be significantly retarded even

Table 31. BatCh-sorption Results
for 237Np in J-13 Well Water

Major mineral KcJ Solid-phase
in solid phase (ml/g) composition·

Stellerite -0 N/A

Hollandite 700 100% Hollandite

Romanechite 600 N/A

85% Magnetite
Magnetite 7 12% Hematite

3% Goethite

"determined by x-ray-diffraetion analysis
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during fracture-flow in the G4-298I fractured sam
ple (Fig. 122) that is coated with hollandite and
romanechite. The recovery of neptunium in this
fracture is less than 10%, and its first appearance is
delayed with respect to tritium and technetium.

Inspection of Figs. 122 and 123 (columns #3 and
#4 of Table 30) indicates that diffusion from the
fracture into the matrix has taken place because
recovery of tritium was only 80% compared to
90% for technetium. This trend agrees with diffu
sion data that was previously obtained for 3H and
95mTc in devitrified tuff and water from Well 1-13.
These data were fitted to the diffusion equation
using the transport code TRACRN (Triay et al.
1993a), which yielded diffusion coefficients for
saturated devitrified tuffs that were of the order of
1O-{; cm2/s for tritiated water and 10-7 cm2/s for
technetium. Thus, anion exclusion, in which the
large pertechnetate anion is excluded from tuff
pores due to its size and charge, has been previous
ly observed.

Continuing with the explanation by de MarsHy
(1986, Chapter 10) of the fate ofreactive and non
reactive solutes in porous and fractured media that
we started in the earlier section on crushed-rock
columns, we can expand the equation for a sorbing,
nonreactive solute (Eqn. 42) to account for a solute
that also undergoes radioactive decay:

V· (DC - CU) =

E( ~~ + AC) + Pb( a;; + AF), (49)

where Ais related to the half-life, t 1l2 , of the decay
ing radionuclide by the relationship A = 0.693/t1l2 .

As was pointed out earlier, the mechanism of sorp
tion determines the relationship between F and C.
If we substitute the linear, reversible, and instanta
neous relationship for sorption, that is F =KdC,
then Eqn. 49 becomes

V· (DC - CU) =

E (I + ~ Kd ) (~; + AC) (50)

The expression inside the first set of parentheses in
Eqn. 50 is the retardation factor, Rf , which, of
course, is only valid if sorption is linear, reversible,
and instantaneous.

For radionuclide elution through fractures, two
transport equations (like Eqn. 49) are considered,
one for the porous medium and one for the frac
tured medium, each with its own Darcy's velocity
and porosity (de MarsHy 1986). The two transport
equations for the porous and the fractured media
can be coupled by a convection and a dispersion
exchange term.

The radionuclide elution data through fractured
media was reduced and analyzed using the trans
port code FEHM and reported on by Robinson et
al. (1995). Their analyses of neptunium-237 elu
tion through fractured rock made it clear that the
data are consistent with very large values of Kd , at
least compared to the typical value of 2.5 for nep
tunium-237 on zeolitic tuff. They also felt it possi
ble that minerals present in trace quantities in the
bulk rock that appear to contribute insignificantly
to sorption may be quite effective at retarding nep
tunium-237 transport when concentrated on frac
ture surfaces.

The most significant conclusion of the work pre
sented here is that contrary to previous assump
tions about the role of fractures in radionuclide
retardation, preliminary results from these experi
ments indicate that fracture flow does not necessar
ily result in a fast pathway for actinide migration
through fractures. As can be seen in the experi
ments described above, the migration of actinides
through fractures could be significantly retarded by
sorption onto minerals coating the fractures and by
diffusion into the tuff matrix.
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D. COLLOID-FACILITATED RADIO
NUCLIDE TRANSPORT

The role of colloids in the transport of contaminants
through the subsurface was reviewed by McCarthy
and Zachara (1989). These authors concluded that
the existing data suggest that colloidal species can
enhance contaminant transport in the subsurface in
the vadose and the saturated zones. McCarthy and
Zachara also pointed out that the existing informa
tion is inadequate to assess the importance of col
loid-facilitated transport or to develop a capability
to predict contaminant migration that includes col
loids. The work of McCarthy and Zachara identi
fied several research needs: development of sam
pling techniques and predictive capabilities to
determine the occurrence and properties of subsur
face colloids, experiments and predictive transport
models to assess the mobility of subsurface col
loids, and data on the sorption of contaminants onto
colloids to evaluate the implications of colloids for
contaminant transport in the subsurface.

Ramsay (1988) reviewed the role of colloids in the
release of radionuclides from a nuclear waste
repository. He defines colloids as particles in the
size range from 1 nm to 1 mm with large surface
areas (on the order of 1000 m2/g for the smallest
particles). He points out that the role of colloids in
migration involves many processes, such as
enhancement of the source term by the leaching of
the radionuclides in colloidal form from the waste
form, degradation of the waste form (by bacterial
action) to produce fine particulates, and sorption of
radionuclides onto colloids present in the ground
water. Ramsay also points out that although it is
clear that colloids exist, their significance in affect
ing radionuclide migration is not clear.

Ramsay's work describes three general cases for
colloid-facilitated radionuclide migration based on
colloidal charge. First, uncharged colloids (whose
particle sizes are considerably smaller than the
pore or fracture size of the medium) migrate with
out retardation. Second, charged colloids with the
same sign as the surface charge of the medium are

repelled by the medium walls, and there is a net
increase in the flow velocity of the colloids. Third,
the colloids and the medium surfaces have opposite
charges, which can result in a slowing down of the
colloids by their interaction with the medium.

There are two main categories of colloids in the
subsurface in a nuclear waste repository: ground
water colloids and anthropogenic colloids.
Groundwater colloids (Kim 1991) occur naturally
in aquatic systems and consist of inorganic or
organic molecular constituents or microorganisms.
Anthropogenic colloids are colloids produced by
physical, chemical, or biological processes acting
on human-introduced materials. These include
radioactive waste-derived colloids and colloids
derived from other materials and activities related
to waste isolation.

Radioactive waste-derived colloids include:
• degradation colloids generated directly from

the waste form by disaggregation or spalling
of actinide solid phases;

• precipitation colloids generated from solutions
supersaturated with respect to actinide solid
phases, including real actinide colloids pro
duced by the agglomeration of hydrolyzed
actinide ions, traditionally referred to as radio
colloids; and

• pseudocolloids generated by the attachment of
radionuclides (in soluble or colloidal form) to
other colloids (such as groundwater colloids).

The objectives of this section are to describe col
loid transport models that can be used to assess the
importance of colloid-facilitated radionuclide
migration, summarize the observations of the exis
tence of colloids from sampling studies and the
evidence of colloid transport at the field scale, list
the potential sources of colloids at Yucca Moun
tain, review the colloid transport experiments rele
vant to a potential nuclear waste repository at
Yucca Mountain, and summarize the research ques
tions that need to be answered to predict the role of
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colloids in the release of radionuclides from a
potential repository at Yucca Mountain.

Colloid Transport Calculations

The major processes that may occur during the
migration of colloids in the subsurface are colloidal
generation, sorption of radionuclides onto colloids
in the groundwater, attachment/detachment of col
loids, agglomeration of colloids in the groundwa
ter, and exclusion of colloidal particles from pores
due to size or surface-charge considerations. The
limited applicability of filtration theory to describe
particle transport through porous media has been
discussed by McDowell-Boyer et al. (1986) who
concluded that data were needed on particle reten
tion, aggregate formation, permeability reduction,
and the potential for erosion by changes in flow or
solution chemistry before colloid transport through
a natural aquifer could be predicted. Smith and
Degueldre (1993) pointed out the limited applica
bility of filtration theory to describe colloid trans
port through fractured media in which colloid-wall
interactions are important. Kessler and Hunt
(1993) described the result of deposition and ero
sion of colloids in fractured media. They reported
that colloids suspended in the water in fractures
will deposit on fracture surfaces and partially or
completely clog the fracture; the degree of clog
ging depends on whether deposited colloids can
erode from the surfaces of the fractures. When the
fracture remains only partially clogged, the
unclogged portion becomes an open channel.
Kessler and Hunt predict that for repository condi
tions (involving very low flow rates of ~ 1 m/yr),
erosion will not occur and the colloids will not
travel very far because the fractures are expected to
clog up completely with colloids.

The transport code crCN (Colloid Transport
Code-Nuclear) was developed within the Yucca
Mountain Site Characterization Project for the
study of colloid transport in porous and fractured
media under unsaturated and saturated conditions
(Jain 1991). The code was designed to solve both
the unsteady-population-balance equations and the
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mass, energy, and momentum equations in up to
four axes using the Method of Lines with Modified
Gear Method to solve the population-balance equa
tion. It is written in FORTRAN 77 and is capable
of running on SUN, VAX, and CRAY systems.
CTCN maintains a mass balance of the particles in
the system and is capable of taking into account the
likely colloid transport phenomena to describe
migration of colloids through a natural medium.
Most other colloid transport calculations (for
example, Smith and Degueldre 1993) are per
formed with transport codes for soluble contami
nant migration using parameters and boundary
conditions that simulate the behavior of colloids.

Colloid-facilitated radionuclide transport was
investigated in two dimensions for saturated and
unsaturated fractures by Nuttall et al. (1991) using
CTCN. A steady-state parabolic-flow-velocity pro
file was assumed for these calculations and a step
input of colloids was used as a boundary condition
to introduce particles into the fracture. The
dynamic two-dimensional population-balance
equation was solved numerically using CTCN. In
the study by Nuttall et aI., only the effects of cap
ture and release mechanisms of the colloid trans
port model were studied. Agglomeration of col
loids, pore size exclusion, particle growth, and size
distributions were not taken into account in this
work. The results of Nuttall et al. indicate that the
diffusion rate of colloids in the direction perpen
dicular to the flow is an important parameter and
the rate-controlling step for colloids diffusing to
the fracture wall and being captured. The diffusion
rate of colloids is approximately three orders of
magnitude smaller than the diffusion rate for mole
cular species; consequently, colloids can transport
long distances in fractures even with irreversible
capture at the rock-water interface. Smaller parti
cles are more likely to come in contact with the
rock-water interface, but physical capture depends
upon the electrokinetic and van der Waals forces.
Nuttall et al. also report that for unsaturated condi
tions, hydrophobic colloids will preferentially col
lect at the air-water interface and transport at the
highest water velocity.
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Smith (1992) explored the influence of nonlinear
sorption on colloid-facilitated radionuclide trans
port through fractured media. Smith and
Degueldre (1993) also explored the result of differ
ent solute-colloid sorption mechanisms on radionu
clide transport. Smith and Degueldre concluded
that the assumption of fast, linear, and reversible
radionuclide sorption onto colloids is nonconserva
tive in the prediction of colloid-facilitated radionu
clide transport. Smith and Degueldre's work sug
gests that the time for desorption (days or weeks)
exceeds the time for sorption (seconds or minutes)
in the radionuclide-colloid interactions. Conse
quently, it is important to determine the degree of
completeness of desorption; irreversible sorption of
the radionuclide onto the colloid may be present.
If colloids migrate over long distances and are
excluded from wall-rock pores due to their size,
irreversible sorption would increase the rate of
radionuclide transport in the subsurface. Smith
and Degueldre concluded that for cases involving
irreversible radionuclide-colloid sorption, the
transport of radionuclides is strongly dependent on
the extent of colloid interaction with the fractures.

Evidence of Colloids and Colloid Transport
from Field Studies

Natural analog sites
Cigar Lake uranium deposit.
The colloids « I mm) and particulate matter
(> 1 mm) at the Cigar Lake uranium ore deposit in
Canada were characterized by Vilks et al. (1988).
The deposit is located at a depth of 400 m and has
not been disturbed by mining operations or surface
weathering. The ore is surrounded by a clay-rich
zone containing iron hydroxides. The clay zone is
surrounded by an altered sandstone separated from
the surrounding unaltered sandstone by a silica
rich cap in which quartz has filled most of the frac
tures. Vilks et al. report that I) the total particle
concentration in groundwater at Cigar Lake ranges
from 0.6 to 261 mg/I; 2) groundwater particles con
sist of clay minerals, iron-silicon precipitates,
organics, rock particles, and drilling products; 3)
the natural colloids and suspended particles in the

groundwater at Cigar Lake contain significant
amounts of uranium, thorium, and radium-226;
4) uranium dispersion has not been significant
beyond the quartz cap; 5) there is no evidence of
uranium migration away from the deposit; 6)
radioactive colloid concentrations are low in the
overlying sandstone and in the groundwater down
gradient from the deposit; and 7) no significant
migration of colloids and suspended particles away
from the uranium ore deposit to the surrounding
sandstone has occurred.

Koongarra uranium deposit.
Groundwater and particles from boreholes at the
Koongarra uranium deposit in Northern Australia
were characterized by Payne et al. (1992). The
chemistry at Koongarra groundwaters is dominated
by magnesium and bicarbonate, the pH is between
6 and 7.5, and the Eh ranges from 100 to 300 mY.
The colloids « 1 mm) and the particles (> I mm)
in the Koongarra groundwaters include clay miner
als and fine quartz grains. Iron was observed by
Payne et al. as particle coating and as a separate
colloidal form. They also report that 1) uranium
migrates at Koongarra mostly as dissolved species;
2) thorium and actinium are mostly associated with
immobile particles (> 1 mm); 3) of the small frac
tion of thorium that passes through a I-mm filter, a
large fraction is associated with colloids; 4) actini
um appears to be more mobile than thorium and is
associated with colloids to a greater extent,
although in small concentrations; and 5) it is possi
ble for trivalent and tetravalent actinides to migrate
as colloids away from a nuclear waste repository.

Pocos de Caldas Plateau sites.
The characterization of suspended particles and
colloids in waters from the Osamu Utsumi mine
and Morro de Ferro analog sites at Pocos de
Caldas, Brazil, was reported by Miekeley et al.
(1991). These sites are located in the center of the
Pocos de Calda Plateau. Uranium is mined by
open-cast methods at Osamu Utsumi. Morro de
Ferro is a thorium and rare-earth-element ore body
that is 14 km from the Osamu Utsumi mine. The
Morro de Ferro hill is 140 m above local stream
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level and is in an advanced state of weathering.

The ground waters at the Osamu Utsumi uranium
mine are of the potassium-iran-sulfate type, oxi
dizing (values of Eh from 200 to 400 mY), and
slightly acidic (values of pH from 5.4 to 6.1), the
result of weathering of highly leached potassium
rich rocks. An upward groundwater flow gradient
at the mine forces reducing water to ascend into
more oxidizing environments. This process is
responsible for the formation of ferric oxyhydrates
in the suspended particles (> 0.45 mm) and in the
collo ids (1.5 nm to 0.45 mm) in the groundwaters.

The Morro de Ferro ore body is in a much more
advanced state of weathering than the mine. The
ore body has very high concentrations of thorium
and rare-earth elements in the soil and weathered
rocks and much lower concentration of uranium.
Groundwater was sampled at several points down
gradient from the ore body at Morro de Ferro. The
gradient extends from strongly oxidizing (Eh from
450 to 650 mV) to a less oxidizing, unperturbed
environment (Eh from 200 to 450 mY).

Concentrations of dissolved organic carbon in the
ground waters from the mine and the ore body
range from 1 to 4 mg/1. In shallow waters (in the
unsaturated zone) at the Morro de Ferro ore body,
concentrations of 10 to 20 ppm of dissolved organ
ic carbon were occasionally observed.

Miekeley et al. (1991) report that 1) a colloid con
centration at the uranium mine and the ore body of
less than 1 mg/l (consisting of Fe(ill) oxyhydrox
ides and humic-like particles in the size range from
1.5 nm to 0.45 mrn); 2) small amounts of uranium
and other elements, but significant amounts of tho
rium and rare-earth elements concentrated in the
colloidal phases and suspended particles; 3) high
concentrations of colloidal humic-like materials in
surface and near-surface waters, which is the rea
son for the much higher concentrations and propor
tions of thorium and rare-earth elements in col
loidal fractions of organic-rich waters of the Morro
de Ferro; 4) solution and colloidal phases in equi-
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Iibrium with respect to 234U to 238U isotopic ratios
and identical rare-earth-element distribution pat
terns for these phases; 5) unfiltered groundwaters
with low to moderate concentrations of suspended
particles (> 0.45 mm), that is, 0.2 to 0.4 mg/I for
the mine and I to 5 mg/I for the ore body; and 6)
no evidence of significant subsurface transport of
suspended particles or colloids in either the Osamu
Utsumi mine or the Morro de Ferro ore body.

Test sites and other areas
Gorleben area.
Colloids in groundwaters from the Gorleben area,
the site for the future German repository, were
characterized by Dearlove et a1. (1991). The geo
hydrologic system at Gorleben comprises glacial
sand-silt aquifers associated with a Zechstein salt
diapir. Dearlove et al. report that 1) the colloid
concentration in the Gorleben groundwaters is JOI1

particles/I; 2) the bulk of the actinide and lan
thanide elements in these groundwaters is associat
ed with humic colloids; 3) the 234U to 238U ratio
indicates that uranium in the colloidal fraction is
not in equilibrium with the uranium in solution; 4)
the colloids in the Gorleben aquifer are in the size
range from 1.5 to 15 nm; and 5) the dissolved
organic carbon in these groundwaters is composed
of humic and fulvic acids. Kim (1991) reports that
regardless of different redox fronts, plutonium and
americium are always associated with colloids in
the Gorleben groundwaters and that plutonium and
americium pseudocolloids play an important role
in the migration or retention of radionuclides in the
subsurface.

Grimsel Test Site.
The characterization of colloids flowing in a frac
ture in the Grimsel Test Site was carried out by
Degueldre et al. (1989a). The Grimsel Test Site is
considered an example of a granitic-granodioritic
far-field environment. The site is located in granite
in the Swiss Alps about 1750 m above sea level
and 450 m below land surface. A concentration of
colloids of 1010 particles/l in the size range from
0.04 to 1 mm was found in the Grimsel Test Site
groundwater. The particles are a mixture of silica
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and organic material.

Whiteshell Research Area.
The Whiteshell Research Area is located in south
ern Manitoba, Canada, and is an example of frac
tured granite. Vilks et al. (1991) report that the
upper 500 m of the geohydrologic systems at this
site are connected by three major subhorizontal
fracture zones partially interconnected at the sur
face by near-vertical fractures. At depths greater
than 350 m, waters have a salinity between 1 and
15 gil, a pH of 6.1 to 7.7, and are dominated by
sodium, calcium, chloride, and sulfate. At shallow
er depths (50 to 350 m), the salinities of the waters
range from 0.3 to 1.0 gil, the pH ranges from 7.4 to
8.9, and the waters contain mainly sodium, bicar
bonate, and to a lesser extent calcium. Both the
shallow and deep waters are close to saturation
with respect to calcite. Vilks et al. report that the
average colloid concentration (in the size range
from 10 nm to 0.45 mm) is 0.34 ± 0.34 mgll and
the suspended particle concentration is 1.3 ± 3.0
mgll. Particles consist of alumino-silicates, car
bonates and iron oxides. Vilks et al. conclude that
naturally occurring colloids (in the size range from
10 nm to 0.45 mm) will have a minimal effect on
radionuclide transport, provided radionuclide sorp
tion onto colloids is reversible. They point out that
if radionuclide sorption onto colloids is irrevers
ible, colloid-facilitated radionuclide transport may
be important. If so, then information describing
colloid concentrations, colloid stability, and the
migration properties of colloids in granite fractures
will become necessary.

El Berrocal site.
The EI Berrocal experimental site is located 92 km
southwest of Madrid (Gomez et al. 1992) in a frac
tured and weathered granitic formation. Uranium
bearing quartz dikelbreccia intersects the excavated
Berrocal site. Preliminary results indicate 1) the
presence of particles in groundwaters at EI Berro
cal in the size range from 50 nm to 1 mm; 2) parti
cles mainly consisting of silica, aluminosilicates,
oxyhydroxides, and organic material; 3) dilute
groundwaters that are slightly oxidizing to oxidizing

(Eh of 4 to 379 mY); and 4) sulfide colloidal phases
in the slightly oxidizing groundwaters.

Shallow aquifer in a semiarid region at Los
Alamos.
Treated liquid wastes containing traces of plutoni
um and americium are released into Mortandad
Canyon within Los Alamos National Laboratory
boundaries (Penrose et al. 1990). The shallow
alluvium of Mortandad Canyon is composed of
sandy to silty clays formed by weathering of vol
canic rocks. Penrose et al. observed detectable
amounts of plutonium and americium in monitor
ing wells as far as 3390 m down-gradient from the
discharge even though Laboratory sorption studies
predict that the movement of plutonium and ameri
cium will be limited to less than a few meters.
Penrose et al. report that there is very strong evi
dence that plutonium and americium are associated
with colloidal materials (in the size range from 25
nm to 0.45 mm) in a way that is effectively irre
versible and that colloidal materials can be mobile
for great distances.

Nevada Test Site and environs.
Kingston and Whitbeck (1991) characterized the
colloids found in twenty-four springs and wells in
central and southern Nevada in a region underlain
by carbonate rocks. The majority of the sites are
on or within 50 km of the Nevada Test Site; other
sites are located near Hiko and Tonopah, Nevada.

Kingston and Whitbeck report particle concentra
tions in the following size ranges: 0.03 to 0.1 mm,
0.1 to 0.4 mm, 0.4 to 1 mm, and greater than 1
mm. They defined colloids as stable particles in
suspension in the size range from I nm to 1 mm
and then concluded the following: 1) Most of the
groundwaters studied have colloid concentrations
in the range from 0.28 to 1.35 mg/I; three sites
have high colloid concentrations that range from
6.48 to over 25 mg/1. 2) Colloid concentrations are
similar regardless of hydrologic setting, aquifer
lithology, or geographic location. 3) No obvious
correlation exists between water chemistry and col
loid concentrations in the waters studied. 4) Silica

172



(but not quartz) is present in all the colloids col
lected; relatively small amounts of clay or zeolite
are found in all samples; calcite appeared in some
samples but may be an artifact of the procedures
used; and the organic structures identified in the
colloidal fractions are indicative of humic- or ful
vic-acid coatings on the mineral colloid surfaces.
5) Their ubiquitous presence indicates that colloids
travel successfully through the subsurface at the
Nevada Test Site; similar concentration distribu
tions of sizes may indicate that groundwater flow
at the Nevada Test Site is controlled by faults and
fractures. 6) Silica colloids can sorb cesium, col
baIt, and europium; comparison of sorption distrib
ution coefficients for colloids and tuff suggests that
europium may preferentially sorb to the colloids
rather than to the tuffaceous rocks of the Nevada
Test Site.

Minai et al. (1992) isolated humic material from
water from Well J-13; the carboxylate group con
centration reported was 2.7 meq/g for the fulvic
acid fraction and 4.6 meq/g for the humic acid frac
tion. Minai et al. report that their procedures to
isolate the organic fraction were only able to recov
er 1 to 5 per cent of the total organic component in
J-13 water; they based this information on work by
other authors that report the total organic content in
J-13 water to range from 0.15 to 0.54 ppm.

Field studies of radionuclide migration from under
ground nuclear tests at the Nevada Test Site have
been carried out since 1974. Buddemeier and Hunt
(1988) reported the transport of colloidal contami
nants in groundwater away from the cavity of the
Cheshire event, fired on February 14, 1976, with a
yield in the 200 to 500 kiloton range. The Che
shire site is on Pahute Mesa. The nuclear test was
performed at a depth of 1167 m in a formation con
sisting of fractured rhyolitic lavas. The pre-shot
water level was at a depth of 630 m. Buddemeier
and Hunt (1988) conducted filtration and ultrafil
tration studies on groundwater samples from the
seven-year old cavity of the Cheshire event and
from the fractured lava and tuff formation 300 m
down-gradient from the cavity. Substantial con-
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centrations of submicrometer colloids and signifi
cant radionuclide concentrations were found at
both locations. A significant fraction of the
radioactivity at both locations was associated with
colloidal particles ranging in size down to 3 nm;
lanthanide and transition-metal radionuclides were
completely associated with particulates.
Buddemeier and Hunt (1988) concluded that 1) a
strong association exists between colloids and
radionuclides and 2) both the dissolved and col
loidal radionuclide species migrate through the
interconnected fractures.

Detailed Colloid Analyses of J-13 Water at the
Nevada Test Site

As pointed out earlier, Harrar et al. (1990) conclud
ed that there is considerable justification for the use
of Well J-13 water as a baseline, or reference, water
for the Yucca Mountain Project investigations. Part
of the justification is their conclusion that a major
portion of the water produced by Well J-13 origi
nates in the Topopah Spring Member of Paintbrush
Tuff, the same stratigraphic unit as the one pro
posed for the repository. We used water from Well
J-13 at the Nevada Test Site for particulate analysis.
Comparison of the water chemistry data for Wells
J-13 and UE-25 p#l (Table 3 and Figs. 6 and 7 in
Chp. I: Introduction) indicates that determination of
colloid concentration in water from Well J-13
would likely provide conservative estimates of the
colloid concentration in Yucca Mountain groundwa
ters, given that colloid stability decreases with
increasing groundwater ionic strength.

Water from Well J-13 has previously been used for
particulate analysis, and the results have been
reported by Ogard (1987). He diverted water from
Well J-13 into a mobile laboratory at a rate of ~ 1
Vmin and used a prefilter to remove particles larger
than 10 Ilm. He then filtered the water through a
large stainless-steel filter assembly (One-Sevener
Nucleopore Filter Assembly) loaded with seven 0.4
Ilm membrane filters mounted in parallel. Approx
imately half of the water filtered through this
assembly subsequently passed through another filter
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[coil] = 1 ~ b (cPminl-b - cPmaxl-b) . (52)

Experimentally, an integrated colloid concentra
tion, given by Eqn. 52, can be determined over a
range from a low value of cP, such as the detection

Colloid generation principles.
According to the theory of colloid generation, nat
ural colloids are primarily generated by the physi
cal fragmentation and erosion of components of the
rock in contact with the water (Degueldre 1994).
The colloid size distribution is continuous and may
be described by a Pareto power law:

where A and b are constants, cP is colloid size in
terms of the unit size (here 1 nm), and [coil] is the
cumulative colloid concentration for size cP in par
ticles/ml. When b > I, the cumulative colloid con
centration is given as follows for sizes ranging
from cPmin' the smallest size analyzed, to cPmax' the
largest size analyzed:

Collected samples were assigned barcodes
SPCOO503113 through SPCOO503 124 and sent to
the Colloid Laboratory at the Paul Scherrer
Institute (PSI) in Switzerland for analysis. All
samples were collected in duplicate; upon receipt,
one of each type of sample was acidified to a pH of
4. Sample traceability for this water collection is
given in Yucca Mountain Project (YMP) Water
Binder II, TWS-INC-II-93-08.

(51)d[coll] = A . A,-b
dcP '1"

staff collected samples from Well 1-13 to assess the
particle size distribution in this water. The appara
tus used for this effort (Fig. 124) incorporates serial
filters of three different sizes to filter the water.
Before and after each filtration (sample points A
through D), water samples were obtained that
ranged from unfiltered to highly filtered water
« 5 nm). The samples were collected in two dif
ferent types of containers: borosilicate glass and
Teflon™ and some were diluted with Nanopure
water immediately after collection at a volume ratio
of Nanopure water to 1-13 well water of 3 to I.

A filtration run conducted for 14 days yielded a
sediment concentration for the large-size fraction
of - 2.7 X 10-5 gil, and a sediment concentration
that was only 1 per cent of this value for the small
size fraction. The large-size particulate fraction
was removed from the filter system with ultrasonic
treatment, dissolved in acid, and analyzed for
cation composition by emission spectroscopy. The
weight percentages were silicon 60%, iron 20%,
calcium 11 %, and aluminum 4%. A similar analy
sis of the small-size particulate fraction, collected
from the hollow-fiber system by backflushing with
Nanopure water, yielded sodium 44%, silicon 42%,
calcium 8%, and iron 4%. The iron-rich particu
lates are suspected to be the result of contamina
tion from the steel piping and pumping systems
used in the well.

system (Amicon Hollow Fiber Filter) that removed
particulates with diameters greater than -5 nm.
Thus, the particle size of the material caught by the
O.4-llm filter system should range from 0.4 to 10
Ilm, or 400 to 10,000 nm (large-size fraction), and
the particle size of the material caught by the 5-nm
filter system should range from 0.005 to 0.4 Ilm, or
5 to 400 nm (small-size fraction).

Particle size distribution in J-13 water
More recently, Los Alamos National Laboratory

Ogard (1987) assessed the importance of particu
lates in the transport of radionuclides at Yucca
Mountain, basing his assessment on the particulate
concentration in 1-13 water that he reported
(- 2.7 X 10-5 gil for particles in the range from
0.4 to 10 Ilm) and reversible sorption of radionu
clides onto colloidal species. Ogard concluded that
the particulates in the 1-13 well water would have
to exhibit a sorption distribution coefficient greater
than 4 X 106 mUg for a given radionuclide for
pseudocolloids to contribute more than 10 per cent
to the total amount of radionuclide migrating
through Yucca Mountain. Ogard points out that
sorption distribution coefficients of that magnitude
have not been observed for the sorption of any
radionuclide in the high-level waste onto tuff.

174



V. Dynamic Transport Studies

O.4-~m filter
Nucleopore polycarbonate

pleated cartridge

1 __ Well J-13

Valve Sample point A

the surface of the spherical colloids with an area
site density, a, in sites/nm2; the second considers
the spherical colloids as nanoporous entities with a
volume site density, .1./, in sites/nm3. Both mini
mum and maximum capacities are evaluated using
the following equations:

Flow meter

2.5-gallon reservoir

Valve Sample point D

(54)
8[site] I = 7Te/>3 a' d[coll]

8e/> max 6 de/>

8[site] I = A,.2A d[coll]
8e/> . 7T'I-' U de/> and

mm

Analysis ofcolloid concentrations in J-13 water.
At the Colloid Laboratory at the PSI, the colloid
concentration in 1-13 well water was determined
by laser particle counting, a technique described
previously (Degueldre 1994). After significant
dilution in ultrapure water, the natural particles
from the groundwater were counted with an argon,
lO-mW laser (Horiba PLC31 I ) and analyzed with
respect to size according to the intensity of scat
tered light that the particles produce in the unit
laser beam. Information is displayed in a cumula
tive distribution:

Sample point C

Peristaltic pump to
push 1 to 1.5 I/min

Valve

Valve Sample point B

-O.005-~m filter
Amicon Hollow Fiber
membrane cartridge

O.05-~m filter
Nucleopore One-Sevener
(seven membrane filters)

Figure 124. Colloid Sampling. Flow diagram of
the colloid sampling apparatus at Well J-13. [coil] = t'max d[~~l] de/> ,

<Pmm
(55)

limit, to a maximum size, such as 1()()() nm, above
which colloids are not found in significant concen
trations. The integration constant is zero.

By assuming an average colloid density, p, and
spherical colloids, determination of the colloid
concentration (in terms of mass per unit volume) is
possible using

A surface-complexation capacity may be estimated
assuming that the colloids are spherical. Two
hypotheses for site distributions are suggested.
One assumes that surface complexation occurs at

d~ = f!!!!1i . d[coll]
de/> 6 de/>

where [coil] may be expressed in Ilg/ml.

(53)

where e/>min and e/>max are, respectively, the smallest
and largest sizes analyzed.

To calculate the colloid concentration (either as
particle concentration, [coll], or as mass concen
tration, [coll]) for a given size range and to cal
culate normal size distribution (either as
d[coll]/de/> or as d[coll]/de/», the results from
these analyses were treated (by 1. C. Loizeau at
the University of Geneva) with the PSI code
COLIAT (for colloid linear analytical treatment).
Two COLIAT options, both based on Eqns. 51 to
53, are available. The first option considers A
and b as constant over the size range; the second
option considers A and b as a function of e/>
(although constant in the interval from e/> to e/> +
~e/». Both options assume that all colloids are
spherical. Equation 53 relates the mass and par-
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ticle concentrations of colloids for a size range
on the basis of colloid density. The resulting lin
ear plot is conservative for the small colloids
because, in principle, b decreases when colloid
size decreases.

The following observations were made during the
analysis of the 1-13 well water:

• The concentration of colloids in the acidified
samples was the same as the concentration of
colloids in the unacidified samples. Thus,
removing the water from the subsurface does
not seem to cause precipitation of calcium
carbonate or other solids that may change the
amount of colloids measured in 1-13 water.

• The concentration of colloids in samples
placed in Teflon containers was smaller than
in samples placed in glass containers, proba
bly because of particle adsorption to the walls
of the Teflon containers. Thus, a glass con
tainer seems to be better than a Teflon con
tainer for collecting water samples. A similar
result was found during the Grimsel Colloid
Exercise (Degueldre et al. 1990).

• The measured colloid concentration in the fil
tered samples was larger than in the unfiltered
samples. Therefore, collecting water from the
well itself without further filtration seems to

be the best collection method because filters
may add particles to the collected water.

Table 32 summarizes the concentration and charac
teristics of the colloids in the water from Well 1-13
(assuming p =2 g/ml). The Pareto power law
(Eqn. 51) yields a value of 3.76 for b and a value
of -3.2 X 1012 particles/ml for A. As suggested
earlier by Degueldre (1994), when b = 4, colloids
may have been generated by erosion, including, for
example, rock multifragmentation. In natural
media, however, specific attachment, nucleation,
and aggregation may modify the values of A and b.
In the case discussed earlier, when b = 4, no
aggregation takes place; when b < 4, aggregation
may have occurred.

There is good agreement between the earlier results
obtained by Ogard and the results of this study.
We found the concentration of colloids larger than
0.2 Ilm (200-1000 nm) to be 2.3 X 10-5 gil, which
agrees with Ogard's value of 2.7 X 10-5 gIl for the
concentration of colloids larger than 0.4 Ilm.

Potential Sources of Colloids at Yucca Mountain

Moulin and Ouzounian (1992) pointed out that col
loids and organic substances can affect the mobili
ty of radionuclides as a result of complexation,
sorption, and dissolution/precipitation. Radio
active waste-derived colloids are degradation col-

Table 32. Concentration and Characteristics of Colloids In J-13 Well Water

Particle Number Mass Minimum site Maximum site
size concentration concentration concentration concentration
(nm) (ptJml) (nglml)* (nmoles/ml)** (nmoles/ml)**

> 100 4.2 X 106 30.6 1.6 x 10-3 7.6 X 10-2

> 200 3.6 X 105 23.1 8.2 x 10--4 5.8 X 10-2

> 500 4.7 X 104 11.0 2.4 x 10--4 2.7 X 10-2

"The mass concentration was calculated for a size range of 100 to 1000,200 to 1000, and 500 to 1000 nm, respectively, using an
average colloid density of 2 glml.

""Site concentrations were calculated using site densities of 3 siteslnm2 (minimum) and 3 siteslnm3 (maximum).
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loids, precipitation colloids, and pseudocolloids.
Bates et al. (1993) studied the parameters that
could affect the reactions of glass waste forms in
an unsaturated environment with possible air
exchange with adjacent biospheres (typical of what
might be expected at Yucca Mountain). Buck et al.
(1993) used analytical electron microscopy to
study colloid generation from nuclear waste glass
reactions. Buck et al. demonstrated that colloids
are generated during waste glass dissolution and
that the colloids generated often contain radioac
tive elements.

High-level waste glass in a nuclear waste reposito
ry may be contacted by water vapor, small amounts
of sorbed liquid water, or flowing water (Bates et
al. 1992). Bates et al. used a test method that
involved dripping water onto a glass-metal assem
bly suspended in a vessel. Water collected in the
bottom of the vessel was filtered to determine
whether the actinides neptunium, plutonium, and
americium were associated with particulates or dis
solved in solution. They reported that 70 per cent
of the neptunium passes through I-nm filters and
can be considered truly dissolved. Over 99 per
cent of the plutonium and americium in the test
groundwater is concentrated in colloidal particles
that are fragments of a hydrated layer that spalls
from the glass surface during aqueous alteration.

Feng et al. (1993) studied the colloids generated
from the interaction of high-level nuclear waste
glasses with groundwater at 90°C. The tests con
sisted of immersing powder glass in water from
Well 1-13. The Teflon™ test vessel was then tight
ly sealed and placed in a 90°C oven. After termi
nation of a test, settling was allowed to occur at
room temperature overnight. The resulting glass
leachate was analyzed for colloids. Feng et al.
concluded that waste glass contributes to the for
mation of colloids by 1) increasing ionic strength
of the groundwater (which leads to nucleation), 2)
releasing radionuclides that form pseudocolloids
(by sorbing to groundwater colloids), and 3)
spalling fragments of colloidal size from the sur
face layer of the reacted glass. They report that 1)
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the colloids found in the leachate are mainly sili
con-rich smectites and uranium silicates; 2) col
loids in the leachate agglomerate when the salt
concentration is high but the agglomerated colloids
can resuspend if dilution takes place; 3) colloids in
the leachate agglomerate quickly after the leachate
is cooled to room temperature, and most of the col
loids settle out of the suspension after the leachate
has been at ambient temperature for a few days;
and 4) the colloids in the leachate are negatively
charged between pH values of I and 10.5. Feng et
al. inferred from these studies that I) in a glass
reaction-dominated repository environment, where
salt concentrations are likely to be high, the colloid
concentration is likely to be low and the colloid
transport of radionuclides will be minimal; 2) if a
large amount of groundwater contacts the glass
reaction site, the colloids that have settled out of
suspension may resuspend and colloid transport
may be important; and 3) at ambient temperatures,
the colloids may agglomerate quickly and settle out
of suspension in a short time.

Real Pu(lV) colloids, produced by the agglomera
tion of hydrolyzed Pu(lV) ions under acidic condi
tions have been reported by Hobart et al. (1989)
and Triay et al. (1991 a). Hobart et al. provided
evidence that colloidal Pu(IV) is electrochemically
reactive and structurally similar to plutonium
oxide. Triay et al. reported stable Pu(IV) colloids
under acidic conditions in the size range from -1
nm to 0.4 mm. These Pu(IV) real colloids, gener
ally referred to as Pu(IV) polymers, may not be
stable at near-neutral pH values. In addition, the
actinide colloids have a positive surface charge and
would be expected to attach to tuffs at Yucca
Mountain with negative surface charges. However,
the formation of actinide pseudocolloids in ground
waters has been reported in numerous studies and
reviewed by Kim (1991).

The existence and formation mechanisms of natur
al colloids at Yucca Mountain that may allow the
generation of pseudoCOIIOids at the potential repos
itory have been studied by Levy (1992). Materials
of potential interest include both gels that are still
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liquid-rich and former gels that have solidified and
crystallized. The materials studied by Levy
include cores and sidewall samples from drill holes
at Yucca Mountain and semi-transparent fluid-gel
samples from tunnel exposures at Rainier Mesa.
Both Yucca Mountain and Rainier Mesa (40 km
from Yucca Mountain) consist of ash-flow and
bedded tuffs. Levy reports that diagenetic and
hydro-thermal alteration of volcanic glass are
responsible for the genesis and deposition of gels
at Yucca Mountain. The principal gel products at
Yucca Mountain and Rainier Mesa were heulan
dite-clinoptilolite, silica minerals, and smectite.
Given the heat generated by the potential reposito
ry (Buscheck and Nitao 1993) in devitrified
Topopah Springs tuff, recharge water, or reflux
water concentrated by the repository, Levy predicts
that thermal effects may be sufficient to cause local
alteration of glass in the underlying vitrophyre and
colloid formation.

Kim (1991) pointed out the potential importance of
microorganisms as colloids that can bind radionu
clides and migrate through the subsurface. Bales et
al. (1989) described the use of bacteriophage to
study transport through sandy soil and fractured
tuff. Bales et al. report that 1) virus particles can
travel several meters in sandy aquifers, 2) the
apparent exclusion from 35 to 40 per cent of the
pore volume in a granular medium suggests that
virus will travel 1.6 to 1.9 times faster than a con
servative tracer, and 3) results from granular-medi
um and fractured-tuff experiments illustrate the
inability of a soluble conservative tracer to provide
estimates for the dispersion and effective porosity
applicable to a colloid.

Choppin (1988) pointed out the importance of
humic materials on metal-ion speciation and
behavior in geologic systems at concentrations as
low as 0.1 ppm. Minai et al. (1992) measured the
binding constant of the humic- and fulvic-acid
fractions in water from Well 1-13 for Am(III); they
report that these binding constants are similar to
those of other aquatic materials. Based on a con
centration in 1-13 water of 0.01 to 0.1 ppm for total

organic content, Minai et al. conclude that the
americium-humate complex could be a significant
species in 1-13 water. Although Minai et al. did
not measure any other actinide with the humic
material from 1-13 water, they extrapolated from
other studies. Uranyl speciation would not be
affected in 1-13 water unless the total organic con
tent is greater than 0.2 ppm. Minai et al. indicate
that humic material at ppm levels reduces Pu(VI)
and Pu(V) to Pu(IV); consequently, plutonium pre
sent in the V and VI oxidation states would be
reduced to the IV state. If the Eh is low enough to
allow formation of Pu(III), then plutonium specia
tion would be affected by humics in the same man
ner as Am(III).

Laboratory Experiments on Colloid Stability

To ascertain the conditions under which colloids
would remain in suspension, we performed a series
of laboratory aggregation experiments to determine
the stability of colloids in synthetic and natural
groundwaters as a function of groundwater chem
istry. We used the results of our experiments to
calculate particle-aggregation rate constants and to
establish the stability of colloids. From the stand
point of colloid-facilitated transport to the accessi
ble environment, only stable suspensions, suspen
sions that exhibit reversible aggregation, and sus
pensions that exhibit exponential aggregate growth
at a comparable time scale as advective transport
are of concern. Consequently, the stability of a
particulate suspension is a question of the kinetics
of aggregation as well as of the structure of the
resulting aggregate.

For the stability investigations, we chose particles
of kaolinite clay and amorphous silica because of
their prevalence in the natural environment, their
previous use in aggregation studies, and the
requirement that particulate suspensions be made
in a consistent and reproducible manner. Silica
particles from the Nissan Chemical Co. were
cleaned by repeated centrifugation, decanting, and
resuspension in ultrafiltered deionized water until
the conductivity of the particulate suspension was
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40 ~S/cm or less for three consecutive washings.
Kaolinite clay was acid washed and repeatedly
cleaned (van Olphen 1977). The hydrodynamic
mean diameter and particle-number concentration
were 85 nm and 1.75 X 109 particles/ml, respec
tively, for the silica particles and was 200 nm and
1.59 X 109 particles/ml, respectively, for the kaoli
nite clay particles.

mean diffusion coefficient. The interpretation of
diffusion coefficients, and consequently 4Jrnean ,

measured by APS is affected by polydispersivity,
particle shape, and particle-particle interactions. In
this study, we handled the effect of polydispersivity
and particle shape on the autocorrelation function
satisfactorily by preparing essentially monodis
persed particle solutions, which allowed us to dis
card the higher-order terms of the cumulant method.

where kII is the rate constant for doublet formation
and [eoll.J is the number concentration of primary
particles. Aggregation rate constants, kll , were cal
culated from the initial slope of a plot of 4Jrnean as a
function of time, t, using

For a discrete particle size distribution, the genera
tion of doublets by collisions of primary particles
is represented by a second-order rate law (Stumm
and Morgan 1981):

a[eoll.J z
at = -kII[eoll.J ' (57)

where F is an optical factor and [eoll.Jt=o is the ini
tial number concentration of primary particles
(Virden and Berg 1992). Because partial aggrega
tion of the initial dispersion affects the analysis of
the aggregation kinetics, we implemented a correc
tion procedure to account for the initial size distrib
ution of the aggregates. The correction was
accomplished by projecting the slope of a plot of
the function 4Jrnean to a time point where 4Jrnean cor
responds to the initial (monodispersed) suspension.

(58)I
4Jrnean • kII = F· [coil ]

I 1=0

APS measurements were made with a laser Iight
scattering system (Brookhaven Instruments)
equipped with an argon laser (Innova 90) operating
at A=514 nm and 0.5 to 1.0 W. Sampling times
are dependent on particle concentration and ionic
strength of the medium. Experimental run times
for the aggregation experiments were typically 60
minutes (longer run times are necessary for highly
stable colloids). Measurements of the hydrody
namic diameter, 4Jrnean. were made every minute

The chemical composition of the aqueous medium
was designed to mimic groundwater compositions
at Yucca Mountain (Kerrisk 1987). We prepared
particle stock solutions by resuspending the sols in
a carbonate-rich solution (0.368 mM NazC03 +
10.600 mM NaHC03 ) having a pH of 7.8. All
experiments were performed at 27SC. We
induced aggregation by adding sufficient NaCl
electrolyte solution to the prepared particulate sus
pensions to achieve a final NaCI concentration
ranging from 100 to 800 mM. We ascribe
observed differences in particle-aggregation rates
to differences in solution chemistry (ionic strength)
and particle composition.

We used autocorrelation photon spectroscopy
(APS) to estimate the particle-aggregation rate
constant for the early stages of the aggregation
process. APS is sensitive to fluctuations in scat
tered intensity resulting from the Brownian motion
of particles. The fluctuations in scattering intensity
yield an intensity autocorrelation function in which
the mean decay constant can be directly related to a
mean diffusion coefficient (Ostrowsky 1988;
Brown and Pusey 1975; and Amal et aJ. 1990).
Particle size is related to the mean diffusion coeffi
cient, Drnean , by the Stokes-Einstein relation:

_ kBT
Drnean - 3 A.' (56)

1T7]'f"rnean

where kB is Boltzmann's constant, Tis the tempera
ture in degrees Kelvin, 7] is the viscosity of the sus
pending liquid, and 4Jmean is the hydrodynamic
mean diameter of the particles. Because aggregate
growth changes the particle size distribution over
time, the rate of aggregation can be estimated using
Eqn. 56 by determining the rate of decrease in the
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using a sampling duration of 30 seconds. All mea
surements were made at a scattering angle of 90·.

(60)

The experimental results (Figs 125 and 126) char
acterize the aggregation process of silica and kaoli
nite clay. Aggregation of silica particles and kaoli
nite clay particles decreased dramatically for an
electrolyte concentration, CNaC1 ' below 300 mM
and 200 mM, respectively.

However, it is possible that reversible aggregation
occurs in this concentration range if a secondary
minimum, distinguished by the absence of a poten
tial barrier in the potential curve, is present
(Overbeek 1952). However, the duration of the
current set of experiments was too short to resolve
aggregate growth at this level of detail (Cametti et
al. 1989). When the concentration of electrolyte is
increased to induce aggregation, aggregate growth
proceeds at an exponential rate, is irreversible, and
the rate of aggregation increases with increasing
electrolyte strength. The relationship between
electrolyte strength and growth rate is evident for
kaolinite clay particles at CNaC1 between 100 and
300 mM (as shown in Fig. 126). At high elec
trolyte concentrations, the rate of aggregation
slows down abruptly after the initial rapid growth
phase. The first stage of exponential growth is
characterized by reaction-limited aggregation
(RLA), and the second stage of the growth curve is
characterized by diffusion-limited aggregation
(DLA). The rapid and slow regimes of aggregation
have been observed in various particulate systems,
such as polystyrene, gold, and silica colloids
(Cametti et al. 1989).

Aggregation rates are readily expressed in terms of
stability, W, defined as the ratio between the
Smoluchowski rate constant, ksmol ' and the experi
mentally attained rate constant:

(59)

where W is a dimensionless parameter and ksmo1 is
obtained from the Smoluchowski equation for dou
blet formation:

where T is absolute temperature and JL is the
dynamic suspension viscosity (Stumm and Morgan
1981). The effect of varying electrolyte concentra
tion is shown in Fig. 127.

Kaolinite clay particles are destabilized at a lower
electrolyte concentration than are silica particles.
Also evident is the gradual increase in stability of
the clay particles, compared with the abrupt transi
tion from unstable to stable behavior exhibited by
the silica particles. Kaolinite clay is characterized
by the negative surface charge on the clay face,
which is a result of isomorphic substitution and the
electronegative character of the oxygen atoms, and
by a positive charge on the mineral edges, which is
a result of exposed cations. Thus, when the clay
minerals are suspended in waters with low elec
trolyte concentration, collisions may produce
aggregates having an open and porous structure.
At higher electrolyte concentrations, the repulsive
forces may be suppressed to allow aggregation into
denser structures.

For slow aggregation processes, the time scale for
aggregate rearrangement and consolidation is long
compared with the time scale of collision, whereas
for rapid or irreversible aggregation, rearrangement
is less probable. If consolidation does take place,
then aggregates having a uniform surface-charge
distribution could form more compact and dense
clusters during slow aggregation and more open
clusters under fast aggregation. Consequently, col
loid stability is a function of particle charge, sur
face-charge distribution, and aggregation kinetics
(Lips and Duckworth 1988). The experimentally
determined particle-aggregation constants may be
used in transport models to assess the mobility of
subsurface colloids along given flowpaths as a
function of groundwater chemistry.

Thompson (1989) studied the retardation of Pu(lV)
real colloid (polymer) and Am(III) through
columns made of crushed tuff from Yucca Moun
tain (in the grain size range from 75 to 500 11m).
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Figure 125. Aggregate Growth for Silica Particles. Here, cPmean = 85 nm at t = 0, and the pH is 7.8.
The flatness of the bottom curve (~aci = 320 mM) indicates a steady-state condition with no aggregation;
the middle curve (~aCI = 340 mM) shows reaction-limited aggregation (RLA); and the upper curve
(~aCI = 360 mM) shows reaction-limited aggregation initially and diffusion-limited aggregation (DLA) later.
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Figure 126. Aggregate Growth for Kaolinite Clay Particles. Here, cPmean - 200 nm at t = 0, and the
pH is 7.8. The lowest curve (~aCI = 100 mM) suggests a steady-state condition with no aggregation; the
middle curve (~aCI = 200 mM) shows reaction-limited aggregation (RLA); and the upper curve (~aCI =
300 mM) shows reaction-limited aggregation initially and diffusion-limited aggregation (DLA) later.
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The columns used for the study were 5 cm long
and 0.45 cm in diameter with a porosity of 0.5 to
0.6. The interstitial velocity used for these studies
was 150 rnIyr. The Pu(IV) real colloid used by
Thompson for these experiments ranged in size
from 50 nm to 0.4 mm. Thompson reports that
Pu(IV) real colloid and Am(III) are largely retained
by the tuff, with a small fraction of the injected
material moving through the columns faster than
the tritiated water (used as the conservative tracer).

Rundberg et al. (1989) measured the migration of
colloidal polystyrene tracers through a saturated
fractured-tuff column. The fractured-tuff sample
was an outcropping from Fran Ridge (near Yucca
Mountain). The fractures in this sample were orig
inally filled with calcite; after the fractured-tuff
sample was encapsulated for tracer elution, the cal
cite was leached with dilute hydrochloric acid.
Transport in this fracture sample was not describ-

able using the cubic-law aperture determined from
the fracture permeability. To fit the elution data for
a conservative tracer, adjustment of the fracture
aperture was required. Rundberg et al. report that
polystyrene colloids with a -I-mm diameter were
found to have the lowest filtration coefficient,
which is in qualitative agreement with the filtration
model considered by Rundberg et al.

The relevance of these column studies for the pre
diction of colloid-facilitated radionuclide transport
at Yucca Mountain is difficult to assess.
Thompson's experiments were conducted with
crushed tuff. The work of Rundberg et al. was
conducted both by using fractures that were severe
ly altered by the addition of dilute hydrochloric
acid to dissolve the calcite fillings and by using
colloids (such as polystyrene spheres) that are not
representative of those at Yucca Mountain. The
small scale of both sets of column experiments is

I
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r- - f.;\.,1\ -.! -.....•-.r- O--S-i1-ica-c-la-y-~---H

4000 f-'--"T\ 0 Kaolinite clayf-·_--·····r··-'\······--+-··_-·-·····+·i .....,.__~_~__

:: :::-f=-\\··4 ····i..·-··············..· ., , -~
f-.- +-..-- -.---\--- - - + ..- -··-+-·············..·······+·.. -··.. ·····..··-·r············ _;

! \
1000 :==~:::.·t-:=:·:::~~:J·~,..--\-··-···-··-··+-··_-·--··-·-_..-- - , -..- - - - --..----1

! 11a -- -.- -+ - .:::::t:....,...~-~.~..~~---e.--4----i---4-
I i I I :~i I iii I i

100 200 300 400 500 600 700

Electrolyte concentration, eNaCI (mM)

800

Figure 127. Stability Curves. The stability ratio, W, is shown for silica and kaolinite clay particles in
synthetic groundwater at a pH of 7.8 as a function of sodium chloride electrolyte concentration, CNaCI '

The ksmol factor in the stability ratio (W = ksmo(kll ) remains constant with changing electrolyte concentra
tion, but kll , the kinetic rate factor for doublet formation, varies and, in fact, approaches ksmo' in value as
the electrolyte concentration increases. As a result, Wapproaches a minimum value of 1 at high elec
trolyte concentrations.
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not comparable to the large scales available for
col1oid filtration at Yucca Mountain.

Future Direction of Colloid Studies in the Yucca
Mountain Site Characterization Project

Degueldre (1993) presented a strategy to study the
importance of colloid-facilitated radionuclide
transport in granitic systems. This strategy was
carefully considered in the development of the col
loid strategy to assess the importance of colloid
facilitated radionuclide transport at Yucca Moun
tain. The strategy consists of asking the following:

1) Will radioactive waste-derived colloids be
present at the potential repository?

2) Will these colloids be stable in the likely
groundwaters?

3) Can these col1oids migrate over field-scale
distances?

Will radioactive waste-derived colloids be pre
sent at the potential repository?
In regard to first question, laboratory experiments
similar to the ones being performed by Bates et al.
(1992, 1993) will address the generation of degra
dation col1oids from high-level waste glass forms.
This type of study will provide a degradation-col
loid concentration source term for the performance
assessment calculations for the potential repository
that will include the actinide content of the degra
dation colloids.

The formation of col1oids by natural glass alter
ation in a repository hydrothermal environment
will be addressed by natural analog studies at
Yucca Mountain. The natural hydrothermal alter
ation that occurred in the cooling pyroclastic
deposits 12 to 13 million years ago may be a useful
analog to a waste repository environment. Relict
col1oidal material has been identified among the
alteration products in the glassy rocks below the
potential repository.

V. Dynamic Transport Studies

The surface charge of radiocolloids (such as pluto
nium colloids) is positive; consequently, radiocol
loids will attach to Yucca Mountain tuff, which has
a negative surface charge at near-neutral pH val
ues, and become immobilized. However, the for
mation of pseudocolloids from the sorption of real
actinide colloids onto groundwater colloids is of
concern. The generation and properties of real
actinide colloids will be studied using the methods
presented by Hobart et al. (1989) and Triay et al.
(199Ia).

Understanding the formation of pseudocolloids
requires knowledge of the groundwater colloids at
Yucca Mountain. To address the generation of
groundwater colloids at Yucca Mountain, we will
collect samples at selected sites in the vicinity of
the potential repository block in an attempt to
determine the types and amounts of inorganic col
loids, high- and low-molecular-weight dissolved
organic carbon compounds, and selected microor
ganisms present in saturated-zone groundwaters.
Limitations on uses of the data derived from the
samples will be a function of the extent to which
samples represent the medium from which they are
extracted. This point raises fundamental concerns
about sample representativity and integrity.

We will col1ect samples from discrete intervals iso
lated by pneumatic packers, generally in uncased
boreholes. Interval lengths likely will range
between 2 and 20 m and will be selected based on
borehole televiewer and caliper data. Borehole
wall rugosity and fracture distribution and orienta
tion will be primary factors used to determine
packer locations. Rates of withdrawal from differ
ent intervals will range from about 0.5 to 2.0 l/min
and will be selected to minimize horizontal shear
velocities at the borehole wall in order to preclude
or minimize detachment and entrainment of non
suspended particles. Preliminary determination of
velocity constraints will begin with information
reported by Hunt (1982), Hubbe (l985a, 1985b),
and Ryan (1988). We will construct the pump and
isolation equipment within the borehole (packers,
screens, and adjacent tubing) from stainless steel,
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and the tubing used to transport samples up-hole to
the mobile laboratory at the well head will be
either nylon, polypropylene, or Teflon™. Our
preparation will include efforts to preclude, mini
mize, or identify sampling-system effects on
microbiologic samples.

Sample integrity will be influenced by the means
used to collect and store raw samples and by the
means used to isolate or concentrate colloidal phas
es. For example, microbiologic samples will be
collected using aseptic procedures. The perceived
options include centrifugation, filtration, and sedi
mentation, and it is assumed that pumping and iso
lation equipment do not deleteriously influence
sample quality.

However, knowing that filtration methods can
induce data artifacts (Rees 1990, p. 2777), we can
use isolated-sequential filtration similar to that car
ried out by Ogard (1987) to preclude atmospheric
influences and enable maintenance of sufficient
pressure to satisfactorily prevent carbon-dioxide
degassing with its attendant pH change. This
method also is conducive to accumulating relative
large masses of particles.

Tangential-flow filtration is a closed-system
method that also can be used to process large vol
umes and yield particle concentration increases of
at least two orders of magnitude. It is conceivable,
however, that the recirculating tangential technique
can disaggregate natural particles. An alternative
to isolated sampling is an adaptation of the method
developed by Degueldre and Thomi (1986) for
pulsed diaultrafiltration under a controlled mixed
gas atmosphere, the carbon-dioxide partial pressure
of which is determined using any of several geo
chemical codes.

We will measure particle properties quantitatively
or qualitatively, as deemed appropriate, using one
technique or a combination of several techniques.
If feasible, either absolute inorganic colloid con
centrations or size-range concentrations will be
determined on site at selected intervals during

pumping to provide transient information relative
to representativity and to final representative con
centration data. If this is not possible, periodic
samples will be collected during pumping for sub
sequent separation and analysis. Particles as small
as I nm can be filtered from discrete aliquots,
counted, and size distributions measured using
scanning (Degueldre et al. 1989a, 1989b) or trans
mission electron microscopy (Gschwend and
Reynolds 1987; Ryan and Gschwend 1990) and
attendant energy-dispersive spectroscopy or atom
ic-force microscopy (Emch et al. 1992; Zenhausem
et al. 1992). Phases can also be identified by deter
mination of bulk chemistry of filtered material and
perhaps by x-ray diffraction analysis of particles of
sufficient size.

We will measure the types and amounts of dis
solved organic carbon contents of groundwaters,
and the attendant high- and low-molecular-weight
carbon fractions, represented generally as humic
and fulvic acids.

We will study the sorption behavior of the actinides
(plutonium, americium, uranium, and neptunium)
onto the groundwater colloids to form pseudocol
loids (Vilks and Degueldre 1991) in order to deter
mine radionuclide distributions between the col
loids and the groundwaters and to assess the
reversibility of the sorption mechanism of radionu
clides onto colloids. Spectroscopy studies will
provide supplemental information by identifying
the mechanisms of radionuclide sorption onto col
loids. We will also study the formation of humic
or fulvic pseudocolloids with the actinides in the
organic fractions isolated from the saturated-zone
colloidal fraction in order to assess the importance
of actinide-humate or fulvate species. These vari
ous studies will yield groundwater colloid concen
trations and the capacity of the colloids to carry
radionuclides.

Will radioactive waste-derived colloids be stable
in the likely groundwaters?
In regard to this second question, given the thermal
loads being considered for the potential repository,
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elevated temperatures are expected in the near field
(Buscheck and Nitao 1993); consequently, colloids
in the near field will not be stable. We will study
the stability of degradation colloids as a function of
temperature and likely water chemistries in the
unsaturated zone using the colloids generated in
the laboratory experiments to address colloid for
mation at the potential repository (Bates et al.
1992, 1993). We will study the stability of radio
colloids, groundwater colloids (silica, zeolites, and
clays), and pseudocolloids as a function of unsatu
rated- and saturated-zone water chemistry and tem
perature. The studies will incorporate a range of
calcium concentrations representative of the Yucca
Mountain vicinity. Degueldre (1993) was able to
correlate the concentrations of colloids in different
granitic systems with the calcium concentration of
the groundwater at those sites. Even though
Kingston and Whitbeck (1991) did not find any
correlation of the colloid concentrations at the
Nevada Test Site with the groundwater chemistry,
it is possible that the correlation exists and that the
data of Kingston and Whitbeck is the result of par
ticulate contamination during sampling.

Can radioactive waste-derived colloids migrate
over field-scale distances without being removed
by filtration?
We will address the mobility of the colloids
through the medium at Yucca Mountain by con
ducting transport experiments. Laboratory-scale
column experiments that involve the elution of
well-characterized colloids (such as polystyrene
spheres), degradation colloids, radiocolloids, and
pseudocolloids through porous and fractured-tuff
columns will be used to validate a transport code
capable of describing colloid transport (such as the
FEHM or CTCN codes). These studies will yield
attachment/detachment parameters for colloids
migrating through tuff that can be used in perfor
mance assessment calculations.

We will perform experiments in which colloids
ae eluted through a large lysimeter filled with
porous media and blocks (- I m3) of fractured
tuff. Such experiments will address the gap

V. Dynamic Transport Studies

between laboratory and field scales.

We will study field-scale colloid transport in unsat
urated, fractured tuff (Hunt 1993). Hunt's proposal
for such a study involves weapons tests at the
Nevada Test Site, which could provide a worst
case scenario by evaluating whether or not
radionuclides have leached beneath a weapons test
that was fired above the water table. Hunt points
out that a nuclear weapons test is similar to a high
level nuclear waste repository. A weapons test
emplaces long-lived radionuclides within a frac
tured formation and within molten glass. The heat
gradually diffuses away, and water enters the test
cavity (first as a vapor and then as a condensed liq
uid partially coating the surfaces). This water
would promote glass and mineral weathering. The
weapons test can also produce a surface crater that
will act as a collection point for precipitation and
accelerate infiltration. Hunt proposes the use of a
test site in which I) the weapons cavity is at least
100 m above the water table (so that enough unsat
urated-zone space exists beneath the cavity to carry
out an adequate study), 2) the nuclear weapons test
has produced a surface depression that would
accelerate and concentrate water infiltration, and 3)
the test should have occurred at least 10 years ago
to allow for heat dissipation and water infiltration.
Sampling the rock around and beneath this test
would provide data that represents a worst-case
scenario for Yucca Mountain-that is, an unpack
aged waste-containing glass subjected to water and
infiltration through partially saturated freshly-frac
tured tuff.

We will study field-scale colloid transport in the
saturated zone by injecting polystyrene micros
pheres during cross-hole hydraulic testing at a well
complex at Yucca Mountain (C-Wells). This effort
will provide an opportunity to study colloid trans
port through saturated, fractured tuff and will sim
ulate a scenario involving formation of pseudocol
loids that reach the groundwater table at Yucca
Mountain. The idea of the C-Wells field experi
ments is to inject various tracers (including well
characterized colloids) into the saturated zone via
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an injection well and then observe the appearance
of these tracers in sampling wells at downgradient
locations.

The field experiments will allow the validation of a
transport code to predict colloid transport through
fractured tuff at large scales. If validation results
are satisfactory, this code can then be used to per
form sensitivity analyses that would identify the
information that needs to be considered in a perfor
mance assessment to address the importance of
colloid-facilitated radionuclide transport from the
potential repository at Yucca Mountain.

In summary, the currently available information on
colloid transport is not sufficient to conclude that
colloids will not be able to carry radionuclides
from a repository to the accessible environment at
Yucca Mountain. In order for colloids to facilitate
radionuclide transport at Yucca Mountain, they
must be present in stable suspensions in sufficient
quantities, the radionuclides must be associated
with the colloids, and the colloids must be trans
ported over field-scale distances. Consequently,
the strategy developed above addresses these three
main issues, which are critical to assessing the
importance of colloid-facilitated radionuclide
transport at a nuclear waste repository.

Conclusions and Summary of Data Needs for
Colloid Investigations

A sensitivity analysis study to assess important
parameters for colloid-facilitated radionuclide
transport can be performed. The following
assumptions could be made for this calculation.

1) The colloids generated are clays, silica, and
iron oxides.

2) The amount of total organic carbon (TOC) in
groundwaters is negligible.

3) The stability ratio of the colloids can be esti
mated on the basis of the data observed for
model colloids.

4) The sorption of radionuclides onto colloids
(Kp) can be calculated on the basis of avail
able values of sorption distribution coeffi
cients (Kd ) (or on the basis of Kp values from
the literature: - 3 X 104 mllg for the trivalent
and tetravalent actinide species).

5) Irreversible sorption of radionuclides onto
colloids occurs.

6) No attachment of colloids onto fracture walls
occurs.

7) Colloids are excluded from tuff pores by their
size and charge.

Depending on what parameters are the most impor
tant in controlling colloid-facilitated radionuclide
transport, the following data needs may exist:

• experimental determination of type of colloids
generated from spent fuel (to address assump
tion I);

• study of Yucca Mountain as its own analog (to
address assumption 1);

• experimental determination of total organic
carbon (TOC) in groundwaters on-line (to
address assumption 2);

• experimental determination of colloid popula
tion and size distributions in groundwaters
using off-line particle-counting techniques (to
address assumptions 3 and 5), because Kp
depends on particle size);

• experimental determination of selected Kp val
ues for clay and silica using likely groundwa
ters (to address assumption 5);

• experimental determination of the degree of
colloid attachment to fracture walls using frac
tured-tuff columns (to address assumption 6);

• transport field experiment (under saturated
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conditions) in the C Wells (to address assump
tion 7); and

• transport field experiment (under unsaturated
conditions) using nuclear test at the Nevada
Test Site as a source term (to address assump
tion 7).
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VI. DIFFUSION STUDIES

Data Analysis

The results of the rock-beaker experiments were
modeled using TRACRN, a three-dimensional geo
chemical/geophysical-model transport code (Travis
and Birdsell 1991). Because the geometry of the
rock beaker is complex, an analytical solution is
not available for this system. The concentration

radionuclide of interest in the rock cavity and then
analyzed aliquots of the solution from the beaker
for the remaining radionuclide concentration as a
function of time. We also performed batch-sorp
tion experiments with J-13 water and the tuffs
under study, using the batch-sorption procedures
described in the first section of Chapter IV.
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A. ROCK-BEAKER EXPERIMENTS

A model for matrix and fracture flow regimes in
unsaturated, fractured porous media at Yucca
Mountain was developed by Nitao (1991). This
model provides a framework for assessment of the
importance of matrix diffusion at Yucca Mountain.
Solute transport in fractured rock in a potential
radionuclide waste repository has been discussed
by Neretnieks (1990) who concluded that most
rocks (even dense rocks such as granites) have
small fissures between the crystals that intercon
nect the pore system containing water. Small mol
ecules of radioactive materials can diffuse in and
out of this pore system. The inner surfaces in the
rock matrix are much larger than the surfaces in the
fractures on which the water flows. The volume of
water in the microfissures is much larger than the
volume in fractures. Therefore, over a long time
scale, diffusion can play an important role in
radionUclide retardation.

Experimental Procedure

The objective of our diffusion experiments was to
provide diffusion information for nonsorbing neu
tral molecules and anions and sorbing radionu
clides. Because the uptake of radionuclides by tuff
is measured as a function of time, the experiments
also yield information on kinetics of sorption.

The experimental technique we used involved fab
ricating rock beakers of tuff. The beaker sits inside
a Plexiglas™ container surrounded by groundwater
(Fig. 128). A stopper is used to prevent evapora
tion. The cavity in the rock beaker has a radius of
approximately 1.4 cm and a length of 2.5 cm. The
beaker itself has a length of approximately 5 cm
and a radius of 3.1 cm.

The radionuclides we used in these experiments
were 3H, 95mTc, 237Np, 241Am, 85Sr, 137CS, and
133Ba. We placed a solution (prepared with
groundwater from Well J-13) containing the

Figure 128. Rock Beaker. This cross section
shows the beaker of tuff and surrounding container
used in the rock-beaker diffusion experiments.
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profiles of the diffusing tracer are fitted to the
transport equation (de Marsily 1986, Chapter 10)

ac
V' (€dVC) = € at + Q , (61)

where € is the total porosity of the tuff, d is the dif
fusion coefficient through the tuff, C is the concen
tration of the diffusing tracer in solution, and the
source term, Q, is zero for a nonreactive tracer but
for a sorbing solute

As discussed in previous chapters, the mechanism
of sorption determines the relationship between F
and C. When sorption is linear, reversible, and
instantaneous, the relationship between F and C is
given by the sorption distribution coefficient

Kd = ~ (63)

where F is the amount of tracer sorbed per unit
mass of solid and Ph is the bulk tuff density (Ph =
(1 - €)Ps' where Ps is the density of the solid parti
cles). (Equation 41 in Chapter V reduces to the
above equations for the case of no hydrodynamic
dispersion, that is, the filtration velocity, U, is zero
and the dispersion tensor, D, only includes molecu
lar diffusion.)

Figure 129 shows an example of a set of diffusion
data for a rock-beaker experiments in which we
used the feldspar-rich tuff 04-737 and solutions of
tracers in J-13 water. The concentration of tracer,
C, remaining in the solution inside the cavity of the
rock beaker divided by the initial concentration,
Co' is plotted as a function of elapsed time.

pies of nonlinear relationships between F and C).
Consequently, we can determine the diffusion coef
ficient by fitting concentration profiles for the non
sorbing tracers, and we can determine sorption
parameters, such as Kd, by fitting concentration
profiles for the sorbing tracers.

The solid lines in Fig. 130 are a fit of these same
data to the diffusion equation (Eqn. 61) using the
TRACRN transport code for the two nonsorbing
radionuclides, tritium and technetium-95m. The
diffusion coefficients obtained in this manner for
these radionuclides for all the tuff samples studied
(Table 33) agree well with previous results (Rund
berg et al. 1987). These two tracers diffuse essen
tially as tritiated water and the pertechnetate anion,
TcO;. Large anions are excluded from tuff pores
because of their size and charge, which can
account for the lower diffusivity of TcO;.

Results and Discussion

(62)aF
Q=Ph at '

Substitution of this equation and Eqn. 62 into Eqn.
61 yields

ac
V·(€dVC)=€Rfat . (64)

where, once again, the retardation factor, Rf , is
given by

(65)

Equation 65 provides a means of comparing results
for sorption coefficients obtained under diffusive
conditions with sorption coefficients obtained from
batch-sorption experiments and is valid only if
sorption is linear, reversible, and instantaneous (the
Langmuir and the Freundlich isotherms are exam-

If sorption is linear, reversible, and instantaneous,
then FIC is equal to a sorption coefficient, Kd. To
test this assumption, we determined values of Kd in
batch-sorption experiments using the tuffs under
study (Table 34). We then calculated an expected
diffusion curve using, for each tuff, the diffusion
coefficient measured for tritiated water and the
batch-sorption coefficient measured for each sorb
ing radionuclide. Figure 131 shows these calculat
ed diffusion curves for devitrified tuff 04-737.
Comparison of the calculated curves with the actu
al measured data (see the example in Fig. 132)
shows that the concentration of the sorbing
radionuclides remaining in the rock beaker drops
faster than predicted on the basis of a linear Kd .

This result indicates that the diffusion of the sorb-
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Figure 129. Diffusion Data. These data for diffusion of tracers in J-13 water and in rock beakers made
of tuff G4-737 show the concentration, C, of tracer (relative to the initial concentration, Co) remaining in
the beaker as a function of elapsed time.
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Figure 130. Diffusion Data Curve Fits. The solid curves are fits to the diffusion data by the TRACRN
code for the nonsorbing tracers tritium and technetium in the rock-beaker experiments with tuff G4-737.
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Table 33. Rock-beaker Diffusion Results for Nonsorbing Radioisotopes and Devitrified Tuffs

Tuff Major Diffusion coefficient, d (cm2/s)
sample minerals Porosity HTO TeO..

G4-737
Alkali feldspar 68%

0.07 2.2 x 10-6 3.9 X 10-7

Cristobalite 28%

GU3-304 #1 Alkali feldspar 75% 1.5 x 10-6 3.0 X 10-7

GU3-304 #2 Cristobalite 25%
0.06 1.6 x 10-6 3.0 X 10-7

GU3-433
Alkali feldspar 76%

0.10 3.5 x 10-6

Cristobalite 15%

GU3-1119
Alkali feldspar 70%

0.10 2.0 x 10-6 4.9 X 10-7

Quartz 19%

Topopah
Alkali feldspar 59%

Cristobalite 23% 0.07 1.0 x 10-6 1.0 X 10-7

outcrop
Quartz 12%

Table 34. Batch-sorption Diffusion Coefficients for Devitrified Tuffs

Tuff Major Diffusion coefficient, Kd (mUg)
sample minerals Neptunium Americium Cesium Strontium Barium

G4-737
Alkali feldspar 68%

8 134 532 52 28
Cristobalite 28%

GU3-304
Alkali feldspar 75%

8 342 18 19
Cristobalite 25%

GU3-433
Alkali feldspar 76%

9 154 1264 20 61
Cristobalite 15%

GU3-1119
Alkali feldspar 70%

8 136 494 42 27
Quartz 19%

Topopah
Alkali feldspar 59%

Cristobalite 23% 9 465 20 25
outcrop

Quartz 12%

ing radionuclides could not be fitted by assuming
reversible, instantaneous, and linear sorption.
These results also indicate that transport calcula
tions using a batch-sorption Kd value and the diffu
sion coefficient measured for tritiated water will
result in conservative predictions for the transport

of sorbing radionuclides.

The results obtained from rock-beaker experi
ments agree with previous results (Rundberg
1987). We performed experiments on the uptake
of sorbing radionuclides by tuff and found that
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Figure 131. Calculated Diffusion Curves. These curves were calculated for tuff G4-737 using the diffu
sion coefficient, d, measured for tritiated water and the batch-sorption coefficients, 1<cJ, measured for the
sorbing radionuclides (given in Table 34). The diffusion curves for tritium and technetium are also shown.
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Figure 132. Comparison of Calculated and Actual Diffusion Data. The solid curve is the diffusion
curve calculated for cesium using a Kd value and the diffusion coefficient for tritium (Fig. 131); the
squares are the actual diffusion data for cesium with tuff G4-737 (Fig. 129).
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rate constants for uptake of the sorbing cations
from solution onto tuff were consistent with a dif
fusion-limited model in which diffusion occurs in
two stages. In the first stage, the cations diffuse
into rock through water-filled pores; in the second
stage, they diffuse into narrower intracrystalline
channels. This diffusion model yielded sorption
coefficients for cesium, strontium, and barium that
agree well with the sorption coefficients deter
mined by batch techniques.

194
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of the devitrified tuff is alkali feldspar.

Table 35. Dimensions of Diffusion Cells

Experimental Procedures and Data Analysis

We constructed diffusion cells with two chambers
containing groundwater separated by a slab of tuff.
After radioactive tracers were added to one of the
chambers, we periodically monitored the untraced
chamber for the presence of radioactivity by taking
an aliquot of the solution in the chamber and then
replenishing that chamber with groundwater. The
dimensions of the diffusion cells we used are given
in Table 35.

The only driving force in this experimental setup is
the chemical concentration gradient; thus, the
solute flux is purely diffusive. The apparent time
of arrival depends on the porosity, the heterogene
ity of the pore structure, the retardation factor for a
given radionuclide, and the sensitivity of radionu
elide measurements. The rate of concentration
increase in the untraced chamber depends on the
ionic diffusivity, the tuff porosity, and the tuff tor
tuosity/constrictivity factor. Thus, by measuring
the movement of sorbing and nonsorbing tracers
through tuff slabs as a function of time, we can
measure the rock-dependent diffusion parameters.

(67)

Diameter of tuff slab

Length of tuff slab

Volume of traced chamber

Volume of untraced chamber

Bcm

1 cm

750 cm3

80cm3

The solutions used for the diffusion-cell experi
ments were prepared by taking an aliquot of a 3H,
95"'Tc, natural U(VI), 237Np(V), or 239pU(V) acidic
stock and diluting it in the water being studied.
The actinide concentration of the solutions used for
the diffusion experiments was very close to the sol
ubility limit of the actinides in the groundwaters.
The experimentally determined solubilities
(Nitsche et al. 1993a, 1994) of plutonium range
from 2 X 10-7 (J- I3 water at a pH of 7) to
I X 10-6 M (UE-25 p#1 water at a pH of 8.5) and
of neptunium range from 7 X 10-6 (UE-25 p#1
water at a pH of 8.5) to 5 X 10-3 M (J- I3 water at
a pH of 6). Table 14 in Chapter IV summarizes the
solubilities and speciation of neptunium in these
groundwaters.

The experimental setup for the diffusion cells can
be described by a one-dimensional diffusion
model. Thus, Eqn. 64 in the section on rock
beaker experiments can be rewritten as

(PC ac
De ax2 = a at '

where x is the the axis along the direction of tracer
diffusion, De is the effective diffusivity (= € d),
and a is the rock-capacity factor (= € R f ). This
equation yields an analytic solution to diffusion
through a slab.

Bradbury et al. (1986) solved Eqn. 67 for a porous
rock. For our experimental setup, the boundary
conditions can be taken to be

• at x = 0, a constant source concentration, Co'
is maintained, and

The two major rock types used for the diffusion
cell experiments were zeolitic (UE-25 1362) and
devitrified (G4-287). The zeolitic tuff has a poros
ity of 0.4 and a bulk density of 1.5 mllg. The
devitrified tuff has a porosity of 0.2 and a bulk
density of 2.3 mllg. The major component of the
zeolitic tuff is elinoptilolite; the major component

• at x = t, where t is the tuff-slab thickness, the
concentration measured at the initially
untraced cell, C" is much smaller than the
source concentration (C, « Co).

For these conditions, the total quantity, Q" diffused
through a tuff slab of area A after a time t is given
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diffusing in the solution phase and the diffusion
coefficient, d, for a tracer passing through tuff
pores is given by

by the equation

~=
A f Co

2 ~ n ( D,JI2"r, )
De t _ 0' _ 0' " i::!.L - t2a (68)--,;r -6 ~L 2 e .

{; 71 n =ln

(j
d=Tl d" (70)

As t ~ 00, the asymptotic solution becomes

Q, = A C; De t _ A C6fa. (69)

where (j is the constrictivity and T is the tortuosity
of the tuff pore structure.

Results and Discussion

Consequently, a plot of Qr versus t yields the effec
tive diffusivity, De' from the slope and the rock
capacity factor, 0', from the intercept on the time
axis of the extrapolated linear region. For a non
sorbing species, Kd = 0, R f = 1, and 0' = €; for a
sorbing species, Kd may be calculated from the
value of 0'.

The diffusion coefficient, d, can be calculated from
the effective diffusivity (De =€ d). The difference
between the diffusion coefficient, ds' for a tracer

We studied the diffusion of 3H, 95mTc, natural
D(VI), 237Np(V), and 239pU(V) through devitrified
and zeolitic tuffs using water from Well J-13 and
synthetic UE-25 p#l water. The radionuclides 3H,
natural D(VI), and 239pU(V) were studied together
in four diffusion cells (devitrified and vitric tuff
cells, each with both types of water). Likewise, the
radionuclides 95mTc and 237Np(V) were studied
together in another four diffusion cells. Typical
results for these experiments are shown in the Figs.
133 through 135.
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Figure 133. Tritium, Plutonium, and Uranium Diffusion through Devitrifled Tuff. The data show the
concentration in synthetic UE-25 p#1 water of 3H, 239pU(V), and natural U(VI) (relative to the concentration
in the traced cell, ClGo) diffusing through devitrified tuff G4-287 into the untraced cell as a function of time.
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Figure 134. Technetium and Neptunium Diffusion through Devitrified Tuff. The data show the con
centration in synthetic UE-25 p#1 water of 95mTc and 237Np (relative to the concentration in the traced
cell, ClGo) diffusing through devitrified tuff G4-287 into the untraced cell as a function of time.
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Figure 135. Tritium, Plutonium, and Uranium Diffusion through Zeolitic Tuff. The data show the con
centration in synthetic UE-25 p#1 water of 3H, 239pU(V), and natural U(VI) (relative to the concentration in
the traced cell, ClGo) diffusing through zeolitic tuff UE-25-1362 into the untraced cell as a function of time.
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Our results indicate that the diffusion of nonsorbing
radionuclides into saturated tuff (illustrated by the
diffusion of tritiated water in Figs. 133 and 135) is
slower in devitrified tuffs than in zeolitic tuffs.
Large anions such as pertechnetate (which are
excluded from the tuff pores by size and charge)
diffuse slower through the pores than tritium
regardless of the groundwater or tuff type (as also
observed in the rock-beaker experiments). The
migration of plutonium through tuff under diffusive
conditions is dominated by sorption (as shown by
Figs. 133 and 135). The migration of Np(V) and
U(VI) through tuff depends on tuff type and water
chemistry. In cases, such as tuff G4-287 in Figs.
133 and 134, for which the reported sorption of
neptunium onto tuff is essentially zero (Triay et al.
1996a, I 996b), the diffusion of neptunium through
the tuff is slower than the diffusion of tritium but
comparable to the diffusion of a nonsorbing, large
anion, such as pertechnetate (Fig. 134).

The analysis of data described in the "Experimen
tal Procedures and Data Analysis" section of this
chapter has some problems with respect to the
assumptions required to find an analytical solution.
The assumptions do not allow for a changing con
centration in the traced chamber, for a concentra
tion in the untraced chamber that is not much
smaller than the initial concentration in the traced
chamber, and for the addition of groundwater to
the untraced chamber each time an aliquot was
taken.

Therefore, future analysis of these data will
involve fitting the diffusion profiles using a trans
port code (such as the TRACRN code used in the
rock-beaker diffusion experiments) to obtain diffu
sion coefficients. The concentration profiles of the
diffusing radionuclides would be fitted to the same
equation as Egn. 70 but using the algebraic form
given in the section on rock-beaker experiments
(Egns. 61 through 63).
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c. DIFFUSION THROUGH UNSATURATED
TUFF

Direct and indirect techniques have been used dur
ing the last fifty years to measure or calculate dif
fusion coefficients in most porous media (Kemper
1986). Both techniques employ steady-state and
transient-state methods of analysis. Fick's first law
forms the basis for evaluating steady-state experi
ments, and Fick's second law, modified to account
for the properties of porous media, is used for tran
sient-state experiments. Diffusion coefficients in
geologic media have traditionally been measured
by tracer half-cell diffusion methods that monitor
the transient diffusion front of a tracer species
through the material of interest.

Unsaturated diffusion experiments involving
blocks of tuff have also been proposed for the
study of diffusion in Yucca Mountain tuff (Yucca
Mountain Project study plan 8.3.1.3.6.2). A block
of tuff is machined to prescribed dimensions, and a
narrow hole is drilled to the center of the block.
The porosity is determined by measuring the dif
ference in weight between dry and saturated sam
ples. After initial saturation, the block is allowed
to dry until the desired moisture content is
achieved. The block is then sealed in an airtight
container and placed in a constant-temperature
bath to allow the moisture distribution to equili
brate. It takes many months for the water to dis
tribute evenly through the block because the per
meability of Yucca Mountain tuff is low. The
appropriate time for equilibration to occur could be
calculated using a transport code. After equilibra
tion, a solution containing radionuclides is placed
in the bottom of the injection hole. The tracers are
allowed to diffuse for a fixed period of time, then
the block is frozen, sectioned, and each section
analyzed. The distribution of radionuclides in the
tuff matrix is fitted to a diffusion equation using a
transport code, and diffusion coefficients as a func
tion of saturation are determined.

Unsaturated conditions, or saturated conditions
with very low water content, present unique exper-

VI. Diffusion Studies

imental problems. Diffusive fluxes through low
water-content materials require longer time periods
to collect sufficient data from transient-state exper
iments. For diffusion coefficients less than 10-8

cm2/s, the time period can be months to years. For
direct steady-state techniques, maintaining proper
boundary conditions under unsaturated conditions
over long time periods is extremely difficult and
has not yet been satisfactorily demonstrated.

Therefore, an indirect method is needed that pro
vides reliable diffusion coefficients. The most
widely used indirect method is the measurement of
electrical conductivity in a potentiostatic or gal
vanostatic mode, coupled with the Nernst-Einstein
relationship, which provides reliable diffusion
coefficients in electrolyte solutions (Miller 1972;
Robinson and Stokes 1959). Fortunately, water
wet geologic materials are ideal for this method
because the geologic media consists of an elec
trolyte solution dispersed throughout a nonconduc
tive porous solid. Diffusion is completely domi
nated by the aqueous solution. Electrical conduc
tivity is related to the migration of ions in the aque
ous solution because the ease with which ionic
species can migrate through an aqueous solution is
exactly analogous to the ease with which the aque
ous species can align their dipoles along the elec
tric field vector, as long as the frequency is appro
priate.

Soil scientists have developed multi-electrode
methods for measuring electrical conductivity and
salinity of porous media in the field and laboratory
(Rhoades and Oster 1986; Gupta and Hanks 1972).
The proven method of obtaining conductivity data
is the use of a fixed excitation frequency conduc
tivity bridge, based on its tested design, direct
resistance and conductivity readouts, ease of opera
tion, and availability.

A variation of the two-electrode method is ideal for
the study of geologic media (Geddes et al. 1971).
The electrical conductivity cells designed for this
study have two stainless-steel cap electrodes in
contact with the whole-rock cores. Although pla-
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tinized electrodes are usually considered ideal for
typical conductivity measurements, they are not
recommended for solutions of low conductivity or
with geologic materials (ASTM 1982). Stainless
steel electrodes have been shown to be appropriate
for the low water contents and the current densities
used in this experimental setup, that is, ::"S 1
mNcm2 (Geddes et al. 1971; Scott et al. 1967).

Electrical conductivity measurements of aqueous
solutions actually measure the impedance (the AC
analog of DC resistance) at the impressed frequen
cy, which is a complex variable vector sum of the
real in-phase (resistive) and the imaginary out-of
phase (reactive) components of the system
response. For conductivity measurements (con
ductivity is the reciprocal of resistivity) using AC
excitation, it is the in-phase component of imped
ance that is a measure of the true solution resistivi
ty (or conductivity) and that can be used to repre
sent the migration of ions in solution in geologic
materials. Therefore, the impedance must be total
ly resistive, that is, no capacitive elements, for the
Nemst-Einstein relationship to be applicable. This
restriction has been verified for saturated and
unsaturated geologic systems with a 1 kHz conduc
tivity bridge using electrochemical impedance
spectroscopy, which gives direct information about
the real and imaginary components of impedance
as a function of excitation frequency (Conca and
Wright 1990). The impedance in geologic systems
is a constant, frequency-independent quantity in
the 600 to 7,000 Hz region, and is totally resistive
in the 400 to 10,000 Hz region. Thus, the mea
sured impedance at 1 kHz on geologic systems is a
good measure of the true system resistance and its
reciprocal, conductivity, and this parameter will
give reliable values for diffusion coefficients calcu
lated from the Nemst-Einstein equation. In addi
tion, Wright (1990) determined diffusion coeffi
cient values as a function of water content on the
same soils using the electrical conductivity method
and using Kemper's empirically derived relation
ship (Bresler et al. 1982), and the agreement was
excellent (R2 = 0.99). Once electrical conductivity
measurements are made, they can be related to the

diffusion coefficient through the Nernst-Einstein
equation (Jurinak et al. 1987; Conca and Wright
1990):

(71 )

where d j is the diffusion coefficient of the ith ion
(cm2/s), R is the gas constant (J/deg mole), T is the
absolute temperature (Kelvin), F is Faraday's con
stant (coul/mole), e is the cell constant for the
conductivity cell sample holder (cm- I ), G is the
measured conductance on the conductivity bridge
(mhos), t j is the transport, or transference, number
of the ith ion (tK• = 0.4898 at 0.1 M; tNa' = 0.3854
at 0.1 M), Zj is the charge number on the ith ion,
and Cj is the molar concentration of the ith ion.
The diffusion coefficients are corrected for solution
nonideality using the extended Debye-Hiickel
approximation (Stumm and Morgan 1981).
Effluent is monitored to correct for possible
water/substrate interactions that can change the
solution electrolyte concentrations.

The most effective way to determine diffusion
coefficients under various degrees of saturation is
to use the centripetal-acceleration UFA method
(described in the "Solid-Rock Columns" section of
Chapter V) to achieve hydraulic steady-state in the
samples at target water contents using an appropri
ate electrolyte solution, for example, KCI or NaCl
solutions in equilibrium with the tuff (Conca and
Wright 1992b). Once steady-state has been
achieved, the electrical conductivity is measured,
and the Nemst-Einstein equation is used to deter
mine the simple diffusion coefficient for that sam
ple at that water content. The UFA method is then
used to achieve another water content, and the dif
fusion coefficient is determined again. Simple dif
fusion coefficients in aqueous solution at 25°C for
almost all chemical species, including organics, are
between 0.5 X 10-5 cm2/s and 2.1 x 10-5 cm2/s
(Conca and Wright 1992b; Oelkers 1991; Robinson
and Stokes 1959). Therefore, simple diffusion
coefficients in porous media that are less than 10--6
cm2/s at 25°C result from mechanisms or condi
tions other than the inherent mobility differences

200



between the ions themselves. The variable d repre
sents a generic simple diffusion coefficient at infi
nite dilution that is a bulk property of the system
and refers to the various combined physical effects
of the porous media. The variable, thus, differs
from the apparent diffusion coefficient, da , which
includes retardation and other transient chemical
effects and is specific for each species, medium,
and fluid composition. Numerical models using
d(q) as an input parameter require the simple diffu
sion coefficient. Once breakthrough has occurred
for a particular species, retardation ceases and the
diffusion coefficient attains the simple value,
which can be orders of magnitude higher than the
apparent diffusion coefficients for many species in
materials such as zeolitized tuff. The point at
which breakthrough occurs is determined by the
capacity of the flow paths in the media for that
species under appropriate conditions.
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VII. SUMMARY

The following is a summary of the state of knowl
edge with respect to the different elements of the
natural barrier for radionuclide transport at Yucca
Mountain: groundwater chemistry, radionuclide
solubility, sorption, and diffusion. We also include
summaries of material from the related Yucca
Mountain Site Characterization Project milestones
of "Summary and Synthesis of Biological Sorption
and Transport" (#3663) and "Specific Interaction
Theory Studies" (#3792M).

A. BIOLOGICAL SORPTION AND
TRANSPORT (MILESTONE #3363)

The results of research performed as part of the
Biological Sorption and Transport Task of the
Yucca Mountain Site Characterization Project have
been presented in a report on milestone #3663
(Hersman 1996). These studies reveal that micro
organisms can affect transport in several ways.

• Based only on the relative concentration of
microorganisms in the two studies (laboratory
and field), it is tempting to predict that the
effect of the indigenous population on the
sorption of 239Pu(IV) would be negligible, and
for one to conclude that the indigenous popu
lation will do little to retard the transport of
plutonium by biosorption. However, the
design of the laboratory experiment represents
only a static, small location within the moun
tain. As the waste plume moves form one
sorption location to the next, a continuum of
sorption is occurring, with each site sorbing
0.075 times as much as it would if it were
sterile, or by a factor of 1.075. Therefore, the
affects of microbial sorption would enhance
the sorption characteristics of the mountain by
7.5 per cent.

• Estimates suggest that the indigenous popula
tion of microorganisms is capable of produc
ing enough chelating agents (for example,
siderophores) to chelate 0.2 gil of 239pU in the
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subsurface pore water. Because this amount
exceeds the solubility of plutonium, there is a
significant potential for siderophores to
increase the transport of actinide elements.

• Based on the results of laboratory studies,
microorganisms increased significantly the
rate of colloidal agglomeration. The field
studies suggest that there are enough microor
ganisms present to affect similarly the
agglomeration of individual colloids, indicat
ing that the indigenous population should
reduce the colloidal transport of radioactive
wastes.

• Field and isotopic analysis indicate that the
elevated subsurface carbon-dioxide concentra
tions are the result of biogenic activity.
Elevated carbon-dioxide levels will affect
transport by lowering the pH of the pore
water, thereby increasing the solubility of
most actinide elements. Also, lowering the
pH will promote the dissolution of minerals,
such as calcite, that are important in the retar
dation of actinides.

• Samples collected along the Exploratory
Study Facility (ESF) contain a small popula
tion of microorganisms that is metabolically
active and responsible for the production of
the elevated levels of subsurface carbon diox
ide. Analysis also revealed that this popula
tion was significantly affected by anthro
pogenic disturbances, increasing nearly four
fold from the time of initial sampling. It is
important, therefore, that the population with
in the ESF be monitored routinely to assess
the effects of construction activities on their
numbers and types.

• It is not possible to quantify the overall poten
tial for the indigenous population to affect
transport. However, a cautious and qualitative
interpretation of this work indicates that there
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is a strong potential for the subsurface popula
tion to promote the transport of radionuclide
wastes, based on the dominant potential for
chelation and carbon-dioxide production to
accelerate transport. However, more work is
needed before these results can be quantified.

B. GROUNDWATER CHEMISTRY
(CHAPTER II)

The chemical compositions of pore waters, perched
waters, and saturated-zone groundwaters suggest
there are basically two types of waters in Yucca
Mountain.

• TYpe-l water occurs as pore waters in hydro
logic units mainly above, but also below, Tuff
of Calico Hills. This water type generally has
higher ionic strength than type-2 waters and is
strongly influenced by soil-zone processes
such as the precipitation of calcite, gypsum,
and silica.

• TYpe-2 water occurs as perched waters and
saturated-zone groundwaters. This water type
is more dilute and is strongly influenced by
hydrolysis reactions involving carbonic acid.

• Pore waters in Tuff of Calico Hills appear to
be mixtures of the two basic water types, that
is, pore waters from the overlying Topopah
Spring Tuff and perched waters.

• The chemical data indicate that the equilibra
tion of pore waters and perched or groundwa
ters is a very slow process.

• Future compositional variations in water
chemistry under ambient conditions are likely
to be of minor magnitude.

• The compositions of the 1-13 and UE-25 p#l
waters appear to bound most of the composi
tional variations to be expected in the ambient
flow system at Yucca Mountain in the future.

The main parameters not entirely bounded by
these compositions are pH, Eh, and chloride
concentrations.

• The uncertainty in the identity of alteration
phases that control the type-2 water composi
tions and the lack of experimental data on the
kinetics of formation of possible alteration
phases preclude the development of realistic
quantitative models of water chemistry in
Yucca Mountain.

C. SOLUBILITY AND SPECIATION
(CHAPTER III AND MILESTONE #3792M)

• The carbonate anion is an exceptionally strong
complexing agent for actinide ions and is pre
sent in significant concentrations in waters
characteristic of the Yucca Mountain region.

• The ability of some actinide cations to
hydrolyze water requires that any aqueous
model of actinides in Yucca Mountain ground
waters include thermodynamic descriptions of
hydroxo, carbonato, and mixed hydroxo-car
bonato complexes. The details of this work
are given in a report on milestone #3792M
(Tait 1996).

• The solubility of neptunium, plutonium, and
americium will depend on solution speciation
(espcially with OH- and CO;-) and the solu
bility-limiting solid.

• Bulk solubility experiments can provide
empirical data directly, but because they are
long-term experiments, only a limited number
of data points can be collected over a limited
range of conditions. To determine solubility
for general conditions, the system must be
modeled thermodynamically.

• Bulk solubility of neptunium in 1-13 water
ranges from 6 X 10-6 M to 10-3 M; the solu
bility-limiting solid was predominately (but
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not exclusively) NP20S'

• For water conditions expected at Yucca
Mountain, the data for Np(V) solutions is con
sistent, and modeling with the EQ3/6 code
suggests a combination of NpOt and
Np02COj as the dominate species.

• Recent modeling work at Los Alamos indi
cates Np(IV) solids may form in Yucca
Mountain waters depending on which solid
state numbers are used. The importance of
this observation is that Np(IV) solids may be
much less soluble than the Np(V) currently
considered in performance assessment calcu
lations.

• Bulk solubility of plutonium in J-13 water
extends over a relati vely narrow range from
4 X 10-9 to 5 X 10-8 M; the predominate sol
ubility-limiting solid is Pu(IV)-oxide polymer
at 25°C, aging to more crystaJline Pu02(s) at
90°C.

• In the model, plutonium speciation is calculat
ed to be dominated by Pu(OH)s in J-13 water,
and the solids Pu02(s) and PU(OH)4(S) are
calculated to be supersaturated to saturated.

• The bulk solubility of americium ranges from
3 x 10-10 to 4 x 10-6 M; the solubility limit
ing solid was reported to be a mixture of
hexagonal and orthorhombic forms of
AmOHC03, but this assertion is controversial
and more work would need to bedone to con
firm or reject the statement.

• Only preliminary modeling of americium has
been done. The predominate solution species
was calculated to beAmC03+ in 1-13 water
except at 90°C and pH-8, in which case the
dominant species was calculated to be
Am(C03)i . Furthermore, the hydroxo solids
Am(OHh and Am(OH)3(amorphous) were
calculated to be significantly below saturation
throughout the experimental conditions for the
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bulk solubility study. The only solid to
approach saturation in the calculations was
AmOHC03·

D. SORPTION (CHAPTER IV)

• The elements niobium. tin. thorium. and zir
conium show strong sorption onto surfaces
available in Yucca Mountain rock units. In
addition, these elements form solid oxides and
hydroxides that have very low solubilities in
Yucca Mountain groundwaters. In near-neutral
solutions. they are fully hydrolyzed. A mini
mum sorption-coefficient value of 100 ml/g is
appropriate in performance-assessment calcu
lations for all these elements under essentially
all conditions expected within the Yucca
Mountain flow system.

• The elements actinium. americium, and
samarium also sorb strongly to surfaces in
Yucca Mountain rock units. These elements
tend to form carbonates. phosphates. and
mixed hydroxycarbonate compounds that are
very sparingly soluble. A minimum sorption
coefficient value of 100 ml/g is appropriate
for each of these elements.

• Plutonium's solution and sorption behavior
are the most complex of all the elements of
interest. The groundwater compositional
parameter most critical to this element in the
Yucca Mountain flow system is the redox
potential. Eh. The available sorption data sug
gest that this element should sorb strongly to
Yucca Mountain tuffs under most of the
expected conditions. However, because in the
experiments to date, the redox potential was
not controlled. additional controlled experi
ments should becarried out. The recommen
dation is to bias the redox potential to a high
level in a series of sorption experiments using
several rock types and a water composition
representative of the unsaturated lone. If the
sorption coefficients obtained in these experi-



VII. Summary

ments are consistent with earlier results, plu
tonium can be classified with the strong sor
bers and a minimum sorption-coefficient
value of 100 ml/g could be used in perfor
mance-assessment calculations. On the other
hand, if the sorption coefficients are decreased
by the elevated redox potential imposed, then
additional experiments will need to be carried
out to better define the appropriate range of
the sorption coefficient to be used in the cal
culations.

• Cesium and radium have high affinities for
most Yucca Mountain rock samples, particu
larly zeolitic samples. A minimum sorption
coefficient value of 100 mVg could be used
for these elements assuming that cesium con
centrations in solution stay below 10-5 M.
For strontium, the situation is more complex.
Although this element has a high affinity for
zeolitic samples, it is not strongly sorbed by
devitrified and vitric tuffs. Because the
zeolitic tuffs will be a strong barrier for this
element, the small sorption-coefficient values
obtained to date for this element could be used
for devitrified and vitric units.

• The sorption coefficient data available for the
elements nickel and lead are limited to a
dozen or so experiments on nickel. In the sur
ficial environment, lead appears to be less
mobile than nickel. Therefore, the nickel
sorption coefficients can be used as default
values for lead. In devitrified and zeolitic
zones, a minimum sorption-coefficient value
of 100 mVg is appropriate for nickel. In vitric
zones, sorption coefficients will be in the
range from 0 to 50 mUg. For vitric zones, it is
recommended that performance-assessment
calculations use a random sampling technique
to derive nickel and lead sorption coefficients
from a normal distribution ranging from 0 to
50 mUg.

• The group that includes the elements neptuni
um, protactinium, selenium, and uranium is
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the most difficult to deal with because the
sorption affinities for this group are generally
small. Neptunium appears to sorb primarily
by surface-complexation and surface-precipi
tation mechanisms. The carbonate content of
the rocks used in experiments with neptunium
appear to have a large impact on sorption
behavior. The presence of ferrous iron on sur
faces in the tuffs may also be a factor. The
recommendation is to oxidize the samples
prior to use in sorption experiments to passify
any ferrous iron that may be present on sur
faces. If this does not affect the sorption coef
ficient for the rock, a very weak acid leach
should be used to remove potential carbonate
minerals. If this also has minimal effect, then
the presently available sorption-coefficient
data could be used for performance-assess
ment calculations. If either of these proce
dures results in the lowering of the sorption
affinity, additional steps will have to be taken
to derive appropriate sorption coefficients.

• Protactinium appears to be very insoluble in
near-neutral solutions, but its sorption behav
ior is more complicated. At high pH, protac
tinium appears to sorb strongly, whereas just
below neutral pH, it sorbs poorly. Because
only lower-range pH experiments have been
conducted with Yucca Mountain samples to
date, the recommendation is to carry out sev
eral experiments in the higher pH range.

• Selenium will be present as an anion in Yucca
Mountain flow systems and will have low
sorption affinity. The main unresolved issue
is the effect of elevated levels of calcium and
magnesium on its sorption behavior. The rec
ommendation is to carry out several additional
sorption experiments with selenium using a
water with relatively high amounts of calcium
and magnesium.

• Uranium sorption appears to be controlled by
pH, alkalinity, and alkaline-earth-ion concen
trations. Its affinity for Yucca Mountain rock



samples is generally low with the highest
sorption coefficients observed in zeolitic tuffs.
The main gap in the available data is for sorp
tion coefficients on zeolitic and devitrified
samples in contact with water enriched in cal
cium and magnesium at pH values from 6.5 to
8.0. The recommendation is to carry out two
sets of experiments: one with a water high in
calcium and magnesium but low in alkalinity;
the other with a water high in calcium, mag
nesium, and alkalinity (for example, UE-25
p#l water). Both a zeolitic and a devitrified
sample should be tested.

• The final group includes the elements carbon,
chlorine, iodine, and technetium. These ele
ments have little or no sorption affinity under
the oxidizing conditions expected within the
Yucca Mountain flow system. Any retarda
tion of these will involve processes other than
sorption.

• In a batch-sorption study of the effect of natu
rally occurring organic materials on the sorp
tion of cadmium and neptunium on oxides and
tuff surfaces, the model sorbents were synthet
ic goethite, boehmite, amorphous silicon
oxides, and a crushed tuff material from Yucca
Mountain, Nevada. An amino acid, 3-(3,4
dihydroxypheny)-DL-alanine (DOPA), and an
aquatic-originated fulvic material, Nordic
aquatic fulvic acid (NAFA), were used as
model organic chemicals. DOPA and NAFA
have little effect on neptunium sorption on all
sorbents selected for study.

E. TRANSPORT AND DIFFUSION
(CHAPTERS V AND VI)

Batch-sorption techniques yield sorption coeffi
cients that appear to predict radionuclide transport
under saturated and unsaturated conditions (at the
laboratory scale) conservatively. These techniques
need to be supplemented with dynamic transport
and diffusion experiments.

VII. Summary

• The Unsaturated Flow Apparatus (UFA) is a
useful technique to assess the validity of
batch-sorption coefficients. However, it
would be practically impossible to measure all
the necessary Kd values using the UFA
approach because of the amount of time
required for such an effort (as a result of the
extremely low conductivities of the Yucca
Mountain tuffs).

• The exclusion of anions such as pertechnetate
in the vitric, devitrified, and zeolitic crushed
tuffs we studied is almost negligible except in
the case of zeolitic tuffs in 1-13 water. In this
case, the anion exclusion of pertechnetate in
zeolitic tuffs is small but measurable.

To assess colloid-facilitated radionuclide transport
in groundwaters at the potential nuclear waste
repository at Yucca Mountain, it is very important
to understand the generation and stability of col
loids, including naturally occurring colloids.

• The colloid concentration in waters from Well
1-13 was measured to be on the order of 106

particles/ml (for particle sizes larger than 100
nm). At this low particle loading, the sorption
of radionuclides to colloids would have to be
extremely high before the colloids could carry
a significant amount of radionuclides from the
repository to the accessible environment.

Diffusion is one of the most important retardation
mechanisms in fractured media.

• The diffusion of nonsorbing radionuclides into
saturated devitrified tuff is slower than diffu
sion into saturated zeolitic tuffs. The diffu
sion of tritiated water through saturated devit
rified tuffs is on the order of 1O---{, cm2/s.

• Large anions, such as the neptunyl-carbonato
complex or pertechnetate, are excluded from
the tuff pores because of their size and charge.
The diffusion coefficients for pertechnetate in
saturated tuffs are on the order of 10-7 cm2/s.

207



VII. Summary

• The use of the Unsaturated Flow Apparatus is
the most efficient and cost effective way of
studying diffusion as a function of saturation
in Yucca Mountain tuffs.

Calculations of radionuclide transport often include
assumptions about fast pathways, such as fractures,
that are too simplistic. This approach leads to
overconservative predictions of radionuclide
releases to the environment.

• Our results indicate that diffusion from the
fracture into the matrix can take place even at
relatively fast flow rates.

• Neptunium can be significantly retarded, even
during a fracture-flow scenario. Neptunium
retardation in fractures could be due to both
diffusion into the matrix and sorption onto the
minerals lining the fracture walls
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VID. APPLICABILITY, QUALITY, AND RELIABILITY OF RESULTS

A. INTRODUCTION

To address the applicability, the quality, and the
reliability of the results of each of the main Chap
ters in this report (II through VI), we are including
discussions of the purpose and objective of each
study relevant to this report as well as the rationale

for the tests conducted. Each of the sections that
follows is based on material taken from study plans
for the Yucca Mountain Site Characterization Plan
(SCP) that were appropriate to topics in this report
(Table 36), and each section is, thus, expressed
from a point of view prior to actual research.

Table 36. Yucca Mountain Site Characterization Plan (SCP) Studies Relevant to This Report

SCP Number

Investigation 8.3.1.3.1:
Study 8.3.1.3.1.1

ActiVity 8.3.1.3.1.1.1
Activity 8.3.1.3.1.1.2

SCP title

· .. on water chemistry ...
Groundwater chemistry model

Conceptual model
Mathematical model

Location in report

Chp. II

Investigation 8.3.1.3.4:
StUdy 8.3.1.3.4.1

Activity 8.3.1.3.4.1.1

Activity 8.3.1.3.4.1.2

Activity 8.3.1.3.4.1.3
ActiVity 8.3.1.3.4.1.4

Study 8.3.1.3.4.3

Investigation 8.3.1.3.5:
Study 8.3.1.3.5.1

Activity 8.3.1.3.5.1.1
Activity 8.3.1.3.5.1.2
Activity 8.3.1.3.5.1.3

StUdy 8.3.1.3.5.2
Activity 8.3.1.3.5.2.1
Activity 8.3.1.3.5.2.2

· .. on radionuclide retardation by sorption ...
Batch-sorption studies

Batch-sorption measurements as a function of
solid-phase composition

Batch-sorption measurements as a function of
sorbing element concentrations (isotherms)

Sorption as a function of groundwater composition
Sorption on particulates and colloids

Development of sorption models

· .. on radionuclide retardation by precipitation ...
Dissolved species concentration limits

Radionuclide solubility measurements
Radionuclide speciation measurements
Solubility modeling

Colloid behavior
Colloid formation, characterization, and stability
Colloid modeling

Chp. IV: A, B

Chp. IV: A

Chp.IV: A
Chp. V:D
Chp.IV: C

Chp.1I1

Chp. V:D

Chp. VI, A

Chp. VI, B
Chp. VI, C

Chp. V,A
Chp. V,A
Chp. V,B
Chp.V,C
Chp.V,D

Investigation 8.3.1.3.6:
Study 8.3.1 .3.6.1

ActiVity 8.3.1.3.6.1.1
Activity 8.3.1.3.6.1.2
Activity 8.3.1.3.6.1.3
Activity 8.3.1.3.6.1.4
Activity 8.3.1.3.6.1.5

Study 8.3.1 .3.6.2

Activity 8.3.1.3.6.2.1

Activity 8.3.1.3.6.2.2
Activity 8.3.1.3.6.2.3

· •. on retardation by dispersive, diffusive, and advective transport ...
Dynamic-transport column experiments

Crushed-tuff column experiements
Mass transfer kinetics
Unsaturated tuff columns
Fractured tuff column studies
Filtration

Diffusion
Uptake of radionuclides on rock beakers in a
saturated system

Diffusion through a saturated tuff slab
Diffusion in an unsaturated tuff block
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B. GROUNDWATER CHEMISTRY MODEL

Purpose and Objectives of Studies

Introduction and objectives
The purpose of the groundwater chemistry investi
gation is to provide a model of groundwater chem
istry at Yucca Mountain that reflects groundwater
compositions that will occur as a result of interac
tion with different chemical environments. The
groundwater chemistry model will show the geo
chemical materials that control the composition of
the present groundwater, will support site-character
ization activities, and will be used to support the
resolution of Performance Assessment Issues 1.1
(Total System Performance), 1.8 (Siting Criteria),
and 1.5 (Engineered Barrier Performance). In addi
tion, the groundwater chemistry model will support
the geochemistry program by providing actual or
simulated data on water composition required by
other investigations, studies, or activities.

The groundwater chemistry model is being devel
oped in two phases through the Yucca Mountain Site
Characterization Plan (SCP) Activities 8.3.1.3.1.1.1
(Conceptual Model) and 8.3.1.3.1.1.2 (Mathemati
cal Model). The purpose of Activity 8.3.1.3.1.1.1 is
to develop conceptual models of groundwater chem
istry that isolate the geochemical parameters with
the greatest influence on groundwater composition.
The purpose ofActivity 8.3.1.3.1.1.2 is to develop
mathematical models of groundwater chemistry.
These models will be based on the conceptual
model and will use the important variables and para
meters to quantitatively predict the ranges of
groundwater composition subject to fluctuations in
overall chemical conditions due to changes in the
Yucca Mountain environment.

Development of the conceptual model
A preliminary conceptual model of groundwater
chemistry will be proposed to provide a qualitative
understanding of the geochemical parameters and
processes controlling the groundwater composition
over time. The effects of chemical parameters and
geochemical processes, such as pH, mineralogy, and

sorption, on groundwater composition will be sug
gested in the preliminary model. Hypotheses about
the variables, parameters, and geochemical process
es most affecting groundwater composition will be
formulated from the preliminary conceptual model.
This study suggests several tests of the preliminary
model and the hypotheses derived from it that will
provide information on specific variables, parame
ters, and processes and will be used to refine the
preliminary model. The behavior of different para
meters will be examined by computer codes and
tested through detailed experiments, and those para
meters that most influence the groundwater compo
sition will be included in a refined conceptual
model. The final conceptual model will be the prod
uct of this activity and will provide the initial infor
mation for development of a mathematical model of
groundwater chemistry at Yucca Mountain.

Developing conceptual models of groundwater
composition requires a database of the geochemi
cal parameters, variables, and processes that could
influence groundwater composition. The database
will be developed through tests of hypotheses gen
erated from the preliminary conceptual model, pre
viously published data on groundwater at Yucca
Mountain or in the vicinity, and other studies,
namely SCP Studies 8.3.1.2.2.7 (Hydrochemical
Characterization of the Unsaturated Zone) and
8.3.1.2.3.2 (Characterization of Saturated Zone
Hydrochemistry). The database will be used with
the conceptual model to develop and test the math
ematical model in Activity 8.3.1.3.1.1.2. The data
base will include data and calculations on process
es that are important, such as pH, redox conditions,
and sorption, as well as the concentrations of aque-

. h C 2+ M 2+ N + K+ CI- S02-ous IOns suc as a , g , a, , , 4'

F-, HCO), AI3 +, Mn2+, Fe3+, Fe2+, Si02(aq), and
other trace constituents. In addition, data and
information on geochemical processes related to
groundwater chemistry, such as secondary mineral
precipitation, will be included, as will data on min
eralogy, petrology, and radionuclide solubility and
the array of environmental conditions to be used in
the calculations. The information will show the
variables and parameters primarily controlling
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groundwater composition. It will also show the
constituents of least importance to groundwater
composition. The completed database with the
conceptual model will be the initial input for devel
opment of the mathematical model in Activity
8.3.1.3.1.1.2. Relations among data in the database
will be further tested by the mathematical model.

Development of the mathematical model
After the conceptual model is completed, the math
ematical model will be developed in Activity
8.3.1.3.1.1.2. The relationships between parame
ters and the results of calculations suggested by the
development of the conceptual model cannot be
quantified until the important geochemical parame
ters and processes are identified. Because of this
limitation, details of the exact development of the
mathematical model can only be supplied as the
conceptual model nears completion. The goal of
Activity 8.3.1.3.1.1.2 is to produce a mathematical
model of groundwater composition that can be
used to predict groundwater composition as a result
of different chemical environments over time. The
model will be used to calculate the results on the
basis of input data distributions and on an estimate
of the uncertainty in the calculations. The mathe
matical model will support the calculations of
radionuclide retardation that ultimately will be
used to support the resolution of Performance
Assessment Issue 1.1.

Sources ofdata for development ofmodels
To develop a conceptual model and a mathematical
model of groundwater chemistry, this study will
obtain data on major ion chemistry and on other
parameters important to groundwater composition.
Published reports and other Yucca Mountain Site
Characterization Project (YMP) studies (for exam
ple, from SCP Study 8.3.1.2.2.7, Hydrochemical
Characterization of the Unsaturated Zone) will be
used. Data on mineralogy and petrology of rock
matrix minerals and fracture minerals will be
obtained from Study 8.3.1.3.2.1 (Mineralogy,
Petrology, and Chemistry of Transport Pathways),
and information on the alteration of minerals will
be obtained from Study 8.3.1.3.2.2 (History of
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Mineralogic and Chemical Alteration of Yucca
Mountain). The mineralogical and petrological
data define the minerals present at Yucca Moun
tain. This information will then be used to evalu
ate how these minerals control groundwater com
position. The alteration history will provide infor
mation on the changes in minerals with time and
will suggest possible changes in groundwater com
position as a result of mineral transformation
through time. Information on the kinetics of min
eraI dissolution and precipitation will be obtained
from the literature.

Duffy (1985) showed that the kinetics of mineral
transformations are important components to incor
porate in the conceptual models for groundwater
chemistry because few of the interactions between
rock and water at Yucca Mountain are expected to
reach true thermodynamic equilibrium. Some
rock-water interactions appear to reach states of
metastable equilibrium in which solution concen
trations are controlled by solid phases that are pre
sent for relatively long periods of time. For exam
ple, cristobalite may control the activity of silica in
Yucca Mountain groundwater even though cristo
balite is metastable with respect to quartz.

Data from different studies will be used with
groundwater chemistry data to determine the min
erals that control groundwater composition, the sta
bility of pH, redox conditions of groundwater at
Yucca Mountain, and the composition of the
groundwater as a result of interactions between
host rocks and different weathering environments
over time. Timely exchange of data among these
studies will be important so that the groundwater
chemistry model can be developed and refined
with the most recent data and interpretations gath
ered from other studies. In turn, the groundwater
chemistry model will provide current information
on groundwater composition to other studies for
their continuing development.

Goals
This study will develop models of groundwater
chemistry at Yucca Mountain under different envi-
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ronmental scenarios through time. SCP Activity
8.3.1.3.1.1.1 will develop conceptual models of
groundwater composition and will evaluate and
refine the model through several tests and analyses
of the effects of different geochemical processes
and parameters on groundwater composition. In
Activity 8.3.1.3.1.1.2, the conceptual models will
be used to develop a mathematical model that can
be used to predict groundwater composition
through time when different sets of environmental
conditions are imposed on the system.

Objectives for SCP Activity 8.3.1.3.1.1.1
Three objectives must be met before the final con
ceptual model is complete. These objectives
include detailed laboratory tests and use of differ
ent computer codes to evaluate different parame
ters and to calculate chemical speciation. The
objectives and related tests are outlined below and
discussed in detail later. Similar objectives are
developed for Activity 8.3.1.3.1.1.2.

Objective 1: Propose preliminary conceptual
model
A preliminary conceptual model of groundwater
chemistry will include the effects of different para
meters. First, the preliminary conceptual model
will consider the composition of groundwater at
Yucca Mountain and surrounding areas. These
data will be derived largely from published reports,
but data from other investigations in the Geohy
drology and Geochemistry Overviews (SCP
Sections 8.3.1.2 and 8.3.1.3, respectively) will be
used as they become available.

The conceptual model will consider the influence
of the mineralogy of Yucca Mountain on the com
position of groundwater. These data will show the
relative importance of different primary minerals
and secondary minerals (silicate phases, oxides,
and zeolites) in controlling groundwater composi
tion. Information on mineral alteration will also be
included in the conceptual alteration of minerals.
The information on mineral alteration will be used
to suggest dissolution of existing minerals and pre
cipitation of new phases over time.

The preliminary conceptual model will suggest
those parameters that could significantly affect
groundwater composition. The variables that
determine the parameters will also be suggested as
major controls on groundwater composition, and
the function of HC03in controlling pH will be
considered. The parameters that control pH, redox
conditions, mineralogy, sorption, and mineral alter
ation are considered the main contributors to
groundwater composition, but their relative impor
tance remains to be demonstrated. These parame
ters will be examined in a preliminary conceptual
model so that a more thorough conceptual model
can be developed.

The conceptual model will include the influence of
sorption processes on groundwater chemistry to
account for changes in groundwater composition
resulting from adsorption and desorption of chemi
cal constituents on different secondary and primary
minerals. Information on sorption of radionuclides
will also be included to permit modeling of future
groundwater compositions that include different
concentrations of radionuclides.

Information on the hydrology of the system will be
included. Data from hydrologic studies, for exam
ple, Study 8.3.1.2.3.2 (Characterization of the
Saturated Zone Hydrochemistry), will give infor
mation on flow rates through unsaturated and satu
rated material and will be used by this activity to
estimate the rate of change of groundwater compo
sition through time. Groundwater chemistry data
will also be used in Investigation 8.3.1.3.7 (Radio
nuclide Retardation by All Processes) to calculate
radionuclide release to the accessible environment.

Preliminary conceptual models will be examined,
using the tests listed in the following sections, to
refine and simplify the model. These tests of the
preliminary model are important for several rea
sons. First, the test results will isolate the parame
ters and processes that most influence the water
compositions and those that are relatively insignifi
cant. Processes controlling organic concentrations
are important to the overall groundwater composi-
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tion in some settings but are expected to be less
important in this study because of their low con
centration at Yucca Mountain.

Second, the information accumulated from these
tests will be an important part of the database
around which the conceptual models are developed
and from which the mathematical models are for
mulated. This database is currently not complete
enough to use for model development, and it must
be augmented. The tests described below will pro
vide information on pH control, redox conditions,
and rock-water interactions that are important to
groundwater composition, and information from
Studies 8.3.1.2.2.7 (Hydrochemical Characteri
zation of the Unsaturated Zone) and 8.3.1.2.3.2
(Characterization of the Saturated Zone Hydro
chemistry) will complete the database.

Third, the results of the tests will help refine the
conceptual model. The conceptual model will inte
grate information on the important parameters, and
those variables that determine them, with existing
information on groundwater composition models
that will also be examined as the preliminary
model is refined. The final conceptual model will
then be the initial input for the development of the
mathematical model.

Fourth, the sensitivity of the conceptual model will
be estimated along with the effects of changes in
different parameters or omission of different para
meters on predicted groundwater compositions.
Information on the sensitivity of the conceptual
model to changes in different parameters will be
important in the development of the mathematical
model.

Objective 2: Test parameters identified in prelimi
nary conceptual models
Test I; The pH stability of groundwater in saturat
ed and unsaturated zones. This test will evaluate
the stability of pH of Yucca Mountain groundwater
under different chemical environments. Testing pH
stability cannot be conducted without changing the
composition of the water. Therefore, the pH stabili-
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ty test is also a test of water composition changes
during induced pH variation. Others suggest that
pH is well buffered by the activity of aqueous car
bonate, bicarbonate, and the carbonate minerals that
are present. If so, relatively small changes in pH of
groundwater should be observed when water of dif
ferent pH or different composition is added to the
system. For example, the pH of the groundwater
should remain relatively constant when the pH of
recharge water is lower than that of the groundwa
ter, when radionuclides are included in the system,
or after continued contact between the host rock
and the groundwater because bicarbonate or car
bonate react to maintain pH. Stability of pH is the
measure of how much bicarbonate or carbonate is
present to react with the infiltrating water. Changes
in pH will be observed as the bicarbonate, carbon
ate, or other buffering constituent are consumed.

The pH stability of saturated-zone water can be
estimated from previously published information,
but estimating the pH stability of unsaturated-zone
water will require more effort to isolate the differ
ent processes that control pH. Research detailed in
other YMP studies will be important to this part of
Test I.

Changes in pH resulting from different chemical
conditions imposed on the test apparatus will be
initially modeled with the EQ3/6 code and other
codes, if appropriate, such as MINTEQ and
PHREEQE. Initial models will suggest possible
reactions and processes controlling pH and water
composition. The results of imposing pH condi
tions on water pH and composition will be mea
sured by experiments with rock columns and
crushed tuff obtained from Yucca Mountain. A dis
crepancy between measured and calculated results
will require resolution and reexamination of calcu
lations and measurements before information on
pH stability and buffering capacity can be incorpo
rated into the conceptual model. Agreement
between measured and calculated results will indi
cate that the processes controlling pH stability
were identified. Sets of hypotheses concerning
processes and reactions that control pH and water
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composition will be formulated as conceptual mod
els and passed to Activity 8.3.1.3.1.1.2.

Test 2: Controls of Eh in saturated and unsaturated
~ Performance Assessment Issues 1.1 and 1.8
require information about the redox conditions at
Yucca Mountain. Because radionuelide solubility
depends partly on the oxidation state of the dis
solving species, information about the control of
the oxidation potential in groundwater is important
for calculating the release of radionuelides to the
accessible environment. Oxidizing conditions
(high Eh) can result in increased mobilization of
radionuelides; therefore, more transport of aqueous
radionuelides would be expected at high Eh values.
Also, aluminosilicates and oxides are generally
more stable at a high Eh, therefore, active radionu
elide absorbers are expected to be present in the
system in oxidizing conditions.

As in the pH stability test above, water composi
tion will change as the imposed Eh varies, and the
composition changes will be measured. Changes
in pH as a result of variation of Eh will also be
measured so that the combined effects of Eh on pH
and composition can be considered. Carefully con
trolled conditions will provide the opportunity for
the necessary measurements. The processes con
trolling the reactions will be identified and passed
on to the mathematical model.

This test will suggest how reactions with minerals
and geochemical processes influence groundwater
Eh and will show changes in Eh as a result of fluc
tuations in the alteration environment or in the
composition of infiltrating water, such as increased
acidity or the introduction of radionuelides.
Initially, groundwater composition will be assumed
to reflect a well-poised, oxidizing system, buffered
by the available atmospheric oxygen. This condi
tion will be evaluated during Test 2. Oxygen
buffering with depth at Yucca Mountain will use
literature values as well as measurements made
during the unsaturated-zone hydrochemistry study
(Study 8.3.1.2.3.2). Redox potentials will be cal
culated with different computer codes and various

minerals, and the composition of groundwater will
be shown as a result of oxidation potentials con
trolled by oxygen partial pressure with depth or by
different minerals. Redox potentials will also be
measured by the concentrations of different ions of
redox couples when possible. For example, the
Fe3+lFe2 + ratio relates to specific redox condi
tions, and the ratio can be measured spectrophoto
metrically by complexation with I, I 0 o-phenan
throline. Gas chromatography methods for H2 and
02 measurement could be used to discern the redox
conditions in Yucca Mountain groundwater. The
amount of H2 in oxidizing waters is expected to be
low and may limit the practicality of the gas chro
matograph method, however. Measurement of dis
solved oxygen, redox-specific ion concentrations,
and gas chromatography of dissolved gases are
preferred to using Eh measurements made with
standard platinum electrodes, that is, system Eh.

It is expected that different minerals and partial
pressures of oxygen will determine the redox con
ditions at Yucca Mountain. The system may not be
well controlled or "poised," that is, a small change
in composition, such as a change in hydrogen par
tial pressure, could result in a large (> 100 mY)
change in redox conditions that may be of long or
short duration. Lindsay (1979) illustrates the mag
nitude of the change in redox conditions when dif
ferent minerals poise a system with different
hydrogen and oxygen partial pressures.

Kinetics of mineral transformations will also be
important in understanding the redox conditions at
Yucca Mountain. For example, fracture coatings of
manganese and iron indicate that oxidizing condi
tions prevail in some portions of the saturated and
unsaturated zones.

Experiments with rock columns and with crushed
material will be conducted to measure the redox
conditions of water moving through these materi
als. Tests using water with high and low hydrogen
partial pressure to control initial redox conditions
will also be conducted so that the response of the
material of interest can be understood. Discrep-
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ancies between calculated and measured values
will require greater attention before the Eh infor
mation can be used in the refined conceptual
model.

Test 3: Tests to isolate water-rock (mineral) inter
actions. The water-rock-interaction tests are
designed to evaluate compositional, pH, and Eh
data obtained during the pH-stability test and
redox-conditions test with regard to water-rock
interactions that control pH, Eh, and composition.
The minerals that could control the composition of
saturated-zone groundwater have been discussed in
several reports, and saturated-zone water composi
tions appear to be controlled initially by glass dis
solution and then by aqueous silica activity.
Reaction-path calculations compare favorably with
mineralogical/petrological data and suggest that the
major geochemical processes controlling saturated
zone water composition have been identified. The
results of previous work on saturated-zone water
composition will be incorporated into the prelimi
nary conceptual model of groundwater chemistry,
and interpretations of previous data will be reex
amined as needed and used in the refined concep
tual model. Data on stable isotopes of carbon, oxy
gen, and hydrogen will be included in the tests to
further constrain the possible set of hypotheses that
will result from the above tests. The isotope data
will be supplied through Study 8.3.1.2.3.2 and
related activities.

Few data on water composition from the unsaturat
ed zone at Yucca Mountain have been reported.
Yang et al. (1988) reported on water compositions
extracted from unsaturated-zone material by triaxi
al compression. Benson (1976) reported similar
data but from Rainier Mesa. Although more data
will be made available from Study 8.3.1.2.2.7
(Hydrochemical Characterization of the Unsaturat
ed Zone ), Activity 8.3.1.2.2.4.8 (Hydrochemistry
Tests in the Exploratory Shaft Facility), and Study
8.3.1.2.3.2 (Characterization of Saturated Zone
Hydrochemistry), the preliminary conceptual mod
els will depend on computer simulations of water
compositions in the unsaturated zone.
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Yang et al. (1988) showed that the water content in
material from the unsaturated zone at Yucca Moun
tain varied from 1 to 35 per cent by weight at
matric potentials of -0.55 to -0.1 MPa, respective
ly. This report also included the composition of
water extracted from the unsaturated-zone materi
al. Others reported on the mineralogy of the rock
matrix and fractures of different units at Yucca
Mountain. Data on water content and composition
will be combined with the data on matrix and frac
ture mineralogy, and possible compositions of
water from the unsaturated zone will be calculated.
The EQ3/6 code will be used to investigate water
rock interactions that include but are not limited to
1) reactions between water and rocks along specif
ic flow paths that may occur only on minerals sur
faces and not the entire mineral matrix at Yucca
Mountain, 2) rock-water interactions with respect
to equilibrium with a metastable solid phase, such
as cristobalite or smectite clays, 3) rock-water
interactions, and 4) strict thermodynamic equilibri
um with stable minerals, such as quartz.

Integrate test data and hypotheses: generating
conceptual models
Ideas about control of groundwater composition
proposed in preliminary hypotheses will be inte
grated with test results, calculations, and data.
This integration implies significant data analysis
and reduction and will lead to the development of
sets of hypotheses about the processes and reac
tions that control groundwater pH, Eh, and compo
sition. The ideas from the preliminary hypotheses
and the information from the tests and analyses
will be integrated with the parameters and process
es most influencing groundwater composition, and
will provide the opportunity to refine the conceptu
al models. Alternative conceptual models will be
proposed and will comprise different sets of
hypotheses. The product of this activity will be a
set of conceptual models of groundwater chemistry
at Yucca Mountain that will show the parameters
and processes important to groundwater composi
tion and will be the basis from which a mathemati
cal model can be developed. The proposed con
ceptual models, or sets of hypotheses about con-
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trolling processes and reactions, will be the basis
from which the mathematical models will be devel
oped in Activity 8.3.1.3.1.1.2.

Develop mathematical models of Yucca Mountain
groundwater
The goal of the groundwater chemistry model
study is to develop a mathematical model of
groundwater chemistry that can be used to predict
the water composition as a result of various poten
tial environments at Yucca Mountain. The poten
tial environments include but are not limited to the
changes in the current conditions resulting from
construction of a nuclear repository, long-term
heating of the rock surrounding a repository, and
climatic conditions such as cooler, wetter climates
at Yucca Mountain. Activity 8.3.1.3.1.1.2 is
designed to use the hypotheses generated from lab
oratory tests, preliminary mathematical modeling,
and field tests and refine them into a set of mathe
matical models of Yucca Mountain groundwater.
Testing the models using laboratory data, natural
analogs of processes that occur at Yucca Mountain,
and sensitivity analysis will provide data needed to
either accept a given model or to refine it to
improve its predictive capability.

In Activity 8.3.1.3. I. I .2, the validity of the model
ing approach will be tested. Mathematical models
will be used to predict the results of experiments or
known processes. Successful prediction of
processes that are well-characterized will lend
strength to the particular models chosen to model
the processes in question. Uncertainty and sensi
tivity analyses will be conducted on the models so
that the error (precision) and the accuracy of the
predictions can be established.

Specific groundwater chemistry models will be
tested in Activity 8.3. I .3. I. I .2. The models devel
oped from the hypotheses in Activity 8.3.1.3. I .1.1
will be models of specific processes and models
that combine smaller models of processes. The
models will be tested to determine if they can pre
dict the results of known experiments and test
cases. Successfully tested models will be used to

refine the concepts about the processes and reac
tions that determine the pH, Eh, and composition
of Yucca Mountain groundwaters. Models that are
not successfully tested will be reconsidered and
either refined or discarded. The groundwater
chemistry model will be shaped during the course
of model testing.

Finally, the mathematical models will be used to
predict the effects of long-term water-rock interac
tions on water chemistry. Based on processes
occurring presently or that are expected to occur
during the lifetime of a repository, the predictions
of groundwater pH, Eh, and composition as a result
of continued mineral alteration will be made.
Several sets of potential conditions will be imposed
upon the calculations, including but not limited to
extended heating into the far field, control of silica
activity by precipitation of opal C-T and amor
phous silica phases, and added recharge from a
wetter climate. The uncertainties associated with
such predictions will also be calculated so that
other investigators know the degree to which the
model can be believed. The last phase of the math
ematical model activity will show the usefulness of
the model for prediction and will also be ready for
use as a tool to predict the effects of a given
change on Yucca Mountain.

Regulatory rationale and justification
Several performance-assessment issues require
information on groundwater chemistry to resolve
the issues specified in Code ofFederal Regula
tions, IO CFR 60 (NRC 1983). This section
describes the role of the study in support of resolu
tion of Issue 1.1 (Total System Performance), Issue
1.5 (Performance of the Engineered Barrier
System), and Issue 1.8 (Siting Criteria).

Issue 1.1. Total system performance for limiting
release of radionuclides to the accessible
environment
Support from Study 8.3.1.3.1.1 is required for the
resolution of Issue I. I through Information Need
1.1.1 (Site Information Needed to Calculate
Radionuclide Release to the Accessible Environ-
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ment) and Information Need 1.1.4 (Determination
of Radionuclide Release to the Accessible Envi
ronment in Association with Realization of Poten
tially Significant Release Scenario Classes).
Scenario classes of importance to Issue 1.1 and rel
evant to Study 8.3.1.3.1.1 are detailed elsewhere.
Information from Study 8.3.1.3.1.1 will be used to
evaluate parameters that relate to expected partial
performance measures (EPPM) associated with dif
ferent categories of scenario classes. Category E
of the scenario classes is considered the nominal
case and indicates no significant change in any nat
ural barriers at Yucca Mountain. The parameters
required for the nominal case and relevant to the
groundwater chemistry study are the profiles of
chemical constituents, including pH, Eh, and major
and minor cations and anions. The current confi
dence in these parameters is low, but Study
8.3.1.3.1.1 will provide the required medium confi
dence level as defined in Issue 1.1. The parameters
will be evaluated from data and calculations for
both the unsaturated and saturated zones and will
reflect the groundwater compositions, assuming no
changes in the Yucca Mountain system occur.

Other performance parameters for Issue 1.1
required by Study 8.3.1.3.1.1 include support of
the calculations of the radionuclide retardation fac
tor (Rd) in both unsaturated and saturated zones.
Relevant information, such as water compositions,
will be supplied to SCP Investigation 8.3.1.3.7
(Radionuclide Retardation by All Processes) for
calculating radionuclide retardation and for resolv
ing Issue 1.1. The EPPM for radionuclide release
through water pathways is required to be at a high
confidence level.

Categories C and D are also of interest to Study
8.3.1.3.1.1. Category C includes partial failure of
the unsaturated-zone barriers because of increased
flow of water through the unsaturated zone, a rise
of the water table into the unsaturated zone, or
greater release of radionuclides into the saturated
zone from the unsaturated zone as a result of alter
ation of the geologic material. Category D
involves partial failure of the saturated-zone barri-
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ers because of the emergence of new discharge
points within 5 km of the candidate repository or
an increased flow rate through the saturated zone.

Pathways for radionuclide release important to this
study are releases via water movement through the
unsaturated zone (Category C) and the saturated
zone (Category D). As in Category E, the parame
ters of interest are chemical composition, pH, and
Eh for both categories. In addition, parameters in
both categories will include mineralogy, ground
water flow rates, and the geochemical processes
controlling water composition, including soprtion
and mineral alteration. Category C will be con
cerned with increased infiltration into Yucca
Mountain and the associated changes in water
composition and mineralogy that could occur.
Increased infiltration could be caused by increased
irrigation in the recharge area or increased precipi
tation. However, the primary concern for Study
8.3.1.3.1.1 and for the resolution of Issue 1.1 is the
overall effect on groundwater composition. The
effects of changes in groundwater composition will
be used by Investigation 8.3.1.3.7 to calculate the
release of radionuclides to the accessible environ
ment under the conditions of increased infiltration.
EPPMs for radionuclide release via water path
ways for Category C are required at a high confi
dence level for both increased infiltration and
radionuclide release resulting from changes in geo
logic materials of the unsaturated zone. A medium
confidence level is required for a water table rise
into the unsaturated zone. Category D will be con
cerned with radionuclide release resulting from
new water discharge points within 5 km of the can
didate repository. The groundwater composition to
higher flow velocity through the saturated zone
will be suggested. This information will be impor
tant in calculating the radionuclide release to the
accessible environment required by Investigation
8.3.1.3.7 and in resolving Issue 1.1. The EPPM
associated with new discharge points is required at
a medium confidence level, whereas the EPPM for
radionuclide release resulting from an increased
flow rate through the saturated zone is required at a
high confidence level.
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Information Need 1.1.1 requires information on
parameters important to site performance. As dis
cussed above, parameters important to site perfor
mance from the groundwater chemistry study are
the major ion compositions, pH, and Eh. Informa
tion on these parameters will be collected and used
with different environmental scenarios to estimate
changes in groundwater composition over time.

Issue 1.5. Engineered-barrier system performance
Some information necessary to resolve this issue
will come from Study 8.3.1.3.1.1 through Informa
tion Need 1.5.3 (Scenarios and Models Needed to
Predict Radionuclide Release for Waste Package
and Engineered Barrier Performance). This issue
requires that information on changes in groundwa
ter composition with time under different scenarios
be incorporated into calculations of radionuclide
release. In addition, Information Need 1.5.3
includes activities and subactivities that call for
development of a database for geochemical model
ing. Study 8.3.1.3.1.1 will contribute to the data
base through tests and analyses results.

Water quality information required in Information
Need 1.5.3 will be evaluated so that different
ranges of water compositions can be bounded for
calculations of engineered-barrier system (EBS)
and waste-package performance. Specific bounds
on the water compositions will be established by
the EBS and waste-package tasks. Supplemental
information on groundwater composition and
change in groundwater composition from concen
trations of radionuclides will be provided.

Issue 1.8. Siting criteria-favorable and potentially
adverse conditions
Issue 1.8 requires demonstration that the candidate
repository site will contain radioactive waste for
10,000 to 100,000 years at the release limits stipu
lated in 10 CFR 60. This issue will evaluate sever
al favorable conditions for radionuclide isolation
and potentially adverse conditions that could com
promise potential repository performance. Inform
ation on groundwater chemistry is required to eval
uate the effects of different conditions on site per-

formance. Two favorable conditions and four
potentially adverse conditions require information
from Study 8.3.1.3.1.1.

Favorable conditions include groundwater chem
istry that promotes precipitation and soprtion of
radionuclides; inhibits the formation of radionu
clide particulates, colloids, and organic complexes;
and inhibits transport of radionuclides. Study
8.3.1.3.1.1 will determine if these conditions exist
and how stable they are over time and under differ
ent chemical environments.

Another favorable condition concerns the stability
of the mineral assemblages at Yucca Mountain and
the consequences of mineral weathering with time.
Alteration of the present minerals into minerals
with decreased radionuclide retardation capacity is
undesirable, whereas it is considered favorable for
the present minerals to change into those with
increased ability to retard migration of radionu
clides. Study 8.3.1.3.1.1. will evaluate mineral
alteration and the resulting groundwater composi
tion over time.

The first potentially adverse condition to be evalu
ated through this study is to determine any con
stituents or intensive parameters of the present
groundwater chemistry that could increase the sol
ubility of the materials comprising the EBS. These
conditions include pH, Eh, and compositions of
water that could cause increased chemical alter
ation of the EBS, thus altering or destroying its
capacity to retard migration of radionuclides. The
result of such alteration could be the potential for
transport of larger amounts of radionuclides and
ultimately release to the accessible environment in
excess of the limits set by 10 CFR 60.

A second potentially adverse condition involves
circumstances that could reduce the sorption of
radionuclides, degrade the rocks and minerals that
are important to sorption of radionuclides, or
change the geologic system so that radionuclides
released to the accessible environment could
increase over time. Groundwater compositions,
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under different scenarios, will play important roles
in the evaluation of these potentially adverse con
ditions. Other information for this evaluation will
come from studies in the geochemistry program on
mineralogical/petrological mineral alteration and
on mineral-transformation kinetics.

The third potentially adverse condition to be evalu
ated by this study is the possibility for maintaining
a reducing environment in the hydrologic flow sys
tem. The stability of the groundwater chemistry
with respect to redox and specific redox levels will
be important for radionuclide transport calculations
because most radionuclides tend to be least soluble
under reducing conditions. The effects of ground
water compositions on radionuclide solubility
under different Eh and environmental conditions
will be evaluated. Information from Investigations
8.3.1.3.4 (Radionuclide Retardation by Sorption
Process) and 8.3.1.3.5 (Radionuclide Retardation
by Precipitation Process) will be used to assess this
potentially adverse condition.

The fourth potentially adverse condition is the
effect of surface impoundments on the transport of
radionuclides to the accessible environment. This
condition implies increased infiltration of water
into the rocks and minerals of Yucca Mountain, a
higher water table in locations near the impound
ments, or increased mineral alteration in the unsat
urated zones because of alteration of groundwater
composition in the unsaturated and saturated zones
as a result of increased infiltration that induces
changes in minerals and rocks. The effects of
greater infiltration on groundwater composition
and mineral alteration will be calculated, and the
effects of changing groundwater compositions on
radionuclide release will be estimated by this study
and calculated through Investigation 8.3.1.3.7
(Radionuclide Retardation by All Processes).

Rationale for Tests

Technical rationale and justification
Role ofstudy in groundwater chemistry model
The goal of this study is to provide a groundwater

VIII. Applicability, Quality, and Reliability of Results

chemistry model by developing conceptual models
(Activity 8.3.1.3.1.1.1) and mathematical models
(Activity 8.3.1.3.1.1.2). Initially, different prelimi
nary conceptual models will be evaluated because
several sets of parameters, geochemical processes,
and chemical environments could affect groundwa
ter composition. Considering the different aspects
of the preliminary models separately is the most
efficient way to examine the possibilities and to
determine those factors important to the develop
ment of the groundwater chemistry model. The
tests and analyses will show how different chemical
parameters will be identified and isolated. Testing
and calculations will suggest the importance of
parameters, such as pH and Eh, and will isolate the
variables that determine them. Each test is
designed to consider a specific parameter and dif
ferent variables that could be important to ground
water composition. The product of the planned
tests and analyses will be the integration of the test
and calculation results into the preliminary models.
The product of Activity 8.3.1.3.1.1.1 will be a set of
relevant conceptual models used qualitatively to
show different relationships between important
parameters and groundwater chemistry. The con
ceptual model will be used in Activity 8.3.1.3.1.1.2
as initial input for the development of the mathe
matical model. The conceptual models will concen
trate initially on both fracture flow and matrix flow.
Data for one flow mechanism or the other can be
disregarded should only one flow mechanism be
deemed important to radionuclide transport.

Relationship to other site characterization
activities
The unsaturated zone at Yucca Mountain could
provide both a barrier and a pathway for radionu
clide migration from the proposed nuclear reposi
tory. The release of radionuclides from a reposito
ry must be compatible with regulatory limits.
Performance Assessment Issue 1.1 will evaluate
the rate of radionuclide release to the accessible
environment. To resolve the regulatory issues, a
database on groundwater chemistry is required that
includes data on the rock-water interactions con
trolling such parameters as pH, Eh, and the ionic
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composition of groundwater.

The geochemical processes proposed using prelimi
nary models cannot be developed satisfactorily
without additional information on the parameters of
interest. This information, which will come from
other studies as well as this one, will include data
on mineralogy and petrology, mineral alteration,
mineral-transformation kinetics, sorption of
radionuclides and other constituents, climates in
effect in the past, and data concerning composition
of existing saturated and unsaturated-zone water.
These studies will provide information on the kind,
abundance, and spatial variability of minerals (SCP
Study 8.3.1.3.2.1), possible reactions to which the
minerals could be subjected (Study 8.3.1.3.3.2), the
amount of radionuclides and other constituents that
could adsorb onto different minerals (Investiga
tions 8.3.1.3.4 to 8.3.1.3.6), the composition of
groundwater of Yucca Mountain and vicinity (Study
8.3.1.2.2.3), the composition of water derived from
the unsaturated zone (Study 8.3.1.2.2.7), and past
climates in the Yucca Mountain area (Study
8.3.1.5.1.2 and other studies in Investigation
8.3.1.5.1). Information derived from this study will
more fully demonstrate the interaction between
groundwater and rocks or minerals at Yucca
Mountain through a series of tests, described below.
The data from this and other studies will make pos
sible a more specific description of water chemistry
along potential flow paths and of the possible
groundwater composition that could result from
changes in chemical environments.

Some data exist on the interactions of rocks and
groundwater, showing that these interactions can
cause significant changes in groundwater composi
tion and mineralogy. Few studies, however, show
the specific effects of rock-water interactions on
parameters such as pH because the tests are diffi
cult to perform and the parameters are related to
several geochemical processes.

The chemical composition of water is modified as it
flows through different parts of Yucca Mountain.
Water moving through the unsaturated zone is pos-

sibly in contact with minerals much longer than
water moving through the saturated zone. The
effects of long contact time on groundwater compo
sition are continued dissolution of host rocks and
possible precipitation of secondary minerals within
relatively small rock volumes. The concentration of
dissolved constituents in unsaturated-zone water is
expected to be high because the volume of water is
reduced by evaporation of water into the air in the
unsaturated-zone pore space or by the decrease in
the H20 activity through hydration of different min
erals. Data from Study 8.3.1.2.2.3 (Characteriza
tion of Percolation in the Unsaturated Zone-Sur
face-Based Study) and rate of evaporation or miner
al hydration will be used to suggest conditions that
could result in water with high concentration of dis
solved constituents in the unsaturated zone.

Rock-water interactions appear to be a more contin
uous process in the saturated zone than in the unsat
urated zone. Rock-water interactions in the saturat
ed zone may even approach a steady state in geo
logic time. Periodic wetting and drying in the
unsaturated zone, however, may slow mineral alter
ation significantly or result in the formation of
greatly different secondary minerals than those
found in the saturated zone. Thus, more mineral
alteration is expected in the saturated zone and pos
sibly more secondary mineral precipitation, owing
to increased dissolution of host minerals. Study
8.3.1.2.3.2 (Characterization of Saturated Zone
Hydrochemistry) will provide additional data on
groundwater composition, and Investigation
8.3.1.3.2 (Mineralogy, Petrology, and Rock Chemi
stry ) will provide the mineralogy of new bore
holes. This information will be used in modeling
different reactions with minerals and water and in
refining the conceptual model developed by this
study so that a realistic idea of groundwater compo
sition can be formulated.

Study 8.3.1.3.1.1 (Groundwater Chemistry Model)
will use information from the unsaturated zone,
saturated zone, and other studies mentioned above.
The activity demonstrates interactions between
rocks and water that control groundwater composi-
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tions. Computer codes employing calculations
from thermodynamic databases will be used with
the water data and data from other studies to show
plausible reactions and reaction paths that could
produce the observed groundwater composition.
Tests will also be used to supply more detail on the
variables that determine different parameters. The
reactions suggested as a result of groundwater
composition data and computer calculations will be
refined, as needed, to show more specifically the
role of Yucca Mountain rocks and minerals in the
control of groundwater composition and to suggest
how different chemical environments change
groundwater composition through time.

Existing data on groundwater chemistry will be
integrated into the groundwater chemistry model,
and different preliminary models of groundwater
chemistry will be proposed. The preliminary mod
els will be the starting point for further refinement
of ideas and will provide a list of data needs so that
a more realistic conceptual model can be devel
oped. Consideration of alternate preliminary mod
els will result in a conceptual model that examines
different factors controlling groundwater chem
istry. Elimination of preliminary models that are
not supported by the data will result in a set of
thorough conceptual models that will be funda
mental to the development of more quantitative
mathematical models.

The tests outlined above are proposed for three rea
sons. First, these tests wiII be used to evaluate dif
ferent aspects of each preliminary model so that
the model's validity can be tested in parts. The test
results wiII indicate the importance of different
parameters and also the relevance of the different
models to the overall objective of this study. Those
preliminary models remaining after testing will be
considered further.

Second, the test results wiIl provide substantial
data for this study, other studies, and for activities
in the geochemistry and hydrology investigations.
The database created wiII be used in Activity
8.3. I .3. I. I .2. Other tasks, such as Investigation
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8.3. I .3.5 (Radionuclide Retardation by Precipita
tion Process), require information on groundwater
chemistry to be included in the database. The
information obtained from these tests is required
for the development of the final conceptual model
and the mathematical model in Activity
8.3. I.3. I .1.2. This database will be a continuing
resource for other studies, activities, and tasks con
cerned with the chemical modeling of Yucca
Mountain.

Third, the proposed tests will examine the prelimi
nary models and wiII guide the refinement of pre
liminary models and formulation of the conceptual
models. This process wiII make it possible to criti
caIly evaluate the preliminary models through test
results and to eliminate or reduce the inadequacies
of different preliminary models. Through this
method, those aspects of the preliminary models
that are not relevant to the goals of this study will
be identified and eliminated while the most impor
tant elements to groundwater composition are
being studied further.

This method for developing conceptual models
was chosen so that different preliminary models
could be proposed initially, tested thoroughly, and
a final model developed that illustrates the ground
water chemistry at Yucca Mountain. The method
also allows for the inclusion and testing of differ
ent models, as discussed in the SCP Overview
8.3. I.I (Role of Alternative Conceptual Models).
Each preliminary model consists of a set of
hypotheses about the Yucca Mountain system, and
the tests above prove or disprove them. This
method of development also consolidates data on
groundwater chemistry presently found in diverse
sources and other studies within the YMP, thereby
helping the development of the mathematical
model and providing a valuable database for other
studies and activities.

Tests I and 2 are designed to provide information
concerning the processes and reactions that control
composition, pH, and Eh of groundwater at Yucca
Mountain. Knowledge of the rock-water interac-
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tions controlling the concentrations of different
groundwater constituents is central to understand
ing both the present groundwater chemistry and the
groundwater composition that could result from
rock-water interactions under different chemical
conditions over time. Changes in one of the para
meters of interest in Tests 1 and 2 will also change
the values of the other parameters of interest.
Thus, the relationship between the different para
meters, such as pH, redox conditions, and different
minerals that control or determine groundwater
composition, can be examined in detail. The tests
may also indicate that some of the parameters are
stable over wide ranges of chemical environments,
and the impact of these changes on the final con
ceptual model is minimal. Also, transport of
radionuclides through Yucca Mountain in water
depends upon groundwater composition, and solu
bility of radionuclides may be affected by pH,
redox, and the minerals present. Understanding the
role of each parameter on radionuclide solubility
will lead to development of a more representative
conceptual model that qualitatively predicts the
possible fate of radionuclides in groundwater at
Yucca Mountain over time. This type of qualita
tive prediction will be useful to other studies, espe
cially Investigation 8.3.1.3.7 (Radionuclide Retard
ation by All Processes).

Development of the mathematical models in
Activity 8.3.1.3.1.1.2 will integrate the different
tests and hypotheses from Activity 8.3.1.3.1.1.1.
Tests in the first activity will provide the informa
tion required to derive the conceptual models of
groundwater chemistry, and the models will be
tested and quantified in the second activity.
Sensitivity and uncertainty analyses will be part of
the testing-phase mathematical models and will
provide necessary information about how reliable
predictions of groundwater chemistry can be.
Activity 8.3.1.3.1.1.2 will provide the groundwater
chemistry model that is required in the SCPo

The duration of tests will be approximately one
year, or long enough to show no significant water
composition changes over several weeks, that is,

"steady-state" conditions. Calculation of the
effects of changes in different parameters on water
composition, however, will take considerably less
time because no laboratory tests are involved. The
rock-column experiments, especially those with
unsaturated-zone material and unsaturated flow
conditions, will take the most time because of the
complex test apparatus and slow flow rates antici
pated. Replication of rock-column experiments
will be limited because of the duration of each
experiment. However, replication of computer cal
culations will be done frequently because they take
much less time.

The tests will provide a more detailed understand
ing of the parameters and geochemical processes
controlling groundwater composition. The test
results will provide data on and initial estimates of
groundwater composition for development of the
mathematical model in Activity 8.3.1.3.1.1.2.

The tests were designed in kind and number to
examine initial preliminary models and refine them
into specific conceptual models to guide further
work on groundwater chemistry at Yucca Moun
tain. Integration of test results and preliminary
conceptual models will yield a final conceptual
model providing information on groundwater com
position both at present and in the future, as
changed by the influence of different environments.

Test constraints
The tests described here will have little impact on
the repository site. Samples for rock-column
experiments will be obtained from available drill
cores through the sample-management facility
(SMF). Data on mineralogy and petrology will be
obtained on the samples, as needed, to ensure that
well-characterized material is used in the tests.

The accuracy and precision of the analytical meth
ods used in these tests will not limit the use of test
results. Analyses of pH and soluble constituents
are relatively simple, and the detection limits are
low enough to provide useful information on the
parameters of interest. Calculation of Eh using
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concentration ratios of redox couples such as
HiH20, Fe3+/Fe2+, or Mn4 + IMn2+ depend on the
analyses of the redox couples. Gas chromatogra
phy analysis of H2(g) and spectrophotometric
determination of Fe3+/Fe2+ should not place
undue constraints on the Eh values calculated. The
procedures and the limits on precision and accura
cy of different measurements made from these tests
will be developed to reflect sound scientific prac
tice. The accuracy of numerical values will be
checked against National Institute of Standards and
Technology (NIST) standards, and precision of
measurements will be determined by obtaining val
ues from multiple samples, when possible. If an
estimate of the precision of a measurement from a
given test cannot be made owing to the duration of
a given test, this estimate will be made in a differ
ent medium. For example, replicate samples for
measuring the pH of water moving through a rock
column cannot be obtained, but the stability of pH
measurements from a sample can be demonstrated
by determining the pH of known standards or sim
ulated water compositions. Also, care will be
taken during experiments that do not permit repli
cation so that the best measurements of different
parameters are made.

Errors that propagate through computer calcula
tions will be estimated with statistical methods to
assess sensitivity to errors in input data. Errors
enter into the calculations by uncertainty in the
analytical values and error in the values that consti
tute the database used by the chemical speciation
codes. Because large uncertainty can result from
error in database values, the sensitivity of the data
base used will be ascertained. The sensitivity
analysis will be more fully developed in the later
stages of Activity 8.3.1.3.1.1.1 and in Activity
8.3.1.3.1.1.2 as the mathematical model is devel
oped, but initial estimates of model stability will be
worked out in the former activity.

The main 'limitation of these tests is the amount of
time needed to complete them. It is conceivable
that data could be collected from rock-column
experiments for several years, but that time frame
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is longer than the scope of this study. Therefore,
the time needed to establish the experimental con
ditions (for example, the attainment of unsaturated
flow or steady-state flow in a column) will be min
imized so that data collection can begin as soon as
possible at the start of the experiment. The length
of these tests and the complexity of the experimen
tal apparatus will also limit the number of replica
tions that can be completed. Replicate samples
will be run to check the repeatability of the tests
when flow rates through the materials of interest
are rapid. When test apparatus is limited, or if col
umn supports are limited, tests of different materi
als will be given preference over replicate runs of
the same material. Because of the few replications
planned in these tests, the experiments will be
established in the most rigorous manner to mini
mize error in measured values.

These tests will be done remotely, so they will not
interfere with other tests or with the ESF design
and construction. Repository conditions will not
be simulated because this study is concerned with
far-field effects, not those of the proposed reposito
ry and its accessible environment. The results
from this study are also to be used in modeling and
interpreting the experiments in Study 8.3.1.3.6.1,
Dynamic Transport Column Experiments.
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C. DISSOLVED SPECIES CONCENTRA
TION LIMITS AND COLLOID BEHAVIOR

Purpose and Objectives of Studies

This study plan describes two of the studies includ
ed in Investigation 8.3. I .3.5, Studies to Provide the
Information Required on Radionuclide Retardation
by Precipitation Processes along Flow Paths to the
Accessible Environment. These studies are
required by the Site Characterization Plan (DOE
1988) before licensing and construction of a pro
posed repository for high-level radioactive waste at
Yucca Mountain, Nevada. The purpose of these
studies, Dissolved Species Concentration Limits
(Study 8.3.1.3.5. I) and Colloid Behavior (Study
8.3. I .3.5.2), is to supply data for calculating
radionuclide transport along potential transport
pathways from the repository to the accessible
environment. These calculations are needed to
address the overall system-performance objective
for radionuclide releases in 10 CFR 60.1 12 (NRC
1988) (Issue I. I, Total System Performance, SCP
Section 8.3.5. I3), to make findings on the postclo
sure system guidelines and the technical guidelines
for geochemistry in IO CFR 960.3-1-5 (DOE 1988)
(Issue 1.9, Higher-Level Findings-Postclosure,
SCP Section 8.3.5. I8), and to address the siting cri
teria of 10 CFR 60. 122 (Issue 1.8, NRC Siting
Criteria, SCP Section 8.3.5. I7). Specifically, Issue
1.1 requires estimates of the means and standard
deviations of the solubility limits of radionuclide
bearing compounds under the water-chemistry con
ditions expected at the site.

Water moving through the emplacement area
toward the accessible environment can transport
radionuclides in two ways: either as dissolved
species in the water or as particulate material (that
is, natural colloidal materials or radiocolloids) car
ried by the water. This investigation will supply
data and models that can be used to calculate the
concentration limits of dissolved radionuclides in
local water at the Yucca Mountain site. These con
centration limits will be used directly by perfor
mance-assessment models of radionuclide trans-

port. This investigation will also supply data and
models that describe the formation and stability of
radiocolloids in local water. This information will
be used in assessing the likelihood of colloid trans
port (Investigation 8.3.1.3.7, Radionuclide Retard
ation by All Processes). The information will also
be used in the calculations for Issue 1.1, Total
System Performance. Radionuclide solubility and
speciation data and models will also be used to
support modeling of sorptive behavior as a func
tion of water chemistry and radionuclide chemistry
(Investigation 8.3.1.3.4, Radionuclide Retardation
by Sorption Processes).

It is not practical to measure the solubilities of all
radionuclides that may exist in radioactive waste
under all conditions that may occur at the reposito
ry or along flowpaths to the accessible environ
ment. Therefore, the technical approach used to
select radionuclides for solubility measurements
and to select the conditions of these measurements
is based on three criteria:

• radionuclides present in quantities that are
large in comparison with Environmental
Protection Agency (EPA) release limits;

• radionuclides that are likely to reach solubility
limits during transport based on current
knowledge of radionuclide chemistry and
expected repository conditions; and

• conditions for solubility experiments that will
bound expected conditions at the repository or
along flow paths to the accessible environment.

The radionuclides of primary concern are dis
cussed in SCP Section 4. I .3. I. I, Key Radio
nuclides. A review of the chemistry of important
radionuclides is also given in SCP Section 4. I .3.4,
Processes Affecting Radionuclide Concentrations
and Speciation in Solution. These sections, along
with descriptions of the expected groundwater
chemistry (SCP Section 4. I .2, Ground Water
Chemistry) and changes in water chemistry result
ing from waste emplacement (SCP Section 4.2,
Geochemical Effects of Waste Emplacement), form
the basis for the selection of the solubility experi
ments discussed below. The initial emphasis is on
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solubility and speciation for americium, plutonium,
and neptunium. Measurements are also planned
for uranium, thorium, radium, zirconium, tin, and
nickel. The latter elements are included in the test
ing program so that the concentrations can be used
as upper bounds for transport assessments.

Investigation 8.3.1.3.5, Radionuclide Retardation
by Precipitation Processes, consists of two distinct
studies. The goal of the first, Study 8.3.1.3.5.1,
Dissolved Species Concentration Limits, is to com
ply with the NRC's position paper (NRC 1984) by
providing solubility data (concentration limits) for
dissolved species of important radionuclides under
conditions that are characteristic of the repository
and along flow paths to the accessible environ
ment, and to provide a predictive capability for sol
ubility under conditions for which solubility has
not been empirically determined. The results of
this study will be used in the assessment of radio
nuclide releases to the accessible environment and
to assess the existence of favorable or potentially
adverse conditions at the site.

Study 8.3.1.3.5.1, Dissolved Species Concentration
Limits, will consist of three separate Activities:
Solubility Measurements (8.3.1.3.5.1.1), Specia
tion Measurements (8.3.1.3.5.1.2), and Solubility
Modeling (8.3.1.3.5.1.3). The objective of the sol
ubility-measurements activity is first to measure
the solubilities of important radionuclides under
closely controlled experimental conditions. The
objective of the speciation-measurements activity
is to identify important aqueous species of radionu
clides and to determine their formation constants
under prescribed conditions. The formation con
stants (sometimes referred to by the more generic
term of equilibrium constants) define the equilibria
that exist between the radionuclide and its com
plexes in solution. This activity will be necessary
when data are unavailable from sources outside the
Yucca Mountain Project (YMP) or when verifica
tion of the validity of available data is required.
This activity will be conducted concurrently with
Activity 8.3.1.3.5.1.1, Solubility Measurements,
and is intended to fill any data gaps so that a com-
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plete body of solubility data can be adequately test
ed by thermodynamic modeling. The objective of
Activity 8.3.1.3.5.1.3, Solubility Modeling, is to
implement the thermodynamic models and deter
mine the data needed to calculate radionuclide sol
ubilities over the entire range of conditions expect
ed at the repository site. It is clear that there is a
significant interdependence of all three activities in
this study and that all are vital for the success of
the study.

The second study, Study 8.3.1.3.5.2, Colloid
Behavior, will focus on understanding the behavior
of radiocolloids. Within the context of this study
plan, radiocolloids are defined as colloidal aggre
gates composed of radionuclides or simple com
plexes of radionuclides. These should be distin
guished from complex colloids that are composed
of clay or other particulate matter onto which
radionuclides are sorbed. Complex colloids are
considered in detail in Study 8.3.1.3.4.1 (Batch
Sorption) under Activity 8.3.1.3.4.1.4 (Sorption on
Particulates and Colloids). The transport proper
ties of these complex colloids are also considered
in Study 8.3.1.3.6.1 (Dynamic Transport) under
Activity 8.3.1.3.6.1.5 (Filtration). The interface to
these Studies is discussed below. The goal of this
study is to determine the stability of radiocolloids
under site-specific conditions at the repository or
along flow paths to the accessible environment.
The results will be used in the assessment of radio
nuclide releases to the accessible environment and
to assess the existence of favorable or potentially
adverse conditions at the site. This study plan con
siders only one activity in the Colloid Behavior
study: Colloid Formation, Characterization, and
Stability (Activity 8.3.1.3.5.2.1). The objective of
this activity is to determine the conditions that are
favorable to the formation and stabilization of the
radiocolloids and to characterize the physical and
chemical properties of these colloids. The infor
mation obtained in this activity will be used specif
ically by Issue 1.1 (Total System Performance) and
Investigations 8.3.1.3.4 (Radionuclide Retardation
by Sorption Processes) and 8.3.1.3.6 (Radionuclide
Retardation by Dispersive, Diffusive, and Advec-
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tive Transport Processes). Colloid Modeling
(Activity 8.3. I .3.5.2.2) will be included under the
domain of the Solubility Modeling Activity
(8.3.1.3.5.1.3).

In selecting these experiments, we have also con
sidered the generic NRC technical position entitled
"Determination of Radionuclide Solubility in
Ground Water for Assessment of High-Level Waste
Isolation" (NRC 1984). This technical position
serves as guidance in the preparation of detailed
plans for experiments to determine radionuclide
solubility and requires that if radionuclide solubili
ty is used as a factor in limiting radionuelide
release, experiments must be designed to determine
solubility under site-specific conditions. The
experiments discussed in this study plan are meant
to satisfy the requirements of the technical position.

The various parameters that influence solubility
can be divided into three groups:

• those parameters that define the conditions
controlling solubility (water chemistry, tem
perature, and radiation field),

• those parameters that define radionuclide
behavior (radionuelide chemistry, colloid
behavior, and kinetic data), and

• those parameters necessary to understand pre
cipitation processes (models).

The primary areas of choice in designing solubility
experiments involve the conditions of the experi
ment and the elements chosen. Five specific para
meters have been considered in designing the
experiments for the solubility studies: 1) water
composition, including pH and Eh (speciation of
redox-sensitive radionuelides), 2) temperature, 3)
identity of the solid that controls solubility, 4) the
presence of other solids, and 5) radiation effects,
such as radiolysis. Solubilities that represent upper
limits on radionuelide concentrations are of prima
ry concern in defining the experiments. However,
solubility data alone, without an understanding of
the basic thermodynamic processes that determine
the solubilities are of limited value. Thus, our
approach is intended to stress an understanding

through speciation determinations. Thermody
namic modeling will also be used to help under
stand the solubility and speciation behavior of the
radionuclides in the multicomponent aqueous sys
tems found in the Yucca Mountain environment.

An important part of this investigation is modeling
the solubility and speciation of radionuclides (SCP
Section 4. I .3.4, Processes Affecting Waste Element
Concentration in Solution). Modeling will be used
for two purposes: I) to assess the importance of the
various parameters that influence solubility and
speciation (for example, water composition) and 2)
to calculate solubilities under conditions not direct
ly covered by the solubility experiments. Existing
models of solubility and speciation of radionu
elides are based primarily on equilibrium methods.
This emphasis will continue. Equilibrium models
require thermodynamic data for solids that are like
ly to precipitate and for aqueous species that may
be present in the water. We are deriving these data
from literature sources, from other sources within
the Yucca Mountain Project (for example, SCP
Section 8.3.5.10.3.2), and from the solubility and
speciation data collected as part of this investiga
tion. Nonequilibrium or kinetic models will be
used as needed to describe certain aspects of
radionuclide solubility.

Movement of natural radiocolloids is a transport
mechanism that may be active under conditions at
the Yucca Mountain site that may limit the effec
tiveness of the sorption barrier in retarding migra
tion. To assess the potential for colloid transport
(Investigation 8.3. 1.3.4, Radionuelide Retardation
by All Processes), information is needed about the
likelihood of colloid formation under extant water
chemistry conditions at the Yucca Mountain site
and the stability of colloids once formed. Two
radionuclides that may form stable colloids under
these conditions have been identified: plutonium
and americium (SCP Section 4. I .3.4). Because
these radionuclides also contribute significantly to
the radioactivity of the waste inventory, we plan to
examine their potential for colloid formation and to
perform stability experiments.
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Rationale for Species Concentration Limits and
Colloid Behavior Studies

Rationale for dissolved-species concentration
limits
We will determine the solubilities of certain
radionuclides in the far-field environment. The
radionuclides studied will be those found in the
waste to be emplaced at Yucca Mountain. Certain
experiments will be conducted in samples of
groundwater obtained at the Yucca Mountain site.
The results will be used to determine whether the
site is suitable for disposal of radioactive waste.
First, we will measure the upper limit of concentra
tions of the various ionic and colloidal radionu
clides. These data alone will not be sufficient
because groundwater conditions (such as tempera
ture, Eh, and pH) may change; therefore, we will
also determine the actual species present and the
equilibrium quotients of the various reactions. In
this manner, thermodynamic data will be obtained
that can be used in solubility modeling to calculate
solubility limits under any possible conditions at
the repository site, including both the near and far
field. This approach includes an assessment of the
solubility limits of colloidal radionuclides. The
rationale and justification for each of these tasks
are outlined in more detail in the sections below.

Rationale for radionuclide solubility measurements
(Activity 8.3.1.3.5.1.1)
Radionuclide concentrations in water passing
through the emplacement area can be limited by
two mechanisms: low dissolution rates of the solid
waste form or solubilities of individual radionu
clides. If solid-waste dissolution rates are low
enough, it may not be necessary to depend on solu
bilities to limit radionuclide concentrations. How
ever, the solid waste forms have not yet been deter
mined, and therefore the dissolution rates of the
solid waste are unknown. (Note, however, that
information on the water chemistry at the potential
emplacement horizon in the near field will be
determined in Study 8.3.4.2.4.1, Rock-Water
Interactions at Elevated Temperatures.) Determin
ation of radionuclide solubility provides an upper
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bound on radionuclide concentrations in solution
and provides a basis for extrapolation to long-term
behavior. These concentration limits may be high
er than those obtained from solid-waste dissolution
rates for many important radionuclides. Only if the
rate of groundwater flow through the waste is suf
ficiently slow to permit saturation of the water with
radionuclides will the solution concentrations
approach the solubility limits. Therefore, an
assessment of radionuclide release rates using a
saturation-limited dissolution model represents the
most conservative approach possible.

As radionuclides are transported from the emplace
ment area to the far field along flow paths to the
accessible environment, changing water chemistry
(pH, Eh, oxidation state, and concentrations of
complexing species) due to degradation of either
the engineered-barrier system or the geological
barrier can alter solubilities. A knowledge of
radionuclide solubilities under the conditions along
possible flow paths is necessary to assess this sce
nario. Investigation 8.3. I .3.1, Water Chemistry
Within the Potential Emplacement Horizon and
along Potential Flow Paths, provides information
on flow path conditions.

Long times are frequently required to reach steady
state conditions for radionuclide solubility/dissolu
tion. For this reason every conceivable solubility
determination cannot be investigated. We will
select radionuclides, groundwater, pH, Eh, and
temperature to bracket the expected range of condi
tions by choosing parameters that represent lower
and upper limits.

Radionuclides. The radionuclides selected will be
limited to nuclides with solubility-limited dissolu
tion rates (sparingly soluble). Americium, neptuni
um, plutonium, thorium, uranium, radium, nickel,
tin, and zirconium will be investigated in this
study. Cesium, technetium, strontium, iodine, and
carbon have such large solubilities (determined
from the literature database) under the conditions
expected at Yucca Mountain that their dissolution
rates are limited by the dissolution rate of the
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waste, and therefore, these nuelides will not be
considered in this activity.

Water compositions and temperatures. Ideally,
water samples with compositions that bracket the
range of waters expected in the vicinity of Yucca
Mountain should be chosen for solubility and spe
ciation measurements. Much of the needed infor
mation concerning the water composition in the
unsaturated zone will come from Study 8.3.1.2.2.7
(Unsaturated Zone Hydrochemistry). The present
strategy calls for the use of two waters that are cur
rently available from the saturated zones at the site
for the initial solubility experiments. Then, as
information on the water composition in the unsat
urated zone becomes available, it will be compared
with the composition data for the two saturated
waters. If the water compositions are sufficiently
disparate to lead to probable significant differences
in solubilities (that is, higher levels that would
potentially jeopardize solubility as a barrier to
migration), then synthetic unsaturated-zone waters
will be prepared and used for additional solubility
determinations. Note that the variation in solubili
ty based on changes in water composition will be
tested to the extent possible with existing thermo
dynamic data to determine if additional solubility
determinations with synthetic unsaturated-zone
water are warranted. In this way, it should be pos
sible to avoid an excessively large suite of experi
mental determinations.

For the initial solubility experiments, the two
waters available from the site are Well J-13 water
and Well UE-25 p#l water. Well J-13 water taps
the Topopah Spring Member tuff, which contains
the repository horizon. Thus, this water was ini
tially expected to be representative of the water
composition of the unsaturated zone near the pro
posed emplacement area. However, preliminary
results indicate that unsaturated-zone water has
approximately three times greater ionic strength
than Well J-13 water. Well UE-25 p#l taps the car
bonate aquifer that underlies the emplacement
horizon. This water has an ionic strength and total
carbonate content higher by approximately an

order of magnitude than Well J-13 water. Well
UE-25 p#1 water represents natural water with the
highest concentrations of dissolved species expect
ed in the vicinity of Yucca Mountain. The water
from both wells is oxidizing. Generally, radionu
elide solubility studies under oxidizing conditions
lead to higher solubilities for a number of radionu
elides than would occur under mildly or strongly
reducing conditions. Thus, these tests will provide
conservative results. Note also that preliminary
data on the unsaturated-zone waters place the dis
solved-species concentration between that of Well
J-13 and Well UE-25 p#1. Thus, the choice of
these two waters for the initial experiments appears
reasonable based on preliminary data.

In addition, solubility measurements will be done
in dilute sodium-perchlorate electrolyte. These
measurements will provide data for 1) a relatively
simple system in which only hydrolysis occurs and
only oxides or hydroxide precipitates are being
formed and 2) scenarios in which dilute waters re
enter the repository after the thermal period.

The perchlorate electrolyte is used because the per
chlorate anion, CIa;, is a hard base with low ten
dency to coordinate, though some cases have been
established in which a small complexation between
perchlorate ions and metal ions occurs. However,
these interactions are the exception rather than the
rule. This fact is demonstrated by the many report
ed studies for the actinide hydrolysis reaction that
are carried out in perchlorate medium with concen
trations ranging from very dilute (~ 0.1 M) to con
centrated (- 5 M).

An additional variable in the groundwater compo
sition is the possible presence of dissolved species
derived from the waste package and other engi
neered-barrier components. Tests on the reactions
of Well J-13 water with the host rock and on the
metals from which the waste container may be fab
ricated (SCP Section 8.3.5.9.2, Information Need
1.4.2, Material Properties of the Container) were
initiated as part of the waste-package task of the
YMP. Only small changes in water composition
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associated with the contact of Well J-13 water with
the metals tested have been found. However, small
changes in critical constituents (for example,
redox-buffering agents) can significantly impact
solubilities. If changes in the concentrations of
critical components are observed in the experi
ments to determine waste-package dissolution
properties, the solubility conditions outlined in this
study must be re-evaluated and changed as neces
sary. Here, too, an attempt will be made to predict
the change in solubilities of radionuclides as a
result of the changes in water composition using
existing thermodynamic data before experimental
solubility determinations are initiated so that the
number of empirical determinations can be kept to
an acceptable level.

The maximum temperature of the host rock in
which liquid water is present is expected to be lim
ited by the boiling point of water at Yucca Moun
tain (95°C). The solubility experiments that use
Well J-13 water will be conducted at temperatures
between 25 and 90°C. This span covers the range
from pre-emplacement temperatures to the maxi
mum temperature at which solubility would be
important. For Well UE-25 p#l water, solubility
tests will be limited to a maximum temperature of
60°C. Maximum temperatures in the saturated zone
under the emplacement area and those along flow
paths away from the emplacement area are expected
to be less than 6Q°C (Johnstone et al. 1984).

Constraints on solubility studies. The solubility of
radionuclides in solutions of near-neutral pH and
relatively low carbonate concentration (total car
bonate from a to about 0.1 M) is generally con
trolled by solids containing hydroxides or carbon
ates. The formation of hydroxide and carbonate
solids depends on the activity, a(H+), of the hydro
gen ion in solution; therefore, accurate solubility
measurements require continuous control of a(H+).
The conventional measure of a(H+) is pH.
Strictly, pH is defined operationally to yield a
quantity that is easily and reproducibly measured
and approximately equally to -log a(H+). For
solutions of low ionic strength and with pH values
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in the range for 2 to 12, the operational definition
is within 0.02 units of -log a(H+). For the purpose
of solubility determinations, standard deviations in
pH of 0.2 of a unit should be satisfactory for these
near-neutral solutions. If the solubility tests show
a stronger pH dependence, the pH will be con
trolled more tightly, if possible.

The accuracy of measured pH values is controlled
by I) the accuracy of the standard buffer solutions,
certified by the National Institute of Standards and
Technology (NIST), that are used to standardize
the pH electrodes, and 2) the degradation of the pH
electrodes in the time between calibrations. The
accuracy of a newly restandardized pH electrode
will be set by valid standard buffer solutions,
which should not exceed 0.01 of a pH unit. How
ever, pH electrodes degrade when they are continu
ously in contact with the solution. Semiweekly
restan-dardization will limit the resulting degrada
tions to between 0.05 of a pH unit at 25°C and 0.1
at 90°C.

The solution concentrations of the radionuclides
are determined by radionuclide counting (alpha,
beta, and gamma counting) of solution aliquots.
Determination of concentrations requires accurate
measurement of volume and counting rates.
Volumes are measured with calibrated digital
pipettes and Class-A volumetric pipettes and glass
ware having tolerances better than 1.5%. Given
sufficient counting time, counting rates can be
measured to very high precisions. Their accuracy
is limited by the accuracy of commercially avail
able NIST-certified standard sources (typically 2 to
3%). These combined accuracies lead to an accura
cy of about 5% for the concentration determination.

Radionuclide counting will be done to a precision
of 5% whenever possible within reasonable count
ing times. For trace-level concentrations relatively
long counting times may be required to reach this
level of precision, and sample counting to a lower
precision may become necessary. Table 37 lists
counting times in minutes of a I ml sample of
237Np, 239pU, and 243Am that are necessary to
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reach 5%, 20%, and 50% precision at 10-10, 10-9 ,

and 10-8 M, respectively. If the solubility tests
indicate that a higher precision than the initially
chosen one is needed to refine solubility limits, the
sample will be recounted over a longer time.

Rationale for the study of radionuclide speciation
(Activity 8.3.1.3.5.1.2)
The study of speciation of radionuclides is funda
mentally important to the determination of radio
nuclide solubility in the groundwater at Yucca
Mountain. Speciation is strictly defined as 1) the
identification of the radionuclide, 2) the determina
tion of its oxidation state, and 3) the formula or
structure of the ionic or solid complex-that is, the
stoichiometry of the ion as complexed by OH- ions
(for example, hydrolysis) or by other ligands (for
example, carbonate, fluoride, phosphate). Specia
tion can be determined to a lesser degree by, for
example, deducing only the oxidation state of the
radionuclide in question.

Although direct solubility measurements (Activity
8.3.1.3.5.1.1) will provide limits for the concentra
tions of important radionuclides under certain spe
cific groundwater conditions, they cannot possibly

provide concentration limits for all foreseeable
groundwater conditions. Therefore, a basic ther
modynamic characterization of radionuclide speci
ation is needed to bridge any gaps in the data
acquired from direct solubility determinations and
to provide the fundamental thermodynamic con
stants needed for modeling solubility under condi
tions that are not specifically considered in the sol
ubility determination. In the speciation study, we
will attempt to identify the important complexes of
the radionuclides (for example, oxidation states,
the formula or structure of the ionic or solid com
plex, and the extent of hydration or complexation)
that are likely to form under the prevailing ground
water conditions (such as temperature, pH, Eh, and
the concentration of complexing agents) at the
Nevada Test Site (NTS). The speciation study will
also attempt to determine the formation constants
for these complexes.

Rationale for approach to speciation activity.
Carbonate ions are a principal potential complex
ing agent in the groundwater at the NTS, which has
carbonate-ion concentrations as high as 3 X 10-3 M.
Actinides, which typically have quite low solubili
ties in near-neutral solutions, can be complexed by

Table 37. Precision as a Function of Counting Time and Solution Concentration·

Counting time needed to achieve precision (mins)**

Radionuclide Precision 10-10 M 10-9 M 10-3 M

5% 43,127 4,313 431
237Np 20% 2,695 270 27

50% 431 43 5

5% 486 47 5
239pU 20% 31 3 1

50% 5 1 « 1

5% 149 15 2
243Am 20% 10 1 « 1

50% 1 « 1 « 1

*1 ml sample, 100% counting efficiency. **2a values.
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carbonate ligands to form species that have
increased solubility limits. For this reason, the
speciation study will focus on the carbonate com
plexes of the important radionuclides. IfActivity
8.3.1.3.5.1.1 (Solubility Measurements) and
Activity 8.3.1.3.5.1.3 (Solubility Modeling) identi
fy other important complexing agents, such as flu
oride, phosphate, and humates, speciation studies
for these other agents will be considered.

Carbonate-ion speciation of the actinides under
solution conditions such as those expected in the
far field involves equilibria such as

An4 + + mHC03 + nH20 H

[An(OHMC03)m]4--n-2m + (n+m)H+ (71)

where An refers to an actinide element.

It is difficult to study these equilibria directly using
conventional methods because, at environmentally
relevant pH values, the concentration of An4 + is
extremely low. These experimental difficulties can
be overcome in several ways. We are currently
pursuing two of the more promising approaches.
First, we have developed modem, ultrasensitive,
laser-based spectroscopic techniques that include
the absorption-based probes known as photoa
coustic spectroscopy (PAS), the related method of
photothermal-deflection spectroscopy (POS), and
the complementary, emission-based probe known
as laser-induced fluorescence (LIF) spectroscopy.
Because of the extreme sensitivity of these meth
ods, speciation data can be obtained directly for
solutions having site-specific characteristics. The
second approach is the method of competitive
complexation that uses conventional (transmission
based) electronic-absorption spectroscopy to obtain
speciation data. For some radionuclides, such as
plutonium and americium, this approach requires
some deviations from the actual solution condi
tions and compositions expected for the groundwa
ter at the repository site so that sufficiently high
concentrations of the radionuclide species can be
maintained. However, for the more soluble radio
nuclides, such as uranium and neptunium, this
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method is directly applicable under site-specific
conditions in many cases. The principal advantage
of this method is experimental expediency in that
the spectroscopic techniques are well established
and straightforward in implementation. Therefore.
scoping experiments can be carried out with mini
mal expenditure of resources. In addition, this
method will provide valuable spectral signatures
for speciation at higher concentrations, which can
be used to assist in interpretation of speciation data
obtained from other methods.

Both the methods based on advanced laser-spectro
scopic probes (PAS, POS, and LIF) and the com
petitive-complexation method rely on information
contained in the electronic absorption-band struc
ture of the radionuclide species to characterize spe
ciation. The principal electronic transitions that
give rise to these characteristic absorption bands
are Laporte-forbiddenJ-Jtransitions. Although
these transitions do not involve bonding electrons,
the energies, intensities, and numbers of transitions
in the total absorption spectrum change in a very
sensitive way in response to perturbations induced
by the coordination environment (that is, the ligand
field) of the radionuclide ion. Thus, different
species of the same metal ion possess distinctive
absorption spectra. However, because the spectral
transitions are, in general, parity-forbidden, the
intensities are extremely low (E < 50 M-1 cm-I is
not uncommon). This fact, coupled with the inher
ent low solubility of these species under solution
conditions in the groundwater, is the cause of the
formidable experimental challenge to the charac
terization of speciation in these systems.

The principal advantage of the methods based on
advanced laser-based spectroscopic probes lies in
the extreme sensitivity of the detection schemes.
In general, photothermal effects occur when light
is absorbed by any state of matter (solid, liquid, or
gas) and the absorbed energy is subsequently con
verted into heat as a result of radiationless deacti
vation. The evolved heat produces two prominent
effects. One is a thermal expansion that creates an
acoustic pressure wave, which is the effect used in
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PAS. The second is the generation of a gradient in
the index of refraction in the medium surrounding
the absorber. This gradient can be probed optically
and is the basis of PDS. Photoacoustic and pho
tothermal-deflection spectroscopies result when
these two effects are engendered by monochromat
ic light tuned through a wavelength range of inter
est. The acoustic signal is detected using a very
sensitive pressure-transducing device. such as a
piezoelectric crystal. The index-of-refraction gra
dient is determined by precisely measuring the
deflection of the light beam from a small probe
laser. Thus. the only difference between PAS and
PDS is in the method of detection of the evolved
heat. In both cases, the magnitude of the measured
signal as a function of excitation wavelength is
directly related to the absorption spectrum of the
illuminated sample. The extreme sensitivity of
these two techniques results when a high-intensity.
short-duration, pulsed laser is used to excite the
samples and the analytical signal is measured using
gated detection methods. Laser-induced fluores
cence spectroscopy is simply analytical fluorimetry
that uses the special properties of pulsed-laser exci
tation to gain sensitivity and resolution. It can be
seen that PAS, PDS, and LIF are exactly comple
mentary techniques. If a sample loses the energy
of excitation by emitting light. there is little ther
mal effect. and LIF is the appropriate tool for
analysis. Conversely. if the excitation energy is
readily lost as heat. little light is emitted. and PAS
and PDS are the best methods.

PAS and PDS offer the same advantage for
enhanced sensitivity relative to conventional trans
mission-based absorption spectroscopic probes as
do LIP and other emission-based spectroscopic
probes. This advantage is that both PAS and PDS
are true zero-background analytical tools; that is,
the analytical signal is measured against a negligi
ble background signal. This method contrasts with
conventional absorption methods in which the ana
lytical signal is derived from the small difference
between two large light levels. In addition. laser
excited PAS and PDS (and LIP) are particularly
effective for analytes with narrow absorption tran-

sitions because the absorption bands can be
scanned using a single laser dye. Accordingly,
these techniques are ideally suited for the study of
actinide speciation because the electronic spectra
for these species are dominated by the characteris
tically narrow f-ftransitions.

Photoacoustic and photothermal-deflection spectro
scopies and LIP have what may legitimately be
called ultimate sensitivity. It has been demonstrat
ed that LIP can detect as few as eight molecules of
a substance in solution. However, most of these
measurements (excluding vibrational PAS and
PDS) involve probing electronic spectroscopic
transitions and. as such, are notoriously difficult to
relate a priori to specific structural (speciation) fea
tures. The spectra are quite sensitive to structure,
but the relationships between spectral signatures
and structures must generally be established empir
ically. Accordingly, part of our task will be to
establish these spectral signatures for the actinide
species extant under environmentally relevant con
ditions. We will use existing and new analytical
data that have been derived from using competitive
complexation and other methods (see below) to
establish spectral signatures for radionuclides that
exist at higher concentrations than those expected
in the natural environment. Using PAS and PDS,
we will perform serial dilution studies ranging from
high concentrations to those of environmental sig
nificance. This approach will enable us to track the
evolution of speciation down to environmentally
significant conditions or the detection limits of the
techniques. Implicit in all this work is the necessi
ty of modeling the spectral properties of complex
mixtures of species to assist in assigning spectral
signatures and in assessing the contributions of
each species to the total spectroscopic signal.

For the studies based on the competitive-complexa
tion method, the citrate ion has been chosen as the
competitive-complexing agent. Previous work with
the actinides has shown that the carbonate ion com
petes successfully with the citrate ion for the coor
dination sites on the actinide ions. The competi
tive-complexation method involves three stages of
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investigation: I) the study of the pure carbonate sys
tems, 2) the study of the pure citrate systems, and
3) the study of the mixed carbonate-citrate systems.
All three stages are necessary so that the formation
constants for the carbonate complexes can be
expressed in terms of the principal radionuclide
species present in aqueous solutions (An4 + in Eqn.
71). Some results for the pure carbonate and citrate
complexations of the actinides already exist in the
literature. The present study will confirm and
extend the previous work for the first two stages.

This approach to the determination of the identity
of the radionuclide species and their formation
constants often necessitates some deviation from
site-specific conditions at the repository. In partic
ular, the concentrations of the radionuclides, such
as plutonium and americium in the test solutions,
will have to be significantly higher than those like
ly to be present in the groundwater because of the
relative insensitivity of conventional electronic
absorption spectroscopy. To permit a reliable
determination of the speciation and thermodynamic
constants, the concentrations of the various species
must be large enough to provide easily measurable
absorbance values. However, by determining ther
modynamic data, the behavior of the radionuclides
can, in principle, be extrapolated to any regime.
These studies will also provide species-specific
spectral signature data for use in interpreting
results obtained by other methods.

Two valuable adjuncts to the laser-spectroscopic
and competitive-complexation methods described
above are x-ray absorption spectroscopy (XAS) and
nuclear-magnetic-resonance (NMR) spectroscopy.
These techniques enable the direct determination of
structural information (coordination numbers, lig
and identities, bond distances, and valence) for
species in solution, allowing, in principle, for a
complete unambiguous specification of speciation.
The conventional XAS technique is applicable at
the millimolar concentration level for the actinides,
and advanced detection methods can likely extend
this range down to the micromolar level. Likewise,
IH, DC, and 170 NMR techniques are readily
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applicable at the millimolar level for radionuclides
and can be extended to lower levels by using more
powerful magnetic fields. These lower detection
limits are still not sufficiently sensitive for directly
probing many of the actinide species that exist
under environmentally relevant conditions. How
ever, the combination of competitive-complexation
methods (high concentrations), XAS and NMR
methods (high and intermediate concentrations),
and PAS, PDS, and LIF methods (intermediate and
low concentrations) should provide a complete
description of radionuclide speciation.

Other experimental methods of studying radionu
c1ide speciation are also available, including poten
tiometric-electromotive-force (EMF) determina
tions as a function of complexant concentration
and pH, solvent extraction, ion exchange chro
matography, solubility, and enthalpy titrations.
None of these methods is without certain limita
tions and drawbacks. Nonetheless, all are poten
tially useful for this speciation study, and a contin
uing appraisal of the progress made with the com
petitive-complexation method and PAS, PDS, and
LIF methods vis-a-vis the possibility of applying
these other methods seems most prudent at present.

As described below, many of the detailed tests and
analyses that make up this speciation study are
under development. As this activity evolves, we
will change the methods and approaches as neces
sary to obtain the information needed in the most
practical manner. At present, we expect to conduct
all of the proposed experiments (with the exception
of x-ray absorption spectroscopy) at Los Alamos
National Laboratory. In addition, it is expected
that site-specific data on the speciation of the
radionuclides of interest can be obtained through
simulation of anticipated repository conditions.
Therefore, this activity should have no direct
impact on the proposed Yucca Mountain site, with
the exception of the potential need for groundwater
samples from the site. Although the expected
results from this activity are needed by several
other activities and information needs (see "Pur
pose and Objective of Studies" above), the results
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are not needed for the initiation of any other YMP
activity. Thus, there are no specific time con
straints on this activity. The required level of accu
racy, where meaningful and appropriate, and the
precision for most of the measurements in this
activity are conservatively estimated at - 5%. At
this level, the data will be valid and significant to
the issues and information needs. In all cases, we
will endeavor to obtain results with the highest
possible levels of statistical significance.

Constraints on the speciation activity. It is imprac
tical to study speciation for all of the radionuclides
that may be present in the waste to be emplaced at
the repository. For this reason, the primary guid
ance for choosing which radionuclides to study will
come from the EPA listing on release limits in 40
CFR 191 (EPA 1982, Appendix A, Table I).
Potential candidates for speciation studies will be
those radionuclides that are expected to be present
in the repository in quantities that are large in com
parison with their EPA release limits. The potential
list of radionuclides will be further constrained to
include only those that are likely, based on present
knowledge of radionuclide chemistry and expected
repository conditions, to have groundwater concen
trations that are limited by solubility during trans
port. Additional guidance in selecting candidate
radionuclides for speciation studies will come from
Activities 8.3.1.3.5.1.1, Solubility Measurements,
and 8.3.1.3.5.1.3, Solubility Modeling. The initial
emphasis for the speciation studies, based on the
above criteria, will be on neptunium, plutonium,
and americium. Subsequent studies will be con
ducted as necessary for uranium, thorium, radium,
zirconium, tin, and nickel. Note that the speciation
and complexation properties of many of the
radionuclides in this second tier are already fairly
well understood because there are stable nuclides
(zirconium, tin, and nickel) that can easily be han
dled, or because the radionuclides have low specif
ic activities (thorium and uranium) that greatly sim
plify handling. Thus, additional speciation studies
for this second tier should be limited in scope and
are presently scheduled for the final two years of
the Speciation task. Speciation determinations for

all radionuclides enumerated above can be conduct
ed using the suite of techniques described above.

It is also impractical to carry out speciation studies
under all conditions that may occur at the reposito
ry and along all flow paths to the accessible envi
ronment. For this reason, experimental conditions
for the speciation studies (concentration of radio
nuclides, temperature, pH, Eh, and concentration of
complexing agents) will be chosen (in consultation
with investigators in Study 8.3. I .2.2.7, Unsaturated
Zone Hydrochemistry) to provide the soundest pos
sible thermodynamic results, which, in some cases,
may require that data be collected under conditions
that are not typical of those expected at the reposi
tory site. However, reliable thermodynamic results
will also allow extrapolation with minimal uncer
tainty of radionuclide solubilities and other proper
ties to site-specific conditions.

Rationale for solubility modeling studies (Activity
8.3.1.3.5.1.3)
Solubility modeling analysis has two purposes: I)
to assess the importance of the various parameters
that influence the solubility and speciation of
radionuclides (for example, groundwater chem
istry) and 2) to calculate the solubilities of radionu
c1ides under conditions that are not directly cov
ered by Solubility Measurements (Activity
8.3.1.3.5.1.1) and Speciation Measurement
(Activity 8.3.1.3.5.1.2).

The primary environmental parameters that control
solubility and speciation are groundwater chem
istry, groundwater temperature, and radiation. The
ranges of these parameters that will be covered in
this analysis are governed by the conditions expect
ed at the proposed Yucca Mountain repository and
along flow paths to the accessible environment.

The conditions covered by the solubility modeling
analysis are the same as those outlined by Kerrisk
for solubility measurements. Table 38 summarizes
these conditions. The sensitivity of the solubility
of important radionuclides to variations in ground
water chemistry and temperatures within the
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ranges listed in Table 38 will be evaluated. If it is
experimentally determined that radiation is a sig
nificant parameter, attempts will be made to evalu
ate the sensitivity to variation in the radiation field.
Input will also be obtained from Study 8.3.1.3.1.1,
Groundwater Chemistry Model, to insure that all
potential groundwater chemistries are considered
in modeling radionuclide speciation.

Rationale and justification for the approach used to
model solubility. The initial approach to modeling
solubility and speciation is to use an equilibrium
(thermodynamic) model. The model chosen is the
EQ3/6 chemical-equilibrium computer program.
Modeling solubility and speciation involves a two
step process: 1) validating the model and the ther
modynamic data that support the model by com
paring calculated solubilities and aqueous species
concentrations of radionuclides with results from
well-controlled experiments and 2) using the vali
dated model to calculate solubilities as needed for
sensitivity analyses or for support of performance
assessment.

Using EQ3/6 to calculate radionuclide solubilities
requires a set of thermodynamic data for the major
aqueous species and the solids that could precipi
tate for each radionuclide of interest, as well as
data for the constituents of the groundwater at
Yucca Mountain. These data are obtained by ana-
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Iyzing the results of speciation and solubility
experiments involving the radionuclides, by per
forming theoretical calculations, and by making
comparisons with elements whose chemical behav
ior is similar. Many of the data needed have been
obtained from the chemical literature. An evalua
tion of this literature database, modification of
existing data, and the addition of new data found to
be needed to model solubility represent a major
part of this modeling activity. A significant amount
of database evaluation and modification has taken
place under the auspices of the Geochemical
Modeling and Database Development Activity
(WBS 1.2.1.4.5) at Lawrence Livermore National
Laboratory. However, this work has not empha
sized radionuclides.

It is not certain at this time whether equilibrium
models will describe the solubility of all important
radionuclides. Models involving kinetic behavior
or other nonequilibrium phenomena may be
required to adequately model observed behavior.
Nonequilibrium models will require additional
input information, including rate constants and
reaction mechanisms. It is improbable that all nec
essary input data can be collected under the experi
mental activities described here. If nonequilibrium
modeling appears necessary, it will only be imple
mented using assumptions concerning missing
input data, and conclusions drawn from the results

Table 38. Environmental Conditions for Solubility Modeling

Parameter

Water chemistry

pH

Temperature

Redox conditions

Radiation

'Kerrisk (1985)

Range of conditions

Simple neutral electrolyte (NaCI04 ) through complex,
multi-ion solution approximating Well UE-25 p#1 water.

5 to 11

20 to 95°C

o to 500 mV (versus normal hydrogen electrode)

Alpha activity from waste-element isotopes. The effect of
radiation is actually incorporated into the pH/Eh ranges. *
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of the nonequilibrium modeling will be qualified
with respect to the level of approximation and the
projected impact of the approximate result.

In addition to solubility, speciation, and thermody
namic data obtained from the literature and other
sources within the Yucca Mountain Project (SCP
Section 8.3.5.10.3.2), solubilities of important
radionuclides obtained from solubility measure
ments (Activity 8.3.1.3.5.1.1) and formation con
stants of important aqueous species obtained from
speciation measurements (Activity 8.3.5.3.5. I .2)
are needed to perform the analyses described here.
Data are also needed that describe the expected
conditions at the repository and along flow paths to
the far field. The most important environmental
information is groundwater chemistry (Activities
8.3.1.2.2.7.2, Aqueous-phase Chemical Investiga
tions; 8.3. I .2.2.4.8, Hydrochemistry Tests in the
Exploratory Shaft Facility; and 8.3.4.2.4. I.3,
Composition of Vadose Water from the Waste
Package Environment).

Constraints on the solubility modeling study.
Solubility modeling depends on site-characteriza
tion activities to define existing and expected
future conditions at Yucca Mountain. Solubility
calculations used in these models will be validated
only for the range of environmental conditions
covered by Solubility Measurements (Activity
8.3.1.3.5. t.t) and Speciation (8.3.1.3.5.1.2). Small
extrapolations are possible for groundwater com
positions or temperatures different from those from
which the data have been derived. Equilibrium
modeling is limited by the assumption that, over
the time scale of interest, chemical equilibrium
exists in the system. This limitation is relieved to
some extent by the validation process. Solubility
and speciation measurements will identify the
solids controlling solubility. This experimental
work, used in conjunction with assumed equilibri
um in the aqueous phase, allows application of this
technique.

The Solubility Modeling activity is presently
scheduled to begin in fiscal year 1994. This start-

ing date anticipates the availability of a version of
EQ3/6 that has undergone software quality-assur
ance review. This starting date will be timely
enough to accomplish the necessary interfaces and
provide the needed support for SCP Activities
8.3. I .3.5.1. I and 8.3. I .3.5. I .2. However, if initia
tion of modeling studies is further postponed, or if
the modeling code must be qualified, the schedule
for Activity 8.3. I .3.5. 1.2 in particular will need to
be adjusted.

Rationale for the study of colloid formation,
characterization, and stability (Activity
8.3.1.3.5.2.1)
Rationale and justification for the selection of
properties of radiocolloids
Several radionuclides that are expected to be found
in the waste emplaced in the potential repository
are known to form natural colloids under chemical
conditions similar to those found in the groundwa
ter at the Yucca Mountain site. These colloids
could form in the emplacement area or along flow
paths to the accessible environment, and thus
radionuclides could be transported as colloids or
dissolved species, or both. In addition, the colloids
may disintegrate into other soluble ionic species.
Therefore, a thorough characterization of these col
loids under relevant conditions is essential to per
mit assessment of the concentration limits and
transport mechanisms for the radionuclides at the
site. Substances other than radionuclides form
small particles that can be suspended in solution.
Radionuclides may be adsorbed on these solids,
forming complex colloids that could be transported
in groundwater. Complex colloids are considered
in detail in Study 8.3. I .3.4.1 (Batch Sorption)
under Activity 8.3.1.3.4. 1.4 (Sorption on Particu
lates and Colloids). The transport properties of
these complex colloids are also considered in
Study 8.3. I .3.6.1 (Dynamic Transport) under
Activity 8.3.1.3.6.1.5 (Filtration). This study will
attempt to characterize the radiocolloids by collect
ing data and other existing information pertinent to
the following questions.

• Which radionuclides can form colloids?
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• What chemical and environmental conditions
favor the formation of these colloids?

• What are the chemical and physical properties
of these colloids?

• What factors influence the stability of these
colloids?

The first question has been investigated in detail.
At present, only plutonium and americium have
been identified definitely as colloid-forming radio
nuclides. In the initial stages of the investigation,
we will emphasize the study of plutonium colloids
because it is expected to be an important form of
plutonium in the far field. In subsequent stages of
this study, we will focus on colloidal americium. If
the solubility studies identify colloidal neptunium
as an important species, this species will also be
incorporated into the latter stages of the colloid
study. No other colloidal radionuclides of conse
quence are anticipated.

The remaining three questions all pertain to the
fundamental properties of the natural radiocolloids,
but in a very broad sense. To focus this investiga
tion, it is first necessary to enumerate the specific
colloidal properties that will be studied and to indi
cate the importance of these properties to YMP
issues and information needs. The emphasis of the
research in this activity will be to elucidate these
specific colloid properties. All fundamental colloid
properties fall into one of two categories: those that
can be classified as physical characteristics and
those that can be classified as chemical characteris
tics. This distinction is convenient primarily for
organizing the discussion of this activity.

The most important physical characteristics of the
natural colloids are particle size, density, and bulk
charge. All three of these are expected to be espe
cially important in determining the transport char
acteristics of the natural colloids because these
parameters govern such important properties as fil
tration, adsorption, and sedimentation. Knowledge
of these physical characteristics is also crucial to
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the investigation of the chemical properties of the
colloids because the chemical interactions will be
predominantly heterogeneous (that is, colloidal
suspensions, or sols, interacting with species dis
solved in solution). Thus, it will generally be
desirable to be able to specify colloidal surface
areas (which can be estimated from particle-size
data) and bulk charges for experiments designed to
elucidate the chemical properties of the colloids.

The most important chemical characteristics of the
natural colloids are chemical reactivity and col
loidal structure. Reactivity refers to the rates and
mechanisms of all chemical processes (including
self-radiolysis) affecting colloid formation and sta
bility, as well as to chemical equilibria. Thus, both
equilibrium (thermodynamic) and nonequilibrium
(kinetic) conditions are important to this study. We
will study chemical reactivity to determine the
influence of solution conditions on colloid forma
tion and stability. In particular, fundamental
processes, such as the hydration of the aquated
Pu4 + ion and the subsequent formation of Pu(IV)
colloid or the dissolution of colloidal suspensions,
are all manifestations of the thermodynamic or
kinetic properties of the colloids. Colloidal struc
ture refers to the specification of colloid stoichiom
etry, the description of chemical bonding at the
molecular level, and a specification of the disposi
tion of the various atoms in the colloidal matrix.
There are several important reasons for character
izing the structure of colloids. One of these is to
obtain chemical bonding data (for example, metal
to-oxygen bond strengths) to aid in interpreting
observed reactivity data. Another is that a valid
structural description of the disposition of the
atoms in the colloid will aid in understanding and
modeling colloid formation and dissolution and in
understanding physical properties, such as bulk
charge distributions and adsorptive interactions.

Rationale and justification for the tests and analy
ses selected to investigate the properties of radio
colloids
We are currently developing the various tests and
analyses to be performed for this activity. Surpris-
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ingly little is currently known about either the
physical or the chemical characteristics of even the
best-characterized radiocolloid, the Pu(IV) colloid.
Thus, it is impossible to determine at this point
which of several possible test methods will provide
the best route to a desired piece of information.
For this reason, no preference for any particular
method has been established. Instead, a reasonable
and prudent course of experimentation has been
devised to provide data on all of the aforemen
tioned colloidal properties. Certain procedures and
techniques that will form the basis of the initial
phase of this investigation are outlined below.
However, as data are collected and analyzed, new
experimental approaches and techniques for
acquiring additional information necessary for
thorough characterization of the colloids will be
suggested. These new approaches will be incorpo
rated in this activity, as necessary.

Before describing the specific test methods to be
implemented in the initial phase of the investiga
tion, several general remarks are in order. The first
concerns the specification of the experimental con
ditions that will be used in this activity to charac
terize colloidal properties. Because so little is cur
rently known about the properties and behavior of
the radiocolloids and because the best experimental
approaches have not yet been identified, we will
not initially emphasize experimental conditions
that duplicate those expected at the proposed
repository. Rather, most of the initial work will be
carried out under conditions (such as dilute miner
al-acid solutions at room temperature) that have
been used in earlier efforts to study actinide col
loids, which is the most direct approach to assess
ing the various test methods. Subsequent experi
mental work in this study will be more project-spe
cific and will be carried out under a wide range of
experimental conditions, including variations in the
chemical composition of the water, temperature,
and intensity of the radiation field. This experi
mental range will bracket the actual range of con
ditions expected at the repository and along the
flow paths to the accessible environment. How
ever, for completeness, we will rigorously simulate

certain anticipated repository conditions (for exam
ple, by duplicating the chemical composition of
water from Wells 1-13 and UE-25 p#l for part of
the experimental work).

At this time, it is expected that all of the proposed
experimental work will be carried out at Los
Alamos National Laboratory and that site-specific
data on colloid properties can be obtained by simu
lating anticipated repository conditions. Thus, this
activity should have nodirect impact on the pro
posed Yucca Mountain site, with the exception of a
possible need for groundwater samples from the
site. Although the results from this activity are
needed by several other activities and information
needs (see "Purpose and Objective of Studies"
above), it is not necessary that the results be avail
able for these activities to begin. For this reason,
there are no specific time constraints on this activi
ty. Finally, the required levels of accuracy, where
meaningful and appropriate, and precision for most
of the chemical and physical properties of the col
loids are conservatively estimated at - 5%. Many
of these data will still be valid and significant to
the issues and information needs at even lower lev
els of accuracy or precision. Despite this fact, we
will endeavor to obtain results with the highest
possible levels of statistical significance.

Rationale for the tests selected to elucidate the
physical characteristics of radiocolloids. The phys
ical characteristics of the radiocolloids to be inves
tigated are particle size, particle density, and bulk
particle charge. A logical working assumption in
this investigation is that these physical properties
may vary as a function of the chemical composi
tion and temperature of the solutions in which the
colloid forms and as a function of time. To assess
the effects of these variations, we plan to conduct
experiments in which pH, ionic strength, ionic
composition, and temperature are varied. The
investigation of the time dependence in the physi
cal properties of the colloids is particularly impor
tant because the degree of time dependence will
indicate the stability of the colloidal particles.
Experiments will be conducted as a function of
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time to I) determine the rate of aggregation and dis
aggregation of the particle, 2) establish whether
there are upper limits to particle size or density,
and 3) determine whether these properties reach
steady-state values. We will conduct the experi
ments with different isotopes, at least for the pluto
nium-colloid investigation, to examine the influ
ence of alpha radiation fields on the physical prop
erties of the colloids.

Particle-size determination ofcoLLoids. The initial
efforts to determine colloid particle size will rely
on a technique known as autocorrelated photon
spectroscopy. This work will be done in collabora
tion with the Investigation 8.3.1.3.6, Radionuclide
Retardation by Dispersive, Diffusive, and Advec
tive Transport Processes. This method is based on
the quasi-elastic scattering of incident laser light by
particles suspended in solution and undergoing
random diffusion (that is, Brownian motion). The
scattered light is collected and analyzed for intensi
ty as a function of time. The result is an autocorre
lation function, which is deconvolved for the diffu
sivity of the colloid particle. From the diffusivity,
we can calculate the hydrodynamic radius (that is,
the particle size in solution) by the well-known
Stokes-Einstein relationship. In addition, by study
ing the angular dependence of the scattered light
intensity, it is possible to determine the degree of
sphericity of the colloid particles. The degree of
sphericity is not a high priority in this investiga
tion, but some samples may be examined for this
property.

This technique has many advantages over other
possible particle-sizing methods, such as electron
microscopy and ultrafiltration. Foremost among
these advantages is that APS provides absolute size
information on colloid particles suspended in the
solution in their natural hydrated state. Further, the
size information includes both the mean particle
size and the distribution of particle sizes about the
mean. It is also possible to detect bimodal size dis
tributions and degrees of sphericity as discussed
above. In contrast, electron microscopy can pro
vide specific size information but requires that the
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particles be dried. Thus, the data provided by this
method may not adequately reflect colloid proper
ties. Ultrafiltration using submicrometer-sized fil
ters can be used on colloid samples suspended in
solution, but the result is only upper and lower lim
its of particle size. The limits are set by the avail
ability of commercial filters of sufficiently uniform
pore size, and at present, this availability is inade
quate. In addition, colloidal particles adsorbed on
the filters can interfere with this filtration method.

APS is not easily applied if there is a high degree
of polydispersivity in the colloid particle size. In
addition, extreme care must be taken to remove or
exclude dust particles and gas bubbles from the test
solutions. Based on some preliminary results, the
former limitation is not expected to cause problems
in the radiocolloid study, and the latter limitation
can be overcome with attention to experimental
technique. The accuracy of the APS method is
expected to be - 5%, which is adequate for this
investigation. The level of precision is comparable
and is also adequate for this study.

Determination ofcoLLoid particle density. We will
determine the density of the radiocolloid particles
by an ultracentrifugation technique. Solutions of
the suspended colloid are centrifuged at very high
centripetal force to effect a separation of the col
loid, and the resulting stratified solution is ana
lyzed for colloid concentration as a function of
depth in the centrifuge tube. We can then calculate
the colloid density from the laws of sedimentation.
However, a critical component in this calculation is
particle size. Thus, to determine the density, it will
be necessary to determine the particle size. All
other factors involved in the density calculation are
either experimental constants or well-known physi
cal constants. In principle, it is possible to get
some information about the density-dependent dis
tribution of colloids by analyzing sufficiently small
depth increments in the centrifuge tube.

There are few, if any, other methods for determin
ing colloid particle density. It may be possible to
use simple pycnometric techniques to get some
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indication of colloid density, but because this
approach is certain to be cumbersome and likely to
be inaccurate, it is not currently under considera
tion. The accuracy and precision of the ultracen
trifugation method for determining colloid particle
density will be comparable to that obtained in the
published report (Rundberg et al. 1988). These
levels of accuracy and precision are expected to be
adequate for this investigation. Finally, although
adsorption of colloid particles on the centrifuge
tube walls may alter the results produced by the
ultracentrifugation method, it should be possible to
mitigate this problem by proper treatment of the
walls of the tubes or by correcting for this effect in
the calculations.

Determination ofcolloid bulk charge. No specific
decisions regarding the methods for determining
the bulk charge on the colloidal particles have yet
been made, but two approaches are currently under
consideration. The first approach is to use elec
trophoresis, in which the charged particles of inter
est are suspended in an appropriate support medi
um and a high electric potential is imposed across a
pair of electrodes in the medium. The charged par
ticles then migrate in response to the electric
potential. The extent of migration of the particles
as a function of the applied potential and time can
be used to calculate the charge-to-mass ratio of the
particles. Then, having determined the average
mass of the colloid particles from size and density
data, we will be able to ascertain the average bulk
charge on the colloid particles. A commercial
instrument (ZetaSizer) is available for these deter
minations.

A second possible approach to determining bulk
charge on the colloids is to use the proven ability
of certain simple inorganic anions, such as nitrate
(NO), to precipitate the colloid as a "salt" of the
anion. This method is used to study the variations
in the concentration of the unprecipitated colloid as
a function of the concentration of the simple anion.
Mathematical expressions similar to solubility
product expressions are then used to determine the
particle charge. Although this approach appears to

be straightforward from an experimental point of
view, it is unclear at this time whether such a tech
nique would be generally applicable to the study of
all radiocolloids and under all the relevant chemi
cal conditions.

It is impossible at present to assess the accuracy or
precision of either of these techniques for deter
mining bulk charge on the colloids. However, the
most important piece of information concerning
bulk charge is the sign of the charge (that is,
cationic or anionic). This will be determined with
high accuracy by either method. For the absolute
magnitude of the charge, uncertainties of from 10
to 20% are probably acceptable. The anion-precip
itation technique is inherently less accurate than
the electrophoresis method because the data analy
sis required in the precipitation method involves
construction of logarithmic concentration plots
("log-log" plots), which tend to be somewhat
insensitive. However, even this assessment is ten
tative because it is still unclear what the magnitude
of the bulk-charge values will be. Large values for
the bulk charge would reduce the amount of uncer
tainty in the precipitation method. Clearly, the pre
cipitation method offers the advantage of experi
mental simplicity. Thus, a definite choice of tech
niques for determining the bulk-charge parameter
will likely have to await testing of both methods.

Rationale for the tests selected to elucidate the
chemical characteristics of radiocolloids. The prin
cipal chemical characteristics of the radiocolloids
to be addressed in this activity are reactivity and
structure. It is expected that the chemical charac
teristics of the colloids will be influenced by the
chemical composition and temperature of the solu
tions containing the colloids and will perhaps vary
as a function of time. In fact, variation in the
chemical composition and temperature of the solu
tions containing the colloids will be one of the pri
mary methods used to elucidate the chemical reac
tivity properties of the colloids. The structure of
the colloids may also be strongly dependent on the
composition of the solutions, particularly with
respect to the identities and concentrations of the
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electrolytes. Thus, variations in solution pH, ionic
strength, electrolyte composition, and temperature
will be integral parts of this investigation. The
effects of intense radiation fields may also strongly
affect the chemical characteristics of the colloids,
especially with respect to attainment of chemical
equilibrium. Thus, investigations that use isotopes
with differing specific activities are planned, at
least in the case of the plutonium colloid.

Before we discuss specific tests, an important point
should be emphasized: the approach to discerning
the chemical properties of the radiocolloids differs
distinctly from the approach to evaluating the
physical characteristics of the colloids. The physi
cal properties of the colloids are well-defined
quantities that could, in principle, be investigated
using a single technique with reasonable assurance
that a specific value for the quantity of interest
would result. For this reason, it is legitimate to
compare the various techniques that could be used
to solve a specific problem (for example, determin
ing particle size by APS versus ultrafiltration) and
to select the probable best technique. In contrast,
although a host of possible techniques and proce
dures can be used to determine chemical properties
(such as, colloid structure), the various methods
provide complementary results, which, taken
together, lead to a description of the chemical
property of interest. For this reason, rather than
focus on which of several methods is best for a
particular characterization and why, we here
describe all of the tests that are currently planned.
The lists described are not exhaustive but will be
supplemented as new techniques become available
during this investigation.
Chemical reactivity ofcolloids. The study of col
loid reactivity will be concerned primarily with
elucidating the rates and mechanisms (that is, the
kinetic properties) of colloid formation and disso
lution under a variety of conditions, particularly
those conditions expected at the proposed reposito
ry site. In addition, the possible existence of chem
ical equilibrium (that is, the thermodynamic prop
erties) in the colloid systems will be explored.
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The principal technique for these investigations
will be ultraviolet, visible, and near-infrared elec
tronic-absorption spectroscopy. Kinetic data will
be acquired as a function of time. This technique
is based on the measurement of the characteristic
electronic transitions in species that are either sus
pended in solution (colloids) or dissolved in solu
tion (reactants and dissolution products in the col
loid formation and dissolution processes). Because
every species possesses a characteristic electronic
spectrum whose spectral-band intensities are pro
portional to the concentration of that species, it is
possible, under optimum conditions, to use these
electronic spectral data both to identify and quanti
fy the various species present in the colloid con
taining solutions. The accuracy of this technique is
typically quite good, even for weakly absorbing
species at moderately high concentrations. For
example, mineral-acid solutions of Pu(IV) can be
detected routinely at 10-4 M with an accuracy of
- 5%. This level of accuracy is adequate to obtain
meaningful kinetic-rate data and equilibrium con
stants. However, it may prove necessary to use
even lower concentration levels in this study to
properly simulate expected site-specific conditions.
If this is the case, it is still possible to obtain these
same electronic spectral data, but PAS or related
methods would be necessary.

Another general approach to characterizing reactiv
ity is to apply electrochemical methods to study the
redox properties of the colloids. The principal
emphases in these investigations will be to deter
mine the potentials at which reduction and oxida
tion of the colloids take place and to investigate the
kinetics of the redox transformations. These redox
properties are of fundamental importance to colloid
characterization because they are a viable mecha
nism for colloid degradation and radionuclide dis
solution. These experiments will primarily use
modern instrumental techniques, such as linear
potential-sweep voltammetry, controlled-potential
coulometry, and standard three-electrode electro
chemical-cell designs. These designs will general
ly use either solid (platinum, gold, silver, carbon)
or liquid (mercury) working electrodes. Using
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these instrumental methods, we can vary the poten
tial of the system in a continuous manner while
confining the redox transformations to the immedi
ate vicinity of the working electrode. Additional
experiments are planned using homogeneous redox
reagents, such as the Ce(IV)/Ce(III) redox couple,
and heterogeneous reducing reagents, such as zinc
amalgam. In this way, it will be possible to assess
the differences in the redox reactivity of the col
loids and to ascertain whether the reactivity is sig
nificant in the presence of dissolved redox reagents
or surface-active redox reagents. The accuracy of
the data to be collected in this activity is conserva
tively estimated to be 5 to 10 mY, which is entirely
adequate. It is expected that the accuracy of any
rate data collected in this study will be 5%, which
is also quite adequate.

Structure ofcolloids. The emphasis in this activity
will be on obtaining chemical-bonding information
for the colloids and on attempting to specify the
disposition of the atoms in the smallest repeating
structural entity ("unit cell") of the colloids. An
absolute specification of the stoichiometry of the
colloids would also be extremely valuable, but
such information is not obtainable using currently
available techniques. Thus, stoichiometric infor
mation must come from inferences drawn from
other structural data. The principal techniques to
be used in this characterization are x-ray diffrac
tometry and Raman vibrational spectroscopy.
Small-angle neutron scattering (SANS) has also
been used recently to determine plutonium colloid
structure and morphology. Los Alamos has a neu
tron-scattering facility at which such work can be
performed. However, these are protracted experi
ments from the perspective of both data acquisition
and data reduction and analysis, and the results can
be ambiguous. Thus, our efforts will focus first on
the more tractable x-ray-diffraction and vibra
tional-spectroscopy work to attempt to obtain the
desired structural data. If SANS experiments are
warranted following the initial efforts, they will be
pursued.

We will use standard x-ray-diffraction methods

similar to those used to characterize the crystal
symmetry and unit-cell parameters in powdered
solid samples for both dried colloid samples and
concentrated suspensions of the colloid in solution.
If well-defined x-ray patterns are obtained, the
spacings of the lines in the pattern will be used to
calculate the simple structural parameters, such as
unit-cell dimensions, according to well-established
formulae. The application of x-ray-diffraction
methods to concentrated, undried suspensions is by
no means straightforward, but this technology has
been successfully demonstrated in our laboratories.
It should be emphasized that this technique, in gen
eral, provides information on the average micro
scopic structural parameters for the samples under
investigation. Thus, if the colloidal particles con
tain differing structural units, or if samples contain
defect sites attributable to different nucleation
processes or mechanisms, it may not be possible to
discern these differences.

Raman vibrational spectroscopy is a very powerful
tool for obtaining both crystal-structure data to
complement the above x-ray-diffraction results and
molecular-structure data from which chemical
bonding information can be deduced. This tech
nique is based on the inelastic scattering of inci
dent laser light. The wavelength dependence of
this scattered light is analyzed relative to the wave
length of the incident laser light to provide the
Raman vibrational spectrum of the analyte. The
crystal-structure data are inferred from the vibra
tional spectrum of the lattice vibrational modes
(that is, those modes with energies typically below
- 200 em-I). The energies and intensities of these
lattice modes provide information on crystallinity
and long-range order in crystalline environments.
The data on molecular structure are inferred from
the vibrational spectrum of the internal vibrational
modes (those modes deriving from the stretching,
bending, and so forth, of chemical bonds). The
bond-strength data can be calculated from the ener
gies of these internal vibrational modes according
to existing vibrational spectroscopic theory. As for
the x-ray-diffraction method, if the colloids possess
differing structural units or significant populations
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of defect sites, these can mask or destroy the
Raman lattice modes, making the data interpreta
tion related to long-range order more complicated.

Electronic spectroscopy will also be used to char
acterize colloid structure to obtain information that
complements the data obtained using the other
more incisive techniques. This technique is essen
tially the same as that for the characterization of
chemical reactivity. Namely, the characteristic
transitions between the electronic energy levels in
the colloid will be measured. However, more
attention will be focused on the theoretical basis for
the energies and intensities of the electronic transi
tions. Theory predicts that both the energies and
intensities of the electronic transitions are strongly
influenced by the crystal and molecular structural
properties of the analyte. Extracting this structural
information from the electronic spectra is compli
cated. However, it is plausible to deduce this infor
mation by comparing the electronic spectra of the
colloids with those obtained for other species, such
as binary oxides, that are well characterized. Fur
thermore, these data are easily obtained using exist
ing, conventional instrumentation.

We will also use well-characterized, model
radionuclide compounds for the other techniques
being implemented in this structural characteriza
tion. This approach will greatly assist in interpret
ing the often complex structural data and will save
considerable time by eliminating the need for
detailed theoretical calculations. In fact, a semi
quantitative description of colloid structure (for
example, identity of coordinating atoms, number of
coordinating atoms, site symmetry) will be of great
value in understanding and modeling the chemical
reactivity of the colloids. For this reason, even
though instrumental methods typically have a high
level of accuracy, neither accuracy nor precision
need be overwhelming concerns in this structural
characterization.

It should be emphasized that the best approach that
can be taken for the structural characterization of
colloids is a combined one, in which many differ-
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ent sources of data are considered in deriving the
best possible description of the microscopic struc
ture of the colloid species. Even if this approach
falls short of a unique, explicit description, the
effort is valuable. For example, the data might still
be used to eliminate categories of potential struc
tures from consideration, thereby enabling us to
make better inferences concerning the sorptive
properties of these species.
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D. BATCH·SORPTION AND SORPTION
MODELING STUDIES

Objectives and Justification of Study

Purpose
The rock units in Yucca Mountain contain mineral
and other solid phases known to have significant
sorption affinities for most of the radionuclides
likely to be emplaced in the potential repository
(Daniels et al. 1982). These phases make up one
of the multiple barriers to radionuclide migration
in the potential repository block. The purpose of
this study is to obtain data on the sorption behav
ior of key radionuclides under the physical and
chemical conditions anticipated in the rock vol
ume between the disturbed zone and the accessible
environment. Here, key radionuclides are those
radionuclides for which a sorption barrier could
provide a significant contribution to the regulatory
compliance strategy. For experimental purposes,
the term "key radionuclides" is equivalent to the
term "key elements" because all isotopes of a
given element chemically behave essentially the
same way. The key elements to be studied in this
investigation include americium, carbon, cerium,
cesium, iodine, niobium, nickel, neptunium, pluto
nium, radium, selenium, tin, technetium, thorium,
uranium, and zirconium.

Data will be obtained that will provide input to the
evaluation of alternative models for transport (for
example, matrix versus fracture flow). Alternative
models for sorption behavior will be investigated
through studies on pure mineral separates. Key
radionuclides that sorb dominantly by surface
complexation mechanisms will be studied in addi
tion to radionuclides that sorb dominantly by ion
exchange. Alternative models for transport will be
addressed by studies of minerals that are found as
fracture linings in Yucca Mountain and by studies
on the sorptive potential of natural colloids in
Yucca Mountain. Investigation of the sorption
behavior of fracture-lining minerals will provide
data on the impact of these minerals on the retarda
tion of the important radionuclides during fracture

flow. The potential for the transport of radionu
clides adsorbed onto colloidal materials will be
investigated by studying the degree to which the
important radionuclides sorb to natural colloids
found in the Yucca Mountain groundwaters. Exper
imental investigation of the dynamic coupling of
sorptive behavior with flow parameters is
addressed in Investigation 8.3.1.3.6, Retardation by
Dispersive, Diffusive, and Advective Transport.

Regulatory rationale and justification
The sorption data and models generated in this
study will be one of the elements considered in
evaluating whether or not the site meets the
requirements of 10 CFR 60.112: Overall System
Performance Objective for the Geologic Reposi
tory After Permanent Closure. This section states
that the "geologic setting shall be selected ... to
assure that releases of radioactive materials to the
accessible environment following permanent clo
sure conform to such generally acceptable environ
mental standards for radioactivity as may have
been established by the Environmental Protection
Agency...." Sorption is one of the mechanisms
that might significantly affect the rate at which
radionuclides are released to the accessible envi
ronment. 10 CFR 60. 113(b) notes that the "geo
chemical characteristics of the host rock, surround
ing strata, and groundwater" are one of the factors
that the Nuclear Regulatory Commission might
take into account in approving or specifying other
radionuclide release rates, designed containment
periods, or pre-waste-emplacement groundwater
travel times that may be used in meeting the over
all performance objective. The results of these
studies will also be used in evaluating the favor
able conditions of 10 CFR 60. 122(b): Geochemi
cal Conditions that (i) Promote Precipitation or
Sorption of Radionuclides; (ii) Inhibit the Forma
tion of Particulates, Colloids, and Inorganic and
Organic Complexes that Increase the Mobility of
Radionuclides; or (iii) Inhibit the Transport of
Radionuclides by Particulates, Colloids, and
Complexes. Similarly, the results of these studies
will be used in evaluating the potentially adverse
conditions of 10 CFR 60.122(c): Geochemical
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The sorption data and models generated in this
study will be used in the resolution of the follow
ing issues described in the Yucca Mountain Site
Characterization Plan (SCP):

Processes that Would Reduce Sorption of Radio
nuclides, Result in Degradation of Rock Strength,
or Adversely Affect the Performance of the Engi
neered Barrier System.

One of the supporting parameters needed in evalu
ating Issue 1.1 (SCP Table 8.3.5.13-17) is the sorp
tion distribution coefficient (Kd ) in the rock matrix
for the following chemical elements: americium,
carbon, cerium, cesium, iodine, neptunium, pluto
nium, strontium, technetium, uranium, and zirconi
um. This list has been expanded here because pre
liminary performance-assessment calculations indi
cated the need for sorption coefficients for other
elements. These coefficients are to be provided for
all hydrologic units in the controlled area. The
performance-assessment (that is, total-system) cal
culations that are to be carried out for the resolu
tion of Issue 1.1 are to include all credible scenar
ios for future events and processes at the Yucca
Mountain site. For this reason, the resolution strat
egy for this issue, as it relates to sorption process
es, can also be used in the resolution of the sorp
tion-related questions in most of the other issues.
However, for Issues 1.8 and 1.9, the resolution
strategies call for expert professional judgment and
other calculations in addition to the total-system
calculations. The resolution strategy for Issue 1.5
(Waste Package and Engineered Barrier
Performance Evaluation, SCP 8.3.5.10) calls for a
set of hydrothermal sorption experiments indepen
dent of this task. Near-field sorption is not
addressed in this study plan.

Issue
1.1
1.2
1.3
1.8
1.9
1.10

SCPSection
8.3.5.13
8.3.5.14
8.3.5.15
8.3.5.17
8.3.5.18
8.3.4.2
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The Nuclear Regulatory Commission (NRC), in its
"Generic Technical Position on Sorption," has
drawn attention to a number of potential problems
in the interpretation and application of batch-sorp
tion data. These problems concern aspects of the
experimental technique and application of the
results to real-world situations. Data obtained in
this task will be combined with data obtained in
Investigation 8.3.1.3.6 (Retardation by Dispersive,
Diffusive, and Advective Transport) to address the
concerns of the NRC.

Rationale

Technical rationale and justification
Approach
The derivation of sorption ratios appropriate to the
entire range of scenarios to be considered for post
closure performance assessments would require
experiments that address all the values of the domi
nant physical and chemical variables involved in
the scenarios. The number of separate experiments
required to address directly all the variables over
their estimated ranges would be unrealistically
large. Further, this approach would provide little
in the way of predictive capability to address sce
narios not included in the experimental matrix.
With an eye towards a more pragmatic approach, a
sorption strategy has been developed that is based
on sound chemical principles, requires a smaller
number of experiments, and provides a basis for
prediction of the sorption behavior of the key
radionuclides.

In this strategy, the key radionuclides are divided
into three groups on the basis of what is known
about their affinity for the types of solid surfaces
available in rocks from Yucca Mountain. The
groups are I) high-affinity, 2) low- to intermediate
affinity, and 3) "no-affinity." Radionuclides in the
high-affinity group should have sufficiently large
sorption coefficients (say, > 100 mUg), even in the
worst-case flow scenarios, so that regulatory con
straints can be met in any case. Therefore, knowl
edge of the exact value of the sorption coefficient
for each of these radionuclides at any point in the
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flow system will not be critical and a minimum Kd
value should suffice. Which of the key radionu
elides are in this group will be determined through
experiments involving the most reactive water
composition identified in Yucca Mountain for each
of the key radionuclides and the least-sorptive rock
composition as identified on the basis of the pure
mineral studies discussed below. Out of the range
of compositions expected in Yucca Mountain, the
most reactive water composition is that which
yields the highest concentration of the radionuclide
in solution. Those radionuclides having no affinity
for the solid surfaces in rocks from Yucca Moun
tain will not have a sorption barrier. These radio
nuclides will also be identified on the basis of
whole-rock and pure mineral experiments.

The radionuclides with low to intermediate affini
ties for the rock surfaces in Yucca Mountain will
require the most detailed evaluation. They will ini
tially be identified by failing to fall into either the
high- or no-affinity groups. Once identified, their
sorption behavior will be investigated through
additional experiments on pure-mineral separates
in which the major solution (groundwater) compo
sitional parameters (for example, pH) are varied
over the ranges of values anticipated in the Yucca
Mountain flow systems. These experiments and
any pertinent information that may be available in
the literature will be used to identify those solution
parameters that most affect the sorption behavior
of each of the low- to intermediate-affinity radio
nuclides.

Once these "controlling" solution parameters have
been identified, a series of whole-rock experiments
will be performed involving representative samples
from each of the hydrologic units identified at
Yucca Mountain and representative groundwaters
in which the controlling solution parameters for
each radionuclide are varied over the ranges
expected within Yucca Mountain. The term "repre
sentative" refers to samples with compositions
within the range seen in the field. Attention will
also be given to parameters that have a large effect
in sorption as determined by experiments and cal-

culations. By combining the results of these exper
iments with probability distributions for the con
trolling groundwater compositional parameters,
probability distributions for the sorption coeffi
cients for these radionuclides will be derived for
each of the hydrologic units.

The pure mineral experiments used to derive the
high-, low-to-intermediate-, and no-affinity group
ings can also be used in estimating sorption coeffi
cients for fracture linings as a function of the sur
face area and fracture water compositions, assum
ing these data are available. If the dominant sorp
tion mechanisms can be determined in the pure
mineral experiments with each radionuclide, a basis
for the prediction of sorption behavior would be
developed that would aid in the evaluation of sce
narios that are not under consideration at the pre
sent time but may become significant in the future.

Types ofmeasurements to be made
The measurements to be made in this study
(Studies 8.3.1.3.4.1 and 8.3.1.3.4.3) make up the
following SCP Activities:

• batch-sorption measurements as a function of
solid-phase composition (8.3.1.3.4.1.1),

• batch-sorption measurements as a function of
sorbing-element concentrations (isotherms)
(8.3.1.3.4.1.2),

• batch-sorption measurements as a function of
groundwater composition (8.3.1.3.4.1.3), and

• batch-sorption measurements on particulates
and colloids (8.3.1.3.4.1.4).

Rationale for types ofmeasurements
Rationale for the selection of techniques. The
basic technique selected for the four activities list
ed above is the batch-sorption experiment in which
the distribution of a radionuclide between a solu
tion phase (for example, groundwater) and a
crushed or powdered sample is measured as a func
tion of any number of variables. This technique is
valuable because it is simple and a large number of
samples can be processed in a relatively short time.
By varying the solid composition, the solution
composition, the atmospheric composition, the
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radionuclide concentration, or the physical condi
tions (such as temperature) at which the experi
ment is conducted, sorption ratios can be deter
mined for the various scenarios anticipated for the
proposed repository in Yucca Mountain.

Alternative techniques for the derivation of sorp
tion coefficients include the batch-wafer technique,
column-migration experiments, field-migration
experiments, and natural-analog studies. The
batch-wafer technique and column-migration stud
ies are described in the study plan for Investigation
8.3.1.3.6 (Retardation by Dispersive, Diffusive,
and Advective Transport). The batch-wafer tech
nique provides the same sort of data as the
crushed-rock method. However, because of slow
diffusion kinetics, particularly for the actinide ele
ments, this technique requires considerably more
time to achieve sorption equilibrium. Although
column-migration experiments can also yield sorp
tion coefficients under ideal conditions, they
involve a greater number of variables (for example,
flow rate, dispersion, and diffusion) than batch
experiments. For this reason, batch experiments
are often required to interpret column experiments.
Field-migration experiments are described in the
study plan for Demonstration of Applicability of
Laboratory Data to Repository Transport
Calculations (Study 8.3.1.3.7.2). In terms of the
derivation of sorption coefficients, field-migration
experiments suffer from similar problems as the
column-migration experiments, only to a greater
degree. Unique values for sorption coefficients are
very difficult to derive from field-migration stud
ies. Natural-analog studies can potentially provide
information on the sorption behavior of a given
radionuclide in the natural environment. However,
because a sufficiently detailed database on the spa
tial and temporal variations in critical environmen
tal parameters (such as pH, Eh, and groundwater
composition) that determined the migration behav
ior of a given radionuclide at an analog site are
rarely available, sorption coefficients derived from
such studies are of qualitative value at best.

There are several new state-of-the-art experimental
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techniques that are being used in the surface-sci
ence community to investigate the detailed chemi
cal and physical nature of sorption reactions.
These include extended X-ray absorption fine
structure analysis (EXAFS), photoacoustic spec
troscopy (PAS), and scanning-tunneling/atomic
force microscopy (STM/AFM). In addition, there
are other more established techniques that are used
to study the composition and reactivity of surfaces
including time-of-flight secondary-ion mass spec
troscopy, ion-beam analysis, and microcalorimetry.
Some or all of these techniques may be of use in
the development of a basic understanding of the
adsorption behavior of the key radionuclides on
Yucca Mountain rock and mineral surfaces. Such
understanding could be important to the develop
ment of robust predictive models for the sorption
behavior of these radionuclides under conditions
not addressed directly in the experimental program
outlined below.

Rationale for the selection of tests
The tests and analyses to be carried out in this
investigation include the following:

• sorption measurements as a function of rock
composition and sorption measurements on
pure mineral phases (Activity 8.3.1.3.4.1.1),

• sorption measurements as a function of sorb
ing-element concentrations (isotherms)
(Activity 8.3.1.3.4.1.2),

• sorption measurements as a function of
groundwater composition (Activity
8.3.1.3.4.1.3), and

• sorption measurements on particulates and
colloids (Activity 8.3.1.3.4.1.4).

As noted above, the strategy developed to obtain
sorption coefficients for performance-assessment
calculations assigns the important radionuclides
into one of three groups according to the affinity of
each radionuclide for the mineral and other solid
surfaces present in the hydrologic units delineated
within Yucca Mountain. In the first activity listed
above, experiments will be conducted to allow
assignment of each of the important radionuclides
into one of the three groups. For radionuclides
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with high affinities for the rock surfaces, these
experiments will provide the basis for the assign
ment of minimum Kd values to be used in perfor
mance-assessment calculations. These values will
reflect conservative assumptions concerning water
compositions (that is, the most-reactive water com
positions) and the sorption potential (that is, least
sorptive) of various solid surfaces in Yucca Moun
tain. The most-reactive water compositions will be
identified on the basis of all pertinent data available
in the literature concerning the radionuclides of
interest and a limited number of experiments with
different water compositions as discussed further
below. The least-sorptive mineral and rock sur
faces will be identified in the pure mineral experi
ments. For many of the high-affinity radionuclides
(for example, americium, cerium, niobium, radium,
tin, thorium, and zirconium), the experiments will
involve solution concentrations near the solubility
limit as these elements have low to very low solu
bilities in near-neutral waters. This fact means
isotherms will not be required for these elements.

Those radionuclides for which no reliable (posi
tive) sorption coefficient can be demonstrated in
whole-rock experiments, when using the least
reactive groundwater and the lowest-reasonable
solution concentrations, will not be investigated
further by this study.

The second and third activities listed above will
concentrate on those elements that have relatively
high solubilities and low to high sorption potentials
in Yucca Mountain groundwaters. The experi
ments will be divided into two groups: one for
high-affinity/high-solubility radionuclides and the
other for low-affinity/high-solubility radionuclides.

The high-affinity/high-solubility group will likely
include the element cesium and possibly the ele
ment nickel. Isotherm experiments with these ele
ments will involve a minimum-sorbing rock type
from each of the hydrologic units, the groundwater
composition with the highest ionic strength, and
concentrations up to the maximum values expected
to be released from the engineered-barrier system.

If the minimum Kd value measured in these experi
ments is sufficiently large, as evaluated by trans
port calculations in Study 8.3.1.3.7.1, Retardation
Sensitivity Analysis, no further experiments will be
carried out with these elements. On the other hand,
if the measured value of Kd is not sufficiently large
for either of these elements, the element will be
assigned to the low-affinitylhigh-solubility group.

The low-affinity/high-solubility group is the most
challenging in terms of the characterization of
sorption behavior in a complex system such as the
Yucca Mountain hydrologic flow system. The ele
ments in this group will likely include uranium,
neptunium, selenium, and possibly plutonium and
nickel. Addressing the sorption behavior of this
group will require the evaluation of couplings
between three of the four activities listed above.

First, the (aqueous) solution parameters that have
the greatest influence on the sorption behavior of
each element will be identified through experi
ments with pure mineral separates of the major and
some of the minor phases identified in Yucca
Mountain rocks (Activity 8.3.1.3.4.1.1). The iden
tities and ranges of the solution parameters to be
considered will be obtained from literature reviews
and from Investigation 8.3.1.3.1, Water Chemistry.
Second, experiments will be performed for each of
the low-affinity elements involving representative
rock samples from each of the hydrologic units
identified at Yucca Mountain and several ground
waters representing each of the major groundwater
types identified at Yucca Mountain. The values of
those solution parameters (such as pH) that were
identified as having a significant influence on the
sorption behavior of a given element will be varied
in each groundwater over the ranges anticipated in
Yucca Mountain. Third, isotherms will be obtained
on a subset of the previous experiments. Finally,
the resulting database will be used in conjunction
with probability distributions for each of the domi
nant groundwater compositional parameters and
radionuclide source-term concentrations to obtain
probability distributions for the Kd values for each
of the low-affinity/high-solubility elements in each
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hydrologic unit within Yucca Mountain. This
activity will be part of Study 8.3. I.3.4.3, Develop
ment of Sorption Models.

The data resulting from the experiments involving
pure-mineral separates and groundwaters from
Yucca Mountain could also be used to estimate val
ues of Ka (surface-area-based sorption coefficients)
for fracture-lining minerals, assuming data are
available on the distribution and accessibility of
fracture coatings and on the composition of frac
ture waters.

If sorption of radionuclides occurs on colloids or
other particulates and if those colloids and particu
lates could be transported by groundwater to the
accessible environment, then the use of sorption
coefficients alone may not adequately predict the
transport of the radionuclides. Transport could
occur on naturally occurring colloids and particu
lates present in groundwater (SCP 4.1.2.7), on
material created by the degradation of components
of the engineered-barrier system (SCP 8.3.5.10), or
by microbes (SCP Study 8.3.1.3.4.2) present in
groundwater or introduced into the repository dur
ing construction or operation. Experiments on the
sorption of key radionuclides will be carried out in
this investigation once the likelihood and the
mechanisms of colloid or particulate transport in
the repository environment have been demonstrat
ed by Investigation 8.3.1.3.6, Retardation by
Dispersive, Diffusive, and Advective Transport.

Constraints
Constraints on these investigations include the
availability of adequate information on I) the
ranges of water compositions, including pH and Eh
and organics, expected in each hydrologic unit
over the lifetime of the potential repository (Inves
tigation 8.3. I .3.1, Water Chemistry), 2) the identi
fication and spatial distribution of major, minor,
and trace minerals in each of the hydrologic units
defined within the site (Investigation 8.3. 1.3.2,
Mineralogy, Petrology, and Chemistry), 3) the sol
ubilities of each of the key radionuclides in Yucca
Mountain groundwaters (Investigation 8.3. I.3.5,
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Retardation by Precipitation), 4) the radionuclide
source term from the engineered-barrier system
(SCP 8.3.5.10), and 5) the identity and thermody
namic characterization of the chemical species (for
example, complexes) of the key radionuclides in
groundwaters at Yucca Mountain (Activity
8.3.1.3.5.1.2, Radionuclide Speciation Measure
ments). The availability of suitable solid samples
and groundwaters are another constraint.

Some data are available on each of these con
straints at the present time and more will become
available as the site characterization program goes
forward. The experimental program in this investi
gation will start on the basis of the existing data
base and branch out as new information becomes
available. For instance, once adequate data become
available on the compositions of unsaturated-zone
waters at or below the potential repository level,
experiments with this water composition will be
initiated. This will eventually result in an under
standing of sorption processes that can be used to
support alternative conceptual models, including
the multiple-barrier approach to containment.

Effect on the site
Analyses necessary for this investigation should
have minimal impact on the site because most of
the necessary samples will be obtained from
planned drill holes or existing core. The ground
water samples will be obtained from either existing
or planned wells in the area. Additional core sam
ples and water samples from the unsaturated zone
will be requested, if available, during construction
of the exploratory studies facility. No sampling
requirements or procedures are needed over and
above those already in place.

Required accuracy and precision
The performance goals and confidence levels set
for sorption coefficients for the key radionuclides
in the Site Characterization Plan (that is, SCP Table
8.3.5.13-17) are minimal and should be easy to
meet given our current knowledge. Because new
performance goals and confidence levels have not
yet been defined, the accuracy and precision
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required to meet these goals and levels cannot be
defined. In the interim, the accuracy and precision
goals will be defined to be consistent with the strat
egy discussed in the section above on "Rationale
for the selection of tests."

The accuracy and precision with which sorption
coefficients for the key elements are to be mea
sured are mainly a function of the group to which
the element has been assigned. Those elements in
the high-affinity group must have Kd values that
exceed the minimum Kd when all associated errors
(two standard deviations) are taken into account.
For instance, if the measured Kd is 1000 ml/g and
the desired minimum Kd value is 100 ml/g, the
maximum error allowed in the measurement of the
Kd would be ± 900 ml/g at the 1.0 confidence
level. To be conservative, a smaller error would be
preferred, allowing a lower confidence level. For
those radionuclides in the no-affinity group, error
estimates are not required unless credit is taken for
the small positive values of Kd that may be mea
sured in some experiments. In this case, the error
levels would likely be determined by the capability
of the experimental technique. If the error levels
associated with the technique are too large to allow
the assignment of a positive value for the Kd , a
value of zero would have to be assigned to the Kd

for the element.

The accuracy and precision required for the low- to
intermediate-affinity elements are more difficult to
define because of the probabilistic nature of the
assignment of the value of Kd • The best that can be
done is to include the experimental errors associat
ed with the measured Kd values, for a given ele
ment in a given hydrologic unit, in generating the
probability distributions for that Kd .

Simulation of repository conditions
The studies in this investigation are designed to
address the sorption behavior of radionuclides in
the far field (that is, outside the disturbed zone of
the potential repository). Sorption in the far field
represents one of the multiple barriers to radionu
elide transport between the potential repository and

the accessible environment. No effort is made in
this investigation to simulate near-field conditions
(that is, inside the disturbed zone of the reposito
ry). Efforts will be made, however, to address pre
sent and future variations in far-field conditions,
such as atmosphere, groundwater composition,
mineralogy of the host rock, and temperature, to
the extent that these conditions can be defined by
other investigations. The "sorption strategy" dis
cussed in the introduction to this section will be
used to decide to what extent actual conditions, as
opposed to bounding conditions, should be repli
cated in the experiments.

The NRC (1987) has expressed concern regarding
the use of crushed-rock samples versus solid-rock
samples from Yucca Mountain in the batch-sorp
tion experiments. The concern is mainly that
crushing of the rock material could result in the
formation of particularly reactive sites on the sur
faces of the crushed material. Because these
"sites" would not be present in solid rock in the far
field of the potential repository, they could inject a
nonconservative bias into the experimental results
if radionuclides were preferentially bound to these
"sites" in the laboratory experiments. Fortunately,
data obtained to date suggest that the use of
crushed materials may not be a serious problem for
sorption experiments involving tuffaceous rocks.
For example, Rundberg (1987) has shown that
sorption coefficients obtained for alkali and alka
line-earth elements on crushed tuff were essentially
equal to coefficients obtained for these elements on
solid wafers of the same tuffaceous samples.
There are at least two reasons why this may be the
case. First, the crushed-rock samples are precondi
tioned with the background water composition that
is to be used in the sorption experiments. This pro
cedure allows any "active sites" that may have
been produced in the crushing process to pre-react
with the chemical constituents in the water.
Second, the matrices in the tuffaceous rocks of
Yucca Mountain are very fine grained « 1-5 11m).
Therefore, crushing to a 75- to SOD-11m grain size
results mainly in the separation of crystals along
pre-existing grain boundaries. In contrast, for
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coarser-grained rocks (for example, granites),
crushing would result in the fracturing of individ
ual crystals, leading to the creation of new grain
boundaries. To investigate whether or not crushing
has an effect on the values obtained for sorption
coefficients of other elements (such as the
actinides), solid-wafer/crushed-rock paired experi
ments involving these elements will be carried out
in coordination with Investigation 8.3.1.3.6,
Retardation by Dispersive, Diffusive, and Advec
tive Transport.

The NRC (1987) also expressed concern over the
large water/rock ratios used in the YMP sorption
experiments relative to the water/rock ratios likely
to exist in Yucca Mountain. It appears the impact
of variable water/rock ratios on sorption coeffi
cients can be modeled by isotherm equations. In
effect, a high water/rock ratio simply means there
is more of the radionuelide available in the solution
phase for sorption onto the solid phase. If the
radionuelide has a nonlinear isotherm, this leads to
smaller sorption coefficients in experiments with
higher water/rock ratios. This result suggests that
the batch-sorption experimental technique used in
the YMP should lead to conservative values for
sorption coefficients.

Another aspect of the experimental technique that
may result in conditions different than those in the
rock volume near the repository concerns the
degree of saturation of the host rock. The batch
experiments are carried out under saturated condi
tions, whereas the potential repository horizon is
located in the unsaturated zone. Two observations
are pertinent with regard to this issue. The first is
that there is no reason to suspect that sorption reac
tions between groundwater and rock/mineral sur
faces under unsaturated conditions (70-80% satu
ration) would be significantly different from sorp
tion reactions that take place under saturated condi
tions, assuming the background water composi
tions are the same. Groundwater compositions
used in the batch-sorption experiments will bound
the compositions found in the unsaturated zone.
The second observation is that unsaturated column
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experiments will be conducted in the Dynamic
Transport Investigation (SCP 8.3.1.3.6). These
experiments will provide further tests of the applic
ability of the (saturated) batch experiments to
unsaturated flow conditions.

Another further aspect of the experimental tech
nique that may result in conditions somewhat dif
ferent from those in the potential repository envi
ronment concerns the number of radionuelides pre
sent in a given batch experiment versus the number
and concentrations of radionuelides present in the
solutions that may emanate from the engineered
barrier system (that is, the source term) of a poten
tial repository. There will likely be more radionu
elides in the repository source term compared to
the batch experiments. The question is, how will
this aspect be integrated into the Kd values used in
performance-assessment calculations? To answer
this question in a quantitative manner, we would
need data on the sorption capacity of all the
rock/mineral surfaces in Yucca Mountain rocks, the
relative affinities of all the radionuelides and the
natural chemical constituents in groundwater for
these rock/mineral surfaces, and the concentrations
of all chemical constituents in the groundwaters, as
well as other parameters. In the following, we
develop a more pragmatic approach for use in this
investigation.

Because most of the key radionuclides are isotopes
of elements that have low to very low solubilities
in Yucca Mountain groundwaters and have high to
very high affinities for the rock/mineral surfaces in
Yucca Mountain, the maximum total concentration
of these elements in solution will generally be low.
For the purposes of this investigation, this group of
radionuelides can be thought of as a single compo
nent with a concentration equal to the total concen
tration of the separate radionuelides in solution.
The sorption coefficient for this hypothetical com
ponent may be smaller than the coefficients for the
individual radionuclides because of the higher con
centrations involved (that is, the hypothetical sorp
tion coefficient would be higher up along some
sort of composite isotherm). However, as long as
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the minimum value of Kd for the high-affinity ele
ments is less than the value of the Kd for the hypo
thetical component, no problems should arise
involving retardation of these elements in the per
formance-assessment calculations. Experimen
tally, the composite isotherm could be measured
for a given radionuclide by using solutions saturat
ed with nonradioactive compounds of the other
high-affinity radionuclides or appropriate analogs.

The radionuclides representing the elements car
bon, iodine, and technetium have very low affini
ties for rock/mineral surfaces in Yucca Mountain;
therefore, they will not compete successfully with
other radionuclides for sorption sites. The migra
tion rate for these radionuclides will be determined
primarily by physical processes (for example, dilu
tion, diffusion, and so forth). This leaves radionu
c1ides of the elements uranium, neptunium, nickel,
cesium, selenium, and plutonium for further con
sideration. The element cesium has higher affini
ties for zeolitic rocks than any of the other key
radionuclides or of the major constituents of Yucca
Mountain groundwaters. This suggests zeolitic
units will be the primary barriers for cesium migra
tion in Yucca Mountain, although other units will
also retard cesium to a lesser degree.

The sorption coefficients measured for nickel in
Yucca Mountain groundwaters are generally
greater than 100 ml/g. These results are consistent
with the fact that nickel is known to be strongly
sorbed by soils and suggests that nickel competes
favorably with the major groundwater constituents
for available surface sites but not as favorably as
the high-affinity elements. Therefore, the value of
its Kd in the high-affinity, element-enriched zone
around the waste package may be smaller than that
measured in batch experiments with single radio
nuclides. In the far field, however, the batch Kd

values should be appropriate. The element nickel
is known to be strongly sorbed on soils. The fact
that the total inventory of nickel will be small rela
tive to the actinide elements is also a significant
consideration.

The key radionuclides representing the elements
uranium, neptunium, and selenium likely will not
compete successfully for sorption sites with the
high-affinity radionuclides. In the zone of high
affinity elements near the waste packages, the Kd

values for these radionuclides may be smaller than
those measured in typical (single radionuclide)
batch experiments unless multilayer adsorption (for
example, surface precipitation) is a significant
process. Outside this zone, the Kd values for urani
um, neptunium, and selenium will be determined
by competition for sites among themselves and
with the natural chemical constituents of the
groundwater. By using groundwaters from the site
in the batch experiments, the competitive effects
involving the natural constituents are accounted
for. This approach leaves the competitive effects
between the radionuclides and the natural con
stituents in solution as the main parameters to be
determined. The most straightforward way to
determine these parameters is to carry out batch
experiments containing all three of these elements.

Plutonium will be the most difficult to characterize
in terms of sorption potential because it does not
consistently appear to be a high-affinity element in
relation to Yucca Mountain rock/mineral surfaces.
Interestingly, this fact is in contrast to observations
that found plutonium to be a very-high-affinity ele
ment on most common mineral surfaces (such as
quartz, montmorillonite, and biotite). In any case,
plutonium has much higher affinities (an order of
magnitude or more) for rock/mineral surfaces in
Yucca Mountain than elements such as uranium,
neptunium, and selenium. The simplest approach
for dealing with plutonium sorption would be to
ignore any sorption of that element in the high
affinity zone close to the waste package and carry
out batch experiments also containing uranium
and, possibly, neptunium. Because uranium and
neptunium have similar sorption coefficients on
Yucca Mountain rock/mineral surfaces and because
plutonium has a much higher affinity for Yucca
Mountain rock/mineral surfaces, the presence of
only one of these elements (such as uranium) at a
concentration near its solubility limit may be suffi-
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cient to gauge competitive effects with plutonium.
This would minimize the radiation exposure to the
analyst.

A final issue relating to simulation of repository
conditions concerns the possible influence of
organic coatings on rock/mineral surfaces and
organic complexes in the Yucca Mountain ground
waters. The concentrations of organic constituents
in these waters appear to be very low « 3 ppm).
However, no data are available on the presence or
absence of organic coatings on rock/mineral sur
faces in Yucca Mountain. By using rock and water
samples from the site in the whole-rock sorption
experiments, the possible influence of organics will
be accounted to a significant, although quantita
tively undetermined, extent.

Capability ofanalytical methods
The analytical methods used in this investigation
are well established (see Table 2 in Chapter I) and
fully capable of generating the required informa
tion, given proper concern for potential experimen
tal artifacts. Potential artifacts include: I) oversat
uration of the solution with a compound of the
radionuclide of interest, 2) incomplete solid-liquid
separations, 3) adsorption of the radionuclide of
interest to the walls of the experimental container,
4) incomplete equilibrium between species in solu
tion, and 5) incomplete sorption equilibrium.

The oversaturation question can be addressed using
the experimental solubility results of Investigation
8.3.1.3.5, Radionuclide Retardation by Precipita
tion, and pertinent literature data. Questions con
cerning incomplete separations and adsorption to
container walls are addressed in the current batch
procedure. Equilibrium between species in solu
tion and in the sorption reactions cannot be directly
tested. The approach taken on these equilibrium
questions in previous work (for example, Daniels
et al. 1982) consisted of time-series experiments in
which the same experimental system was allowed
to "equilibrate" over a range of time intervals until
a steady-state value was achieved for the distribu
tion coefficient Rd' This steady-state value was
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called the Kd • The time required to reach steady
state was generally less than six weeks. This time
interval will be the duration of the batch experi
ments carried out in this investigation.

Time required versus time available
Using the strategy detailed above (in "Simulation
of repository conditions") for the derivation of
sorption coefficients for performance-assessment
calculations, the time required to complete this
investigation will depend mainly on the success of
the experimental program, staffing, and so forth.
There is no reason to believe this investigation
could not be completed in 5 to 6 years.

Limitations ofequipment and applicability to field
The test planned for this investigation will not be
limited by equipment capabilities or availability.

Questions relating to the applicability of the sorp
tion coefficients measured in this investigation to
the field are discussed above in "Simulation of
repository conditions."

Questions relating to the applicability of batch
sorption coefficients to the field are also addressed
by the dynamic-transport experiments in Investiga
tion 8.3.1.3.6, Retardation by Dispersive, Diffu
sive, and Advective Transport.

Interference with other tests
The laboratory experiments carried out in this
investigation will not interfere with other tests.

Limitations on repeatability of tests
The primary limitation on the repeatability of tests
planned for this investigation is the availability of
appropriate rock and groundwater samples from
the site of the potential repository.

253



VIII. Applicability, Quality. and Reliability of Results

E. DYNAMIC TRANSPORT STUDIES

Purpose and Objectives of Studies

Purpose
As described in Study 8.3.1.3.6.1 (Dynamic
Transport Column Experiments) of the Site
Characterization Plan (SCP), the purpose of this
study is to provide data to predict the potential for
radionuclide movement from the repository to the
accessible environment. The principal intent of
these studies is to test the necessary assumptions
made in applying values of the sorption distribu
tion coefficient, Kd , (determined by the batch-sorp
tion measurements described in Study 8.3.1.3.4.1,
Batch Sorption Studies) to describe hydrologic
transport. These assumptions are that I) micro
scopic equilibrium is attained between the solution
species and the adsorbent, 2) there is only one sol
uble chemical species or, if more than one species
is present, the species interchange rapidly and are
present in the same properties, 3) the radionuclides
in the solid phase are adsorbed on mineral surfaces,
that is, not precipitated, 4) the dependence of sorp
tion on concentration is described by a linear
isotherm, and 5) crushing the rock does not alter
the sorption properties.

The importance of verifying these assumptions can
be demonstrated by the following hypothetical
cases. I) If equilibrium were not attained in the
batch experiments, the retardation of radionuclides
could be dependent on groundwater velocity.
Some mineral-forming reactions can occur that
incorporate adsorbed radionuclides in the crystal
structure in an irreversible manner. Such reactions
would increase the value of the distribution coeffi
cient on a geologic time scale, that is, batch mea
surements would determine conservative values of
sorption. Mineral changes induced by differences
in exchangeable cation compositions, on the other
hand, could lead to lower values of Kd on geologic
time scales. These reactions are studied under SCP
Activities 8.3.1.3.2.2.1, History of Mineralogic and
Geochemical Alteration of Yucca Mountain, and
8.3.1.3.2.2.2, Smectite, Zeolite, Manganese Mine-

rals, Glass Dehydration, and Transformation. 2) If
a radionuclide were present in solution as two dif
ferent species, an anion and a cation, and solution
equilibrium were not maintained, the batch mea
surement would predict a single retardation factor.
Whereas, in a flowing system, the anion would
move unimpeded because of the paucity of anion
exchanging minerals in Yucca Mountain tuff. 3) If
the radionuclide had precipitated in the batch
experiments, the Kd value thus determined would
be meaningless. Depending on the precipitation
mechanism, colloid transport could be important.
4) A nonlinear isotherm will usually result in
broadening of the migration front of radionuclides
in column studies. This effect would appear as
increased dispersion over that observed for non
sorbing tracers. 5) If crushing tuff were to expose
reactive mineral surfaces that were unavailable in
the intact tuff, retardation in the field would be
lower than batch measurements would predict.

The studies described in this plan will provide an
experimental basis for validating transport models.
The experiments are designed to vary in complexi
ty from crushed tuff, which has the most similarity
to the batch measurements (that is, would not test
assumption 5 listed above), to solid tuff and frac
tured tuff, in which steady state is not achieved
during the course of the experiment. In all the
experiments described under this activity, the phys
ical processes include the following: advection,
dispersion (which is minimized in the crushed-tuff
experiments), and diffusion (both longitudinal, in
the crushed- and solid-tuff columns, and transverse
in the fractured-tuff columns). The advective
process can be further subdivided into saturated
and unsaturated components. The dispersion and
diffusion coefficients are also expected to vary
with saturation, and these effects will be studied in
unsaturated-flow experiments.

Validation of transport models will be effected in
conjunction with Investigation 8.3.1.3.7, Radio
nuclide Retardapion by All Processes along Flow
Paths to the Accessible Environment. The trans
port experiments, varying in complexity, will be

254



modeled using the transport processes currently
available in the transport codes of Investigation
8.3.1.3.7. If the outcome of these efforts indicates
that the transport codes are ignoring processes that
are essential to the prediction of transport behavior
as shown by the experimental results, the identified
processes will be added to the transport models
used. This type of effort will lead to a cycle of
modeling and experimentation, which should iden
tify the key experiments to be performed as well as
improve the transport models used.

Use of results
This study is part of Investigation 8.3.1.3.6, which
will determine experimentally the rate of move
ment and effective retardation of radionuclides by
dispersive, diffusive, and advective processes. The
data generated by these studies will be used as
input to the Geochemical Test Program described
in the SCP Overview 8.3.1.3 and the related perfor
mance issues: 1.1 Total System Performance (SCP
Section 8.3.5.13), 1.2 Individual Protection (SCP
Section 8.3.5.14),1.3 Ground Water Protection
(SCP Section 8.3.5.15), and 1.8 NRC Siting
Criteria (SCP Section 8.3.5.17). The confidence
level required for the geochemical retardation per
formance parameter (due to sorption) to be deter
mined in this study is high (SCP, p. 8.3.1.3-16).
The confidence level required for the geochemical
retardation performance parameter (due to disper
sion and filtration of colloids) is high for the unsat
urated zone and medium for the saturated zone
(SCP, p. 8.3.1.3-17).

The results of this study will provide confirmation
of the validity of the sorption data generated in
Investigation 8.3.1.3.4, Radionuclide Retardation
by Sorption Processes, for application to flowing
conditions. Specifically, Issue 1.1, Total System
Performance (SCP Section 8.3.5.13), requires
experimental evidence that could confirm or deny
the theory of advective-diffusive coupling of solute
concentrations in matrix and fracture fluids, which
is currently embodied in the transport model of
TOSPAC. Issue 1.1 states that this information is
crucial in establishing the credibility of transport
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phenomenology embodied in any model used to
assess the consequences of the release scenarios
associated with water pathways. This investigation
will also provide information on the transport of
colloids and the validation of data produced in sat
urated systems for application to an unsaturated
system.

Rationale

Approach
We will study the migration of radionuclides and
nonradioactive analogs to waste elements through
tuff samples under a variety of conditions. The
experiments are intended to investigate the effects
of kinetics, dispersion, diffusion, and speciation on
the transport of radionuclides, which could alter
the level of detail required to model repository per
formance. The experiments to be performed range
in complexity from crushed tuff, in which the tuff
is nearly identical in composition and physical
form to tuff samples used in batch-sorption experi
ments and hydrodynamic dispersion is minimal, to
fractured-tuff columns, in which the transport is
affected by channeling, matrix diffusion, and the
processes affecting transport in the crushed-tuff
columns. To accomplish this, we have subdivided
our efforts into the following activities:

• Crushed-tuff column studies will be per
formed to verify the results of batch-sorption
measurements under flowing conditions with
out significantly changing the surface proper
ties of the tuff. By measuring differences
from the batch measurements, these studies
would be most sensitive to multiple-species
formation, colloid formation, and any other
geochemical reactions (for example, changes
in surface reactivity due to agitation) not ade
quately described by batch distribution coeffi
cients measured in Investigation 8.3.1.3.4,
Radionuclide Retardation by Sorption.

• Previous results indicate that plutonium and,
to a lesser extent, americium show a change in
sorption distribution coefficient as a function
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of time. This study concluded that the kinet
ics of actinide sorption on Yucca Mountain
tuff needed to be studied in more detail.
Mass-transfer kinetics studies using crushed
tuff columns will be performed to investigate
the migration of radionuclides as a function of
water velocity. The broadening of the elution
curves depends on the velocity of the water,
with hydrodynamic dispersion and kinetics
having a different dependence on velocity.
Therefore, the velocity dependence of the elu
tion curve will provide rate constants if a
velocity dependence is observed. The results
obtained from these experiments will be com
pared with similar results to be obtained under
static conditions using tuff wafers and rock
beakers in Study 8.3.1.3.6.2, Diffusion.

• Unsaturated-tuff column studies will be per
formed to investigate the transport of radionu
clides through intact tuff columns at various
degrees of saturation. These studies will mea
sure the retardation factor for sorbing radionu
clides in intact tuff as a function of saturation,
addressing the question of whether crushing
affects sorption. The dispersion will also be
measured as a function of saturation to deter
mine how tortuous the flow path becomes and
whether the mineralogy along the path
changes with water content.

The applicability of the parameters obtained
under saturated conditions to unsaturated con
ditions will be assessed. The parameters
(such as sorption distribution coefficients)
determined under saturated conditions will be
used to predict transport behavior under unsat
urated conditions to assess whether additional
parameters inherent in unsaturated conditions
need to be determined and what the processes
are that drive transport in the unsaturated
zone. The models describing radionuclide
transport under unsaturated conditions (devel
oped in Investigation 8.3.1.3.7, Radionuclide
Retardation by All Processes) will be tested
using the results of experiments describing

transport in unsaturated tuff (such as the ones
performed in this study).

• The tuff of Yucca mountain contains several
welded units that have high fracture densities
and low matrix permeabilities. The saturated
zone is known to be most transmissive in
these welded fractured zones, and episodic
water movement through fractures in the
unsaturated zone has not been ruled out.
Fractured-tuff columns will be used to investi
gate the transport of radionuclides with trans
verse matrix diffusion and channeled flow in
fractures. Saturated flow in fractures with an
unsaturated matrix will be investigated to
examine the transport of radionuclides by
ephemeral water movement.

• Filtration studies will examine the efficacy of
tuff to filter or adsorb colloids of various sizes
and surface charge. These experiments will
be performed both on fractured and unfrac
tured tuff samples.

Types of measurements to be made
The types of measurements that will be made
include tracer concentrations in initial and eluted
solutions using I) gamma-ray spectrometry, 2) liq
uid-scintillation counting, 3) alpha spectrometry, 4)
fluorometry, 5) visible absorption spectrometry,
and 6) autocorrelator photon spectrometry. The
porosity of rock matrices will be determined by
weight difference between saturation and dryness.
Free column volumes will be determined by the
elution of tritiated water. Fracture surface topogra
phy will be determined by stylus profilometry, and
the flow path will be determined by autoradiogra
phy of fracture surfaces after elution. The analyti
cal techniques used in these tests are standard tech
niques for acquisition of these types of data.
Ancillary measurements will include: bulk-rock
and fracture-surface mineralogy (described in
Study 8.3.1.3.2.1, Mineralogy, Petrology, and
Chemistry of Transport Pathways) and batch-sorp
tion distribution coefficients (described in Study
8.3.1.3.4.1, Batch-sorption Studies).

256



Rationale for choosing the types of measure
ments to be made
Most of the information that can be gained from
the transport experiments is contained in the shape
and retention volume of elution curves. The elu
tion curve is the tracer concentration as a function
either of time or of the volume eluted from the col
umn. The concentration of tracer is determined by
the appropriate analytical technique. For example,
a radioactive tracer having a unique gamma-ray
energy is best analyzed by gamma-ray spectrome
try. Pure beta emitters, such as tritium, are best
analyzed by liquid scintillation, and alpha emitters
by alpha spectrometry. Fluorometry will be used
to measure the concentration of polystyrene latex
es, which have been tagged with fluorescent dyes.
Untagged latexes will be analyzed by autocorrela
tor photon spectroscopy. Colored dyes will be ana
lyzed by visible absorption spectroscopy. Matrix
porosity of solid-tuff samples will be determined
by measuring the difference between the saturated
weight and the air-dried weight.

Constraints for the study
One of the most significant constraints on this
study is the extent of knowledge of potential trans
port pathways away from the proposed repository.
An important goal of this study is to characterize
accurately and completely the transport behavior of
radionuclides under conditions that allow the iden
tification of important geochemical and transport
processes and mechanisms so that the appropriate
models can be employed to predict transport in the
field.

For strongly sorbing radionuclides, measuring elu
tion curves may be extremely difficult. In this
case, the tuff columns will be sectioned, and the
distribution of radionuclides along the column will
be obtained. Although this is a constraint on the
proposed studies, if the radionuclide sorbs so
strongly to tuff that no break-through can be
detected, then it is safe to assume that the very high
value of Kd , expected from batch-sorption studies,
is representative of the value of Kd that should be
used for performance-assessment calculations.
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Another constraint is the lack of knowledge of the
chemical speciation of actinides under groundwater
conditions. The solubility studies (Study
8.3.1.3.5.1, Dissolved Species Concentration
Limits, and Study 8.3.1.3.5.2, Colloid Behavior)
will address this limitation. The studies outlined in
this plan do not include oxidation-reduction reac
tions as a significant process. This decision was
justified because locating the repository in the
unsaturated zone will generally provide oxidizing
conditions. The discovery of an unusual sensitivity
to oxidation potential would require the inclusion
of additional experiments.

Additional factors for consideration
Impact on site
The analyses initiated by this study should have
minimal additional impact on the site because most
samples necessary for the study will be obtained
from cores from existing and planned drill holes or
from surface outcrops. Large samples for evalu
ating radionuclide transport through fractures will
be acquired from the Exploratory Studies Facility
(ESF).

Required accuracy and precision and limits of
methods
Based on current hydrologic estimates, the perfor
mance assessment of the site has a sufficient safety
margin that accuracy requirements have not been
established for geochemical retardation. The mea
surements to be performed are subject to accuracy
and precision limits that can be considered normal
for analytical chemical measurements.

Accuracy reflects the nearness of a measurement to
its accepted value. Determinate errors are respon
sible for inaccurate results; their origin is due to
personal errors of the experimentalist, instrumental
errors, and methods of analyses. Determinate
errors are either constant or proportional. In this
study, most of the data consist of measuring the
concentration of radionuclides or analogs to
radionuclide species during elution through differ
ent types of columns. Concentration (C) consists
of dividing the amount of radionuclide (as deter-
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mined by an analytical technique) by the volume in
which that amount of radionuclide was collected
during elution. This eluted concentration is com
pared with the initial concentration (Co) of the
solution used for injection into the column. The
analytical techniques and the experimental proce
dures used to determine the amount of radionuclide
or analog in solution are given in Section 3.0 of the
SCP (Study 8.3.1.3.6.1, Dynamic Transport
Column Experiments). Prevention of determinate
errors (which will cause inaccurate results) will be
accomplished by analyzing standard samples from
the National Institute of Standards Technology
(NIST), running blanks, and varying the sample
size analyzed. Proportional determinate errors will
be identified and corrected by analyzing NIST
standards. Constant determinate errors will be
identified and corrected by analyzing NIST stan
dards, blanks, and samples of different sizes.
Consequently, we expect the measurements made
in this study to be very accurate.

Precision describes the reproducibility of results.
Indeterminate errors are responsible for lack of
precision in the experimental results. They arise
from uncertainties that are unknown and cannot be
controlled by the experimentalist. To calculate the
accumulation of error in the quantity ClCo, which
takes into consideration the precision of measuring
volume as well as determining the amount of
radionudide in a given volume, one needs to con
sider the propagation of errors for multiplication
and division. Thus, the relative standard deviation
of the product ClCo is given by the square root of
the sum of the squared relative standard deviations
of the following: the volume in the original solu
tion injected, the volume collected during elution,
the amount of radionuclide in the volume injected,
and the amount of radionuclide in the volume col
lected. The maximum relative standard deviation
for the volume determination is 5%. The maxi
mum relative standard deviation for the analytical
techniques to be used for determination of the
radionuclide amount is 10%. Consequently, the
maximum relative standard deviation in CICo is
approximately 16%. The results of previous trans-
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F. DIFFUSION STUDIES

Purpose and Objectives of Studies

Purpose
The goal of these studies is to experimentally
determine diffusivities and mass transfer rates for
consolidated tuff for use both in performance
assessment calculations and in support of the stud
ies described in the Site Characterization Plan
(SCP) for Study 8.3.1.3.6.2, Diffusion. The com
bined goal of this study and Study 8.3.1.3.6.1, Dy
namic Transport Column Experiments, is to inves
tigate the effective retardation of radionuclides by
dispersive, diffusive, and advective processes.
Specifically, Issue 1.1, Total System Performance,
of the SCP needs experimental evidence that con
firms or denies the theory of advective/diffusive
coupling of solute concentrations in matrix and
fracture flow. This theory is embodied in the trans
port model for fracture flow currently used in the
transport model of TOSPAC described in Issue 1.1.
Issue 1.1 states that information on advective/diffu
sive coupling is crucial in establishing the credibil
ity of transport phenomenology embodied in any
models used to assess the consequences of the
release scenarios involving water pathways.

Use ofresults
This study will provide values for the effective dif
fusivity of aqueous chemical species contained in
the pores of the matrix of each rock unit in the sat
urated and unsaturated zones needed for resolution
of Issue 1.1. The parameter called for by Issue 1.1
is the empirical parameter measuring the effective
diffusivity of the fracture matrix interface (con
strictivity/tortuosity factor) for the saturated and
unsaturated zones. An understanding of dispersal
of radionuelides into the tuff matrix and the contri
butions of sorption to radionuclide retardation in an
advective system is necessary to develop informa
tion on the parameters of Issue 1.1. The diffusion
studies provide an additional means of measuring
sorption and sorption kinetics. Issue 1.1 requires
distribution coefficients for the rock matrix in both
the unsaturated and saturated zones beyond the dis-
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turbed zone. The bulk of the sorption data will be
gathered in Investigation 8.3.1.3.4, Radionuelide
Retardation by Sorption, but if these data are used
in a dynamic system, sorption (distribution coeffi
cients) must be evaluated in dynamic systems. The
diffusion experiments will provide that evaluation
and will support the use of the sorption data by
Issue 1.1. The results of this study, however, will
first be assessed by Investigation 8.3.1.3.7, Radio
nuclide Retardation by All Processes, before being
used in Issue 1.1. The results from this study are
also to be used in modeling and interpreting the
experiments in Study 8.3.1.3.6.1, Dynamic Trans
port Column Experiments.

Rationale

Approach
We will study the migration of radionuclides and
nonradioactive analogs of radionuclides through
tuff samples under a variety of conditions. The
experiments are intended to investigate the effects
of the kinetics of sorption and diffusion on the liq
uid-phase transport of radionuclides. Current per
formance-assessment models assume instantaneous
reaction rates. The kinetic data from the kinetics
and diffusion studies will either support this
assumption or will provide the data needed to more
correctly model repository performance. Diffusivi
ties are needed to predict the migration of radionu
elides in fractured tuff. Diffusivity is also needed
as a lower limit to transport rates for the matrix.
The diffusivity in rock depends on pore structure.
The measurements conducted in this study will
determine the variability of pore tortuosity and
constrictivity in Yucca Mountain tuff. To accom
plish this, we have subdivided our efforts into the
following activities.

• Diffusion studies will investigate the rate of
movement of radionuclides through tuff in the
absence of an advective flux. The processes
of interest are molecular diffusion and sorp
tion. These measurements will be performed
using tuff disks of several thicknesses ranging
from 1 to 5 cm because pumice grains of
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about I cm may have a porosity and tortuosity
in the pore structure different from porosity
and tortuosity of the bulk tuff. If this is true,
then thin slabs penetrated by these grains
would yield a diffusivity that is not represen
tative of the bulk rock. Thicker tuff disks are
impractical because the time required to com
plete the experiments increases as the square
of the thickness. The experiments designed
will provide the necessary rock-dependent
parameters, that is, tortuosity and constrictivi
ty, for calculating the rate of diffusion of
radionuclides through tuff and additional data
on sorption distribution coefficients.

• Kinetics studies using solid tuff will provide
kinetic rate constants by determining the time
dependence of the uptake of radionuclides in
solid tuff. These studies take advantage of the
fact that diffusion-controlled uptake of dis
solved species is linear versus the square root
of time. If the sorption is influenced by kinet
ics, the observed uptake as a function of time
will deviate from that controlled only by dif
fusion. To observe the effect of reaction rates
on the uptake of radionuclides, the time
required to diffuse through the solid must be
short compared with the reaction time. Rapid
reactions, such as ion exchange, can be stud
ied by examining the uptake of radionuclides
by thin wafers. Kinetic effects on ion
exchange have been observed in 2-mm-thick
tuff samples. The actinides, particularly
americium, present special problems in the
study of their sorption and kinetic properties.
The actinides exhibit nonselective sorption on
nongeologic materials, such as the walls of the
sample containers. To overcome this inherent
difficulty, the sorption of actinides will be
studied as a function of time by using rock
beakers so that the actinides will contact only
the tuff.

• Unsaturated diffusion experiments will inves
tigate diffusivity as a function of saturation in
blocks of intact tuff. The diffusivity of radio-

nuclides is expected to decrease as the satura
tion decreases because the larger connections
between pores will dry out first, which leaves
a more tortuous path for radionuclides to
migrate through. These studies will measure
the change in the constrictivity/tortuosity
parameter as a function of satura-tion. Small
volumes of tracer will be injected into unsatu
rated tuff blocks in which the moisture distrib
ution has been allowed to equilibrate for 0.5
to 2 yr. The tracer distribution after a diffu
sion period of 0.5 to 2 yr will be determined
by sectioning the tuff blocks and measuring
the concentration of radionuclides throughout
the blocks.

Types of measurements to be made
The types of measurements will include tracer con
centrations using I) gamma-ray spectrometry, 2)
liquid-scintillation counting, 3) alpha spectrometry,
4) scintillating-glass beta counting, and 5) ion
chromatography. The porosity of rock matrices
will be determined by measuring weight differ
ences between saturated and dry samples. The
analytical techniques used in these tests are stan
dard techniques for this type of data acquisition.

Ancillary measurements will include bulk-rock
mineralogy (described in the SCP for Investigation
8.3.1.3.2, Mineralogy, Petrology, and Rock
Chemistry Within the Potential Emplacement
Horizon and along Potential Flow Paths), tuff per
meability, and batch distribution coefficients
(described in Investigation 8.3.1.3.4, Radionuclide
Retardation by Sorption).

Rationale for choosing the types of measure
ments to be made
The diffusivity of dissolved species in water can be
calculated from ionic conductivities. The effective
diffusivity of that aqueous species in rock depends
on the porosity, the retardation factor, the tortuosity
of the pore structure, and the constrictivity. Con
strictivity is the result of the repulsion of the aque
ous species by a charge on the mineral surfaces.
The combined tortuosity/constrictivity factor can
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be measured by observing the rate of diffusion
through rock because ionic diffusivity, porosity, the
distribution coefficient (Kd ), and dry bulk density
can be determined either by conducting an inde
pendent measurement or by reviewing the litera
ture. The rate of diffusion will be observed by
measuring the rate of movement of radionuclides
through intact tuff in the absence of an advective
flux. This method has been chosen because it is
the closest simulation of the migration of radionu
c1ides through tuff under the zero groundwater
velocity limit. Another method for measuring tor
tuosity is to measure the electrical resistivity of
rock, but this method cannot determine the con
strictivity.

Constraints on the study
One of the most significant constraints on this study
is the extent of knowledge of potential transport
pathways away from the repository. This constraint
affects the selection of samples to be used for mea
suring diffusivity. Several samples from each unit
will have to be tested to arrive at a measure of vari
ability. In the absence of certain knowledge of
what these pathways are, the lower and upper
bounds on diffusivity obtained from this study will
provide estimates of radionuclide transport.

Another constraint is the lack of knowledge of the
chemical speciation of actinides and other multiva
lent elements under groundwater conditions at the
proposed repository site. Investigation 8.3.1.3.5,
Radionuclide Retardation by Precipitation, will
address this limitation. Time will limit the scale on
which the experiments can be carried out. The
goal of achieving results within a few years limits
the scale for nonsorbing tracers to about 10 cm.
Sorbing tracers will be limited to a smaller scale
because retardation will further slow diffusion.

Additional factors for consideration
Impact on site
The analyses necessary for this study should have
minimal additional impact on the site because most
samples necessary for the study will be obtained
from core from existing and planned drill holes or
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from surface outcrops. Large samples will be
acquired from the exploratory studies facility
(ESF).

Required accuracy and precision and limits of
methods
Currently, the performance assessment of the site
has a sufficient safety margin, based on hydrologic
estimates, for us not to have established accuracy
requirements for geochemical retardation. The
measurements to be performed are subject to accu
racy and precision limits that can be considered
normal for analytical chemical measurements.
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Appendix: Descriptions of Minerals Coating the Fractures

APPENDIX: DESCRIPTIONS OF MINERALS COATING
THE FRACTURES OF YUCCA MOUNTAIN TUFFS

Zeolites

Zeolites describe a group of minerals characterized
by an open framework of aluminosilicate tetrahe
dra. They are known as good sorbers because of
the exchangeable cations within the channels of the
framework structures. The common exchangeable
cations in zeolites are sodium, calcium, and potas
sium (Deer et al. 1966).

Most zeolites are generally white but may be
brown, red, pink, yellow, green, and blue. Their
specific gravity is low (2.0-2.5) as a result of their
open framework, and their hardness is moderate
(3-5). Zeolites occur in regimes of low tempera
ture and pressure. They are commonly found as
secondary minerals resulting from alteration of
volcanic rocks and as authigenic minerals within
sedimentary units (Klein and Hurlbut 1985).

• Analcime is commonly white with some gray,
green, red, and in rare cases, blue samples. It
is an isometric mineral, usually found as
trapezohedral crystals. Crystals tend to be
anonymously biaxial with birefringent lamel
lar twinning. The hardness is 5.5 with a spe
cific gravity of 2.7. The crystalline frame
work is comprised of combinations of 4- and
6-member rings of aluminosilicate tetrahedra.
The channels have a minimum diameter of 2.2
A (Deer et al. 1966). Analcime has a higher
metamorphic-rock gradient than the other zeo
lites and is associated with the feldspathoids.
In some references, it is not classified as a
zeolite.

• Chabazite is commonly white with some yel
low, pink, and red samples. It is a hexagonal
mineral usually found as rhombohedrons with
nearly cubic angles. The hardness ranges
from 4 to 5, and the specific gravity from 2.05
to 2.15. The framework structure contains 4-,
6-, and 8-member rings of aluminosilicate

A-I

tetrahedra. The channels have a minimum
diameter of 3.8 A(Meier and Olson 1992).

• Erionite is part of the chabazite group. It is a
hexagonal, commonly acicular, fibrous miner
al. It is one of the more siliceous zeolites.
The crystalline framework is comprised of
combinations of 4-, 6-, and 8-member rings of
aluminosilicate tetrahedra. The channels have
a minimum diameter of 3.6 A(Meier and
Olson 1992).

• Heulandite is commonly white with some
samples being yellow and red. It is a mono
clinic mineral, but crystals often display
orthorhombic symmetry. Crystals are typical
ly tabular. The hardness ranges from 3.5 to 4,
and the specific gravity from 2.18 to 2.2. The
framework is comprised of combinations of
5-, 6-, and 8-member rings of aluminosilicate
tetrahedra. The channels have a minimum
diameter of 3.3 A (Meier and Olson 1992).
Heulandite has low bond strength in one
direction and therefore loses structural integri
ty with dehydration (Breck 1974).

• Clinoptilolite is part of the heulandite group.
It is monoclinic with typically tabular to platy
crystals. In contrast to heulandite, c1inoptilo
lite is stable under dehydration. The crys
talline framework is similar to heulandite
(Breck 1974).

• Stellerite is the calcium end member of the
stilbite solid solution, which is part of the
heulandite group. It is usually transparent to
white and rarely yellow, brown, or red. The
crystal system is monoclinic, typically in
platy, sheetlike aggregates, which may also
form crucifonn penetration twins. The hard
ness ranges from 3.5 to 4, and the specific
gravity is 2.2. The framework is comprised of
combinations of 4-, 8-, and to-member rings
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of aluminosilicate tetrahedra. The channels
have a minimum diameter of 2.7 A (Meier
and Olson 1992).

• Mordenite is usually transparent to white
with a distinctive waxy luster. It is an
orthorhombic mineral, typically in laths or
fibrous crystals. It is a high-silica zeolite.
The framework is comprised of combinations
of 5-,8-, and 12-member rings of aluminosili
cate tetrahedra. The channels have a mini
mum diameter of 2.6 A (Meier and Olson
1992).

• Phillipsite is an orthorhombic mineral com
monly displaying cruciform penetration twins.
Its hardness ranges from 4 to 4.5. The frame
work is comprised of combinations of 4- and
8-member rings of aluminosilicate tetrahedra.
The channels have a minimum diameter of 3.0
A (Meier and Olson 1992).

Silica

The silica minerals are part of a mineral group
referred to as tectosilicates, of which zeolites are
also a member. Tectosilicates define a mineral
classification in which all four oxygen atoms of a
silica tetrahedron (Si04) are shared with other
neighboring silica tetrahedra. These minerals are
generally very strong, stable structures with a sili
con-to-oxygen ratio of 1 to 2 (Klein and Hurlbut
1985).

• Quartz is one of the most abundant of all
minerals. It is generally transparent to white,
but it comes in a host of different colors, vari
eties, and names. Quartz is hexagonal with
enantiomorphous crystals in the trigonal trape
zohedral class of the rhombohedral subsystem.
Striations occur perpendicular to the long axis.
The hardness is 7, and the specific gravity is
2.65. Of the nine known polymorphs of SiOz,
a-quartz, or low quartz, is the polymorph that
is stable below 574°C and one atmosphere
pressure (Klein and Hurlbut 1985).

A-2

• Tridymite is one of the high-temperature
polymorphs of silica. The mineral is stable
between 870 and 1470°C. It is commonly
found in vugs and cavities of siliceous vol
canic rocks as tabular crystals or scales. The
lower-temperature a-tridymite is in the
orthorhombic crystal system, whereas the
higher-temperature ~-tridymite is hexagonal
(Klein and Hurlbut 1985).

• Cristobalite is the highest-temperature poly
morph of silica. It is commonly formed as a
devitrification product of siliceous volcanic
glass. Similarly to tridymite, cristobalite is
found in vugs and cavities of siliceous vol
canic rocks but usually as white octahedrons.
The lower-temperature a-cristobalite is in the
tetragonal crystal system, whereas the higher
temperature ~-cristobalite is isometric (Klein
and Hurlbut 1985).

• Opal is actually not a mineral but a miner
aloid, because it lacks a crystalline structure.
It is usually white but can be found in any
color. Opal is best known for its property of
opalescence. It is comprised of packed
spheres of silica and water molecules that can
range in content from 3 to 20 per cent. The
hardness varies from 5.5 to 6.5, and the spe
cific gravity varies from 2.0 to 2.2 (Klein and
Hurlbut 1985).

• Feldspars are the most abundant and wide
spread of the minerals, constituting 60 per
cent of the earth's crust. They are usually
white but can be pink, orange, blue, and
green. The mineral is comprised of a frame
work of aluminosilicate tetrahedra with large
voids that house the large cations of potassi
um, calcium, and sodium. Feldspars are gen
erally classified into two groups: K-feldspars
and plagioclase. The K-feldspars have identi
cal chemical constituents but differ in struc
tural states, defined as order or disorder, that
are a result of their cooling history. Rapidly
cooled K-feldspars produce sanidines, where-



as slow cooling creates orthoclase and micro
cline. Plagioclase nomenclature is based on
chemical variances of a solid-solution series.
The sodic end member is albite; the calcic
end member is anorthite; other compositions
have various names. The feldspars all have a
hardness of 6 and a specific gravity that
ranges from 2.55 to 2.76 (Klein and Hurlbut
1985).

Clays

The term "clays" is somewhat ambiguous. Clays
are described as finely crystalline or amorphous
hydrous silicates with metacolloidal properties
(Deer et al. 1966). They are loosely classified as
phyllosilicates that have a platy habit due to a
prominent single cleavage. They commonly have
low specific gravity and flexible elasticity. Their
structure consists of composite layers built from
components with tetrahedrally and octahedrally
coordinated cations (Klein and Hurlbut 1985). The
phyllosilicates are grouped into two major divi
sions: dioctahedral and trioctahedral. In diocta
hedral clays, only two-thirds of the sites in the
octahedral sheets are occupied, whereas in triocta
hedral clays, all are occupied (Deer et al. 1966).
Clays are ordinarily produced as an alteration or
weathering product from primary minerals. The
primary interest in clays is both their ability to
absorb water and their ionic exchange.

• Smectites is a general name for the group of
swelling clays. They are a three-layer mineral
comprised of two silica tetrahedral sheets and
a central alumina octahedral sheet. Charge
deficiencies exist between octahedral and
tetrahedral sheets, which are balanced by
exchangeable cations. The unique, reversible
swelling property of smectites is a result of
infiltration of water and other polar molecules
into the region between the sheets, causing
expansion (Deer et al. 1966).

• Sepiolite and palygorskite are rarer than
other clays and have a hornblende-like chain
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structure of silica tetrahedra. They are able to
absorb and retain water, a capability that
derives from a structure consisting of inverted
linked ribbons of silica tetrahedra that form
elongate rectangular boxes. Water is able to
fill the channels produced on the elongated
sides of the boxes. Furthermore, in this struc
ture, the octahedral sheets are discontinuous
and contain cations, generally Mg2+, at the
edges. These cations, besides being suscepti
ble to cation exchange, are also able to hold
water molecules. This structure tends to give
the minerals a fibrous, fuzzy appearance in
hand-samples (Deer et al. 1966).

• Illite is a commonly used description of non
expanding phyllosilicates with a basal d-spac
ing of loA. Approximately 15 per cent of the
silicon atoms from the silica tetrahedra are
replaced by aluminum atoms, a change that
results in a charge deficit that is balanced by
potassium cations between the illite sheets.
Potassium ions are stacked, allowing no
potential for expansion (Klein and Hurlbut
1985).

Oxides and Hydroxides

The oxide minerals are naturally occurring com
pounds in which one or more metals is bonded
with oxygen. (We have listed quartz and its poly
morphs, the most common of all oxides, separately
because their structures are more appropriately
associated with other silica-oxide compounds.)
The oxide minerals are generally simple in compo
sition and structure (Palache et al. 1944); however,
some varieties of manganese oxide (MnO) have
complex tunnel-structures, such as todorokite,
romanechite, and coronadite/hollandite (Bish and
Post 1989; Chukhrov et al. 1985b, 1987). Most of
the manganese-oxide minerals appear as amor
phous to fine-grained black coatings that cannot be
distinguished from one another except by x-ray dif
fraction, electron microdiffraction, or energy-dis
persive analysis. Oxides generally have strong
ionic bonds, giving them a hard, dense, and often
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refractory characteristic. They are often found as
residual-detritus grains in sediments, commonly
from igneous or metamorphic paragenesis (Klein
and Hurlbut 1985). The hydroxides, as opposed to
the oxides, are generally found as secondary min
erals with low hardness and density. They are
bonded to either hydroxyls or water molecules,
which tends to create a weaker structure than that
of the oxides (Palache et al. 1944).

Manganese oxides
• Aurorite generally occurs as an irregular

mass but is also found as platy or scaly grains,
commonly with black calcite. Large grains of
aurorite are generally less then 8 Jlm (Radtke
et al. 1967).

• Cryptomelane is commonly found as a fine
grained mass with prominent conchoidal frac
tures. Botryoidal as well as radial fibrous
habits with prominent cleavage are known but
are uncommon. The color of the mineral is
black with a brownish-black streak. The hard
ness is 6 to 6.5; however, the hardness of the
masses may be as low as 1 (Richmond and
Fleischer 1943).

• Hollandite is a black tetragonal mineral, usu
ally found as a fine-grained mass. The habit,
although generally massive, can also be found
as short prismatic crystals terminated by a flat
pyramid and as fibrous crystals. Cleavage is
prismatic and distinct. The mineral has a
black streak and a hardness of 6 on the crystal
faces. The hardness can be significantly less
from exposures of the fracture (Palache et al.
1944).

• Coronadite is isostructural with hollandite. It
is a black mineral with a habit generally found
as a fine-grained mass; however, botryoidal
crusts or fibrous structures are also known.
The mineral has a brownish-black streak and a
hardness of 4.5 to 5 (Palache et al. 1944).

• Lithiophorite is generally found as a shiny to

dull-black mineral. Its name was derived
from the belief that it contained lithium as one
of its key components; however, now it is
known that the mineral can have varieties that
are virtually lithium free and that cobalt and
nickel playa more essential role in its make
up. The structure of the mineral is analogous
to gibbsite (Chukhrov et al. 1985a).

• Rancieite is a soft, reddish-black to black
mineral. The structure contains disordered
stacking of Mn06 hexagonal layers or octahe
dras of Mn(OH)6 with a cation, typically
Ca2 +, located between the layers (Barrese et
al. 1986).

• Romanechite is generally found as a dull
iron-black orthorhombic mineral. Its habit is
commonly fined-grain masses, but it can also
be found as botryoidal or reniform structures.
The streak is shiny brownish-black to black
and has a hardness of 5 to 6 (Palache et al.
1944).

• Todorokite is generally found as a metallic
black monoclinic or orthorhombic mineral. It
generally occurs as spongy banded and reni
form aggregates of smalliathlike crystals
(Palache et al. 1944).

• Pyrolusite is the most common of the man
ganese-oxide minerals. Its best field charac
teristic is its sooty-black streak. The mineral
is tetragonal but is generally found as massive
structures. It is also commonly found as
fibrous, acicular, radial, or dendritic growths
on fracture exposures. The hardness is 6 to
6.5 with a perfect cleavage in one direction
(Klein and Hurlbut 1985).

Iron oxides
• Hematite is a common iron oxide and can

range from a metallic steel-gray to an earthy
brownish-red. The hardness ranges from 5 to
6, and the specific gravity from 4.9 to 5.3.
The fracture is uneven to splintery. The crys-
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tal system is hexagonal with many common
forms, such as tabular-striated growths, granu
lar, radiated, reniform, compact, micaceous,
botryoidal, and earthy. It can be identified by
its red streak and hardness (Klein and Hurlbut
1985).

• Magnetite is generally a metallic iron-black
mineral with a dark black streak. The hard
ness ranges from 5.5 to 6.5, and the specific
gravity from 4.9 to 5.2. The fracture is
uneven to subconchoidal. The crystal system
is isometric, usually found as octahedrons or
striated dodecahedrons. Magnetite's field
characteristics include its dark black streak
and magnetic property (Klein and Hurlbut
1985).

Carbonates

The carbonates contain an anionic CO;- structural
unit in which the three oxygen atoms form an equi
lateral triangle with the carbon atom at the center.
Covalent bonds describe the oxygen-carbon unity,
whereas bonds to this group are generally ionic
(Klein and Hurlbut 1985).

• Calcite is the most common of all the carbon
ate group. It is generally white to transparent
but can come in all the hues of the rainbow. It
has perfect cleavage in three directions, giving
it a common rhombohedral shape. The crystal
system is hexagonal. Calcite has a hardness
of 3 and a specific gravity is 2.7. It is best
identified by its rhombohedron shape and by
its vigorous effervescent effect when exposed
to acid (Klein and Hurlbut 1985).

Halides

The halides represent a group in which a halogen is
the dominant anionic component.

• Fluorite occurs in any color. It has a hardness
of 4 with perfect cleavage in four directions.
The specific gravity is 3.0 to 3.2. The crystal
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system is isometric, commonly found as
cubes, octahedra, and sometimes as dodecahe
dra. Calcite is easily identified by its crystal
shape, hardness, fluorescent properties, and
waxy luster (Klein and Hurlbut 1985).
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