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10. FACTORS AFFECTING RADIONUCLIDE TRANSPORT

10.1 INTRODUCTION

Radionuclide migration from the potential repository would be mitigated by several barriers,
including the geochemical retardation due to solubility and sorption described in this section.
One of the initial retardation factors is the solubility of the radionuclides themselves in any water
that infiltrates the potential repository. The solubility of key radionuclides (e.g., Np, Pu, Am,
and Tc) has been shown to be controlled by solution speciation and by the solubility-limiting
actinide-bearing solid. Kinetic barriers are considered in this analysis and sometimes drive the
conceptual choices of the phases to constrain some radionuclide concentrations. As such, this
corresponds to metastable equilibrium in some cases and this ensures conservatism. This section
summarizes factors affecting radionuclide transport under ambient conditions in the far field.
Included are the results of the following investigations: radionuclide solubility and speciation,
sorption, the effects of organics on sorption, matrix diffusion, and the conceptual models that
describe these phenomena in transport codes. It also summarizes studies of colloid-facilitated
radionuclide transport and of field testing of transport in the unsaturated and saturated zones.
Section 11.4 considers the interactions of radionuclides with the products of canister corrosion
such as iron oxides and cementitious materials that might be generated from concrete tunnel
liners.

10.1.1 Radionuclides of Concern

Although the fission products 90Sr and '37Cs will dominate the radioactive inventory at the start
of the potential repository's life (Choi and Pigford 1981), the half lives of approximately 30 yr.
mean that these radionuclides will be decayed by the time the metal waste packages are projected
to fail due to corrosion (a minimum of 1 k.y.) (Langmuir 1997). Therefore, little emphasis is
placed on these elements. For spent nuclear fuel, the chief sources of radioactivity from I k.y. to
10 k.y. are Am and Pu isotopes (Langmuir 1997, Figure 13.18). From roughly 10 k.y. to 10
m.y., 237Np contributes the most to radioactivity of the waste (Langmuir 1997, Figure 13.18).
Therefore, scientific study has concentrated on the geochemical mobility of Am, Pu, and Np as
the successively dominant contributors to radioactivity. In addition to these actinides, 2 33 u, 234U,

1, and 99Tc received attention in total system performance assessment (TSPA) exercises
principally because there has been little demonstrated geochemical retardation from solubility or
sorption for these radioactive isotopes. The radionuclides of concern singled out here (Tc, U,
Np, Pu, and Am) were chosen from the most important species for the first 10 m.y. from the
water-dilution figures of Choi and Pigford (1981) and from Langmuir (1997).

The geochemistry and thermodynamic solubility of the long-lived radionuclides are briefly
reviewed in this section, followed by more extensive review of Np, Pu, and Am and their
relevance to Yucca Mountain in subsequent sections.

Technetium-Technetium is a priority radionuclide due to its high solubility and low sorption. It
is also the most important P-emitter in radioactive waste in the greater than 103-yr. time frame
(CRWMS M&O 1994 Tables 5-11 and 5-12). Thermodynamic data for solids and solutions are
being evaluated critically by scientists collaborating through the Nuclear Energy Agency; this
review is scheduled to be published shortly. It is presumed by the TSPA that the waters at Yucca
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Mountain are oxidizing waters and that Tc will therefore exist in the Tc (VII) state as TcO4-. The
tetrahedral arrangement of coordinating oxygens prevents the formation of stable solid
precipitates and shields the Tc from mineral sorption sites. Release quantities calculated for
solubility considerations would be limited by inventory, not precipitation equilibrium. However,
interaction with reduced minerals, or in more reducing waters, may reduce the Tc to lower
oxidation states (i.e., Tc [IV]), which would be orders of magnitude less soluble and more
sorptive (Lieser and Bauscher 1988). In reducing neutral waters, the predominant aqueous
species would be TcO(OH)2 (aq) in equilibrium with TcO2*2H2 0(c) with a solubility of about
10-8 M (Rard 1983; Langmuir 1997, Figure 13.21). (Note: In this section, (c) indicates
crystalline, (aq) indicates aqueous, and (am) indicates amorphous.)

At higher values of pH (greater than 10), amphoteric behavior starts to increase the solubility to
approximately 10 7 M at a pH of 11. In the presence of high carbonate concentrations, carbonate
complexes can form at pH values greater than 8.5, raising solubility to approximately 1 06 M by
a pH of II for Pco2 = 10-2 bar (that is, approximately 33 times standard atmospheric C02
pressure). It is not anticipated that these pH and PCo2 conditions will occur together unless
alkaline plumes are generated by cement during the thermal pulse. However, cement will not be
present in the current design except in small quantities. Little is known about the temperature
effects on the Tc (VII)/Tc (IV) equilibrium, so extrapolation to the thermal range of 90° to 950C
in the near field of the repository is not possible. Furthermore, the intervening oxidation states
(VI and V) are considered to be unstable with respect to disproportionation, but their stability
under very dilute conditions or different temperatures is also not known. These comments on the
effect of temperature on speciation, redox barriers, and, ultimately, thermodynamic solubilities
can be made almost across the board for all the radionuclides discussed here (although Yucca
Mountain water-specific solubility experiments will be described below for Np, Pu, and Am). At
this point, the only conservative, nonreproachable course of action is not to use solubility as a
limiting factor in Tc release.

Iodine-Iodine occurs as iodate (103D in highly oxidizing waters and as iodide (I) under
less-oxidizing conditions, including most groundwaters (Pourbaix 1966, Figure 1, p. 621;
Langmuir 1997, p. 520). Iodide salts are less soluble than iodate salts but are still too soluble to
limit maximum possible I concentrations in groundwaters. Therefore, the concentration will be
limited by the amount of I available from the inventory.

Uranium-Uranium has been studied extensively for over a century, and the relevant
thermodynamics that control U solubility have been critically evaluated by Grenthe et al. (1992)
under the auspices of the Nuclear Energy Agency. Spent nuclear fuel from nuclear power plants
to be disposed of in the potential repository is largely in the form of U0 2 , so the discussion here
starts with U (IV) complexes. Note that only U (IV) and U (VI) are considered to be important
oxidation states of U, with U (V) quickly disproportionating (Newton 1975). Uranium (IV) is
stable only at very reducing potentials, with the principal minerals being uraninite (crystalline
U0 2 ), pitchblende (amorphous U02 ), and coffinite (USiO4 ) (Langmuir 1997, p. 495). In the
absence of carbonates, the principal solution species in equilibrium with uraninite/pitchblende
(various degrees of crystallinity found experimentally) at pH values greater than. 4 is
U(OH)4

0(aq), with a uranium solubility of less than 10-8 M to pH values greater than 12 (Ryan
and Rai 1983; Parks and Pohl 1988; Rai et al. 1990, p. 263; Yajima et al. 1995, p. 1142). Given
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the formation constant of coffinite, its solubility should also be comparable to these values
(Langmuir 1997, pp. 502, 503). Under Yucca Mountain conditions, the most important other
ligand for U (besides OH-) is carbonate. At very reducing conditions, the tetrahydroxide U (IV)
complex is more stable in solution than the carbonates (Grenthe et al. 1992, pp. 120 to 122, 306
to 333), so U (IV) carbonates do not need to be considered further.

In the more oxidizing regions of uraninite (but not pitchblende) stability, the solution species in
equilibrium over the U (IV) solid can be a U (VI) solution species, either a uranyl
aquo/hydroxide species or a carbonate species (Langmuir 1997, Figures 13.8 to 13.9). In fact,
several mnixed-oxidation-state solids predominate at groundwater-relevant pHs before the U (VI)
solid phases (schoepite (f3-U0 3 2H2 0) and [or] secondary uranyl solid phases, such as
carbonates) predominate in the higher Eh values of the Eh/pH stability diagram. In ascending
order of Eh values, important U solids formed in carbonate-free, near-neutral pH water include
U02 , P-U 409, P-U307, U308, and U03 (Langmuir 1997, Figure 13.10). Important uranyl
solution species under Yucca Mountain waters (e.g., UE-25 J-13, referred to henceforth as J-13)
include, with increasing importance with pH, UO2

2 +, UO2 0H+, U0 2 CO30 , (UO2 )3(OH)s',
(U02 )2 (C03 )(OH)3-, U02 (CO3 )2

2-, and UO 2(CO 3)34 (Grenthe et al. 1992, pp. 98 to 130, 306 to
330; Waite et al. 1994). Langmuir (1997, Figure 13.5) plotted the uranyl solubility as a function
of pH with schoepite as the solubility-controlling solid for two PCO2 cases. With no carbonate
present, the solubility reached a minimum of just over I1-7 M at a pH value of just over 7.
By a pH of 8.5 and, on the other side of the minimum, a pH of 5.5, the solubility increased to 10-
6 M. With Pco2 = 10-2 bar (, the minimum shifted to a pH of approximately 6.3 and to a value of
about 10 M. The solubility increased from this value by an order of magnitude by pHs of 5 and
8. Typical Yucca Mountain waters (e.g., J- 13) would produce solubilities intermediate between
these two Pco2 cases. The presence of other potential solid uranyl phases, such as rutherfordine
or Na2(U02)(C03 )2 , was not considered. This fact implies that the present estimate is
conservative, as a more stable uranyl carbonate solid would lower the solubility values, and less
stable phases would convert to the schoepite.

Although the other actinides also exhibit oxide solubility-limiting solids rather than carbonates in
J-13 water conditions (see below), schoepite has been reported to be a nonterminal phase: it
dehydrates in dried-out conditions possible in the vadose zone and thereby its crystal structure is
compromised, allowing it to be dissolved (Finch et al. 1992, p. 439). Secondary U
mineralization subsequently occurs with weathering to form uranyl silicates (uranophane and
soddyite), phosphates (autunite), vanadates (carnotite), or carbonates (e.g., rutherfordine),
depending on what anions are available. Because many U deposits start out as uraninite and
show these weathering/oxidation patterns, they can be used as natural analog systems for a
radioactive waste repository to show mobility patterns of U over long periods of time (Curtis
etal. 1994). An example of an analog for Yucca Mountain is the Penia Blanca deposit in
northern Mexico, which occurs in an unsaturated and oxidized tuff located in an arid region
(Pearcy et al. 1994; Section 13 of this report). The formation of some of these secondary phases
would limit the solubility of U further from that of schoepite. For instance, the formation of
uranophane as the solubility-limiting phase, as is seen at Penia Blanca, should limit the U
solubility to approximately 10-7 M (Langmuir 1997, pp. 513 to 514). Wilson (1990, p. 425)
produced similar Ca-U (VI) silicate solids by leaching spent nuclear fuel with J- 13 water.
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Neptunium-TSPA results have shown that the inventory of Np from stored radioactive waste
under current scenarios would be sufficient to consider Np a potential problem contaminant, with
237Np being the largest contributor to the radioactivity of a radioactive waste repository at times
between 10 k.y. to 10 m.y. (CRWMS M&O 1994; Wilson et al. 1994; Rechard 1995; Langmuir
1997). All of the TSPAs for the Yucca Mountain Site have considered neptunium to be the most
hazardous radionuclide for repository times beyond 10 k.y. (CRWMS M&O 1994, Wilson et al.
1994, Rechard 1995; CRWMS M&O 1995; DOE 1998). In natural waters, Np (IV) is expected
to be the dominant oxidation state under reducing conditions, while Np (V) is the dominant
oxidation state in oxidizing waters (Katz et al. 1986; Lieser and Muhlenweg 1988, Section 2;
Hobart 1990, p. 407). Although oxidizing conditions are generally expected to prevail in the
unsaturated zone within Yucca Mountain, it is possible that reducing conditions may exist in the
saturated zone (Sections 5.3.6 and 5.3.7) or locally in the near field (at least temporarily).
Theoretical calculations using different thermodynamic data bases predict that the solubility-
limiting solid phase would be either a Np (IV) or Np (V) compound, depending upon the redox
state of the water (Wilson and Bruton 1990; Hakanen and Lindberg 1991; Janecky et al. 1995,
1997, p. 2). The solubility of solid phases with these different oxidation states is quite different,
with the Np (IV) phase having a solubility several orders of magnitude less than that for the Np
(V) phase. For Np (IV), solubility-controlling solids include Np(OH)4 (am) and, especially,
NpO2 (c). Important solution species include Np(OH)40 in low carbonate solutions (for pH
greater than 3) and Np(OH) 3 CO3- in higher carbonate solutions (e.g., total carbonate = 10-2 M,
similar to UE-25 water, and a pH range from 5 to 11). Under conditions for the Np (IV)
oxidation-reduction (redox) state, the solubility in water to at least a total carbonate
concentration of up to 10-2 M is expected to be lower than 10-8 M (Langmuir 1997).

As for uraninite (described above), the stability field for NpO2 (c) extends into the Eh region in
which Np (V) solution species may also exist (Langmuir 1997). The degree to which this
extension occurs depends critically upon the database used. Neptunium (V) solubility-limiting
solids include Np2 05(c), NpO2OH(am), and in high ionic-strength carbonate media, the so-called
double carbonate salts Na2x..NpO 2(CO3), (where x = 1 to 3) (Volkov et al. 1980, 1981; Neck et
al. 1994; Neck et al. 1995). In the absence of carbonates, the solution speciation of Np (V) is
dominated by the highly soluble NpO2 +, which does not hydrolyze readily below a pH of 10
(Moskvin 1971; Rosch et al. 1987; Itagaki et al. 1992, Figure 2; Neck et al. 1992, Figure 3, p. 29;
Tait et al. 1996, pp. 34 to 49). In J-13 type waters, where the higher carbonate complexes are not
strong enough to be predominant even at higher temperatures, the carbonate-complexed Np (V)
species of importance includes NpO2CO3 (Tait et al. 1996, p. 41).

Plutonium-Plutonium is a priority radionuclide, because a large quantity of it will exist in the
inventory of a radioactive waste repository and, in oxidized form, it can be quite mobile. Unlike
most metal cations, Pu can exist in multiple oxidation states simultaneously. The III, IV, V, and
VI states of Pu are readily attainable under environmentally relevant conditions, and therefore
redox conditions do not necessarily preclude a low release. In general, the solid state is
dominated by Pu (IV), specifically PuO2(c), Pu(OH)4 (am), and radiocolloids (suspended Pu02
polymer). The aging of Pu solubility-limiting solids might start with the formation of
radiocolloids, which gradually dehydrate/polymerize to mixtures of Pu(OH)4(am) and (or)
PuO2 (am), which, in turn, eventually go on to PuO 2 (c) (Hobart et al. 1989, pp. 118 to 124; Clark
1994, p. 9). The final aged form should be 106, times less soluble than Pu(OH)4 (am), but
modeling suggests that even aged PuO2 (c) contains Pu(OH)4 (am) units on its surface, lessening
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this effect (Efurd et al. 1996, p. 7, Table 2). Mobility of the suspended radiocolloid and
Pu-particle sorption (pseudocolloids) form can be significant, especially in highly fractured
matrices in which filtration, redox reactions, and so forth are of diminished importance (Penrose
et al. 1990; Triay, Simmons et al. 1995). Oxidation states can redistribute through
disproportionation (e.g., Pu [V] disproportionates to Pu [IV] and Pu [VI] in acidic conditions at a
rate inversely proportional to [pH]4 [Newton 1975]) and from radiolysis effects. These radiolysis
effects can cause either reduction (Cleveland 1979a, 1979b) or oxidation (Runde and Kim 1994)
to occur, depending on the initial plutonium oxidation state and the chemical composition of the
solution. As with Am, radiolysis can also complicate the solubility measurements due to
radiation damage of the solubility-limiting solid.

In the solution phase, dilute Pu solutions expected in the environment are likely to have a
distribution of oxidation states dominated by the +5 oxidation state, although Langmuir (1997,
Figure 13.30) shows a large region of predominance for Pu(OH)4

0(aq) in the Eh-pH diagram for
dilute Pu. As for Np (V), PU02+ does not readily hydrolyze (Bennett et al. 1992, p. 18), in sharp
contrast to the other oxidation states (Lemire and Tremaine 1980; Lemire and Garisto 1989;
Langmuir 1997). Hydrolysis of the other plutonium oxidation states is high, occurring by a pH
of 5 for Pu0 2

2 +, a pH of approximately 1.5 for Pu (IV), and a pH of approximately 8 for Pu (III).
Plutonium (IV) undergoes extremely strong hydrolysis, leading to the universally seen formation
of radiocolloids at neutral pHs and Pu concentrations greater than approximately 10-7 M (Nitsche
et al. 1993). All oxidation states have strong complexes with carbonate (Langmuir 1997),
cutting into the Pu3+ and Pu(OH)4

0 predominance zones even at relatively low total carbonate
concentration (I 0 2 M).

Americium-As noted above, in the 1- to 1.0-k.y. period, Am is, for a while, the largest
contributor to radioactivity of the nuclear waste. Unlike other transuranic species, Am exists
primarily in one oxidation state, namely as Am (III) (Silva et al. 1995, p. 73). The published
Nuclear Energy Agency database for Am (Silva et al. 1995) puts Am and U alone as the
actinides whose databases could be agreed upon. At least two complicating factors do exist for
interpreting Am data. Like Pu, Am can also exist in colloidal form (Penrose et al. 1990; Bates
et al. 1992), so phase separation of truly soluble species is problematic, and there is another route
for radionuclide migration. Furthermore, because 241Am is intensely radioactive, it is difficult, if
not impossible, to form a good crystalline solid as the solubility-controlling phase.

Americium (III) forms strong hydroxo, carbonato, and, for solids, mixed hydroxo-carbonato
species (Silva et al. 1995, pp. 151 to 166). Important solution species at a PC02 of lo,- bar
(atmospheric C0 2, producing water similar to J-13 at pH values between 7 and 9) include, with
pH increasing from a pH of 6, Am3 +, AmOH2 , AmCO 3 +, Am(OH)2 +, Am(CO3)2 , and, beyond a
pH of 9, Am(CO3 )33_ (Silva et al. 1995). The only solid found in Yucca Mountain experiments
in J-13 water was AmOHCO3 (Nitsche et al. 1993), consistent with the large stability field of this
solid over different values of pH and Pco2 (Silva et al. 1995). Other important solids
include Am(OH)3 (c) (logPco2 less than -4, pH greater than 7.5) and Am2 (CO3)3 (log PcO2 greater
than -1, neutral pH) (Runde et al. 1992). Solubilities in Yucca Mountain-specific waters
are discussed below. Thermodynamic studies of AmOHCO3 (c) at room temperature and
PCO2 = 1-5 bar by Felmy et al. (1990, p. 196, Figure 2) show a solubility of 10-75 to 10-8' M
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for pH values from 6.5 to 9. Above a pH of 9, the solubility increases due to the formation of
Am(CO3 )33 in solution.

10.1.2 Mineralogy and Strata Characteristics Affecting Radionuclide Transport

The two predominant modes of alteration in Yucca Mountain tuffs are (1) devitrification of the
central portions of ash flows to form fine-grained assemblages of feldspars and silica minerals
(quartz-tridymite-cristobalite) and (2) zeolitization, principally in the margins of ash flows. The
first corresponds with the syngenetic alteration described in Section 5.2.1.1; the second is the
principal mode of diagenetic alteration described in Section 5.2.1.2. Those tuffs that have
experienced neither syngenetic nor diagenetic alteration retain most of their original glass
(vitric tuffs).

Both Na and Ca in clinoptilolite exchange readily with a wide range of potential radionuclides,
including Cs, Rb, Sr, and Ba (Ames 1960; Breck 1984, pp. 529 to 588). Potassium, on the other
hand, is more difficult to remove from the clinoptilolite structure, exchanging well with Cs and
Rb but exchanging poorly with Sr and Ba (Ames 1960). Although the compositional effects are
most important for sorption of simple cations in solution, studies for the Yucca Mountain Site
Characterization Project have focused on the utility of zeolitic horizons in retarding transport of
complex transuranic species, most of which are poorly sorptive. Modeling by Robinson et al.
(1995) illustrated the cumulative importance of thick zeolitic horizons in Np sorption; moreover,
the data available at present indicate that the compositions of zeolitic rocks may also be an
important factor, with Na-K clinoptilolite providing about twice the Np sorption capability of Ca
clinoptilolite. The modeling done by Robinson et al. (1995) assumed a Np distribution
coefficient (Kd) range of 1.1 to 3.9 for zeolitic rock in the unsaturated zone; in that report, it was
concluded that there was no further need for Np sorption studies of vitric and devitrified tuffs,
because the impact of the tuffs was negligible. However, a later report (Triay et al. 1997, pp. 85
to 86) assigned the most effective (i.e., larger) Np Kds to iron-oxides anticipated from corrosion
of the multipurpose container (assuming that such a container is actually used and emplaced at
the Yucca Mountain site) and assigned the smallest maximum Np Kd for the natural site
lithologies in the unsaturated zone to zeolitic tuff (unsaturated zone Np maximum Kds were
assigned as 15, 6, and 3 mL/g for vitric, devitrified, and zeolitic tuff respectively [Triay et al.
1997, pp. 85 to 100]). Despite differences in the assignment of Kds for these different lithologies
in various models, the dependence of model results on lithologic type remains. Furthermore,
variations in geochemical properties, such as exchangeable-cation composition in zeolites,
remain a factor to be considered.

In the unsaturated zone, exchangeable cations within clinoptilolites on the western side of the
exploratory block consist primarily of Na and K (Broxton et al. 1986, p. 22). Clinoptilolites in
the unsaturated zone on the eastern side of the exploratory block have mixed Na-K and Ca-K
compositions. In the saturated zone, clinoptilolite compositions tend to become more sodic with
depth on the western side of Yucca Mountain and more calcic with depth to the east (Broxton
et al. 1986, p. 22). If, as Robinson et al. (1995) suggested, the alkali zeolites are more effective
in Np sorption than the Ca zeolites, it might be important to add chemical variation as a
parameter, along with overall abundance of zeolites, in modeling radionuclide transport. In this
case, the initial results for Np suggest that the western part of Yucca Mountain might have more
effective zeolite barriers, volume for volume, than the eastern part of Yucca Mountain.
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Ultimately, the mineralogy at Yucca Mountain must also be evaluated in four dimensions. The
fourth dimension is the possible alteration of mineralogy over time that may affect the way in
which waste will or will n6t interact with the rock. Present iates of alteration at Yucca Mountain
are probably low. Geopetal and stable-isotope studies indicate that the major zeolitic intervals
near and below the water table formed in the Miocene soon after tuff eruption (Levy 1984, 1991)
and have probably altered little since. This situation, however, could be significantly changed in
rocks within tens of meters to several hundred meters of the potential repository if high-level
radioactive waste is emplaced without prior cooling, and temperatures around the repository are
held at or above approximately 1000C for time spans of approximately 1 k.y. (Levy and O'Neil
1989; Bish 1989; Buscheck and Nitao 1992, Figure 18; Bish and Aronson 1993, p. 159).

10.1.3 Fluid and Geochemical Characteristics Affecting Radionuclide Transport

10.1.3.1 Chemical Composition

In general, as described in (Section 5.3.6) unsaturated zone pore waters have higher total
dissolved solid concentrations than perched or saturated zone waters, reflecting the low surface
infiltration rates. The variability in the dissolved-solids content of the shallowest nonwelded
unit, the Paintbrush nonwelded (PTn) unit, directly reflects the spatial variability of surface
infiltration rates. This close relationship between infiltration rates and pore-water chemistry is
reflected in the fact that infiltration rates calculated on the basis of the chloride-balance method
are generally consistent with rates calculated on the basis of physical methods.

Most of the major chemical characteristics of the pore waters appear to be established by soil-
zone processes-predominantly evapotranspiration and dissolution or precipitation of pedogenic
calcite and amorphous silica-such that pore waters entering the bedrock are nearly always
saturated with respect to these two phases. Major ion compositions of deeper pore waters
indicate that water-rock reactions are very restricted during percolation through the unsaturated
zone. Relative abundances of cations are altered through ion-exchange reactions with clays and
zeolites along the flow paths, which results in pore waters in the Calico Hills nonwelded (CHn)
unit that become increasingly stronger Na (carbonate+bicarbonate) type waters with increasing
depth. Significant lateral movement of water within the CHn unit is implied by the fact that
chemical compositions in the CHn are generally similar within a given stratigraphic unit and
markedly different between different host lithologies in any given borehole.

10.1.3.2 Isotopic Composition

Isotopic compositional studies are discussed in Section 5 of this report.

If the sampled depth is more than a few meters, the presence of global-fallout nuclides implies a
component of fracture flow. Hence, these isotopic data provide a means for estimating the extent
to which solute transport is retarded by diffusion from fractures into the adjacent matrix.

Tritium-Detectable levels of tritium have been observed along major structural features in
Exploratory Studies Facility (ESF) drill holes and in pore waters extracted from core samples
from surface-based boreholes. These detections occur predominantly within the PTn unit, but
also in some of the samples from the Topopah Spring Tuff and Calico Hills unit, and as deep as
the Prow Pass member of the Crater Flat Tuff.
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Chlorine-36-Bomb-pulse concentrations have been reported in the PTn at several locations and
in the vicinity of some fault zones in the ESF (Fabryka-Martin, Wolfsberg et al. 1997, p. 78;
Fabryka-Martin, Flint et al. 1997, pp. 6-22, 8-18). Bomb-pulse 36CI does not appear to be
present in perched water or groundwater from the site. A validation only of 36C is underway (see
Section 5.3.7.3.3 for details).

Carbon-14-Elevated 14C levels, indicating a bomb-pulse component, are present in the Topopah
Spring welded unit or the CHn in four of the six surface-based boreholes sampled to this depth.
Carbon-14 ages of the gas phase increase with depth in UZ-1, and the measured profile is
consistent with gas-transport modeling of downward movement of atmospheric CO2 by simple
Fickian diffusion. In other boreholes, the trends are less clear. Rock gas does not appear to be in
isotopic equilibrium with the pore waters with respect to C isotopes.

Carbon-13-Relative to stable C isotope ratios in the atmosphere, most pore-water samples are
isotopically light. This signature suggests that these pore waters have been influenced by
biogenic processes, probably in the soil zone.

Deuterium and Oxygen-18-Isotopic compositions of H and 0 in Yucca Mountain
groundwaters to the south of the site tend to be isotopically lighter than those farther to the north
or east, suggesting that recharge occurred under cooler climatic conditions. Similarly, for
unsaturated zone waters, lighter values for CHn pore waters suggest that much of the water at
this depth originated either during winter precipitation or during a time of colder climate, as
compared to the origin of pore water in the PTn.

10.1.3.3 Flow Paths

Geochemical and isotopic data in waters from the unsaturated zone and saturated zone are
consistent with a flow model in which all unsaturated zone waters, including perched waters,
originate at the surface of the mountain. Although flow paths appear to be predominantly
vertical, there is evidence that suggests lateral flow in some units. The isotopic data further
provide evidence of water that has flowed rapidly to at least the depth of the ESF, presumably
along pathways that included fractures and/or faults. The available hydrochemical data, on the
whole, suggest that the bulk of water in the unsaturated zone moves through the matrix, and the
portion moving through fractures is small.

10.1.3.4 Infiltration Rates

Apparent infiltration rates were estimated by the chloride mass-balance method, using chloride
concentrations for pore-water samples from surface-based boreholes, ESF drill holes, and Cross
Drift drill holes. Apparent infiltration rates in the PTn were generally higher than the rates
estimated for alluvium, presumably due to lateral flow and mixing within this unit. Nonetheless,
the rates appear to be roughly correlated with surface topography. PTn samples beneath deep
alluvium had infiltration rates between 0.6 and 3.3 mmn/yr. PTn and Topopah Spring welded unit
pore waters beneath sideslopes and ridgetops, which have thin alluvial cover, had average
infiltration rates between 5 and 8 mm/yr. in the northern half of the study area (e.g., Cross Drift,
North Ramp, Main Drift up to Station 45+00), but only about 1 mm/yr. in the southern half (ESF
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South Rarnp). The overall average infiltration rate for pore-water samples collected along the
Main Drift and Cross Drift (30 samples) is about 6 mm/yr.

10.1.3.5 Perched Water

Based on 14C and 36 C1 aging studies, perched water samples appear to be up to 1 1 ka, which
favors the idea that perched water bodies reflect an earlier period of increased infiltration rates.
Major ion concentrations and U isotope data suggest that these bodies were formed by water
flowing through fractures in the unsaturated zone rather than through the matrix. The fact that
these waters do not appear to have equilibrated with water in the matrix of units in which the
perched water bodies are found also supports a distinct origin (e.g., fracture flow) and very slow
exchange between fracture and matrix reservoirs.

10.1.3.6 Implications for Repository Performance

The chemistry of water is a potentially important factor in radionuclide transport because it
influences the solubilities of radionuclide compounds that form and because it influences the
sorption behavior of the radionuclides. Because most flow paths that would produce water in the
potential repository horizon will likely represent fracture flow paths, the water compositions may
be more dilute than those of matrix pore waters. If infiltration rates increased in the site area as a
result of a climatic shift, these compositions would likely become even more dilute, presumably
more like the perched-water compositions. The pH of these waters should be near neutral.

Pore-water compositions combined with 14C age data indicate that ion exchange processes
operate on vertically migrating young pore waters in the CHn. This suggests that ion exchange
processes would also operate on any radionuclides released from the potential repository into
aqueous solutions that migrate vertically into the zeolitic CHn.
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10.2 SOLUBILITY AND SPECIATION STUDIES

10.2.1 Data Sources

Measurements (Efurd et al. 1996) have shown that the bulk solubility of Np in J-13 water ranges
from 6 x 1 06 to 1 x 10-3 M. These results are generally an order of magnitude lower than those
of earlier reports (Nitsche, Gatti et al. 1993). This difference has been attributed to the
artificially higher ionic strength in the earlier studies caused by continual pH control. Some
models, depending on the Np database employed, have predicted Np (IV) as the predominant
oxidation state in Yucca Mountain waters, which, if true, would lower the ultimate solubility of
Np by several orders of magnitude. However, the oxidation state of Np in the later study still
points to Np (V) as the predominant species (Efurd et al. 1996), albeit a different solid than
reported in the earlier study (Nitsche, Gatti et al. 1993). Whether this Np (V) solid is the
equilibrium state or a kinetically controlled state has not been determined. Similarly, the more
refined solubility measurements of Efurd et al. (1996, Table V) found lowered variability and
lowered Pu solubility in J-13 water, although the difference between the two studies was less
pronounced than for Np. The solubility data for Np and Pu from Efurd et al. (1996) are
considered more reliable than those of Nitsche, Gatti et al. (1993) because they have an ionic
strength closer to that expected for groundwater at Yucca Mountain and because the solids were
better characterized.

For Am, the existing solubility and sorption data are difficult to interpret, at least partly because
they were performed in Yucca Mountain conditions using Am as a tracer in Nd/Am solutions
(Nitsche, Gatti et al. 1993; Nitsche, Roberts, Prussin et al. 1995). Radiation damage of a pure
Am solid may preclude the formation of the stable solid indicated in the Yucca Mountain studies.
Trivalent actinides are known to be more soluble than the analogous lanthanide (III) compounds
(Runde et al. 1992).

10.2.2 Solubility in Yucca Mountain Relevant Waters

The Yucca Mountain Site Characterization Project (YMP) requires "studies to provide the
information required on radionuclide retardation by precipitation processes along flow paths to
the accessible environment" before licensing and construction of the project (DOE 1988). This
study summarizes data for calculating radionuclide transport along potential transport pathways
from the repository to the accessible environment. In selecting these experiments, the U.S.
Nuclear Regulatory Commission generic technical position entitled "Determination of
Radionuclide Solubility in Groundwater for Assessment of High-Level Waste Isolation" was
considered (NRC 1984). This technical position served as guidance for experiments to
determine radionuclide solubility. It requires that if radionuclide solubility is used as a factor in
limiting radionuclide release, experiments must be designed to determine solubility under site-
specific conditions. To predict behavior at higher temperatures expected in the near field of a
potential repository, databases used for modeling calculations must contain data on
thermodynamic functions at elevated temperatures. To date, many of these data are unavailable
and are therefore estimated by extrapolation from lower temperature data.

Radionuclide concentrations in water passing through the emplacement area can be limited by
two mechanisms: low dissolution rates of the solid waste form, and solubility of individual
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radionuclides. If solid waste dissolution rates are low enough, it might not be necessary to
depend on the solubility to limit radionuclide concentrations. In other words, the amount of a
radionuclide dissolved in solution could be limited by the amount of that radionuclide freed from
the solid waste form by the dissolution of the waste form. Alternatively, determination of
radionuclide solubility limits provides an upper bound on radionuclide concentrations in solution
and a basis for "extrapolation to long-term behavior." The rate of groundwater flow through the
waste is expected to be sufficiently slow to permit saturation of water with radionuclides freed
from the waste form. Dissolution limited by saturation will provide maximum concentration
limits. Therefore, an assessment of radionuclide release rates using a saturation-limited
dissolution model represents the most conservative approach possible for solution transport
(Dozol and Hageman 1993, Sections 1 to 2).

The range of water conditions at Yucca Mountain (dominating solubility and speciation effects)
effects is generally anticipated to be in the pH range from 6 to 8.5, but contact with cement or
backfill may push the pH higher (up to 11). This possibility is examined in detail in
Section 11.4. Ionic strength of groundwaters in the western United States is generally low, and
J-13 and UE-25 p#1 waters are low-ionic-strength waters that are considered to be representative
of potential Yucca Mountain waters (Ogard and Kerrisk 1984). Future considerations of
repository loading (e.g., thermal loading) might cause groundwaters to be refluxed and, hence,
affect the ultimate ionic strength that could contact the waste. This is discussed in Section 11.4.
The effects of salts from such waters on canisters of salts combined with humidity as the
repository cools are also considered in Section 11.4.

The solubilities of Np and Pu in J-13 groundwater from the Yucca Mountain region at three
temperatures and three H-ion concentrations were studied best by Efurd et al. (1996). The
actinide solubilities were determined from oversaturation at 250, 600, and 900C and initial pH
values at 6.0, 7.0, and 8.5. Tables 10.2-1 and 10.2-2 summarize the results. Sample evaporation
was minimized to maintain the ionic strength of the solutions as close to that of J-13 water as
practical for the duration of the experiments. The pH of each solution was initially adjusted at
the start of the solubility experiments; no pH adjustments were performed during the year that
the solubility experiments were conducted. In general, the Np solubilities decreased with
increasing pH and temperature. The steady-state solids were greenish brown in color. X-ray
diffractometry identified a mixture of Np compounds. Crystalline Np2 05 and a salt of Np were
identified. Plutonium was less soluble than Np. In general, Pu solubility decreased with pH and
decreasing temperature. The solubility-controlling, steady-state solids were dense green crystals
that produced X-ray diffraction patterns indicative of a mixture of amorphous and crystalline
materials. The relative amount of crystalline solid (PuO2) increased with temperature.

The solution behavior of the element Pu is the most complicated of all the elements of interest
and the least understood, particularly in near-neutral solutions representative of water
compositions expected within the Yucca Mountain flow system. Plutonium can have several
oxidation states in a given solution, and it can form complexes with a variety of ligands.

According to Nitsche, Gatti et al. (1992, Figures 19, 20, 21, Table 17) and Nitsche, Roberts,
Prussin et al. (1995), Pu will be present in the +3, +4, +5, and +6 oxidation states in solutions
representative of water compositions expected within Yucca Mountain. The +5 and +6 oxidation
states should predominate in solution at redox potentials in the range of 230 to 350 mV. In J-13
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and UE-25 p#I waters, the +5 oxidation states should be dominant (60 to 80 percent) at 25°C.
Most of the remaining Pu in solution is in the +6 oxidation state in J-13 water and the
+4 oxidation state in UE-25 p#l water.

Experimentally determined solubilities range from 3.0 x l0e to 1.0 x 10' M at 250C. The
solubility-controlling solids were found to be mixtures of polymeric Pu(IV) and smaller
amounts of plutonium carbonates. The solubilities measured at pH values of 6 and 7 are
consistent with the data reported by Rai, Seine et al. (1980). However, the solubilities measured
for a pH of 8.5 exceed those reported by Rai, Serne et al. (1980, Table 2) for amorphous
Pu(OH)4 in 0.0015 M CaCl2 . This result suggests that carbonate complexation of Pu is
significant at a pH of 8.5 in Yucca Mountain groundwaters.

At 60'C, the +6 oxidation state was dominant (more than 80 percent) in the UE-25 p#I water at
all three pH values. In J-13 water, the +5 and +6 oxidation states were present in nearly equal
amounts (50 percent) at a pH of 7, whereas the +5 state dominated (60 percent) at a pH of 8.5
and the +6 state dominated (70 percent) at a pH of 6.

Experimentally determined solubilities at 60°C in J-13 water ranged from 2.7 x 10-8 M at a pH of
6 to 1.2 x 10-7 M at a pH of 8.5. For UE-25 p#1 water, the solubilities ranged from 4.5 x 10-7 M
at a pH of 7 to 1.0 x 106 M at a pH of 8.5. The solubility-controlling solids at 60°C were found
to be amorphous Pu (IV) polymer and Pu0 2 .

Finally, there are Am solubility values for Yucca Mountain site-specific conditions as well
(Nitsche, Gatti et al. 1993). As noted above, these experiments were done ultimately at high
ionic strength and with Am as a tracer in a Nd-Am mixture. Given that the solubility-limiting
solid state is AmOHCO3, the effect of the ionic-strength differences should be relatively small,
and these numbers (Table 10.2-3) are the best site-specific values available. However, some
outliers, especially at 600C, should be viewed with caution. In general, though, these site-
specific numbers are similar to or slightly less than the thermodynamic values measured by
Felmy et al. (1990, pp. 196 to 198) for Pco, = 10-3 5 atm.

According to Nitsche, Gatti et al. (1992, pp. 73 to 75) and Nitsche, Roberts, Prussin et al. (1995),
the solubilities of Am compounds in solutions representative of groundwater compositions
expected within Yucca Mountain are approximately 1 x 10-9 to 2 x 10- M in J- 13 water and
3 x 10-7 to 30 x 10-7 M in UE-25 p#1 water as a function of pH at 25°C. At 60°C, the solubilities
of Am compounds were 1 x 10- 8 to 2.5 x 104 M in J-13 water and 7 x I0-1 0 to 3 x 1079 M in
UE-25 p#l water as a function of pH. The solubility-controlling solids were found to be
hexagonal and orthorhombic forms of AmOHCO3 . The speciation of Am in these solutions
could not be determined due to the low solubilities of Am in these water compositions relative to
the detection limits of the available spectroscopic techniques. Preliminary modeling calculations
with the speciation code EQ3 suggest that carbonate complexes dominate in both J-13 and
UE-25 p#l waters at 25°C and 600C (Ogard and Kerrisk 1984).

10.2.3 Solid State and Solution Speciation

The solubility-limiting solid of Yucca Mountain solubility experiments have been characterized
with X-ray diffraction, Raman vibrational, and X-ray absorption techniques. For Np, the sodium
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neptunyl carbonates found in earlier studies (Nitsche, Gatti et al. 1993) are unlikely to be formed
in the low-ionic-strength J-13 water. Other Np (V) solids, such as Np2 Os and/or NpO20H(am),
have been indicated to be the solubility-limiting solid phase in J-13 (Efurd et al. 1996). No
evidence for Np (IV) solids, such as NpO2 , has been observed yet, even though thermodynamic
modeling suggests that NpO2 is the most stable solid (see Section 10.2.4). The solution species
are dominated by two species, NpO2 + and NpO2CO3 , at about equal proportions for a pH of 8.5
in J-13 water. For Pu, the solid phase is best described as poorly crystalline PuO2 , with higher
crystallinity for the higher-temperature solutions (Efurd et al. 1996, p. 40). The presence of
Pu(OH) 4(am) is also possible, especially on the surface of the precipitate (see modeling in
Section 10.3), as is the presence of a binary oxide containing Pu (VI) (Stakebake et al. 1993;
Haschke and Ricketts 1997, p. 148). The solution phase contains several oxidation states
(Nitsche, Gatti et al. 1993), including a Pu colloid with an unknown Pu oxidation state. Much of
the colloid was filtered out of the solution before counting and was therefore not included in the
soluble Pu concentration figures. Finally, the Am precipitation solid has been reported to be
AmOHCO 3 (Nitsche, Gatti et al. 1993), although the presence of two different phases
(orthorhombic and hexagonal) may require further scrutiny. Also, the trace nature of the Am in
these experiments must always be kept in mind: the Np phase was what was determined.

10.2.4 Thermodynamic Modeling

Different databases for Np exist. Using the Lemire-based data accepted into GEMBOCHS (a
thermodynamic database used to generate data for EQ3/6 by the YMP), NpO2 is always the most
thermodynamically stable solid in J-13 for pH values from 6 to 9 and temperatures from 20° to
90°C (Janecky, Duffy et al. 1997, p. 2; Janecky, Enter et al. 1995; Efurd et al. 1996, pp.. 2 7 to
30). This stability extends to an ionic strength of 0.1 M, at which point the sodium neptunyl
carbonate becomes stabilized. Other solids of calculated importance include (in decreasing
importance) Np(OH)4 (the hydrated amorphous form of NpO2), NpO2 OH(am), and Np2 O5 (the
observed bulk solid). More recent calculations show that Np2O5 is a more reasonable choice for
the solubilities actually measured and that Np (IV) solids do not have to be invoked to explain
the solubility data (Efurd et al. 1996). The predicted solubility of PUO2 (C) is orders of magnitude
below what is actually measured (Efurd et al. 1996, Table VII), but the predicted solubility of
Pu(OH)4 (am) is about right. It may be that although the bulk of the precipitate is PuO2 (c), the
surface is coated to some extent with Pu(OH)4 , and this latter solid is the solubility-controlling
one. Radiation damage to any real Am solid would introduce an added uncertainty. However,
modeling shows that AmOHCO3 (c) is just about at saturation for the experimental conditions
reported by Nitsche, Gatti et al. (1993), whereas Am(OH)3(c) and Am(OH)3 (am) are both
significantly undersaturated (Janecky, Duffy et al. 1997, p. 2).

Because the Nuclear Energy Agency has published critically reviewed data for U, Am, and Tc,
this tabulation includes only the GEMBOCHS data for Np and Pu, with the Np section modified
only slightly in recognition of YMP work on neptunium (V)-carbonate thermodynamic
constants.

Selection of Data for Performance Assessment-The values quoted in Tables 10.2-1 to 10.2-3
represent the best available site-specific solubilities for use in the total system performance
assessment for Pu and Am. The values chosen were from Nuclear Energy Agency sources
(Grenthe et al. 1992; Silva et al. 1995), YMP quality assurance sources tested with specific-ion

TDR-CRW-GS-000001 REV 01 ICN 01 1 0.24 September 2000



interaction theory (e.g., Tait, Clark et al. 1996), and literature sources (e.g., Langmuir 1997,
Sections 13.4 to 13.5). Note that the use of Efurd et al. (1996) values for Np and Pu gives more
consistent and smaller values than those of Nitsche, Gatti et al. (1993), which have been used in
performance assessment calculations to date. For oxidizing waters such as those expected at
Yucca Mountain, radionuclide mobility cannot conservatively be limited by solubility for Tc and
I. Uranium is an interesting case, and the solubility depends on the secondary phase that will
precipitate. Langmuir (1997) favors the view that U solubility will be limited by the formation
of uranophane (Ca(H30)2 (UO2 )2(SiO4)2-3H2 0(c)) to be about 1O-7 M at Yucca Mountain. Other
phases could also be suggested as potential controls on U. For example, in the high-silica
groundwaters of Yucca Mountain, the solubility-controlling compound for U could be haiweeite
(Ca(UO 2)2(Si 6 015)(H2O)s), according to available thermodynamic data (Bruton 1991, p. 11).
Interestingly, leaching experiments on uranium-oxide pellets (Bates, Tani et al. 1990, Table II) at
90'C using J-13 water produced a variety of phases on reacted surfaces that did not include
haiweeite.

Ultimately, total system performance assessment requires that radionuclide solubilities be
extracted to simple terms that can be dealt with efficiently. Table 10.2-4 indicates the selection
of solubility values for radionuclides of concern. The elements listed include relevant
radionuclides whose source terms could be solubility limited. The values used are from expert
elicitations, primarily as cited by Triay, Meijer, Conca et al. (1997) and Langmuir (1997,
Sections 13.4 to 13.5) but also Rechard (1995). These values have been updated with some new
experimental data from Efurd et al. (1996).
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10.3 SORPTION AND SORPTION MODELING STUDIES

Radionuclide migration from the potential repository would be inhibited by several barriers,
including the geochemical retardation due to limited of solubility and sorption. Sorption
coefficients for radionuclides of interest were obtained using water and rock samples from the
site. Sorption coefficients were obtained in batch experiments performed at several pH levels to
evaluate the impact of pH variations on the sorption coefficient. In general, oxidation-reduction
(redox) conditions were oxidizing in all the experiments. The potential effects of organics on
actinide sorption were evaluated in batch experiments with model organic compounds in water
and rock samples from the site. Models were developed to explain the sorption coefficient data
and to allow prediction of coefficient values under anticipated conditions.

10.3.1 Important Minerals and Strata in Radionuclide Interactions

Zeolites-The large sorptive capacity of zeolites for certain cations provided part of the initial
impetus for considering altered tuffs for the disposal of radioactive waste. Radioactive alkali and
alkaline-earth cations (Sr, Cs) in particular are strongly selected in exchange for the Na, Ca, and
K loosely held in the zeolites clinoptilolite and mordenite. Work summarized by Thomas (1987,
pp. 16 to 21) confirmed the sorptive capacity for Sr and Cs but also indicated a much lower
sorptive capability for the longer-lived transuranic elements (especially Pu and Np).
Nevertheless, 135Cs is a radioactive isotope that may be abundant in the emplaced waste and has
a long half-life (3 m.y.). This half-life is much longer than the expected life of the waste
canisters, and 135Cs alone is sufficient to make zeolites an important component of the natural
barrier.

Clinoptilolite and mordenite are the most abundant zeolites at Yucca Mountain. Major
stratigraphically continuous intervals of clinoptilolite occur in all drill holes, from approximately
100 to 150 m (328 to 492 ft) above to approximately 500 m (1,640 ft) below the water table
(Section 4.8.4). Mordenite often occurs along with clinoptilolite but is less abundant in drill
holes farther south. The zeolite analcime occurs as a prograde alteration product at greater
depth, but the depths of analcime occurrence are so great that little interaction with waste is
likely. The zeolitic intervals are strongly controlled by tuff stratigraphy; zeolites have commonly
formed from the glasses of nonwelded and bedded intervals, between those portions of the tuffs
that devitrified, to form feldspars and silica minerals soon after emplacement.

The zeolite mineral chabazite is generally rare at Yucca Mountain. However, samples from the
Calico Hills Formation in USW SD-7 have significant amounts (up to 9 percent) of chabazite in
this zeolitized interval, occurring principally in a 45-ft-thick (14-m-thick) clinoptilolite
+ chabazite zone above a clinoptilolite + mordenite zone. The occurrence of chabazite provides
information about geochemical conditions that existed during its formation. Chipera et al.
(1995) used representative chemical formulas and estimated thermodynamic data to model the
conditions under which the various zeolite species at Yucca Mountain formed. Chemical
analyses of modem Yucca Mountain groundwater using present-day silica activities were found
to plot within the predicted clinoptilolite stability field. A stability field for chabazite occurred
only for groundwater compositions that were significantly more potassic than present Yucca
Mountain groundwaters. Decreases in aqueous silica and Na activities and increases in
temperature also enhance the stability field for chabazite. Despite the unusual abundance of
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chabazite in SD-7, the principal sorptive zeolite mineral at Yucca Mountain remains
clinoptilolite, followed by mordenite in abundance.

In addition to clinoptilolite, mordenite, analcime, and minor chabazite, restricted occurrences of
a few other zeolites have been found at Yucca Mountain. Heulandite and stellerite are common
in fractures of the Topopah Spring Tuff, with stellerite being particularly common in both
fractures and matrix of the Topopah Spring Tuff in drill hole UE-25 UZ# 16 (Sections 2 and 3).
Phillipsite and erionite have a very restricted occurrence in the zone of alteration above the water
table at the top of the basal vitrophyre of the Topopah Spring Tuff, as well as in the adjacent
unsaturated fractures (Carlos et al. 1991; Bish and Chipera 1991, pp. 433 to 444). Laumontite
occurs in very small amounts (less than 4 percent) in deep, altered tuffs of drill hole UE-25 p#1
and perhaps in USW G- I (Bish and Chipera 1989, p. 1, Abstract).

Temperature can be an important factor affecting radionuclide exchange in zeolites. In dilute
solutions, sorption ratios rise with an increase in temperature (Meijer 1990, p. 17). This result is
in accord with conclusions concerning cation-exchange behavior based on measurements of
zeolite electrical properties at various temperatures and salinities (Olhoeft 1986). However,
Olhoeft's (1986) study of clinoptilolite conductivity behavior also indicated that the increase in
cation-exchange capacity with temperature is reversed at high salinities. The sorption-enhancing
effects of temperature at low water/rock ratios may thus be minimal, and other thermal effects
(e.g., zeolite dehydration or rehydration, weakening of heated zeolitic rocks) become more
critical in evaluating the consequences of high-level waste emplacement.

Clays-Smectite occurs in virtually all samples, typically in amounts less than 2 percent.
However, above the water table, there are two continuously mappable zones of up to 75 percent
smectite alteration in the Paintbrush Tuff: one near the top of the vitric nonwelded base of the
Tiva Canyon Tuff and one at the top of the basal vitrophyre of the Topopah Spring Tuff. These
smectites typically have nonexpandable illite contents of 10 to 20 percent. Well beneath the
water table, an ancient (about 10.7 Ma) hydrothermal system at depths greater than 1,000 m
contains abundant smectite/illite but with a much higher illite content (about 80 to 90 percent)
(Bish 1989). These illitic clays have a higher fixed layer charge, which reduces their effective
cation-exchange capacity; however, they occur at such great depths that they are of little
importance for transport modeling at Yucca Mountain.

Iron, Manganese-Oxides, and Hydroxides-Hematite is the most ubiquitous oxide mineral at
Yucca Mountain. It occurs in several forms and associations, principally within the matrices of
glassy, devitrified, and zeolitized tuffs, but also within fractures. The main occurrences are
(1) as a product of exsolution-oxidation of magnetite or ilmenite phenocrysts; (2) as an alteration
of iron, magnesium-silicate phenocrysts (mostly of biotite); (3) as a vapor-phase mineral; and
(4) as a product of later low-temperature alteration (e.g., small grains or splays in zeolitized
tuffs). Typical abundances in most tuff samples are about 1 percent by weight in tuff matrices,
with locally greater abundance in many fractures (Carlos et al. 1991). Although studies with
pure synthetic hematite can result in high sorption of actinides, experiments with iron-oxides
from Yucca Mountain show little of this effect, probably because of "passivation" of surface
sorption sites by other metals (Triay et al. 1 993b). However, in microautoradiography studies of
a sample from the upper part of the rhyolitic, devitrified Topopah Spring Tuff, the oxide
minerals account for less than 1 percent of the tuff but hold 60 percent of the Pu track
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concentrations. The oxide minerals that retain Pu havetrack clusters that are concentrated
around the mineral edges and along internal fractures (distributions of tracks along fractures
within these opaque grains can be seen in reflected light, through the film coating). This
observation should be considered along with other evidence showing that grain-edge and vein
alteration, in part due to manganese oxides that may be largely amorphous, is common around
magnetite/maghemite phenocrysts. As with altered orthopyroxenes of the devitrified Prow Pass
Tuff (discussed below), it is this peripheral and likely amorphous alteration rather than the
original trace minerals that accounts for Pu accumulation.

In contrast with the evidence for general passivation of iron-oxides at Yucca Mountain,
microautoradiography studies of manganese oxides from Yucca Mountain indicate a significant
role for these minerals. Most manganese oxides have structures that allow only limited cation
exchange (Bish and Post 1989, pp. 184 to 185), and these minerals are more likely to interact
with radionuclide wastes by surface reaction mechanisms (Means et al. 1978, p. 1764).
Although not volumetrically abundant, a large variety of manganese oxides occur in the Yucca
Mountain tuffs. They are most widely distributed in fractures (Carlos et al. 1990, Tables 1, 1 1;
1991), but also occur within the groundmass of devitrified tuffs, mostly encircling and along
microcracks radiating from oxidized magnetite and ilmenite phenocrysts. Above the water table,
the principal manganese oxides are lithiophorite, rancieite, and todorokite; the principal cations
in these minerals include Na, K, Ca, Ba, and Ce. Below the water table, cryptomelane-group
minerals (hollandite, cryptomelane, coronadite) and lesser amounts of todorokite and pyrolusite
occur. The principal cations in the cryptomelane-group minerals include K, Ba, Pb, Sr, Na, and
Ca. The abundance and variety of exchangeable constituents in these minerals beneath the water
table is evidence of their effective collection and retention of heavy elements, perhaps by surface
complexation with later structural incorporation. This mineral group in particular is a key
recorder of past water-rock interaction. Studies by Zielinski (1983, p. 7) and Zielinski et al.
(1986) showed a strong correlation of leachable U with leachable Mn at Yucca Mountain; the
correlation of leachable U with leachable Fe was much poorer, perhaps suggesting a greater
heavy-metal adsorptive capacity for the manganese-oxides than for the iron-oxide minerals.
However, it should be noted that some experiments (Milton and Brown 1987, p. 1327) have
found that U is strongly retained by amorphous iron-oxyhydroxide, and desorption of U from
these phases is limited.

Other Phases and Other Processes-Evidence of recent formation of opal, calcite, and perhaps
some other phases (e.g., manganese oxides) suggests that even under ambient conditions,
coprecipitation is a possible waste interaction. Precipitation of calcite is the mineralization most
likely to be occurring above the water table at Yucca Mountain today. Calcite with U-series ages
as young as 26 ka (Szabo and Kyser 1990, Table 2) and '4C ages as young as 21 ka (Whelan
et al. 1994, Table 2) has been found in fractures above the water table, making this the youngest
directly dated mineral at Yucca Mountain. Szabo and Kyser (1990) also analyzed opals and
found that all gave ages of more than 400 ka; however, fracture mineralogy studies (Carlos et al.
1991; Vaniman 1993a; 1993b, p. 1939) show that some opal deposits have formed on top of
some calcites. This relationship leaves the possibility of some relatively recent opal deposition.
Intergrowths of fracture calcite are also found with sepiolite, kaolinite, Ca-zeolite, and
manganese oxides; palygorskite within fractures may also have formed relatively recently. The
parageneses of fracture deposition suggest that calcite, opal, and some zeolites, clays, and
manganese oxides were deposited under a variety of conditions beginning soon after tuff
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emplacement, but that deposition of calcite and some of these other minerals may be continuing
under ambient conditions or during Pleistocene episodes of greater flow through the unsaturated
zone.

Some radionuclides leached from canisters could be coprecipitated with calcite under ambient
conditions at Yucca Mountain. Those elements that substitute readily for Ca in the calcite
structure at low temperature are limited to the divalent metals that are smaller than Ca
(principally Mg, Fe, Mn, Cd, Zn, Co, and Ni). Larger metals and the larger alkaline earths
(Sr, Ba) are incorporated in defects or upon transformation from orthorhombic carbonate
structures. (Note: no evidence of orthorhombic carbonates has been found at Yucca Mountain).
The abundances of these other elements, which are not defined by stoichiometry, can be sensitive
to crystallization rate and to their chemical environment in solution. In aqueous solution, the
partitioning of Sr into calcite can shift from distribution coefficients less than- 1 to coefficients
greater than 1 as the crystallization rate increases (Lorens 1981, p. 557). Cations that form
carbonate complexes may also be readily incorporated and carbonate-complexed transuranic
radionuclides can be precipitated along with calcite (Penrose et al. 1990). Meece and Benninger
(1993, pp. 1455 to 1457) found that Pu sorbs readily onto calcite with little sensitivity to Pu
oxidation state; their experiments also indicated that Am can be similarly incorporated into
calcite. In experiments specific to Yucca Mountain samples and water compositions, calcite was
found to be an important factor in retarding the transport of radioactive nuclides of lanthanides,
Am, Pu, and, to a lesser extent, Np (GCX 1994, pp. 4 to 6). However, at present, the interactions
of calcite with these elements are not readily predictable; "situational" distribution coefficients
for these elements, dependent for various elements on speciation in solution, Eh, pH, and
kinetics, are not yet reduced to routine calculation. Nevertheless, at a site like Yucca Mountain,
where calcite deposits record a long history of water-rock interaction, it is possible to examine
the incorporation of those elements that exist both in nature and in radionuclide wastes (e.g., Sr)
and those like the lanthanides that are analogous to transuranic elements that do not provide a
comparable geologic record. Results of such studies are summarized in Section 5.2.2.

The situation at Yucca Mountain during the period of interest (ranging about 100 k.y.) may not
always be as it is now or has been in the recent past. One of the effects of any of the currently
conceived potential repository designs at Yucca Mountain will be some form of thermal aureole
caused by radioactive decay heating. The consequences of such heating on calcite saturation can
be considerable, for even a small heat rise. With heating at constant pH, the rise in aSiO2 is
maintained by progressive dissolution of the least stable sio2 phases (opal, cristobalite/tridymite,
then quartz). Conversely, aCa2 + is reduced by heating, through the precipitation of carbonates
(or Ca-zeolites, if Al activity is sufficient) as temperature rises. At higher temperature, the
calcite that forms is likely also to be more defect-rich, leading to increased incorporation of
nonstoichiometric heavy metals, including lanthanides and the radioactive actinides that are
likely to behave analogously to lanthanides. Under conditions of active calcite precipitation,
entrapment of transuranics may become a significant process (Meece and Benninger 1993,
pp. 1447 to 1458).

Opals in fractures of the unsaturated zone at Yucca Mountain are U-rich (Szabo and Kyser 1990,
p. 1715). Coprecipitation of waste elements with silica might be a consequence, not of ongoing
natural processes, but of silica dissolution and reprecipitation that are expected in the thermal
aureole surrounding a repository. Dissolution of silica polymorphs or feldspar, the principal
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constituents of devitrified tuff, or dissolution of vitrophyre glass might be a consequence of the
migration of a condensation front through the host rock under a repository-induced thermal load
(Section 11 of this report). This process may provide large amounts of silica for transport and
deposition. Incorporation of U and other waste species into opaline precipitates may occur if
waste releases occur while silica precipitation is occurring, particularly as part of the cooling
process beneath the repository. Rimstidt et al. (1989, p. 587) tested a boiling water-vapor system
in which silica and Fe were leached from the condensation zone and transported with the
condensed liquid. Opal and iron-oxyhydroxide were precipitated near the condensation zone, but
thicker deposits of these minerals with small amounts of stilbite and perhaps clay occurred
adjacent to the underlying heat source. In a repository where boiling occurs, such phenomena
may lead to extensive silica precipitation near the waste containers. If the silica remains opaline
through the thermal pulse, then a relatively high silica activity of water may later transport waste
from breached canisters and could lead to waste coprecipitation with opal.

Amorphous materials occur in the tuffs of Yucca Mountain and might have significant sorptive
capabilities. Amorphous materials in altered orthopyroxene microphenocrysts account for less
than 1 percent of the devitrified Prow Pass Tuff but hold 11 percent of the Pu track
concentrations in this sample as determined by microautoradiography (Section 10.3.1.2). It is
evident that it is the alteration features specific to the orthopyroxenes, rather than the unaltered
pyroxene, that retain Pu; microautoradiography data from unaltered orthopyroxenes of the vitric
Calico Hills Formation show no accumulation of Pu. Analysis of the chemical composition of
the altered orthopyroxenes shows that amorphous Fe-rich vein in veins within the
orthopyroxenes is particularly active in Pu retention.

Stratigraphic Factors-The descriptions of samples used in sorption studies include information
on stratigraphic horizon as well as lithology. Table 10.3-1 shows the lithologic stratigraphy and
10.3-1 the number of different samples from each unit that have been used in sorption studies. In
addition, the geochemically distinct units that are quartz-latitic in composition are shaded. The
quartz-latitic units stand out in comparison with the generally rhyolitic compositions of the other
units (Figure 5.2-1). The importance of distinctions between rhyolitic and quartz-latitic units is
discussed in Section 10.3.1.1.

10.3.1.1 Mineralogy of Sorption Experiments

Quantitative X-ray diffraction analyses and chemical data show that the Yucca Mountain rock
samples used in sorption studies can be categorized into three principal rock types, although
subdivisions of these three types should be considered in evaluating the results of sorption
experiments. The first rock type is devitrified tuff, characterized by prominent feldspar
associated with tridymite, cristobalite, and/or quartz, often with minor amounts of hematite and
smectite. For reasons discussed in this section, the composition of the devitrified tuffs (rhyolitic
or quartz latitic) should also be distinguished. The second major rock type is zeolitic tuff,
generally characterized by abundant clinoptilolite, less often associated with abundant mordenite,
and rarely by chabazite and/or one of several lesser zeolites (Section 10.3.1). Zeolitic tuff may
be partially vitric in the basal Topopah Spring Tuff, Calico Hills Formation, and upper Prow
Pass Tuff and typically contains opal-CT with lesser amounts of feldspar, quartz, and smectite.
The third major rock type is vitric tuff, which is distinguished by its glass component and lesser
amounts of smectite, zeolites, silica polymorphs, and hematite. There is a fourth type of sample
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used in sorption experiments, obtained from surface soils and distinguished by the presence of
variable amounts of opaline material, calcite, sepiolite, smectite, quartz, and feldspar.

In addition to these rock samples, pure mineral phases were used in batch-sorption and
column-sorption experiments. These studies were pursued because natural materials are
multicomponent mixtures of minerals, and it is often difficult to determine which mineral or
minerals were responsible for the observed sorption. The minerals studied represent many of the
phases that have either significant sorption coefficients or are present in significant abundance at
Yucca Mountain. Some of the minerals analyzed were clinoptilolite, smectite, quartz, opal,
hematite, magnetite, feldspar, calcite, and the manganese-oxides hollandite/cryptomelane and
romanechite. Sorption studies were conducted on the manganese-oxides because they are
important as fracture-lining minerals, even though they are not common in the bulk rock at
Yucca Mountain.

Assessment of Potential Processing Effects on Sample Composition-Tests of processed and
unprocessed samples show that sieving of sorption samples into several size fractions for
sorption studies does not have a significant effect on the relative amounts of individual minerals,
although smectite and zeolite abundances were often slightly greater in the finer-size fractions.
Likewise, samples pretreated and washed in the J- 13 and synthetic Paleozoic carbonate waters do
not show significant variation in mineral abundances, although, once again, the smectite and
zeolite abundance are often slightly greater in the nonwashed samples. This result is to be
expected, because clays are very fine grained and zeolites are soft minerals susceptible to
mechanical disintegration and would be expected to be preferentially removed with the fine
material sieved or washed from a sample.

During one flow-through experiment, some fine material was washed out the end of the column.
A portion of this sample was examined by X-ray diffraction to determine whether the fine
materials being washed out represented a close approximation of the bulk sample or a
preferential loss of mineral components. Comparing the results from this fraction with those
obtained for the original bulk sample showed that the fine materials are very representative of the
bulk sample used in the experiment. Thus, preferential loss of mineral components should not
affect the results of column experiments. It should be noted, however, that calcite may be
forming in the column and washing out in the fines, as evidenced by the presence of 2 percent
calcite in the fine material.

10.3.1.1.1 Mineralogy and Petrology of Samples Used in Batch-Sorption Experiments

The results of batch-sorption experiments have provided abundant information on the relative
extent of interaction between radionuclides of greatest concern and the rocks and minerals that
constitute natural barriers at Yucca Mountain (Triay et al. 1997, pp. 55 to 108). In particular, Np
was found to present a problem in its particularly low degree of interaction with most rocks and
minerals representative of Yucca Mountain. Because of this poor performance, a more
extensive sample suite was tested. The list of batch-sorption samples used is therefore more
extensive for Np than for most other radionuclides.

The samples used in the batch-sorption experiments are the most comprehensive of any sample
suite used in sorption studies. In general, the batch-sorption results show that the lithologies at
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Yucca Mountain can be broadly considered as the three major types described above: devitrified,
zeolitic, and vitric. However, the distinctions between these lithologies are blurred in the
sorption affinities of some radionuclides (e.g., Am, which sorbs readily regardless of lithology)
and require finer subdivision to explain the sorption behavior of other radionuclides. As an
example of the latter case, Np exhibits particularly complex behavior. If the Np sorption data are
considered only in light of the tripartite "zeolitic-devitrified-vitric" distinction, it appears that the
only Kd values consistently greater than I are in the zeolitic samples. The devitrified and vitric
samples may have Kd values greater than 1, but there are some devitrified or vitric samples with
lower Kd values. However, by splitting out the quartz-latitic from the rhyolitic devitrified and
vitric samples, it can be seen that the lowest Kd values (less than 0.5) are associated only with
quartz-latitic compositions, whether vitric or devitrified. The reassessment of Np sorption along
these lines, based on geochemistry as well as lithology, allows interpretation of the data as
follows:

• Neptunium Kd values for zeolitic samples: approximately 1 to 5 mL/g
. Neptunium Kd values for devitrified rhyolitic samples: approximately 1 to 2 mL/g
* Neptunium Kd values for vitric rhyolitic samples: approximately 0.5 to 2.2 mL/g
• Any Np Kd values less than 0.5 mL/g are in quartz-latitic devitrified or vitric samples.

This analysis of the Np data provides an approach to assessments of Np transport that can be
linked to the site stratigraphy as well as to lithology, because the quartz-latitic tuffs are all above
the potential repository horizon (Section 5.2 contains a discussion of the nature and distribution
of rhyolitic and quartz-latitic rock types). The exceptionally low Np Kd values determined for
quartz-latitic compositions in batch-sorption experiments thus supply information on the nature
of Np-rock interactions but are not a factor in calculating Np migration rates. This is because
unsaturated zone and saturated zone transport beneath the potential repository will occur in tuffs
that are rhyolitic and not quartz-latitic.

10.3.1.1.2 Mineralogy and Petrology of Dynamic Transport Column Experiments

It is important to note that, in these dynamic transport column experiments, the devitrified
lithologies tested are quartz-latitic, and the sorption results for Np can be expected to be poor in
this rock type, as discussed above. This is, in fact, the result observed, with highest Kd values in
the zeolitic samples (1.7 to 2.1) and Kd values of less than 0.1 in the devitrified quartz-latitic
samples. The vitric rhyolitic samples also had relatively low Kd values in the column
experiments (0.1 to 0.2), but these values were still higher than those recorded for the
quartz-latitic samples. Results for Pu at different flow rates indicate significant sorption by vitric
and zeolitic tuffs but with distinct kinetic effects. Plutonium breakthrough in the columns of
devitrified quartz-latitic tuffs was rapid, but it is not known whether the breakthrough would
have been any slower in columns of devitrified rhyolitic tuff.

10.3.1.1.3 Mineralogy and Petrology of Fracture Transport Experiments

For fracture-flow experiments, only fractures of devitrified tuff were used. In these samples,
natural fractures were identified by their mineral coatings (stellerite, iron-oxides, hollandite,
romanechite), although some apparently drilling-induced fractures were tested as well. The
results of the fracture transport experiments showed high Np affinity for the manganese-oxide
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minerals hollandite and romanechite; these results were confirmed in batch-sorption studies
using pure mineral samples.

The fracture-transport experiments show very rapid breakthrough of Tc (principally due to anion
exclusion from matrix diffusion), relatively rapid breakthrough of 3H with somewhat more
matrix retention across the hollandite + romanechite fracture lining, and markedly strong
retention of Np by hollandite + romanechite relative to stellerite + iron-oxides. The Np results
are backed by batch-sorption results indicating very high Np Kd values (600 to 700) with pure
mineral experiments using hollandite and romanechite. These batch-sorption results are much
higher than obtained with bulk-rock experiments (Kd values less than 5 in J-13 water). The
combined data make it evident that manganese-oxides provide an important component of the
natural barrier against Np movement. These laboratory results should be considered in
conjunction with the field evidence of significant interaction between groundwater and
manganese-oxides in Yucca Mountain fractures (Section 5.2.2.2). The latter data provide a
strong indication that the interactions observed in the laboratory will indeed occur on the field
scale at Yucca Mountain, even with manganese-oxide minerals that are only thin and intermittent
linings along fractures.

10.3.1.1.4 Mineralogy and Petrology of Diffusion Experiments

Diffusion studies were pursued to test the movement of radionuclides through matrix diffusion.
These experiments were conducted in two forms. In the first experiment, rock beakers were
prepared with drilled-out cavities of 2.8-cm diameter and 2.5-cm depth. The beakers were
surrounded with J- 13 water and radionuclide-containing solutions of J- 13 water were introduced
into the drilled-out cavities. In the beaker experiments, the solution introduced into the drilled-
out cavity was sampled over time to determine the progressive loss of radionuclides by diffusion
through the rock beaker. Radionuclides used in the beaker experiments included 3H, Tc, Np,
Am, Sr, Cs, and Ba. In these beaker experiments. only devitrified tuffs were tested.

The second type of diffusion experiment used diffusion cells with a simpler geometry, measuring
the diffusion across a planar slab of tuff. In these experiments, two chambers were separated by
a slab of tuff approximately 1 cm thick. The radionuclide tracer solution was emplaced on one
side and groundwater without radionuclides was introduced on the other side. Both J-13 and
synthetic carbonate aquifer waters were used. Aliquots were periodically sampled from the
untraced solution, and the radionuclide activity was measured. As aliquots were removed, the
untraced side of the cell was replenished with Groundwater to maintain volume. Radionuclides
used in the diffusion-cell experiments included H, Tc, U, Pu, and Np for devitrified and zeolitic
tuffs, using both groundwaters. Mixed solutions of 3H-U-Pu and Tc-Np were studied with
devitrified and vitric tuffs. Results of these experiments show that diffusion is slower in
devitrified than in zeolitic tuff, but Pu was not observed in the sampled side of the cell for either
lithology over time spans of more than 2,000 hr.

Results of the diffusion experiments agree well with batch-sorption data. For sorbing tracers
such as Cs, the diffusion out of the rock beakers was faster than predicted from assumptions of
reversible, instantaneous, and linear sorption (Triay et al. 1997, pp. 189 to 203). The dispersal of
sorbing species into the matrix thus appears to be more effective than these simplified
assumptions would suggest. In the diffusion cell experiments, results indicated that diffusion of
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nonsorbing tracers (OH) is more rapid in zeolitic than in devitrified tuff. Sorbing species (such as
U) with Kd values of the order of 10 mL/g or less also diffused more rapidly through the zeolitic
tuff, but more highly sorbing species (Pu) were effectively blocked from diffusion into either
rock type (Triay et al. 1997, p. 196, Figure 133).

10.3.1.2 Microautoradiography

Microautoradiography studies of Yucca Mountain samples focused on the three principal rock
types-devitrified, vitric, and zeolitic-that underlie the site. In a round of experiments with Pu
(Vaniman et al. 1996), optical analysis of the distributions of 239pU a-decay tracks in these three
types of samples showed only four definitive mineral types that are associated with enhanced
affinity for Pu. All of these associations are with trace minerals. Two of these associations are
very restricted in stratigraphic occurrence: the altered orthopyroxenes of the devitrified Prow
Pass Tuff and the altered opaque oxides of the upper Topopah Spring Tuff (Section 10.3.1). The
two other associations, however, are with smectites and manganese-oxyhydroxides that are much
more widely distributed across virtually all stratigraphic levels, albeit generally in trace amounts.

Figure 10.3-1 shows a microprobe linescan collected across a clay-rich fracture lining in a
sample of zeolitized tuff. The raw counts for Ag are represented for each point along the
linescan, with each point representing a step where the electron beam was allowed to rest for
15 seconds while Ag counts were accumulated. The Ag in the photoemulsion is an effective and
sensitive measure of underlying Pu activity. The walls of the fracture, lined by clays, are clearly
marked by high Ag concentrations corresponding to exceptionally high Pu retention. The
zeolitic tuff that forms the matrix away from the fracture walls has Ag counts per 15 seconds that
are only marginally higher than background (average 360 ± 90 counts per 15 seconds,
determined from 25 analytical points on zeolitic tuff; in comparison, the instrumental
background in the emulsion is 210 counts per 15 seconds).

These results provide a valuable comparison to the more quantitative data obtained in sorption
studies. However, certain caveats must be considered when using the electron microprobe
technique in microautoradiography. First, the use of planar thin sections provides a
two-dimensional view of what is essentially a three-dimensional process. Factors in sorption
studies such as crushing and grinding can provide surfaces not seen in the polished cuts of thin
sections. Second, Ag contents in emulsions are variable and the emulsion itself can be somewhat
irregular in thickness, surface texture, and distribution of a-track "noise." The variability in
emulsion and in random a-track occurrences is nevertheless a minor problem if Ag abundances
are compared between immediately adjacent mineral grains, on a scale where the emulsion
coverage and properties are uniform. Third, the size of the electron beam (in this study, 10 ,um)
might be larger than the individual minerals of interest. The clays analyzed in thin section
1244 are aggregates of micrometer-scale crystals, often interspersed with either zeolites or
epoxy. The maximum count rates for Ag obtained over smectite (about 12,600
background-corrected counts per 15 seconds) (Figure 10.3-1) are probably less than would be
obtained from an absolutely pure smectite, without epoxy impregnation, exposed to the same Pu
solution. For the data obtained in this study by electron microprobe, the clay/zeolite radionuclide
distribution factor can be calculated as maximum background-corrected counts for smectite
divided by background-corrected counts for zeolite = 12,600/150 = 84.
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The accuracy of clay/zeolite radionuclide distribution factors determined by electron microbeam
methods may be affected by (1) the large (10 pm) electron beam size relative to the size of the
clay bodies being analyzed and (2) the incorporation of epoxy into parts of the thin section that
had originally been occupied by clay. Together, these effects probably lead to underestimates of
clay/zeolite radionuclide distribution factors. Nevertheless, in zeolitic rocks such as those in the
Calico Hills Formation, smectites that account for less than 10 percent of the rock mass can
provide approximately 90 percent of Pu retardation, particularly where the smectites are
concentrated along microfractures.

Further microautoradiography experiments exposed the three major lithologies from Yucca
Mountain (devitrified, vitric, and zeolitic) to three actinide elements (Am, Pu, U) in two different
waters (tuffaceous and carbonate aquifers), providing some insight into the mechanisms that
account for variability in batch-sorption results. Batch-sorption analysis of the three lithologies
used shows a general ranking of effective retardation for all three actinides in all rock types and
both waters with retention of Am >> Pu 2 U. The use of microautoradiography to measure
differential retention of these actinides by specific minerals shows that Pu is particularly strongly
concentrated over smectite + manganese-oxide associations in zeolitic rocks (regardless of water
composition). However, Pu is concentrated over smectite in vitric samples only when synthetic
UE-25 p#1 water is used (J-13 water does not lead to any notable smectite preference in the
vitric tuff). Phase preferences with Am and U were also tested in the zeolitic lithology. For both
of these actinides, a significantly higher preference for smectite + manganese-oxide bodies was
observed in synthetic UE-25 p#1 water, but there was little or no discrimination of mineral sites
with J-13 water. The implications of enhanced phase preference in p#1 water for explaining
shifts in retardation factors may be best illustrated by the behavior of Am in p#l versus J-13
water. All lithologies exposed to Am in p#1 water have batch-sorption values ranging from 5 to
7 times (in devitrified and vitric rocks) to 55 times (in zeolitic rocks) the batch-sorption values in
J-13 water. The strong phase preference for trace but widely dispersed smectite and
manganese-oxides in zeolitic rocks with UE-25 p#1 water might account for much of this shift,
with the much larger shift in zeolitic rock attributable principally to the presence of the
manganese-oxide mineral rancieite (Figure 10.3-2). Figure 10.3-2 also shows, however, that not
all manganese-oxide minerals can be treated similarly in terms of sorptive potential; in this
example, a sample with fracture-lining cryptomelane shows no effective Pu retention. The
microautoradiography data provide a sensitivity test of how retardation operates with insights
into phase preferences that may drive the sensitivity of particular lithologies to changes in
water composition.

10.3.2 Data Sources

The primary input data used for sorption and sorption modeling studies (CRWMS M&O 2000,
Table la) include laboratory results of radionuclide experiments using waters collected from
Yucca Mountain or synthesized to reflect Yucca Mountain waters, and materials either collected
from the field or synthesized in the laboratory. Parameters used in this section are the
radionuclide concentration and percent sorbed onto various substrates.
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10.33 Description of Batch-Sorption Data

10.3.3.1 Introduction

The solubility limits of radionuclides may act as an initial barrier to radionuclide migration from
the potential repository at Yucca Mountain for some radionuclides. However, once
radionuclides have dissolved in water infiltrating the site, sorption of these radionuclides onto the
surrounding tuffs becomes a potentially important second barrier. Thus, the study of the
retardation of actinides and other key radionuclides is of major importance in assessing the
performance of the potential repository.

Sorption actually is composed of several physicochemical processes, including ion exchange,
adsorption, and chemisorption. Determining whether sorption will occur requires knowledge of
the likely flow paths of the groundwater and the spatial and temporal distribution of sorbing
minerals along these paths. Evaluating the retardation effectiveness of sorption for repository
design and licensing requires theoretical and quantitative understanding of sorption. Thus,
experimental measurements of sorption were combined with modeling of the data in an attempt
to identify key sorption mechanisms.

The use of batch-sorption experiments to obtain sorption distribution coefficients and to identify
sorption mechanisms is fast, easy, and inexpensive compared to other sorption experiments. A
disadvantage is that such experiments are static in nature, whereas transport of radionuclides
through the site is dynamic. However, batch-sorption experiments are useful for bounding more
detailed and mechanistic sorption studies, and a major part of the experimental effort was
devoted to such measurements.

In the experiments, batch-sorption distribution coefficients were determined as a function of
variables representing conditions expected outside of the region disturbed by waste
emplacement. The variables included mineralogy, groundwater chemistry, sorbing element
concentration, atmospheric conditions, and temperature. The sorption behavior of individual
pure minerals found in Yucca Mountain tuffs, such as zeolites and Mn or iron oxyhydroxides,
was also examined. This approach is designed to allow estimation of sorption coefficients along
flow paths of known mineral content. Sorption data are presented in Tables 10.3-2 to 10.3-16.

The Distribution Coefficient-The batch-sorption distribution coefficient, Kd, was
calculated using

F moles of radionuclide per gram of solid phase

C moles of radionuclide per milliliter of solution ( 1

Kd values thus have units of mL/g.

The determination of very small or very large batch-sorption distribution coefficients results in
large uncertainties in the Kd values calculated. When very little sorption occurs, calculations can
yield negative Kd values; the error results from subtracting two large numbers (the initial
radionuclide concentration in solution and the radionuclide concentration after sorption) to
obtain a small number (the amount of radionuclide left in the solid phase). Therefore, very small
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Kd values are not very significant. On the other hand, when a great deal of sorption occurs, there
can be large uncertainties associated with measuring the small amount of radioactivity left in
solution after sorption. This also results in large uncertainties in the calculated Kd. Because of
these uncertainties, most Kd values are only reported to one significant figure.

Linear Versus Nonlinear Sorption-The sorption distribution coefficient, Kd, for the species
being sorbed is the ratio of its concentration in the solid phase, F, to its concentration in the
solution phase, C, which implies a linear relationship between the concentrations:

F=KdC (Eq. 10.3-2)

Besides linearity, the valid use of sorption distribution coefficients in transport calculations also
requires the sorption to be instantaneous and reversible, conditions that may not be met for the
sorption of radionuclides onto Yucca Mountain tuffs.

Nonlinear adsorption isotherms were reviewed by de Marsily (1986, p. 258). A useful nonlinear
relationship, Freundlich's isotherm, is given by the equation

F = KC1"n (Eq. 10.3-3)

where K and n are positive constants (with n 2 1).

Another nonlinear relationship is Langmuir's isotherm, given by

F = KIC (Eq. 10.3-4)
1+ K2C

where K, and K2 are positive constants. Part of the research discussed in this section was an
attempt to assess the validity of using the linear distribution coefficients as opposed to other
isotherm functional forms to describe retardation by sorption in transport calculations.

Experimental Procedures-All batch-sorption experiments were performed at room temperature
and under atmospheric conditions or inside glove boxes with a carbon-dioxide overpressure. The
pHs of the UE-25 J-13 and p#l waters under atmospheric conditions were approximately 8.5
and 9, respectively; inside the glove boxes, the pH was 7.

10.3.3.2 Plutonium

Data from Sorption Experiments Reported in the Literature-The data discussed in
this section are provided to show trends for the sorption of Pu. Allard (1982, Sections 4 to 5)
reported results. on experiments involving Pu sorption on quartz, apatite, attapulgite,
montmorillonite, and various minerals rich in ferrous Fe in a dilute groundwater containing Pu at
1.8 x 1O-' l M. For all the minerals, the sorption coefficients were greater than 103 mL/g over a
pH range of 4 to 9. APatite, attapulgite, biotite, and montmorillonite showed sorption
coefficients greater than 10 mL/g over this pH range. Torstenfelt et al. (1988, Tables 17 to 25)
presented data for Pu sorption on feldspars, clays, and granite in contact with J-13 water. The
sorption coefficients reported by Torstenfelt et al. (1988, Tables 17 to 25) are generally between
100 to 200 mL/g in neutral to alkaline solutions. These authors emphasized the importance of
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proper experimental technique in the determination of sorption coefficient values for Pu and
noted the potential for colloid formation in these types of experiments. Data indicating high
affinity of Pu for ferric oxyhydroxide, manganese oxide, and carbonate mineral surfaces were
presented by Means etal. (1978), Keeney-Kennicutt and Morse (1985), and Sanchez etal.
(1985). Means etal. (1978, pp. 1771 to 1772) noted that manganese oxides sorb Pu more
strongly than ferric oxyhydroxides in natural environments (presumably as a result of redox
reactions on the manganese-oxide surface).

Data from Laboratory Sorption Experiments with Yucca Mountain Rock and Water
Samples-Measurements of Pu sorption coefficients involving Yucca Mountain rock samples and
J-13 groundwater were summarized by Thomas (1987, p. 20). The values measured for the Pu
sorption coefficient range from 20 to greater than 4,500 mL/g, with most values lying between
100 to 2,000 mL/g within a pH range of 8.2 to 8.8. The coefficients determined during the
desorption experiments were occasionally in the range of the sorption coefficient values, but,
more typically, they were 10 to 20 times larger, reflecting the irreversibility of the sorption
reactions. Zeolitic samples typically had lower sorption-coefficient values than vitric or
devitrified samples. It appears that rocks that have essentially no reduction capacity remaining
(i.e., samples lacking ferrous Fe or sulfide) show the lowest sorption coefficients for Pu.
Samples with calcite or clay showed the largest sorption coefficients (greater than 4,500 mL/g
for samples with 30 percent calcite).

Based on the eight experiments for which data are available, there was up to a factor of
12 variation in sorption coefficients as a function of groundwater composition. Water from well
UE-25 p#l was associated with the largest values (240 to 540 mL/g, sorption-desorption) with
waters from wells H-3 and J-13 showing the lowest values (20 to 230 mL/g). The higher values
obtained with UE-25 p#l water might reflect calcite precipitation. There did not appear to be a
dependence of the sorption coefficient on pH over the range from 7 to 9, although the available
data are limited on this issue. Finally, there was less than a factor of four dependence of the
sorption coefficient on radionuclide concentration over the range from 10-9 to 1 -12 M.

Plutonium sorption coefficients have been measured on a variety of solid samples in contact with
Yucca Mountain groundwaters UE-25 J-13 and p#1 under atmospheric conditions (i.e., oxidizing
conditions and pH equal to 8.2 to 8.6). The data (summarized in Table 10.3-2) show that Pu
sorption coefficients will be greater than 100 mL/g for vitric and zeolitic tuffs under these
conditions. For devitrified tuffs, sorption coefficients will be less than 100 mL/g in both water
compositions. These data were reported in CRWMS M&O (2000, Section 6.4.4.1.4.1).

The sorption of Pu onto the three main types of tuff in J-1 3 water at a pH of 7 was studied using
a carbon-dioxide overpressure to maintain a pH of 7. These experiments were also conducted
under oxidizing conditions (i.e., atmospheric 0 concentrations). The affinity of tuffs for Pu at
pH = 7 is, in decreasing order, zeolitic > vitric > devitrified (Triay et al. 1997, Figure 37).
Compared to the data presented in Table 10.3-2, Pu appears to sorb somewhat less at a pH of 7.0
than at pH values from 8.2 to 8.6 (atmospheric conditions), particularly on devitrified tuff (Kd
less than 10 mL/g).

To investigate which minerals in tuffs were responsible for most Pu sorption, sorption
experiments were carried out with pure mineral separates. The minerals investigated included
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hematite, clinoptilolite, albite, and quartz. The results of the batch-sorption experiments for Pu
on these minerals are shown in Table 10.3-2. The relative affinities of these minerals for Pu are,
in decreasing order, hematite > montmorillonite > clinoptilolite > calcite >> gibbsite > albite
2 quartz. These data suggest that montmorillonite and zeolite minerals are likely responsible for
most of the Pu sorption onto the bulk tuffs. The trace amounts of hematite found in the tuffs do
not appear to have a significant impact based on other data (Triay et al. 1997, pp. 65 to 73).
However, the presence of calcite in the tuffs can have a significant impact depending on the
amounts present and on the surface area of the calcite present.

As stated above, sorption coefficients are not necessarily constant with increasing concentration
of the sorbing element. That is, sorption isotherms can be linear or nonlinear. To investigate the
shape of the Pu sorption isotherm with increasing Pu concentration, experiments were conducted
over a range of solution concentrations with various rock and water combinations. The data
obtained indicate that the Pu sorption isotherm is generally nonlinear on tuffs from Yucca
Mountain (Triay et al. 1997, pp. 69 to 73). The cause of the nonlinearity is not known. The
solution concentrations in these experiments range from 3 x 1(F10 to 2 x 1077 M. Because the
upper limit of this range is close to the solubility of Pu in Yucca Mountain groundwaters, the
concentration of aqueous Pu transported in the flow system will likely not exceed this value.
Experiments conducted with concentrations at the low end of the range produce sorption
coefficients that are higher than experiments conducted with solution concentrations at the high
end of the range. Therefore, the use of sorption coefficients in performance assessment
calculations obtained with the more concentrated solutions will result in conservative predictions
of Pu transport rates.

The sorption of Pu onto tuffs and minerals in UE-25 J-13 and synthetic p#l water under
atmospheric conditions was studied as a function of time and initial Pu solution concentration.
The resulting data (Triay et al. 1997, p. 69) indicate that it takes a long time for the Pu sorption
reactions to reach a steady state. Even after 32 days, a steady-state concentration in solution was
not achieved in these experiments. This slowness in reaching a steady state may be due to redox
reactions at solid surfaces in the samples.

Nitsche et al. (1993) reported that even when a Pu solution in UE-25 J-13 or p#l water is
prepared starting in the +4 oxidation state, the predominant final oxidation state is +5, or Pu (V).
The solution used for Pu sorption experiments was prepared from a well-characterized Pu (V)
acidic stock in J-13 well water. It was assumed that, during the short time of the sorption
experiment (e.g., 30 days), the Pu would have remained predominantly in the +5 oxidation state.
Although over the long term, it may not have remained in that state.

Comparing data for Pu sorption coefficients to similar data for Np and U indicates that
significant Pu sorption occurred in tuffs and minerals that exhibit very small sorption coefficients
for Np (V) and U (VI). This result is puzzling; if Pu in J-13 well water is predominantly Pu (V)
and Pu (VI) (Nitsche et al. 1993), it is expected that its sorption behavior would have been
similar to that observed for Np (V) and U (VI). There are several possible explanations for this
apparent discrepancy:
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* The Nitsche et al. (1993) data for the oxidation states are incorrect, and the predominant
plutonium oxidation state in J-13 well water at a pH of 7 is Pu (IV), not Pu (V) and
Pu (VI).

. The Pu (IV) species is what sorbs from J-13 water, but a reequilibration in the solution
phase produces more Pu (IV) to maintain equilibrium (which implies that the kinetics of
Pu speciation in solution are fast, but are slow on the solid).

. Pu (V) and Pu (VI) reduce to Pu (IV) at solid surfaces (as a result of changes in the
solution redox potential in the presence of the solid phases).

The impact of the slow sorption kinetics on predictions of transport rates of Pu in Yucca
Mountain is that the sorption coefficients from the batch tests should generally result in
conservative predictions.

Conclusions Regarding Sorption Behavior of Plutonium in the Yucca Mountain Flow
System-Based on information in the previous sections, it appears the most important factors
controlling the sorption of Pu from oxidizing groundwater onto Yucca Mountain tuffs are the
abundances of montmorillonitic clays and zeolite minerals. Calcite, if present, may also result in
high Pu sorption coefficients. The affinity of Yucca Mountain tuffs for Pu is highest in zeolitic
tuffs, slightly lower in vitric tuffs, and lowest in devitrified tuffs. Groundwater compositional
parameters that appear to have the most impact on Pu sorption behavior are redox potential
(i.e., Eh) and pH. Under less-oxidizing redox potentials than those maintained in the batch
experiments, Pu sorption coefficients would be larger. Therefore, the sorption coefficients
reported here will result in conservative predictions of Pu transport rates. The change in sorption
coefficients that may result from variations in groundwater pHI are accounted for in the
distributions reported in Tables 10.3-3 and 10.3-4 (Section 10.3.6). Similarly, the impact of
potential variations in Pu concentration are incorporated in the distributions by assuming that the
high end of the range of potential Pu concentrations in groundwater pertain to the Yucca
Mountain flow system. Although the kinetics of the Pu sorption reactions appear to be relatively
slow compared to elements with simpler solution chemistry (e.g., Cs), the sorption coefficients
reported here should result in conservative predictions of Pu transport rates.

10.3.3.3 Cesium, Radium, and Strontium

Behavior in Solutions Representative of Yucca Mountain Groundwaters-These elements
(Cs, Ra, and Sr) show relatively simple solution behavior in typical groundwaters and are not
subject to changes in oxidation state in the groundwater compositions expected in Yucca
Mountain. Radium and Cs are invariably present as the simple Ra2 + and Cs+ cations in the
expected groundwater compositions (Ogard and Kerrisk 1984). Strontium exists primarily as the
Sr + ion in these waters, but may also be present as the neutral aqueous species SrSO4 , at
concentrations of a few percent of the total Sr solution concentration (Ogard and Kerrisk 1984).
The data of Langmuir and Riese (1985) indicated that RaSO4 (aq)/Ra2+ will be greater than or
equal to 0.6 when the sulfate ion concentration is greater than 10- M. These numbers suggest
that RaSO 4 (aq) will be a significant species (RaCO3 (aq) and SrCO3 (aq) may also be
significant).
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Literature Data-The literature on the behavior of Cs, Ra, and Sr in the surficial environment is
voluminous and will not be reviewed here. Their sorption behavior is fairly well understood and ;
is largely controlled by ion-exchange reactions (Bolt and Bruggenwert 1978), although surface-
complexation reactions involving these elements have also been discussed (e.g., Balistrieri and
Murray 1982). The dominant controls on the ion-exchange reactions are the cation-exchange
capacities of the minerals in the system, the abundances of these ion-exchanging minerals, their
selectivity coefficients for the various cations in the solution phase, and the concentrations of the
competing cations in the solution phase. The selectivity of most clays and zeolites for Cs, Ra,
and Sr is greater than the selectivities for the major cations in solution. Further, pH does not
have a significant effect on the sorption behavior of these elements over the pH range of interest.
Because their sorption behavior is fairly well understood, and because this behavior depends
strongly on local conditions, data from sites other than Yucca Mountain will not be
reviewed here.

Data from Laboratory Sorption Experiments with Yucca Mountain Rock and Water
Samples-Sorption coefficients for Cs, Ra, and Sr were reviewed by Daniels et al. (1983,
Table 14, pp. 39 to 40), Thomas (1987, p. 4), and Meijer (1990, p. 20). For Cs at low
concentrations (10-8M), sorption coefficients are greater than 100 mL/g for all water-rock
combinations tested except UE-25 p#l water in contact with vitric tuff (Knight and Thomas
1987, Table 4, pp. 4 to 7). Cesium sorption coefficients for the devitrified-tuff/J-13-water
system show a clear concentration dependence that has been modeled with a Freundlich isotherm
(Polzer and Fuentes 1988). The coefficients for this particular rock-water system are greater
than 100 mL/g for Cs solution concentrations below 5 x 0-5 M. For UE-25 p#l water in contact
with this rock type, the coefficient would be 100 mL/g at somewhat lower solution J
concentrations. In any case, in the higher ionic-strength waters (0.02 eq/L), including
unsaturated zone waters, the sorption coefficients for Cs on devitrified and vitric samples may be
less than 100 mL/g if solution concentrations of Cs exceed 106 M. For zeolitic tuffs, Cs
sorption coefficients are greater than 100 mL/g for all water compositions and Cs concentrations
anticipated in the potential repository environment.

Radium appears to have a somewhat higher affinity for sorption onto Yucca Mountain tuffs
than Cs. In addition, the solubility of RaSO4 limits the concentrations in solution to trace levels
(I0-7 to 10- M) (Ogard and Kerrisk 1984). At concentrations below the solubility limit for
RaSO 4, sorption coefficients for Ra are greater than 100 mL/g in essentially all rock-water
combinations tested, using Ba as an analog for Ra (Knight and Thomas 1987, Table 4, pp. 4 to
7). This fact suggests that a minimum sorption coefficient of 100 mL/g can be used for Ra in all
rock-water systems. For zeolitic samples, a minimum value of 1,000 mL/g can be used.

Strontium sorption behavior is more sensitive to mineral and water compositions than the other
two elements discussed in this section. For devitrified and vitric tuffs, sorption coefficients for
the higher ionic-strength waters (e.g., UE-25 p#l) are in the range of 10 to 30 mL/g (Knight and
Thomas 1987, Table 4, pp. 4 to 7). These sorption coefficients will decrease as the solution
concentration of Sr increases above approximately 10-5 M (Thomas 1987, Appendix). However,
this concentration is close to the solubility limit for SrCO3 in these waters so that the 10 to
30 mL/g range is likely appropriate for use in performance assessment calculations in the
devitrified or vitric tuffs. For zeolitic tuffs, a minimum value of 1,000 mL/g would be
appropriate (Knight and Thomas 1987, Table 4, pp. 4 to 7).
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Conclusions Regarding Sorption Behavior with Respect to Expected Variations in
Groundwaters-The existing sorption-coefficient database for Cs, Ra, and Sr should be adequate
for performance assessment calculations. The main concern would be the concentration of
Cs in the solution phase in contact with devitrified and vitric tuffs. If this concentration is over
10-5 M, the appropriate value for the sorption coefficient might be less than the minimum
recommended value of 100 mL/g. The sorption coefficients for Sr in devitrified and vitric tuffs
will be as low as 10 to 30 mL/g in higher ionic-strength waters. If additional experiments were
to be carried out for this group of elements, they should focus on Sr in contact with devitrified
and vitric tuffs in the higher ionic-strength waters.

10.3.3.4 Nickel and Lead

Behavior in Solutions Representative of Yucca Mountain Groundwaters-The aqueous
solution behavior of Ni and Pb is relatively simple. Within the range of groundwater
compositions expected in the Yucca Mountain flow system, these elements are present in
solution primarily as simple divalent cations. Several percent of the total Ni concentration will
be present as the NiSO0

4 (aq) and possibly NiCO0
3 (aq). Similarly, several percent of the total

Pb concentration will be present as the PbCl+ complex.

Literature Data-The behavior of Ni and Pb in the surficial environment has been studied in
some detail (e.g., Snodgrass 1980). These elements are generally quite particle-reactive. The
dominant mechanisms that control their sorption behavior are ion exchange on clay minerals
(e.g., Bowman and O'Connor 1982, p. 933) and adsorption onto various oxides (e.g., Theis and
Richter 1980). The selectivities of clay minerals for Ni and Pb are large relative to the major
cations (e.g., Mg2+) in typical groundwaters (Decarreau 1985 p. 1540). Solution compositional
parameters that can influence this adsorption behavior include pH, ionic strength, concentrations
of competing ions, and concentrations of complexing agents (Rai and Zachara 1984, pp. 143-145
and 18-3 to 18-4).

Data on sorption of transition metals on synthetic zeolites suggest that Pb2+ has a high affinity for
ion exchange compared with Sr2+, whereas Ni2+ has a lower affinity relative to Sr + (Barrer and
Townsend 1976; Obeng etal. 1981; Blanchard et al. 1984, p. 1501, Figure 1). This result
suggests the zeolitic zones within Yucca Mountain could be significant barriers to Pb migration.

Data from Laboratory Sorption Experiments with Yucca Mountain Rock and Water
Samples-Data on the sorption behavior of Ni in Yucca Mountain rock-water systems were
reported by Knight and Lawrence (1988). Sorption and desorption ratios were determined in
several water compositions in the pH range from 8.3 to 9.0 with Ni concentrations in solution of
approximately 10-8 M. For devitrified and zeolitic samples, sorption coefficients were in the
range of 200 to 400 mL/g. Sorption coefficients obtained in the desorption step were generally a
factor of two larger than the sorption coefficients. In the only vitric sample analyzed, sorption
coefficients ranged from approximately 30 to 70 mL/g. For the desorption step, the coefficients
were in the range of 33 to 72 mL/g for this rock type. References to the adsorption behavior of
Pb on tuffaceous or even granitic rock samples were not found.

Conclusions Regarding Sorption Behavior with Respect to Expected Variations in
Groundwaters-Based on information in the literature, the sorption behavior of these elements
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will be determined largely by the free-ion activities in solution and the cation-exchange capacity
of the host rock (e.g., Bowman and O'Connor 1982, p. 934; Rai and Zachara 1984, pp. 143 to
145, and 18-3 to 18-4). Solution pH and oxide-mineral abundances may be a factor in rocks in
which Ni and Pb sorb primarily by surface-complexation mechanisms. In any case, Pb appears
to sorb more strongly than Ni in most surficial environments, and both elements appear to sorb
more strongly than Sr (Bowman and O'Connor 1982, p. 935, Figure 3). The Ni sorption
coefficients discussed in the previous section could reasonably be used as default values for Pb
in performance assessment calculations. For Ni, a minimum sorption coefficient of 100 mL/g
could be used in the devitrified and zeolitic zones. For the vitric zones, the performance
assessment calculations could be done using random sampling and a normal distribution ranging
from 0 to 50 mL/g.

10.3.3.5 Neptunium

Neptunium, Pa, Se, and U share a common characteristic in that they all tend to show small
values for sorption coefficients in the rock-water systems expected within Yucca Mountain under
oxidizing conditions (Tables 10.3-5, 10.3-6). Under more reducing conditions, they would all
have much lower solubilities and higher sorption affinities in Yucca Mountain groundwaters. As
the solution and sorption behavior is somewhat different for each of these elements, they will be
discussed separately, starting here with Np. In solutions representative of oxidized water
compositions expected within the Yucca Mountain flow system, Np will be predominantly in a
+5 oxidation state. In this oxidation state, Np is quite soluble when compared to lower oxidation
states. If reducing conditions are encountered along the flow path between the potential
repository and the accessible environment, Np could be reduced to the +4 oxidation state.

Data from Sorption Experiments Reported in the Literature-The results of Np sorption
experiments with pure mineral separates were reported by Allard (1982, Sections 4 to 5), Meijer
et al. (1990), and others. On the basis of these results, it is evident that in oxidizing solutions, Np
has a high affinity for ferric oxides and oxyhydroxides, apatite, and attapulgite (a Mg-rich clay).
It has a somewhat lower affinity for carbonates (e.g., calcite), sulfates (e.g., anhydrite), and Mn
minerals (e.g., cryptomelane). It has a low affinity for most silicate minerals. Neptunium also
shows high affinities for minerals that contain ferrous Fe (e.g., pyrite, olivine, augite, magnetite,
homblende, epidote, biotite, and chlorite). This affinity is likely due to the reduction of Np 5+ to
Np4+ by Fe2+ on the surfaces of these minerals. Although ferrous Fe-bearing minerals are, at
best, minor species in Yucca Mountain tuffs (Bish and Chipera 1989), they could be of
considerable significance to Np sorption where present in the flow system.

In addition to the nature of the available mineral surfaces, it is evident that pH is also a critical
parameter in Np sorption. In general, Np sorption increases with increasing pH. This effect is
particularly evident in the experiments with ferric-oxyhydroxides (e.g., Combes et al. 1992).
However, similar behavior is evident in the sorption experiments with silicate minerals (Allard
1982, Section 4.1, Figure 9). In the latter case, the sorption edge (as a function of pH) is located
at a higher pH (8 to 9) than the edge associated with the ferric-oxyhydroxides (a pH of 6 to 7).
Neptunium does not appear to have a high affinity for ion-exchange reactions on clays and
zeolites (Allard 1982, Figure 16; Triay et al. 1993a, p. 1505). This phenomenon might be due to
the small charge-to-radius ratio and the large size of the neptunyl ion.
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Data from Laboratory Sorption Experiments with Yicca Mountain Rock and Water
Samples-The results of Np sorption experiments involving Yucca Mountain rock and water
samples were reported by Daniels et al. (1982), Thomas (1987, p. 20 Appendix; 1988), and Triay
et al. (1993a, p. 1505). These experiments indicated that Np has Kd values of 0 to 5 mL/g for the
surfaces in Yucca Mountain tuffs over most of the pH range and water compositions expected in
the Yucca Mountain flow system. The sorption mechanisms are apparently not entirely
reversible, as coefficients obtained from desorption experiments are commonly larger than those
obtained from sorption experiments, even though the isotherms are linear in the concentration
range covered by these experiments. There is some indication of increased sorption coefficients
(5 to 40 mL/g) at the highest pH values (8.5 to 9.0). Torstenfelt et al. (1988, p. 115) suggested
that this result reflects increased hydrolysis of the neptunyl ion, resulting in an increase in
surface-adsorption reactions. However, in Yucca Mountain rock-water systems, it could also
reflect increased potential for calcite precipitation at high pH.

In the pH range from 6.5 to 8.5, the small but consistent affinity of Np for the tuffs most likely
reflects the existence of a limited number of favorable adsorption sites for Np. This number
apparently does not involve ion-exchange sites because zeolitic rock samples also show low
sorption coefficients. For example, Thomas (1988) described a case in which a zeolitic tuff
sample (G4-1608) with a cation-exchange capacity of approximately 1.5 meq/g appears to have
essentially the same affinity for Np as a devitrified tuff sample (GU3-433) with an exchange
capacity of approximately 0.02 meq/g. These sites are apparently not present in the same
abundance on all tuff samples. That is, some zeolitic, vitric, and devitrified tuff samples have
almost no affinity for Np over the pH range from 6.5 to 8.5, whereas other samples with similar
proportions of major minerals show sorption coefficients in the range of 5 to 10 mL/g. This
result suggests, but does not prove, that the favorable sites are associated with some minor
primary or secondary phase that has variable abundance. Hematite and calcite are candidates for
this phase based on pure mineral studies. Because ferric oxides are present at trace levels in
most of the rock units within Yucca Mountain, they could be the source of the consistent values
(0.5 to 2 mL/g) observed in experiments on devitrified and zeolitic tuffs. Alternatively, Np may
be sorbed (through reduction to Np4 +) by the small amounts of ferrous Fe-bearing minerals
present in the rock samples used in the sorption experiments.

The increased sorption of Np on tuffaceous samples known to contain calcite suggests this
mineral is of considerable potential significance to Np sorption on Yucca Mountain tuffs. If so,
prediction of the adsorption behavior of Np will depend on knowledge of the surface areas of
calcite in the various hydrologic units or on the saturation state of calcite in groundwaters present
in these units. Because even small amounts of calcite appear to significantly increase Np
sorption coefficients, current mineral identification techniques may not be adequate for
prediction of Np sorption behavior involving calcite. For vitric units lacking iron oxides and
calcite, Np may not be sorbed at all.

Additional YMP data were reported in CRWMS M&O (2000, Section 6.4.4.1.4.2).

Sorption coefficients for Np (V) on samples of the three main types of tuff under atmospheric
conditions (pH = 8.2 to 8.6; oxidizing) are shown in Figure 10.3-3. Note that the sorption
coefficients for all samples are less than 5.0 mL/g. The values less than 1.0 are generally for
vitric and devitrified samples, and those greater than 1.0 are for zeolitic samples.
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Zeolitic tuffs show substantial variation in the Np sorption coefficient in different samples and
under different pH conditions. Some zeolitic samples show very little affinity for Np, although
more at a pH value of 8.5 than at 7.0 (Figure 10.3-4). Other zeolitic samples (e.g., G4-1510 and
GU3-1992) show a higher affinity (i.e., higher Kd), particularly at a pH value of 7.0. Why some
zeolitic samples show substantially higher Np sorption coefficients is not entirely clear. The
explanation likely revolves around the type of zeolite structure and the chemistry of the zeolite.

The impact of pH variations on Np sorption behavior was also investigated with experiments on
devitrified and vitric tuff and albite and quartz in J-13 water (under oxidizing conditions) at two
pH values (7 and 8.5). It was found that in J-13 water, Np sorbs only sparingly onto devitrified
and vitric tuffs under both pH conditions.

Experiments with pure clinoptilolite indicate that sorption increases with decreasing pH for Np
(V). Because the major constituent of tuff G4-1510 is clinoptilolite, predictions of the Ka (Kd
divided by the solid-phase surface area) were made for Np sorption onto this tuff by assuming
that clinoptilolite is the only sorbing phase. Table 10.3-5 shows measured and predicted values
of Ka for the clinoptilolite-rich tuff G4-1510 at two different pH values. Because sorption is
correlated with surface area, similar calculations (Table 10.3-6) were made for a series of tuff
samples containing various amounts of clinoptilolite for which the surface area had been
measured. The values in these two tables indicate that reasonable predictions can be made based
on Np sorption data for pure clinoptilolite (assuming clinoptilolite is the only sorptive mineral).

The dependence of Np sorption on Np concentrations for zeolitic tuffs and pure zeolites was
tested in two samples. The sorption of Np onto zeolitic tuffs and clinoptilolite appears to be
linear in the concentration range from 1 x l0-7 to 3 xl 0-5 M, and can be fitted using a constant
Kd. In a zeolite-rich tuff at a pH of 7.0, the Kd was 3.0 mL/g, whereas at a pH of 8.5, the Kd was
1.5 mL/g (Figure 10.3-5). Similar results were obtained with a pure zeolite sample
(Figure 10.3-6). The higher sorption of Np onto zeolites at a pH of 7 might be explained by the
larger amount of NpO2 + relative to NpO2COI3 in J- 13 well water at a pH value of 7 compared to
that at a pH of 8.5.

The relatively small amount of sorption observed in the zeolitic tuffs, given the large
cation-exchange capacity of zeolites, suggests that the mechanism for Np sorption onto
clinoptilolite is a surface reaction involving only the cation sites accessible on the zeolite surface.
One possible explanation for this behavior is that the shape and large size of the neptunyl cation
prevents it from entering the pores in the zeolite structure, thereby gaining access to most of the
exchange sites. This ion likely has a trans-dioxol configuration normal to a puckered equatorial
ring containing six bound water molecules.

Because Np was thought to sorb with a surface mechanism even in zeolitic tuffs and because the
batch experiments are conducted with crushed tuff samples (i.e., increased surface area), the
sorption coefficient for Np was investigated as a function of sieving procedure for devitrified
(G4-270) and zeolitic (G4-1506) tuffs and calcite in UE-25 J-13 and p#l well waters. The data
obtained in these experiments indicate that dry-sieving probably produces artificially high Kd
values because of the increased surface area contributed by the small particles. As previously
determined by Rogers, Meijer, and Kung (1994), the optimal batch-sorption procedure involves
wet-sieving the tuff samples to a size of 75 to 500 ,um.
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The sorption of Np onto pure iron oxides (hematite) in 1-1i water was also measured. The
measured values of Kd for hematite range from 100 to 2,000 mL/g. Although the sorption onto
the pure iron oxide hematite is very large, Np sorption onto devitrified tuffs, which appear to
have traces of hematite (1 percent ± 1), is close to zero. This result could be due to differences in
the surface chemistry of pure hematite compared to hematite in tuff. For example, it could be
due to passivation of the hematite surfaces in the tuff by elements (e.g., the rare earths) that have
a higher affinity for hematite than Np and, thus, occupy the sorption sites. Alternatively, there
could be too little hematite present in the tuffs (concentrations are within experimental error).

The kinetics of Np sorption onto tuffs and pure minerals were investigated, and it was found that
the sorption of Np onto tuffs and clinoptilolite appears to be fast (steady state in 5 to 7 days).
Although the data are scant, they can be used as guidelines. No significant differences are
observed in Np sorption as a function of time for the tuffs studied and for clinoptilolite. This is
not the case for pure minerals that tend to sorb by means of a co-precipitation mechanism (e.g.,
calcite) or by surface complexation (e.g., hematite). The dissolution/precipitation reactions that
may accompany the co-precipitation of Np with calcite appear to be slow compared with other
sorption mechanisms. Why the Np sorption reaction on hematite is slow is not clear. Future
experiments will address this issue by monitoring the chemistry of the groundwater as it is being
equilibrated with these minerals.

Experiments with UE-25 p#l water indicate that Np sorption onto tuffs and zeolites is very
limited (Kd less than 1 mnL/g) in this water regardless of conditions (pH and Np concentration).
If clinoptilolite is the only mineral affecting Np sorption, and if ion exchange at the surface is the
dominating mechanism, it could be that the reason for the lack of Np sorption on clinoptilolite is
the formation of the neptunium carbonado complex (NpO2CO 3D in UE-25 p#1 water to the
exclusion of the neptunyl cation. However, the data reported by Nitsche, Roberts, Prussin et al.
(1995) do not support this conclusion; the relative amount of neptunyl in UE-25 p#1 water is
larger than that in J-13 water at a pH of 7. If the data of Nitsche, Roberts, Prussin et al. (1995)
are correct, another possible reason for the lack of Np sorption on clinoptilolite is required. One
possibility is that in UE-25 p#1 water there is strong competition for sorption sites due to the
higher ionic strength of this water compared with J- 13 water.

Figures 10.3-7 and 10.3-8 summarize the sorption of Np under atmospheric conditions for tuffs
and minerals as a function of water type. Sorption onto zeolitic tuffs decreases considerably with
increasing carbonate content and ionic strength of the water (Figure 10.3-7). Figure 10.3-8
shows that calcite and hematite have high affinities for Np, particularly in UE-25 p#1 water.
The calcite-rich tuff G2-723 (34 percent calcite) exhibits considerable sorptive capacity for Np.
Assuming that the calcite in the tuff sample has the same surface area as the natural calcite used
for the experiments (and that calcite is the only sorptive mineral in the tuff), a log Kd for tuff
G2-723 of 1.5 could be predicted from Np sorption on pure calcite. This prediction agrees well
with the measured Kd (Figure 10.3-8).

Conclusions Regarding Sorption Behavior with Respect to Expected Variations in
Groundwaters-The mechanisms by which Np appears to sorb onto mineral surfaces in the
Yucca Mountain flow system appear to be ion exchange or surface complexation on zeolitic
phases and co-precipitation and surface adsorption involving carbonate minerals. The ion
exchange/surface-complexation mechanism appears to be responsible for the 0.5 to 5.0 mL/g
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range in sorption-coefficient values consistently measured in zeolitic rock samples. The high
end of this range may reflect other mechanisms, such as the presence of trace minerals with high
affinities for Np. Regardless of the details of the mechanisms, performance assessment
calculations could use a probability distribution for sorption-coefficient values as shown in
Table 10.3-3. This distribution is based on the opinion of experts who are familiar with the data
set discussed in this section.

For hydrologic units in which calcite is known to be present or in which groundwaters are
oversaturated in calcite, higher Np sorption coefficients could be used in the performance
assessment calculations if it could be established through laboratory experiments that such
coefficients are appropriate.

10.3.3.6 Protactinium

Behavior in Solutions Representative of Yucca Mountain Groundwaters-In aqueous
systems, Pa appears to exist dominantly in the +5 oxidation state, although the +4 state may
occur in reducing environments (Brookins 1988). In both oxidation states, Pa is strongly
hydrolyzed and forms highly insoluble compounds (Cotton and Wilkinson 1988, pp. 1062,
1003). This result implies that the +5 solution chemistry of Pa is more akin to that of Nb (V)
than to other actinides in +5 oxidation states, such as PuO2 + or NpO2 +. If this interpretation is
correct, the solution parameter of greatest importance to Pa sorption behavior would be pH.

Qualitative Evidence for Behavior in the Surficial Environment-Information on behavior of
Pa in the surficial environment is sparse. Because Pa forms such insoluble compounds, it is
generally assumed to be immobile in the surficial environment.

Data from the Literature-Batch-sorption experiments with Pa have yielded some interesting
results. In dilute to intermediate ionic-strength solutions, Allard (1982) reports large values
(104 mL/g) for the Pa sorption coefficient on alumina and silica at pH values greater than 6 to
7 but much lower values (90 to 500 mL/g) at pH values less than 7.

Data from Laboratory Sorption Experiments With Yucca Mountain Rock and Water
Samples-Rundberg et al. (1985, p. 63, Table 17) report Pa sorption coefficients in the range
from 3.7 to 8.2 mL/g for a zeolitic tuff in contact with J-13 water spiked with 1 0-" l to Io- 4 M Pa
at pH values of 6.3 to 6.7. Combined with the data reported by Allard (1982), these data suggest
that Pa sorbs by a surface-complexation mechanism, and that there is a rather steep sorption edge
for Pa as a function of pH at a pH value of approximately 7.

Conclusions Regarding Sorption Behavior with Respect to Expected Variations in
Groundwaters-Batch-sorption data for Pa suggest that sorption coefficients for this element
will be small (less than 10 mL/g) at lower pH values (Tables 10.3-3, 10.3-4). Because Pa
sorption experiments on rock samples from Yucca Mountain have only been carried out in the
low pH range, it would be prudent to carry out several experiments using a Yucca Mountain
groundwater at several pH values from 7 to 9.
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10.3.3.7 Selenium

Behavior in Solutions Representative of Yucca Mountain Groundwaters-Selenium will
occur as anionic species in all water compositions expected at Yucca Mountain. Although the
two oxidation states of +4 and +6 (Howard 1977, p. 1665) are found for Se in surficial waters in
contact with atmospheric 0, the +4 state predominates under the conditions expected for
groundwaters at Yucca Mountain (Howard 1977, Figure 1; White et al. 1991, Figure 9). In that
state, Se is found as the SeO3

2 - and HSeO3 _ selenite ions. In the. +6 oxidation state, Se occurs as
the SeO4

2 - and HSeO4 selenate ions.

Qualitative Evidence for Behavior in the Surficial Environment-Selenium behavior in the
surficial environment is very closely tied to the redox potential of different parts of the
near-surface environment. Under reducing conditions, Se is immobilized as FeSe2 at low pH
(less than 5) and as native Se at higher pH (Howard 1977, Figure 3). The stability range for
native Se extends nearly to surface redox conditions. When in contact with atmospheric
o levels, Se is apparently stabilized as the selenite ion (SeO 3

2 . At higher redox potentials, Se is
oxidized to the selenate ion (SeO4 2), which appears to be more mobile in the surficial
environment than the selenite ion (Howard 1977, Figure 7, p. 167).

Data from the Literature-Because Se occurs as anionic species in the surficial environment, its
adsorption behavior is controlled primarily by surface-complexation reactions on oxide minerals,
including iron oxides and oxyhydroxides (Balistrieri and Chao 1987), manganese oxides and
oxyhydroxides, clays (Bar-Yosef and Meek 1987) (Tables 10.3-3, 10.3-4), and other minerals
with affinities for anionic species. These surface-complexation reactions are quite sensitive to
pH. For example, adsorption on iron oxyhydroxides decreases for both selenite and selenate ions
with increasing pH (Balistrieri and Chao 1987, Figure 2). Selenate ions appear to sorb
dominantly in the outer layer of the electrical double layer present on oxide surfaces, whereas
selenite tends to sorb in the inner layer (Hayes et al. 1987, p. 785). Selenate ions are subject to
ionic-strength effects, as well as competitive effects with sulfate and other anions in solution,
presumably because they sorb in the outer layer. Selenite ions are not subject to ionic-strength
effects but may be subject to competition from other anions sorbing on inner-layer sites
(Hingston et al. 1971).

Studies of selenite adsorption on soils in the pH range expected for Yucca Mountain
groundwaters indicate relatively limited adsorption (less than 30 percent) from 0.05 nitrogen
chloride solutions containing 0.16 to 0.63 mg/L Se (Neal et al. 1987, Figure 3, p. 1104). This
limited sorption potential will likely be further decreased in natural waters containing high
concentrations of competing anions.

Data from Laboratory Sorption Experiments with Yucca Mountain Rock and Water
Samples-Data for Se sorption coefficients on Yucca Mountain rock samples in contact with J-13
water were summarized by Thomas (1987, p. 20, Appendix). Most measured values were less
than 5 mL/g, and they do not appear to correlate with rock type. A puzzling feature of the data is
that, for a given rock sample, sorption coefficients were larger in the higher pH experiments (pH
of 8.8) compared to the lower pH experiments (pH of 6.0). This result is contrary to the pH
dependence predicted on the basis of double-layer theories. Neal et al. (1987) noted a similar
effect for Se sorption on soils for a solution phase enriched in Ca. They suggested the effect may
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be due to the formation of a Ca-rich surface precipitate or, alternatively, a change in surface
charge due to the adsorption of divalent Ca cations. Benjamin (1983) made similar observations
involving other divalent cations. These data suggest that in groundwaters relatively enriched in
Ca, and perhaps other divalent cations, Se adsorption may be somewhat enhanced in the alkaline
pH range.

Conclusions Regarding Sorption Behavior with Respect to Expected Variations in
Groundwaters-Sorption coefficients for Se on Yucca Mountain rock samples have only been
measured in J- 13 water. These experiments do not show the expected decrease in sorption
coefficient with pH. Therefore, variations in pH over the range expected in Yucca Mountain
groundwaters do not appear to be the most important groundwater compositional parameter in
the sorption behavior of this element. Based on the data obtained in other studies, divalent
cations may have a significant impact on the sorption behavior of this element in Yucca
Mountain rock-water systems. Additional experiments with waters enriched in divalent cations
(e.g., UE-25 p#l water) may be productive and may enlarge the range of Se sorption-coefficient
values appropriate for use in performance assessment calculations.

10.3.3.8 Uranium

Behavior in Solutions Representative of Yucca Mountain Groundwaters-Under the redox
potentials expected in Yucca Mountain groundwaters, particularly in the unsaturated zone,
U should be in the +6 oxidation state. In this oxidation state, U will be present in solution in a
variety of complexes, including (UO2 )2 CO3(OH)3-, U02 (CO3 )2

2-, U0 2(CO 3)34t U0 2(OH)2 (aq),
U0 2 (CO 3)(aq), and other minor species. Phosphate, fluoride, or sulfate species will not be
significant within the concentration ranges for these anions and the pH range expected in Yucca
Mountain groundwaters.

Qualitative Evidence for Behavior in the Surficial Environment-Data on the behavior of
U in the surficial environment are available from various sources. Several types of U ore
deposits were studied as natural analogs to repository settings. Other data include studies of
U mill-tailings piles, waste-stream outfalls, and other U ore deposits. Only the natural analog
studies are discussed in this section.

The deposits that were studied as natural analogs include the deposits at Oklo, Gabon, the
Alligator Rivers region in Australia, Cigar Lake in Canada, Pocas de Caldas in Brazil, and Pefia
Blanca in Mexico. Each deposit was studied in considerable detail to define the geochemical
behavior of U and its daughter products in the environments in which the ore deposits are found.
Although none of the environments is completely analogous to the Yucca Mountain site, the
Pefna Blanca deposit is at least situated in Tertiary volcanic tuffs similar to those present at Yucca
Mountain. These natural analogs are discussed in detail in Section 13.

A critical aspect of any analog for potential U migration at the Yucca Mountain site is that the
U source must be subject to redox potentials similar to those expected at Yucca Mountain,
particularly in the unsaturated zone. This fact eliminates data from the Cigar Lake and probably
the Oklo deposits (Goodwin et al. 1989, Appendix B.3.4; Cramer and Sargent 1994, p. 2238;
Brookins 1983, pp. 206 to 207) from detailed consideration.
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The Alligator Rivers deposits are exposed to oxidizing conditions in a surficial environment
(Giblin and Snelling 1983, p. 37). Uranium isotope-disequilibrium studies at this site indicate
that U migration has occurred relatively recently (Snelling and Dickson 1979). However,
evidence for recent transport does not by itself provide an estimate of the transport rate and,
more importantly, of the chemical controls on this rate. The latter information could be very
useful to the YMP.

At the Koongarra deposit, U migration is significantly retarded by the precipitation of uranyl
phosphate minerals (Snelling 1980). Although phosphate concentrations in local groundwaters
are not high (0.01 to 0.1 mg/L), significant phosphate concentrations are found in the country
rocks in minerals such as apatite. The phosphate in the rocks is apparently redistributed locally
by groundwater, resulting in the precipitation of uranyl phosphate minerals within the zone of
weathering (Snelling 1980). This retardation mechanism is not expected to be important at
Yucca Mountain, given the low phosphate concentrations found in Yucca Mountain rock units
(Broxton et al. 1986).

Uranium in the zone of weathering at Alligator Rivers also appears to be associated with, and is
probably retarded by, ferric-Fe compounds (Payne et al. 1990). Sorption experiments were
carried out involving U sorption on whole-rock samples and on pure mineral samples (Payne
et al. 1990). These experiments suggest that ferric hydroxides are strong sorbers of U in this
system over a pH range of 5 to 9. This result is not particularly new, as similar results on ferric
oxyhydroxides were reported by others (e.g., Hsi and Langmuir 1985, p. 1931). A potentially
important result of these studies would be the derivation of some defensible estimate of the rate
of transport of U in this system using the experimentally derived chemical constraints on
U adsorption behavior and a valid groundwater flow model. Unfortunately, hydrologists
knowledgeable about the site suggest the complicated nature of the flow system may preclude
the development of defensible flow models (S.N. Davis cited in Curtis and Fabryka-Martin
1988, 13.1).

The Pefia Blanca U deposits in Mexico provide a potentially more appropriate analog site in
relation to Yucca Mountain. The primary U deposits at this site are hydrothermal in origin and
were emplaced in structural features associated with Tertiary silicic volcanic tuffs that overlie
Mesozoic carbonate strata (George-Aniel et al. 1991, pp. 234 to 236). In addition to the
hydrothermal deposits, which contain sulfide minerals as well as uranium oxides, supergene
deposits have formed locally through the leaching of U from the volcanic rocks and subsequent
precipitation as uranyl silicate minerals, including uranophane (Murphy 1992, p. 20). The
supergene deposits are hosted by kaolinitized and silicified rhyolite and do not appear to contain
sulfide minerals. The absence of sulfide minerals is important because sulfides, such as pyrite,
oxidize readily in the surficial environment to produce acidic conditions unlike those expected
within Yucca Mountain. The supergene deposits are thought to have formed in a near-surficial
environment (George-Aniel et al. 1991, p. 246), and their study may offer useful insight into the
potential for migration of U from the potential repository within Yucca Mountain.

A qualitative study by Rosholt et al. (1971) established that U was leached from devitrified tuff
samples, but not from hydrated glassy samples obtained from a given geologic unit. These and
other data presented suggest devitrification makes the U in tuffs more mobile in the surficial
environment. Zielinski et al. (1986) and Flexser and Wollenberg (1992, Abstract, pp. 1593 to

TDR-CRW-GS-00000 I REV 01 ICN 01 10.3-25 September 2000



1598) observed that U in Yucca Mountain devitrified tuffs was commonly associated with
manganese oxides. This fact suggests that, although U may be mobile in the unsaturated
devitrified tuffs in Yucca Mountain, it could be retarded to the extent that there are manganese
oxides present along the flow path with sufficient capacity to sorb the potential flux of U from
the potential repository horizon. Given the amount of U to be emplaced in the potential
repository, it would seem the sorption capacity of the manganese oxides present in the mountain
(Bish and Chipera 1989) would be rapidly saturated. Nonetheless, manganese oxides may
significantly retard the movement of U in some of the fracture-flow scenarios.

Data from the Literature-Data have been presented in the literature on the adsorption of U as
U (VI) onto a variety of pure mineral phases in simple electrolytes. Among the solid phases
investigated are goethite (e.g., Hsi and Langmuir 1985), hematite (Ho and Miller 1986), silica
gel (Zielinski 1980), clays (Tsunashima et al. 1981), and zeolites (Ames et al. 1983, Table 2).
The results reported are sometimes difficult to reconcile. For example, Hsi and Langmuir (1985,
Figure 2) reported that hematite sorbs very little of the U in solutions with 5 x 10-5 M U and
1 x 10-3 M total carbonate, whereas Ho and Miller (1986, Figure 1) reported that hematite sorbs
up to 100 percent of the U in their experiments with similar U and bicarbonate solution
concentrations. Both sets of experiments had similar hematite surface areas. The main
difference was that the solution phase in the Hsi and Langmuir (1985) experiments also
contained 0.1 M NaNO3 . However, NaNO3 is generally considered to be a nonreactive
electrolyte, and nitrate does not form complexes with U in the pH range addressed in these
experiments. Why there is a difference in these results is unclear. One possibility is that the
surface characteristics of the solid phases used were not the same in the two sets of experiments.

Silica gel appears to have a clear affinity for U as established by the results of laboratory
experiments and by observations on the association of U with opals in nature (Zielinski 1980).
According to Maya (1982), the U is adsorbed to silica gel as the uranyl ion, free of carbonate
ligands. Zielinski (1980) has shown that sorption of U onto silica gel is sensitive to the total
carbonate concentration of the solution phase when this concentration is above 0.01 M.
Interestingly, experiments carried out at elevated temperatures (650 to 80'C) resulted in
somewhat higher sorption coefficients. Data regarding competitive effects on silica gel between
U and other constituents in groundwaters at near-neutral pH were not found in the literature.

Sorption of U by clays was investigated in some detail. Borovec (1981, Figure 2, Table 111)
presented data that indicate montmorillonite has a high selectivity for uranyl ions relative to
divalent ions of zinc, Mn, Ca, Mg, cobalt, cadmium, and Ni at a pH value of 6 in chloride
solutions. However, Tsunashima et al. (1981) found montmorillonite has a greater selectivity for
Ca, Mg, and Ba ions than for uranyl ions in nitrate solutions over the pH range from 4.0 to 4.5.
Montmorillonite was found to have a greater selectivity for the uranyl ion than for Na and K ions
in the same solutions. Ames et al. (1983, Tables 5 to 7) found that U was strongly sorbed to
montmorillonite from 0.01 M NaCl solutions but weakly sorbed from 0.01 M NaHCO3 solutions
in the pH range from 8 to 9.

Because groundwaters in Yucca Mountain contain significant concentrations of bicarbonate, Ca,
and Mg ions, these data suggest overall that uranyl ions may not compete favorably for exchange
sites on clay minerals in Yucca Mountain, although quantitative prediction of the extent of
exchange would require more detailed analysis.
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Data available on U sorption on zeolitic minerals are very limited. Ames et al. (1983, pp. 329 to
331) report that clinoptilolite has a low affinity for trace levels of U in the pH range from 8 to
9 in 0.01 M NaHCO3. Doi et al. (1975, p. 637) found that U at concentrations of 104 g per gram
of solution was strongly sorbed onto clinoptilolite from perchlorate solutions in the pH range
from 4 to 8.5.

Data from Laboratory Sorption Experiments with Yucca Mountain Rock and Water
Samples-Data on U sorption coefficients for Yucca Mountain rock-water systems were reported
by Thomas (1987, p. 20, Appendix) and discussed by Meijer (1990, 1992). The affinity of the
devitrified and vitric tuffs for trace levels of U is generally small (Kd less than 5 mL/g) over the
pH range from 6 to 9 in J-13 water. For zeolitic tuffs, the Kd is near zero at a pH value of 9 but
increases with decreasing pH to values of approximately 25 mL/g at a pH of 6 in J-13 water.
This behavior suggests the uranyl cations can exchange with the major cations in zeolites.

In p#1 water, U batch-sorption experiments were only carried out in the pH range from 8.3 to 9.3
with the result that measured sorption coefficients were small (0 to 2.7 mL/g) (Thomas 1988,
Table 4, p. 26). A devitrified sample showed the largest sorption coefficient. In the pH range
from 6 to 8, it is expected that the sorption coefficients for U in UE-25 p#1 water will increase
with decreasing pH (because of predominance by U0 2 CO30 at higher pH values), but they will
likely be smaller than the coefficients obtained for the same rock samples in J-13 water over this
pH range. In H-3 groundwater, sorption coefficients were also low for zeolitic and devitrified
rock types over the pH range from 9.2 to 9.3, presumably reflecting the elevated carbonate
content of this water. However, data for a vitric sample showed a value of 6.2 mL/g for the U
sorption coefficient at a pH value of 9. This relatively high value was not explained.

The sorption of U (VI) onto samples of the three types of tuff in J-13 water (under oxidizing
conditions) at the two pH values (7 and 8.5) was studied. However, to identify the sorbing
minerals in the tuffs, sorption onto the pure minerals hematite, clinoptilolite, albite, and quartz
was also studied. It was found that U in J-13 water does not sorb onto devitrified and vitric tuffs,
albite, and quartz (Table 10.3-7).

Wet-sieved tuffs, albite, and quartz samples with particle sizes ranging from 75 to 500 ,um were
used. Initial U concentrations ranged from 8 x 10-8 to 1 x 104 M. The pretreatment period was 2
to 4 days, and the sorption period was 3 to 4 days. The negative values reported in Table 10.3-7
are the result of analytical error for the case of very little sorption (i.e., a small number obtained
as the difference of two large numbers). For the experimental conditions cited, U sorption onto
zeolitic tuffs and clinoptilolite is nonlinear and can be fitted with Freundlich and Langmuir
isotherms (Figures 10.3-9 and 10.3-10).

For the clinoptilolite-rich zeolitic tuff sample G4-1510, the scatter in the data makes it
impossible to conclude whether there is a significant difference between the experiments
performed under a carbon-dioxide overpressure and a pH of 7 or at atmospheric conditions and a
pH of 8.5 (Figure 10.3-10). However, the experiments with pure clinoptilolite indicate that
sorption increases with decreasing pH for U (VI) (Figure 10.3-10), as is the case for Np (V).
Because the major constituent of tuff sample G4-1510 is clinoptilolite, predictions of the Ka (Kd
divided by the solid-phase surface area) were made for U sorption onto this tuff by assuming that
clinoptilolite is the only sorbing phase. Inspection of Table 10.3-8 indicates that reasonable
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predictions are obtained with this assumption for a pH of 7 but not for a pH of 8.5. In all cases,
predictions based on clinoptilolite sorption are conservative.

The sorption of U onto pure iron oxides (e.g., hematite) is very large (and large uncertainties in
the Kd values result from measuring the small amounts of radionuclide left in solution after
sorption). Although the measured sorption of U onto pure hematite is very large, sorption onto
devitrified tuffs, which appear to have traces of hematite (1 percent + 1), is essentially zero. As
with Np, this result could be due to differences in the surface of pure hematite compared to
hematite in tuff, or it could be due to passivation of the hematite surfaces in the tuff by elements
(e.g., the rare earths) that have a higher affinity for hematite than U and, thus, occupy the
sorption sites.

Conclusions Regarding Sorption Behavior with Respect to Expected Variations in
Groundwaters-The dominant groundwater compositional controls on the sorption behavior of
U on Yucca Mountain rock samples will likely be pH, carbonate content, and the concentrations
of Ca and Mg ions in solution. The pH and carbonate contents influence the sorption largely as a
result of the decrease in carbonate complexation of U with decreasing pH. These two parameters
are therefore not entirely independent. However, different water compositions can have different
carbonate contents at a given pH. The expectation is that waters with higher carbonate contents
will be associated with lower sorption coefficients. This trend would apply to both ion-exchange
and surface-complexation sorption mechanisms. However, decreasing pH will have different
effects on U sorption behavior in zeolitic and clay-rich samples versus devitrified and vitric
samples. In the former samples, the U sorption coefficient will likely increase with decreasing
pH due to the increase in uranyl ion concentrations with decreasing pH. For a given rock-water
system, the magnitude of this increase will depend on the concentrations of competing ions, such
as Ca and Mg. For high Ca and Mg waters, the competition effects will be substantial. Because
unsaturated zone waters are relatively enriched in Ca and Mg, U sorption coefficients in the
unsaturated zone might be on the low end of the range reported to date (Thomas 1987, p. 29;
1988, Table 4, p. 28), unless the low total carbonate concentrations in these waters balance the
effect of the elevated Ca and Mg concentrations.

It will be important to carry out experiments on representative rock samples using a high-
Ca-and-Mg, low-carbonate, unsaturated zone water composition with pH controlled over a range
from 6 to 9. Similar experiments should be carried out with a high total-carbonate and high
Ca-and-Mg water composition, such as UE-25 p#l water, over the pH range from 6 to 8.

10.3.3.9 Carbon, Chlorine, Iodine, and Technetium

Because C, Cl, and I are unlikely to have significant sorption affinity in the rock-water systems
expected at Yucca Mountain, their sorption behavior is not discussed in detail. For C, the most
robust retardation mechanism will be isotopic exchange with stable C isotopes in groundwater
and on carbonate mineral surfaces (Meijer 1993, Abstract, p. 110).

Chloride and iodide ions will have no significant retardation in Yucca Mountain rock-water
systems and may even have slightly enhanced migration rates due to anion-exclusion effects
(Ogard and Vaniman 1985, p. 7). If conditions were to become sufficiently oxidizing to convert
iodide to iodate, some retardation of I might occur in the flow system. Although such conditions
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might occur locally, for example, due to radiolysis, it is considered unlikely that such conditions
would be present over a significant volume of the flow system for an extended time.

Technetium appears to show nonzero, although minimal, retardation in Yucca Mountain
rock-water systems (Ogard and Vaniman 1985, p. 44; Table 10; Rundberg et al. 1985, pp. 65 to
69; Thomas 1988, p. 31). However, the cause of this retardation was not identified, and it may
simply be an experimental artifact. Because the minimal values obtained for Tc sorption
coefficients to date will not result in significant retardation of Tc, it does not seem prudent to
expend funds on the detailed investigation of potential sorption mechanisms for this element.
More significantly, if sufficiently reducing conditions could be shown to exist in portions of the
flow system downgradient of the potential repository, retardation of Tc by the precipitation and
sorption of Tc4+ species might occur.

10.3.4 Effects of Organics on Actinide Sorption

Naturally occurring organic compounds generated during the transformation of plant and animal
debris over time and as a result of the synthetic activities of microorganisms are ubiquitous in
surface and subsurface environments. For example, pore water from a well-developed soil
environment usually contains dissolved organic C in quantities greater than 20 mg/L in top soils
and in quantities of about 5 mg/L in subsoils. Dissolved organic C concentrations in
groundwaters typically depend on the environment and are usually below 2 mg/L (Drever 1988,
p. 46). The decrease in concentrations of organic materials with increasing depth is attributed to
chemical and biological degradation as well as to sorption on mineral surfaces. Sorption of
organic materials onto mineral surfaces is considered the dominant contributing factor to the
removal of organics from solution during percolation through the subsurface.

The interaction between organic materials and mineral surfaces in the natural environment is
important to mineral surface geochemistry. Sorption of organic material onto mineral surfaces
affects not only the solubility and charge of the organic materials in solution but also the
properties of the mineral surfaces, such as their charge and hydrophobicity, thereby altering the
reactivity of the mineral toward metal ions. A clear understanding of the effects of the organic
materials that frequently coat mineral surfaces in natural environments will lead to improvements
in the sorption models used to predict the mobility of radionuclides in natural aquatic
environments (Choppin 1992).

The objective of this section is to summarize the laboratory results for the effect of organic
materials on the sorption of Pu and Np on selected mineral oxides and tuff material.

10.3.4.1 Experimental Conditions

Under the experimental conditions used in this work, the Pu and Np are expected to exist as the
chemical species PuO2+ and NpO2 +, respectively. Synthetic boehmite, goethite, hematite,
ferrihydrite, and a crushed natural tuff material from Yucca Mountain served as model sorbents
(boehmite served as an end member in relation to Yucca Mountain tuffs). Details of the methods
for preparing the oxides are described in the literature (Kung and McBride 1989a, 1989b, 1991,
pp. 702 to 703).
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The surface area of the oxides, calculated from N2 adsorption by the three-point
Brunauer-Emmett-Teller method (Gregg and Sing 1967, Chapter 2), was 89.5 m2/g for goethite,
91.5 m2/g for ferrihydrite, 39.4 m2/g for hematite, and 324 m2 /g for boehmite. X-ray powder
diffraction analysis of the crushed tuff material (USW G4 270) indicated that it was about
30 percent quartz and 69 percent feldspar, the remainder consisting of trace amounts of layer
silicates and iron oxide.

Catechol, alanine, dihydroxyphenylalanine (DOPA), and Nordic aquatic fulvic acid (NAFA)
were used as model organic materials. Alanine is an amino acid that will complex with the hard
acid type of metal ions in solution. Catechol is a phenolic compound that may chelate with metal
ions and undergo redox reaction with the metal. DOPA, a naturally occurring amino acid
commonly found in plant seedlings, pods, and broad beans, was chosen because it contains
well-defined organic functional groups, such as carboxylic acid, amine, and phenols.

10.3.4.2 Results and Discussion

10.3.4.2.1 Neptunium

Sorption as a Function of Tuff and Oxide Minerals-The isotherms for Np sorption on
different iron oxides are shown in Figure 10.3-1 1. In this experiment, hematite, goethite, and
ferrihydrite were used as sorbents. Results show that, on a weight basis, hematite was the most
adsorptive, whereas goethite was the least adsorptive. The sorption of Np on model iron oxides
follows the order hematite > ferrihydrite > goethite.

Two things should be noted in this study. First, the surface areas of these iron oxides were
different. The sorptivity of Np on these iron oxides was not compared on a unit surface area
basis. For ferrihydrite and goethite, the surface areas are around 90 m2 /g. The surface area of
hematite is about 40 m2 /g. Higher surface areas are expected to have higher sorptions. Second,
the sorption experiments were not conducted at the same pH. Sorption on ferrihydrite was
conducted at pH 6.2. Sorption on hematite and goethite was conducted at pH 6.9. The pH may
affect the sorptivity of Np on iron oxides, and this effect will be presented in the next section.

Effect of pH on Sorption-To quantify organic sorption, it is required that the effect of organics
on radionuclide sorption must be understood. Experiments were conducted to study organic
sorption, and the results are presented in this section. The isotherms for DOPA adsorption on
goethite and boehmite at different pH levels are shown in Figure 10.3-12. By weight, boehmite
was more adsorptive than goethite. The linear sorption curves for these materials suggest low
coverage of the surface reactive sites by the organic material in the presence of excess potassium
chloride. This finding is consistent with the theoretical calculation of coverage, which suggests
that the amount of DOPA sorption is much less than a monolayer, based on the Brunauer-
Emmet-Teller surface area measurement method (Gregg and Sing 1967, Chapter 2).

Increasing the solution pH resulted in a higher organic sorptivity for all oxides. Under neutral
and slightly acidic conditions (pH 5.5 to 7), iron and aluminum oxides were expected to have
positive surface charges (Sposito 1989). However, the sorption of DOPA on all sorbents was
found to increase as solution pH increased despite the fact that the surface charge of silicon oxide
is opposite that of iron and aluminum oxides. Although the sorption of DOPA apparently does
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not depend on surface-chargge effects such as electrostatic attraction, it may be controlled by the
deprotonation process of the organic material. DOPA is expected to be dominated by neutral
species under neutral and slightly acidic conditions, but raising the pH level will increase the
concentration of deprotonated DOPA species, which are expected to have a stronger affinity for
oxide surfaces in direct surface complexation. Therefore, it is reasonable to assume that DOPA
forms direct surface bidentate complexes on the oxide surfaces. The isotherms for Np sorption
on goethite at different pH levels are shown in Figure 10.3-13. Increasing the solution pH from
6.2 to 6.9 resulted in a higher Np sorptivity.

Effect of Model Organics on Sorptive Behavior-The study examined the effect of natural
organics on radionuclide sorption onto natural tuff material that may have been precoated with
natural organic material. The standard method for removing the natural organic material from
mineral samples is to use hydrogen peroxide to oxidize the organic matter (Kunze and Dixon
1986, pp. 95 to 97). In these experiments, a 15 percent hydrogen peroxide solution was used to
remove the possibly presorbed natural organic from the crushed tuff material collected from
Yucca Mountain. In sorption experiments conducted to study the effect of the naturally
presorbed organics on Np sorption on tuff materials, half of the samples were treated with
hydrogen peroxide, half were not.

Figure 10.3-14 shows the sorption isotherms of Np on both types of tuff samples. The results
suggest that treatment with hydrogen peroxide had little or no effect on the sorption of Np onto
the tuff material.

The lack of effect of hydrogen peroxide treatment on Np sorption on tuff materials is attributable
to three factors. First, untreated tuff may contain very little or no organic material on its surface.
Low organic content on the untreated tuff surface could be expected because crushed tuff
material is generated from bedrock that may have little exposure to natural organic materials.
New surfaces generated during the crushing process would not contain organic materials, in
which case untreated tuff would be expected to behave essentially the same as tuff treated with
hydrogen peroxide. Second, Np has intrinsically low sorptivity on tuff material. No observable
difference in sorption on both treated and untreated tuff is attributed to the low sorption of Np on
both sorbents. Any minute differences in sorption are likely to occur below the level of
detection. Third, the sorption of Np may be unaffected by organic material, assuming that
organic materials such as DOPA do not influence Np sorption on tuff, goethite, or boehmite.

To explore the possibility that the untreated tuff contained little organic material, 4 to 50 pM of
DOPA were purposely added to both treated and untreated crushed tuff materials, and the
sorption isotherms of Np on these systems were compared. As Figures 10.3-15 and 10.3-16
illustrate, the addition of DOPA had no effect on Np sorption on either treated or untreated
crushed tuff materials. These data thus support the premise that the presence of organic material
does not affect Np sorption on tuff materials.

Because this experiment did not rule out the possibility that the lack of an observable effect was
a result of the intrinsically low sorptivity of tuff materials, the sorption of Np on iron and
aluminum oxides in the absence and presence of DOPA was examined. The sorption of Np is
expected to be much higher on iron and aluminum oxides than on tuff material. Thus, any effect
of DOPA on Np sorption ought to appear in the oxide systems. To verify this assumption,
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sorption isotherms were measured for Np on iron and aluminum oxides and tuff material in the
absence of organic materials with 0.1 M KCI at pH 6.2. The results presented in Figure 10.3-17
indicate that the sorptivity of boehmite and goethite is approximately one and two orders of
magnitude higher, respectively, than the sorptivity of tuff material. Thus, any effect of DOPA on
Np sorption should be easily detectable in these oxide systems.

Neptunium sorption isotherms on iron and aluminum oxides in the presence of DOPA are shown
in Figures 10.3-18 and 10.3-19. In these experiments, 0.1 M KCI was used to maintain an
essentially constant ionic strength, and the final pH of the suspensions was adjusted to 6.2.
The initial Np concentration ranged from 0.2 to 2 gLM, and the initial DOPA concentration
ranged from 4 to 50 VM. The sorption isotherms of Np on aluminum and iron oxides suggest
that DOPA does not significantly affect the sorption of Np. The relatively weak complexation of
the pentavalent Np ion is a result of its relatively low effective charge on the cation (Choppin
and Rao 1984, p. 146). These results imply that there is no significant influence of DOPA on Np
sorption on aluminum and iron oxides.

The occurrence of surface complexation between DOPA and oxide surfaces is supported by the
observed sorption of catechol on metal oxide, which indicates that catechol chemisorbs on metal
oxide by forming a bidentate complex with surface metal. DOPA is an organic with functional
groups like catechol (phenols) and alanine (amino acids). Thus, the effect of simple organics
such as catechol and alanine on the sorption of Np was studied. Both catechol and alanine are
expected to complex with metal ions in solution. Besides the formation of metal-organic
complexation, catechol readily undergoes redox reactions with some metal and metal oxides
(McBride and Wesselink 1988). For example, catechol at high concentrations may undergo
electron transfer reactions with manganese and iron oxides. The effect of catechol and alanine
on Np sorption was quantified by sorption isotherms.

Neptunium sorption isotherms on hematite, ferrihydrite, and goethite in the presence and absence
of catechol and alanine are shown in Figures 10.3-20 to 10.3-22, respectively. In these
experiments, 0.1 M KCI was used to maintain an essentially constant ionic strength. The final
pH of the suspensions was adjusted to 6.2 for ferrihydrite and to 6.9 for goethite and hematite.
The initial Np concentration ranged from 0.2 to 2 pM, and the initial catechol and alanine
concentrations were 1 gM. The sorption isotherms of Np on iron oxides suggest that catechol
and alanine do not significantly affect the sorption of Np. These results imply that there is no
significant influence of catechol and alanine on Np sorption on different iron oxides (CRWMS
M&O 2000, Section 6.4.4.2).

Although both catechol and alanine may complex with Np in solution, the organic-metal
complexes are apparently not strong enough to affect the Np sorption. These results are
consistent with the data obtained from Figure 10.3-18, which indicate that DOPA has no effect
on Np sorption.

In another set of experiments to study the effect of naturally occurring organic material on Np
sorption, NAFA served as the model fulvic material. The sorption isotherms of Np on boehmite
in the presence and the absence of NAFA are shown in Figure 10.3-23. The sorption isotherms
of Np on goethite in the presence and the absence of NAFA are shown in Figure 10.3-24.
Sorption isotherms of Np on treated tuff materials are shown in Figure 10.3-25. Sorption
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isotherms of Np on untreated tuff materials are shown in Figure 10.3-26. In these experiments,
0.1 M KCl was used as the background electrolyte, and the final pH was adjusted to 6.2. Initial
Np concentrations ranged from 0.2 to 3 FM, and NAFA concentrations ranged from 0.1 to
0.4 ppm. As shown in Figures 10.3-23 to 10.3-26, NAFA had little effect on Np sorption in all
systems. Thus, it is concluded that organics do not affect the sorption of Np in both simple,
low-molecular-weight organics and naturally occurring fulvic organic material. The lack of
detectable effects of organics on Np sorption is possibly attributed to the stable redox state of
Np (V) in solution and to low complexation between Np ions and organic chemicals.

10.3.4.2.2 Plutonium

Sorption as a Function of Tuff and Oxide Minerals-Plutonium sorption on different Inaterials
is shown in Figure 10.3-27. By weight, hematite was the most adsorptive, whereas goethite was
the least adsorptive. The sorption of Pu follows the order hematite > ferrihydrite > goethite.
Two things should be noted in this result. First, the surface areas of these iron oxides were not
the same. For ferrihydrite and goethite, the surface areas are around 90 m2/g; for hematite, the
surface area is about 40 m2/g. Second, the sorption experiments were not conducted at the same
pH. The sorption on ferrihydrite was conducted at pH 6.1, the sorption on goethite was
conducted at pH 6.6, and the sorption on hematite was conducted at pH 6.9. The effect of oxide
surface areas on Pu sorption was replotted in Figure 10.3-28, with the amount of Pu sorption
normalized to unit surface area (m2). Results again showed that the sorption of Np follows the
order hematite > ferrihydrite > goethite (Triay et al. 1997, p. 157). The effect of pH on Pu
sorption is presented in the next section.

Effect of pH on Sorption-The isotherms for Pu sorption on goethite at two different pH levels
are shown in Figure 10.3-29. Increasing the solution pH from 6.6 to 6.9 resulted in a higher Pu
sorptivity. It should be noted that the initial Pu concentration was the same for both isotherms;
however, the amount of goethite was different. The linear sorption curves suggest a low degree
of coverage of the surface reactive sites by Pu ions in the presence of excess potassium chloride.
This finding is consistent with the theoretical calculation of coverage, which suggests, based on
Brunauer-Emmet-Teller surface areas, that the amount of Pu sorption is much less than a
monolayer.

Increasing the solution pH resulted in a higher Pu sorptivity. Under neutral conditions (pH 7),
goethite is expected to have positive surface charges. However, the sorption of Pu on goethite
was found to increase as solution pH increased. The sorption is believed to be controlled by a
surface-complexation process because Pu is expected to be dominated by the cationic species
PuO2 + under neutral and slightly acidic conditions.

Effect of Model Organics on Sorptive Behavior-The isotherms for Pu sorption on ferrihydrite
in the presence of catechol and alanine are shown in Figure 10.3-30, and the isotherms for Pu
sorption on goethite and hematite in the presence of catechol and alanine are shown in
Figure 10.3-31. These sorption isotherms clearly demonstrate that the sorption of Pu onto
goethite and ferrihydrite was affected by the presence of the organic materials. The amount of
Pu sorption on goethite and ferrihydrite was lower in systems that contained alanine than in
systems that contained no alanine. Apparently, the presence of alanine suppressed the Pu
sorption on goethite and ferrihydrite. The inhibition of Pu sorption on the iron-oxide surface in
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the presence of alanine is probably caused by the lowering of the free Pu ion activity in solution
by formation of an alanine-Pu complex. Conversely, the amount of Pu sorption on goethite and
ferrihydrite was higher in the presence of catechol than it was in the absence of catechol.
Evidently, catechol enhanced the sorption of Pu on goethite and ferrihydrite.

However, the effect of catechol and alanine on Pu sorption was not found in the hematite system.
The presence of catechol and alanine had little effect on the sorption of Pu on hematite
(Figure 10.3-31). The lack of an observable effect from the presence or absence of catechol and
alanine on Pu sorption on hematite is probably a result of the intrinsically high sorptivity of Pu
on hematite. Any small enhancement or suppression of sorption that might be attributed to
catechol and alanine under such a high sorptivity would not be detected. Results of this study
sug'gest that the model organic materials catechol and alanine do affect the sorption of Pu on
iron oxides.

The isotherms for sorption of Pu on ferrihydrite and goethite in the absence of DOPA and in its
presence at three concentration levels (1 x 1 07, 1 x 1 0-7, and 1 x 10-8 M) clearly demonstrate
(Figures 10.3-32, 10.3-33) that such sorption was affected by the presence of the organic
material DOPA. Plutonium sorption was higher in systems that contained DOPA than in
systems that did not contain DOPA. Furthermore, sorptivity increased as initial DOPA
concentration increased from 1 x 104 to 1 x 1 0- M. Evidently, the presence of DOPA enhanced
Pu sorption on goethite and ferrihydrite. This result is likely attributed to the formation of stable
surface DOPA-Pu ternary complexes and a redox reaction between DOPA and Pu. Reduction of
Pu (V) to lower oxidation states will enhance the sorption/precipitation of Pu. However, the
effect of DOPA on Np sorption was not found in goethite (Figure 10.3-18), boehmite
(Figure 10.3-19), and tuff material (Figure 10.3-16). The presence of DOPA had little effect. It
is possible that DOPA does not complex with Np in solution and/or that DOPA cannot reduce
Np (V) to lower oxidation states. Such relatively weak complexation is possibly a result of the
relatively low effective charge on the cation (Choppin and Rao 1984, p. 146), consistent with the
fact that Np complexed weakly with a natural humic material extracted from a groundwater (Kim
and Sekine 1991).

10.3.4.2.3 Effect of Humic and Fulvic Acids on Sorptive Behavior on Tuff Material in
Groundwater

The sorption of Pu (V) on three tuff materials, vitric tuff (Gu3-1496), devitric tuff (G4-275), and
zeolitic tuff (G4-1529), collected from Yucca Mountain in natural J-13 and synthetic UE-25 p#l
groundwater, is shown in Figures 10.3-34 to 10.3-39. The results indicate that no conclusive
effects of aquatic humic and fulvic acids on Pu (V) sorption could be identified on all tuff
materials.

The Pu (V) species was not stable in the presence of fulvic and humic acids in natural J-13 and
synthetic UE-25 p#1 groundwaters. This fact is especially obvious for Pu (V) in natural J-13
groundwater with humic acid. As shown in Table 10.3-9, about 11 percent of Pu (V), on
average, disappeared from natural J-13 water in the presence of fulvic acid during the sorption
experimental processes (Triay et al. 1997, pp. 158 to 159). For humic acid, about 19 percent of
Pu (V), on average, disappeared from natural J-13 water during the sorption experimental
processes (Table 10.3-10). However, Pu (V) is relatively more stable in the presence of organic
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materials in synthetic p#l groundwater than in natural J-13 water. For example, about
4.7 percent of Pu (V), on average, was lost in fulvic acid environments and 7.3 percent of Pu (V)
disappeared from solution in the presence of humic acid (Tables 10.3-11, 10.3-12). Because the
reason that Pu (V) disappears from solution phase in these groundwater environments is
unknown, control concentrations for each organic and water condition were used to obtain the
sorption data presented in Figures 10.3-34 to 10.3-39. It should be noted that no Pu (V)
disappearance was observed in the sorption experiments conducted in 0.1 M KCI solution.

10.3.4.3 Summary of Effects of Organics on Actinide Sorption

From the sorption data, the following conclusions can be drawn concerning the effect of natural
organic materials on Np and Pu sorption by iron and aluminum oxides and crushed tuff material:

. The sorption of model organic material DOPA on oxide surfaces follows the order
aluminum oxide > iron oxide. For a given sorbent, the higher the pH, the more DOPA is
sorbed. Surface complexation is the most likely sorption mechanism.

. The sorption of Pu generally follows the order hematite > ferrihydrite > goethite. The
sorption of Np on iron oxide is higher than that on aluminum oxide. The sorption of Np
on crushed tuff material was much lower than that on oxide surfaces.

. The sorption of Pu and Np on iron oxides increases as the solution pH is raised. The
sorption of Pu is much higher than that of Np on hematite, goethite, and ferrihydrite.

• The amount of Np sorption was not affected by any organic materials that were studied.
The presence of the model organic materials alanine, catechol, DOPA, and NAFA did
not influence the sorption of Np on tuff or on iron and aluminum oxides. This lack of an
observable effect is presumably a result of the weak complexation between Np and the
model organics.

. The sorption of Pu was influenced by the presence of DOPA on goethite and
ferrihydrite. Increasing the amount of DOPA resulted in higher sorption of Pu on
goethite and ferrihydrite. Alanine decreased the sorption of Pu. However, in the system
containing catechol, Pu sorption was increased. The enhancement of Pu sorption in the
presence of catechol is probably due to the reduction of Pu (V) to Pu (IV) by the
organic. The inhibition of Pu sorption in the presence of alanine is probably caused by
the lowering of the free Pu -ion activity in solution by formation of an alanine- Pu
complex. No observable effect of organics on Pu sorption was found in the hematite
system, which is probably due to a relatively high sorptivity of Pu on the
hematite surface.

10.3.5 Cation Exchange and Surface Complexation

10.3.5.1 Cation Exchange

Description of Cation Exchange Sites in Yucca Mountain Tuff-Detailed adsorption isotherms
adequate for the analysis described above have not been done for the YMP. Measurements of
the mineralogy of Yucca Mountain tuffs have shown an abundance of minerals known to have
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both pH-independent cation exchange sites (that is, tetrahedral Al sites) and surface
complexation sites (e.g., clay edge sites) for outer-sphere surface-complex formation. The most
abundant minerals found in Yucca Mountain tuffs (Bish et al. 1983, Figure 2; Daniels et al.
1982) with a high cation exchange capacity are listed in Table 10.3-13.

In addition to the minerals listed in Table 10.3-13, feldspars may be important cation exchangers
in the devitrified tuffs. Cation exchange capacity for a feldspar is not an intrinsic property
because only the external surfaces are available for exchange. Thus, the number of sites depends
on the crystal size and morphology.

State of Knowledge of Cation Exchange with Respect to Yucca Mountain Tuffs-As early as
1983 (Daniels et al. 1982), it was shown that the sorption distribution coefficient, Kd, for the
adsorption of Cs onto Yucca Mountain tuffs could be predicted to within a factor of three using
literature data for the cation exchange on the minerals in Table 10.3-13 with the addition of
analcime. These predictions only considered competition with Na. This simplification was
made because there were no data for the cation exchange of the other alkali metals and alkaline
earths present in J-13 well water. Some of the observed scatter could possibly be reduced with
these additional data. Unfortunately, since 1983, the situation has not changed. Thus, there is no
predictive model based on mineralogy for cation exchange for radionuclides other than Cs.

The relative contribution of cation exchange to the adsorption of neptunyl onto the zeolitic tuff
sample G4-1506 from a sodium-bicarbonate solution was determined. The experiment was
based partly on the method of Baeyens and Bradbury (1995a, 1995b). Crushed tuff G4-1506
was equilibrated with 1 M sodium perchlorate to remove alkali metals and alkaline earths by
mass action. Solutions containing 0.0022 M sodium bicarbonate (as a pH buffer) were prepared
with sodium perchlorate added to provide Na concentrations that varied from 0.0022 to 0.22 M.
Distribution coefficients for Np were determined using the standard procedure (Figure 10.3-40).

The surface complexation of neptunyl was shown to be inner sphere and noncharging.
Therefore, the surface complexation of Np is expected to be largely independent of Na-ion
concentration. The results show a linear decrease in Kd with Na concentration at low Na
concentrations, which is consistent with cation exchange. At high Na concentrations, the Kd

asymptotically approaches 2.5 mL/g, consistent with surface complexation. The ion-exchange
component is larger than the surface-complexation component, which corresponds to a Kd of
about 10 in 0.0022 M sodium bicarbonate. The relatively low Kd for neptunyl in a zeolitic tuff is
likely due to the large ion size and high hydration number. The Kd in pure sodium bicarbonate
solution is larger than that observed in J-13 water; this effect is due to competition with the
additional cations in J-13 water of Ca, Mg, and K. A model that describes these data and
predicts Np sorption in the zeolitic tuff of Calico Hills will be described in the next section.

10.3.5.2 Surface Complexation

Modeling of Yucca Mountain Tuff-A surface-complexation model for Np adsorption onto the
zeolitic tuff sample G4-1506 was developed to fit the Na-concentration dependence. The model
considered a simple ion-exchange mechanism:

AlO-Na+ + NpO2 + <-+ AlO-NpO2 + + Na+ (Eq. 10.3-5)
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and the formation of an inner-sphere surface complex with octahedral alumina (edge sites) or
hematite:

AIOH + NpO2 + *- AlONpO 2 + H+ (Eq. 10.3-6)

The number of cation exchange sites available to Np (tetrahedral aluminum site density of
2 x 10-4 eq/kg [Triay et al. 1997, Table 55]) was based on the apparent saturation of sites
observed in a Np adsorption isotherm measured for tuff sample G4-1608 in a carbon-dioxide
atmosphere (Thomas 1987, pp. 57 to 58). The Np exchange capacity is four orders of magnitude
smaller than the cation exchange capacity of clinoptilolite (Table 10.3-13). This difference can
be explained by the large size of the hydrated neptunyl ion. If no sorption occurs in the
intracrystalline channels of the clinoptilolite, the maximum exchange capacity will be on the
order of a micromole per gram, assuming a 3-pm crystal diameter. The selectivity for Np was
used as an adjustable parameter, and the model was fit to the results of the Na-ion dependence of
Np adsorption onto tuff sample G4-1506.

The inner-sphere surface complexation of Np was modeled, assuming that surface complexation
occurs primarily on clay-edge sites or iron-oxide surfaces. The constant for inner-surface
complexation of Np onto iron oxide was used because the analogous constant for alumina is
expected to be nearly equal on the basis of the hard-soft, acid-base theory shown above. Thus,
the second adjustable parameter was the edge-site density.

To extend this model to the empirical measurements done under the YMP's geochemistry
program, additional assumptions were made. The competition of cations in groundwater for
cation exchange sites was based on the selectivities derived from measurements on the mineral
tobermorite (Tsuji and Komarneni 1993). This approach was the result of the argument
explaining the reduced cation exchange capacity for Np. If exchange occurs only on the exterior
of the zeolite crystal, then steric effects must be avoided. Tobermorite offers an open structure
that could be expected to have less steric effects than a zeolite. Furthermore, that work showed
little difference between Mg and Ca so that both Mg and Ca were treated as one competitor.
There were no data for K, so competition with K was not considered.

The surface-complexation constant for Ca was taken from the hard-soft, acid-base theory. Thus,
there were no additional adjustable constants. The concentrations used for UE-25 J-13 and p#l
well water are shown in Table 10.3-15. The calculations were made using the FITEQL
equilibrium code in the forward mode only, that is, no fitting. The results of the modeling are
shown in Figures 10.341 and 10.3-42. The correct pH dependence was predicted for the
dry-sieved samples; the wet-sieved samples agreed better with a calculation that had no surface
complexation sites. The implications of these results are not yet fully understood. Two
possibilities are that either the clay particles are washed out, reducing the available edge sites, or
that a trace component of J-13 water is forming a strong surface complex that competes with Np.
The model also predicted the observed reduction in the sorption distribution coefficient, Kd, due
to the components of UE-25 p#1 water. In this water, the higher carbonate concentration
eliminates the contribution of surface complexation observed in J- 13 water at pH values above 7.

A model was also developed for pH dependence of U adsorption onto crushed devitrified tuff.
This treatment was similar to that used to model Np adsorption, except that the cation exchange
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capacity for U was not known (i.e., there was no adsorption isotherm) and a cation exchange
with the monohydroxy-uranyl complex was included. The parameters used are listed in
Table 10.3-16. The number of sites used to model these data was much greater than for the
zeolitic tuff. The possible reason for this is the exposure of fresh surfaces of feldspar and quartz
combined with the lack of exposure to a complex groundwater.

The results of this exercise are shown in Figure 10.3-43 and are in excellent agreement with the
results of Leckie and his students (Davis et al. 1978, pp. 492 to 497). The equilibrium
concentration of U at pH values of 9 and higher are above the solubility limit for uranium
hydroxide. The effect of precipitation was evident in the experimental data. The solubility
product was not included in this model.

State of Knowledge of Surface Complexation with Respect to Yucca Mountain-
Surface-complexation reactions with Yucca Mountain tuffs have just begun to be studied. The
pH dependence of actinide adsorption can be readily explained with a combined
surface-complexation and ion-exchange model. The effect of changing groundwater
composition on Np adsorption has also been successfully modeled using a surface-complexation
model. There are significant gaps in the knowledge base, however. From a fundamental
standpoint, a hard-soft, acid-base model for bidentate inner-sphere complexes needs to be
developed. The consequences of a bidentate attachment mechanism, as was included in the U
adsorption model, is an increased sensitivity to competition with metal ions favoring
monodentate attachment (e.g., Ca). From an experimental standpoint, the effects of wet-sieving
need to be better understood. If wet-sieving removes all of the clay minerals, the resulting
distribution coefficients may be too low (overly conservative). On the other hand, if a trace
component of groundwater is responsible for the decrease in surface complexation, it must be
identified and measured in groundwaters and in pore waters.

The modeling of actinide sorption shows that high carbonate concentrations will severely reduce
the ability to form surface complexes on tuff. The ion exchange of actinides appears to dominate
under normal conditions over surface complexation. Furthermore, divalent cations are found to
be strong competitors for cation exchange sites found in Yucca Mountain tuffs.

10.3.6 Sorption Results Recommended for Performance Assessment

Sorption is a function of water chemistry and the type of tuff at Yucca Mountain (CRWMS
M&O 2000). The concentration of the major cations and anions in unsaturated zone
groundwaters at Yucca Mountain appears to be intermediate between the saturated zone
tuffaceous waters (e.g., from well J-13) and waters from the Paleozoic carbonate aquifer (from
well UE-25 p#l). Consequently, the first assumption made for the performance assessment
recommendations was that the waters from wells UE-25 J- 13 and p#l bound the chemistry of the
groundwaters at Yucca Mountain.

The second assumption dealt with grouping all strata on the basis of rock type. This assumption
reduced the number of sorption-coefficient distributions elicited to about four per radionuclide:
iron oxides, devitrified tuff, vitric tuff, and zeolitic tuff (Wilson et al. 1994) and occasionally the
alluvium material. The basis for this grouping is the fact that sorption of radionuclides is the
result of a chemical reaction between the radionuclide in the groundwater and the minerals in the
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tuff. The mineralogy of the different strata of the same rock group is very similar, and the
sorption coefficients can be grouped in terms of these rock types (Thomas 1987).

The containers to be used in the potential repository were added to the list after consideration of
whether the corrosion byproducts of the container could become a substrate for sorption.
Actinides are sorbed strongly by iron oxides. However, although hematite is found in the tuffs at
Yucca Mountain, the iron-oxide minerals in the tuffs appear to be "passivated"-that is, all of
the sorption sites could be occupied by other metals (Triay et al. 1993b)-and the sorption of the
radionuclides onto tuff (containing iron oxides as trace minerals) is not as large as predicted on
the basis of the sorption of radionuclides onto synthetic pure iron oxides. (It should be noted that
passivation is only a hypothesis to explain the observation that Np does not sorb significantly
with respect to Yucca Mountain tuffs.) Because the sorption sites on the degraded container
material would not necessarily be occupied by other metals, the experts agreed to add iron oxides
to the list of "rock" types.

Table 10.3-3 shows the parameters for the sorption-coefficient probability models recommended
for performance assessment for the unsaturated zone units, and Table 10.3-4 shows the same
parameters for saturated zone units. The source of these values for each of the elements is
discussed separately in the following paragraphs. However, the values given in Tables 10.3-3
and 10.3-4 are general and cannot account for the many variations in rock properties and
mineralogy, and water chemistries that can and will occur throughout the flow paths to the
accessible environment. Therefore, the tables are conservative and should be considered as
expert elicitation. They are consistent but more conservative when compared to specific data,
such as those from Busted Butte, which occasionally shows greater adsorption for specific rocks
and specific radionuclides.

Americium-Americium sorbs strongly to most materials (Triay et al. 1991a). The potential
mechanisms for actinide sorption onto mineral surfaces were reviewed by Meijer (1992). The
sorption-coefficient distributions for Am in Yucca Mountain tuffs and iron oxides given in
Tables 10.3-3 and 10.3-4 were inferred from the data presented by Thomas (1987, pp. 20 to 21),
Triay et al. (1991a, Table 4), and Meijer (1992).

Plutonium-One of the problems of interpreting sorption data for Pu is that this element can exist
in multiple oxidation states under oxidizing conditions at near-neutral pH values (Nitsche et al.
1993). Plutonium can also exist as a polymer (Triay et al. 1991b). The lack of information on
the speciation of Pu in the groundwaters at Yucca Mountain makes it difficult to assess the
sorption mechanism for this element. However, the empirical data obtained in Yucca Mountain
tuffs indicate that Pu sorbs strongly. The sorption-coefficient distributions for Pu in Yucca
Mountain tuffs given in Tables 10.3-3 and 10.3-4 were inferred from the data presented by
Thomas (1987, pp. 20, 21) and Meijer (1992).

Uranium-No additional data for U were collected for Yucca Mountain tuffs since the 1991
TSPA effort (Barnard etal. 1992, p. 3-45, Table 3-25, Figures 3-11, 3-12, 3-13, 3-19).
Consequently, no change was made for the sorption-coefficient distributions used for this
element. As previously discussed (Meijer 1992), U sorbs strongly to synthetic iron oxides.
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Thorium-The information elicited for Am was also used for Th. This approach is due both to
the lack of sorption information available for Th and to the similarities exhibited by the sorption
behavior of these two elements (Thomas 1987, pp. 20 to 21).

Radium-Barium was used as an analog for Ra in the experiments performed at Los Alamos
National Laboratory (Thomas 1987, pp. 4, 16). These elements sorb to Yucca Mountain tuffs via
an ion-exchange mechanism and surface-adsorption reactions (Meijer 1992). The
sorption-coefficient distributions for Ra in Yucca Mountain tuffs and iron oxides given in Tables
10.3-3 and 10.3-4 were inferred from the data presented by Thomas (1987, p. 16), Meijer (1992),
and Triay et al. (1991a).

Lead-The sorption-coefficient distributions for Pb in Yucca Mountain tuffs and iron oxides
given in Tables 10.3-3 and 10.3-4 were inferred from the data presented by Meijer (1990).

Neptunium-Sorption-coefficient distributions for Np in tuff are the same as those used in the
1991 TSPA. Studies carried out since 1991 have focused on details of Np sorption (e.g., effects
of pH, types of substrates, differences in water chemistry) and corroborate the values used in
1991). For example, data reported by Triay et al. (1993b, Table 2) agree with previous
observations. Neptunium is a poorly sorbing radionuclide in tuff even when the tuffs are known
to have iron oxides because the iron oxides in the tuff appear to be passivated. The Np
sorption-coefficient distribution for sorption onto iron oxides given in Tables 10.3-3 and 10.3-4
was inferred from data presented by Meijer (1992) and Triay et al. (1993b) for sorption onto
synthetic iron oxides.

Protactinium-Very little information exists for Pa sorption onto tuffs (Thomas 1987, p. 20), so,
for this element, the experts decided to use the same sorption coefficients elicited for Np.

Tin-There is very little information for the sorption of tin onto tuffs (Thomas 1987). Based on
the data available, Meijer (1992) suggested that tin exhibited large values of Kd in the devitrified
tuffs (larger than 1,000 mL/g). The sorption-coefficient distributions given in Tables 10.3-3 and
10.3-4 were inferred from the work by Andersson (1988); the uniform distributions chosen were
the result of the experts' uncertainty about the sorption of tin.

Nickel-For devitrified, vitric, and zeolitic tuffs, the Ni sorption-coefficient distributions given in
Tables 10.3-3 and 10.3-4 were inferred from data presented by Meijer (1992). For iron oxides,
the Ni sorption-coefficient distribution was inferred from the data presented by Siegel et al.
(1992, 1993, pp. 353 to 356).

Cesium-Cesium sorption-coefficient distributions for tuff and iron oxides were inferred from the
data presented by Thomas (1987, p. 16), Meijer (1992), and Triay et al. (1991a). Cesium has one
of the highest selectivity coefficients for zeolites among all chemical elements (Meijer 1992).
Cesium sorption onto devitrified and vitric samples could be the result of ion exchange onto
clays or feldspars in the tuff samples or surface-adsorption reactions (Meijer 1992).

Strontium-Strontium sorption-coefficient distributions for tuff and iron oxides were inferred
from the data presented by Thomas (1987, p. 16) and Triay et al. (1991a). Strontium sorbs
strongly onto zeolites by ion exchange. This element's sorption onto other types of tuff may be
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dominated by the amount of clay in the tuff units. The values given in Tables 10.3-3 and 10.3-4
are generally conservative.

Selenium-There are limited data on tuff for Se sorption (Thomas 1987, p. 20), so the experts
decided to use the same sorption-coefficient distributions for Se as the ones elicited for U. This
decision is a conservative one because U can be oxidized much more readily than Se in Yucca
Mountain groundwaters.

Carbon-Carbon is a special case because transport is expected to occur primarily in the gaseous
phase as carbon dioxide. The major retardation mechanism is exchange of 14C with the C in the
carbon dioxide dissolved in the groundwater.

Actinium, Samarium, Niobium, and Zirconium-All these elements are strongly sorbing
(Meijer 1992). The experts advised using the same sorption-coefficient distributions for these
elements as those elicited for Am.

Iodine, Technetium, and Chlorine-Iodine and Cl have anions that do not sorb onto tuffs.
Technetium exists as pertechnetate under oxidizing conditions and does not sorb either (Triay
etal. 1993b).

10.3.7 Adsorption of Radionuclides by Alluvium

Alluvium is the generic name for clay silt, sand gravel, or similar detritus material deposited by
running water. It provides a natural barrier to migration of waste elements from high-level
radioactive waste in geologic repositories. It is therefore necessary to enumerate the retardation
processes and predict the release behavior of radionuclides in alluvial deposits.

The principal purpose of the adsorption measurements and models is to predict the retardation
potential of alluvium to the radionuclides. Specifically, there is a substantial need to know the
apparent distribution coefficient, Kd (mL/g), of these three radionuclides in alluvium under
different environmental conditions. In addition, the chemical adsorption mechanism between
alluvium and these nuclides needs to be explored.

At the time the Yucca Mountain Site Description was being prepared, batch-adsorption
experiments were in progress to determine the element distribution between groundwater and
alluvium for 237Np, 99Tc, and 1291 (CRWMS M&O 2000, Section 6.4.5).

The alluvium used in the experiments come from three Nye County boreholes located south of
the potential repository (Table 10.3-17). Also shown are the density values for the samples used
in the sorption experiments. The particle size used for the adsorption experiments was the
standard 75-to 500-,um fraction.

Transport column experiments are also underway for 237 99Tc, and 1291 using alluvial material
from the same three boreholes that supplied samples for the batch sorption tests (NC-EWDP-
02D, NC-EWDP-095x, and NC-EWDP-035). Final data from these column experiments are not
yet available.
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10.3.7.1 Results and Discussion

Table 10.3-18 lists the quantitative X-ray diffraction results for the three samples used for the
first adsorption kinetic experiments, which are the deepest samples tested from each borehole
suite. The quantitative X-ray diffraction results show that the major phase in the Yucca
Mountain alluvium is feldspar, and the amount of feldspar in the three samples is about the same.
The amount of the poorly sorbing minerals, tridymite, cristobalite, and quartz, is also about the
same in these three samples. The important differences among these are the presence of
smectite, clinoptilolite, calcite, and hematite.

10.3.7.2 Adsorption of Neptunium-237

Figure 10.3-44 presents the results of adsorption of Np as a function of stratigraphic position
performed on three types of alluvium, respectively. The results indicate that the retardation
capacity with respect to Np varies depending on the depths and types of the testing alluvium. In
general, the alluvia from borehole-02D and borehole-03S have relatively high retardation
capacity. Of special note, the Kd value from borehole-02D, 400 to 405 ft. is 77 and the one from
borehole-03S, 60 to 65 ft, is almost 45. These are significant values. If the three samples are
compared with quantitative X-ray diffraction analyses, the highest Np Kd value is for the sample
with the highest amount of the sorptive phases calcite, smectite, clinoptilolite and hematite.
Calcite has a high affinity for Np at this pH. Further quantitative X-ray diffraction analyses
should be performed to determine the role of mineralogy on the sorptive behavior of the
alluvium.

The deepest sample from each borehole was chosen to carry out the adsorption kinetic
experiments. The results, depicted in Figure 10.3-45, show that adsorption of Np on alluvium is
fast, nearing the maximum after a few days.

10.3.7.3 Adsorption of Technetium-99

The results of adsorption of Tc as a function of stratigraphic position are presented in
Figure 10.3-46. Although the degree of retardation of Tc on alluvium is low, it is positive and
could be significant for long-term performance.

Figure 10.3-47 indicates that adsorption of Tc slowly increases in the first 10 days, then
increases rapidly with time. Because the experiments are still ongoing, the final results and
discussions will wait until they are completed. However, the results suggest a mechanism other
than simple adsorption, such as redox reactions. Although no sulfides or other reduced minerals
were found in the quantitative X-ray diffraction analyses, only a trace amount needs to be present
to greatly affect the reactivity of the surfaces. The accuracy of quantitative X-ray diffraction is
poor below a few percent and, also, if the phases are poorly crystalline. Scanning electron
microscope-energy dispersive X-rays should be used to determine the presence of any trace
sulfides that could be present. Similarly, total organic carbon should be determined to see if
trace amounts could be responsible for the sorption observed.
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10.3.7.4 Adsorption of Iodine-129 -

Experiments to determine the overall Kd values for 1291 are not yet complete, but the kinetic
experiments have yielded some preliminary Kd values.

Similar to Tc, retardation of 129, on alluvium is small but positive, as indicated in Figure 10.3-48.
The Kd value from the sample from borehole-03S, however, is still increasing. Analyses for total
organic C may suggest the sorption mechanism for 129I.

10.3.7.5 Conclusions of Alluvium Sorption

Sorptive properties of alluvial material were investigated by the YMP as part of the far-field
natural geologic barrier to radionuclide transport. The tested samples were collected from
various depths from three. of the Nye County Early Warning Detection Program (NC-EWDP)
boreholes located about 10 to 15 km south and southwest of Yucca Mountain. These samples
showed significant sorption potential for Np and low but positive sorption potential for Tc and I.
Distribution coefficients (Kd values) varied as a function of depth and borehole. Kd values for
Np ranged from about 5 to 77 mL/g; Kd values for Tc ranged from about 0.35 to 0.8 mL/g; and
preliminary Kd values for I291 ranged from about 0.41 to 0.75 mL/g. Sorption was much faster
for Np than for Tc or 1291. The differences in sorptive properties among samples probably result
from differences in the amount of the sorptive phase-smectite, clinoptilolite, calcite, and
hematite-and perhaps from the presence of organic C and trace amounts of sulfides, which may
explain the slow sorption response for Tc and 129I. Biological activity could also be important
and account for the slow sorption response for Tc and 129I. Ongoing experiments may resolve
this issue. During these tests, significant amounts of colloids were also found, but their transport
properties were not investigated. Waters were in equilibrium with atmospheric 0, which
probably resulted in lower Kd values for Tc and 1291. Additional experiments should use ambient
ps conditions.

10.3.8 Effects of Temperature Perturbations on Adsorption of Radionuclides

Little work has been done on the effects of potential repository perturbations on the transport of
radionuclides. Some of the obvious effects involve increased temperatures as the potential
repository heats up. These effects will be important for the drift and near-field environments.
Increased temperature will affect the solubilities of existing phases, the precipitation of new
phases, the generation and stability of colloids, and the overall aqueous geochemistry of the drift
and near-field environments. This section will discuss the effect of temperature on the
adsorption (Kd values) of the radionuclides.

Temperature will affect adsorption by shifting equilibria among solution species, by changing
the zero point of charge of the substrate surfaces, and by changing the ratio of adsorbed to
solution-phase species. The magnitude can be modeled with standard thermodynamic
relationships if solution and adsorption enthalpy data are available (Machesky 1990).
Relationships such as the van't Hoff equation and Boltzmann functions can be used to predict the
effect of temperature. This should be done for all radionuclides of concern for Yucca Mountain.
There is general agreement that increasing temperature increases the sorption of cations and
decreases the sorption of anions (Machesky 1990; Beckman et al. 1988). The few data that exist
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support this assertion. Machesky used the van't Hoff equation to predict a doubling of Kd values
with every increase of 20'C.

Beckman et al. (1988, Figure 2, pp. 11 to 12) presented data that showed that Ba adsorption onto
tuff was increased by an order of magnitude, from 250 to 70'C, and describes similar effects for
Ce, Eu, Cs, and Sr. They also concluded that temperature effects are overwhelmingly more
important than effects of concentration or particle size.

The effect of temperature on sorption coefficients was also reviewed by Meijer (1990, p. 17).
Again, measured sorption coefficients onto tuffs were higher at elevated temperatures for all
elements studied: Am, Ba, Ce, Cs, Eu, Pu, Sr, and U. Consequently, an assumption can be made
that sorption coefficients measured at ambient temperatures should be applicable and generally
conservative when applied to describing aqueous transport from a hot repository. This
assumption must be weighed against the possibility that high temperatures, sustained for long
time periods due to potential high thermal loads, could result in changes in the mineralogy and
water chemistry at Yucca Mountain that are not predictable by short-term laboratory and field
experiments.

As a preliminary evaluation, the effect of temperature in a perturbed repository will increase
adsorption of cationic species and decrease adsorption of anionic species. Since anions do not
adsorb very well at ambient temperatures, a conservative estimate is their Kd values at higher
temperatures will be zero. However, the Kd values of cationic species at higher temperatures will
increase significantly over those listed in Table 10.3-3, by as much as 10 times at repository
temperatures above 70'C, and the exact number should be determined by modeling efforts.
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10.4 DYNAMIC TRANSPORT STUDIES IN THE LABORATORY

10.4.1 Data Sources

The primary input data used for dynamic transport studies are described in (CRWMS M&O
2000, Table 16) and include laboratory results of radionuclide experiments using waters
collected from Yucca Mountain or synthesized to reflect Yucca Mountain waters and materials
either collected from the field or synthesized in the laboratory. Parameters used in this section
are the radionuclide concentration and either percent sorbed onto various substrates or percent
eluted through a column as a function of time.

10.4.2 Crushed-Rock Columns

10.4.2.1 Approach

Generally, batch-sorption experiments are used to identify sorption mechanisms and to obtain
sorption distribution coefficients (Triay et al. 1996a, 1996b). This section describes attempts to
verify the results of earlier batch-sorption measurements 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
sensitive to multiple-species formation, colloid formation, and any other geochemical reactions
(e.g., changes in surface reactivity due to agitation) not adequately described by batch-sorption
distribution coefficients. In these crushed-tuff column experiments, mass-transfer kinetics were
investigated 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 (dispersion) of the curve. The arrival
time depends on the retardation factor, Rf, which for soluble radionuclides depends in turn on the
sorption distribution coefficient, Kd together with the water content and bulk density of the solid
phase. Significant deviations (those larger than expected based on sampling variability) 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

* Irreversibility of the sorption process

* Solubility effects due to the presence of solids

* Hydrologic parameters (conductivity and porosity)

* Experimental artifacts.
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The broadness, or apparent dispersion, of the curve depends on:

• The kinetics and reversibility of sorption

• The linearity of the isotherm that describes the dependence of sorption on radionuclide
concentration.

The main goal of the study was to test the necessary assumptions made in using values of the
sorption distribution coefficient, Kd (determined by batch-sorption measurements) to describe
hydrologic transport (see Equation 10.4-1 that follows for the relationship between the
retardation coefficient and the sorption distribution coefficient). These assumptions are:

* Microscopic equilibrium is attained between the solution species and the adsorbate.

. Only one soluble chemical species is present (or if more than one is present, they
interchange rapidly).

. The radionuclides in the solid phase are adsorbed on mineral surfaces (i.e., they are not
precipitated).

* 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 retardation of radionuclides could be dependent on groundwater velocity. If a
radionuclide were present in solution as an anionic and a cationic species and solution
equilibrium were not maintained (violation of assumption 2), the batch measurement would
predict a single retardation factor, whereas in a flowing system, the anion could move unimpeded
(its size and charge excluding it from the pores of the Yucca Mountain tuffs) 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 precipitation mechanism, colloid transport could be important. If the isotherm was nonlinear
(violation of assumption 4), the migration front of the radionuclides in a column study would
usually broaden, appearing as increased dispersion over that observed for nonsorbing tracers.

10.4.2.2 Experimental Conditions

Because the UE-25 J-13 and p#l well waters that bound the Yucca Mountain groundwaters are
both oxidizing (Ogard and Kerrisk 1984), all the batch-sorption and column experiments were
performed under oxidizing conditions. In the batch-sorption experiments, both groundwaters
(filtered by a 0.05-pirm filter) were used, but in the column experiments, J-13 water (filtered) and
a sodium-bicarbonate buffer that simulated UE-25 p#l groundwater (because of the
unavailability of water from this well) were used.

As in the batch-sorption experiments, all tuff samples were crushed and wet-sieved (with the
groundwater being used in the experiment) to obtain particle sizes ranging from 75 to 500 jim.
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Relationship Between Column and Batch Experimientis-The batch-sorption distribution
coefficients were measured under static conditions by equilibrating a solution containing the
radionuclides with a sample of crushed tuff. If it is assumed 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 sorption
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

R, =1+ bA Kd (Eq. 10.4-1)

where Pb is the dry bulk density (including pores) and E is the porosity of the column. Hiester
and Vermeulen (1952, p. 514) derived this equation and carefully 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 fraction as samples
used in the batch-sorption studies.

10.4.2.3 Results and Discussion

10.4.2.3.1 Neptunium Results

Elution of Np (V) was measured as a function of water velocity through zeolitic, devitrified, and
vitric crushed tuff in columns with J-13 well water and with synthetic UE-25 p#l water. The
elution curves were published by Triay et al. (1996c, Appendix A). Porosity was calculated as
the free column volume divided by the total column volume (free volume was defined as the
volume of 3H solution that had to be eluted to recover 50 percent of the injected tritium). Values
of Rf were then calculated for the column experiments by dividing the free column volume into
the volume of Np solution that had to be eluted to recover 50 percent of the injected 237Np. From
these values of Rf, Equation 10.4-1 was used to calculate the column sorption-distribution
coefficients listed in Table 10.4-1.

How do the earlier results of batch-sorption experiments (Triay et al. 1996a, 1996b) compare
with the results of the crushed-tuff column experiments? Inspection of Table 10.4-1 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 elution curves indicates that sorption of Np onto zeolitic and vitric tuffs
appears to be nonlinear, nonreversible, or noninstantaneous. Previous work has found that
sorption of Np onto clinoptilolite-rich tuffs is rapid (Triay et al. 1 996a, p. 18) and can be fit with
a linear isotherm (Triay et al. 1996b, Figure 4.5). Consequently, the degree of reversibility of Np
sorption onto zeolitic and vitric tuffs might be the most likely reason for the apparent dispersivity
in the tuff-column elution curves.

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
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anion) to elute faster than neutral tritiated water molecules, significant Np 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 calculations of Np transport through Yucca Mountain tuffs. This conclusion assumes
that transport of radionuclides through the unsaturated zone from the potential repository would
occur homogeneously through tuff.

A Np summary follows:

. Using crushed-rock columns, the retardation of 237Np by zeolitic, devitrified, and vitric
tuffs in sodium-bicarbonate waters under oxidizing conditions (at room temperature,
under atmospheric conditions, and using different water velocities) was studied.

. The sorption distribution coefficients obtained from the column experiments under
flowing conditions were compared to those obtained from batch-sorption experiments
under static conditions.

* 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.

* It was found that batch-sorption distribution coefficients predict well the arrival time for
Np eluted through a crushed-rock column.

. The apparent dispersivity of the Np elution curves through the zeolitic and vitric tuffs
indicates that the sorption is either nonlinear, irreversible, or noninstantaneous, which
means the transport cannot be completely described using a sorption distribution
coefficient. The reversibility of Np sorption onto tuff will be studied as the most likely
reason for the apparent dispersivity of the elution curves.

. The use of a batch-sorption distribution coefficient to calculate Np transport through
Yucca Mountain tuffs would result in conservative values for Np release.

* Neptunium never eluted prior to the nonsorbing radionuclide (tritiated water) used in the
column experiments. Thus, charge exclusion does not appear to exclude Np from the
tuff pores.

. Corroborated by these column experiments were the general trends previously observed
for Np sorption using batch-sorption experiments: Np sorption onto devitrified and vitric
tuffs is minimal, and Np sorption onto zeolitic tuffs decreases as the amount of Na and
bicarbonate/carbonate in the groundwaters increases.

10.4.2.3.2 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 (Figures 10.4-1 to 10.4-3) indicate that vitric and zeolitic tuffs sorb Pu significantly,
which is probably due to their clay content. The shape of the elution curves for Pu indicates that
use of Kd values to predict Pu transport through Yucca Mountain tuffs will predict Pu releases
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conservatively. Results by Triay et al. (1995, pp. 12 to 13) indicate that Pu sorption onto tuffs is
a slow process and probably due to a redox reaction occurring at the tuff surfaces. To verify
these batch-sorption results, which suggest that Pu sorption, even to the lowest sorbing tuff type
(devitrified), could be significant, the migration of Pu as a function of flow velocity was
measured in devitrified tuff using J-13 and UE-25 p#1 waters. Inspection of these elution curves
(Figures 10.4-4 and 10.4-5) 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#l waters as a function of flow velocity. Inspection of the elution curves
(Figures 10.4-6 to 10.4-8) indicate that anion-exclusion effects for pertechnetate in crushed tuff
are essentially negligible except in the case of Tc transport through zeolitic tuff in J-13 well
water (Figure 10.4-8). In this case, the anion-exclusion effect is small but measurable.

10.4.3 Solid-Rock Columns

Direct measurements of transport parameters in actual subsurface materials under subsurface
conditions are necessary for defensible modeling of contaminant transport in host rocks and
engineered barriers surrounding radioactive and hazardous waste repositories. The hydraulic
conductivity, K, and the retardation factor, Rf, along with the associated distribution coefficient,
Kd, are poorly known transport parameters for real systems, but are key input parameters to
existing and developing contaminant release models. Unsaturated Rf and K were experimentally
determined 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 Se concentration (as selenite) of
1.31 mg/L (ppm) at 23°C. The intent was to demonstrate that a method in which flow is induced
with an ultracentrifuge could rapidly and directly measure Rf and K in whole-rock tuff cores, and
then to compare these directly measured unsaturated Rf values with those calculated from Kd
values obtained through traditional batch tests on the same materials.

10.4.3.1 Experimental Approach

10.4.3.1.1 Retardation

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

Rf = g -1 + Pd - (Eq. 10.4-2)

where V., 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 gram of solid divided
by the moles of the species per milliliter of solution. If none of a particular species is lost to the
solid phase, then Kd = 0 and Rf = I for that species. In column experiments, a breakthrough
curve is obtained for the particular species and Rf is determined as the pore volume at which the
concentration of the species in the solution that has passed through the column is 50 percent of
the initial concentration (C/Co = 0.5). It is now generally assumed that, for unsaturated systems,
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e = 0, where 0 is the volumetric water content (Bouwer 1991, p. 42; Conca and Wright 1992a,
pp. 1553 to 1554). The study described in this section experimentally addresses this concern
under unsaturated conditions in whole rock, and evaluates the use of data from batch
experiments in determining Rf in whole rock.

10.4.3.1.2 Hydraulic Conductivity

One way to drive fluid through rock is to use centripetal acceleration as the driving force. This
approach was used with a new technology (unsaturated flow apparatus) to produce hydraulic
steady state, to control temperature, degree of saturation, and flow rates in all retardation
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 simultaneously
over the entire system and independently of other driving forces, such as gravity or matrix
suction. It has been shown that capillary bundle theory holds in the unsaturated flow apparatus
method (Conca and Wright 1992a, p. 1546).

The unsaturated flow apparatus instrument consists of an ultracentrifuge with a constant,
ultralow flow-rate pump that provides fluid to the sample surface through a rotating seal
assembly and microdispersal system. Accelerations up to 20,000 g are attainable at temperatures
from 1500 to 220'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 collection chamber can be observed during centrifugation using a strobe light.

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

Numerous studies have compared use of the unsaturated flow apparatus approach with traditional
methods of analysis in soils and clays, and the agreement is excellent (Conca and Wright 1 992b,
Figure 14; Nimmo et al. 1987). Good agreement is expected because the choice of driving force
does not matter provided the system is Darcian (see next paragraph) and the sample is not
adversely affected by a moderately high driving force (<1,000 g for all samples run in these
experiments); both of these provisions hold for most geologic systems. Additionally, all
techniques for estimating hydraulic conductivity, K(O), are extremely sensitive to the choice of
the rock or soil residual water content, 0r, and to the saturated hydraulic conductivity, KS; minor
variations in Or or K, produce order-of-magnitude changes in K(0) (Stephens and Rehfeldt 1985).

The unsaturated flow apparatus 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 gradient, dy/dr, and the
centrifugal force per unit volume, po 2r, Darcy's Law is

q = -(y)Fd1 - r] (Eq. 10.4-3)
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where q is the flux density into the sample; K, the hydraulic conductivity, is a function of the
matric suction, A, and, therefore, of water content, 0; r is the radius from the axis of rotation; p is
the fluid density; and a) is the rotation speed. When multicomponent and multiphase systems are
present in the unsaturated flow apparatus 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, dy/dr << po2 r. Under these
conditions, Darcy's Law is given by q= -K(v) [-p<o 2r]. Rearranging the equation and
expressing hydraulic conductivity as a finction of water content, Darcy's Law becomes

K() 2 (Eq. 10.4-4)

As an example, a whole-rock core of Topopah Spring member tuff accelerated to 7,500 rpm,
with a flow rate into the core of 2 mL/hr, and achieved hydraulic steady state in 30 hr. with a
hydraulic conductivity of 8.3 x l0e cm/s at a volumetric water content of 7.0 percent. Previous
studies verified the linear dependence of K on flux and the second-order dependence on rotation
speed (Conca and Wright 1992a, p. 1546; Nimmo et al. 1987, Figure 11), and several
comparisons between the unsaturated flow apparatus method and other techniques have shown
excellent agreement (Conca and Wright 1992a, Figure 2; 1992b, Figure 14). Because the
unsaturated flow apparatus 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 associated methods, either inside or outside the unsaturated flow
apparatus instrument during the overall run.

Fundamental physics issues involving flow in an acceleration field have been raised and
successfully addressed by previous research and in numerous forums (Conca and Wright 1992a,
p. 1547; 1992b, p. 8; Nimmo et al. 1987; Nimmo and Akstin 1988; Nimmo and Mello 1991).
These studies have shown, first, that compaction from acceleration is negligible for subsurface
soils at or near their field densities. Bulk density in all samples remains 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-dimensional deviations of the driving force with position
in the sample are less than a factor of two, but moisture distribution is uniform to within
1 percent in homogeneous systems because water content depends only upon w, and unit
gradient conditions are achieved in the unsaturated flow apparatus instrument in which dy/dr =
0. Hydraulic steady state is not as sensitive to changes in rotation speed as to flux density. In
heterogeneous 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
dy/dr = 0.
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10.43.2 Results and Discussion for Vitric and Zeolitic Tuff

10.43.2.1 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 mL/hr. The experiment was run for 9 days with an initial selenium concentration of
1.31 mg/L. Figure 10.4-9 shows the breakthrough curves for selenite (C/CO is given for selenium
as selenite) in the Yucca Mountain vitric member at 62.6 percent saturation and in the zeolitic
nonwelded tuff at 52.8 percent saturation. Pore volume is given as water-filled, or effective pore
volume, the same as the volumetric water content a n d is dimensionless. The experiment was
stopped before full breakthrough in the zeolitic nonwelded tuff, but the C/CO = 0.5 point was
reached. The retardation factor for each tuff sample is 2.5. The Kd for each tuff sample can be
calculated by rearranging Equation 10.4-2 into Kd = (Rj- 1)(water content)/(bulk density). The
water content is the total porosity multiplied by the degree of saturation. For the Yucca
Mountain vitric-member tuff Kd = (0.25 - 1)(0.626)(0.23)/1.54 = 0.14 mL/g, and for the zeolitic
nonwelded tuff, Kd = (2.5 - 1)(0.528)(0.4)/1.21 = 0.26 mL/g.

During these experiments, the unsaturated hydraulic conductivity K for each sample at these
water contents was 2.5 x lo-8 cm/s for the Yucca Mountain vitric-member tuff and
1.2 x 10-8 cm/s for the zeolitic nonwelded tuff. Figure 10.4-10 gives the characteristic curves
K( ) for these tuffs determined in separate experiments, as well as measurements for other tuffs
and materials for comparison.

10.4.3.2.2 Batch-Sorption Test Results

Batch-sorption tests were conducted using the same J-13 well water with the slightly lower Se
concentration of 1.1 ppm and the same zeolitic nonwelded tuff from G-Tunnel, Bed 5, as in the
unsaturated flow apparatus column breakthrough test. The sorption distribution coefficients
obtained are given in Table 10.4-2. The Eh of all solutions, measured after the sorption
experiments, varied from 140 to 150 mV.

The data presented in Table 10.4-2 and Figure 10.4-9 indicate agreement between the column
and the batch-sorption experiments. At a Se concentration of about 1 ppm, no sorption of the Se
by the tuff is observed for the zeolitic tuff used in batch experiments, and minimal sorption (Kd
of 0.8 mL/g) is observed for the zeolitic tuff used in the unsaturated column experiments (Triay
et al. 1997, p. 190). The method used for the batch-sorption experiments to determine Kd values
(by difference) involves subtracting the Se concentration in solution after equilibration with the
solid phase from the initial Se concentration in solution. This method yields large scatter in the
data when the batch-sorption distribution coefficient is small because two large numbers are
subtracted to get a small number. Inspection of Table 10.4-2 also suggests that the kinetics of Se
sorption onto tuff are fast.

10.4.3.2.3 Conclusions

This study demonstrated the feasibility of using the unsaturated flow apparatus technology to
rapidly and directly measure retardation factors and hydraulic conductivities in whole-rock cores
of tuff under the unsaturated conditions that exist in the field. The batch sorption technique is
inadequate for measuring Kd in weakly sorbing solutes, demonstrating the necessity for using
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new techniques, including the unsaturated flow apparatus approach. In unsaturated flow
apparatus column breakthrough tests, the retardation factor for the selenite species was only 2.5
in both Yucca Mountain vitric member tuff at 62.6 percent saturation and zeolitic nonwelded tuff
from G-tunnel at 52.8 percent saturation for a Se concentration in J-13 water of 1.31 ppm. In
batch tests on the same material with an initial Se concentration of 1.1 ppm, the average Kd was
0.08 ± 0.2 mL/g, which gives retardation factors that are slightly lower than those from the
unsaturated flow apparatus column breakthrough 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 Se concentrations smaller than the ones used in these
experiments to further assess the validity of batch-sorption distribution coefficients to predict
transport under unsaturated conditions. The unsaturated hydraulic conductivities during the
experiments were 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.

10.4.4 Radionuclide Transport Through Fractures

10.4.4.1 Overview

One reason that Yucca Mountain was chosen as a potential site for a high-level radioactive waste
repository because its geochemistry is believed to form both a physical as well as a chemical
barrier to radionuclide migration. However, the Yucca Mountain region has undergone
significant deformation, with the most recent tectonic activity occurring during the development
of the basin and range geologic province and silicic volcanic activity. As a result of the tectonics
and volcanism, many faults and fractures were produced within the tuffaceous units, as well as
the entire region. In addition, volcanic tuffs are often fractured as a result of cooling. The
numerous fractures present at Yucca Mountain potentially represent 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
radionuclide 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 minerals 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
alteration of the preexisting minerals. A review of the literature (Carlos 1985, 1987, 1989,
Tables I and II, 1994, Table I; Carlos et al. 1993; Carlos et al. 1990) has provided a list of the
minerals lining the fractures found at Yucca Mountain (Table 10.4-3).

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 minerals coating the Yucca Mountain fractures.
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10.4.4.2 Experimental Conditions

The groundwaters used for the experiments presented in this section were waters from well J- 13
(filtered through a 0.05-jpm filter) and two sodium bicarbonate buffers that simulated the water
chemistry of the groundwaters from wells UE-25 J-1 3 and p#1.

Tuff samples with natural fractures from drill holes at Yucca Mountain were chosen from the
Yucca Mountain Site Characterization Project Sample Management Facility 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 sampling criteria were confined to
cores with natural fractures, determined by the presence of secondary mineral coatings, and
fractures with removable fracture walls that could be repositioned to their original orientation.
Based on these criteria, it was concluded that of the fractured-tuff cores selected (USW Gl-1941,
UE-25 UZ-16 919, USW G4-2981, and USW G4-2954) all consisted of natural fractures except
G1-1941, the only core sample that did not have secondary minerals coating its fracture. The
fracture in sample G1-1941 is apparently induced.

Table 10.4-4 gives the characteristics of the four columns used in the experiments.

Batch-Sorption Experiments-For comparison with the fractured-column experiments, batch-
sorption tests of Np onto the fracture minerals stellerite, hollandite, romanechite, and magnetite
were conducted. These tests were performned under atmospheric conditions using J-13 well water
with a Np (V) concentration of 6.7 x 10-7 M. The pH of the water in these experiments was
approximately 8.5.

10.4.4.3 Results and Discussion

As discussed earlier, Np does not sorb onto devitrified tuff (Triay et al. 1996b, p. 12), which
constitutes the matrix of all the fractures studied. Retardation during fracture flow occurs by
diffusion of the radionuclides into the tuff matrix or by sorption of the radionuclides onto the
minerals coating the fractures. Table 10.4-5 lists the results of batch-sorption experiments
describing the sorption of Np onto natural minerals.

Although the extrapolation from these experiments to Yucca Mountain tuffs containing the same
minerals is not immediate, the data of Table 10.4-5 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 Np sorption onto stellerite, changing the
water from J-13 to p#1 will only result in less sorption (due to the formation of a larger amount
of the neptunyl carbonado complex and competitive effects as a result of the higher ionic
strength in the UE-25 p#1 water). The sorption of Np onto magnetite does not appear to be
significant either. As shown in Table 10.4-5, the magnetite sample studied contains hematite and
goethite, which could account for the entire observed sorption.

Because no secondary minerals coating the fractures were observed for the G1-1941 fractured
sample (Table 10.4-4, column 1, and Figure 10.4-1 1), it can be concluded that the retardation of
Np observed for that column is due to diffusion into the matrix.
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The total Np recovery of 70 percent in the UE-25 UZ-16 919 fractured sample (Table 10.4-4,
column 2, and Figure 10.4-12) could be due to minimal sorption onto the stellerite and magnetite
coating that fracture or due to diffusion into the matrix. It is important to note that in changing
the water for this column from synthetic J-13 to synthetic UE-25 p#1, the speciation of Np
changes from a mixture of neptunyl and carbonado complex to almost 100 percent carbonado
complex (which can be excluded from tuff pores due to size and charge).

Neptunium seems to be significantly retarded even during fracture flow in the G4-298 1. fractured
sample (Figure 10.4-13) that is coated with hollandite and romanechite. The recovery of Np in
this fracture is less than 10 percent, and its first appearance is delayed with respect to tritium
and Tc.

Inspection of Figures 10.4-13 and 10.4-14 (columns 3 and 4 of Table 10.44) indicates that
diffusion from the fracture into the matrix has taken place because recovery of tritium was only
80 percent compared to 90 percent for Tc. This trend agrees with diffusion data that were
previously obtained for 3H and 9smTc in devitrified tuff and water from well J-13. These data
were fitted to the diffusion equation using the transport code TRACRN (Triay et al. 1993b),
which yielded diffusion coefficients for saturated devitrified tuffs that were of the order of
10-6 cm2 /s for tritiated water and 1 07 cm2 /s for Tc. Thus, anion exclusion, in which the large
pertechnetate anion is excluded from tuff pores due to its size and charge, was previously
observed.

According to de Marsily (1986, Chapter 10), the equation for a sorbing, nonreactive solute can
be expanded to account for a solute that also undergoes radioactive decay

V (D VC - CU) = E (Q+XC +Pb (F + XF (Eq. 10.4-5)at (a

where X is related to the half-life, tI12, of the decaying radionuclide by the relationship
X = 0.693/tl/2.

As was pointed out earlier, the mechanism of sorption determines the relationship between F and
C. If the linear, reversible, and instantaneous relationship for sorption is substituted, that is
F= KdC, Equation 10.4-5 becomes

V-(DVC-CU)= 1+ - Kj aC( + ) (Eq. 10.4-6)

The expression inside the first set of parentheses in Equation 10.4-6 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 Equation 10.4-5) are
considered: one for the porous medium and one for the fractured medium, each with its own
Darcy' s velocity and porosity (de Marsily 1986). The two transport equations for the porous and
the fractured media can be coupled by a convection and a dispersion-exchange term.
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The radionuclide elution data through fractured media was reduced and analyzed using the
transport code FEHM and reported on by Robinson et al. (1995). Their analyses of 237Np elution
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 237Np on zeolitic tuff. They also felt it possible that
minerals present in trace quantities in the bulk rock that appear to contribute insignificantly to
sorption may be quite effective at retarding 237Np transport when concentrated on fracture
surfaces.

The most significant conclusion of the work presented here is that, contrary to previous
assumptions about the role of fractures in radionuclide retardation, preliminary results from these
experiments indicate that fracture flow does not necessarily result in a fast pathway for actinide
migration through fractures. As can be seen in the experiments 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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10.5 DIFFUSION TRANSPORT STUDIES IN THE LABORATORY

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 assessing the
importance of matrix diffusion at Yucca Mountain. Solute transport in fractured rock in a
potential radioactive waste repository was discussed by Neretnieks (1990, Section 6), who
concluded that most rocks (even dense rocks, such as granites) have small fissures between the
crystals that interconnect the pore system containing water. Small molecules 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 through which the water flows. The volume of
water in the microfissures is much larger than the volume in fractures. Therefore, over a long
time, diffusion can play an important role in radionuclide retardation.

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

10.5.1 Data Sources and Quality Status

The primary input data used for diffusion transport studies described in CRWMS M&O (2000,
Table 1c) include laboratory results of radionuclide experiments using waters collected from
Yucca Mountain or synthesized to reflect Yucca Mountain waters and materials either collected
from the field or synthesized in the laboratory. Parameters used in this section are the
radionuclide concentration and either percent sorbed onto various substrates or percent diffusing
through tuff as a function of time.

10.5.2 Rock-Beaker Experiments

10.5.2.1 Experimental Conditions

The radionuclides used in these experiments were 3H, 95Tc, 237Np, 241Am, 85Sr, 137Cs, and 133Ba.
A solution (prepared with groundwater from well J-13) containing the radionuclide of interest
was placed in the cavity of a rock beaker and then aliquots of the solution from the beaker for the
remaining radionuclide concentration were analyzed as a function of time. Batch-sorption
experiments were also performed with J-1 3 water and the tuffs under study.

10.5.2.2 Data Analysis

The resfilts of the rock/beaker experiments were corroboratively modeled using the TRACRN, a
three-dimensional geochemical/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 profiles of the diffusing tracer are fitted to the transport equation
(de Marsily 1986, Chapter 10):

V- (cdVC) = + Q
at (Eq. 10.5-1)

TDR-CRW-GS-00000I REV 01 ICN 01 10.5-1 September 2000



where e is the total porosity of the tuff, d is the diffusion coefficient through the tuff, C is the
concentration of the diffusing tracer in solution, and the source term, Q, is zero for a nonreactive
tracer, but for a sorbing solute

IF

Pat(Eq. 10.5-2)

where F is the amount of tracer sorbed per unit mass of solid and Pb iS the bulk tuff density

(Pb = (1 - c)ps, where p , is the density of the solid particles).

As discussed in previous sections, 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= C (Eq. 10.5-3)
C

Substitution of this equation and Equation 10.5-2 into Equation 10.5-1 yields

V * (6dV C)= eac
at (Eq. 10.5-4)

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

R1 =1+-Kd (Eq. 10.5-5)

Equation 10.5-5 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 Freundlich
isotherms are examples of nonlinear relationships between F and C).

Consequently, the diffusion coefficient can be determined by fitting concentration profiles for
the nonsorbing tracers, and sorption parameters, such as Kd, can be determined by fitting
concentration profiles for the sorbing tracers.

10.5.2.3 Results and Discussion

Figure 10.5-1 shows an example of a set of diffusion data for a rock-beaker experiment in which
the feldspar-rich tuff G4-737 and solutions of tracers in J-13 water were used. 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.

The solid lines in Figure 10.5-2 are a fit of these same data to the diffusion equation
(Equation 10.5-1) using the TRACRN transport code for the two nonsorbing radionuclides,
tritium, and 95Tc. The diffusion coefficients obtained in this manner for these radionuclides for
all the tuff samples studied (Table 10.5-1) agree well with previous results (Rundberg et al.
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1987). These two tracers diffuse essentially as tritiated water and the pertechnetate anion, TcO4-.
Large anions are excluded from tuff pores because of their size and charge, which can account
for the lower diffusivity of TcO4-.

If sorption is linear, reversible, and instantaneous, then FIC is equal to a sorption coefficient, Kd.

To test this assumption, values of Kd in batch-sorption experiments using the tuffs under study
(Table 10.5-2) were determined. An expected diffusion curve was calculated using, for each
tuff, the diffusion coefficient measured for tritiated water and the batch-sorption coefficient
measured for each sorbing radionuclide. Figure 10.5-3 shows these calculated diffusion curves
for devitrified tuff G4-737. Comparing of the calculated curves with the actual measured data
(see the example in Figure 10.5-4) shows that 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 sorbing radionuclides could not be fitted by assuming
reversible, instantaneous, and linear sorption. These results also indicate that transport
calculations using a batch-sorption Kd value and the diffusion coefficient measured for tritiated
water will result in conservative predictions for the transport of sorbing radionuclides. Note that
Cs appears to diffuse much faster than the 3H in tritiated water, mostly HTO because of the
combined effects of diffusion and sorption of Cs, giving a conservative prediction (less apparent
diffusion than observed) when using HTO diffusion and batch values of Kd for Cs.

The results obtained from rock-beaker experiments agree with previous results (Rundberg 1987,
Tables VI, VII). Experiments were performed on the uptake of sorbing radionuclides by tuff,
and it was found that rate constants for uptake of the sorbing cations from solution onto tuff were
consistent with a diffusion-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
Cs, Sr, and Ba that agree well with the sorption coefficients determined by batch techniques.

10.5.3 Diffusion-Cell Experiments

10.5.3.1 Experimental Conditions and Data Analysis

Diffusion cells were constructed with two chambers containing groundwater separated by a slab
of tuff. After radioactive tracers were added to one of the chambers, the untraced chamber was
periodically monitored 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 used are given in Table 10.5-3.

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
heterogeneity of the pore structure, the retardation factor for a given radionuclide, and the
sensitivity of radionuclide measurements. The rate of concentration increase in the untraced
chamber depends on the ionic diffusivity, the tuff porosity, and the tuff tortuosity/constrictivity
factor. Thus, by measuring the movement of sorbing and nonsorbing tracers through tuff slabs
as a function of time, the rock-dependent diffusion parameters can be measured.
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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 porosity of 0.4 and a bulk density of 1.5 g/mL. The
devitrified tuff has a porosity of 0.2 and a bulk density of 2.3 g/mL. The major component of the
zeolitic tuff is clinoptilolite; the major component of the devitrified tuff is alkali feldspar.

The actinide concentration of the solutions used for the diffusion experiments was very close to
the solubility limit of the actinides in the groundwaters. The experimentally determined
solubilities (Nitsche et al. 1993; Nitsche, Roberts, Prussin et al. 1995) of Pu range from 2 x 107

(J-13 water at a pH of 7) to 1 x 106 M (UE-25 p#1 water at a pH of 8.5) and of Np range from
7 x 1I (UE-25 p#I water at a pH of 8.5) to 5 x I0- M (J-13 water at a pH of 6).

The experimental setup for the diffusion cells can be described by a one-dimensional diffusion
model. Thus, Equation 10.5-4 (on rock-beaker experiments) can be rewritten as

a2c ac
De 2 =a- (Eq. 10.5-6)

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

Bradbury et al. (1986) solved Equation 10.5-6 for a porous rock. For the experimental setup, the
boundary conditions can be taken to be:

1. At x = 0, a constant source concentration, C., is maintained

2. At x = L, where L is the tuff-slab thickness, the concentration measured at the initially
untraced cell, C,, is much smaller than the source concentration (C, << C).

For these conditions, the total quantity, Q,, diffused through a tuff slab of area A after a time t is
given by the equation

Q. Det a 2a (- Lzci ) (Eq. 10.5-7)
ALC. L2  6 C=

As t -* o, the asymptotic solution becomes

Q =ACQD, t ACQLa

L 6 (Eq. 10.5-8)

Consequently, a plot of Q, versus t yields the effective diffusivity, De, from the slope and the
rock-capacity factor, a, from the intercept on the time axis of the extrapolated linear region. For
a nonsorbing species, Kd = 0, Rf = 1, and a = s; for a sorbing species, Kd may be calculated from
the value of a.

TDR-CRW-GS-00000I REV 01 ICN 01 10.5-4 September 2000



The diffusion coefficient, d, can be calculated from the effective diffusivity (De = a!. The
difference between the diffusion coefficient, d5, for a tracer diffusing in the solution phase and
the diffusion coefficient, d, for a tracer passing through tuff pores is given by

d - d (Eq. 10.5-9)

where Sis the constrictivity and ris the tortuosity of the tuff pore structure.

10.5.3.2 Results and Discussion

The diffusion of 3H, 95mTc, natural U (VI), 237Np (V), and 239Pu (V) through devitrified and
zeolitic tuffs was studied using water from well J-13 and synthetic UE-25 p#l water. (Note that
95mTc refers to the metastable version of 95Tc.) For example, data reported byThe radionuclides
3H, natural U (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 Figures 10.5-5 to 10.5-7.

The results indicate that the diffusion of nonsorbing radionuclides into saturated tuff (illustrated
by the diffusion of tritiated water in Figures 10.5-5 to 10.5-7) 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 3H regardless of the groundwater or tuff type
(as also observed in the rock-beaker experiments). The migration of Pu through tuff under
diffusive conditions is dominated by sorption (as shown by Figures 10.5-5 and 10.5-7). The
migration of Np (V) and U (VI) through tuff depends on tuff type and water chemistry. In cases,
such as tuff G4-287, for which the reported sorption of Np is essentially zero (Triay et al. 1996b;
Triay et al. 1996a), the diffusion of Np through the tuff is slower than the diffusion of 3H but
comparable to the diffusion of a nonsorbing, large anion, such as pertechnetate (Figure 10.5-6).

The analysis of data described above has some problems with respect to the assumptions
required to find an analytical solution. The assumptions do not allow for a changing
concentration in the traced chamber, for a concentration 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 transport
code (such as the TRACRN code used in the rock-beaker diffusion experiments) to obtain
diffusion coefficients. The concentration profiles of the diffusing radionuclides would be fitted
to the same equation as Equation 10.5-6 but using the algebraic form given in the section on
rock-beaker experiments (Equations 10.5-1 to 10.5-3).

10.5.3.3 Matrix Diffusion Recommendations for Performance Assessment

Matrix diffusion coefficients need to be recommended for use in performance assessment. These
are gleaned from reviews of the literature and the results described above. These values will
also be treated as expert elicitation. For anions, the average matrix diffusion coefficient is
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3.2 x 10-" m2/s (3.2 x 10-7 cm2/s) with a standard deviation of 1 x 10-" m2/s, a minimum
value of zero and a maximum value of 10i9 m2/s (10-5 cm2/s) with a beta distribution. For
cations, the average matrix diffusion coefficient is 1.6 x 10-1 m2/s (1.6 x 1O0 cm2/s) with a
standard deviation of 0.5 x 10-1° m2/s, a minimum value of zero and a maximum value of 10-
m2/s (1i-5 cm2/s) with a beta distribution.
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10.6 COLLOID-FACILITATED RADIONUCLIDE TRANSPORT

Recently, generation and mobilization of colloids have become important issues for contaminant
transport (Kersting et al. 1999), particularly facilitated transport of radionuclides as intrinsic
colloids (e.g., colloidal Pu (V)), or as radionuclide-bearinj pseudocolloids (e.g., 239 Pu, 237Np,
243Am, and 247Cm from high-level radioactive wastes, or 'Cs, 90Sr, and 60Co from low-level
radioactive wastes) (Triay et al. 1996d, p. 16; Buddemeier and Hunt 1988; Kaplan et al. 1994;
McCarthy and Degueldre 1993, pp. 250 to 260). Radionuclide-bearing pseudocolloids consist of
radionuclides adsorbed onto nonradioactive colloids, such as clays or oxides. New colloids can
be generated or activated by perturbations in the hydrogeochemistry of the aquifer system,
particularly by waste disposal activities (McCarthy and Degueldre 1993, p. 304). Colloids exist
naturally in groundwater in almost all subsurface environments, with the composition and
concentration of colloids being site specific and determined by the geologic nature of the
subsurface. According to McCarthy and Degueldre (1993, Table 6), the size of natural colloids
ranges from 0.01 to 1.0 jim, and concentrations range from 0.1 to 100 ppm. The large surface
area of colloids (104 to 5 x 105 m2/kg) can significantly sorb radionuclides, even for relatively
low mass concentrations of colloidal particles in the aquifer (Vilks and Degueldre 1991; Penrose
et al. 1990). Triay et al. (1996d) studied the generation and stability of colloids in Yucca
Mountain groundwater and found that colloids of clays, Si, and iron oxides were generated in the
groundwater, and strong sorption of radionuclides onto these colloids occurred. The stability of
clay and silica colloids was a function of the ionic strength. Triay et al. (1997) found that
hematite and goethite colloids rapidly sorbed soluble Pu (V) as well as colloidal Pu (IV) in
groundwater. However, the desorption of 239Pu from these two iron oxide colloids is much
slower than the sorption process (CRWMS M&O 2000, Section 6.7.3), suggesting that once
sorbed onto mobile colloids, radionuclides could be transported great distances before they
desorb. It is the details of these processes and their relevance to YMP that need to be addressed
adequately prior to final determination of the suitability of the Yucca Mountain site for long-term
radioactive waste disposal.

Under most geologic conditions, transport of radionuclides via iron oxide or clay colloids
dominates over transport of radionuclides by true polymerized radiocolloids (McCarthy and
Zachara 1989). Champ et al. (1982, pp. 749 to 751) reported that almost 75 percent of the Pu
was associated with colloidal particles and rapidly transported when groundwater was pumped
through otherwise undisturbed aquifer cores. In porous media, where the sizes of colloids are
smaller than the pores, colloids canimigrate over long distances. O'Melia (1990, pp. 447 to 457)
reported in one study that colloidal particles with sizes ranging from 0.1 to 1.0 Jim were the most
mobile during natural gradient flow through a sandy porous medium (unconsolidated), with
larger and smaller colloids being preferentially removed. Therefore, these mobile colloids may
enhance the transport of the strongly sorbing radionuclides along flow paths. At the Nevada Test
Site, transition metals and lanthanide radionuclides associated with inorganic colloids were
recovered from groundwater 300 m from a nuclear detonation cavity (Buddemneier and
Hunt 1988). Americium and Pb were transported in the vadose zone with organic and inorganic
colloids. Penrose et al. (1990) reported that Pu and Amn were associated with siliceous colloids
in a near-surface alluvial aquifer at Los Alamos National Laboratory. The actual Pu transport
velocity was nearly 1,200 times greater than the predicted transport velocity based solely on
partitioning between dissolved and stationary solid phases. Kersting et al. (1999) showed that Pu
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associated with colloids had migrated 1.3 km from the Benham underground nuclear test site of
1968, a significant finding for Yucca Mountain.

Experimental studies on colloid transport through soil or rock under partially saturated or highly
unsaturated conditions are few, but do indicate that colloids can migrate even under relatively
dry conditions, although migration rates exhibit strong dependence upon colloid size as the
system desaturates (McGraw 1996; Wan and Tokunaga 1997). To examine the influence of
colloid size on transport, McGraw (1996, pp. 61 to 68) used five different colloid sizes between
20 and 1,900 nm, under both saturated and unsaturated conditions in a quartz sand. The results
indicated that under saturated conditions, the breakthrough of each colloid at C/CO = 50 percent
was the same as that of the breakthrough of KBr, the nonreactive tracer, indicating no
relationship of colloid size to migration under saturated conditions. However, the breakthrough
of the colloids under highly unsaturated conditions exhibited a strong relationship between the
colloid breakthrough and the colloid size, with a fairly complete breakthrough of the 20-nm
colloid and little or no breakthrough of the 1,900-nm colloid.

In another set of experiments, McGraw (1996, pp. 68 to 101) compared four sets of hydrophobic
and hydrophilic colloids. Results indicated that transport of hydrophobic colloids depends on
colloid size, water film thickness, and colloid charge density. In contrast, hydrophilic colloids
were not affected by these variables and were rapidly transported through the system, even under
very low moisture contents. McGraw concluded that the unsaturated zone is not an effective
barrier to colloid migration, even for large colloids, although it will somewhat retard
larger colloids.

In light of these studies, colloid migration must be adequately bounded for the Site
Recommendation and License Application. Information from the recent advances in this field is
presented chronologically, ending with the most recent results for attachment or detachment of
Pu and Am on colloids of hematite, goethite, montmorillonite, and silica in natural and
synthetic groundwater.

10.6.1 Data Sources

The primary input data used for colloid-facilitated radionuclide transport studies are described in
(CRWMS M&O 2000, Sections 6.7) include laboratory results of colloid experiments using
waters collected from Yucca Mountain or synthesized to reflect Yucca Mountain waters and
colloidal materials either collected from the field or synthesized in the laboratory. Data from
previous studies are reviewed but are not used as input into the conclusions or recommendations.
Parameters used in this section are colloid type and concentration, percent sorbed onto various
substrates, and attachment/detachment rates for radionuclides onto, and off of, various substrates.

10.6.2 Global Approach to Colloid Stability

This section presents groundwater colloid results from various geological formations around the
world, ranging from crystalline to sedimentary, saturated to unsaturated, and organic rich to
organic depleted. Colloid presence and potential mobility are estimated on the basis of stability
properties in the investigated groundwater. The colloid concentration is a function of pH,
potential oxidation-reduction (redox), the concentrations of Na, K, Ca, Mg, and organic C, as
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well as the status of the cfienical and physical steady state of ite hydrogeochemical system. The
colloid properties are discussed with a non-site-specific approach.

In natural groundwaters, there is a continuum between inorganic colloids (clay, oxide), inorganic
colloids coated with organic material, organic colloids associated with inorganic phases, and
organic colloids. A first list of colloid data (e.g., concentration) for shallow as well as deep
groundwater systems was published by McCarthy and Degueldre (1993). Key factors affecting
colloid stability were identified as pH, redox potential, salt (Na, Ca) concentrations (Degueldre
et al. 1996a, p. 692), the presence of dissolved organics (O'Melia and Tiller 1993, pp. 374, 380,
383), and the status of the system at steady state.

Conceptual models describing the colloid occurrence take into account their generation and
disappearance, aggregation and desegregation, and attachment and detachment on the rock or
substrate. In the aquifer, the balance between generation and disappearance may be postulated
for the undisturbed saturated zone. However, it is considered that the stability of the colloid
phase is a function of the disappearance rate by attachment, which determines the colloid
concentration in the aquifer. Because attachment parameters are defined in stationary conditions,
this concept must be extended for perturbed aquifers. This extension might justify larger colloid
concentrations during hydrogeochemical transients in the aquifer.

The general consensus about contaminant transport by colloid-facilitated processes is the need to
understand the colloid generation mechanisms to evaluate a contamination hazard or to design
remediation when required. It is necessary to discuss and define rules for evaluating colloid
properties in natural systems or systems modified by the presence of contaminants and to sketch
a conclusion on a non-site-specific basis. This type of general study, based on recent results
obtained from selected hydrogeochemical systems, allows the development of a global approach.
Addition of Yucca Mountain-specific data can then result in a more robust model.

Data were collected for systems ranging from various crystalline to sedimentary geological
formations. Table 10.6-1 summarizes the minerals composing the rocks of the considered
formations. The crystalline systems comprise recent granitic systems (e.g., the Central European
Basement with studies in the Black Forest, South Germany, and the northern part of Switzerland,
as well as in the Alpine area, Grimsel, Switzerland) and older granitic systems (e.g., the
Scandinavian or Canadian shield). The rock in these systems is mainly composed of quartz,
feldspar, and mica. Minerals currently found in the granitic fractures are illite, muscovite,
quartz, chlorite, calcite, iron oxyhydroxides, and some pyrite. Their organic content is quite low.

The Swiss crystalline studies (Degueldre et al. 1996a; Degueldre et al. 1996b) selected systems
ranging from shallow to deep aquifers. The sites are the Menschenchwand U prospect, the Bad
Sackingen spring, the Zurzach thermal well, the Leuggern borehole, and, in the Alps, both the
Grimsel Test Site and the Transitgas tunnel. The depth ranges from about 100 to 1,680 m in
600-Ma granite. In Sweden, two systems were considered in the 2,000-Ma granite: Asp6, the
Experimental Underground Laboratory at a depth of 70 m below the surface (Laaksoharju et al.
1995), and the Laxemar deep borehole, with a 1,420- to 1,705-m depth. Both sites are located on
the Baltic coast about 350 km south of Stockholm. In Canada, Vilks et al. (1991) investigated
waters at the Whiteshell Research Area, underlain by the Lac du Bonnet granite batholith,
located in the southeastern part of Manitoba Zones, at depths down to 1,150 m.
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Yucca Mountain consists of a 1,500-m-thick accumulation of Miocene silicic ash-flow tuffs.
The rocks can be generally characterized as alternating layers of highly porous nonwelded tuff
and low-porosity, densely welded tuff. The original rock constituent was predominantly
volcanic glass, but high-temperature devitrification and lower-temperature alteration have
produced mineral assemblages dominated by feldspar, zeolites, and various silica polymorphs
with low organic content. Crystallized accumulations of former colloidal material, produced
during rock alteration, are present in the pores of some rock layers (Levy 1992, p. 79).

Morro do Ferro, Brazil, is an altered (weathered) formation, with some organic content that
issued from volcanic activities in a subtropical area. Morro do Ferro is located in the caldera of
Po~os de Caldas, Minerais Generai. The rocks are predominantly carbonitites deeply weathered
to laterites (rich in gibbsite, illite, and kaolinite-rich). Morro do Ferro is characterized by
magnetite dikes and breccia, which are believed to comprise the most hydraulically conductive
zones (Miekeley et al. 1992).

Partially and nonmetamorphosed sedimentary systems were also considered. They generally
contain more organic compounds than the previously mentioned formations.

The Wellenberg system (Degueldre et al. 1994) is located in central Switzerland and comprises a
marl formation slightly metamorphosed. The investigated aquifer lies in this marl formation at a
360-m depth, but another system of interest lies at a depth of 1,600 m below the marl formation
in a chalk (limestone) layer. Longworth et al. (1989) investigated colloids from the Triassic
Sandstone aquifer (120-m depth) at the Markham, United Kingdom, site 50 km north of
Nottingham. At Gorleben, central Germany, Kim et al. (1992) investigated a system composed
of porous sediments with lignite intercalations. The aquifers there are located at a depth between
50 and 300 m and are composed of glacial sand, silt, marl, and clay. Uplift has caused rupturing
and folding of the overlying and surrounding Miocene brown-coal sand and clay.

The Cigar Lake U deposit is a sandstone-hosted ore body located in the Athabasca Basin of
northern Saskatchewan, Canada (Vilks et al. 1993). The ore is located at the contact between
sandstone and altered basement rock and is separated from the sandstone host by zones of clay-
rich, diagenetically altered sandstone. The sandstone formation lies at a depth of 432 m below
the surface. Finally, the Bangomb6 fossil reactor zone, Gabon, discovered in 1980, is located
some 30 km south of the Oklo deposit. The sandstones are overlain by a thick series of marine-
derived, organic-rich pelites and limestones. These formations were also slightly
metamorphosed (Pedersen 1996).

Before a comparison can be made of colloid properties, the hydrochemical properties of the
studied groundwaters must be well considered. Table 10.6-2 shows the most important
hydrogeochemical parameters. The individual water properties may be summarized as follows:

In the Transitgas tunnel, zone 1, nine springs were investigated with mixed Na-Ca-SO 4 -
HCO3 waters at pH values from 7.8 to 9.4 that were mostly oxic with temperatures
between 50 to 9°C. Locally, in zone 2 (springs 10 to 14), hydrothermal (180 to 28°C)
Na-SO4 waters with pH values of 8.8 to 9.2 were sampled that were reducing. Finally,
in zone 3 (springs 15 to 16), shallow groundwaters of the Ca-HCO3 type with oxic
character, pH values of 9.2 to 9.6, and temperature around 40 to 6°C were sampled. At
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the Grimsel Test Site, a deep Na-Ca-HCO 3 -F groundwater was collected at a depth of
450 m below the surface. From the boreholes in Leuggern and Zurzach, crystalline
waters of a Na-SO4 -HCO3 -Cl type were sampled at depths of 1,860 and 450 m,
respectively.

* At Whiteshell, Na-Ca-HCO 3 waters were studied in the upper zones down to 400 m, and
Ca-Na-Cl waters were collected at depths down to 1,100 m below the surface. At Asp6,
mixed waters of Na-Ca-Cl-HCO 3 type were studied at a depth of 70 mn below the
surface, and at Laxemar, deep Na-Ca-Cl water was pumped from a depth of 1,400 m.

* At Yucca Mountain, the J-13 oxic water of a Na-HCO 3 -SiO2 type is pumped from a
depth 300 m below the surface. At Morro do Ferro, the K-SO4 -F water was also
pumped but only from a depth of 30 m.

In the sedimentary aquifers, the water properties may be summarized as follows:

* At Gorleben, Na-HCO3 -OC ("OC" represents organic-carbon rich) waters are sampled at
depths of 60 and 80 m below the surface.

* At Wellenberg, deep Na-HCO3 waters flow under artesian pressure at depths of 350 and
1,350 m below the surface.

* In Markham, the oxic municipal water of a Mg-Ca-Na-HCO 3 type is pumped at a depth
100 m below the surface.

* At Cigar Lake, the Ca-Na-HCO 3 groundwaters were sampled at depths down to 435 m.

. In Bangombd, complex Ca-Mg-Na-HCO 3 (relatively demineralized) waters were
pumped at depths of about 20 m below the surface. The considered anaerobic aquifers
are rather shallow but not oxidized.

These groundwaters range from oxic to anoxic, Na (Bad Sackingen) or Na-Ca-rich (Asp6), to
K-rich (Pogos de Caldas) or with a large Mg contribution (Markham, Wellenberg), and organic
depleted (Zurzach) to organic rich (Gorleben). Their types go from shallow Ca-HCO3
(Transitgas tunnel, zone 3) to more complex Na-SO4 -HCO3 -Cl (Zurzach) or K-SO4 -F (Pogos de
Caldas). For the water considered, the salt concentrations range over four orders of magnitude,
the total hardness of the water over two orders of magnitude, and the pH from 6 to 10. Total
organic C is low in most of the groundwater and is less than 10(5 M in the Swiss crystalline and
of the order of 6 x 105 M in the sedimentary (e.g., Wellenberg); Its concentration in the
Gorleben system may reach the 1 0-2 M level, because the waters originate from the brown coal
formation (nonmetamorphosed system).

Steady-state conditions in the aquifers do not exist in some cases. For example, mixing of
Na-Ca-HCO3 -Cl and Na-Ca-(Mg)-Cl-HCO 3 waters is observed at Aspo. A similar situation is
also locally observed at Bad Sackingen. An important assessment of the status of the aquifer is
comparison of water temperature with the temperature estimated by the geothermometer (T&Tgeo
in Table 10.6-2), which may give information about the status of the thermal steady state of the
water. For example, large differences between temperature at the source and temperature
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evaluated from the geothermometer are noted in the hydrothermal waters collected in zone 2 of
the Transitgas tunnel.

10.6.2.1 Results and Discussion of Global Studies

Colloid occurrences in aquifers are postulated to be a consequence of the colloid stability in the
hydrogeochemical system. The systems are first supposed to be at steady state (no
hydrogeochemical changes). Colloid phases range from clay (Grimsel Test Site, Wellenberg), to
Sio 2 (Yucca Mountain), Fe-organic-rich phases (Morro do Ferro), clay-coated with organics
(Asp6), and clay associated with organic phases (Gorleben).

Comparisons of all results were performed at the 100-nm size for accuracy and consistency.
Factors decreasing the colloid stability are an increase of salt (Na+, K+) concentration and of
water total hardness (Ca2 +, Mg2+). The trend of colloid concentrations as a function of salt
concentration and water hardness is shown in Figure 10.6-1. Strong coagulants (e.g., Fe3+, Ai3+)

are quasi-insoluble in the groundwater, limiting their action in the aquifer. The effect of Ca may
be diminished (Seaman et al. 1995) in weakly acidic oxic water loaded with positively charged
iron-oxyhydroxy colloids for which cations are not able to act as a coagulant. This effect was
observed in the Pogos de Caldas mine where iron-oxyhydroxide colloids are stabilized at pH
values from 3 to 5 in the surface water in which pyrite oxidation decreases the pH, locally
increasing the stability of these positively charged Fe colloids. The Ca does not act as a
coagulant for Fe-rich colloids in these waters. It must be noted that water sampling itself
generates artifacts such as calcite, a particular problem in Ca-rich water. Therefore, data from
Laxemar, Whiteshell, and Aspo are absent from Figure 10.6-1.

The apparent trend observed in Figure 10.6-1 must be justified on the basis of the
physicochemical properties of alkali and alkaline-earth elements with respect to the stability of
model colloids. This basis was tested for montmorillonite colloids, selected as an example of
clay colloids. The attachment factor (a) of these colloids increases toward a=1 with increasing
alkali and alkaline-earth element concentrations (Figure 10.6-2). This test clearly demonstrates
that the salinity and hardness of the water play an important role in colloid stability and that the
attachment factor of these clay colloids reaches about a=1 for salt concentrations around 1O-' S M
and alkaline-earth element concentrations around l0-3 5 M.

Factors increasing colloid stability and, therefore, their transport include the presence of organics
or changes in the hydrogeochemical state in the aquifer. The effect of organics on the colloid
phase stability was studied in detail by O'Melia and Tiller (1993). They confirmed that the
specific increase of dissolved organic concentration and of pH enhances colloid stability. This
result contributes to the large colloid concentration observed in Gorleben. The next cases
studied were systems subject to chemical or dynamic changes that are not at steady state with
respect to the hydrothermal signature (e.g., zone 2 in the Transitgas tunnel, Bad Sackingen, and
Yucca Mountain) or with colloid populations consisting of amorphous components (vitrified tuff
from Yucca Mountain) or in which the chemistry is variable (e.g., the mixing waters at Aspo).
In zone 2 from the Transitgas tunnel, the colloid concentration remains large, because the
hardness of these waters is low.
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A model of contaminant transport by colloids should consider these properties. Colloid stability
is more a function of the water chemistry and less of the rock itself, because groundwater
chemistry is already driven by rock properties on the basis of rock-water interactions. The
stability of colloid in a particular water limits mobile concentration.

10.6.2.2 Conclusions from Global Studies

Colloid concentration in a given aquifer is a function of the colloid phase stability in the
hydrochemical system. Stability is a function of the chemical composition of the water as well
as of the hydrogeochemical steady state of the aquifer. For an aquifer in a steady-state situation,
decreases of the concentration of alkali elements below 102 M and of alkali-earth elements
below 10- M contribute to an increase in the colloid stability and concentration. Water mixing
and large concentrations of colloidal or dissolved forms of organic C also contribute to an
increase in the colloid stability and concentration. Additionally, the presence of transient
situations, such as changes of T, flow rate, or chemistry (pH, salt, or redox potential) in the
aquifer, induces larger colloid concentrations.

10.6.3 Recent Experimental Studies

In a study by Noell et al. (1998), an idealized laboratory setup was used to examine the influence
of amorphous silica colloids on the transport of Cs. Synthetic groundwater and saturated glass-
bead columns were used to minimize the presence of natural colloidal material.

The retardation factor for Cs in the two types of glass-bead columns was determined both in the
absence of the silica colloids and in the presence of a constant flux of colloids. Also, the
influence of anthropogenic colloids was tested by injecting pore-volume slugs of an equilibrated
suspension of Cs and colloids into the colloid-free columns.

The intent of these experiments was to establish data, under ideal circumstances, that show the
influence of silica colloids on the migration of radionuclides through porous media. This goal
was accomplished by using synthetic groundwater and saturated glass-bead columns so that the
amount of natural colloidal material in the columns was minimized. Cesium-137 was used as a
model radionuclide because of its detectability and simple chemistry. Colloidal silica was
examined because of its abundance in many groundwaters, including those expected in the
repository situation.

The sorption of Cs to the amorphous silica colloids was found to be significant and fully
reversible. In independent batch-sorption experiments, it was determined that a Freundlich
isotherm, with the partitioning coefficient K equal to 0.111 x /+ 1.17 mL/mg, and with the
empirical order m equal to 0.882 ± 0.013, adequately described the partitioning of Cs to the
amorphous silica colloids at equilibrium. Nonlinear Freundlich isotherms also best described the
sorption of Cs to the glass beads. The nonlinear least-squares approximations of
Freundlichparameters for the sorption of Cs to the 150- to 210-jtm glass beads gave
K= 1.58 x 104 x/I 3.18 mL/mg and m = 0.828 ± 0.007, whereas for the sorption of Cs to the
355- to 420-pm glass beads, the parameters were K = 9.86 x 10-5 x/. 9.23 mL/mg and
m = 0.821 + 0.014 (Noell et al. 1998).
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The impact of amorphous silica colloids on the transport of Cs was assessed in saturated glass-
bead columns. Independently calculated column parameters were verified using tritiated water
as a groundwater tracer. The retardation of Cs in colloid-free water was initially examined. The
migration of Cs through the columns with the smaller glass beads was more retarded than it was
in the larger glass-bead columns. Linear Freundlich partitioning coefficients determined from
these column experiments agreed with the sorption data determined in batch experiments. The
flow of colloids was also examined independently. Because the surface charges of the silica
colloids and the glass beads were similar, the colloids were repelled from the surface of the
media and were able to migrate easily through the glass-bead columns. The slight retardation of
the colloids was mainly due to physical interactions between the silica colloids and glass beads.
To simulate the effect of anthropogenic colloids, an equilibrated suspension of Cs and silica
colloids was injected into colloid-free columns as a 0.09 pore-volume pulse. In the smaller
glass-bead columns, the colloid front traveled eight times faster than the Cs front. Because the
sorption of Cs to the colloids is reversible, this effect resulted in little noticeable, colloid-
facilitated transport of Cs. In the larger glass-bead columns, however, there was a slight
reduction in the retardation of Cs. This reduction was probably due to the fact that the colloid
front only traveled 3.6 times as fast as the Cs front. When silica colloids had a continuous
presence and a constant flux through the columns, silica colloids significantly enhanced the
migration of Cs. In the smaller glass-bead columns, the silica colloids reduced the retardation of
Cs by 14 to 32 percent, whereas in the larger glass-bead columns, they reduced the retardation of
Cs by 38 to 51 percent.

A sorption rate equation was developed for the reaction. Because the moles of sorption sites
overwhelmed the moles of sorbents, this rate equation was able to be expressed with first-order
adsorption and desorption rates. The ordinary differential equation was solved, which allowed
calculation of the forward adsorption and reverse desorption first-order sorption rates. It was
also found that a Freundlich isotherm adequately described the sorption of Cs to these
amorphous silica colloids in the given synthetic water.

The sorption of Cs to amorphous silica colloids occurred very rapidly and was completely
reversible. This fact allowed the reaction to be approximated with sorption isotherms. The
sorption of Cs to amorphous silica colloids in a synthetic water resembling UE-25 p#l
groundwater under atmospheric conditions was best approximated using a Freundlich isotherm.
Although the sorption of Cs to amorphous silica colloids was slightly underestimated at lower Cs
concentrations, a Kd equal to 0.0219 ± 0.0022 mL/mg adequately described sorption of Cs to the
amorphous silica colloids for most of the regions examined.

Although the sorption of Cs to amorphous silica colloids appeared to be rapid and completely
reversible, a methodology was established to determine first-order, kinetic sorption rate
coefficients from batch experiments. To find these coefficients uniquely, batch-sorption
experiments must be performed at multiple time intervals, both before and after sorption
equilibrium occurs. The first-order sorption of Cs to silica colloids is described by (Noell
et al. 1998):

d[Cs. OSi(OH)] =kf [Cs' ]-kr [CsOSi(OH)] (Eq. 10.6-1)
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where kf and k, are the first-order forward and reverse reaction rates, respectively, and brackets
denote concentrations in moles. Ordinarily, the forward reaction should be described as second
order, but when the sorbed contaminant does not influence the sorption of additional
contaminants (as is the case when the moles of sorption sites overwhelms the moles of sorbents),
it is valid to use a first-order adsorption rate coefficient.

The analytical solution of Equation 10.6-1, in terms of the ratio of moles of colloidally sorbed Cs
to moles of dissolved Cs ions, is

[Cs -OSi(OH)] _ kf-kf exp[- (kf + kr)t)] (Eq. 10.6-2)
[Cs'I kr +kf exp[-(kf +kr)t)]

It was determined that the first-order desorption rate coefficient for Cs on silica colloids was
approximately eight times greater than the first-order adsorption rate coefficient. Because
equilibrium was achieved in all of the samples, only minimum values of the sorption rate
coefficients were determined. These values were

kf > 0.005 s and kr > 0.04 s (Eq. 10.6-3)

By finding batch kinetic sorption rates between various radionuclides and naturally occurring
colloidal material, it is possible to determine which radionuclides have the lowest desorption
rates from natural colloids. This information could aid in predicting their migration, because
radionuclides that are irreversibly sorbed to colloids are most likely to be transport-facilitated.

10.6.3.1 Reversibility of Radionuclide Sorption onto Colloids: Plutonium onto Iron
Oxides

Triay et al. (1997, pp. 65 to 72) applied the methodology described in Section 10.6.3, developed
for an idealized system, to colloids expected at Yucca Mountain, namely Pu sorbed onto iron-
oxide colloids. A natural groundwater and a filtered carbonate-rich synthetic groundwater
(0.05-pm membrane) were used as media in this study. Laboratory batch-sorption experiments
were performed to evaluate sorption of Pu as a function of different iron-oxide colloid
mineralogy and different oxidation states of Pu and to examine the sorption kinetics of Pu (IV)
colloids (hydrous plutonium oxide) and soluble Pu (V) onto these iron-oxide colloids.

The preliminary results showed that adsorption of Pu exhibits different patterns between Pu (IV)
colloid and soluble Pu (V), hematite and goethite, and natural and synthetic J-1 3 groundwaters.
Adsorption of both the Pu (IV) colloid and soluble Pu (V) onto the hematite and goethite colloids
occurs as a function of time. Iron-oxide colloids sorbed more soluble Pu (V) than Pu (IV) and
also sorbed more Pu from synthetic J-13 groundwater than from natural J-13 groundwater. The
results also showed that the hematite colloids sorbed more Pu than the goethite colloids. This
result was due to differences in surface characteristics. Results indicate that Pu (IV) colloids, as
well as soluble Pu (V), can be rapidly adsorbed by hematite or goethite colloids in natural or
synthetic groundwater, whereas desorption of Pu (IV) colloids as well as soluble Pu (V) was
slower than the sorption processes.
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Thermodynamic calculations show that Pu (V) is a stable oxidation state in the pH range of 5 to
7 at a ps of 12 and that Pu (VI) is the most stable oxidation state at higher pH values (Sanchez
et al. 1985, p. 2297). It was assumed that adsorption of Pu (IV) onto suspended colloids is due to
the interaction of the strongly hydrolyzable Pu (IV) oxidation state with the surfaces of natural
particulate matter (Sanchez et al. 1985, p. 2305). Keeney-Kennicutt and Morse (1985) found
that Pu (V)O2 + can be adsorbed from diluted solution and seawater on goethite, aragonite, calcite,
and 5-MnO 2. The sorption behavior of Pu (V)O2 + is influenced by redox reactions occurring on
the mineral surface. Adsorption of Pu (V)O2 + on goethite results in a reaction in which Pu (IV)
and Pu (VI) are formed on the mineral surface. The Pu (VI) is slowly reduced to Pu (IV),
leaving Pu (IV) as the dominant surface Pu species (Keeney-Kennicutt and Morse 1985).
Sanchez et al. (1985) studied adsorption of soluble Pu (IV) and Pu (V) on goethite from a
sodium-nitrate solution and found that redox transformations are an important aspect of Pu
adsorption chemistry. The adsorption behavior of Pu on goethite is related to the different
hydrolytic character of these two oxidation states in the solution. The adsorption edge of the
more strongly hydrolyzable Pu (IV) occurred in the pH range of 3 to 5, whereas that for Pu (V) is
at pH 5 to 7 (Sanchez et al. 1985).

However, information on affinity, kinetics, and reversibility critical to the evaluation of the
significance of colloids to Pu transport is largely unavailable for groundwater particles. Studies,
performed in three phases, focus on the adsorption affinity, kinetics, and reversibility of the
sorption of soluble Pu (V) and Pu (IV) colloids onto iron-oxide, silica, and clay colloids and on
the effect of different plutonium oxidation states with different forms (e.g., colloidal or soluble
form) on their behavior in natural and synthetic groundwater. In this phase of the study,
laboratory batch-sorption experiments were performed using a natural groundwater and a
carbonate-rich synthetic groundwater as media, to evaluate the following:

. The sorption of Pu as a function of two different iron-oxide colloids (hematite and
goethite)

. Sorption of Pu as a function of two different oxidation states with different forms
[Pu (IV) colloid and soluble Pu (V)]

• Sorption kinetics of Pu (IV) colloid and soluble Pu (V) onto these iron-oxide colloids

* Desorption of Pu from Pu -loaded iron-oxide colloids as a function of time over a long
period (approximately 1 year).

10.6.3.2 Adsorption of Plutonium (IV) and Plutonium (V) onto Hematite Colloids

Adsorption of Pu onto the hematite and goethite colloids was investigated as a function of time.
The amounts of Pu adsorbed varied among the two iron oxides and two solutions. The
adsorption of Pu also exhibited different patterns between the Pu (IV) colloid and the soluble
Pu (V). The ionic strength of deionized water was brought-to 0.005 M using sodium nitrate
(NaNO3) (same ionic strength as the natural and the synthetic groundwater). The alkalinity of
the natural and synthetic groundwater used in the study ranged from 22.5 to 25 meq/L. At these
values, it was predicted that the adsorption of both Pu (IV) and Pu (V) should not be affected.
Sanchez et al. (1985, p. 2301) reported that adsorption of soluble Pu (IV) and Pu (V) was not
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affected by alkalinity values less than about 100 meq/L, where the amount of adsorbed Pu on
goethite was similar to that obtained at the same pH in 0.1 M sodium-nitrate solution.

Hematite sorbed more soluble Pu (V) than Pu (IV) colloids (Table 10.6-3). Adsorption of Pu
also shows different patterns for the two solutions (natural J- 13 groundwater and synthetic J- 13
groundwater). In the synthetic groundwater, the adsorption of Pu (IV) colloids shows a one-step
mechanism. After a 10-min. contact period, about 66 percent of Pu (IV) colloids were adsorbed
onto hematite colloids, and, from then on, the percentage of adsorbed Pu (IV) remained constant
over time. Additional contact time between Pu (IV) colloids and hematite colloidal particles did
not affect the amount of Pu (IV) colloids adsorbed onto the hematite colloidal particles. The
adsorption rate is 11.4 pCi/mg/min. during the first 10 min.

In the natural groundwater, although the amounts of adsorbed Pu (IV) colloids increased slightly
as the contact time extended from 10 to 60 min., the adsorption of Pu (IV) colloids also shows a
one-step mechanism. The percentage of adsorbed Pu (IV) colloids remained constant with
additional time. After 10 min. of contact period, about 60 percent of the Pu (IV) colloids was
adsorbed by hematite colloids. The adsorption rate is 10 pCi/mg/min. in the natural groundwater
(Table 10.6-3). At the end of the experiments (5,760 min.), about 60 to 66 percent of the Pu (IV)
colloids were adsorbed by hematite colloids in both natural and synthetic groundwater. These
results indicate that Pu (IV) colloids can be rapidly adsorbed by hematite colloid in natural or
synthetic groundwater.

With soluble Pu (V), adsorption patterns of Pu (V) onto hematite colloids varied between the two
solutions. Generally, hematite colloids sorbed more Pu (V) in the synthetic groundwater than in
the natural groundwater.

In the synthetic groundwater, the adsorption of soluble Pu (V) shows a two-step mechanism.
The first step is a fast process that occurred in the 1 0-min. contact period. About 82 percent of
the Pu (V) was sorbed during this short period (Table 10.6-3). The adsorption rate is
14.18 pCi/mg/min. in the natural groundwater during this period (Table 10.6-3). The second step
is a slow process that continued for 5,750 min. Only an additional 5 percent of Pu (V) was
adsorbed during this period.

Soluble Pu (V) and Pu (IV) colloids can be rapidly adsorbed by hematite colloids in natural or
synthetic groundwater. In natural groundwater, the adsorption of Pu (V) shows a positive
correlation with time. The amounts of Pu (V) adsorbed gradually increased from 44 to
76 percent as the sorption time increased from 10 to 5,760 min. (Table 10.6-3). However, these
data were not adequate to determine if the adsorption of Pu (V) in natural water is a one-step or a
two-step mechanism. The adsorption of Pu (V) may be a one-step mechanism.

Desorption of Pu from Pu-loaded hematite colloids did not occur during the first 3 days of the
desorption process. After 30 days of desorption, Pu (V) was not desorbed from hematite, and
less than 0.01 percent of Pu (IV) colloid was desorbed from hematite. Desorption of Pu is much
slower than sorption.
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10.6.33 Adsorption of Plutonium (IV) and Plutonium (V) Onto Goethite Colloids

Generally, goethite sorbed less Pu (IV) and Pu (V) than hematite did in both natural and
synthetic groundwater. Adsorption of Pu onto goethite colloids also exhibits different patterns
between Pu (IV) colloids and soluble Pu (V). Adsorption of Pu also shows different patterns
between the two solutions (natural and synthetic groundwaters).

In the synthetic groundwater, adsorption of Pu (IV) onto goethite colloids is slower than onto
hematite colloids. After a 1 0-min. contact period, only 34 percent of the Pu (IV) was adsorbed.
The adsorption rate is 5.6 pCi/mg/min. (Table 10.6-4). Although the amounts of Pu (IV)
adsorbed increased with increasing contact time, only 52 percent of Pu (IV) was adsorbed after
5,760 min. of sorption (Table 10.64).

In the natural groundwater, about 29 percent of the Pu (IV) colloids was adsorbed during the first
I -min. period; after 10 min., the amount of Pu (IV) colloids adsorbed reached a maximum
(45 percent) at 60 min., then decreased with additional time. The adsorption rate is
4.5 pCi/mg/min. during the first 10-min. contact period (Table 10.6-4).

With Pu (V), goethite also sorbed more of the Pu (V) in the synthetic groundwater than in the
natural groundwater. In the synthetic groundwater, about 63 percent of the soluble Pu (V) was
sorbed during the first 10-min. period. The adsorption rate is 10.6 pCi/mg/min. during this
period (Table 10.6-4). Thereafter, there is a small but significant increase in the adsorption of
soluble Pu (V) with time.

In the natural groundwater, the adsorption of soluble Pu (V) onto goethite also shows a positive
correlation with time. Amounts of Pu (V) adsorbed gradually increased from 19 to 62 percent as
the sorption time increased from 10 to 5,760 min. (Table 10.6-4).

These results indicate that Pu (IV) colloids and soluble Pu (V) can be rapidly adsorbed by
goethite colloids in natural or synthetic groundwaters. However, desorption of Pu (V) and
Pu (IV) from Pu-loaded goethite colloids did not occur during the first three days of the
desorption process. After 30 days of desorption, less than 0.01 percent of Pu (V) and less than
0.1 percent of Pu (IV) desorbed from the goethite. Desorption of Pu is much slower than
sorption.

The results show that hematite colloids sorbed more Pu than goethite (Tables 10.6-3 and 10.6-4).
This result is due to differences in their surface characteristics and the purification of the mineral
materials. The hematite material contained 99.6 percent Fe2O3 ; the goethite material contained
86 percent Fe2O3 (in terms of oxides, not mineralogy). Because the usual crystal morphology of
synthetic hematite particles is hexagonal plates and the crystal morphology of synthetic goethite
particles is an acicular, hematite colloids may have larger surface areas than goethite when the
particle sizes of both iron-oxide colloids are the same.

Both iron-oxide colloids sorbed more Pu in the synthetic groundwater than in the natural
groundwater. The zero point of charge of synthetic hematite and goethite ranged in pH value
from 7.95 to 8.01 in both groundwaters, indicating a similar surface activity with regard to the
Fe-OH groups for the two iron-oxides. However, the surface electrical potential of iron-oxide
colloids in the synthetic groundwater was higher than in the natural groundwater.
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Adsorption of soluble Pu (V) may be a chemisorption process in which the soluble Pu (V) or its
hydrolysis species bind to hydroxyl (OH-) groups on the hematite or goethite surface. Assuming
that Pu (V) binds to hematite or goethite surface (Of-) groups analogous to aqueous
coordination reactions, the adsorption of Pu (V) to both iron-oxide colloids can be chemically
described by the following equation (Liang and McCarthy 1995, p. 88).

-SOH 0 +Ni)V)O -- SO -N(V)O' +H+ K1,app (Eq. 10.64)

where --SOH denotes a surface site of hematite or goethite, and ESO-Pu 4+ is the concentration of
Pu (V) adsorbed on the surface sites of the colloids. The apparent surface equilibrium constant is
Ki,app and is defined as:

Ki,app= {_SO-Pu4+}[H+1/ [=SOH1 [Pu5 |] (Eq. 10.6-5)

Because of the charge characteristics of the surface of iron-oxide colloidal particles, the activity
of ions at the surface needs to be corrected to obtain the intrinsic equilibrium constant, which can
be calculated by the following equation:

K1, int = K1, app exp [(z - l)FP/R7J (Eq. 10.6-6)

where T is the potential difference between the binding site and the bulk solution, F is the
Faraday constant, R is the gas constant, T is temperature in absolute degrees, and z is the ionic
charge of the sorbing metal ion. The exponential term accounts for the coulombic contribution
to the intrinsic equilibrium constants.

Theoretically, from the reaction equation, after soluble Pu (V) adsorbs onto iron oxide, Pu (V) is
reduced to Pu (IV) on the surface of colloidal particles. The hydrolysis constants for adsorption
of Pu (V) onto iron-oxides are not well known (Sanchez et al. 1985, p. 2301).

However, sorption of Pu (IV) colloids onto iron-oxide colloids may have different mechanisms,
although the adsorption mechanism of Pu (IV) colloids onto hematite or goethite colloids is not
well understood. During the experiments of Triay et al. (1997), precipitation of Pu (IV) colloids
did not occur. The sorption of Pu (IV) colloids onto iron-oxide colloids may have happened by
an electrostatic force. In the natural or the synthetic groundwater with pH ranges of 8.4 to 8.6,
the surface electrical potential of hematite and goethite colloids ranged from 27.1 to 35.4 mV.
Therefore, the negatively charged surfaces of iron-oxide colloids may electrostatically bind
positively charged Pu (IV) colloids.

Sanchez et al. (1985, p. 2301) studied the sorption of soluble Pu (IV) species onto goethite.
They found that soluble Pu (IV) species were chemically described by three reactions involving
the adsorption of Pu (IV) hydrolysis species:

-SOH + Pu4+ + 2H20 4 =SOPu (OH)2
2+ + 3H+ *Kj, it (Eq. 10.6-7)

_SOH + Pu4+ + 3H20 < _SOTu (OH)3 + + 4H+ *K3, i (Eq. 10.6-8)

-SOH + Pu4+ + 4H20 < _SO-Pu (OH)40 + 5H+ K3, it (Eq. 10.6-9)
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It is not known whether the sorption of Pu (IV) colloids onto hematite or the goethite used by
Triay et al. (1997, pp. 65 to 72) follows the same reactions described by Sanchez et al. (1985).

Because of the presence of carbonate and bicarbonate ions in both natural and synthetic
groundwaters, the formation of plutonium (V)-carbonate complexes may occur, which may
influence the adsorption of Pu (V).

10.6.4 Reversibility of Sorption onto Colloids

The mechanism that dominates the sorption of actinide contaminants onto oxides or hydroxides
in a solid/aqueous interface system is surface complexation (Fuger 1992). This results in the
formation of actinide-hydroxide complexes on the surface of silica, clay, or iron-oxide colloids.
According to Fuger (1992), hydrolysis reactions of tetravalent and pentavalent actinides can be
described as follows:

q M4+ + n H2 0 = Mq (OH)n(4q-n)+ + n Ir Log J3 *fq (Eq. 10.6-10)

q MO2+ + n H2 0 = (MO2)q (OH) (q -n)+ + n H+ Log flnq (Eq. 10.6-11)

The surface complexation of a soluble metal is correlated to the aqueous metal-ion hydrolysis
(Fuger 1992; Sanchez et al. 1985). Therefore, adsorption of actinide onto colloids can be
generally described as follows (Liang and McCarthy 1995):

=-SOH + Mz+ + n H2 0 = =SO-M(OH),(z-n)+ + n H+ K1, app (Eq. 10.6-12)

where =SOH denotes a surface site and =SO-M(OH)n(z - ')+ is the complex on the surface of
colloids. The apparent surface equilibrium constant is K, app and is defined as:

K, app =[[=SO-M(OH)(z- +][H+]n/[SOH][ Mz+] (Eq. 10.6-13)

However, iron-oxide colloids have different types of surface hydroxyl groups than do clay
colloids or silica colloids. The predominant mechanism of surface complexation reactions of
actinide with surface hydroxyl may be different among iron oxide, clay, and silica.

Keeney-Kennicutt and Morse (1985) found that Pu(V)O2 + could be adsorbed from diluted
solution and seawater on goethite, aragonite, calcite, and 6-MnO 2. The sorption behavior of
PuO2 + is influenced by redox reactions occurring on the mineral surface. Adsorption of PuO2 +
on goethite resulted in a reaction in which Pu (IV) and Pu (VI) are formed on the mineral
surface. The Pu (VI) is slowly reduced to Pu (IV), leaving Pu (IV) as the dominant Pu surface
species (Keeney-Kennicutt and Morse 1985). Sanchez et al. (1985) found that adsorption
behavior of Pu onto goethite is related to the different hydrolytic character of these two oxidation
states in the solution. The adsorption of the more strongly hydrolyzable Pu (IV) occurred in the
pH range of 3 to 5, whereas for Pu (V), it occurred in the pH range of 5 to 7.

Information on affinity, kinetics, and reversibility, which is critical to evaluate the colloid-
facilitated transport of radionuclides, is largely unavailable for groundwater particles. There is
no information on the adsorption of true polymerized radiocolloids (e.g., Pu (IV) colloids) onto
colloids of iron-oxide, clays, and silica in groundwater. Laboratory batch-sorption experiments
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were conducted to evaluate: (1) sorption of 239Pu and 243Am onto different colloids
(e.g., hematite, goethite, montmorillonite, and silica), (2) sorption kinetics of 239Pu and 243Am
onto these colloids, (3) the effect of colloidal concentrations on the sorption of soluble Pu (V)
and 243Am, (4) the stability of colloidal Pu (IV) in groundwater, and (5) desorption of 239Pu or
243Am from 239Pu -loaded or 2 43 Am-loaded colloids as a function of time.

10.6.4.1 Water, Colloidal Solution, and Tracer

Water from well J-1 3 and a simulated water were used in these studies. The J-1 3 water had a pH
of 8.2 and an ionic strength of 0.005 M. It contained 1.0 ppm of total organic C, 30.7 ppm of Si,
43.2 ppm of Na, 11.9 ppm of Ca, 1.9 ppm of Mg, and 3.4 ppm of K. It also contained 136 ppm
of HC03-, 9.4 ppm of N0 3 , 6.9 ppm of CF, and 17.8 ppm of S0 4

2-. The simulated water,
referred to as SYN.J.13, was prepared by dissolving sodium carbonate (Na2CO3) and sodium
bicarbonate (NaHCO 3) in nanopure deionized water. The water had a pH of 8.47, an alkalinity
of 25 meq/L, and an ionic strength of 0.005 M.

The man-made colloidal solutions include pairs of solutions in J-13 and in simulated water for
hematite (Fe20 3 -J.13 and Fe2O3-SYN.J.13), goethite (FeO°OH-J.13 and FeO°OH-SYN.J.13),
montmorillonite (M-J.13 and M-SYN.J.13), silica-ST-ZL (silica-ST-ZL-J.13 and silica-
ST-ZL-SYN.J.13), and silica-PST-1 (silica-PST-1-J.13 and silica-PST-1-SYN.J.13). The
average particle size of colloids in the solutions was 416 nm for hematite, 334 nm for
montmorillonite, and 139nnm for ST-ZL and PST-1. Approximately 97percent of goethite
colloidal particles were in the size range of 100 to 200 nm. The zeta potential of colloidal
particles ranges from -14 to -35.3 mV for hematite, from -11.6 to -29.0 mV for
montmorillonite, from -21.5 to -35.7 mV for silica ST-ZL, and from -31.0 to -32.5 mV for
silica PST-1. The surface electrical potential for goethite ranges from -27.1 to -32.6 mV. The
cation exchange capacity of montmorillonite was 152.4 mol/kg, which was determined using a
method described by Sumner and Miller (1996).

Two Pu (V) work solutions (plutonium (V)-J. 13 and plutonium (V)-SYN.J. 13) each contained
2.74 x 1 0- M of Pu. The pH values of the two work solutions were 8.0 and 8.22, respectively.
Two Pu (IV) colloidal work solutions (colloidal plutonium (IV)-J.13 and colloidal
plutonium (IV)-SYN.J.13) contained 2.40 x 10-7 M and 2.35 x 10-7 M of Pu (IV), respectively.
The particle size of Pu (IV) colloids was < 10 nm. The pH values of the two work solutions
were 8.18 and 8.33, respectively.

Two 243Am work solutions (Amn-J. 13 and Am-SYN.J. 13) each contained 1.26 x 1 o-8 M of Am.
The pH values of the two work solutions were 8.18 and 8.53, respectively.

10.6.4.2 Sorption Procedure

Three sorption experiments, referred to as sorption #1, sorption #2, and sorption #3, were
performed in duplicate at room temperature. Sorption #1 examined the sorption kinetics of
soluble Pu (V) and colloidal Pu (IV) onto colloids of hematite, goethite, montmorillonite, silica
ST-ZL, and silica PST-1. Sorption #2 was performed to evaluate the sorption kinetics of 243 Am
onto colloids of hematite, montmorillonite, silica ST-ZL, and silica PST-1. Sorption #3 was
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conducted to examine the effect of colloidal concentration on the sorption of Pu (V) and 243Am
onto colloids of hematite, montmorillonite, silica ST-ZL, and silica PST-1.

The sorption distribution coefficient (Kd value) of Pu or Am on iron oxide, montmnorillonite, or
silica colloids is calculated using the following equation:

Kd (mL/g) = [(Ao Vo - AfVf)IM / Af (Eq. 10.6-14)

where

Ao = the initial a activity of Pu (V) or Pu (IV) per milliliter solution
V0 = the initial volume (milliliter) of Pu work-solution in contact with colloidal particles
Af = the final a activity of Pu (V) or Pu (IV) per milliliter solution after sorption
Vf = the final volume (milliliter) of the solution after sorption
M = the mass in grams of colloids used in the sorption process

10.6.4.3 Desorption Procedure

Plutonium-239-loaded colloidal particles were collected from a 96-hour sorption process. After
the wet weights of the colloids were obtained, the colloids were extracted successively with
plutonium-free J-13 or simulated water. Desorption was allowed to proceed from 2 to 150 days.

10.6.4.4 Results

10.6.4.4.1 Sorption Kinetics of Plutonium-239 onto Colloids

Sorption of Plutonium-239 onto Hematite Colloids-Sorption of colloidal Pu (IV) onto
hematite was rapid in both natural and simulated groundwaters. Hematite colloids sorbed
approximately 94 percent of colloidal Pu (IV) in natural groundwater during the first 10 min.
(Figure 10.6-3). The initial sorption rate was 12.7 pCi/mg/min. In simulated water, the sorption
of colloidal Pu (IV) was higher than in natural groundwater. During the first 10 min.,
approximately 95 percent of Pu (IV) was adsorbed. The initial rate was 16.4 pCi/mg/min.
Thereafter, the amount of sorbed Pu (IV) increased gradually with time. By the end of the
sorption process, the value of the sorption distribution coefficient, Kd, reached 2 x 106 mL/g in
natural groundwater and 7 x 105 mL/g in simulated groundwater. Sorption of soluble Pu (V) by
hematite colloids involved two phases in both waters: a fast phase, which occurred in the first
10 min., followed by a slow phase that lasted 95.83 hr. In the fast phase, about 46 percent of Pu
(V) was adsorbed in natural groundwater during the first 10 min. (Figure 10.6-3). The initial
sorption rate was 7.3 pCi/mg/min. In the simulated water, approximately 75 percent of Pu (V)
was adsorbed during the first 10 min. The initial rate was 12.5 pCi/mg/min. In the slow phase,
an additional 41 percent of soluble Pu (V) in natural groundwater and 23 percent additional Pu
(V) were adsorbed during the remaining 95.83 hr. At the end of the sorption process, the Kd
value of Pu (V) on hematite colloids was 1 05 mL/g in both natural and simulated groundwaters.

Sorption of Plutonium-239 onto Goethite Colloids-Goethite colloids sorbed approximately
75 percent of Pu (IV) in natural groundwater during the first 10 min. (Figure 10.6-4). The initial
sorption rate was 8.7 pCi/mg/min. After 10 minutes, the amounts of sorbed colloidal Pu (IV)
reached a maximum (approximately 92 percent) at 1 hr., then it decreased gradually during the
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remaining 95 hr. This result indicates that partial desorption of Pu (IV) from goethite colloids
occurs after 1 hr. By the end of the sorption process, the Kd value was 7 x 104 mL/g. In the
simulated water, approximately 76 percent of Pu (IV) was sorbed during the first O min.
(Figure 10.6-4). The initial sorption rate was 12.0 pCi/mg/min. Thereafter, the amount of
sorbed Pu (IV) increased, reaching a maximum (approximately 96 percent) at 6 hr., and then
remained at this level during the remaining 90 hr. At the end of the sorption process, the Kd
value was 2 x 105 mL/g, which was the same Kd value as on hematite colloids.

Goethite colloids sorbed 56 percent soluble Pu (V) in natural groundwater during the first
10 min. (Figure 10.6-4). The initial sorption rate was 7.7 pCilmg/min. In the simulated water,
approximately 89 percent of Pu (V) was sorbed during the first 10 minutes. The initial sorption
rate was 13.4 pCi/mg/min. After 10 min., the amount of sorbed Pu (V) increased with time, and
an additional 39 percent of Pu (V) in natural groundwater and 10 percent additional Pu (V) in the
simulated water were adsorbed during the remaining 95.83 hr. By the end of the sorption
process, the Kd value was 6 x 104 mL/g in natural groundwater and 2 x 105 mL/g in the
simulated water.

Sorption of Plutonium-239 Onto Montmorillonite Colloids-Montmorillonite colloids sorbed
69 percent of Pu (IV) in natural groundwater during the first 10 min. (Figure 10.6-5). The initial
rate was 8.5 pCilmglmin. After 10 min., the amount of sorbed Pu (IV) increased and reached a
maximum (approximately 86 percent) at 4 hr., and then it decreased slowly throughout the
remaining 236 hr. This result indicates that release of Pu (IV) occurs after 4 hr. in natural
groundwater. At the end of the sorption process, the Kd value of Pu (IV) was 3 x 103 mL/g,
which was an order of 102 lower than the Kd value on hematite colloid. In simulated water,
montmorillonite colloids sorbed 98 percent of Pu (IV) during the first 10 minutes
(Figure 10.6-5). The initial rate was 18.1 pCi/mg/min. At the end of the sorption process, the Kd

value was 2 x i0 5 mL/g, which was almost 102 times higher than the Kd value in natural
groundwater, and was the same value on hematite colloids.

Montmorillonite colloids sorbed 54 percent of Pu (V) in both natural and simulated groundwater
during the first O min. (Figure 10.6-5). The initial rate was 8.3 pCi/mg/min. in natural
groundwater and 10.1 pCi/mg/min. in the simulated water. After 10 min., the amount of sorbed
Pu (V) increased with time in both waters. At the end of the sorption process, approximately
90 percent of Pu (V) in natural groundwater and 97 percent in the simulated water was adsorbed.
The Kd value of Pu (V) was 10 4 mL/g in both waters.

Sorption of Plutonium-239 onto Silica Colloids-Generally, silica colloids sorbed less 239Pu in
both natural and simulated waters than iron oxide and montmorillonite colloids did. Silica-
PST-1 and Silica-ST-ZL have similar sorption behavior. Silica-PST-l colloids sorbed 69 percent
of Pu (IV) in natural groundwater and 76 percent in the simulated water during the first 1 hr.
(Figure 10.6-6). The initial rate was 10.4 pCi/mg/min. in natural groundwater and
13.0 pCi/mg/min. in the simulated water. By the end of the sorption process, approximately
78 percent of Pu (IV) in natural groundwater and approximately 95 percent in simulated
groundwater were adsorbed. The Kd value was 5 x 103 mL/g in natural groundwater and
3 x 104 mL/g in the simulated water.
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10.6.4.4.2 Sorption Kinetics of Americium-243 onto Colloids

Generally, adsorption of 243 Am by colloids was in the order of hematite > montmorillonite >
silica in both natural and simulated groundwater. The amount of Am sorbed by these three types
of colloids was not significantly different between natural and simulated groundwater.

Sorption of Americium-243 onto Hematite Colloids-Hematite colloids sorbed almost
100 percent of Am in both natural and simulated groundwater during the first 1 hr.
(Figure 10.6-7). The initial rate was 6.1 pCi/mg/min. in natural groundwater and
3.9 pCi/mg/min. in the simulated water. After 1 hr., the amount of sorbed Am decreased
gradually during the remaining 239 hr. in natural groundwater. However, in the simulated water,
sorption of Am showed a fluctuation with time. The amount of sorbed 234Am decreased slightly
during the period from 1 to 48 hr., then it increased up to the original sorption level
(approximately 100 percent) at 96 hr. Thereafter, the amount of sorbed Am decreased during the
remaining 144 hr. This result indicates that partial desorption of Am from hematite colloids
occurs after 1 hr. in both waters. At the end of the sorption process, approximately 90 percent of
Am in the natural groundwater and approximately 93 percent in the simulated water were
adsorbed. The Kd value was 105 mL/g in both natural and simulated groundwaters.

Sorption of Americium-243 onto Montmorillonite Colloids-Montmorillonite colloids sorbed
approximately 61 percent of Am in natural groundwater and 79 percent in the simulated
groundwater during the first hour (Figure 10.6-7). The initial rate was 3.8 pCi/mg/min. in
natural groundwater and 3.2 pCi/mg/min. in the simulated water. After 1 hr., the amount of
sorbed Am increased and reached a maximum at 96 hr. in natural and simulated groundwater.
After 96 hr., the amount of sorbed Am decreased during the remaining 144 hr. This result
indicates that partial desorption of Am from montmorillonite occurs after 96 hr. of the sorption.
At the end of the sorption process, approximately 63 percent of Am in natural groundwater and
73 percent in the simulated water were adsorbed. The Kd value was 104 mL/g in both natural and
simulated groundwater, which was 10 times lower than the Kd value on hematite.

Sorption of Americium-243 onto Silica Colloids-Generally, silica colloids sorbed less 243Am
in both natural and simulated waters than iron-oxide and montmorillonite colloids did. Silica-
PST-1 colloids sorbed 28 percent of Am in both natural and simulated groundwater during the
first hour (Figure 10.6-7). The initial rate was 1.7 pCi/mg/min. in natural groundwater and
1.1 pCi/mg/min. in the simulated water. After 1 hr., the amount of sorbed Am increased and
reached a maximum at 48 hr., and then it decreased gradually during the remaining 192 hr. in the
simulated water. However, in the simulated water, sorption of Am shows a fluctuation with
time. The amount of sorbed 234Am decreased to 35 percent at 96 hr., and then it increased up to
60 percent at the end of sorption process. The Kd values were 104 mL/g in natural groundwater
and 5 x 103 mL/g in the simulated water.

10.6.4.4.3 The Effect of Colloidal Concentration on the Sorption of Plutonium (V)

To examine the effect of colloidal concentration on the sorption of Pu (V) onto colloids of
hematite, montmorillonite, and two types of silica, an additional experiment was conducted using
the following colloidal concentrations: 0.01, 0.05, 0.1, 0.15, 0.2, and 1.0 g/L. The results show
that, per unit of colloid, sorption of Pu (V) was much higher at low colloid concentrations than at
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high colloid concentrations (Figure 10.6-8). Silica colloids also show a similar pattern, as
montmorillonite colloids did. Therefore, the results from silica colloids are not presented here.

With extremely high colloidal concentration (1,000 mg/L), montmorillonite sorbed
approximately 100 pCilmg of Pu (V) in both natural and simulated groundwaters after 240 hr.
sorption. The Kd values were 4 x 1 mL/g in natural groundwater and 7 x 102 mL/g in the
simulated groundwater. Hematite colloids sorbed 106 pCi/mg of Pu (V) in natural groundwater
and approximately 500 pCi/mg in simulated groundwater. The Kd values were 8 x 103 mL/g in
natural groundwater and 6 x 105 mL/g in simulated water.

At relatively low colloidal concentrations (1O mg/L), montmorillonite sorbed approximately
2,300 pCi/mg of Pu (V) in natural and approximately 2,900 pCi/mg in simulated groundwater
after 240 hr. sorption. The Kd values were 3 x 103 mL/g in natural groundwater and
5 x 102 mL/g in the simulated water. Hematite colloids sorbed approximately 2,900 pCi/mg of
Pu (V) in natural groundwater and approximately 3,200 pCi/mg in simulated groundwater. The
Kd values were 4 x 104 mL/g in natural groundwater and 2 x 105mL/g in the simulated
groundwater. Moreover, hematite colloids sorbed more Pu (V) in the simulated water than in
natural groundwater, whereas montmorillonite colloids sorbed more Pu (V) in natural
groundwater than in simulated water.

10.6.4.4.4 Desorption of Plutonium-239 From Colloids

Little Pu was desorbed from hematite colloids after 150 days, even under vigorous shaking
conditions (Figure 10.6-9). As much as 0.5 percent of colloidal Pu (IV) and 0.8 percent of
soluble Pu (V) were desorbed from goethite colloids. Desorption of 239Pu from montmorillonite
or silica colloids was faster and higher than from hematite and goethite colloids. As much as
8 percent of colloidal Pu (IV) and 0.7 percent of soluble Pu (V) were desorbed from
montmorillonite colloids after 150 days. However, as much as 20 percent of colloidal Pu (IV)
and 6 percent of soluble Pu (V) were desorbed from silica colloids (Figure 10.6-9). The results
suggest that desorption of 239Pu from colloids of hematite, goethite, or montmorillonite in
groundwater is much slower than the sorption process.

Therefore, colloids of iron oxide and clay in groundwater may enhance the transport of 239Pu
along the potential flow paths.

10.6.4.5 Summary of Most Recent Results

Sorption of radionuclides onto colloids of iron oxide, clays, and silica in groundwater may play
an important role in their transport. Laboratory batch-sorption experiments were conducted to
evaluate (1) sorption of 239Pu and 243Am onto different colloids (e.g., hematite, goethite,
montmorillonite, and silica), (2) sorption kinetics of 239Pu and 24 3 Am onto these colloids,
(3) effect of colloidal concentrations on the sorption of soluble Pu (V) and 243Am, (4) stability of
colloidal Pu (IV) in groundwater, and (5) desorption of 239Pu or 243Am from 239Pu-loaded or
24 3Am-loaded colloids as a function of time. Natural groundwater and carbonate-rich simulated
groundwater were used.

The results show that colloidal Pu (IV) and soluble Pu (V) were rapidly sorbed by colloids of
hematite, goethite, montmorillonite, and silica in both natural and synthetic groundwater. The
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initial sorption rates of Pu onto these colloids are summarized in Table 10.6-5. Sorption of
Pu (V) per unit colloid was higher at low colloidal concentrations than at high colloidal
concentrations. At high colloidal concentrations, the Kd values of Pu (V) range from 103 to
105 mL/g for hematite colloid and from 102 to 103 mL/g for montmorillonite colloid. At low
colloidal concentrations, the Kd values of Pu (V) range from 104 to 105 mL/g for hematite and
from 102 to 103 mL/g for montmorillonite.

Desorption of 239Pu from colloids of hematite, goethite, and montmorillonite was much slower
than the sorption process. Desorption of 239Pu from silica colloids was faster than from the other
three types of colloids. Table 10.6-6 summarizes the initial desorption rates from Pu-loaded
colloids.

Adsorption of 243Am by hematite colloids was faster and greater than by montmorillonite and
silica colloids. Maximum sorption of 243Am occurred at 1 hr. for hematite, 48 hours for silica,
and 96 hr. or more for montmorillonite. After these time periods, partial desorption of 243Am
from colloids occurred. With the maximum sorption, the sorption distribution coefficient, Kd, for
243Am was of the order of 104 mL/g for silica, and 105 mL/g for hematite and montmorillonite.
The study with 24 3Am is incomplete. Two experiments, which include different colloid
concentrations and desorption of 24 Am from Am-loaded colloids, are in progress.

10.6.5 Mineralogy of Colloids

Colloid researchers define upper size limits of 1 to 10 pim for colloidal particles. For these
studies, colloids are adequately defined as fine particulates that were transported and deposited in
aqueous suspension. The selection of a particular size limit is not so important for alteration
history studies because the relict colloidal materials preserved in Yucca Mountain rocks have
been texturally modified by recrystallization. Most of the colloidal deposits identified in
alteration history studies existed locally at some time as gels, semisolid colloid-water systems,
with the macroscopic appearance and behavior of a jelly or paste. Liquid-rich gels have been
observed in underground workings at Rainier Mesa, north of Yucca Mountain, and dried or
crystallized gels have been identified in drill cores and in the ESF at Yucca Mountain itself.

X-ray diffraction analysis of dried gel from Rainier Mesa reveals a very pure, well-crystallized
smectite. The mineral component of most gels in the Rainier Mesa tunnels, including drip
pendants, is probably smectite. In addition to the smectite, there are fragments and clast coatings
of silica-rich dried gels. Mineral phases identified by morphology and energy-dispersive x-ray
spectra include silica, barite, copper-iron sulfides or sulfates, and possible zeolites, as well as the
smectite (Levy 1992, pp. 83 to 84). The smectite has a moderately Fe-rich composition, with K
as the main exchangeable cation (Levy 1992, Table l).

Liquid-rich free gels (as distinguished from gel layers on hydrated glass surfaces) have not yet
been found at Yucca Mountain, in either drill cores or the ESF. Prominent dried smectite gels
are present in the Tiva Canyon Tuff exposed by the ESF North Ramp box cut and starter tunnel.
Laminated deposits of smectite, up to several centimeters thick, coat fractures and fill the
bottoms of lithophysal cavities. The abundance of this material gradually diminishes inward
from the portal. Although this diminution corresponds to increasing depth below the surface in
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the ESF, the smectite probably is not derived from present-day surficial deposits, because clay
coatings are absent from the Tiva Canyon Tuff exposed at the ESF South Portal.

A clay-rich fracture filling from the Tptrn in the ESF offers a dramatic example of particulate
transport. The wall rock is densely welded, devitrified tuff, but the fracture filling consists of
devitrified rock fragments in a fine-grained matrix of Topopah Spring glass pyroclasts. Several
sequences of graded bedding are preserved within the fillings. The glassy constituents had to
come from tens of meters higher in the stratigraphic section.

Of the former gels and colloidal accumulations observed in altered rocks at Yucca Mountain,
those in altered basal Topopah Spring Tuff vitrophyre are especially relevant, because the
alteration conditions may represent a natural analog to a radioactive waste repository
environment. The chief hydrous products of glass alteration are smectite and heulandite-
clinoptilolite. Smectite commonly crystallized as spherical aggregates, 2 to 50 ptm across,
adhering to each other, with a small amount of intergrown, extremely fine-grained zeolite.
Perhaps because of this growth habit, there is little evidence of free smectite gels in this altered
zone. Relict colloidal accumulations of silica also fill dissolution cavities in altered vitrophyre
and primary and secondary pores in moderately welded tuffs below the vitrophyre. Some of
these are uraniferous opal deposits, with relevance to radionuclide transport. Experimental
coprecipitation of dissolved U and silica gel showed that [Uldried silica gel/[U]solution = 400 to 1,000
at pH = 7.0 to 8.5, ZCO2 = 0.001 to 0.01 M, and T= 250 to 80 0C, indicating that silica has a very
strong affinity for U.

The most common examples of former gels at Yucca Mountain are microscopic geopetal
deposits in pores of the zeolitized nonwelded tuffs. Layers within silica deposits are
distinguished by color, by variations in incipient birefringence related to differences in
crystallinity, or by differences in granularity. Zeolite and silica occur commonly in separate
layers, with the zeolite lowermost. Another variety of relict gel fills only primary pores and is a
major cementing constituent in certain well-sorted bedded tuffs that originally contained little or
no fine-grained ash; heulandite-clinoptilolite and opal, in variable proportions, are the main
constituents. The infilling of virtually all primary porosity, but only primary porosity, by gel in
this kind of tuff indicates that the gel constituents were externally derived and transported into
the bedded tuff by moving water before the tuff itself began to be altered.
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10.7 FIELD TRANSPORT STUDIES

10.7.1 Data Sources

Data for field transport studies generally come from two sources: measured data from samples
taken from the field (the Busted Butte unsaturated zone transport test or the C-holes complex) or
data derived from model simulations. Measured data include mineralogy, hydrologic
parameters, sorption, solubility, tracer concentrations, and breakthroughs from collection pad
analyses. Simulation input data include as-needed measured data and some data from other
Yucca Mountain Site Characterization Project (YMP) sources, as noted in the text. Simulation
output data include fluid distributions, tracer distribution in the rock, and tracer breakthrough
times.

Input data for the Busted Butte unsaturated zone transport test are described in (CRWMS
M&O 2000, Table Id and If); input data for C-holes field and laboratory transport testing are
described in (CRWMS M&O 2000, Table le).

10.7.2 Busted Butte Unsaturated Zone Transport Test

10.7.2.1 Overview

10.7.2.1.1 Unsaturated Zone Transport Test Location

The Busted Butte test facility is located in Area 25 of the Nevada Test Site, approximately
160 km northwest of Las Vegas, Nevada, and 8 km southeast of the potential Yucca Mountain
repository area. The site was chosen based on the presence of a readily accessible exposure of
the Topopah Spring Tuff and the Calico Hills Formation and the similarity of these units to those
beneath the potential repository horizon.

10.7.2.1.2 Unsaturated Zone Transport Test Concept

The unsaturated zone transport test at Busted Butte is designed to validate and continuously
improve the YMP's flow and transport site-scale model for the unsaturated zone. In terms of
transport, the principal barrier to radionuclide migration in the unsaturated zone at Yucca
Mountain is the Calico Hills Formation. For this purpose, the test block was located at Busted
Butte where the exposure of Calico Hills rocks represents a distal extension of the formation
located immediately beneath the potential repository horizon. This location means that the site is
not an analog site but, to the best of the YMP's knowledge, it represents both the Calico Hills
Formation and the Topopah Spring Tuff. units as they exist beneath the potential repository
horizon west of the Ghost Dance fault.

The unsaturated zone transport test was designed for two test phases. The first phase, including
test Phases IA and 1B, was designed as a scoping study to assist in design and analysis of
Phase 2. The second phase is the mesoscale study, which incorporates a larger region than
Phase 1, with a broader, more complex scope of tracer injection, monitoring, and collection.

In addition to field testing, parallel laboratory analytical and testing programs in geochemistry,
tracer evaluation, hydrology, and mineralogy are designed to help interpret the field results. The
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geochemistry program includes measurement of in situ pore-water chemistry and development of
a synthetic injection matrix. The tracer evaluation program includes batch-sorption studies on
Busted Butte samples using Phase 1 and Phase 2 conservative and reactive analog and
radioactive tracers, as well as modeling of the geochemical behavior of those tracers in the
ambient water chemistry. The hydrology program involves the measurement of the matric
potentials and conductivities as a function of saturation for core samples from Busted Butte. The
porosity of each sample is also characterized. The mineralogy/petrology program involves the
mineralogic characterization of the Busted Butte samples from quality cores (obtained in
conformance with quality assurance procedures) from Phases 1 and 2. When possible, splits
from the quality-core samples are used in all three characterization programs.

Because the principal objective of the test is to evaluate the validity of the flow and transport
site-scale process models used in total system performance assessment (TSPA) abstractions, a
flow and transport modeling program was implemented. This effort allows the site-scale flow
and transport model to be updated by simulating and predicting experimental field results and by
addressing the effects of scaling from laboratory to field scales. Initial predictions of the field
tests are included here.

10.7.2.1.3 Test Objectives

The principal objectives of the test are to address uncertainties associated with flow and transport
in the unsaturated zone site-process models for Yucca Mountain as identified by the TSPA
working group in February 1997. These include, but are not restricted to, the following:

* The effect of heterogeneities on flow and transport in unsaturated and partially saturated
conditions in the Calico Hills. In particular, the test aims to address issues relevant to
fracture/matrix interactions and permeability contrast boundaries.

* The migration behavior of colloids in fractured and unfractured Calico Hills rocks.

• The validation through field testing of laboratory sorption experiments in unsaturated
Calico Hills rocks.

. The evaluation of the three-dimensional, site-scale, flow and transport process model
(i.e., equivalent-continuum/dual-permeability/discrete-fracture-fault representations of
flow and transport) used in the TSPA abstractions for the License Application.

• The effect of scaling from laboratory scale to field scale and site scale.

10.7.2.2 Test Design

10.7.2.2.1 Site Description

The foremost objective of the underground testing is to ensure minimal disturbance of the in situ
test block in the initial stages of unsaturated tracer transport testing. Design, construction, and
scientific teams were all involved in ensuring that the test block itself remained undisturbed by
construction activities.
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The Busted Butte site was mapped and sampled for the purposes of test design and construction
during the fall of 1997. The site characterization of the potential test block involved the mapping
of the main drift wall, core sampling for mineralogy/petrology, and hydrologic characterization
of the reconnaissance geochemical laboratory tests. Additional characterization of the site
included the recovery of samples from outcrops, which were used for the initial laboratory
characterization studies of hydrologic properties and mineralogy. The geological context and
lithological descriptions of core samples from the test site were used to provide further
information on the geometry of the beds at the site in order to guide the construction of the
tunnel.

Quality samples were collected from the dry drilling of the boreholes from the main drift and the
Test Adit to provide core samples for geologic, hydrologic, and geochemical laboratory
investigations and scoping calculations. The boreholes were then surveyed and instrumented for
the injection tests. Laboratory measurements of hydrologic, mineralogic, and tracer sorption and
matrix diffusion properties of the core samples collected once the tunnel was excavated are now
providing needed information for predictive modeling studies.

10.7.2.2.2 Experimental Design for Test Phases

The Busted Butte test is meant to provide tangible results for the total system performance
assessment License Application (TSPA-LA). Details of the test plan can be found in Bussod
et al. (1997).

10.7.2.2.2.1 Test Phase 1

Phase I represents a simple test program that serves both as a precursor or scoping phase to
Phase 2 and as a short-term (approximately 9 months) experiment aimed at providing initial
transport data for early fiscal year 1999 model updates. Phase 1 involves six single-point
injection boreholes and two inverted-membrane collection boreholes (Figure 10.7-1). All Phase
1 boreholes. are 2 m in length and 10 cm in diameter. A mixture of conservative tracers
(bromide, fluorescein, pyridone, and fluorinated benzoic acids), a reactive tracer (Li), and
fluorescent polystyrene microspheres are being used to track flow, reactive transport, and colloid
migration, respectively.

Phase 1A, located in the hydrologic Calico Hills nonwelded unit (CHn), is a noninstrumented or
"blind" test consisting of four single-point injection boreholes (Figure 10.7-1). Continuous
injection started on April 2, 1998. Injection rates varied from 1 mL/hr. (boreholes 2 and 4) to
10 mL/hr. (boreholes 1 and 3). The field test was completed through excavation by "mini-
mineback" and auger sampling in early fiscal year 1999. Test predictions are included in
Section 10.7.2.6.1. Initial model predictions associated with Phase IA were done "blind" and
are meant to test the YMP's ability to predict the flow and transport results given present YMP
databases and modeling capabilities.

Phase 1B involved both injection and collection membranes and injection started on May 12,
1998, in the lower section of the Topopah Spring Tuff basal vitrophyre (Tptpv2) (Figure 10.7-1).
Phase lB involved two injection rates, 1 mL/hr. in borehole 7 and 10 mL/hr. in borehole 5.
Because of the paucity of data on fracture matrix interactions in these lithologies, this test serves

TDR-CRW-GS-000001 REV 01 ICN 01 10.7-3 September 2000



as a "calibration" test for fracture/matrix interactions to be used in Phase 2 conceptual models.
Results of Phase lB are presented and discussed in Section 10.7.2.5.

10.7.2.2.2.2 Test Phase 2

Phase 2 testing involves a large 7-m-high, 10-m-wide, and 10-m-deep block comprising all the
lithologies of Phase 1 (Figure 10.7-1). Unlike the single-point injection geometries in Phase 1,
the injection systems in Phase 2 are designed to activate large surfaces of the block. Due to the
short time frame available for testing, both high-injection and low-injection planes are used for
testing in Phase 2. The injection points for this phase are distributed in two horizontal, parallel
planes arranged to test the properties of the lower Topopah Spring Tuff basal vitrophyre and the
hydrologic Calico Hills (Figure 10.7-2). Phase 2 mixed-tracer solutions include those used in
Phase 1, three additional fluorinated benzoic acids, a mixture of new reactive tracers (Ni2 +, Co2+,
Mn2+, Sm3+, Ce3+, and Rhodamine WT), and, starting in August 1999, an additional conservative
tracer (F).

Phase 2 is divided into three subphases (2A, 2B, and 2C) according to location and the injection
rates used. Phase 2A consists of a single borehole instrumented with 10 injection points and
10 moisture sensors, one at each injection point. The injection rate is 1 mL/hr. per injection
point, which corresponds to an overall infiltration rate of 30 mm/yr. This borehole is restricted
to the Tptpv2 lithology, which consists of fractured, moderately welded tuff from the basal
vitrophyre. Phase 2A injection began on July 23, 1998, and is ongoing.

Phase 2B consists of four injection boreholes, each instrumented with 10 injection points and
10 moisture sensors, one at each injection point. The injection rate is 10 mL/hr. per injection
point, which corresponds to an overall infiltration rate of 380 mm/yr. This injection plane is
restricted to the Calico Hills Formation (Tac) and is meant to activate the lower section of the
test block simultaneously with the upper section (Phases 2A and 2C). Phase 2B injection began
on July 30, 1998, and is ongoing.

Phase 2C consists of three injection boreholes, each instrumented with 9 injection points and
12 moisture sensors, one at each injection point and two additional sensors located toward the
borehole collar to detect tracer movement toward the front of the borehole. The injection rate is
50 mL/hr. per injection point, which corresponds to an overall infiltration rate of 1,550 mm/yr.
As in Phase 2A, this injection system is restricted to a horizontal plane in the Tptpv2 lithology.
Phase 2C injection was initiated on August 5, 1998, and is ongoing.

Natural infiltration rates at Yucca Mountain vary between 0.01 and 250 mm/yr. with an average
of 5 mm/yr. (Flint et al. 1996). Phase 2A falls within the range of natural present-day infiltration
rates at Yucca Mountain, whereas Phase 2B lies at the high end of predicted values for a pluvial
climate scenario. Phase 2C infiltration rates are artificially higher than expected natural
infiltration rates for the region but provide for the best testing conditions given the short duration
of the experiment. Model simulations indicate that even at these high injection rates, the system
is expected to remain unsaturated. The validity of this assumption and the relevance of the
highest injection-rate experiments (i.e., Phase 2C) will be evaluated using the results from the
other two injection-rate experiments (i.e., Phases 2A and 2B).
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The high injection plane consists of fractured Topopah Spring Tuff (Tptpv2). As in Phase IB,
this unit represents the base of the Topopah Spring welded (TSw) basal vitrophyre and is
characterized by subvertical fractured surfaces representing columnar joints. Thirty-seven
injection points distributed along four injection holes, each approximately 8 m deep, are used for
tracer injection along a horizontal surface. The natural fracture pattern present in this unit serves
as the conduit for tracer migration into the CHn. The lower horizontal injection plane is located
in the Calico Hills Formation (Tac) and involves 40 injection points distributed in four horizontal
and parallel boreholes. This test (Phase 2B) is meant to activate the lower part of the block in the
event that the top injection system does not activate the entire block in the short duration
(•2 years) of the testing program.

Whereas all injection boreholes are located in the Test Alcove, the 12 collection boreholes
associated with Phase 2 are located in the Main Adit. These boreholes are 8.5 to 10.0 m in
length, and each contains 15 to 20 collection pads evenly distributed on inverted membranes.
Because of the complexity of the flow fields expected in this block, several techniques
(i.e., electrical resistance tomography, ground-penetrating radar, and neutron logging) are used to
image the two-dimensional and three-dimensional saturation state of the block in monthly to
bimonthly intervals.

10.7.2.2.3 Borehole Injection and Sampling Systems

Injection and sampling of the liquid tracers was accomplished by two pneumatically inflated
borehole sealing and measurement systems (Figure 10.7-3). To allow visual inspection of the
injection points under both standard and ultraviolet illumination, a transparent packer system was
developed for the injection holes. Moisture sensing and sampling were accomplished using
pneumatically emplaced inverting membranes.

A special transparent packer was developed for use in the tracer-injection systems
(Figure 10.7-4). The design incorporates moisture sensors mounted to the outside of the packers
to monitor both ambient soil moisture and injection moisture. The transparent nature of the
packer allows viewing of the interior of the test borehole at any desired depth under both visible
and ultraviolet illumination.

Moisture Sensors-Simple resistive moisture sensors were installed to diagnose the relative
moisture state of the injection pads and the arrival of liquid tracer at the sampling-pad
membranes. These sensors operate by measuring resistance across the exposed leads of two
wires. Moisture absorbed by the fabric reduces the resistance between the two wires: the wetter
the fabric, the lower the resistance. Although the sensor output is not quantitative, the values
successfully indicated the general state of the sensing location. These moisture indications were
meant to guide the inverting-membrane sampling operations (indicating tracer arrival) and
diagnose the injection-pad moisture state, indicating loss of injection or over-injection.

10.7.2.2.4 Conservative and Reactive Tracers and Microspheres

Although the behavior of radionuclides of concern was extensively studied in the laboratory,
regulatory and environmental concerns prevent the use of these materials in the field. For the
Busted Butte field tests, analog conservative and reactive tracers are used as surrogates for
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radionuclides. To validate the use of these tracers and the site-scale use of the minimurn-Kd
approach for sorption and the processes of matrix diffusion and colloid migration, laboratory
batch studies of radionuclide sorption onto Busted Butte core samples were completed; results
are presented and discussed in Section 10.7.2.5. Batch studies of tracer sorption onto the same
rocks are under way, as described in that section. The tracers were chosen so that conservative,
reactive, and colloid-like behaviors could be monitored in a single, continuous, injection
scenario. The tracers were mixed together to normalize the hydrologic conditions of the
injection. The tracer matrix was synthetic pore water, based on the measured composition of
Busted Butte pore waters collected from the test area on January 30, 1998.

10.7.2.2.4.1 Phase 1 Tracers

Phase 1 tracers were chosen based on the list of tracers permitted for use in the C-wells tests.
Analog conservative and reactive tracers and colloids are mixed together to normalize the
hydrologic conditions they experience and provide for higher accuracy of the results. The tracers
used in the Busted Butte experiments of Phase I include the following:

. Lithium bromide
• Fluorescent polystyrene latex microspheres
* Sodium fluorescein

"Pyridone" (3-carbomoyl-2 (lH)-pyridone)
2,6-difluorobenzoic acid

* Pentafluorobenzoic acid.

The reactive tracer used is Li (Kd value of 1.0 mL/g), and the colloid analogs are fluorescent
polystyrene latex microspheres of two sizes: 0.3 and 1 sim diameters. The 2,6-difluorobenzoic
acid and pentafluorobenzoic acid tracers are conservative ones used to tag the various injection
boreholes according to injection rates (i.e., I- and 10-mL/hr. rates). Sodium fluorescein and
pyridone are ultraviolet fluorescent and are used as conservative tracer markers that can be
detected in the field at a concentration level of approximately 10 ppm using ultraviolet
illumination.

. Phase lA-10 mL/hr. Injection Rate; boreholes 1 and 3:

- 500 mg/L lithium bromide
- 500 mg/L sodium fluorescein
- 100 mg/L 2,6-difluorobenzoic acid
- I mL/L fluorescent polystyrene microspheres.

* Phase lA-I mL/hr. Injection Rate; boreholes 2 and 4:

- 500 mg/L lithium bromide
- 500 mg/L sodium fluorescein
- 100 mg/L pentafluorobenzoic acid
- 1 mL/L fluorescent polystyrene microspheres.
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* Phase IB-10 mL/hr. Injection Rate; borehole 5:

- 500 mg/L lithium bromide
- 500 mg/L sodium fluorescein
- 100 mg/L 2,6-difluorobenzoic acid
- 100 mg/L pyridone
- I mL/L fluorescent polystyrene microspheres.

. Phase lB-1 mL/hr. Injection Rate; borehole 7:

- 500 mg/L lithium bromide
- 500 mg/L sodium fluorescein
- 100 mg/L pentafluorobenzoic acid
- 100 mg/L pyridone
- 1 mL/L fluorescent polystyrene microspheres.

10.7.2.2.4.2 Phase 2 Tracers

Phase 2 tracers include those used in Phase 1, three additional fluorinated benzoic acids
(2,4-difluorobenzoic acid, 2,4,5-tri-fluorinated benzoic acid, 2,3,4,5-tetra-fluorinated benzoic
acid), iodide, a fluorescent reactive tracer (Rhodamine WT), and additional reactive ions that
serve as analogs for Np, Pu, and Am:

. Neptunium analogs (NpO2 +, Np (V)):

- Nickel (Ni2 +)

- Cobalt (Co2 +)
- Manganese (Mn2 4)

. Plutonium analog (Pu3+):

- Samarium (Sm3+)

. Plutonium analogs (colloidal form):

- Polystyrene microspheres

. Americium analog (Am3+):

- Cerium (Ce3+).
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Phase 2 tracer recipes are as follows:

• Phase 2A-1 rnL/hr. Injection Rate; borehole 23:

- 1,000 mg/L lithium bromide
- 10 mg/L sodium fluorescein
- 100 mg/L 2,4,5-tri-fluorinated benzoic acid
- 10 mg/L pyridone
- 1 mL/L microspheres.

* Starting October 7, 1998:

- 10 mg/L rhodamine WT
- 10 mg/kg NiCl 2 6H2 0 (2.47 mg/kg of Ni2+)

- 10 mg/kg MnC12 4H2O (2.78 mg/kg of Mn2 +)

- 10 mg/kg CoC1k6H2 0 (2.48 mg/kg of Co2+)
- 5 mg/kg SmCl3 6H2 0 (2.06 mg/kg of Sm3+)
- 5 mg/kg CeC13 7H 20 (1.88 mg/kg of Ce3+).

On September 30, 1999, the Phase 2A recipe was changed with the elimination of the
microspheres and the addition of 500 mg/kg potassium iodide.

* Phase 2B-10 mL/hr. Injection Rate; boreholes 24, 25, 26, 27:

- 1,000 mg/L lithium bromide
- 10 mg/L sodium fluorescein
- 100 mg/L 2,6-difluorobenzoic acid (boreholes 26, 27)
- 100 mg/L 2,3,4,5-Tetra-fluorinated benzoic acid (boreholes 24, 25)
- 10 mg/L pyridone
- 10 mg/L rhodamine WT
- 1 mL/L microspheres.

• Starting September 2, 1998:

- 10 mg/kg NiC12 6H2O (2.47 mg/kg of Ni2 >)
- 10 mg/kg MnCIk 24H2O (2.78 mg/kg of Mn 2+)
- 10 mg/kg CoC12 6H2 0 (2.48 mg/kg of Co2 +)
- 5 mg/kg SmC13 6H2 0 (2.06 mg/kg of Sm3+)
- 5 mg/kg CeC13 7H 2O (1.88 mg/kg of Ce3+).
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On August 18, 1999, the Phase 2B recipe was changed, witih he elimination of the microspheres
and the addition of 500 mg/kg potassium iodide.

* Phase 2C-50 mL/hr. Injection Rate; boreholes 18, 20, and 2 1:

- 1,000 mg/L lithium bromide
- 10 mg/L sodium fluorescein
- 100 mg/L 2,6-difluorobenzoic acid (borehole 18)
- 100 mg/L pentafluorobenzoic acid (borehole 20)
- 100 mg/L 2,4-difluorobenzoic acid (borehole 21)
- IO mg/L pyridone
- 10 mg/L rhodamine WT
- 1 mL/L microspheres.

* Starting September 2, 1998:

- 10 mg/kg NiC12 6H 2O (2.47 mg/kg of Ni2+)

- 10 mg/kg MnCk2 4H2O (2.78 mg/kg of Mn2+)

- 10 mg/kg CoCl2 6H 20 (2.48 mg/kg of Co2+)
- 5 mg/kg SmC13 6H20 (2.06 mg/kg of Sm3+)
- 5 mg/kg CeCl3 7H2O (1.88 mg/kg of Ce3+ ).

On August 18, 1999, the Phase 2C recipe was changed, with the elimination of the microspheres
and the addition of 500 mg/kg potassium iodide.

10.7.2.2.4.3 Synthetic Pore Water Recipe

To minimize the reactivity of the tracer solution with the country rock, a synthetic pore water,
based on measured in situ composition, is used as a matrix for the tracers in solution.

Phase 1 synthetic pore water:

- 76.8 mg/kg SiO2nnH 2 0 (amorphous silica)
- 36.8 mg/kg CaCI2 2H2O (calcium chloride dihydrate)
- 44.8 mg/kg Ca(NO3)2 A4H 2 0 (calcium nitrate tetrahydrate)
- 3.8 mg/kg NaF (sodium fluoride)
- 10.7 mg/kg Na2 SO4 (sodium sulfate)
- 51.2 mg/kg NaHCO3 (sodium bicarbonate)
- 9.0 mg/kg KHCO3 (potassium bicarbonate)
- 36.9 mg/kg MgSO4 7H 2O (magnesium sulfate heptahydrate)
- 7.8 mg/kg Ca(OH)2 (calcium hydroxide).
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Phase 2 synthetic pore water:

- Phase 2 was identical to Phase I with the exception that, due to the large quantities
required, the source of water was J.13 water that had been deionized using resin
cartridges. This resulted in a deionized water with approximately 30 ppm Si, so that
no additional silica was added.

10.7.2.2.5 Use of Numerical Simulations for Test Design

10.7.2.2.5.1 Scoping Calculations for Test Injection Design

Prior to starting Phase 1A, scoping simulations were run to help design Phase 1A and subsequent
tests. These scoping simulations were used to identify how the planned injection system would
work and to estimate reasonable injection rates for the test. For the simulations, the same single
borehole model system was used with a few modifications. The most significant modification
was to use Bandelier Tuff Unit-la properties (Krier et al. 1997) for the rock matrix. Bandelier
Tuff properties were used to try to compare simulation results with preliminary experiments that
Science & Engineering Associates, Inc. was running in the laboratory. Science & Engineering
Associates, Inc.'s experiments were used to test the injection system and to make preliminary
estimates of water and tracer travel distance in Phase IA.

Initial conditions in the model were set up to mimic those of the experiment. The system was
allowed to equilibrate from an initial rock-matrix saturation of 60 percent, initial pad saturation
of 25 percent, side boundary conditions with saturation fixed at 60 percent, and air pressure fixed
at atmospheric.

The experiment was stopped at 1.8 days, and measurements of the spread of the fluorescing
tracer were made. The concentration of the observable fluorescein from the experiments was
estimated to be 50 percent. Output from the numerical model showed that the average apparent
radius of the 50 percent concentration isosurface was 0.09 to 0.10 m, which compares reasonably
well with the radii observed in the experiment.

In addition to the Bandelier Tuff, the Tac was also used in these simulations. For these two
materials, modeling showed that the size and shape of the pad do not influence the fluid
movement due to the overwhelming capillarity of the porous rock and the similar basic material
parameters between the polypropylene and the rock. All simulations for these two materials
showed that the pad wets only locally to the injection point.

10.7.2.2.5.2 Sample Collection Analyses Simulating Performance of a Filter Paper Pad

Increasing attention has been paid in recent years to the collection of comprehensive large-scale
field data. Considerable effort was expended during the last few decades for various
modifications in solution sampler design and improved collection techniques, leading to a better
performance and ease of operation in various sampling conditions. To date, a variety of
modified sampler types are available depending on their shapes, materials, functions, and
operations (Litaor 1988; Dorrance et al. 1991). Unfortunately, little attention was paid to how
such instruments and the related operations might influence their surroundings and alter the
background flow field and the resulting solute transport.

TDR-CRW-GS-000001 REV 01 ICN 01 10.7-10 September 2000



te,7d

The objective of this study was to test the performance of the filter paper sampling system used
in the Busted Butte field test site using numerical experiments. The simulation results were
subsequently analyzed to evaluate any significant effect the sampler pads may have on the
interpretation of transport phenomena and the underlying process hypothesis.

Numerical Experiments-Numerical simulations were designed to closely approximate the
experimental setup of the sampler system at the Busted Butte field test site. For the purpose of
testing the general performance of this new methodology, soil hydraulic properties representing
Calico Hills Tuff (Bussod et al. 1998) and a loamy sand (Carsel and Parrish 1988) were chosen
for this study. The simulations were conducted using the code FEHM (Zyvoloski et al. 1997),
assuming two-dimensional, air-water flow under isothermal conditions.

Model Description-The performance of the filter paper sampling system was tested by applying
a narrow pulse of solute after a sufficient period of constant, uniform irrigation to establish a
reasonably steady water flow field within the simulation domain. The subsequent leaching of
solute is observed frequently at selected nodes representing a sampling pad during the numerical
experiments. In general, a pad is replaced periodically after the water potential within the pad
reaches equilibrium with its ambient flow condition. The time required to reach this equilibrium
depends highly upon the hydraulic properties of the pad and the soil.

The simulations were conducted in a homogeneous, two-dimensional, vertical cross section of
2 by 2 m with a 0.1-rm-diameter access borehole located at the center of the domain. A
3.175-mm-thick pad of 0.05 m diameter was located on the inner upper center of the borehole.
The hydraulic properties of the pad and the two selected soils are given in Table 10.7-1 The
lateral boundaries were assumed to be a no-flux condition for both water flow and solute
transport. A prescribed water potential was assumed on the surface boundary. The
corresponding water input rate was calculated internally by the code and used subsequently for
solute flux calculations. The pulse of solute input lasted for 1 day. The lower boundary was
assumed to be a gravity-drained or natural drainage flux condition for water flow. At the bottom
boundary, solute leaves the system freely with water at a water flux rate equal to the unsaturated
hydraulic conductivity of a given water potential.

The filter-paper sampling system contains three major components that can adversely affect the
flow field and the resulting solute transport. These three components are the borehole, the pad,
and the effect due to periodic replacement of the pad. A borehole within the unsaturated flow
domain acts like an obstacle to water flow (Philip et al. 1989). The collection pad disturbs the
flow field due to the difference of its hydraulic properties from the neighboring porous material
even under equilibrium condition with the ambient flow field. Finally, the periodic replacement
of a new pad causes a highly transient flow condition, at least in the vicinity of the sampling
location. To best evaluate and analyze the influence of the experimental setup to the overall
behavior of the physical system, each component is tested separately during steady water flow
conditions.

Modeling Results: Water Flow-Simulations were run for both the Calico Hills Tuff and the
loamy sand. The background water saturation was assumed to be 0.35 for Calico Hills Tuff, and
0.5 for the loamy sand. When a borehole is constructed within an unsaturated domain, water
tends to build up on the upstream side of the borehole and creates different shapes of so-called
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roof-drip lobes depending largely upon the soil hydraulic properties (Philip et al. 1989, p. 16).
The addition of a filter paper pad changes slightly the pattern of the water potential (or
saturation) distributions. Figure 10.7-5 shows the saturation distributions for the Calico Hills
Tuff when a borehole and a filter paper pad are added to the system. Flow patterns are not
distinguishable for the loamy sand soil for the cases with and without a filter paper pad.

The dynamic responses of both systems to a filter paper pad plotted at three selected observation
nodes are shown in Figure 10.7-6. The results show the water extraction rate and the equilibrium
time needed when a new pad is added to a steady-state flow system. The background saturation
during steady-state flow was 0.35 for the Calico Hills Tuff and 0.4 for the loamy sand. Two
observation nodes were located within the pad. The rock node in Figure 10.7-6 indicates an
observation immediately upstream of the pad within the porous media domain. The results
revealed that for Calico Hills Tuff, it took approximately 10 days to reach equilibrium, whereas
for loamy sand, the equilibrium time was less than half a day.

Solute Transport-Figure 10.7-7 shows the solute resident concentrations plotted as a function
of time for various simulation scenarios for the Calico Hills Tuff. Solute transport was delayed
when a borehole and a pad were added to the physical system. On the other hand, the periodic
replacement of a filter paper pad caused an early arrival for the solute as illustrated in the figure
for a step input of solute. The pad was assumed to be replaced every week during the
simulations. As can be observed on the upper panel of Figure 10.7-8, the concentrations dropped
periodically to a value of zero, corresponding to the replacement operations. The periodic
change of concentrations on a nearby porous rock node, as depicted on the lower panel of
Figure 10.7-8, also shows a reduction of concentration when the soil-water solution was sucked
into the pad.

The dimensionless mean and variance of travel times were plotted as a function of steady-state
fluid saturation in Figure 10.7-9 for Calico Hills Tuff. The normalized dimensionless quantities
give a relative quantification of each separate effect that influences system behavior. For
instance, the influence of a pad can be evaluated on a relative basis when the effect caused by a
borehole plus pad is normalized with the corresponding quantities for a borehole without pad. It
should be noted again that the resident concentrations observed as a function of time at a given
location do not have an obvious physical implication in terms of parameter estimation and
moment analysis as discussed above. Indirect estimations were used following the procedures
given by Vanderborght et al. (1996) and Jacques et al. (1998). The results revealed that the
disturbance of both a borehole and a pad to the solute transport is highly dependent upon the
fluid saturation of the system. In a natural situation when the flow field is inherently transient,
the saturation-dependent condition must be integrated into the system for the evaluation of the
possible influence to solute transport.

Future Efforts-The last step in completing this effort to develop an application tool is to derive
relationships between measured data and undisturbed true system behavior using available
information. After that, this methodology will be applied to the Phase 1A and Phase 1B tests
using U.S. Geological Survey (USGS) hydraulic property data as part of model-calibration and
validation. The calibrated model can then be applied to the Phase 2 test evaluation and in
performance assessment to more accurately represent anthropogenically altered sites.
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10.7.23 Geology and Geologic Properties

10.7.2.3.1 Geology of the Busted Butte Test Facility

Busted Butte is a small (2.5 km by 1 kIn), north-trending mountain block primarily made up of
thick ignimbrite deposits of the Paintbrush Group. This fault-block uplift is bound by northeast-
trending and north-trending normal faults and is split by a north-trending down-to-the-west
normal fault, which gives it a distinctive appearance. Tuff units generally have dips less than
100, except where affected by drag near large faults. Small windows of older volcanic units,
including the Calico Hills Formation, Wahmonie Formation, and Prow Pass Tuff, are exposed
through colluvial deposits on the north and southeast sides of Busted Butte.

The test facility is located within a small horst on the southeast side of Busted Butte. The horst
is 300 to 350 m wide and is bound by the down-to-the-west Paintbrush Canyon fault on the west
and by a down-to-the-east splay of the Busted Butte fault on the east (Scott and Bonk 1984).
Geologic units exposed in the vicinity of the test facility include, in ascending order, the
Wahmonie Formation, the Calico Hills Formation, and Topopah Spring Tuff (Figure 10.7-10).
The test facility is constructed in the Topopah Spring Tuff and the Calico Hills Formation.

A brief description of geologic units in the underground test facility is given below. The
Topopah Spring Tuff is described in terms of its thermomechanical subunits because this
nomenclature best represents rock properties that control groundwater movement. It should be
noted, however, that ignimbrite depositional units in the lower part of the Topopah Spring Tuff
cross thermomechanical boundaries. In the lower Topopah Spring Tuff, thermomechanical
properties are controlled by compaction and welding features, and these features are
superimposed on depositional units whose surfaces have up to a couple of meters of relief.

10.7.2.3.1.1 Calico Hills Formation

Up to I m of Calico Hills Formation is exposed in the test area of the facility in the lower walls
of both the Main Adit and the Test Alcove. The Calico Hills Tuff consists of alternating beds of
poorly cemented, salmon-pink massive tuff and well-cemented, white ash beds.

The salmon-pink tuffs contain round to slightly elongated, white vitric pumices that are generally
less than 1 cm in diameter. The matrix is a mixture of fine ash, phenocrysts, and locally
abundant fragments of black glass. The salmon-pink tuffs gradually become more deeply
colored upsection, suggesting the upper parts of these units are more oxidized and may represent
weakly developed paleosols. The clay content in these tuffs appears to be low, based on x-ray
diffraction results (Section 10.7.2.3.2).

There are two well-cemented ash beds intercalated with the salmon-pink tuffs in the Main Adit
and Test Alcove. These ash beds are about 130 cm apart on the right rib of the Main Adit. The
ash beds are 15 to 20 cm thick and typically form resistant ledges in outcrops outside of the test
facility and resistant layers inside the facility. Hand-augering results suggest that there may be
additional ash beds in unexposed portions of the Calico Hills Formation below the floor of the
test facility.
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10.7.23.1.2 Topopah Spring Tuff

Tptpvl-The lowermost I to 1.5 m of the Topopah Spring Tuff is thermomechanical unit Tptpvl.
The base of Tptpvl is locally marked by a 3- to 4-cm coarsely bedded fall deposit. This deposit
consists of 0.5- to 3-cm pumice fragments and 0.25-cm black perlitic lava clasts. This thin
deposit pinches out laterally and is similar to thin discontinuous beds of fall deposits at the base
of the Topopah Spring Tuff in outcrops outside of the test facility. A 4.5-cm-thick, crudely
laminated shardy tuff overlies the fall deposit. The shardy tuff is also discontinuous laterally.

Above the thin bedded deposits, Tptpvl consists of light-gray nonwelded ignimbrites. The
ignimbrite flow units contain medium-gray pumices in a pink-gray matrix. Near the top of
Tptpvl, pumices are tan. Glassy lava fragments and red-brown lithics are common. Pumices
increase in size and abundance upsection in individual ignimbrite flow units. The two lowermost
ignimbrite flow units are separated by a bedded tuff that is 0.2 to 8 cm thick. The character of
these bedded tuffs is variable, consisting of laminated shardy tuff in some places and clast-
supported pumiceous deposits in others. Because of the relief on the surface that these bedded
tuffs were deposited on, they fall within Tptpvl in the Test Alcove and within Tptpv2 toward the
back of the Main Adit.

In the Test Alcove, the upper part of Tptpvl is characterized by a distinctive zone of clay
alteration, typically about 70 cm thick. The clay occurs both as rinds around pumice clasts and
as complete replacement of the pumices. The clay is typically reddish brown but also includes
small round bodies of white clay within the reddish-brown clay (giving it a mottled appearance).
In some replaced pumices, white clay overlies layers of reddish-brown clay. Clay alteration also
occurs in the tuff matrix and along subhorizontal fractures. One such fracture contains four
different layers of clay up to 1.5 cm thick. The lower boundary of clay alteration is undulatory
and has up to 0.5 m of relief.

Tptpv2-Thermomechanical unit Tptpv2 is the highest stratigraphic unit exposed in the back of
the Main Adit and in the Test Alcove area. It is characterized by tan, partly welded ignimbrite
that has well-developed columnar joints. The matrix of these ignimbrites has a distinctive salt
and pepper appearance due to the presence of black glass shards in a tan ashy matrix. Pumices
are typically 1 to 6 cm in their long dimension and exhibit flattening ratios from 6:1 to 8:1.
Welding increases upsection through Tptpv2, and rocks in this unit yield a distinctive clink when
hit with a hammer.

10.7.2.3.2 Mineralogy of the Busted Butte Locality

Samples from outcrops were collected at the Busted Butte site on different days for
mineralogy/petrology analyses and site characterization activities. Some of these samples were
also used for hydrologic property determinations. Other samples from the test block walls were
also collected throughout the year for the study, and descriptions of the lithologies present in the
test area were gathered.

Table 10.7-2 to 10.7-4 summarize the quantitative x-ray diffraction data from surface samples at
the Busted Butte test locality. Table 10.7-2 to 10.7-4 are for the Tpt samples. Table 10.7-2
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provides the stratigraphic descriptions for the samples in Tables 10.7-3 and 10.74. The calcite
and gypsum reported in the Tpt samples represent calcrete contamination in the surface samples.

The erionite detected in the altered sample from the Tptpln/Tptpv3 contact zone (Table 10.7-3) is
the only occurrence of this hazardous mineral found at the site. A survey for erionite occurrence
shows no other detectable erionite (detection limits of 250 ppm) in the strata below the
Tptpln/Tptpv3 contact, where the Busted Butte test facility was excavated.

The samples from the Tptpv2 and Tptpv3 intervals show that the poorly welded to nonwelded
vitric portions of the lower Topopah Spring Tuff at this site are largely unaltered, without
zeolites, but with modest smectite occurrences.

Table 10.7-5 covers the Calico Hills Formation (Tac) and the Wahmonie Formation surface
samples at the Busted Butte site. These samples are arranged in Table 10.7-5 by relative depth
and show that the lowermost part of the Tac contains appreciable amounts of clinoptilolite. The
upper part of the Tac at this site, however, is characterized more by smectite than by zeolite
alteration. Access to both types of alteration is therefore possible at this site. The lowest three
samples from an auger hole (AUG-1) into the floor of the Busted Butte Alcove were analyzed
(Table 10.7-6) for comparison with the vitric Tac samples from outcrop. Alteration in the alcove
samples is generally similar, with smectite dominating over clinoptilolite. The mineral
constituents in the alcove (especially the low biotite and feldspar components) are characteristic
of the Calico Hills Tuff, indicating that Wahmonie Formation deposits are more than 396 cm
below the present alcove floor.

10.7.2.3.2.1 Comparative Data for H-5 and SD-6

The excavated section at Busted Butte is in the lower Topopah Spring Tuff (Tptpv2 and Tptpvl;
Tpbtl poorly represented) and the upper Tac. The vitric nature of this section and the relatively
low abundances of smectite and clinoptilolite alteration are similar to those found in drill holes
near the crest of Yucca Mountain, such as USW H-5 (Table 10.7-7) and USW SD-6
(Table 10.7-8). The increase in zeolitization at the base of the Tac, particularly in the Tacbt unit,
is comparable to the localized zeolitization in the lower part of the Tac at Busted Butte
(Tables 10.7-5 and 10.7-6). The more detailed data from SD-6 are unfortunately pending an
additional sample. However, the data that are available indicate a distribution of alteration
similar to that at Busted Butte. In considering the SD-6 and H-5 data, however, it is important to
bear in mind that both drill holes had only partial core or cuttings recovery, potentially skewing
the mineralogic information. A much more accurate picture of these poorly indurated vitric units
could be obtained by excavation, as was accomplished at Busted Butte.

10.7.2.3.2.2 Influence of Partial Zeolitization on Hydrologic Properties: Evidence from
the Exploratory Block

The data displayed in Figure 10.7-11 show that zeolite abundances as low as 8 to 2 percent
correlate with the sample porosity. Significant differences in the structure of sample porosity
even occur in the transition from 0 percent zeolite content to 2 percent zeolite content. Whether
such small differences in alteration mineralogy impact transport will be determined by the
experiments being conducted at Busted Butte.

TDR-CRW-GS-00000I REV 01 ICN 01 10.7-15 September 2000



As part of a recent revision of the three-dimensional mineralogic model of Yucca Mountain
(Carey et al. 1998), comparisons were made between hydrologic properties and the extent of
zeolitization in the lower Topopah Spring Tuff and upper Calico Hills Formation from drill-core
samples. Samples that were analyzed by the USGS for porosity properties were analyzed as
subsplits to obtain quantitative x-ray diffraction mineralogy on the same sample. This approach
allows the direct comparison of laboratory-measured matrix properties and mineralogy. Samples
from USW SD-7, SD-9, and SD-12 were analyzed in this manner and the results are summarized
in Table 10.7-9. The columns for mineral or glass abundance and the quantitative x-ray
diffraction total report data were collected by standard Los Alamos National Laboratory methods
for analyses of Yucca Mountain tuffs. The column for "8 porosity" represents the difference
between relative humidity (65 percent), 60'C oven-dried porosity and 105'C oven-dried porosity
(cm3/cm3 ), as reported by Flint (1998). The data in Table 10.7-9 allow direct comparison of not
only zeolite abundance but the total abundance of hydrous minerals (clays and zeolites) versus
the laboratory measurement of 8 porosity in the unsaturated zone where a vitric-to-zeolitic
transition occurs. Outliers may occur for a variety of reasons. Although the anomalously high
hydrous mineral content in sample SD-7 1494 could be a result of differing trends in chabazite-
bearing samples, the anomalously low hydrous mineral content and high 8 porosity of SD-12
1456.6 occurs in a sample with no mineralogic distinction from neighboring samples that are not
anomalous (Table 10.7-9). These results suggest that rock texture or fabric may be a significant
factor in the ability of samples to retain water within pores. The data also indicate that a
statistically useful relationship between hydrous-mineral abundance and porosity properties
might be derived for Yucca Mountain samples with applicability down to very low abundances
of hydrous minerals (Figure 10.7-12).

10.7.2.3.3 Hydrology

10.7.2.3.3.1 Introduction

Samples of Calico Hills and Topopah Spring formation rocks from Busted Butte outcrops were
collected in Fall 1997 and were used to estimate the hydrologic properties of the formations in
the test block. (The six USGS samples are discussed in Table 10.7-10).

10.7.2.3.3.2 Analyses Using Ultracentrifuge Induced Flow

The samples, collected from Busted Butte on November 7, 1997, are described below.

SPC 7047, Los Alamos National Laboratory Number 2825,XI-This sample was cored
vertical to horizontal, as measured in the field area, from the Topopah Spring Tuff (Tptpv2) unit
with a strong fabric, as indicated by flattened lapilli, low permeability, and moderate fracture
density in the field. This partly welded, salt-and-pepper tuff unit is transitional between the basal
vitrophyre (Tptpv3) and the base of the Topopah Spring Tptpv2 lower (sample 3). The core had
no visible fractures and was of perfect dimensions:

• Diameter: from 3.790 to 3.795 cm
. Usable core length: about 5.850 cm.
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SPC 7048, Los Alamos National Laboratory Number 2826,X1-The second sample was cored
vertical to horizontal, as measured in the field area, from the Calico Hills Tuff Tac unit, which is
a white ash-fall tuff located at the top of the sequence 46 cm below SPC 7049 2827,X1 (see
below). The unit is ledge forming and approximately 50 to 70 cm thick. This sample had no
visible fabric, had visible fractures, and was extremely fragile and friable. There were no visible
fractures in the field outcrop except in the vicinity of faults. The permeability of this sample is
expected to be very high (greater than 100 Darcys). The core quality was fair to poor, as a 2-in.
core bit was used to core the sample. The diameter was consequently highly variable, and the
core was somewhat curved:

. Diameter: from 3.715 to 3.850 cm

. Usable core length: about 5.000 cm.

SPC 7048, Los Alamos National Laboratory Number 2826,X2-The third sample was cored in
the horizontal plane (as measured in field area) and perpendicular to SPC 7048F 2826,X1 above.
This sample also had no visible fabric but contained at least two fractures at approximately 70°
to the core axis and subparallel to each other (subhorizontal). The first fracture extended from
one of the core extremities over one-third of the core length and the other extends through the
center of the core. The core quality was similar to sample SPC 7048 2826,Xl with the following
dimensions:

* Diameter: from 3.790 to 3.890 cm
* Usable core length: about 4.300 cm.

SPC 7048, Los Alamos National Laboratory Number 2826,X3-This is the same sample as
above, but the shavings were used in a reconstruction experiment.

SPC 7049, Los Alamos National Laboratory Number 2827,X1-The fourth sample was cored
vertical to horizontal, as measured in the field area, from a 60- to 70-cm-thick, pumice-rich base
of the Topopah Spring Formation (TpTpvl) located 40 cm above sample SPC 7048 2820,XI,
consisting of very large (centimeter size) pumice fragments defining a moderate fabric. This is a
high permeability unit with little to no through-going fractures, with the exception of fault zones.
The sample had no visible fractures. The core quality was good considering the mechanical
heterogeneity of the sample:

* Diameter: from 3.720 to 3.605 cm
* Usable core length: about 4.700 cm.

SPC 7049, Los Alamos National Laboratory Number 2827,X2-This is the same sample as
above, but the shavings are to be used in a reconstruction experiment.

SPC 7050, Los Alamos National Laboratory Number 2828,X1-The fifth sample was cored
vertical to horizontal, as measured in the field area, from the nonwelded to partly welded
Topopah Spring, tan, ash-flow tuff (TpTpv2) which was an approximately 90-cm (3-ft.)-thick
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unit with some fractures, transitional with sample SPC 7047 2825,X1. With a weak to moderate
fabric, the sample was very fragile, permeable, and contained no visible fractures. The core
quality was good:

. Diameter: from 3.635 to 3.650 cm
* Usable core length: about 3.425 cm.

The Calico Hills (Tac) sample (SPC 7048) has a total porosity of 50 to 56 percent and a saturated
conductivity (K) of approximately 2 x 10-3 cm/s. The Topopah Spring (Tptpvl) sample
(SPC 7049) has a total porosity of 64 percent and a saturated conductivity (K) of approximately
6 x 104 cm/s. Both samples represent the nonwelded Calico Hills unit (CHn). Conversely,
samples collected from the top of the test block represent the base of the basal vitrophyre
(Tptpv2) and exhibited lower saturated conductivities (K), varying from 4 x 1 0 4 to less than
4 x 10.10 cm/s (for SPC 7050 and 7047 collected during Phases 1 and 2, respectively). These
results are used in conjunction with YMP database parameters to run the model simulations
presented in Section 10.7.2.6.

10.7.2.4 Tomographic Studies Overview of Geophysical Techniques Used at the Busted
Butte Unsaturated Zone Test Facility

The original test plan for Busted Butte (Bussod et al. 1997) relied on inverting-membrane
collection-pad systems to collect unsaturated zone water samples for detailed tracer analysis at
discrete points in the block and during final destructive mineback of the entire block. Recent
successes of combined real-time geophysical monitoring techniques using ground-penetrating
radar tomography and electrical-resistance tomography at the Large Block Facility and the
Exploratory Studies Facility thermal tests suggest that these techniques may be used to provide
real-time data on the advance of the tracer front through the block. This will optimize the
collection-pad sampling schedule to collect data. Each of the techniques has advantages and
drawbacks; by combining techniques, detailed high-resolution, three-dimensional, calibrated,
real-time monitoring of moisture and tracer movement through the unsaturated fractured medium
can be obtained. Specifically, electrical-resistance tomography provides three-dimensional
global coverage, ground-penetrating radar tomography provides high spatial resolution, and
neutron logging enables absolute moisture-content calibration.

10.7.2.4.1 Ground-Penetrating Radar Tomography

10.7.2.4.1.1 Experimental Objective

The objective of the borehole radar data acquisition is to monitor the tracer injection of the
Busted Butte unsaturated zone transport test, and to investigate the nature of fluid migration
through the Calico Hills member of the Yucca Mountain lithologic sequence. The data presented
in this section include the preinjection baseline measurements, as well as several measurements
made after the start of tracer injection. Subsequent measurements are to be made as determined
by tracer breakthrough in an attempt to monitor the tracer distribution over time.
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10.7.2.4.1.2 Background

The borehole radar method is one in which modified ground-penetrating radar antennas are
lowered into the ground and high-frequency electromagnetic signals are transmitted through
subsurface material to a receiving antenna. The electrical properties of the subsurface material
influence the properties of the transmitted electromagnetic signal. In particular, the dielectric
permittivity of the rock has a strong influence on the speed of propagation of the signal. The
moisture content and chemical composition also have such an effect, so that any increase in
background moisture content or chemical composition resulting from the tracer injection should
result in changes in the received radar wave velocity and amplitude. A tomographic image may
be obtained through computer processing that includes the following information: (1) transit
time, which depends on wave velocity, and (2) amplitude, which depends on attenuation. This
information, in the form of a processed tomogram, offers a high-resolution approach to
monitoring the changes occurring in the rock over the duration of the tracer-injection experiment.

10.7.2.4.1.3 Results of Radar Data Acquisition in the Busted Butte Unsaturated Zone
Transport Test

The radar data were acquired in eight of the Phase 2 collection boreholes orthogonal to the
direction of the Phase 2 injection boreholes. Additionally, two Phase 2 injection boreholes were
used to acquire data after the holes were affected by grout infiltration resulting from nearby
electrical-resistance tomography borehole grouting.

Of the data processed so far, several well-pair images deserve particular attention: 48-46, 46-9,
46-16, and 22-19. The large horizontal surface defined by the 48-46 and 46-9 well pairs shows
an area of lower velocity in the vicinity of the injection boreholes that differs dramatically from
the pre-injection data (Figures 10.7-13 and 10.7-14). Lower velocities are likely the result of
elevated moisture content or changing chemical composition. Therefore, these low velocities are
possibly the result of the injected tracer moving through the plane of the well pairs. The close
proximity of several of the injection boreholes to the collection boreholes (10.0 cm), however,
might be the cause of the low-velocity zones. That is, the low-velocity zone might be due to the
nature of the injection assemblies and any metallic or other velocity-affecting materials being
present in such close proximity to the radar well pairs. Subsequent measurements in these well
pairs should reconcile the problem because the injection assemblies will remain static, whereas
the injected tracer will continue to pass through and be distributed throughout the well pairs.
Differencing tomography (i.e., the subtraction of one set of radar measurements from another)
will result in only those areas of tracer being imaged, as the tracer is all that will change over the
duration of the experiment.

Similarly, well results from pair 46-16 suggest areas of variable velocity and the possible
presence of tracer (Figure 10.7-15). The image is plotted with the injection and electrical-
resistance tomography boreholes shown as black dots intersecting the well pair. Particularly in
the area of the lower injection boreholes (nearest borehole 46), low velocities are found directly
beneath the boreholes. Again, this may represent either the tracer or the injection assemblies,
with subsequent data differencing needed to remove the influence of the assemblies.
Additionally, a striking feature between the two boreholes resembles a low-velocity zone with
high-angle dip. This feature was also present in the baseline data acquired using the lower-

TDR-CRW-GS-000001 REV 01 ICN 01 10.7-19 September 2000



resolution, 1 00-MHz antennas. It may be the result of elevated moisture content along the highly
permeable fault zone mapped along the face of the Main Adit, thus explaining the lower
velocities. The apparent strike of the fault would bring it into intersection with well pair 46-16 at
roughly the observed location of the low-velocity zone. If this zone does represent the fault, then
future data acquisition may be able to illuminate the tracer transport properties of the fault zone
versus those of the matrix.

Finally, well pair 22-19 is notable due to the possible imaging of the pathway taken by the grout
moving from an electrical-resistance tomography borehole to the planned injection borehole 22.
The grout was apparently injected under sufficient pressure and at sufficient volume to travel
from one borehole to another, likely along a fracture or similar fast pathway. The properties of
the grout and their impact on radar wave propagation are similar in effect to those of the tracer.

Any zones of low or anomalous velocity are potential evidence of the presence of grout. Such a
zone is clearly present in well pair 22-19 (Figure 10.7-16). The point of grout injection between
injection boreholes 20 and 21 is shown as a low velocity (i.e., elevated water content) region in
the tomogram. This low-velocity zone appears to connect with borehole 22 and is present
laterally 2.50 m down the length of borehole 22. Based on the grout-injection history, this
scenario appears to be the one experienced by the personnel present at the time. Another low-
velocity zone in the area near the bottom of injection borehole 19 should also be noted. This
zone, if located spatially with respect to well pair 46-16, nearly intersects the low-velocity zone
imaged in the tomogram of well pair 46-16. It, too, may be another representation of the
elevated moisture content along the fault zone and may have nothing to do with the electrical-
resistance tomography grouting infiltration.

10.7.2.4.1.4 Conclusions

The radar data collected thus far in support of the Busted Butte unsaturated zone transport test
suggest that the method is appropriate for investigating subsurface velocity anomalies that may
be related to tracer injection. Such anomalies are the result of changes in the dielectric
permittivity or chemical composition of the rock mass. As noted above, such changes are most
likely the result of both the injected tracer and/or the downhole injection and electrical-resistance
tomography assemblies. Although the data presented above describe areas of unusually low
velocity, subsequent radar data acquisition should remove the effects of the downhole assemblies
and result in the singular imaging of the tracer front. This effort, combined with the ongoing
processing of the radar-wave amplitude data, should allow for the most accurate imaging of the
injected tracer to date.

10.7.2.4.2 Electrical-Resistance Tomography

The objective of this work is to provide three-dimensional electrical-resistance tomography
images of the movement of a tracer through the test block at the unsaturated zone transport test at
Busted Butte. Electrical-resistance tomography was chosen as an appropriate technology based
on its success at many other locations, including the Drift Scale Test at Yucca Mountain. This
section describes the results obtained during four separate data collections from July to early
September 1998.
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Electrical-resistance tomography is a geophysical imaging technique that can be used to map
subsurface liquids as flow occurs during natural or man-induced processes and to map geologic
structure. Electrical-resistance tomography is a technique for reconstructing of subsurface
electrical resistivity. The result of such reconstruction is a two-dimensional or three-dimensional
map of the electrical resistivity distribution underground made from a series of voltage and
current measurements from buried electrodes. The electrical-resistance tomography approach
followed here relies on detection and mapping of the changes in electrical resistivity associated
with tracer movement through the test block at the unsaturated zone transport test site.

10.7.2.4.2.1 Results of Data Collections From July to Early September

Electrical-resistance tomography data were collected four times on July 2, July 14, August 19,
and September 9, 1998. It is most useful to compare images when changes are taking place over
time. The results presented here consider difference images that compare the resistivity of the
block on August 19 and September 9 to July 2. Because the water injected during Phase 2 of the
unsaturated-zone transport test experiment was approximately eight times more conductive than
the pore water, resistivity decreases in the images were looked for.

Figure 10.7-17 shows an absolute image of the baseline condition of July 2 (top) and the
difference between August 19 and July 2 (bottom). The baseline image shows a layered
structure consistent with the lithology in the rear half of the block. That is, a high-resistivity
layer was shown over most of the middle of the block, Tptpvl, with a lower-resistivity region,
Tptpv2, at the top, and a low-resistivity region, Tac, at the bottom. The image also shows an
anomalously low resistivity region in the front half of the block, particularly near the bottom.

The difference image of Figure 10.7-17 shows regions of resistivity decrease near injection holes
18, 20, and 21, as expected from the injection of conductive water. Also apparent is a resistivity
decrease that is very pronounced in the slice 2.66 m from the front of the block, which could be
associated with water moving downward in the block. The region of the block between 1.33 and
4.0 m, which contains this slice, also appears to be a low-resistivity region in the absolute image.

The September 9 to July 2 difference (Figure 10.7-18) also shows regions of resistivity decrease
near injection holes 18, 20, and 21. The effect is even stronger in the 5.33-m slice. Moreover,
the effect of water moving down into the block seems to be more pronounced in the 1.33- and
4.0-m slices compared to August 19 (CRWMS M&O 2000, Section 6.8.4.2).

10.7.2.4.2.2 Conclusions

The electrical-resistance tomography baseline images show a resistivity structure that is
consistent with the known lithology in the rear part of the block. There appears to be a low-
resistivity region in the front half of the block, particularly near the bottom. This is not well
understood and should be confirmed, if possible, by other means.

The difference images from August 19 and September 9 show clear and consistent resistivity
decreases in the region near holes 18, 20, and 21 that can be associated with the injection of
conductive water. This effect appears to be stronger on September 9 in the 5.33-m slice. The
images show very little effect in the region around the other injection holes, 23 and 24 through
27, where far less water was injected.
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In addition, the difference images from August 19 and September 9 show resistivity decreases
that could be interpreted as water moving down into the block between the 1.33- and 4.0-m
slices. This is the same region that has an anomalously low resistivity in the baseline image.

These results should be considered preliminary and subject to change based on new information,
such as new borehole radar data and, perhaps, neutron data.

10.7.2.5 Geochemistry and Tracer Migration

This section discusses all aspects of chemical and geochemical measurements that were
conducted in association with the Busted Butte project. These include laboratory measurements
of sorption of both radionuclides and tracers onto Busted Butte rocks, measurements of in situ
pore-water chemistry used to formulate the field tracer mixture, and measurements of field-scale
tracer transport.

10.7.2.5.1 Laboratory Sorption Studies

For the Busted Butte field tests, analog conservative and reactive tracers are used as surrogates
for radionuclides. To validate the use of these tracers and the site-scale use of the minimum-Kd
approach for sorption and the processes of matrix diffusion and colloid migration, a series of
laboratory batch-sorption studies were conducted. Preliminary tracer sorption studies used in
tracer selection are complete, detailed radionuclide sorption studies are complete, and detailed
tracer sorption studies are in progress. Each study will be discussed in turn.

10.7.2.5.1.1 Preliminary Studies

A large number of possible tracers were proposed in the Busted Butte work plan. Final
determination of tracer selection and concentration was dependent on both rock and pore-water
characteristics. Rock and pore-water samples became available in early 1998, and a set of fast-
turnaround batch studies and geochemical modeling efforts was initiated.

Preliminary batch-sorption studies were conducted using proposed reactive tracers and two rock
samples from the Main Adit at Busted Butte. Tracers tested included Li, Mn, cobalt, Ni,
molybdate, and perrhenate; rocks were samples of the Calico Hills Formation (Tac) and Topopah
Spring Tuff (Tptpv2) from Phase 1 boreholes 4 and 7. Because of the need for rapid turnaround
on these results, the sorption studies differed from standard YMP procedures in two important
respects: preequilibration and equilibration times were shorter than normal and fewer
concentration levels were studied. Therefore, these results are preliminary and will be
supplanted by the results of the detailed tracer sorption measurements that are underway.

The results of the preliminary sorption studies for Li, Mn, cobalt, and Ni are presented in
Table 10.7-1 1. The results indicate that the Tac sample sorbed the metals more strongly than the
Tptpv2 sample and that, on both samples, the metals showed a consistent sequence of sorption:
Li 4< Mn << Ni < cobalt. Based on these results, all four metals show significant sorption and may
be useful reactive tracers in the field. Neither of the proposed pertechnetate analogs (molybdate
and perrhenate) displayed any significant sorption and were therefore eliminated from further
consideration in the testing.
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10.7.2.5.1.2 Detailed Studies

Three core samples were selected for detailed sorption and mineralogic characterization, and are
described in Table 10.7-12. These rock samples were uniformly ground, sieved, and
homogenized, and subsamples were used for radionuclide sorption, tracer sorption, and
quantitative x-ray diffraction studies.

The sorption of Np, Pu, and Am to the three Busted Butte rock samples was measured at three
different concentration levels. Average results for each nuclide are summarized in
Table 10.7-13.

Laboratory batch measurements of the sorption of the field tracers onto the same three rock
samples were begun in fiscal year 1999. At the time this Site Description was prepared, the
laboratory data were not published.

10.7.2.5.2 In Situ Pore Water Chemistry

Field-scale transport behavior is primarily a function of the ambient flow field and the
interactions between the geologic host and the material being transported. Secondary influences
include details of the pore water chemistry, including pH, Eh, ionic strength, and chemical
composition. Changes in any of these variables may affect solute sorption behavior and colloid
stability and may lead to dissolution or precipitation of minerals resulting in permeability
changes. These considerations lead to a fundamental conflict in field-tracer studies: on the one
hand, alteration of the in situ water chemistry should be limited to minimize the artificial
perturbations introduced by chemistry variations; on the other hand, introduction of any artificial
tracer will inherently alter water chemistry. (One exception might be the use of miniscule
amounts of isotopic tracers, which is not a practical alternative at this phase of the Busted
Butte studies.)

The plan at Busted Butte was to introduce artificial tracers in a matrix designed to mimic natural
pore-water chemistry as closely as practical, acknowledging that some alterations were
inevitable. Accordingly, pore water samples were collected and analyzed from rock cores
collected in the Adit, a recipe was developed for "synthetic" Busted Butte water that closely
resembled the in situ chemistry, and synthetic water was used as the injection matrix. Results of
the chemical analyses are presented here, and details of the synthetic pore water recipe were
presented in Section 10.7.2.2.4.3.

A set of quality rock samples were collected in the Test Alcove from the Tac horizon. Pore
water was extracted from a subset of these samples by ultracentrifugation. Gravimetric moisture
contents of the rock samples and the chemical composition of the extracted pore water were
measured (Table 10.7-14). Because the analyses involve a bicarbonate buffer, the bicarbonate
numbers listed in Table 10.7-14 are estimated by charge balance.

The results in Table 10.7-14 show that the pore water is a mixed-ion water (Ca-Na-HCO3 -SO4 )
with an average total dissolved solids of approximately 200 mg/L. Compared to more typical
groundwater compositions, the pore water shows high nitrate (probably due to soil biological
activity) and high silica content (due to relatively rapid equilibration with amorphous silica in the
tuff). Sample 3B, from near the adit wall, differs somewhat from the other samples, perhaps due
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to the influence of construction water and atmospheric CO2 levels. The compositions of the
other three pore-water samples were averaged (as shown in the table), and these average values
were used to develop the synthetic pore-water recipe presented in Section 10.7.2.2.4.3.

Also listed in Table 10.7-14 are the pH values measured on extracted pore water. Despite
obvious opportunities for pH alteration due to CO2 exchange during sample collection,
extraction, and analysis, these pH values were the best available at the time of Phase I planning.
Thus, Phase 1 tracer mixtures were pH-adjusted to a value of 8.4 ± 0.1. During Phase 2
installation, attempts were made to measure pH in situ by inserting pH paper into boreholes for a
few days. Results were mixed but seemed to indicate lower in situ pH values than those
measured in the laboratory (consistent with degassing of excess soil CO2 before lab analysis).
Accordingly, Phase 2 tracer mixtures were pH adjusted to a value of 7.0 ± 0.1.

10.7.2.5.3 Field-Scale Tracer Transport

10.7.2.5.3.1 Phase 1A

10.7.2.5.3.1.1 Description

Phase IA consisted of four, 2-m-injection boreholes (boreholes 1 to 4). The Phase IA tracer
mixture was described in Section 10.7.2.2.4.1. The tracer mixture was injected at 10 mL/hr. in
boreholes I and 3, and at 1 mL/hr. in boreholes 2 and 4. Phase IA injection ran continuously
from April 2, 1998, to January 12, 1999. The mineback of the Phase IA test block began on
January 15, 1999, and ended on March 3, 1999. During the mineback, as successive layers of the
Adit wall were removed, digital photographs under visible and ultraviolet illumination were
taken, rock samples were collected by augering, and the exposed phase was accurately surveyed.

10.7.2.5.3.1.2 Results

The visualization of the tracer plume using ultraviolet illumination of the fluorescein tracer
serves as the primary result of Phase IA. Detailed comparison of the digital plume imagery and
numerical modeling results is under way, and will be completed in fiscal year 2000.

A small number of augered rock samples are currently being analyzed for bromide and moisture
content.

10.7.2.5.3.2 Phase 1B

Phase lB consisted of two 2-m injection boreholes (boreholes 5 and 7) and two 2-m collection
boreholes (boreholes 6 and 8) with the tracer mixture, described in Section 10.7.2.2.4.1, injected
at 10 mL/hr. in borehole 5 and at 1 mL/hr. in borehole 7. At the conclusion of the experiment,
overcoring of the Phase 1 B boreholes was conducted.

One hundred seventy-six selected pads were extracted for tracers and analyzed for trace
concentrations. Breakthrough of all five solute tracers (Section 10.7.2.2.4.1) was detected in
borehole 6, directly below the 10 mL/hr. injection site in borehole 5. No breakthrough was
detected in borehole 8, below the 1 mL/hr. injection site in borehole 7. No clear evidence of
microsphere breakthrough was detected in either borehole, but this may be due to analytical
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difficulties. The borehole 6 breakthrough results are summarized in Figures 10.7-19a to
10.7-19e. Detailed modeling analyses of these results are under way; the following discussion
provides some initial comments on the breakthrough patterns. t

All five tracers shown in Figure 10.7-19 show clear evidence of breakthrough by the end of the
experiment. All of the figures show peak concentrations at a (horizontal) depth of approximately
130 cm, directly below the injection port in borehole 5, but maximum recovery varies greatly.
Bromide and 2,6-difluorobenzoic acid, both anionic supposedly nonreactive tracers, show similar
and reasonable breakthrough patterns, with initial breakthrough detected after approximately
1 mo. of injection. Both bromide and 2,6-difluorobenzoic acid reached 50 percent injection
concentrations after 2 mo. of injection. The fluorescein breakthrough pattern is more erratic. In
particular, the peak concentration measured is over twice the injected concentration, which is
clearly not reasonable. These anomalies probably reflect analytical difficulties associated with
the extremely high concentration of fluorescein injected. The high concentration succeeded in its
goal of improving field visualization of the plumes during mineback and overcore, even though
it hurt the laboratory quantification. This analytical problem will be less severe for Phase 2, in
which injected fluorescein concentrations are just 1/50 of those used in Phase 1. The late
breakthrough and low detected concentrations of pyridone may also reflect analytical difficulties;
if real, they may indicate either sorption or degradation of this supposedly conservative tracer.
Ongoing laboratory sorption and degradation studies will provide more information. Finally,
although detected Li concentrations are quite low, their contrast with background levels and their
consistent location both in time and space indicate that true Li breakthrough was observed in the
field. The low and late breakthrough indicates that Li was sorbed quite significantly. Ongoing
numerical analyses will provide quantitative field retardation estimates, to be compared with lab
sorption estimates.

10.7.2.5.3.3 Phase 2

10.7.2.5.3.3.1 Introduction

Phase 2 involves 8 injection boreholes and 12 collection boreholes drilled into the Phase 2 test
block from the Test Alcove. The injection boreholes are subdivided into three subphases. Phase
2A consists of a single horizontal borehole (borehole 23) in the Tptpv2 horizon. The borehole
has 10 injection points, each injecting tracer at 1 mL/hr. Phase 2A injection began on July 23,
1998, and is ongoing. Phase 2B consists of four parallel horizontal injection boreholes,
(boreholes 24, 25, 26, 27) in the Tac horizon. Each borehole is fitted with 10 injection points at
a rate of 10 mL/hr. Phase 2B injection began on July 30, 1998, and is ongoing. Phase 2C
consists of three parallel horizontal injection boreholes (boreholes 18, 20, 21) coplanar with the
Phase 2A borehole in the Tptpv2 horizon. Each borehole is equipped with nine injection points
at a rate of 50 mL/hr. Phase 2C injection was initiated on August 5, 1998, and is ongoing.
Details on the tracer mixtures for each borehole are presented in Section 10.7.2.2.4.2.

The 12 collection boreholes are drilled into the Phase 2 test block from the Main Adit and are
thus perpendicular to the injection boreholes. Ten of the collection boreholes are horizontal,
whereas the two deepest boreholes (boreholes 11 and 47) are dipping downward beneath the
block. The collection boreholes are arranged to allow interception of the tracer plumes after
varying travel distances. Figure 10.7-20 is a schematic layout of the collection boreholes.
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10.7.2.533.2 Status

Between the initiation of Phase 2 activities and September 21; 1999, a total of 9,188 sampling
pads were collected. Of these, more than 2,200 were extracted for the Phase 2
extraction/analysis scheme. More than 10,000 individual analyses were conducted and more are
being received on a day-to-day basis. A summary of the results to date is being prepared and
will help guide decisions on the future course of the field test.

Tracer Degradation-One concern that has been raised is the possible biodegradation of some of
the tracers on the collection pads during transportation and storage. This concern only applies to
the organic tracers (dyes and fluorinated benzoic acids); the metals, inorganic anions (bromide
and iodide), and polystyrene microspheres are not subject to degradation. Among the organic
tracers, fluorinated benzoic acids are unlikely to degrade rapidly due to their strong F-C bonds;
the dyes' primary purpose is field-screening, so degradation, if occurring, is not particularly
damaging to the overall goals of the test. Nevertheless, to address this concern, a long-term
tracer biodegradation study was initiated in fiscal year 1999 and will be concluded in fiscal year
2000, at which time, data and discussion of the potential impacts of tracer degradation will be
submitted to the YMP.

10.7.2.6 Phase 1A Predictions

10.7.2.6.1 Deterministic Model

The purpose of the unsaturated zone transport test at Busted Butte is to obtain new information
about flow and transport behavior and to apply that information toward improving computational
models used to predict flow and transport in the vadose zone. The field experiments at Busted
Butte examine flow in unfractured, fractured, and composite systems. These experiments were
carefully designed to provide specific information to improve database and models. Data
collected through the unsaturated zone transport test will help to check the accuracy and value of
data currently in the database for future improvements. Improved increased experimental data
about the site will improve computational models of the various flow and transport processes
occurring in the system. The accuracy of current concepts for unsaturated zone flow and
transport, and the iterative improvement of the model through incorporation of new data, can
then be shown through increased model accuracy. As more data become available, it should be
possible to demonstrate the validity of refined flow and transport models, as well as the worth of
the data collection effort at Busted Butte. Upon the completion of the testing and modeling
activity, an improved model that adequately describes the flow and transport behavior in the
unsaturated zone at the site will result. In addition, refinements to the radionuclide transport
model of the potential repository site should follow. This cyclic process of prediction,
measurement, and model refinement will result in increased confidence in the unsaturated zone
model.

This section provides a preliminary "blind" numerical simulation of the Phase lA. In this
section, numerically based "blind" predictions of the tracer distribution for Phase IA were made.
These predictions were made prior to the beginning of any measurements at the site. Thus, the
accuracy of the understanding of the system and the representation of the computational model
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can be tested. The blind prediction was intended to test the current modeling concepts and tools
available to the integrated site-scale model and their abstractions.

This prediction used existing parameters available from the Yucca Mountain hydrologic
database, as well as initial laboratory values on samples taken from the Busted Butte site. As
more data become available from the unsaturated zone transport test, they will be incorporated
into refined versions of the models employed in these preliminary predictions.

The numerical experiments presented here were set up to determine the ability of numerical
models to predict actual field response of flow and transport in porous media. The simulations
are not intended to be a one-time prediction; rather, they are intended to provide insight into the
quality and extent of information needed to accurately represent a physical system and to identify
physical processes that are not adequately represented in numerical models.

The computer code FEHM (Zyvoloski et al. 1997) was used to develop the predictions presented
in this section. FEHM is a multi-dimensional finite element code for simulating transient,
saturated and unsaturated flow in transport problems. FEHM has been the code used by the
YMP for radionuclide migration studies and therefore was chosen for predictions of the
unsaturated zone transport test. At Yucca Mountain, detailed geologic and hydrologic property
distributions in three dimensions are not available at present, and the Tac unit in question is not
fractured so a homogeneous, isotropic description of the porous media was selected. However, it
is expected that more site data will also become available, and three-dimensional effects might
very well become apparent during the test. Therefore, the model was made three-dimensional
from the outset to allow the capture of these effects and to anticipate the three-dimensional
property database that will be built for the test block.

In Phase lA simulations, the focus was on the injection of a conservative tracer into the vitric
Calico Hills Formation (Tac) via a single injection point in a 10-cm-diameter borehole. The
model for assumed a homogeneous, unfractured rock matrix. A 0.05-m-radius borehole was
placed in the center of the computational domain. The tracer solution was injected through a
polypropylene pad located 0.75 m down the length of the borehole. The base prediction was
made using data measured on Busted Butte samples, with information about the injection pad
provided from Science & Engineering Associates, Inc., the contracted field-implementation
team.

An 82,000-node, three-dimensional, unstructured grid that represents the single borehole
configuration was generated using the LAGRIT computer code (CRWMS M&O 2000, Section 3,
Item 4). This grid was used for the Phase 1A blind prediction as well as for the ongoing
preliminary scoping calculation. The grid contains the full representation of the injection
borehole, the 25-cm injection pad, and 54 m3 of the surrounding rock mass (Figure 10.7-21).

The Phase IA simulations were made assuming a 6-mo. (1 80-day) test duration, which represents
a mineback and auger schedule for Phase IA of October 2, 1998. Measurements of the tracer
concentrations from collected samples are to be conducted after that date. After the auger
samples are collected and analyzed and mineback completed, the numerical predictions will be
compared against the measured values, and the accuracy of the model configuration will
be addressed.
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Using the experimental injection rate of 10 mL/hr, the model-predicted tracer transport distances
after 180 days are shown in the Table 10.7-15. (In all the simulations discussed in this section,
the tracer is injected at a concentration of "1," and cited concentration values are relative to this
initial value.)

The predicted distribution of the tracer is generally uniform in all directions (spherical)
(Figure 10.7-22). Changes in saturation from the background (in situ) level are generally small.
Table 10.7-16 shows the saturation at different distances from the injection point at 180 days for
the base-case simulation. Note that the initial background saturation for this simulation is
35 percent, based on measured moisture contents of 14.0 ± 2.5 percent and a porosity of
approximately 0.5.

Additional simulations were run to assess the effect of variability of the hydrogeologic
parameters used in the modeling. In the event that the predictions from the base simulation do
not agree with field measurements, these sensitivity analyses will be used to identify potential
discrepancies between the model and the data.

10.7.2.6.1.1 Model Configuration and Parameter Set

The simulations of the Phase IA field experiment were run in a model system that approximates
the field configuration as closely as possible. The model system was a single borehole with a
0.10-m diameter embedded in a matrix of tuff in the Tac unit. The model domain for the
simulations is 6 by 6 by 1.5 m. The borehole extended the full 1.5-m length of the z direction,
and gravity acts in the -x direction. The system configuration is shown in Figure 10.7-21. Both
two-dimensional and three-dimensional simulations of the system were run. The two-
dimensional system was a vertical plane, an x-y slice through the injection point at z = 0.75 m.

The model attempted to capture the experimental setup as closely as possible, including
accurately capturing the actual configuration of the injection pad. The injection pad resided
inside the borehole, centered at (0.0, 0.05, 0.75). The pad was a 0.05- by 0.05-m polypropylene
pad, with material parameters shown in Table 10.7-17. Injection occurred at a single point in the
center of the pad, consistent with the actual physical injection system. For Phase IA, the
injection point is located on the side of the borehole, 900 off vertical, as shown in Figure 10.7-21.

The boundary conditions for the simulation were no flow for the lateral sides (y = ± 3 in) and the
front face of the borehole (z = 0 m). The exposed face of the rock in the field (z = 0) was sealed
to minimize evaporative losses resulting from the experimental tunnel. The top and bottom faces
(x - ± 3 m) of the model, as well as the back side (z = 1.5 in), were held at a fixed capillary
pressure. Capillary pressures were chosen to match measured in situ saturation and capillary-
pressure conditions. The use of capillary-pressure boundary conditions provide the most
accurate means of capturing the real saturation distribution of the system. Although for a
homogeneous rock matrix, capillary pressure can readily be converted to a constant saturation
boundary, in a heterogeneous system, the saturation may vary drastically around the boundary,
though the capillary pressure is relatively constant. In the vadose zone, the capillary pressure
provides a much better representation of the steady-state condition of the system, and measured
in situ saturations can be much better captured by a model.
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As mentioned previously, the simulations were conducted to scope calculations for Phase 1A
injection tests and to assess the viability of current models. In the simulations, the influence of a
number of model parameters were assessed that can, at best, be only approximately known.
These parameters include rock permeability, relative permeability, porosity, and in situ
conditions (saturation). For these simulations, the constitutive relationships (relative
permeability versus saturation and capillary pressure versus saturation) are characterized using
the van Genuchten curve fit (van Genuchten 1980). The van Genuchten method fits the data
points of permeability versus saturation measured in the laboratory to a two-parameter function.
The two parameters are typically denoted as a and n. The a parameter represents the air entry
pressure and is given here in units of 1/m. The n parameter controls the slope of the capillary-
pressure saturation curve, and is nondimensional.

Table 10.7-17 and 10.7-18, respectively, list the different parameter combinations that were run
in two-dimensional and three-dimensional representations of Phase 1A. The base case represents
the current knowledge of the properties and conditions of the system. Using available data, a
range for each parameter was simulated. The response of the system to various rates of injection
of the tracer fluid was also assessed. Injection rates simulated were 1, 10, and 50 mL/hr. These
injection rates were chosen to span the range of rates being considered for the various
unsaturated zone transport test phases.

10.7.2.6.1.2 Modeling Results

10.7.2.6.1.2.1 Overview of Simulations

The large three-dimensional system size required relatively long simulation times. In an effort to
minimize computer time and use the time most effectively, two-dimensional simulations were
initially used. These simulations were used primarily as scoping calculations to identify the
important simulations to run in three dimensions. As will be seen from the numerical results, the
two-dimensional simulations showed shorter travel distances for the tracer than did the same
simulation in three dimensions. The differences in tracer movement between two-dimensional
and three-dimensional simulations at the same effective injection rate are primarily due to the
effective volume of injection. The two-dimensional system is implicitly 1 m in depth, resulting
in a lower, effective point-injection rate. Therefore, all quantitative predictions are made using
values from the three-dimensional simulations. However, the two-dimensional simulations can
be used to identify the relative response of one set of conditions versus another. The results
indicate that trends in the two-dimensional simulations mirror those in the three-dimensional
simulations.

A series of two-dimensional simulations (Table 10.7-17) were run to identify the relative
importance of different parameters and injection scenarios. Figure 10.7-22, a graph of
concentration versus distance from the borehole center, indicates that this system is relatively
insensitive to many parameters but is quite sensitive to some. Three-dimensional simulations
were chosen from the parameter sets to which the system was most sensitive. Six parameter
combinations were chosen and are listed as numbers I through 6 in Table 10.7-18. From these
simulations, both spatial and temporal concentration profiles will be presented. Although time-
history concentration profiles are presented here, for this prediction, the concentration
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distribution at 180 days after injection is of most interest, as this is the time when
overcoring begins.

The most influential parameter, based on Figure 10.7-22, is the value of the van Genuchten
power n. The values of both van Genuchten parameters, a and n, for the base case were taken
from laboratory measurements made on cores from the Busted Butte site. Available data for the
Tac unit were also collected from other sources (Flint 1998; Bodvarsson et al. 1997, Chapter 6;
data tracking number LB970601233129.001) to reduce the uncertainty in these parameters.
From these data, high and low values of a and n were chosen and tested for the range of
responses for the combinations of those values. The value of n strongly controls the relative
influence of capillary forces and gravity forces. Increasing n decreases the capillary forces,
resulting in more gravity-driven flow.

Another parameter that clearly influenced the tracer transport was porosity. Although flow is
only slightly affected by even relatively large changes in porosity, transport is more strongly
affected. Porosity affects transport because the bulk velocity of the fluid is divided by the
porosity to get the pore velocity. Two-dimensional and three-dimensional simulations were run
with porosity increased and decreased by 10 to 15 percent. The higher porosity did not
substantially change the tracer transport, but the lower porosity resulted in an observable increase
in tracer concentrations.

A third factor affecting tracer transport was the injection rate. Prior to starting Phase IA,
simulations were run using different injection rates to help select a rate for Phase IA that would
allow the tracer to move sufficient distances to produce readily measurable distributions, but not
so far that the tracer could not be fully recovered. Testing multiple injection rates is also
intended to help select injection rates for Phase 2. An injection rate of 10 mL/hr. was chosen for
Phase IA. Therefore, the discussion here will focus on simulation results using 10 mL/hr.
Results with other injection rates are presented later, for completeness. These other injection
scenarios are also useful for making predictions for Phase 2.

10.7.2.6.1.2.2 Discussion of Simulations

Base Case-The base case parameters were taken from values measured in core samples
collected from the unsaturated zone transport test site. These parameters are 'given in
Tables 10.7-17 and 10.7-18. These simulations make predictions of the water and tracer
distribution in Phase 1 A.

Measurements from the core samples suggested that in situ saturations are in the range of 20 to
40 percent. In the simulations, initial capillary pressures of 5.6, 0.55, and 0.07 MPa correspond
to saturations of 20 percent, 35 percent, and 60 percent, respectively. Comparing locally
measured values and those reported for the Tac unit, the saturation of approximately 35 percent
most closely represented the Phase IA in situ conditions.

The saturation of the system changed only slightly over the 180-day period for the base case.
After 180 days, at a distance of 0.125 m below the injection point, the saturation had increased
by only 5 percent, whereas at I m, it had increased by only 0.7 percent. The tracer distributed
relatively evenly in all directions, centered at the injection point. Some asymmetry was
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introduced, however, by the presence of the borehole and by injecting 900 off vertical. Water
and tracer had to move around the borehole to flow out in the negative horizontal direction where
there was no impedance in the positive horizontal direction. Thus, flow and transport would be
somewhat asymmetric.

The relatively even distribution of tracer and the lack of increase in saturation near the borehole
indicate that this system is dominated by capillary forces over gravitational forces.
Gravitationally dominated flows have a much more asymmetric character. It can be seen by
these simulations that a 10 mL/hr injection rate should not introduce enough water to change the
overall flow and transport processes that occur in the undisturbed system.

At 180 days, for the two-dimensional run, the approximate radii of the tracer at concentrations of
0.01 and 0.5 are 0.75 m and 0.30 m, respectively. Concentrations of 0.01 and 0.5 for the
three-dimensional simulation are observed 0.85 and 0.45 m respectively, from the insertion
point. Figure 10.7-23 plots the concentration as a function of distance from the borehole center
at 180 days for the two-dimensional and three-dimensional systems. In the three-dimensional
simulation, the concentration at a distance of 0.125 m is 0.96 percent of the injection
concentration, whereas at 1 m the concentration is only 0.02 percent of the
injection concentration.

Figure 10.7-24 plots the time history of concentration at a vertical distance of 0.25, 0.5, and 1 m
below the center of the borehole for the three-dimensional simulation. Figure 10.7-24 shows that
the tracer concentration at 180 days and a distance of 0.125 m has almost reached the injection
concentration of 1.0, whereas the concentration at 0.5 m is still increasing rapidly.

Sensitivity Analyses-The accuracy of these numerical simulations will not be known until site
measurements are made. It is known that the existing hydrologic and material properties are
subject to some uncertainty. Furthermore, these properties will also vary somewhat within the
hydrogeologic units, as reflected in variations in measured values from different cores. Using
stochastic methods, these uncertainties can be incorporated directly into the calculations. Such
predictions will be presented in Section 10.7.2.6.2. Within this deterministic modeling approach,
an attempt has been made to account for and understand the influence of such uncertainty by
assessing the sensitivity of the simulation to various system parameters. Figures 10.7-25 to
10.7-28 compare the results of these simulations. Figure 10.7-25 shows the effect of water
injection on matrix saturation with time for the different sensitivity runs. Figure 10.7-26 plots
concentration against distance from the borehole that the measurement was made, for the three-
dimensional simulations from numbers I through 6. Figure 10.7-27 shows the same information
plotted as concentration versus time, with each graph plotting a different distance from the
borehole. Figure 10.7-28 compares the three-dimensional concentration versus time values
against those for two-dimensional values.

If the predictions of the base case simulation do not match the measurements made in the field, it
will be possible to use this series of simulations to identify parameter values that might be in
error. From this knowledge, it will be possible to modify the model to improve accuracy.

Figure 10.7-25 shows that saturation for the Phase IA model system is not really affected by any
of the simulation scenarios. Further, the saturation is not particularly sensitive to many of the
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parameters. The biggest changes are observed for conditions that increase the relative influence
of gravity forces over the otherwise prevailing viscous forces. Both a higher a and the much
higher injection rate produce relatively rapid and apparent increases in saturation. Otherwise,
little change in saturation is observed.

At 180 days, Figure 10.7-26 demonstrates that, based on measurements at a distance of 0.25 m
from the borehole, the tracer concentration distribution within short distances from injection is
not sensitive to material properties and field conditions. At 0.25 m, there is negligible difference
in concentrations among the different simulations. At a distance of 0.5 m, however, variations in
system characteristics result in a 60 percent range of concentrations. Figure 10.7-26 shows that a
system with intrinsic permeability an order of magnitude lower [Figure 10.7-26, case labeled
k_base (s = 1) x 0.1] is indistinguishable from one with a value of van Genuchten power n that is
at the low end of reported values [Figure 10.7-26, case labeled vG(ahigh, n-low)]. Both of
these cases are very similar to the base case. This fact indicates that transport in this system is
not particularly sensitive to the values of k or a; errors in these values are not expected to
demonstrably influence the accuracy of predictions in this system.

If the porosity is 0.20 instead of 0.35 an error of 15 percent), tracer concentration at 0.5 m and
180 days is expected to be 0.58, which differs by 25 percent from the base value. By 365 days,
as seen in Figure 10.7-27, the difference in concentration has decreased somewhat but is still a
substantial 10 percent. At shorter distances from the injection point, the low-porosity system is
very close to the fastest transport system-one with high van Genuchten n-and leads the base
case prediction by 10 percent concentration.

Figures 10.7-26 and 10.7-27 show that flow in the simulation that starts with an in situ saturation
of 60 percent, instead of the estimated 35 percent, is actually dominated by gravity rather than
capillarity. For this simulation, tracer is carried much farther down than in any of the lateral
directions. At 180 days and a vertical distance of 0.5 m below the borehole, the relative
concentrations are 0.62 and 0.36, respectively, in the 60 percent saturation case and the base
case. The transport rate is substantially faster than the base case, as demonstrated by much
higher concentrations at greater distances (Figure 10.7-26). At 0.5 m below the borehole, tracer
concentrations resulting from decreased porosity and increased saturation are virtually
indistinguishable but they differ significantly in the three-dimensional simulations. The lower-
porosity transport is capillary driven, producing a relatively uniform tracer plume, whereas the
high-saturation system produces a highly elongated tracer profile. It should be noted that
saturation as high as 60 percent is not indicated by the reported capillary pressures measured in
this system. The measured pressures indicate an in situ saturation in the vicinity of 25 to
35 percent.

The simulation results were most sensitive to the value of the van Genuchten parameter n.
Reported values for this parameter ranged from 1.2 to 1.8, with the value from Busted Butte
samples being 1.31. At a value of n = 1.8, transport was strongly gravity-dominated. The
resulting concentration profiles were long vertically and thin laterally. This effect was much
stronger than that observed for the high-saturation simulation. The resulting concentration at a
vertical distance of 0.5 m was 0.88 [Figure 10.7-26, case labeled vG(ahigh, n high)], versus
0.04 at the same lateral distance. At a vertical distance of 0.5 m, tracer concentration was
60 percent higher than the base case and 30 percent higher than the high-saturation case
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(Figure 10.7-26). Furthermore, by 180 days, this system had just about reached its steady-state
distribution [Figure 10.7-27, case labeled vG(ahigh, nhigh)]), whereas even at 365 days, the
other systems were continuing to change. If the actual value of n is significantly higher from the
measured value for the Busted Butte core, it should be recognizable by the distinct, long and thin
tracer distribution and by the high vertical concentrations.

The two-dimensional simulations Figure 10.7-22) indicated that the value of a appears to have
little influence on the transient system as compared to n. As a result, three-dimensional
simulations were only done for the two different variations in van Genuchten parameters
presented.

Two-Dimensional Versus Three-Dimensional Simulations-The two-dimensional and three-
dimensional simulations followed very much the same trends in tracer concentrations
distribution. Figure 10.7-28 shows concentrations as a function of time, simulated for a distance
of 0.5 m vertically below the borehole center for both simulations. For intermediate times, the
numerical difference in concentration between equivalent two-dimensional and three-
dimensional systems remains relatively constant. The differences were approximately 10 to
15 percent after approximately 90 days of injection. Concentration values between the two-
dimensional runs and the three-dimensional runs were much closer at early times and began to
converge at later times, as all concentrations approached the injection concentration.

10.7.2.6.1.3 Implications for Unsaturated Zone Transport Test Phase 2 Design and
Analysis

The above simulations also act as a tool for selecting injection rates for the Phase 2 experiment,
as well as to help understand how the used injection rates will influence what is observed at
different monitoring locations. For example, after 180 days at an injection rate of 10 mL/hr.,
concentrations had increased to greater than 0.20 within a radius of 0.4 m from the injection
point, but fell off rapidly beyond that and were below 1 percent beyond 0.9 m. Thus, a 2-m
spacing between boreholes and injection points within boreholes would probably produce a
system in which transport from each injection location was distinct from one another.

Faster injection rates, such as 50 mL/hr., can be expected to strongly modify natural flow
patterns, producing gravity-dominated flow. At this injection rate, relative saturation
concentrations 0.5 m from the injection point are predicted to rise to 0.80 in only 3 mo. Thus,
boreholes or injection points spaced 1-m apart are expected to start influencing each other very
early in the experiment.

On the other hand, an injection rate of 1 mL/hr. is seen to hardly influence the system at all.
Even after 1 yr., concentrations do not rise to 0.05 at the 0.5-m distance. At such a low injection
rate, it would take an extremely long time to analyze the system or identify important physical
and chemical processes that are occurring. Further, at such slow rates of movement, it is difficult
to distinguish differences in tracer movement that might arise due to geochemical effects.

Using different tracers at various injection rates and injection separation distances can provide an
opportunity to differentiate controlling processes and material features.
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10.7.2.6.1.4 Summary

This section describes the results of the blind predictions of the Phase lA injection test being run
in the Tac unit at Busted Butte. For these preliminary predictions, it was assumed that the matrix
is homogeneous and unfractured. Using these assumptions and the described system
configuration, expected tracer distribution can be predicted after 5 mo. of injection, at which
time field test measurements will begin.

Based on the available information about Tac hydrologic properties and properties measured on
samples taken from this site, a baseline numerical simulation was set up that ideally should
reflect the actual system. From this simulation, it was predicted that a nonsorbing tracer will
have traveled approximately 0.81 m (at a relative concentration of 0.01) over the 5-mo. injection
period, It is also expected that the tracer will travel as far in the horizontal direction as the
vertical. This uniform spread of the tracer indicates that the Tac system is more strongly
controlled by capillary forces than by gravitational forces.

There is a possibility, however, that the baseline prediction is not correct. Errors in prediction
may be caused by uncertainty in the value of many of the hydrologic and physical parameters.
For each of these parameters, the sensitivity of flow and transport was analyzed. These analyses
will allow the identification of aspects of the model system that might be in error if the baseline
case predictions do not match the observations in the field. If, for example, the tracer has
traveled much farther than predicted and predominantly in the vertical direction, then the
gravitational forces are dominating. This outcome could be the result of a much higher in-situ
saturation or an error in the van Genuchten parameter a. If the tracer plume has traveled farther
than expected, but has retained a rather symmetric shape, the matrix porosity estimate may be in
error. If the field data do not match the baseline case, alternative simulations will help to
identify potential differences in the actual material characteristics and the properties used in the
simulations.

The similarity in tracer distributions simulated by the two-dimensional and three-dimensional
models suggests that if a correction was made to the injection rate, a two-dimensional simulation
might be sufficient for predicting flow and transport in this homogeneous system. This
suggestion does not imply that a two-dimensional simulation is adequate for more complex
geology. In fact, all of the above predictions are based on a homogeneous rock matrix. If the
matrix is not homogeneous, these predictions may be in error.

10.7.2.6.2 Stochastic Model

10.7.2.6.2.1 Introduction

This section documents the use of stochastic predictions made for Phase IA of the Busted Butte
testing program. The phase IA test is located in the Calico Hills Formation vitrified tuff. At this
time, there is a paucity of physical-properties information on the lithologies of that site, and the
spatial variability of rock properties cannot be accurately depicted. Although this lack of
information results in uncertain flow and transport predictions, this section attempts to use
stochastic predictions for the site using current YMP databases. The input uncertainties from
these databases are directly incorporated into flow predictions through a recently developed
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stochastic model. This model requires that the first two statistical moments of rock properties be
specified (i.e., saturated hydraulic conductivity and pore-size-distribution parameter a). The
predictions represent the first two moments (expected value and standard deviation) of flow
quantities, and these two moments are used to construct confidence intervals for the flow
quantities. These flow moments serve as a basis for future stochastic predictions of tracer
migration.

In the near future, field-test results of flow parameters, such as saturation, will be used to
compare with the predicted confidence intervals of these same quantities. The confidence
intervals are a measure of the uncertainty caused by incomplete knowledge of material
heterogeneities. The field-test results are expected to fall within the predicted confidence
intervals with a 95 percent probability. However, because the statistical and other input
parameters are taken or estimated from the YMP databases, these parameters may or may not
represent the rock properties at the test site, thereby introducing another level of uncertainty in
the analyses. Some sensitivity analyses were performed on these parameters and it was found
that the flow predictions are sensitive to the background saturation, the mean and variance of
pore-size-distribution parameter a, the mean and variance of the logarithm of the saturated
hydraulic conductivity, and the injection rate. This indicates the importance of refining these
parameters.

10.7.2.6.2.2 Existing Stochastic Models

Although geologic media exhibit a high degree of spatial variability, rock properties, including
fundamental parameters such as permeability and porosity, are usually observed only at a few
locations due to the high cost associated with subsurface measurements. This combination of
significant spatial heterogeneity with a relatively small number of observations leads to
uncertainty about the values of material properties and, thus, to uncertainties in predicting flow
and solute transport in such media. It has been recognized that the theory of stochastic processes
provides a natural method for evaluating flow and transport uncertainties. In the last two
decades, many stochastic theories were developed to study the effects of spatial variability on
flow and transport in both saturated (e.g., Gelhar and Axness 1983; Dagan 1984, 1989; Winter
et al. 1984; Neuman et al. 1987; Graham and McLaughlin 1989; Rubin 1990; Zhang and
Neuman 1995, 1996a, 1996b) and unsaturated zones (e.g., Yeh et al. 1985a, 1985b; Mantoglou
and Gelhar 1987; Mantoglou 1992; Russo 1993, 1995a, 1995b; Harter and Yeh 1996a, 1996b;
Zhang and Winter 1998; Zhang et al. 1998). In the unsaturated zone, the problem is complicated
by the fact that the flow equations are nonlinear because unsaturated hydraulic conductivity
depends on pressure head.

Many of these existing theories involve a number of simplifying assumptions such as gravity-
dominated flow (for steady-state cases) and slow-varying gradient (for transient flow), which
restrict their applications of the existing theories. For example, the assumption of gravity-
dominated flow excludes the presence of domain boundaries and the existence of a water table.
In addition, a slow-varying gradient does not permit local injection or fast-varying recharge.
Recently, Zhang (1999) developed a stochastic model for transient unsaturated flow in bounded
domains free of the above-mentioned assumptions. The model results are the first two moments
of the flow quantities, which may be used to construct confidence intervals for these quantities.
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10.7.2.6.23 Phase 1A Modeling

A two-dimensional vertical stochastic flow model was developed for Phase 1A simulations. The
input uncertainties from YMP databases were directly incorporated into flow predictions using
the stochastic model of Zhang (1999). This model requires that the first two statistical moments
for rock properties, such as saturated hydraulic conductivity and pore-size-distribution parameter
a, be specified. Because the variabilities of porosity and residual water content are likely to be
sm all compared to that of hydraulic conductivity, both are assumed to be known with certainty.
To model unsaturated flow, the constitutive relationships between capillary pressure and
unsaturated hydraulic conductivity and between capillary pressure and saturation must also be
specified. Although the parameters characterizing these relationships are reported in the YMP
databases (Schenker et al. 1995; Flint 1998), they are based on the van Genuchten model
(van Genuchten 1980). Conversely, the current stochastic model of Zhang (1999) assumes the
constitutive relationships to obey the Gardner-Russo model (Gardner 1958; Russo 1988). In this
study, the Gardner-Russo parameter a is estimated from the reported van Genuchten parameters
by matching the main features of the retention curves for these two models. The first row of
Table 10.7-19 summarizes the relevant parameters that were taken or estimated from the YMP
databases (Schenker et al. 1995; Flint 1998). No information was found with respect to the
correlation lengths of the logarithm of the hydraulic conductivity and pore size distribution. The
value of 20 cm is assumed for both of these parameters.

Baseline Case-In the baseline case, the model domain is 200 cm by 200 cm with material
properties specified in Table 10.7-19. The steady-state simulations are run with the following
boundaries conditions: specified flux at the top, a constant head of -488 cm at the bottom, and
no-flow boundaries at the sides. The specified flux is consistent with the constant head at the
bottom such that at steady-state (t = 0), the flow is gravity-dominated with a constant mean
pressure head (h = -488 cm) and a constant saturation (S= 30 percent) through the whole
domain. Specifically, it was assumed that initial mean saturation was 30 percent. The initial
mean head was then computed to be -488 cm using the gravity-dominated condition and the
specified characteristic curves. However, the head standard deviation is not uniform in such a
bounded domain. The head standard deviation is zero at the bottom boundary, increases with
distance from there, and reaches its maximum at the top. Figure 10.7-29 shows the confidence
intervals for the pressure head h and the saturation S along horizontal (y) and vertical (z) lines
passing through the injection point. The profiles are obtained by adding one standard deviation
to the result and subtracting it from the mean quantity. This result corresponds to the 68 percent
confidence intervals for the flow quantities. By comparing the vertical profiles for pressure head
and saturation' (Figure 10.7-29), it is seen that unlike the head standard deviation, the saturation
standard deviation is not zero at the bottom boundary of constant head. This result happens
because the uncertainty in saturation comes from the uncertainty in the soil parameter x, even
though the head is specified with certainty there. The behaviors of these flow moments under
steady-state conditions were discussed in detail by Zhang and Winter (1998).

An injection rate of Q = 1 mL/hr. starts at time t = 0, and lasts for 150 days. The actual injection
at the field test site is a point in three dimensions, whereas the model is in two dimensions. In
the model, the injection is approximated by a line source of length L3 perpendicular to the two-
dimensional domain. Therefore, the injection rate is QIL3 in two dimensions. In the baseline
case, it was assumed that L3 = 50 cm. It should be realized that the two-dimensional
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representation is an approximation, and the accuracy of this approximation highly depends on the
choice of L3, which is, in turn, a strong function of injection rate. The two-dimensional
predictions should yield the same general trend as the three-dimensional predictions, however.

Figure 10.7-30 shows the vertical and horizontal profiles of pressure head and saturation at
150 days. The impact of injection is the increase of pressure head and saturation in the vicinity
of injection. The effects seem to be even in all directions near the injection. This is because the
injection rate is overwhelmingly large compared to the background unsaturated hydraulic
conductivity. The approximate radius of noticeable pressure head and saturation changes is
40 cm.

Other flow quantities (e.g., flux and velocity) and their associated uncertainties can be evaluated
similarly. In principle, the concentration field and its associated uncertainty might be predicted
based on this information. However, at this stage, there is no existing model for solute transport
in a nonstationary, unsaturated flow field. The ongoing related research may provide a model
during Phase 2 prediction.

Sensitivity Cases-Because the actual measurements at the site are too few to perform any
statistical analysis, the statistical parameters are either taken or estimated from the relevant YMP
databases. There is another level of uncertainty associated with inaccurate statistical and other
parameters. Some sensitivity studies were performed below, using the stochastic model.

As mentioned before, there is no information regarding the correlation lengths of the log of
the saturated hydraulic conductivity and the rock pore-size distribution parameter a. Case 2
investigates the effect of the correlation lengths by changing it from 20 to 30 cm. Figure 10.7-31
shows the corresponding profiles of pressure head and saturation. Comparing Figures 10.7-30
and 10.7-31 reveals that the prediction is insensitive to the correlation lengths.

In the base case, the model domain was set to be LI = 200 cm by L2 = 200 cm. However, the size
of the test site is much larger. In Case 3, the values used were LI = 400 cm and L2 = 400 cm. It
can be seen from Figure 10.7-32 that, in areas away from the boundaries and the injection point,
the confidence intervals are quite insensitive to the domain size.

Cases 4 to 6 investigate the effect of background saturation by changing the specified flux at the
top and the constant head at the bottom. Figures 10.7-33 to 10.7-35 show the cases for SO
=20 percent, 40 percent, and 60 percent, respectively. It can be seen that the peak pressure head
and saturation at the injection location decrease with the increase of the background saturation,
but the impact radius increases with it. The width of confidence intervals for pressure head
decreases with the increase of background saturation, whereas that for saturation profiles is quite
insensitive to the background saturation.

In Case 7, the porosity is varied from 4 0.5 to 0.3 (Figure 10.7-36). A comparison of
Figures 10.7-36 and 10.7-30 reveals that a lower porosity results in a slight increase in both the
peak saturation and the radius of influence. However, the effect of porosity on solute transport is
expected to be greater.
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In Case 8, the mean of the log of the saturated hydraulic conductivity is increased from
(t) = -6.258 to -4.258 (wheref= In K, and K, is in centimeters per second). As expected, a larger
hydraulic conductivity renders a lower peak saturation and a larger radius of influence
(Figure 10.7-37). In this case, the size of the domain was changed to 400 by 400 cm to
accommodate the increase of saturation at large distance. In Case 9, the mean of a is varied
from 0.01 to 0.02 cm, while the variance of ca is kept the same. It can be seen that the mean head
has increased significantly with a larger cc for a given saturation (Figure 10.7-38). The
confidence intervals are qualitatively similar to those in Figure 10.7-30, but the intervals are
tighter in Figure 10.7-38. This difference occurs because the variability in a is actually reduced
by keeping the same variance but with an increased mean value. As expected, the prediction-in
particular, the width of confidence intervals-is sensitive to the variabilities in saturated
hydraulic conductivity and pore size distribution cc. In case 10 the variability of a is set to zero.
It can be seen from Figure 10.7-39 that the width of the confidence intervals is significantly
reduced in the absence of variability in a. In this case, the prediction uncertainties are entirely
caused by the variability in saturated hydraulic conductivity Ks. In the baseline case, Cv, =
ca/(cc) = 0.3, while CvK, = 3.27. That is, the variability in saturated hydraulic conductivity K. is
much larger than that in pore size distribution ax. Therefore, it may be concluded that the results
are much more sensitive to the variability in a than to that in K,.

As expected, the behaviors of pressure head and saturation profiles are very sensitive to the
injection rate. In Case 11, the injection rate is Q = 10 mL/hr. (Figure 10.7-40). The peak
saturation is much higher than that in Case 1 (Figure 10.7-30) and the radius of influence is also
larger. This difference is even clearer from Case 12 (Figure 10.7-41), for which Q = 50 mL/hr.

In the last two cases, the mean saturated hydraulic conductivity (KQ) is taken to be 4.68 cm/hr.
This value is based on some site-specific measurements and is three orders of magnitude larger
than the value found in the YMP databases mentioned earlier. As for sensitivity runs, this
value is taken as the mean and CVKS = aKs/(K 5 ) = 3.27, as in the baseline case. Equivalently,

(f) = 0.314 and a' = 2.459. In Case 13, Q = 10 mL/hr and 13 = 50 cm (Figure 10.7-42); in
Case 14, Q = 50 mL/hr. and L3 = 100 cm (Figure 10.7-43). As found in Case 8 (Figure 10.7-37),
a larger hydraulic conductivity renders a lower peak saturation and a larger radius of influence.
It is expected that the tracer travels significantly faster in these cases.

10.7.2.6.2.4 Nonstationarity

The stochastic model of transient fluid flow in unsaturated, stationary (statistically
homogeneous) media was modified to account for nonstationary features, such as distinct layers
in the rock properties. First, the theory of Zhang (1999) was extended to generally nonstationary
media, in which the statistical moments of the rock properties vary with location in the domain.
This theoretical extension was then implemented into the stochastic model developed during
fiscal year 1998 and tested with some two-dimensional examples. In these examples, some
special cases of medium nonstationarity are considered: trending in the statistical moments of
the log of saturated hydraulic conductivity and pore size distribution parameter; zones of
different rock properties existing in the domain; and different layers present in the domain. The
effect of an embedded thin layer on fluid flow for the Phase IA test was investigated with this
modified stochastic model. It was found that this thin layer acts like a barrier to fluid flow and
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induces lateral fluid spreading. Only after accounting for this thin layer did the stochastic model
produce fluid redistribution behaviors that are qualitatively similar to those observed by the
mineback. A quantitative comparison can be made in fiscal year 2000 after the site-specific
statistical parameters are obtained from the ongoing geostatistical analysis of the rock property
measurements at the site. During fiscal year 1999, some issues for solute transport through
nonstationary, unsaturated flow in heterogeneous media were also examined. It was found that
the flow nonstationarity, under unsaturated conditions, significantly affects the behaviors of
solute migration in such flow fields. The effect of the thin layer in the Phase IA area on the
migration of injected tracers can be assessed with site-specific statistical parameters.

10.7.2.6.2.5 Summary

This section describes the results of the stochastic predictions of the Phase 1A injection test at
Busted Butte. Because a detailed description of the spatial variability of the rock properties at
the site is lacking, a stochastic model for the Busted Butte field test site was developed to
incorporate input parameter uncertainties into flow predictions during fiscal year 1998. This
stochastic model requires the first two statistical moments of rock properties to be specified
(i.e., saturated hydraulic conductivity and pore size distribution parameter). The results of the
stochastic model are the first two moments (expected value and standard deviation) of the flow
quantities of interest, and these two moments are used to construct confidence intervals of the
flow quantities such as pressure head and saturation. The stochastic predictions of the Phase IA
injection test at Busted Butte were reported in the fiscal year 1998 milestone report. There, the
statistical moments of the rock properties were taken or estimated from the YMP databases.
Further, the rock in the modeling domain was assumed to be statistically homogeneous, implying
that there is one type of material in the domain, from a statistical point of view. However, the
plume obtained based on the mineback of the Phase IA injection area revealed that a thin layer
of different rock exists below the injection points, and this thin layer has significantly impacted
the migration of injected fluid and tracers.

The combination of inherent spatial variability in rock properties and insufficient measurements
for these properties leads to uncertainties in the input parameters for any model and, thus, to
uncertainties in flow and transport predictions. These uncertainties were incorporated directly
into the flow predictions through a stochastic model. The results from this model are the first
two moments (expected value and standard deviation) of flow quantities, and these two moments
can be used to construct confidence intervals for the flow quantities. The statistical moments of
flow quantities served as a basis for future stochastic predictions of solute transport developed in
fiscal year 1999.

Field-test results of flow quantities, such as pressure head and saturation, if available, can be
used to compare these values with the predicted confidence intervals of the same quantities
(Case 1). It is expected that the field-test results fall within the predicted confidence intervals
with a 95 percent probability. However, statistical and other input parameters are taken or
estimated from the YMP databases. These parameters may or may not represent the rock
properties at the test site. Therefore, there is another level of uncertainty, and there have been
some sensitivity analyses regarding these parameters. It is found that the flow predictions are
sensitive to the background saturation, the mean and variance of pore-size-distribution parameter
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cc, the mean and variance of the log of the saturated hydraulic conductivity, and the injection
rate. This sensitivity indicates that a refinement of these parameters is important.

10.7.2.63 Monte Carlo Flow and Transport Simulations

10.7.2.6.3.1 Introduction

To augment the results of the sensitivity analyses for the homogeneous-model calculations and
the stochastic-model results, a series of Monte Carlo analyses were carried out in two
dimensions. The goal of these simulations is to bracket the range of possible transport behavior
that could arise due to variability in the hydrologic parameters. To accomplish this goal, a
refined two-dimensional grid was generated (Figure 10.7-44) for performing flow and transport
calculations. As in the homogeneous simulations using FEHM, the top and bottom boundaries of
the model are held at constant capillary pressure. A single realization of the model consists of
two simulations: a background simulation (without fluid injection at the borehole) to establish a
steady-state flow condition followed by a simulation in which fluid of unit concentration
(arbitrary concentration units) is injected for 180 days, the duration of the Phase IA experiments.
To simulate a heterogeneous system, the model is populated with a distribution of permeability
values with a given mean value and an assumed correlation length. Figure 10.7-45 shows a
permeability distribution chosen at random from the Case-I simulations (see Table 10.7-20 for a
summary of the different cases treated in the Monte Carlo simulations; detailed discussion of the
individual cases considered is provided below). The contrasting permeability within the region
of rock in which fluid is injected is expected to affect the flow and transport behavior by
providing preferential pathways for fluid migration through the rock.

10.7.2.6.3.2 Methodology

The Monte Carlo approach considers the results of all individual realizations to be equally likely
outcomes of the behavior of the system. Therefore, once a metric is chosen for quantifying the
behavior of the system, statistical properties of the behavior of the system can be established. In
the present study, the movement of a conservative solute injected with the fluid is used because
the post-test measurements will consist of a mineback or selective drilling to collect rock and
water samples and chemical analysis of tracer concentrations. The maximum penetration
distance in all four directions away from the injection point is recorded for several different
concentrations to establish the movement tracer direction. Then, for all 50 realizations in a given
case, the mean values for these distances are recorded along with the standard deviation. The
mean values establish the general location of the concentration front, whereas the standard
deviation is a measure of uncertainty in the predictions of concentration-front movement due to
rock mass heterogeneities.

10.7.2.6.3.3 Statistical Results

One advantage of the Monte Carlo approach is that an individual realization can be examined in
detail to understand the behavior of the system, after which the multiple realizations can be used
to quantify the uncertainty. The behavior of the flow and transport system is now examined
(Figure 10.7-46) for the permeability distribution shown in Figure 10.7-45. The background
saturation distribution shows little or no variability. This result is in contrast to the variability in
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predicted fluid saturation for the cases in which permeability and van Genuchten a are
correlated.

For that type of heterogeneous field, the fluid saturation is a strong function of a. The left-hand
panels of Figure 10.7-46 show the movement of the saturation front into the rock mass for
various times during the injection phase, and the right-hand panels are the concentrations of the
conservative tracer for those same times. For this rock at this injection rate, there appears to be a
relatively uniform migration of fluid and tracer away from the injection point in all directions,
even upward. Under these conditions, the capillary-pressure driving forces are strong enough to
pull water against the force of gravity. The presence of the borehole produces a shadow effect in
which fluid must migrate around the borehole to reach the rock on the opposite side of the
injection pad. Regarding the influence of heterogeneities, there is some tendency for fluid to be
drawn preferentially into portions of the rock with higher capillary suction. The resulting
saturation and concentration fronts exhibit an irregular pattern that tracks the heterogeneities.
Nevertheless, the general patterns of movement of fluid and solute match fairly closely those of
the homogeneous simulations.

The results of the statistical analyses of the Monte Carlo simulations are now examined.
Table 10.7-21 shows the mean and standard-deviation values for the four cases summarized in
Table 10.7-20. The y coordinate in the table represents the vertical direction, with negative
values below the borehole injection point. The x coordinate is laterally away from the borehole,
with positive values located on the side at which the injection pad is located. Results of Case 1,
in which the permeability field is assumed to vary but the van Genuchten a value is constant, are
examined first. The mean values for the minimum and maximum y values illustrate the degree to
which the transport occurs uniformly upward and downward. Case I results show that capillary
forces tend to pull water (and tracer) uniformly upward and downward with little or no tendency
for downward migration due to gravity. The C = 0.01 iso-concentration value is meant to
represent the migration of the front edge of the concentration plume; it travels approximately
40 to 45 cm in upward, downward, and outward (positive x) directions, on average. The
injection point is located at approximately x = 5 cm and y = 0. The travel distance for the
C = 0.5 iso-concentration value is more indicative of bulk plume movement, rather than the
leading edge. This front travels approximately 30 cm in the three directions. The xmin values
suggest a slight asymmetry in plume migration. This asymmetry is caused by the shadow effect
due to the presence of the borehole, as described above.

The borehole causes the plume to have more difficulty migrating in the negative x direction. The
standard deviation values reflect the uncertainty in the predicted migration of the plume
caused by the heterogeneous permeability distribution. For Case 1, the uncertainty in the
C = 0.01 iso-concentration value is about 8 to 12 cm (depending on direction), whereas for the
C= 0.5 value, the uncertainty ranges from about 7 to 10 cm. Therefore, for Case 1, the
heterogeneous permeability field (with no variability in a) adds considerable uncertainty to the
predictions.

A comparison of Cases 1 and 2 (Table 10.7-21) illustrates the effect of imposing a correlation of
permeability and a on the uncertainty of the predictions. The mean values for the spreading of
the plume in all directions are very similar for the two cases, but the uncertainty due to
heterogeneity is much smaller when a is assumed to be correlated with permeability (Case 2).
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The correlation imposes a larger a for lower permeability, resulting in a larger capillary suction
for rock regions with lower permeability. This result counteracts the tendency for fluid to travel
preferentially through higher permeability rock, as in Case 1. Therefore, the spreading of tracer
in Case 2 is more uniform, and the standard deviation values are consequently smaller. A series
of hydrologic measurements on samples collected at the site will help to evaluate which situation
is more likely for the Calico Hills tuffs.

Finally, the influence of correlation length on plume spreading can be examined by comparing
Cases 2, 3, and 4, which assumed correlation lengths of 0.2, 0.1, and 0.5 m, respectively
(Table 10.7-21). The mean behavior of the plumes is very insensitive to the correlation length.
Regarding the uncertainty in plume prediction (as measured by the standard deviation), there is a
trend toward larger uncertainty as the correlation length increases, as expected. Nevertheless, the
uncertainty for these cases is much smaller than the correlation length itself. This result is
caused by the assumed correlation of permeability and a for each of these cases, which, as
mentioned above, largely negates the distribution of permeability values. Therefore, the largest
uncertainty in these simulations appears to be the nature of the correlation (or lack thereof) of
different hydrologic properties. Permeability and the van Genuchten a parameter were
correlated in these simulations. Altman et al. (1996, Section 3.2.1.2, p. 28) also proposed
correlations between permeability and porosity for Yucca Mountain tuffs. Therefore, the most
important data that could be collected to further constrain these predictions are hydrologic
property measurements on a much larger set of samples from the test block. A full suite of
property measurements (porosity, permeability, and unsaturated hydrologic parameters) on
samples collected from known locations in the block would be useful to set correlations between
parameters and assign correlation lengths for future simulations.

10.7.2.6.3.4 Preliminary Interpretations

Critical evaluation and iterative improvement of the flow and transport conceptual and numerical
models await the data collection, which is in progress. Focus over the past year has been on flow
and transport field data collection, and this focus has now shifted to compiling, analyzing, and
interpreting these data. Observations of the data collected so far, and the modeling of these data,
lead to several key conclusions of relevance to performance assessment.

The modeling analyses for Phase IA indicate that strong capillary forces in the rock matrix of the
Tac unit are likely to modulate fracture flow from overlying units, thereby dampening pulses of
infiltrating water and providing a large degree of contact between radionuclides and the rock
matrix. Several modeling approaches, from deterministic to Monte Carlo to stochastic models,
were used to simulate the Phase IA experiments. All yielded similar qualitative results. From
these results, it is concluded tentatively that the deterministic modeling approach taken at the site
scale may be adequate. The parameterizations used to perform these calculations must be
evaluated after data from the unsaturated zone transport test are available.

A particularly interesting observation from the Phase 11B experiment is that, even when injection
occurs immediately adjacent to a fracture, water appears to be imbibed quickly into the
surrounding matrix. The transport times observed immediately below the injection point were on
the order of 30 days, whereas pure fracture flow would have resulted in travel times of minutes
to hours at this flow rate. Site-scale models must be evaluated in light of this observation.
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Models that predict significant fracture flow at percolation rates low enough for the matrix to
transmit the flow may be inconsistent with the Phase 1B experiment.

10.7.2.7 Initial Phase 2 Model Predictions

10.7.2.7.1 Introduction

The predictions presented here were first presented to the YMP Management and Operating
Contractor as a white paper on July 15, 1997, 8 days prior to the commencement of Phase 2
injections. This work constitutes the first "blind" prediction of the behavior of the Phase 2 block
of the Busted Butte transport test prior to injection. This prediction is intended to test the
modeling concepts and tools available to the integrated site-scale model and the validity of the
abstractions of that model for performance assessment. The prediction uses parameters from
available Yucca Mountain hydrologic and geochemical databases. At this stage, no model
calibration has been performed. As data become available from the various phases of the
unsaturated zone transport test, they will be incorporated into refined versions of the model. The
new information will be used to make improved predictions. All simulation results presented in
this section were data logged into the YMP Management and Operating Contractor file system to
guarantee that all predictions herein preceded the injection of Phase 2 tracers.

The YMP-qualified computer code FEHM used in the site-scale unsaturated zone flow and
transport model and its abstractions for performance assessment was also used in the
development of the three-dimensional model presented in this section. Specifically, this code is
used by the YMP for radionuclide migration predictions using the calibrated site-scale flow
models (Bodvarsson et al. 1997, Chapter 19) and, therefore, is ideal for predicting unsaturated
zone transport test results. Although detailed geologic and hydrologic property distributions in
three dimensions are not yet available, it is anticipated that during the course of the testing, these
data will become available. Three-dimensional effects will probably become important as data
specific to the test block become available for the Phase 2 block. The model is, therefore, being
developed in three dimensions at the outset to capture these effects and to anticipate the three-
dimensional property database that will be collected for the test block.

In this section, conservative and reactive tracer breakthrough times are predicted for each
sampling borehole for up to 1 yr. from the start time, the planned input time of the test results
into the TSPA-LA.

10.7.2.7.2 Model Description

The Phase 2 test block at Busted Butte encompasses, from top to bottom, the lower section of the
Topopah Spring Tuff vitrophyre (Tptpv2) and the hydrologic Calico Hills unit (Tptpvl and Tac)
(Figure 10.7-2). The first step in constructing a three-dimensional, finite-element model of the
Phase 2 test was to build a finite-element mesh using the coordinates of the injection and
collection boreholes. The file used in this work contains the surveyed local coordinates of the
boreholes and the layered stratigraphy at the site.

Figure 10.7-2 shows a representation of the Phase 2 block with the, boreholes represented as
colored lines. The block is approximately 7 by 10 m deep by 10 m wide and contains
28 boreholes ranging from 7.5 to 10.0 m in length. The eight injection boreholes (shown in red)
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all originate in the left rib of the Test Alcove (located in front of the figure). These boreholes are
subparallel, distributed along two horizontal planes, and are perpendicular to the 12 collection
boreholes (dark blue) coming from the right rib of the Main Adit (to the left of the vertical yz
lane). The other boreholes (light blue) are dedicated to electrical-resistance tomography and
ground-penetrating radar tomography.

For modeling purposes, the model domain was extended from +2 to +14 m in the x-direction,
+60 to +72 m in the y-direction, and -8.2845 to +2.5015 m in the z-direction. These coordinates
are consistent with the surveyed local coordinates and the stratigraphy of the block.
Figure 10.7-47 shows a top view of the finite-element grid with the borehole locations.

In general, the mesh was refined between the injection and collection boreholes to accurately
capture the migration of the tracers and heterogeneities at scales smaller than the layer thickness.
In the x-direction, a grid spacing of 0.25 m was chosen close to the boreholes. In both the x- and
y-directions, a coarse mesh spacing was chosen at the block boundaries, because no transport is
expected at these locations. In the y-direction, a mesh spacing of 0.125 ma was chosen close to
boreholes. A slightly finer grid spacing was used in the y-direction than the x-direction to
accurately capture the location of the injection points, which are spaced 0.61 m apart in the
y-direction (10 injection points per injection borehole). In the z-direction, the stratigraphy is
represented with six distinct layers: five layers to represent the hydrologic Calico Hills unit
(Tac: three layers; Tptpvl: two layers), and one layer to represent Tptpv2. The discretization in
the z-direction is dependent on the particular layer because some layers are thicker than others.
The discretization ranged from 0.15 to 0.25 m. The entire model is composed of 128,570 nodes.
Figures 10.7-48 and 10.7-49 show views of the grid from the Test Alcove and the Main Adit,
respectively. Once the mesh was constructed, the next step was to assign properties to the
model. Table 10.7-22 contains the property sets used in the different layers.

For this preliminary investigation, layers 1 through 3 were lumped together as one Calico Hills
unit (Tac), layers 4 to 5 were assigned Tptpvl properties, and layer 6 was assigned Tptpv2
properties. As additional data become available, layers 1 through 3 and 4 through 5 will all be
treated as distinct layers. Porosity values were obtained from a few samples from the Busted
Butte site. Permeabilities and van Genuchten relative-permeability parameters for the matrix
were obtained from Flint (1998). Flint (1998) was chosen because this study represents the
existing YMP database for the unsaturated zone and contained sufficient samples to generate
statistics on the variability of key parameters, such as matrix permeability and matrix van
Genuchten parameters. Ideally, a database of fracture properties for the Busted Butte site would
be used, but these data are not yet available. Instead, fracture van Genuchten parameters were
taken from the calibrated flow model of Bodvarsson et al. (1997, Chapter 6, p. 6-22), which data
were obtained by fitting field data at the site scale. Although there is a great amount of
uncertainty in fracture properties, this data set is considered to be a reasonable representation of
YMP material properties applicable to Busted Butte.

For this preliminary investigation, and in view of the absence of data on fracture-matrix
interactions in the Calico Hills, the equivalent-continuum model was used to model Phase 2.
Isotropic and anisotropic dual-permneability models and stochastic models will be used in
addition to the equivalent-continuum model, if necessary, to refine the predictions. The
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equivalent-continuum model was also used to scope calculations done during test design and is
currently being used to understand both Phases IA and 1 B.

Tracer breakthrough occurred in the 10 mL/hr. injection system of Phase lB (borehole 6).
Specifically, tracer was detected at the pad 35 days after injection. This result means the time of
breakthrough occurred between 28 and 35 days in relation to the collection-pad schedule.
To compare model predictions with test breakthrough times as defined by the appearance of
fluorescein tracer on a collection pad, the tracer concentration must be known. For example, if
the breakthrough time is defined to be when the normalized concentration reaches 0.5, then for
Tptpv2, the equivalent-continuum model predicts a breakthrough at 47 days for a distance tracer
travel of 28 cm (Figure 10.7-50). At a normalized concentration of 0.3, the model predicts
breakthrough at 31 days for the same distance, which is close to the observed breakthrough time
for borehole 6.

In the future, as data become available, it will be possible to use the Phase I results to improve
on the current predictions of Phase 2. However, in the absence of appropriate data, the first
phase of predictive modeling used the database listed in Table 10.7-22, with no attempt at
calibration. The background flow conditions are obtained by setting a capillary pressure at the
top and bottom boundaries and allowing the block to equilibrate to a steady-state saturation
profile. A capillary pressure of 200 m of water was chosen, which is within the range of
capillary-pressure measurements at Yucca Mountain (Altman et al. 1996). The capillary
pressure was set so that a saturation of about 0.35 to 0.45 was obtained in the block. Moisture
measurements and preliminary porosity data from test-block lithologies indicate that these
saturation values are reasonable. Once the background conditions were set, the next step was to
begin pumping and injecting tracer.

Three different pumping rates are to be used in Phase 2: (1) 1 mL/hr. (one upper borehole),
(2) 10 mL/hr. (four lower boreholes), and (3) 50 mL/hr. (three upper boreholes). The 1 mL/hr
rate is equivalent to an infiltration rate of approximately 30 mm/yr., which is well within the
range of infiltration rates at Yucca Mountain. The predictions made (given below) show that
during a 1-yr. test, the 1-mL/hr. pumping rate is not expected to transport any tracer to the
sampling wells. Injection borehole 23 will be the only one that pumps at 1 mL/hr. The
10-mL/hr. injection rate is equivalent to an infiltration rate of approximately 380 mm/yr., which
is slightly higher than the highest anticipated infiltration that will occur at Yucca Mountain. The
lower injection boreholes, 24, 25, 26, and 27, will operate at 10 mL/hr. Finally, 50 mL/hr. is
equivalent to an approximate infiltration rate of 1,550 mm/yr., which well exceeds the expected
at Yucca Mountain even under wetter climate scenarios. The purpose of the 50-mL/hr. rate is to
obtain enough separation in travel times between the conservative and reactive tracers so as to be
visible and distinct in the field test. Boreholes 18, 20, and 21 will pump continuously at
50 mL/hr.

10.7.2.7.3 Predictions

The predictions below are borehole specific and can therefore be used to compare directly to
test-block results. Table 10.7-23 shows the distance between the closest sampling point and the
injection planes. Table 10.7-24 to 10.7-32 present the predicted tracer breakthroughs at each
location.
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For all predictions, three criteria for tracer-breakthrough times were used: (1) a 5 percent
concentration limit, (2) a 50 percent concentration limit, and (3) the concentration after 1 yr.
from the time of injection (the time of submittal of results for TSPA-LA). Note that it is
assumed that the concentration of tracer in the injection fluid is unity, and tracers are
continuously injected for the duration of the test.

A diffusion coefficient of 1 x 10-11 m2/s was used for all tracers. Longitudinal and transverse
dispersivities were zeroed out for this preliminary set of calculations. However, as with any
finite-element model, some numerical dispersion is present. Due to the fine-mesh spacing and
small time steps taken in these simulations, numerical dispersion is not expected to play a
significant role in these simulations. A bulk-rock density of 2,580 kg/m was used for all layers.
This parameter only affects the reactive-tracer breakthrough times. The values chosen are
considered to be reasonable representations of Yucca Mountain properties, given the .existing
database. As more data become available, all of these parameters will be adjusted.

Conservative Tracers-First, the travel times for fluorescein, a conservative tracer, are
predicted. Uniform properties for porosity, permeability, and van Genuchten model parameters
within each of the six layers of the test block are assumed. In the last part of this section, the
effect of heterogeneous property distributions is briefly examined. Figure 10.7-51 depicts a
concentration plume for fluorescein after I yr.

Table 10.7-24 and 10.7-25 show the predicted breakthrough times of tracer for the upper and
lower collection sampling points, respectively. As expected, sampling locations closer to the
injection planes exhibit tracer breakthrough times that are earlier than those from more distant
locations. As discussed in the next section, for simulations involving heterogeneous property
distributions, this result may be modified due to preferential flow paths. The results indicate that
tracer breakthrough is expected at several sampling locations within the first year and some are
expected within the first month. Conservative-tracer breakthroughs could occur at earlier times
than predicted by the equivalent-continuum model if the model assumptions are erroneous.
Fracture flow through Tptpv2, for example, could result in faster travel times. Even so, an
additional year of operation may be required to achieve transport distances on the order of the
entire length of the block.

Nonconservative Tracers-Table 10.7-26 shows the distribution coefficients, Kd, for the
reactive, nonconservative tracers determined by parallel laboratory studies and used in Phase 2
for the various units. The measurements are preliminary but provide a starting point for the
modeling effort. Travel times for reactive tracers are extremely sensitive to these distribution
coefficients and errors in these parameters strongly bias the results. One major deficiency in the
preliminary measurements is that these results do not include reversible sorption, and
equilibrium may not have been achieved when obtaining the distribution coefficients.

The next set of tables shows the predicted breakthroughs for the three reactive tracers:
Li (Table 10.7-27 and 10.7-28), Mn (Table 10.7-29 and 10.7-30), and Ni or cobalt
(Table 10.7-31 and 10.7-32).

The data indicate that Li does not sorb in Tptpv2, but mildly sorbs in Tac and Tptpvl. Although
Li sorption in Tac is mild when compared to Mn and Ni or cobalt, the sorption has a large effect
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on travel times over the time scale of interest. The Li only breaks through at locations that are
extremely close to the injection boreholes (i.e., boreholes 16, 17, 46, 48, and 9).

Manganese is predicted to sorb much more strongly than Li. For this reason, Mn is only
expected to breakthrough at boreholes 46 and 48 within I yr. Cobalt or Ni sorbs even more
strongly than Mn, and is not expected to break through at any borehole during the test.

There are many caveats that could strongly affect the predicted travel times of the reactive
tracers. First, the model is extremely sensitive to the values of Kd, and the current Kd

measurements are uncertain at this time. A simple Kd may not be sufficient to model sorption of
these tracers due to chemical heterogeneities and nonlinear reactions. More rigorous reactive
transport models will be used in the future to check the linear-Kd assumption. Finally, these
immobile reactive tracers may sorb onto colloids, thereby enhancing their mobility.

Heterogeneous System-A major assumption of the above modeling results is that properties are
homogeneous within a layer. In this section, the effects of the heterogeneity of properties within
the layers are explored. In these simulations, permeability values are distributed within each
layer. It is assumed that the mean of the permeability is the same as the permeability values used
in the homogeneous simulations. In each layer, a log-normal distribution of permeability with a
in (k) variance of 2.0 and a correlation length of 1 m in the x, y, and z directions is assumed. In
the Calico Hills and Tptpvl units, the van Genuchten parameter am has been shown to be
correlated to matrix permeability (Altman et al. 1996, Section 3.2.1.3). This correlation is used
to distribute am throughout the hydrologic Calico Hills or Tac and Tptpvl units.

Figure 10.7-52 shows the background saturation profile and the saturation profile after 1 yr. of
continuous injection. The saturation profile shows that the 50-mL/hr. boreholes have a strong
effect on the saturation profile. There are two reasons for this effect: the first reason is that
50 mL/hr. is the high injection; the second reason is that the 50-mL/hr. boreholes inject into the
lower section Topopah Spring basal vitrophyre (Tptpv2), which has a much lower matrix
permeability than the hydrologic Calico Hills (Tac and Tptpvl). The 10 mL/hr. injections in the
Tac unit do not have a large effect on the saturation profile. The simulations indicate that
capillary action is an important process around the 10 mL/hr. injections, which is mostly due to
the high matrix permeabilities in this unit.

Table 10.7-33 and 10.7-34 show the fluorescein breakthrough times for two realizations. As
expected, heterogeneities do add some fluctuations in the previously observed trends; however,
many trends still hold. Many more realizations are required to gauge the spread or uncertainty in
travel times. The methodology for performing these Monte Carlo simulations now exists, and
the next step will be to run many realizations.

10.7.2.7.4 Summary and Interpretation

This section presents a preliminary "blind" prediction of the behavior of the Phase 2 block of the
unsaturated zone transport test at Busted Butte. The prediction was intended to test the current
modeling concepts and tools available to the integrated site-scale model and their abstractions for
performance assessment. This prediction uses parameters from the available Yucca Mountain
hydrologic and geochemical databases. No calibrations were performed using information from
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Busted Butte. As more data become available from the unsaturated zone transport test, they will
be incorporated into refined versions of the models employed in these preliminary predictions.

Modeling results for fluorescein, a conservative tracer, indicate that tracer breakthrough is
expected at several sampling locations within the first year of testing. For some sampling
locations, tracer breakthrough is predicted for travel times of less than 1 mo. Tracer
breakthroughs could be even quicker than predicted if the equivalent-continuum model
assumption does not hold. Fracture flow through the Topopah Spring formation (Tptpv2) could
result in faster travel times. The fracture parameters for the van Genuchten model are not known
to a high degree of accuracy. Sensitivity analyses on these parameters will be performed to
determine how sensitive travel times are to these fracture parameters. Another caveat in these
modeling results is the effect of physical heterogeneities within each layer. Small-scale
heterogeneities could result in preferential flow paths, which result in faster flow paths in some
parts of the block and slow flow paths in other parts of the block. In the future, Monte Carlo
simulations and more elegant stochastic techniques will be employed to attempt to capture the
uncertainty in the travel times.

More uncertainty exists in the predicted travel times of the reactive tracers when compared with
the conservative-tracer predictions. The strongly sorbing tracers Mn cobalt (or Ni) are not
expected to break through within the first year of testing. Even weakly sorbing Li only reaches a
few collection boreholes. Therefore, an additional year of operation may be required to achieve
transport distances that reach more sampling points. At this stage, it is important to note that the
model is extremely sensitive to the values of Kd used, which are preliminary. In addition, a
linear-Kd model may not be sufficient to model sorption of these tracers due to chemical
heterogeneities and nonlinear reactions. More rigorous reactive transport models will be used in
the future to check the linear-Kd assumption. Finally, these immobile reactive tracers may sorb
onto colloids, thereby enhancing their mobility.

10.7.2.8 Summary of the Implications for Performance Assessment

The unsaturated zone transport test is designed to provide information suitable for assessing the
validity of flow and transport models used in the site characterization and performance
assessment programs for Yucca Mountain. This section is a summary of the experimental and
modeling work performed to date for the unsaturated zone transport test. Critical evaluation and
iterative improvement of the flow and transport conceptual and numerical models awaits data
collection, which is in progress. The first step in this process is reported here, namely the blind
predictions of flow and transport behavior for both the Phase I and Phase 2 experiments.

Although flow and transport field data collected to date are limited, observations of the available
data collected, and modeling of these data, lead to several key conclusions of relevance to
performance assessment. The conclusions summarized below were categorized with respect to
the particular field or modeling activity in this section.

. Laboratory Measurements-The collection of unsaturated hydrologic property data
using the unsaturated flow apparatus provides data of particular relevance to flow and
transport models because they are direct measurements under unsaturated conditions
rather than indirect, model-derived parameters. Future laboratory data for unsaturated
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zone rocks should be collected under unsaturated conditions to confirm or supplement
the large existing database of hydrologic parameters. The Monte Carlo analyses
(Section 10.7.2.6.3) indicate that the nature of the correlations between parameters such
as permeability and the van Genuchten a parameter have a strong impact on the
predictability of the flow and transport system. Therefore, a full suite of measurements
of hydrologic and transport parameters should be made on each rock sample to constrain
models and develop correlations.

. Phase 1A and 1B Model Results-The modeling analyses for Phase IA indicate that
strong capillary forces in the rock matrix of the Tac unit are likely to modulate fracture
flow from overlying units, thereby dampening pulses of infiltrating water and providing
a large degree of contact between radionuclides and the rock matrix. Several modeling
approaches, from deterministic to Monte Carlo and stochastic models, were used to
simulate the Phase 1A experiments (Sections 10.7.2.6 and 10.7.2.7). All yielded similar
qualitative results. From this, it is tentatively concluded that the deterministic modeling
approach taken at the site scale may be adequate. The parameterizations used to perform
these calculations must be evaluated after data from the unsaturated zone transport test
are available.

A particularly interesting observation from the Phase IB experiment is that, even when
injection occurs immediately adjacent to a fracture, water appears to be imbibed quickly
into the surrounding matrix. The transport times observed immediately below the
injection point were on the order of 30 days, whereas pure fracture flow would have
resulted in travel times of minutes to hours at this flow rate. Site-scale models must be
evaluated in light of this observation. Models that predict significant fracture flow at
percolation rates low enough for the matrix to transmit the flow may be inconsistent
with the Phase lB experiment.

Phase 2 Modeling-Because field-test results from this part of the test are not available
yet, it is difficult to draw conclusions relevant to the evaluation of models. Significant
uncertainties uncovered by the modeling include the adequacy of continuum models in
nonwelded units of high matrix permeability and the nature of the transition from
fracture flow to matrix flow at contacts between hydrogeologic units. These are exactly
the issues being studied within the unsaturated zone transport test. Therefore,
preliminary answers to these important questions are anticipated in the next few months,
after the first 9 months of test data have been collected and analyzed.

10.7.3 C-Holes Field and Laboratory Transport Testing

10.7.3.1 Introduction

To test conceptual saturated zone transport models for the YMP, two major cross-hole, forced-
gradient tracer tests were conducted at the C-holes complex (UE-25 c#1, UE-25 c#2, and UE-25
c#3), located approximately 2 km southeast of the potential repository footprint (Figure 10.7-53)
and completed in fractured volcanic tuffs. Groundwater flow at this location is thought to be
toward the southeast, which puts the C-holes directly downgradient of the southern end of the
potential repository. The tracer tests were conducted in two different saturated intervals that
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differed in horizontal hydraulic conductivity by about two orders of magnitude: the lower
Bullfrog Tuff, with a conductivity of 70 to 210 rn/day (Geldon et al. 1997, Table 8), and the
lower Prow Pass Tuff, with a conductivity of 0.8 to 1.0 m/day (Reimus et al. 1999, Table 3-2).
Figure 10.7-54 depicts the hydrogeology of the C-holes and shows the packer locations of the
tracer tests. It should be noted from Figure 10.7-54 that the vast majority of the water produced
at the C-holes comes from a small number of relatively discrete zones, most of which are located
in the lower portion of the Bullfrog Tuff. Both tracer tests were conducted between wells c#2
and c#3 (a linear distance of approximately 30 in); c#3 was the production well in the Bullfrog
Tuff test and c#2 was the production well in the Prow Pass Tuff test.

The two tracer tests featured the simultaneous injection of several different tracers having
different physical and chemical characteristics: (1) nonsorbing solutes with different diffusion
coefficients (B1f and pentafluorobenzoate), (2) a weakly-sorbing solute (LiW), and
(3) carboxylate-modified latex polystyrene microspheres, which served as colloidal tracers. Two
additional tracer tests were conducted in the Bullfrog Tuff, each of which involved the injection
of only a single nonsorbing solute (Reimus et al. 1999, Appendix C). These tests were
conducted primarily to determine the optimal injection well for the test involving multiple
tracers, and they will not be discussed further here except in the context of how they supported
the interpretation of the multiple-tracer test in the Bullfrog Tuff. The simultaneous injection of
multiple tracers offers significant advantages over single-tracer injections because it allows
transport processes to be better distinguished and quantified by comparing the responses of the
different tracers.

A series of laboratory studies were conducted in parallel with the field testing efforts to help
support and constrain the interpretations of the field tests. These studies included (1) batch-
sorption tests to characterize Li+ sorption to C-holes tuffs, (2) diffusion-cell tests to determine
matrix diffusion coefficients of tracers used in the field, and (3) dynamic transport tests to study
tracer transport in fractured and crushed tuffs under more controlled conditions than in the field.
The batch-sorption tests and dynamic transport tests provided estimates of Li sorption parameters
for comparison with sorption parameters derived from the field tests. Such comparisons are
important because they indicate whether laboratory-derived radionuclide sorption parameters can
be used defensibly in field-scale predictive calculations.

10.7.3.2 Summary of Field Test Results and Interpretations

Figure 10.7-55 shows the normalized tracer responses (concentrations divided by injection
masses) in the multiple tracer test in the Bullfrog Tuff. Figure 10.7-56 shows the normalized
tracer responses in the Prow Pass Tuff multiple-tracer test. It should be noted that the
concentrations and times for the Bullfrog Tuff test in Figure 10.7-55 are shown on log-log axes.
The test conditions and tracer injection masses in the two tests are described in detail in Reimus
et al. (1999, Chapter 5 [Prow Pass Tuff] and Appendix C [Bullfrog Tuff]). Both tests featured
partial recirculation of the water produced from the pumped well; about 3.5 percent recirculation
in the Bullfrog Tuff and about 30 percent recirculation in the Prow Pass Tuff.

The most striking feature of the tracer breakthrough curves in the Bullfrog Tuff test
(Figure 10.7-55) is their bimodal (double-peaked) behavior. This behavior is attributed to a
relatively small fraction (about 13 percent) of the tracer solution exiting the injection borehole in
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short residence time pathways in the upper half of the injection interval, whereas the remaining
tracer mass exited the borehole primarily in pathways of longer travel time deeper in the interval.
The greater density of the tracer solution (injected just below the top packer) relative to the
groundwater would have caused it to preferentially sink to the bottom of the relatively long (and
unmixed) injection interval. Figure 10.7-57 shows that there was only one pentafluorobenzoic
acid peak in a tracer test conducted earlier in the Bullfrog Tuff (same interval, same flow rates).
The only difference between the two tests was that about 1,000 L of tracer solution were injected
in the first test, whereas about 12,000 L were injected in the second test. The packed-off
injection interval volume was about 4,300 L, so in the first test, only about one-fourth of an
interval volume was injected. Therefore, it is likely that only flow pathways in the lower part of
the injection interval conducted tracers out of the borehole because of the tendency of the tracers
to sink. In contrast, in the second test, approximately three interval volumes of tracer solution
were injected, so the volume between the packers should have eventually filled with tracer
solution, and tracers would have thus accessed flow pathways throughout the entire length of the
interval. The flow survey information depicted in Figure 10.7-54 suggests that the zone of
highest flow in the injection well (c#2) occurred in the upper half of the injection interval.

The pentafluorobenzoic acid and bromide responses in both the Bullfrog Tuff tracer test and the
Prow Pass Tuff test show clear qualitative evidence of matrix diffusion. The peak normalized
pentafluorobenzoic acid concentrations are higher than the peak normalized bromide
concentrations in both tests, and the second bromide peak in the Bullfrog Tuff test is somewhat
delayed relative to the pentafluorobenzoic acid with a tail that appears to cross over the
pentafluorobenzoic acid at long times. These features are all consistent with greater matrix
diffusion of the more diffusive tracer (bromide) relative to the less diffusive tracer
(pentafluorobenzoic acid). Another qualitative indication of matrix diffusion in the Prow Pass
Tuff test is the jump in solute tracer concentrations after each of the three major flow
interruptions during the tailing portion of the test, which indicates diffusion of tracers out of the
matrix and into fractures during the interruptions. Thus, the two tests support the concept of
dual-porosity behavior in the saturated, fractured system at the C-holes (i.e., flow occurs
primarily in fractures, but there is a great deal of stagnant water available for tracer/contaminant
storage in the near-stagnant water of the rock matrix). The Li responses in the two tests show
obvious attenuation relative to the nonsorbing tracers, which is indicative of Li sorption. The
attenuation in the Prow Pass Tuff test and in the first peak of the Bullfrog Tuff test is almost
exclusively a lowering of the peak concentration with little or no delay in arrival time. This
behavior is consistent with Li sorption in the matrix (after diffusion into the matrix). The
attenuation in the second peak of the Bullfrog Tuff test involves a clear time delay along with a
dramatic lowering of concentration. This behavior is consistent with sorption in both the fracture
flow pathways and the matrix.

The carboxylate-modified latex microsphere responses in the two tests indicate that the
microspheres were significantly attenuated relative to the solute tracers in both tests, with the
attenuation relative to solutes being greater in the Prow Pass Tuff test. The microsphere
responses in the Prow Pass Tuff test are shown more clearly on a plot of log-normalized
concentration versus time in Figure 10.7-58. The responses in both tests (including both sizes of
spheres in the Prow Pass test) are characterized by truncated tails relative to the solutes but with
measurable concentrations that persist throughout the tests. This behavior is consistent with
filtration followed by some sort of nonlinear or stochastic resuspension of the microspheres.
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It should be noted that the concentration of microspheres in the injection solution was well below
any stability limit. All of the injected microspheres were obtained from the manufacturer in less
than 1 L of solution. They were stored at this concentration for several weeks before the
injection. For the injection, the microspheres were diluted by a factor of about 5,000. In regard
to the destabilizing effect of the high concentration of solute tracers in the injection solution,
several samples were taken of the injection solution, and microsphere aggregation in these
samples was minimal, even after sitting for more than a week. Thus it is very unlikely that
microsphere stability limits were exceeded either due to microsphere concentrations being too
high or solute concentrations being too high.

The tracer responses in both tests were interpreted by simultaneously fitting the breakthrough
curves using a semianalytical, dual-porosity transport model, RELAP, described in detail in
Reimus et al. (1999, Appendix D). RELAP is part of the Reactive Transport Application
software package. It solves Laplace-domain "transfer functions," which describe tracer
injection, wellbore mixing, recirculation, and tracer transport in a dual-porosity system. The
equations used for transport in the flow system can take various forms depending on whether
(1) the flow is assumed to be linear or radial, (2) the matrix is assumed to be finite or semi-
infinite, or (3) sorption is assumed to be equilibrium or rate limited (Reimus et al. 1999,
Appendix D).

The interpretation strategy in the Bullfrog Tuff test was to (1) fit the first tracer peaks,
(2) subtract the fitted responses from the complete breakthrough curve(s), and (3) fit the resulting
residual second peak(s) with a second set of transport parameters. In the Prow Pass Tuff test, a
single set of transport parameters was sufficient to fit the single-modal tracer responses. The
sequence of fitting the different tracer responses in each test was as follows:

. The Br and pentafluorobenzoic acid responses were fit simultaneously using RELAP
(CRWMS M&O 2000, Section 3, Item 3) and assuming that both tracers experienced the
same mean residence time and longitudinal dispersivity (because they were injected
simultaneously), but they had diffusion coefficients that differed by a factor of three.
Both tracers were assumed to be conservative (nonsorbing).

. The Li response was fit by assuming that the Li experienced the same mean residence
time and dispersivity as the bromide and pentafluorobenzoic acid, but it had a diffusion
coefficient two-thirds that of bromide and twice that of pentafluorobenzoic acid. The
only parameters adjusted to obtain a fit to the Li data were sorption parameters.

. The microsphere responses were fitted assuming the same mean residence times and
dispersion coefficients as the solute tracers, but without any diffusion into the matrix
(diffusion coefficient of zero). The rate-limited sorption features of RELAP were used
to adjust filtration and resuspension rate constants until a fit to the data was obtained.

• To simulate the flow interruptions in the Prow Pass Tuff tracer test, a numerical code
called RETRAN, also part of the Reactive Transport Application software package, was
used. Unlike RELAP, RETRAN is capable of simulating nonlinear behavior and flow
transients (Laplace transforms are limited to linear functions and steady-state flow
behavior). RELAP fits were extended beyond the flow interruptions by using the
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transport parameters obtained from RELAP (up until the time of the flow interruptions)
as inputs to RETRAN. RETRAN was also used to simulate the nonlinear sorption
behavior of Li.

The model fits to the tracer breakthrough curves are not shown graphically here; graphical
representations of the fits can be found in Reimus et al. (1999, Chapter 5, Appendix C). All
transport parameters obtained from the fits, with the exception of Li sorption parameters, are
listed in Table 10.7-35 and 10.7-36 for the Bullfrog and Prow Pass tuff tests, respectively. It
should be noted that there are separate estimates of mean residence times and dispersivities
depending on whether "radial" or "linear" flow is assumed (the two possible extremes for flow to
a pumped well in a confined aquifer). These values reflect the parameter uncertainty associated
with the true nature of the flow field. Figure 10.7-59 shows the range of longitudinal
dispersivities deduced from the C-holes tracer tests on a plot of dispersivity versus length scale
taken from Neuman (1990). It is apparent that the C-holes longitudinal dispersivities (the
darkened box) are in relatively good agreement with Neuman's published relationship of
dispersivity versus length scale. Note that the lower end of the range of length scales associated
with the darkened box corresponds to the interwell separation in the tracer tests, and the upper
end corresponds to the test interval thickness (used as an upper bound for the transport distance).
The effective flow porosities listed in Table 10.7-35 and 10.7-36 were calculated from the
deduced mean tracer residence times using the following expression (Reimus et al. 1999,
Chapter 5, p. 5-17 Equation 5.7), which assumes radial convergent flow in a homogeneous,
isotropic medium:

.: .... . ' QT

R2 L (Eq. 10.7-1)

where

r = flow porosity
Q = production rate (cubic meters per hour)

= mean tracer residence time (hours)
R = distance between boreholes (meters)
L formation thickness (meters)

The "mass fraction" of tracer participating in each test (listed in Table 10.7-35 and 10.7-37) was
an adjustable parameter used to account for unrecoverable loss of tracer mass during the tests.
Such mass loss is possible given the open, heterogeneous nature of the system and the density of
the tracer solution (which may have resulted in tracers "sinking" out of the zone of influence of
the pump). Finite but slow flow through the matrix may also have resulted in some tracer being
pushed out of the injection well into the matrix (rather than fractures), where it would have been
effectively lost from the fracture flow system.

The parameter describing matrix diffusion in Table 10.7-35 and 10.7-37 is actually a lumped
parameter

(Eq. 10.7-2)
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consisting of the matrix porosity, 0, the fracture half-aperture, b, and the matrix diffusion
coefficient, Din. These parameters cannot be easily separated because it is not possible to obtain
independent estimates of their in situ values. It should be noted that the simultaneous fits to the
nonsorbing tracer responses were not significantly improved by assuming a finite matrix (versus
an infinite matrix) or by assuming multiple pathways with different matrix diffusion mass
transfer coefficients (versus a single mass transfer coefficient).

Lithium sorption parameters deduced from the field tracer tests are listed in Table 10.7-37.
Laboratory-derived Li sorption parameters (Section 10.7.3.2) are also listed in Table 10.7-37 to
allow a comparison between field-derived and laboratory-derived sorption data. Table 10.7-37
indicates that Li sorption in the field was always approximately equal to or greater than the
sorption measured in the laboratory. It should be noted that although Table 10.7-37 lists only
linear, equilibrium sorption parameters (Kd values), the first Li peak in the Bullfrog Tuff tracer
test was actually a better fit assuming either rate-limited sorption or nonlinear sorption.
A discussion of these and other alternative approaches to fitting the early Li peak in the Bullfrog
Tuff test is provided by Reimus et al. (1999, Appendix C). For the second Li peak in the
Bullfrog Tuff test and the only peak in the Prow Pass test, the assumption of linear, equilibrium
sorption provided very good fits to the data.

The microsphere fitting procedure in the Bullfrog Tuff test is described in detail in Reimus et al.
(1999, Appendix C, Section C.5). Two sets of pathways were assumed, each having a unique
linear filtration rate constant. However, to fit the long tailing behavior, it was necessary to
assume that there were multiple resuspension rate constants for different mass fractions of the
spheres within each pathway. To match the low recovery of the spheres, a relatively large
fraction of mass in each pathway was assumed to be irreversibly filtered (a resuspension rate
constant of zero). The filtration rate constants resulting in a good fit to the complete microsphere
response are given in Table 10.7-35. In the Prow Pass Tuff test, the microsphere responses were
fit assuming only linear forward filtration with no resuspension (Reimus et al. 1999, Chapter 5,
p. 5.10, Figure 5-1 1). The resulting filtration rate constants are provided in Table 10.7-36. The
fits provided a good match to the data until the tails of the breakthrough curves began to flatten
out. The long flat tails could probably be explained by multiple resuspension rate constants, but
this was not attempted.

10.7.3.3 Summary of Laboratory Test Results and Interpretations

10.7.3.3.1 Batch-Sorption Testing of Lithium Ion

Batch-sorption tests were conducted to determine equilibrium sorption isotherms of Li ion to
seven different C-holes tuff lithologies over a three-order-of-magnitude range of Li solution
concentrations that effectively spanned the range of concentrations in field tests (about 1 to
1,000 mg/L). The resulting best-fitting Langmuir isotherms for each lithology are shown in
Figure 10.7-60 (without the fitted data, which would excessively clutter the plot) (Reimus et al.
1999, Chapter 6, p. 6.4). In most cases, a Langmuir isotherm offered a better fit to the data than
either a linear or Freundlich isotherm because of the tendency of the Langmuir isotherm to
plateau at higher concentrations, suggesting a saturation of the surface with Li. These tests and
their results are described in more detail in Reimus et al. (1999, Chapter 6).
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In conjunction with the batch-sorption tests, all tuffs tested were analyzed quantitatively for
major mineral phases by quantitative X-ray diffraction. Cation exchange capacity experiments
were also conducted on each rock. Not surprisingly, the tuffs that had the highest Li sorption
capacity (bedded Prow Pass and lower Bullfrog tuffs) also had the highest percentages of
smectite clays and/or zeolites and the highest cation exchange capacities (Reimus et al. 1999,
Chapter 6). The primary cations exchanging with the Li in the cation exchange capacity tests
were Na and Ca.

10.7.3.3.2 Diffusion Cell Testing

Laboratory diffusion cell tests involved measuring the diffusion coefficients of the nonsorbing
tracers used in field tests in intact blocks of saturated matrix material. The experimental
apparatus and details of the test interpretations are presented in Reimus et al. (1999, Chapter 8).
The diffusion coefficients of pentafluorobenzoic acid and bromide were measured in five
different tuff lithologies, listed in Table 10.7-38. Each lithology could have been involved in the
field tests. Table 10.7-38 also gives the measured matrix porosities and tuffpermeabilities. It is
evident that the diffusion coefficients are positively correlated with both of these rock properties,
although the correlation is better with permeability. The two diffusion cell tests conducted in the
lower Prow Pass Tuff indicate very good experimental reproducibility using two different pieces
of core from this lithological unit.

The ratio of bromide to pentafluorobenzoic acid diffusion coefficients in the diffusion cell tests
was consistently about 3:1, regardless of the absolute values of the diffusion coefficients. This
ratio was used as a constraint when simultaneously fitting the responses of these tracers in the
field tests.

10.7.3.3.3 Flowing Transport Experiments in Crushed and Fractured Tuffs

Two types of flowing transport experiments were conducted to support field test: (1) crushed-
tuff column experiments, and (2) fractured-core column experiments. In the former, LiBr
solutions were eluted through columns of the same crushed central Bullfrog Tuff at different
concentrations and different flow rates. These tests showed that Li sorption under flowing
conditions was in very good agreement with batch-sorption measurements, and that Li sorption
kinetics were rapid enough that Li sorption in the field should be well approximated by assuming
local equilibrium between the solution and solid phases. More details of the crushed-tuff column
experiments and their results are given in Reimus et al. (1999, Chapter 7). The tests were
interpreted using the RELAP and RETRAN components of the Reactive Transport Application
software package.

The fractured core experiments offered more realistic laboratory simulations of the field tracer
tests. These tests were conducted in induced (unnatural) fractures in both the upper and central
Prow Pass Tuff lithologies (16 to 17 cm long). Experimental methods are described in Reimus
et al. (1999, Chapter 7, Section 7.2). Two different sets of tests were conducted in each fracture:
(1) multiple tests at different flow rates using only iodide as a tracer, and (2) tests involving the
simultaneous injection of Li, bromide, and pentafluorobenzoic acid (analogous to the field
experiments). The first set of tests consistently exhibited higher peak concentrations of iodide at
higher flow rates, consistent with matrix diffusion (more iodide would be expected to diffuse
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into the matrix as residence times increase). Simultaneous RELAP fits of these data sets allowed
estimates of matrix diffusion parameters in the columns. The second test set exhibited behavior
that was very consistent with the field observations; that is, peak normalized pentafluorobenzoic
acid concentrations were greater than peak Br concentrations, and Li concentrations were lower
yet but not significantly attenuated in time (Reimus et al. 1999, Chapter 7, pp. 7.8 to 7.11). All
these features are consistent with dual-porosity transport behavior in the columns. These tests
were interpreted using the same techniques (Reactive Transport Application) as the field tests
involving multiple tracers. For brevity, the test results and interpretations are not presented here
(Reimus et al. 1999, Chapter 7). In general, apparent matrix diffusion mass transfer coefficients
were greater in the laboratory than in the field, and Li sorption parameters in the laboratory were
smaller than in the field.

10.7.3.4 Conclusions from C-Holes Field and Laboratory Testing

The C-holes field and laboratory tests resulted in the following conclusions relevant to
performance assessments of the potential Yucca Mountain repository.

. The responses of nonsorbing tracers in all field and laboratory tracer tests in fractured
rocks are consistent with matrix diffusion behavior. This result supports the use of a
dual-porosity conceptual model to describe radionuclide transport through the saturated,
fractured volcanic rocks near Yucca Mountain.

• Sorption of Li ion in the field was greater than or equal to its measured sorption in the
laboratory (see Table 10.7-37 for a comparison of laboratory-derived and field-derived
sorption parameters). Although Li does not behave identically to any radionuclide, this
result suggests that the use of laboratory-derived radionuclide sorption parameters in
field-scale transport predictions is defensible and may even be conservative.

• The effective flow porosities deduced from the field tests were less than 1 percent for all
tracer responses except for the second tracer peak(s) in the Bullfrog Tuff test, for which
the deduced flow porosity was several percent (even after apportioning 75 percent of the
production flow to the first tracer peak). However, if the second peak was really the
result of only 10 percent of the production flow, then the effective flow porosity would
be only about I percent, and if it were only 5 percent of the production flow, then the
flow porosity would be less than 1 percent. Such small percentages of production flow
resulting in the second tracer response(s) are entirely possible in a heterogeneous
fracture flow system such as that at the C-holes.

. The longitudinal dispersivities deduced from the field-scale experiments are consistent
with published relationships of dispersivity versus length scale (e.g., Figure 10.7-59).

. Matrix diffusion mass transfer coefficients in the field experiments were less than in the
laboratory experiments, and they generally decreased as tracer residence times
increased. There are several possible explanations for this behavior, including (1) larger
average fracture apertures as length (and time) scales increase, (2) an increasingly
greater influence of true matrix diffusion, as opposed to diffusion into stagnant free
water, as test durations increase, and/or (3) a greater tendency to encounter diffusion
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barriers in longer duration tests where characteristic diffusion distances are greater. It
should be noted that all tracer responses could be adequately fitted assuming a single
matrix diffusion mass transfer rate for each tracer peak.
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10.8 SUMMARY OF FACTORS AFFECTING RADIONUCLIDE TRANSPORT

Section 10 addresses factors affecting radionuclide transport in the far field under ambient
conditions. Radionuclide transport experiments have been conducted in the laboratory to
determine solubility concentration limits and to determine Kd values under batch and dynamic
transport conditions. Results of experiments have been tested under field conditions at the
Busted Butte unsaturated zone transport test site and, for the saturated zone, at the C-holes
complex.

Retardation of radionuclides may take place via sorption onto fracture-filling minerals or zeolites
in the matrix. Ion exchange and surface complexation are both sorptive mechanisms. Matrix
diffusion also plays a role in retarding radionuclides such as Np and U. Organic complexes may
enhance sorption, but organics are formed in low concentration in Yucca Mountain
groundwaters.

Colloids in groundwater have the potential to lower retardation of radionuclides by transporting
them. Colloidal transport of Pu is an important mechanism to include in performance assessment
calculations.
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Source: CRWMS M&O (1997, Figure 1)

NOTE: The linescan crosses a fracture with smectite-lined walls; matrix on either side is zeolitic. Open fracture
is approximately at point 33 (10 pm beam, 15 s/point, and 12 pm between analytical points).

Figure 10.3-1. Electron Microprobe Linescan for Silver in a Microautoradiography Photoemulsion

TDR-CRW-GS-00000 I REV 01 ICN 01 FIO.3-1 September 2000



0

E
a) 10,000-o
0

/\rancielte

= 6000 j

0

cryptomelane
2000- ' / /X

0 5 10 15 20 25 30

points in analysis traverse

1 0.3-02.EPS.SITEDESC-ROI

Source: Eckhardt (2000)

NOTE: The linescans cross two different manganese-oxide bodies exposed to similar plutonium-bearing solutions:(1) a rancieite body within zeolitic tuff and (2) cryptomelane lining a fracture in devitrified tuff (both linescanscollected with a 10 pm beam, 15 s/point, and 12 pm between analytical points).

Figure 10.3-2. Electron Microprobe Linescans for Silver in Two Microautoradiography Photoemulsions
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NOTE: These values of the batch-sorption distribution coefficient, Kd, illustrate the limited sorption of neptunium
onto a large range of Yucca Mountain tuffs in J-13 well water under atmospheric conditions. The initialneptunium concentration ranged from 6 to 8 x 10-7 M. The tuffs were wet-sieved to particle sizes that
ranged from 75 to 500 pm. The pretreatment period was 2 to 14 days; the sorption period was 3 to 23 days.

Figure 10.3-3. Neptunium Sorption in J-13 Well Water
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Source: CRWMS M&O (2000, Figure 2)

NOTE: Experimental values of Kd for the sorption of neptunium onto tuffs in J-1 3 water at initial concentrations of 6to 7 x 10-7 M are compared for atmospheric conditions (pH of about 8.5) and a carbon-dioxide overpressure
(pH of about 7). Tuffs were wet-sieved (75 to 500 pm); the pretreatment period was 2 to 3 days; the sorption
period was 3 to 5 days.

Figure 10.34. The pH Dependence of Neptunium Sorption onto Tuffs at 10-7 M
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NOTE: A plot is shown of the concentration, F, of neptunium in the solid phase of the clinoptilolite-rich tuff G4-1510
versus the concentration, C, of neptunium in the solution phase of J-13 well water and linear (Kd) fits to the
data for two values of pH.

Figure 10.3-5. Neptunium Sorption onto Clinoptilolite-Rich Tuff

a)

U)

0)
E -W

C O

a C
a- C

C

0C
0C

C.
CD
0
C
a'

L)

100

80

60

40

20

00

*pH 7
.pH 8.5

Kd= 2.6 mUg

I

10 20

Concentration of neptunium in solution, G (micromoles/L)

30

1 0.3-06.CDR.SITEDESC-RO1

Source: CRWMS M&O (2000, Figure 4)

NOTE: A plot is shown of the concentration, F, of neptunium in the solid phase of clinoptilolite versus the
concentration, C, of neptunium in the solution phase of J-1 3 well water and linear (Kd) fits to the data for two
values of pH.

Figure 10.3-6. Neptunium Sorption onto Clinoptilolite
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NOTE: Values of Kd for sorption of neptunium onto several tuffs that allow comparison of sorption (under
atmospheric conditions) for the two types of groundwaters. The initial neptunium concentration ranged from
6 x 107 to 8 x 10-7 M. The tuffs were wet-sieved to particle sizes ranging from 75 to 500 pm. The
pretreatment period was 2 to 14 days, and the sorption period was 3 to 23 days.

Figure 10.3-7. Dependence on Water for Neptunium Sorption onto Tuffs
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NOTE: Values of Kd for neptunium onto several minerals and a calcite-rich tuff that allow comparison of sorption
(under atmospheric conditions) for the two groundwaters. The initial neptunium concentration ranged from
6 x 1i07 to 8 x 107 M. The tuff and the calcite were wet-sieved to particle sizes ranging from 75 to 500 pm;
the montmorillonite was dry-sieved; the clinoptilolite and hematite were not sieved; the sorption period was
17 to 22 days.

Figure 10.3-8. Dependence on Water for Neptunium Sorption onto Minerals
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Source: CRWMS M&O (2000, Figure 7)

NOTE: This is a log-log plot of the concentration of uranium in the solid phase, F, of the clinoptilolite-rich tuft
G4-1510 versus the concentration of uranium in the solution phase, C, of J-13 well water. The tuff was
wet-sieved to give particles that ranged in size from 75 to 500 pm. The period of pretreatment was 2 to
4 days; the period of sorption was 3 to 4 days. The data for a pH of 7 have been fitted with a Langmuir
isotherm; the data for a pH of 8.5 have been fitted with a Freundlich isotherm.

Figure 10.3-9. Uranium Sorption onto Clinoptilolite-Rich Tuff
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Source: CRWMS M&O (2000, Figure 8)

NOTE: This is a log-log plot of the concentration of uranium in the solid phase, F, of clinoptilolite versus the
concentration of uranium in the solution phase, C, of J-1 3 water. The mineral was unsieved. The period of
pretreatment was 2 to 4 days; the period of sorption was 3 to 4 days. The data for each pH (7 and 8.5) have
been fitted with a Langmuir isotherm.

Figure 10.3-10. Uranium Sorption onto Clinoptilolite
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NOTE: The plot shows isotherms for the sorption of neptunium on three different iron oxides, calculated on the basis
of unit mass.

Figure 10.3-11. Neptunium Sorption per Unit Mass on Iron Oxides
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NOTE: This plot shows isotherms for the sorption of dihydroxyphenylalanine (DOPA) on goethite and on boehmite
at different pH levels in the presence of 0.1 M KCI.

Figure 10.3-12. The pH Dependence of Dihydroxyphenylalanine Sorption on Oxides
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NOTE: This plot shows isotherms for the sorption of neptunium on goethite at a pH of 6.2 and 6.9.

Figure 10.3-13. Neptunium Sorption on Goethite

U-Z .

d)
0
E

C
0
0.-
0

E

0.

G)z

0.1-

Untreated tuff

Tuff treated
with hydrogen

peroxide

-

A
u- I - .

6
Neptunium equilibrium concentration (pM)

10.3-14.DOC.SITEDESC-RO1

Source: Triay et al. (1997, Figure 80)

NOTE: This plot shows isotherms for the sorption of neptunium on devitrified tuff (G4-270) treated with hydrogen
peroxide and untreated.

Figure 10.3-14. Neptunium Sorption on Treated and Untreated Tuff
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NOTE: This plot shows isotherms for the sorption of neptunium on hydrogen-peroxide-treated tuff materials (G4-270)
with and without dihydroxyphenylalanine (DOPA).

Figure 10.3-15. Neptunium Sorption with and without Dihydroxyphenylalanine on Treated Tuff
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NOTE: This plot shows isotherms for the sorption of neptunium on untreated tuff samples (G4-270) with and without
dihydroxyphenylalanine (DOPA).

Figure 10.3-16. Neptunium Sorption with and without Dihydroxyphenylalanine on Untreated Tuff
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NOTE: This plot shows isotherms for the sorption of neptunium on goethite, boehmite, and tuff material (G4-270).

Figure 10.3-17. Neptunium Sorption on Oxides and Tuff
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NOTE: This plot shows isotherms for the sorption of neptunium on goethite in the presence and absence of
dihydroxyphenylalanine (DOPA) at a pH of 6.2.

Figure 10.3-18. Neptunium Sorption on Goethite with and without Dihydroxyphenylalanine

co7
TDR-CRW-GS-000001 REV 01 ICN 01 F10.3-10 September 2000

-1-- I I 11,11,11,11,11-1-- ........ . .... I- - . 1111,11,11,11-- ............................. -- ...-..... .... "I',,',',---- ......



0.5
-6

E
E- 0.4-
(I
.8
0)

E
:3
C0
E-. 0.2-
6
U)

E
E 0.1-

a)z

Boehmite A
without
DOPA O

0 8 Boehmite
0 with

DOPA
a

O , ,I

0 0.5 1.0 1.5 2.0 2.5
Neptunium equigbrium concentration (PLM)

10.3-19.DOC.SITEDESC-RO1

Source: Triay et al. (1997, Figure 85)

NOTE: This plot shows isotherms for the sorption of neptunium on boehmite in the presence and absence of
dihydroxyphenylalanine (DOPA) at a pH of 6.2.

Figure 10.3-19. Neptunium Sorption on Boehmite with and without Dihydroxyphenylalanine
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NOTE: This plot shows isotherms for neptunium sorption on hematite in the presence and absence of catechol or
alanine (1 pM) at a pH of 6.9.

Figure 10.3-20. Neptunium Sorption on Hematite with and without Organics
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NOTE: The plot shows isotherms for sorption of neptunium on ferrihydrite in the presence and absence of catechol
or alanine (1 pM) at pH 6.2.

Figure 10.3-21. Neptunium Sorption on Ferrihydrite with and without Organics

A-

E
.C
0)

0

E0E

0)zt

1.6 -

1.2 -

0.8-

0.4-

A

Goethite with alanine
Goethite with

catech(9 t

Goethite with
organics

A
00

0

A:ao

0

U

0 0.2 0.4 0.6
Neptunium equilibrium concentration (pM)

10.3-22.1OC.SITEDESC-RO1

Source: Triay et al. (1997, Figure 88)

NOTE: This plot shows isotherms for the sorption of neptunium on goethite in the presence and absence of catechol
or alanine (1 pM) at a pH of 6.9.

Figure 10.3-22. Neptunium Sorption on Goethite with and without Organics
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NOTE: This plot shows isotherms for the sorption of neptunium on boehmite with and without Nordic aquatic fulvic
acid (NAFA).

Figure 10.3-23. Neptunium Sorption on Boehmite with and without Nordic Aquatic Fulvic Acid
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NOTE: This plot shows isotherms for the sorption of neptunium on goethite with and without Nordic aquatic fulvic
acid (NAFA).

Figure 10.3-24. Neptunium Sorption on Goethite with and without Nordic Aquatic Fulvic Acid
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NOTE: This plot shows isotherms for neptunium sorption on treated tuff (G4-270) with and without Nordic aquatic
fulvic acid (NAFA).

Figure 10.3-25. Neptunium Sorption on Treated Tuff with and without Nordic Aquatic Fulvic Acid
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Source: CRWMS M&O (2000, Figure 66)

NOTE: This plot shows isotherms of neptunium sorption on untreated tuff (G4-270) with and without Nordic aquatic
fulvic acid (NAFA).

Figure 10.3-26. Neptunium Sorption on Untreated Tuff with and without Nordic Aquatic Fulvic Acid
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NOTE: This plot shows isotherms for the sorption of plutonium on three iron oxides, calculated on the basis of unit
mass.

Figure 10.3-27. Plutonium Sorption per Unit Mass on Iron Oxides
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NOTE: This plot shows isotherms for the sorption of plutonium on three different iron oxides, calculated on the basis
of unit surface area.

Figure 10.3-28. Plutonium Sorption per Unit Area on Iron Oxides
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NOTE: This plot shows isotherms for the sorption of plutonium on goethite at two different values of pH.

Figure 10.3-29. The pH Dependence of Plutonium Sorption on Goethite
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NOTE: This plot shows isotherms for plutonium sorption on ferrihydrite with and without catechol or alanine (1 pM)
at a pH of6.2 in 0.1 M KCI.

Figure 10.3-30. Plutonium Sorption on Ferrihydrite with and without Organics
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NOTE: This plot shows isotherms for the sorption of plutonium on hematite and goethite with and without catechol or
alanine at a pH of 6.9 in 0.1 M KCI.

Figure 10.3-31. Plutonium Sorption with and without Organics

0.1

.2

-b
0)

. _

0)

0
E

C
0

2-
0
Co

E
.2:

0.08.

0.06

Ferrihydrite with DOPA:
1 p.M 0.1 .M 0.01 [.M

0 £

Ferrihydrite
without

0 b 3 DOPA

o A
ft

0.04-

0.02-

0
0 0.0025

Plutonium equilibrium concentration (gM)
0.005

1 0.3-32.CDR.SIEDESC-Rl01

Source: Triay et al. (1997, Figure 98)

NOTE: This plot shows isotherms for the sorption of plutonium on ferrihydrite with and without
dihydroxyphenylalanine (DOPA) at a pH of 6.2 in 0.1 M KCI.

Figure 10.3-32. Plutonium Sorption on Ferrihydrite with and without Dihydroxyphenylalanine
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NOTE: This plot shows isotherms for the sorption of plutonium on goethite with and without dihydroxyphenylalanine
(DOPA) at a pH of 6.9 in 0.1 M KCI.

Figure 10.3-33. Plutonium Sorption on Goethite with and without Dihydroxyphenylalanine
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Figure 10.3-34. Sorption Isotherms for Plutonium (V) on Devitric Tuff (G4-275) with and without Humic
and Fulvic Acids in Natural J-1 3 Groundwater
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Figure 10.3-35. Sorption Isotherms for Plutonium (V) on Vitric Tuff (Gu3-1496) with and without Humic
and Fulvic Acids in Natural J-1 3 Groundwater
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Figure 10.3-36. Sorption Isotherms for Plutonium (V) on Zeolitic Tuff (G4-1529) with and without Humic
and Fulvic Acids in Natural J-1 3 Groundwater
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Figure 10.3-37. Sorption Isotherms for Plutonium (V) on Devitric Tuff (G4-275) with and without Humic
and Fulvic Acids in Synthetic UE-25 p#1 Groundwater
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Figure 10.3-38. Sorption Isotherms for Plutonium (V) on Vitric Tuff (GU3-1496) with and without Humic
and Fulvic Acids in Synthetic UE-25 p#1 Groundwater
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Figure 10.3-39. Sorption Isotherms for Plutonium (V) on Zeolitic Tuff (G4-1529) with and without Humic
and Fulvic Acids in Synthetic UE-25 p#1 Groundwater
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NOTE: The plot shows data points for the sorption distribution coefficient of neptunium on the zeolitic tuff sample
G4-1506 at a pH of 8.4 as a function of sodium-ion concentration. Surface complexation should not vary
with sodium concentration, so the horizontal dashed asymptote at high concentrations is a measure of
surface complexation and the dashed linear slope at low concentrations is a measure of the ion-exchange
component of the sorption.

Figure 10.340. Modeling of Neptunium Sorption
0
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NOTE: This plot compares sorption data (points) with the predictions of the FITEQL code for the pH dependence of
neptunium sorption on zeolitic tuff from J-13 water with and without surface complexation at edge sites
(curves). The sorption data for samples G4-1608 and G4-1502 are from Thomas (1987).

Figure 10.3-41. Neptunium Sorption in J-13 Water
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NOTE: This plot compares sorption data (points) with the predictions of the FITEQL code for the pH dependence of
neptunium sorption on zeolitic tuff from UE-25 p#1 water with surface complexation at edge sites (curve).

Figure 10.3-42. Neptunium Sorption in UE-25 p#1 Water
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NOTE: The curve above shows the predictions of the FITEQL code for the adsorption of uranium onto crushed
devitrified tuff from a 0.1 M NaCI solution in a controlled atmosphere with an initial uranium concentration of
1 x 106 M.

Figure 10.3-43. Uranium Adsorption
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Figure 10.3-44. Adsorption of Neptunium-237 on Three Types of Alluvium
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Adsorption of Np as a Function of Time
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NOTE: The top panel shows the change in sorption coefficient (Kd) with time; the bottom panel, the percent
adsorbed.

Figure 10.3-45. Kinetics of Neptunium-237 Adsorption in Three Types of Alluvium
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Figure 10.346. Adsorption of Technetium-99 on Three Types of Alluvium
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NOTE: The panels show the change in sorption coefficient (Kd) with time.

Figure 10.3-47. Kinetics of Technetium-99 Adsorption in Three Types of Alluvium
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Figure 10.3-48. Kinetics of lodine-129 Adsorption in Three Types of Alluvium
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NOTE: This plot shows the elution curves for tritium and plutonium-239 through devitrified tuff sample G4-268 with
J-13 well water. Cumulative concentration (in Figures 10.4-1 to 10.4-8) 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 percent.

Figure 10.4-1. Plutonium through Devitrified Tuff
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NOTE: This plot shows the elution curves for tritium and plutonium-239 through vitric tuff sample GU3-1405 with
J-13 well water.

Figure 10.4-2. Plutonium through Vitric Tuff
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NOTE: This plot shows the elution Curves for tritium and plutonium-239 through zeolitic tuff sample G4-1533 with J-13

Figure 10.4-3. Plutonium through Zeolitic Tuff
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NOTE: This plot shows elution curves for tritium and plutonium-239 at different flow rates with J-13 water through

devitrified tuff G4-268o
Figure 10.4-4. Plutonium in Devitrified Tuff (J-13 Well Water) at Various Flow Rates
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NOTE: This plot shows elution curves for tritium and plutonium-239 at different flow rates in synthetic UE-25 p#1
water and tuff G4-268.

Figure 10.4-5. Plutonium in Devitrified Tuff (UE-25 p#1 Water) at Various Flow Rates
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NOTE: This plot shows the elution curves for tritium and technetium-95m at different flow rates with J-13 well water
through devitrified tuff sample G4-268.

Figure 10.4-6. Technetium in Devitrified Tuff at Various Flow Rates
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NOTE: This plot shows the elution curves for tritium and technetium-95m at different flow rates with J-13 well water
through vitric tuff sample GU3-1414.

Figure 10.4-7. Technetium in Vitric Tuff at Various Flow Rates
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NOTE: This plot shows the elution curves for tritium and technetium-95m at different flow rates with J-1 3 well water
through zeolitic tuff sample G4-1533.

Figure 10.4-8. Technetium in Zeolitic Tuff at Various Flow Rates
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NOTE: The unsaturated flow apparatus column data plotted here for a Yucca Mountain tuff retardation experiment
show the breakthrough curves for selenium. The initial concentration, C0, of selenium (as selenite) was 1.31
ppm in J-13 well water.

Figure 10.4-9. Selenium Breakthrough Curves
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NOTE: These unsaturated flow apparatus 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. The name
and the density of each tuff are given in the legend.

Figure 10.4-10. Unsaturated Hydraulic Conductivity
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NOTE: This plot shows the elution curves for tritium and neptunium-237 in synthetic J-13 water through a fractured
column of devitrified tuff sample G1-1941.

Figure 10.4-11. Neptunium in Fractured Tuff G1-1941
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NOTE: This plot shows the elution curves for tritium and neptunium-237 in synthetic UE-25 p#1 water through a
fractured column of devitrified tuff UE-25 UZ-16 919.

Figure 10.4-12. Neptunium in Fractured Tuff UZ-16 919
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NOTE: The plot shows elution curves for tritium, neptunium-237, and technetium-95m in synthetic J-13 water through
a fractured column of tuff G4-2981.

Figure 10.4-13. Neptunium and Technetium in Fractured Tuff G4-2981
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NOTE: The plot shows elution curves for technetium-95m and tritium in synthetic J-1 3 water through a fractured
column of devitrified tuff G4-2954.

Figure 10.4-14. Technetium in Fractured TuffG4-2954
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NOTE: 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, C0) remaining in the beaker as a function of
elapsed time.

Figure 10.5-1. Diffusion Data
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Source: CRWMS M&O (2000, Figure 28)

NOTES: 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. Units of d are in mUg.

Figure 10.5-2. Diffusion Data Curve Fits
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Source: CRWMS M&O (2000, Figure 29)

NOTES: These curves were calculated for tuff G4-737 using the diffusion coefficient, d, measured for tritiated water
and the batch-sorption coefficients, Kd, measured for the sorbing radionuclides (Table 10.5-2). Diffusion
curves for tritium and technetium are also shown. Units of d are in mUg.

Figure 10.5-3. Calculated Diffusion Curves
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NOTES: The solid curve is the diffusion curve calculated for cesium using a Kd value and the diffusion coefficient for
tritium (Figure 10.5-3); the squares are the actual diffusion data for cesium with tuff GA-737 (Figure 10.5-1).
Units of d are in mL/g.

Figure 10.54. Comparison of Calculated and Actual Diffusion Data
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Source: CRWMS M&O (2000, Figure 31)

NOTES: The data show the concentration in synthetic UE-25 p#1 water of tritium, plutonium-239 (V), and natural
uranium (VI) (relative to the concentration in the traced cell, C/CO) diffusing through devitrified tuff G4-287
into the untraced cell as a function of time.

Figure 10.5-5. Tritium, Plutonium, and Uranium Diffusion through Devitrified Tuff0
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Source: CRWMS M&O (2000, Figure 32)

NOTES: The data show the concentration in synthetic UE-25 p#1 water of technetium-95m and neptunium-237
(relative to the concentration in the traced cell, C/C0) diffusing through devitrified tuff G4-287 into the
untraced cell as a function of time.

Figure 10.5-6. Technetium and Neptunium Diffusion through Devitrified Tuff
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Source: CRWMS M&O (2000, Figure 33)

NOTES: The data show the concentration in synthetic UE-25 p#1 water of tritium, plutonium-239 (\), and natural
uranium (VI) (relative to the concentration in the traced cell, C/C0) diffusing through zeolitic tuff UE-25 1362
into the untraced cell as a function of time.

Figure 10.5-7. Tritium, Plutonium, and Uranium Diffusion through Zeolitic Tuff
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Source: CRWMS M&O (1997, Chapter VIIA, Figure 1)

NOTE: Concentrations of colloids are compared on the basis of alkali and alkaline-earth element concentration for
colloid size greater than 100 nm.

Figure 10.6-1. Colloid Concentrations
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Source: CRWMS M&O (1997, Chapter VIIA, Figure 2)

NOTE: This plot shows the effect of calcium + magnesium and sodium + potassium on the colloid attachment factor at

a pH of 8 for montmorillonite colloids of size greater than 100 nm with total organic carbon less than 5 x 10-5 M.

Figure 10.6-2. Colloid Attachment

'<2

TDR-CRW-GS-000001 REV 01 ICN 01 F10.6-2 September 2000



120

100

80

60

40

20

0
0 12 24 36 48 60 72 84 96

Time (hour)
10.6-3.DOC.SITEOESC-RO?

Source: CRWMS M&O (1997, Chapter VIID, Figure 1)

Figure 10.6-3. Sorption of Plutonium-239 onto Hematite Colloids as a Function of Time in Natural and
Simulated Groundwater

TDR-CRW-GS-000001 REV 01 ICN 01 FIO.6-3 September 2000



120

100

0 80
L.
0

¢ 60

0 40

20

0
0 12 24 36 48 60 72 84 96

Time (hour)
10.6-4. DOC.SMEDESC -FR1

Source: CRWMS M&O (1997, Chapter VIID, Figure 1)

Figure 10.6-4. Sorption of Plutonium-239 onto Goethite Colloids as a Function of Time in Natural and
Simulated Groundwater

TDR-CRW-GS-00000 I REV 01 ICN 01 FIO.6-4 September 2000



120 -

100

80

~60

; 40

20* Mont.J 13 .Pu(V)
20 - Mont.SYN.JI3.Pu(V)

-e- Mont..J 13.Pu(IV)
-.-o Mont.SYN.J13.Pu(IV)

0

0 30 60 90 120 150 180 210 240

Time (hour)
10.&S.DOC.SrEDESO-R01

DTN: LA0004NL831352.001

Figure 10.6-5. Sorption of Plutonium-239 onto Montmorillonite Colloids as a Function of Time in Natural
and Simulated Groundwater
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Figure 10.6-6. Sorption of Plutonium-239 onto Silica-PST-1 Colloids as a Function of Time in Natural and
Simulated Groundwater
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Figure 10.6-7. Percentage of Americium-243 Adsorbed onto Colloids of Hematite, Montmorillonite, and
Silica-PST-1 as a Function of Time in Natural and Simulated Groundwater
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Figure 10.6-8. Amount of Plutonium (V) Adsorbed onto Hematite and Montmorillonite as a Function of
Colloidal Concentrations in Natural and Simulated Groundwater after 240 Hours
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Figure 10.6-9. Desorption of Plutonium-239 from Colloids of Hematite, Goethite, Montmorillonite, and
Silica in Natural and Simulated Groundwater after 150 Days
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