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CONSULTATION DRAFT

Chapter 4
GEOCHEMISTRY

INTRODUCTION

This chapter contains geochemical information about the Yucca Mountain
site. The chapter references plans for continued collection of geochemical
data as part of the site characterization program: Details of these plans
are contained in Section 8.3.1.3.

This section provides a brief introduction to the geochemistry chapter.
It contains discussions about the following: (1) the concerns that drive the
collection of geochemical data, (2) the methods by which data presently
available have been collected, (3) concepts of the site that influence
geochemical data collection, and (4) the status of present data and models.

In addition to the discussions in this chapter, the following related
concerns are addressed in Chapter 7:

1. Anticipated interactions among the waste form, engineered barriers,
and environment.

The chemical composition and form of the waste.
The solubility of the waste form in ground water.

The radionuclide species released by leaching from the waste form.

oo W N

Anticipated chemical and mineralogical compositions of natural and
engineered barriers.

6. Anticipated interactions among the waste form, water, vapor, gas,
and rock.

ISSUES

Geochemical information generated during the characterization of the
Yucca Mountain site will play an important role in resolving questions about
the ability of the site to isolate radioactive wastes from the accessible
environment. This issue is addressed by Key Issue 1 (Will the mined geologic
disposal system a2t Yucca Mountain isolate the radioactive waste from the
accessible environment after closure in accordance with the requirements set
forth in 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 9607)

(Section 8.2). Geochem1ca1 information is specifically addressed by
Characterization Program 8.3.1.3 (geochemistry).

In addition, geochemical data will be used to evaluate the Yucca Moun-
tain site in terms of the siting guidelines outlined in 10 CFR Part 960 and
the siting criteria in 10 CFR Part 60. In particular, two issues will
require site characterization data for their resolution: Issue 1.8 (Can the
demonstrations for favorable and potentially adverse conditions be made as
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required by 10 CFR 60.122?) (Section 8.3.5.17) and Issue 1.9 (Can the higher
level findings required by 10 CFR Part 960 be made for qualifying conditionms
on the postclosure system guideline and the disqualifying and qualifying
conditions on the technical guidelines for geohydrology, geochemistry, rock
characteristics, climate changes, erosion, dissolution, tectonics, and human
interference; and can the comparative evaluations be made by 10 CFR
960.3-1-57) (Section 8.3.5.18). :

Specific to the geochemistry task are three favorable conditions and
four potent1ally adverse cond1t1ons (10 CFR 60. 122)

Favorable cond1t10ns

1. The nature and rates of tectonic, hydrogeologic, geochemical, and
- geomorphic processes (or any of such processes) operating within the
geologic setting during the Quaternary Period, when projected, would
not affect or would favorably affect the ab111ty of the geolog1c
repository to isolate the waste.

2. Geochemical conditions that
a. Promote precipitation or sorption of radionuclides.

b. Inhibit the formation of part1culates, colloids, and inorganic

and organic complexes that 1ncrease the mob111ty of radio-
nuclides.

c. Inhibit the transport of radionuclides by particulates,
colloids, and complexes.

3. Mineral assemblages that, when subjected to anticipated thermal
loading, will remain unaltered or alter to mineral assemblages
having equal or increased capacity to inhibit radionuclide
migration.

Potentially adverse conditions:

1. Ground-water conditions in the host rock, including chemical
composition, high ionic strength or ranges of Eh-pH, that could
increase the solubility or chemical reactivity of the engineered
barrier system.

2. Geochemlcal‘processes that would reduce sorption of radionuclides,
result in degradation of the rock strength, or adversely affect the
performance of the engineered barrier systenm.

3. Ground-water conditions in the host rock that are not reducing.

4. Potential for the movement of radionuclides in a gaseous state

through air-filled pore spaces of an unsaturated geologic medium to
the accessible environment.
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PAST DATA COLLECTION

The Yucca Mountain site was one of a number of sites on and near the
Nevada Test Site (NTS) in southern Nevada that was considered as a2 potential
location for a waste repository. Geochemical information had been collected
about this area for some time as part of the nuclear testing program at the
NTS. The information presently available is a combination of data obtained
before Yucca Mountain was considered as a potential waste repository site
(before 1977) and data that have been collected as part of the Nevada Nuclear
Vaste Storage Investigations (NNWSI) Project. Essentially all the data pre-
sented here have been collected as part of the NNWSI Project. Information
obtained from other sources has primarily been used to aid interpretation or
for confirmation of more recent data.

The geochemical data collected as part of the NNWSI Project have been
obtained by an examination of samples taken from the surface or at depth from
Yucca Mountain and vicinity and by laboratory experiments using these samples
and similar materials. Mineralogy and petrology samples have come from drill
cores, sidewall samples, drill cuttings, and surface outcrops. Ground-water
samples have come from wells that tap the saturated zone at and near Yucca
Mountain. Data collected for other aspects of site characterization are also
used or referenced in this chapter. This is particularly true of Chapter 3,
Hydrology, which is often referenced. Data describing the geochemistry of
the Yucca Mountain site and the effects of geochemistry on radionuclide
transport are contained in Section 4.1. In addition, assessments of the
stability of geochemical conditions (Section 4.4) and of the effects of waste
emplacement on geochemical conditions (Section 4.2) are being conducted to
ensure that changes in geochemical conditions will not adversely affect the
site. These assessments are primarily obtained from experiments that simu-
late expected conditions and from analyses of the effects of these conditions
on the geochemistry of the site. Natural systems and large-scale field tests
(Section 4.3) are also being studied to provide information over longer times
and larger distances than can be obtained in the laboratory. Data obtained
from these studies will be important for confirmation of conceptual models -
and for validation of mathematical models of important processes.

The geochemical characterization of the Yucca Mountain site is not
complete. The discussions presented in this chapter raise a number of
questions or identify areas where further information is needed. Specific
plans for answering these questions and collecting the information needed are
described in Section 8.3.1.3. Specific information needs relevant to geo-
chemistry are also identified in Section 4.5.3 that summarizes the geochemi-
cal investigations to be performed during site characterization to address
the information needs described in this chapter.

CONCEPTS OF THE SITE TEAT INFLUENCE GEOCHEMICAL DATA COLLECTION

A definition of geochemical data needs depends on an understanding of
the geochemical processes that affect radionuclide transport from the repos-
itory toward the accessible environment. A brief description of the present
concepts of the site and of radionuclide transport processes that have
influenced data collection is presented here to help orient the reader.
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The Yucca Mountain site is composed mostly of ash-flow and ash-fall
tuffs in a number of distinct cooling units (Section 4.1.1). The resulting
mineralogy primarily reflects the original bulk chemical composition, :the
extent of deévitrification and welding of individual units, and the variable-
interaction with water during alteration. Where water has contacted vitric
tuff, secondary minerals such as zeolites and clays have generzlly formed
from the alteration of gldiss. Ground water at and near the site is mainly a
dllute, near- -neutral, sodlum—blcarbonate water (Sectlon 4.1.2). -

" The ‘potential repository location is in the unsaturated zone, in the -
lower welded and devitrified part of the Topopah Spring Member of the
Paintbrush Tuff‘(Chapter 1).  The most likely transport path for radio-
nuclides either in solution or as particulates is in water that might move -
through the repository and toward the accessible environment. In the pre-
sently preferred conceptual model (Montazer and Wilson, 1984), water in the
unsaturated zone moves generally downward toward the water table; however,
some lateral movement may occur where the lateral permeability greatly
exceeds the vertical permeability. Although vertical components of flow
occur locally‘beneath the water table, flow in the saturated zone is
dominantly lateral in ‘'southerly to southeasterly directions from Yucca
Mountain (Sect1on 3. 9)

The following geochem1cal processes that affect the transport or -
retardation of radionuclides in water have been studied at Yucca Mountain:
sorption, precipitation or dissolution, and physical processes like dif-
fusion, dispersion, or filtration of particulates (Section 4.1.3). Sorption’
of radionuclides provides a potential geochemical barrier at the Yucca
Mountain site. Sorption is likely to occur on the highly sorptive minerals,
such as the zeolites and clays found between the repository-and the water
. table and below the water table. Understanding sorption processes requires
information about the mineralogy (Section 4.1.1) and ground-water chemistry
(Section 4.1.2), and knowledge of flow characteristics, particularly the
relative importance of matrix (porous) and fracture flow. It is probable:
that flow in both the matrixes and fractures occurs in the unsaturated zone
as well as the saturated zone. However, matrix flow is probably the dominant
mechanism in the unsaturated zone and fracture flow is probably dominant in
the saturated zone (Chapter 1, DOE, 1986). Therefore, sorption data appli-
cable to both matrix flow and fracture flow are being obtained (Section
4.1.3). Sorption measurements have been determined using Yucca Mountain tuff
and ground-water samples for essentially all experiments.

Because the potential repository location is in the unsaturated zone,
radionuclides such as carbon-14 and iodine-129 may be transported away from
the repository in both the gas phase and the aqueous phase. Exchanges
between the gas phase and the aqueous phase present in the rock pores may
provide an effective retardation mechanism, and is a topic of investigation
(Section 4.1.3.6).

The solubility of waste elements can influence their transport by
limiting the concentrations of the elements dissolved in water. Solubility
depends primarily on the chemistry of the specific element and the local
water chemistry. Solubility measurements under conditions characteristic of
the Yucca Mountain site, in combination with chemical equilibrium modeling,
are being used to characterize waste element solubility (Section 4.1.3.4).
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In addition to being dissolved in water, waste elements can also exist as
particulates (colloids) or be sorbed onto particulates that are present in
the water. The formation of natural colloids of waste elements is discussed
in Section 4.1.3.4; plans to study particulate material that is naturally
present in the water from Yucca Mountain and sorption of radionuclides on
particulate material are outlined in Section 8.3.1.3.4.

The relative importance of physical processes, such as diffusion, dis-
persion, or filtration of particulates in the water, that influence radio-
nuclide transport by retarding the radionuclides is also strongly dependent
on local flow conditions. As previously noted, the relative importance of
matrix flow versus fracture flow is still somewhat uncertain (Section 3.9).
Physical processes associated with both matrix and fracture flow are being
studied (Section 4.1.3). Matrix diffusion, in which radionuclides being
transported by water in fractures can diffuse into water in the surrounding -
porous rock matrix, is one of the physical processes being given special
attention {Section 4.1.3.5). This retardation mechanism may be important if
fracture flow is significant along portions of the flow paths.

The concepts presented above will be formalized into a number of con-
ceptual models as data are collected that confirm the physical and chemical
descriptions of the site and the operation of the various geochemical pro-
cesses. The detailed plans for this work are described in Section 8.3.1.3.
In particular, geochemical models of the unsaturated and saturated zones
(Section 8.3.1.3.7), 2 conceptual model of mineral evolution at Yucca
Mountain (Section 8.3.1.3.3), and a predictive model of sorption as a
function of mineral content of the tuff (Section 8.3.1.3.4), are being
developed.

PRESENT STATE OF DATA AND MODELS

The development of an understanding of the geochemistry of the Yucca
Mountain site is an iterative process in which data collection and analysis
are combined with conceptual models. A detailed discussion of questions that
still exist and of investigations can be obtained from the remainder of this
chapter and from Section 8.3.1.3. However, there are a number of general
comments that can be made about the present state of geochemical data and
models for the site:

1. The water chemistry in the saturated zone has been well charac-
terized, but ground-water samples are needed from the unsaturated
zone. They will be obtained during construction of the exploratory
shaft. A qualitative understanding exists of the mineralogical
controls on ground-water composition.

2. The mineralogy and petrology, based on data from the existing drill-
holes, have been well characterized. Future work during construc-
tion of the exploratory shaft will provide additional data. How-
ever, characterization along flow paths away from the repository is
not complete because flow-path definitions are uncertain and because
there are few exploratory borings along potential pathways.

3. A conceptual model of mineral evolution is being developed. It must
provide credible explanations of the present mineral distribution
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and must be capable of predicting future mineral evolution due to
natural processes and the thermal loading of the repository.

4. Sorption data have been collected using representative ground water
and tuffs. An understanding of the chemistry that controls sorption
exists in some cases but is uncertain for many waste elements, such
as the actinides, which have complex aqueous chemistry.

5. Solubility data appropriate to Yucca Mountain are being collected.
Chemical equilibrium modeling is being done but it is uncertain
whether equilibrium models will be adequate. If not, kinetic models
will be required. ’

6. Physical processes (i.e., dispersion, diffusion, advective proces-
ses) that affect radionuclide transport are understood qualita-
tively, but quantitative data are lacking. Radionuclide transport
depends strongly on local ground-water flow characteristics, which
are presently not well understood.

7. Radionuclide retardation by all processes along the flow paths to
the accessible environment is being assessed by performing inte-
grated transport calculations. This includes an analysis of
significant interactions among thermal, hydrologic, chemical, and
mechanical processes that could have an impact on the geochemistry
of the site and the transport of radionuclides as particulates,
pseudocolloids, and colloids at Yucca Mountain.

8. The potential for gaseous transport needs to be assessed. No
quantitative assessment has been made yet and the mechanism for
isotopic exchange and gas and liquid-solid exchange is uncertain at
this time.

Experimental methods and measurement techniques used to obtain the data
in this chapter are discussed in detail in the references from which the data
were taken. Data quality and related data uncertainty are also discussed in
the references. The types of data collected range from mineral types and
distribution to specific measurements (e.g., sorption ratios and solubility
measurements). In the case of measured sorption ratios, the experimental
data uncertainty is included in the data tables.

4.1 GEOCHEMISTRY OF THE HOST ROCK AND SURROUNDING UNITS

4.1.1 MINERALOGY AND PETROLOGY

The mineralogic and petrologic characteristics of Yucca Mountain are
important for defining the site conditions existing before repository
construction and operation, and for predicting the site response to dis-
ruption. Mineral distributions as a function of depth and distance from the
potential repository are also important for calculating overall radionuclide
retardation by sorption. Because sorptive behavior and ground-water chemis-
try -depend on mineralogy, this chapter begins with a description of the site
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mineralogy (Sections 4.1.1.1 to 4.1.1.3). Section 4.1.1.4 describes mineral
stability at the site.

4.1.1.1 General description of the host rock and surrounding units

- The most abundant rock type at Yucca Mountain is ash-flow tuff. The
mineralogy of an ash-flow tuff is developed in several episodes of crystal-
lization (Lipman et 2l., 1966; Byers, 1985). Crystallization from magma
occurs primarily within the magma chamber before eruption. During this epi-
sode, phenocrysts (most commonly consisting of feldspars, quartz, and bio-
tite) form along with less abundant minor and accessory minerals like horn-
blende, pyroxene, iron-titanium oxide minerals, sphene, allanite, and zirconm.
In the second episode of crystallization, glass shards and pumice commonly
devitrify to form alkali feldspars and silica minerals. In portions of the
ash flow where vapor concentrations are high, vapor-phase crystallization
results in the growth of euhedral crystals of tridymite, cristobalite, and
alkali feldspars in gas pockets. During vapor-phase crystallization, some
rare silicate and oxide minerals are formed (e.g., andalusite and pseudo-
brookite) (Vaniman et al., 1984; Bish, 1987). Vapor-phase crystallization is
common in the proposed host rock, the Topopah Spring Member of the Paintbrush
Tuff (Lipman et al., 1966), where several zones develop spherulitic or litho-
physal cavities in whlch pseudobrookite, rutile, manganese-rich augite, par-
gasite, and biotite have grown from vapor along with the more abundant alkali
feldspars, tridymite, and cristobalite. In the third episode of crystalliza- -
tion, many of the initial tuff components may be altered late in the cooling
sequence or after the loss of initial heat. It is in this late stage that
the most sorptive minerals (i.e., zeolites and clays) are formed. The stra-
tigraphic distribution of these crystallization episodes in the Topopah
Spring Member is discussed in Chapter 1.

The petrologic features of ash-flow tuffs are largely determined by
cooling history. Simple cooling units deposited at temperatures greater than
500°C (Section 1.2.2.2) typically have compacted or welded interiors between
top and bottom zones of partially welded to nonwelded tuff. Compound cooling
units occur where eruptive origins are more complex and the welding relations
are not so simple; the proposed host rock for the repository in Yucca Moun-
tain is within a2 compound cooling unit (Lipman et al., 1966). Even within
this compound cooling unit, however, the general relationship is preserved in
which the core of the cooling unit is more densely welded and the top, bot-
tom, and distal edges of the ash flow are poorly welded or nonwelded. Imme-
diately after the emplacement of an ash-flow tuff, primary glass in the more
densely welded interiors of the cooling unit commonly devitrifies to inter-
growths of silica minerals and alkali feldspars. The poorly welded or
nonwelded margins of the cooling unit, however, often do not devitrify but
remain glassy after the ash flow has lost its original heat. It is from the
glass in these zones that the most significant intervals of secondary
zeolites are formed. Thus, the zeolite intervals at Yucca Mountain
(Section 4.1.1.3.2), are roughly correlated with the once vitric strati-
graphic intervals that are at the margins of devitrified ash-flows (Vaniman
et al., 1984).
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Glass, feldspar, and mafic silicates may alter to smectites either with-
in the feldspathic devitrified cores of cooling units or in their glassy mar-
gins. It might be expected, therefore, that smectites should occur through-
out the tuff cooling units of Yucca Mountain, and in general this is true.

In detail, however, the smectite abundances are lower in some zeolitized
intervals than in adjacent nonzeolitized intervals; this is particularly true
around the zeolitized tuff of Calico Hills (Caporuscio et al., 1982). This
relationship is of interest in that the pH and ion concentrations during the
hydrous alteration of glass are generally too low for zeolite formation
unless the glass alters first to smectite (Hay and Sheppard, 1977). The
negative correlation between clay and zeolite abundances at Yucca Mountain
suggests that zeolite growth displaces smectite development soon after glass
alteration begins along the cooling-unit margins.

Finally, it is important to note that although tuff mineralogy is
closely related to cooling-unit petrology, the alteration of tuff to hydrous
minerals is coupled with the availability of water. The minerals formed from
altered tuff vary with depth. The transition from clinoptilolite to analcime
to albite with depth is well documented at Yucca Mountain (Bish et al., 1981)
and is discussed in Section 4.1.1.3.

4.1.1.2 Anpalytical techniques

This section discusses analytical techniques for mineralogic and petro-
logic analysis, as Well as experimental techniques for studying mineral
- dehydration. Standard petrographic or mineral analysis procedures are used,
although the quantitative x-ray technique of powder diffraction (XRD)
. involves some innovative data-reduction methods (Bish and Chipera, 1986).
Special methods employed in the study of fracture minerals are discussed in
Carlos (1985). Other techniques, some of which are unique and nonstandard,
are described in Section 8.3.1.3.

The basic data on rock textures, mineralogy, and mineral compositions
come from drill-core samples, supplemented by sidewall samples and drill
cuttings where cores were not available, and samples from outcrops and
trenches at Yucca Mountain. Standard optical petrography techniques were
used in the study of thin sections made from these samples. Thin sections
were used to determine textural relations, the degree of welding, and mineral
growth distributions, with emphasis on the potential host rock in the Topopah
Spring Member. Percentages of various textures and of phenocrysts were used
to determine the stratigraphic position in the Topopah Spring Member (Byers,
1985).

Mineral occurrences and abundances are more generally determined by
quantitative XRD. The methods used for quantitative XRD analysis are
described by Bish and Vaniman (1985). When estimating the uncertainties of
values determined by quantitative XRD, errors due to peak integrationm,
crystalline solution, sample-standard variability, and peak overlap are
considered. Relatively high precision is obtained for quartz, calcite, and
analcime data (5 to 10 percent of amount present). Smectite, mica, alkali
feldspar, clinoptilolite, and mordenite analyses have precisions that are
lower (* 10 to 20 percent of the amount present). Representative XBD tables
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can be found in Bish and Vaniman (1985). A new deconvolution technique is
being developed to allow greater precision in the feldspar, cristobalite, and
tridymite analyses, although feldspar data will still be limited by large
amounts of crystalline solution and sample-to-standard variability. This new
technique is outlined in Section 8.3.1.3.

For samples with more than 5 percent smectite, the smectites are dis-
persed and separated by sedimentation and centrifugation techniques. From
these separations the type of smectite and the degree of interstratification
with other clay minerals are determined by the XRD technique (Bish, 1981).

Mineral compositions for volcanic glasses, zeolites, and authigenic
feldspars are determined on an automated Cameca electron microprobe. Instru-
ment parameters for primary-phenocryst analyses are summarized in Caporuscio
et al. (1982). Parameters for zeolite analysis are given by Levy (1984a) and
Caporuscio et al. (1982). Parameters for the analysis of fine-grained devit-
rified ground mass are given by Byers (1985).

For zeolite-dehydration experiments, natural clinoptilolites were
obtained. Cation-exchanged varieties of clinoptilolite were prepared by
suspending 2.5-g portions in 1.0 M solutions of calcium, potassium, and
sodium chloride. The treatment was repeated 3 times for 16 h each at about
50°C (Bish, 1984; 1985). The solids were centrifuged and rinsed after each
ion exchange. Harsher treatments, such as autoclaving, were not used in the
cation exchanges to avoid recrystallization or alteration of the clinoptil-
olites. Details of these methods are given by Bish (1984).

4.1.1.3 Mineralogical, petrologic, and chemical composition of the host
rock and surrounding units

In this section, the topics of mineralogy, petrology, and chemical
composition are discussed in two parts. First, the potential host rock
within the Topopah Spring Member is described. The description begins with
the primary phenocryst, devitrification, and vapor-phase constituents, and
ends with a discussion of the secondary mineralogy within fractures. These
data are focused on their usefulness in indicating stratigraphic position and
in characterizing the mineralogy along potential radionuclide travel paths.
The chemistry of the Topopah Spring Member is discussed in Chapter 1. In the
second part, the surrounding units are described. This description begins
with the primary chemistry and mineralogy and concludes with a discussion of
the secondary minerals, emphasizing the sorptive zeolites and clays.

: Data on mineral abundances are compiled in Figures 4-1 and 4-2 for
drillholes USW G-2, USW GU-3, and USW G-3. The drillhole locations are shown
in Section 1.2.1, Figure 1-18. Figures 4-1 and 4-2 represent mineral abun-
dances versus depth in these drillholes from different parts of Yucca
Mountain.
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from Caporuscio et al. (1982).
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Figure 8-2. Abundance of minerals as a function of depth from surface. determined by x-ray diffraction for core samples from drillholes USW GU-3 and

USW G-3. Modified from Vaniman et al. (1984).
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4.1.1.3.1 The potential host rock

The potential host rock is the lower, rhyolitic portion of the welded
devitrified Topopah Spring Member. Present plans do not call for any waste
emplacement in the upper, quartz latite portions of the welded devitrified
Topopah Spring Member.

4.1.1.3.1.1 Mineralogy of the host rock matrix

The Topopah Spring Member of the Paintbrush Tuff is petrologically
complex because it is a thick, compound cooling unit. The unit is composi-
tionally zoned, from nearly aphyric (phenocryst-poor) high-silica (SiO,)
rhyolite (about 77 percent Si0_ ) in the lower four-fifths grading upwa%d
through a zone of about 20 m ifto porphyritic (phenocryst-rich) quartz latite
(about 69 percent SiO&). The Topopah Spring Member includes a moderately to
densely welded, devittified interior that is bounded by a thin altered upper
vitrophyre and a variably altered lower vitrophyre. The potential host rock
for repository emplacement is within the devitrified zone of moderate to
dense welding above the basal vitrophyre.

The devitrified high-silica rhyolite matrix above the vitrophyre comn-
sists of fine-grained intergrowths of 60 to 80 percent feldspar with 20 to 40
percent silica minerals (quartz and cristobalite with some tridymite). The
cryptocrystalline groundmass of the overlying quartz latite is similar,
although in most of the quartz latite, tridymite, and cristobalite are more

. abundant than quartz (Bish et al., 1984). The quartz latite also has higher

phenocryst abundances than the high-silica rhyolite (6 to 18- percent versus

_about 1 percent; Byers, 1985). Phenocrysts throughout the Topopah Spring

Member consist predominantly of sanidine and plagioclase; biotite, quartsz,
and iron-titanium oxide minerals are also common phenocrysts, although
biotite is more abundant in the quartz latite and quartz is more abundant in
the high-silica rhyolite.

A detailed description of the petrography of different stratigraphic
intervals within the Topopah Spring Member, including major mineral varia-
tions and phenocryst compositions, and abundances is given in Chapter 1.
Plans for more detailed description of petrologic variations are discussed in
Section 8.3.1.3. The studies planned will also cover the limits of miner-
alogic variability in the host rock to help interpret the results of im situ
experiments and to help determine the stratigraphic position during
repository construction.

4.1.1.3.1.2 Mineralogy of fractures in the host rock

Detailed studies of fracture mineralogy have recently been completed on
samples taken from above the static water level (SWL) in drillhole USW G-4
(Carlos, 1985). (The SWL approximates the position of the present-day water
table, although it is a composite level affected by differences of hydraulic
head in the open section of the hole.) These studies are being pursued
because of the possible importance of fracture minerals in cation exchange
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during fracture flow. Sequential generations of fracture-related mineral
development in the unsaturated zone can be discerned (Figure 4-3), although
the absolute ages of fracture formation and mineral deposition are not yet

available.

Fractures are common in the moderately to densely welded host rock.
Many of the fractures are lined or sealed by silica and feldspars. Fractures
sealed by silica and feldspar probably formed by contraction during the cool-
ing of ash flows, with the silica deposited by vapor-phase crystallization
during initial cooling after the ash flow was emplaced. All other fracture
coatings appear to be younger than the silica- and feldspar-filled fractures.
Later fractures that reopened or cut across the early fractures are lined
with zeolites (mordenite plus heulandite), sparse smectite, and rarely
calcite (Carlos, 1985). Zeolite fracture linings are often discontinuous,
and most fractures are only partially sealed. Smectite usually occurs as
scattered late overgrowths on the other minerals and rarely fills fractures
in the proposed repository horizon.

In Figure 4-3, the fracture mineralogy in tuffs between 770 ft (234.7 m)
and the SWL correlate better with lithology than with stratigraphy. The
numbers at the top of the figure indicate sequence of deposition, with type 1
(1ithophysal type) representing earlier feldspar and silica deposits. The
sequence varies between the welded-devitrified, glassy, and zeolitic litho-
logies. The same fracture minerals may have formed at different times in
different units. It can be seen that zeolites occur in fractures throughout
the depth interval sampled and are not restricted to the rocks in which the
matrix is also zeolitized.

An understanding of fracture mineralogy will also provide information on
the past movement of fluids in fractures, which will be important in evalu-
ating the potential for radionuclide movement in the unsaturated zone. The
minerals of fractures will also be an important contributor to sorption if
fracture flow dominates in the transport of waste elements from the resposi-
tory. Methods of dating fracture minerals are being investigated. Radio-
metric dating of smectites and electron-spin-resonance dating of quartz are
both being pursued, as described in Section 8.3.1.3.

The information collected on fracture mineralogy and matrix alteration
from several drillholes and the exploratory shaft will constrain our models
of secondary-mineral formation at Yucca Mountain (Section 8.3.1:3) and
models of the mineralogy along potential radionuclide transport paths.

4.1.1.3.2 Surrounding units

The Topopah Spring Member is overlain and underlain by other silicic
volcanic units. The mineralogy of these bounding units is summarized briefly
below. The stratigraphic framework is discussed in Section 1.2.2.

Above the Topopah Spring Member, the younger members of the Paintbrush
Tuff include the Pah Canyon, the Yucca Mountain, and the Tiva Canyon members
in order of decreasing age. The Pah Canyon and Yucca Mountain members form
thin units (less than 71 m) at the site and are absent throughout much of the
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Sequence of fracture coatings in the unsaturated zone of drillhole USW G-4. Modified from Carlos
(1985). Numbers across the top indicate inferred sequence of mineral growth. determined from overgrowth
or cross-cutting relationships. Along the right side of the figure. major lithologic variations in the host rock
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exploration block; the Tiva Canyon, however, is about 70 to 150 m thick and
forms most of the outcrops on the eastern dip slope of Yucca Mountain (Sec-
tion 1.2.2.2). These upper members are described in Chapter 1; more detailed
descriptions are given by Orkild (1965), Lipman et al. (1966), Byers et al.
(1976), and Scott et al. (1983). The mineral constituents and petrography of
the upper members are summarized in Section 1.2.2.2.6. Electron-microprobe
analyses of phenocrysts are summarized by Broxton et al. (1982), and the
compositions of glasses and zeolites are described by Caporuscio et al.
(1982). Chemical analyses are yet to be completed (Section 8.3.1.3.2).

The mineralogic compositions of the Topopah Spring Member and of the
underlying units are summarized by Warren et al. (1984) and by Bish and
Vaniman (1885). Detailed descriptions are published for samples from well
J-13 (Heiken and Bevier, 1979; Byers and Warren, 1983; Bish and Chippera,
1986), drillhole UE-25a§1 (Sykes et al., 1979; Carroll et al., 1981; Bish and
Chippera, 1986) drillhole USW G-1 (Bish et al., 1981; Bish and Chippera,
1986), drillholes USW G-2 and UE-25b-1H (Broxton et al., 1982; Caporuscio et
al., 1982), and drillholes USW GU-3 and USW G-3 (Vaniman et al., 1984).
Selected whole-rock compositions are summarized by Zielinski (1983) and cover
the range of quartz latitic to rhyolitic tuffs that characterize the volcanic
sequence at Yucca Mountain, plus the less common dacitic lavas or flow
breccias. Additional chemical data will be obtained during site character-
igation (Section 8.3.1.3.2).

The petrography and petrology of the Topopah Spring Member were
mentioned in Section 4.1.1.3.1 and described in Chapter 1. The symbols used
for petrologic units are given in Table 4-1. The petrography of units
underlying the Topopah Spring Member is summarized in Table 4-2 based on
samples from drillhole USW G-1, and in Table 4-3, which is based on this
drillhole and surrounding localities (Warren et al., 1984). Drillhole
USW G-1 is centrally located within the site, as shown in Figure 4-4. The
tables show that two feldspars, plagioclase and sanidine, plus quartz
predominate in the phenocryst assemblages, with biotite forming the most
common mafic phenocryst (but note the exceptionally high orthopyroxene
content of the Prow Pass Member of the Crater Flat Tuff). Warren et al.
(1984) conclude that these petrographic features vary slightly within a given
unit, although at the southern end of the site, the tuffaceous beds of Calico
Hills contain amphibole, orthopyroxene, and clinopyroxene (Vaniman et al.,
1984).

Table 4-3 is a concise summary of the major phenocryst compositions
(excluding quartz) in the Topopah Spring Member and in the underlying urnits.
The anorthite content of plagioclase and the potassium and barium content of
sanidine have been found to be distinctive for particular units (Warren et
al., 1984).

Particular emphasis has been placed on studies of the alteration miner-
alogy in units surrounding the host rock. The alteration mineralogy is
important because (1) it records the history of past chemical transport at
Yucca Mountain, and (2) it provides a volumetrically abundant sorptive
component to be considered in radionuclide retardation modeling.
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Table 4-1. Symbols used for petrolog1c un1ts, rock types, alteration,
and minerals listed in Table 4-2* (page 1 of 3)

Unit, rock type, alteration, or mineral _ ‘ Symbol

PETROLOGIC UNIT

Paintbrush Tuff _ TP
Topopah Spring Member
Upper, mafic-rich portion : TPTu
Lower, mafic-rich portion v " TPT1

Tuffaceous beds of Calico Hills

Upper, mafic-poor portion . TH1
Lower, mafic-poor portion TH2
Crater Flat Tuff TC
Prow Pass Member TCP
Bedded tuff TCBa
Bullfrog Member TCB

Upper portion, 2,152 to 2,317.4-ft depth, drillhole USW G-1 TCBu
Middle portion, 2,317.4 to 2,425-ft depth, drillhole USW G-1 TCBm
Lower portion, 2,425 to 2,601.6-ft depth, drillhole USW G-1 TCB1

Bedded tuff TCTa
Tram Member - TCT
Upper portion, 2,601.6 to 3,083.0-ft depth, :
drillhole USW G-1 TCTu
Lower portion, 3,083.0 to 3,522.0-ft depth,
drillhole USW G-1 TCT1
Flow breccia of drillhole USW G-1 TFB
Rhyodacite lava of drillhole USW G-2 TRD
Bedded tuff between the flow breccia of USW G-1 and the
Lithic Ridge Tuff TLRa
Lithic Ridge Tuff TLR

Upper portion, 3,920.0 to ®4,365-ft depth, drillhole USW G-1 TLRu
Lower portion, ®4,365 to 4,940.2-ft depth, drillhole USW G-1 TLR1

Older tuffs of drillhole USW G-1 TT
Unit A TTA
Unit B TTB
Unit € TTC
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Symbols used for petrolog1c un1ts, rock types, alteration,
and minerals listed in Table 4-22 (page 2 of 3)

Unit, rock type, alteration, or mineral Symbol
ROCK TYPE
Tuff tf
Bedded tuff b
Ash-flow tuff t
Nonwelded nwt
Partially welded pwt
Moderately welded nwt
Densely welded dwt
Vitrophyric vt
Lava 1
Intermediate-composition lava (groundmass
plagioclase present) intl
Lava-flow breccia ib
Tuff breccia tb
Arg illite ar
Granitoid gr
ALTERATION
None
Vitric gl
Low temperature (secondary)
Opaline 0
Argillite Ar
Zeolitic Z
Clinoptilolite Zec
Analcime Ta
Calcite cC
Pyritic PY
Silicic (Chalcedony) Q
High temperature (secondary)
Albitic Ab
High temperature (primary)
Vapor phase VP
Granophyric CGr
Spherulite Sp
Axiolitic Ax
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Table 4-1. Symbols used for petrolog1c un1ts, rock types, alteration,
. and minerals listed in Table 4-2* (page 3 of 3)

Unit, rock type, alteration, or mineral Symbol
MINERALS®
Felsic phenocrysts
Quartz Q
Sanidine (+ anorthoclase, if present) K
Plagioclase P
Mafic phenocrysts
Riotite Biot
Hornblende Hbld
Clinopyroxene Cpx
Orthopyroxene Opx
Accessory minerals
Sphene Sph
Allanite All
Perrierite/cherkinite Per
Apatite Ap
Zircon Zr

2Source: Warren et al. (1984). To convert feet to meters, multiply by
0.32
§The symbols m (minor) and g (micro) are used as modifiers on the
alteration symbols.

The mineral volume abundances listed for most samples are for unaltered
or partly altered phenocrysts. In some samples, phenocrysts are partly or
completely altered. In these samples, the symbol "A" indicates that the
accompanying concentration is for partly altered grains only, and the symbol
"ps" indicates that the accompanying concentration is based entirely on
completely altered (pseudomorphic) forms.
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Table 4-2. Summary of petrography foracgré samples from drillhole USW G-1, determined by point count of
glass-covered thin section™ = (Page 1 of 2)

61-¥

Sample Major components Felsic phenocrysts Fe-Ti Accessory minerals

depth Rock Alter- Points volume % (relative %) Nafic phenocrysts (ppaV) oxide (grains identified)

(1) Unit type ation counted Lithics Felsics K ~ P Biot Abld Cpx Opx (ppmV) Sph All Ap “ir
,561.8 THI nwt Zc 3,750 2.8 2.2 43 18 41 270 [+] (1] (V] [+] 0 ] 0 0
,688.5 TH1I nwt Zc 8,000 1.8 2.0 51 24 25 375 . 0 0 0 125 o 0 0 4

1,811.7 TCP pwt 3,600 0.14 8.2 15 53 32 <280 0(ps) 0 1,200(ps) 560 [+] 0 0 4

1,943.4 TCP mwt VP 3,300 0.45 14.4 13 39 48 <280 0 [¢] 910(ps) 610 0 0 (4] 8

2,000.8 TCP pwt 3,750 2.8 7.9 15 47 38 <280 <280 0 2,100(ps) 530 0 1 Rare 5

2,124.7 1TCP nwt 3,600 0.8 8.8 6 50 44 280 0(ps) 0 0 1,100 0 2 Rare 7

2,231.0 TCBu pwt 3,700 0.03 12.2 22 36 42 2,700 1,300(ps) d 0 0 810 0 0 Rare ')

2,246.0 TCBu p-mwt 3,000 0.00 11.8 19 45 36 4,300 1,000(ps?) 0 0 1,700 1] 0 Gone 7

2,300.4 TCHy pwt 3,750 0.00 13.8 24 31 45 1,800 2,400(ps) 0 0 1,800 0 0 Rare 13

2,354.6 TCBa =wt Gr 3,750 0.03 14.6 27 30 43 3,500 2,400(ps) 0 0 1,900 0 0 Rare 10

2,397 TCBa pwt VP 3,750 0.2 13.0 23 32 45 5,300 1,300(ps) ) 0 530 0 0 Rare 7

2,461.5 TCH! amwt VP 3,850 0.9 7.1 5 44 51 2,200 1,600(ps) 0 0 550 0 0 Rare 8

2,470.6 TCB1 pwt VP 3,700 1.6 8.3 18 29 53 4,000 1,100(ps) 0 0 1,300 (1) (4] Rare 10

2,478.3 TCB1 pwt YP 3,750 0.5 10.0 14 39 47 4,000 530(ps) 0 0 270 0 0 Rare 5

2,507 TCB1L mwt 3,700 1.2 9.6 13 36 51 4,100 3,200(ps) 4] 0 2,400 (1] 0  Rare-sparse 12

2,555 TCB1 mwt Zc 3,520 0.8 9.9 9 40 51 2,300 2,300 280(ps?) 280 0 0 Shot? 5

2,604.2 TCBI pwt 3,750 2.2 7.1 17 32 51 4,300 270(ps) 0 0 800 0 4 Rare 10

2,678.0 TCTu pwt 3,080 1.3 7.5 15 34 51 7,300 0 0 0 1,000 2 1 Sparse []

2,772.6  TCTu pwt 3,800 2.1 10.2 20 34 37 5,800 1,600(ps?) 530 1] ] Sparse ]

2,851.7 TCTu mwt 3,900 4.5 13.6 41 37 22 4,400 0 0 0 1,800 0 0 Rare 11

2,869 TCTu m-dwt 3,360 3.8 12.1 41 35 24 6,000 0 0 (1) 890 V] 0 7

2,931.4 TCTu m-dwt 4,000 3.3 12.8 37 32 31 7,000 0 o 0 500 0 0 9

3,013.9 TCTu pwt 3,500 12.3 129 27 4 29 4,900 (ps) 0 0 860 0 10 >

3,192.8 TCT1 pwt 3,600 23.8 9.4 33 30 37 4,200 0 ) (1] 280 0 0 Many 3

3,197 TCT1 w=wt 3,460 22.3 7.4 38 29 33 3,200 0 0 0 <280 (1) 0 ? 3

3,284.5 TCT1 pwt Ar,cc 3,800 9.0 8.6 35 31 34 3,300 O(ps) 0 0 1,700(py) © 4 Alt. >8

3,515.1 TCTI pwt 3,800 26.8 8.3 34 22 44 2,000 260(ps) 0 0 1,300(py) © 1 Present Present

3,724.0 TFB fb 61,0 3,700 0.00 8.8 0.0 0.0 100 0 11,100 —15,100(ps) 8,100 0 1] Large 0

3,008.2 TFB fb ¢l 3,150 0.00 10.0 0.0 0.0 100 o 7,800 2,500 8,200(ps) 5,700 0 0 Large 0

3,056.9 TLR pwt Ar 0 0 0 (1] 0 0 2 2 Present Present

3,060.9 TLR mwt Ar 3,300 9.0 17.5 2 34 64 5,500 o(ps?) 0 0 2,400 1 3 Present Present
,9802 TLR pwt 3,500 26.5 11.3 4 31 65 9,700 0 0 4] 2,000 12 1 Present Present
,150.4 TLR pwt 3,400 13.8 8.5 2 35 63 1,200 0 0 0 600 8 1 Rare
,222.1 TR pwt 3,200 42.7 6.1 7 40 53 1,600 0 0 ] 1,800 6 0 Sparse 5
,408.4 TLR pwt 1,800 11.8 9.2 1 37 62 5,000 (4] 0 [+] 1,100 1 1 Rare 7
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Table 4-2. Summary of petrography foracgre saﬁples from drillhole USW G-1, determined by point count of
glass-covered thin section™’” (Page 2 of 2)

Sample Major components Felsic phenocrysts Fe-Ti Accessory minerals

deptk Rock Alter- Points (volume %) (relative %) Mafic phenocrysts (ppmV) oxide (grains identified)

(ft) Unit type ation counted Lithics Felsics K P  Biot Hb1d Cpx Opx (ppumV) Sph AIT Ap Zr
4,4711.0 TR pwt 3,600 26.4 5.1 7 36 57 3,600 ] 0 V] 560 8(ps) 1 Present 12
4,5678.2 TLR pwt 3,800 23.8 7.8 5 39 56 2,600 4] 0 V] 530 2(ps) 2 Sparse 9
4,758.4 TLR pwt 3,000 19.0 9.2 9 38 53 2,600 0 0 0 1,500 6(5ps) O Sparse . 10
4,840.0 TLR pwt 3,900 13.0 8.9 10 35 55 3,300 0 0 (/] 1,000 7(ps) O Shot 10
4,9017.0 TLR nwt 3,800 5.9 5.6 14 51 35 3,200 0 0 0 1,800 1i(ps) 3 Present 12
4,046.4 TTA nwt 3,450 4.4 9.8 20 58 22 3,000 0 0 0 300 4(ps) 2 0 12
4,060.0 TTA pwt 3,700 3.1 1.9 24 31 45 4,900 0 0 o 2,700 5(ps) 0  Partly shot 10
5,002.3 TTA nwt 3,700 2.5 17.0 32 3t 37 5,100 0 0 0 2,400 3(ps) 3 Bare 13
5,046.0 TTA wwt 3,700 8.9 19.9 28 43 29 4,100 0 0 0 1,800 2(1ps) O 1 ph 19
5,007.9 TTA wmwt 3,600 0.58 17.4 28 41 31 2,200 4] 0 0 2,000 1(ps) 3 Rare 10
5,115.5 TTA wmwt 3,750 3.1 18.3 24 42 34 4,800 0 0 0 1,900 2 11 Sparse 20
5,141 .5 TTA amwt 3,700 9.2 14.1 27 33 40 2,100 0 0 0 1,200 4 4 Sparse 15
5,142.2 TIA pwt 3,750 2.2 19.4 28 36 36 3,700 {270 0 0 1,900 7 5 Present 13
5,187.0 TTA nwt 3,650 2.1 17.8 24 38 38 1,600 270 0 0 2,200 6 7 Sparse 17
5,2656.6 TTA pwt 3,400 5.4 17.4 35 31 3 2,400 590 0 0 1,800 [} 8 Sparse 17
53160 TIA b 3,600 2.4 21.6 33 36 31 1,400 0 (4] 0 2,800 4 12 Rare 13
5,373.7 TIR pwt 3,650 0.69 11.3 13 26 61 9,000 0 0 0 3,300 15 1 Sparse 20
5,400.0 TIB pwt 3,800 2.3 13.8 12 30 58 4,500 0 0 3,200 8 1 Sparse 24
5,416.6 TIB pwt 3,700 12.8 11.2 1 27 82 2,700 0(ps?) 0 0 3,200 5 1 Bare, shot 20
5,438.2 TTC pwt 3,800 0.74 12.9 1 3 06 12,000 D] 0 V] 4,600 0 1 Present 50
5,454.1 TTC b 3,800 1.9 14.9 16 18 66 7,100 0 ] 0 6,000 [} '] ‘Sparse 42
5,496.1 TTC pwt 3,900 7.5 10.1 1 4 95 21,000 0 0 0 4,000 8 3 Sparse 21
5,517.3 TIC pwt 3,600 10.3 11.8 2 9 80 11,400 0 0 0 4,500 9 2 Sparse 20
5,540.0 TTC pwt 3,700 8.5 13.5 0.4 0.0 99.6 19,200 810(ps) [} ] 4,300 1 0O Sparse-common 29
5,658.7 TIC »pwt 3,600 0.64 19.1 4 4 92 16,400 1,100(ps) 0 0 5,300 12 3 Sparse (large) 20
§5,600.0 TTC mwt 3,750 8.4 14.8 5 7 88 10,100 B0O(ps) 0 0 6,400 16 4 Sparse 24
65,6420 TIC wwt 3,300 5.8 15.4 2 4 o4 21,500 1,500(ps) 0 0 5,800 12 3 Sparse 22
5,728.0 TTC mwt 1,680 21.1 21.6 0.0 1 o0 18,200 0(ps) 0 0 7,800 4 3 Sparse (large) 24
5,841.0 TIC awt 1,650 10.8 18.0 0.0 4 ') 12,100 600(ps?) 0 0 8,500 3 1 Sparse-comaon 26
5,804.3 TIC wwt 1,860 7.2 16.5 0.0 4 06 6,100 6,100 Q (4] 3,600 6 1 Sparse 14
5,020.8 TIC wwt 1,850 5.9 18.2 4 4 92 13,300 5,500(ps) 0 0 6,100 7 8 Sparse-comaon 24
5,044.9 TIC wm-dwt 1,600 6.3 21.6 1 8 93 8,000 7,500(ps) 0(ps) 0 5,000 8 5 Sparse-common 24
5,080.0 TTC wm-dwt 1,650 3.3 20.9 0.0 0.3 90.7 24,200 7,300(ps) 1,800(ps) [} 7,300 4 1 Sparse-comaon 24
5,084.7 TIC wm-dwt 1,850 2.3 25.3 0.0 0.0 100 27,200 8,500(ps) 1,200(ps) 0 9,700 1 3 Sparse-common 25

L4VEd NOILIVIINSNOD

2Source: Warren et al. (1984) .
b
ppav = parts per million. Other symbols are defined in Table 4-1.
“To convert feet to meters, multiply by 0.328.
P
Question marks indicate uncertainty.
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Table 4-3. Statistical modes® for compositional parameters of phenocrysts
for the lower Topopah Spring Member and for underlying units

Sanidine® Pla,gioclased Mafic minerals®
mole% wt% mole% An
Number : Molecular Mg/(Mg + Fe)
Unit of Biot Hbld Opx Cpx
symbol~ samples Or + Cn Ba0 Rim Core
TPT1 & 59  0.00 15 17 043 I -
TH1 3 68 0.18 19 21 0.37 - - -
TH2 1 73 1.0 - 37 0.45 - - —
TCP 14 53 0.14 11 11 0.42 - 0.2¢9 -
TCB 22 61 0.56 15 16 0.40 0.44 — -
TCT 18 67 0.55 21 21 0.42 - - -
TFB 4 - - 61 61 - 0.66 0.70 0.73
TLR 15 65 0.67 18 19 0.58 - - -
TTA 8 64 0.55 17 19 0.55 - -— —-—
TTB 2 66 0.96 23 29 0.59 - - _—
TTC 6 72 3.4 29 32 0.62 - - —_—

given for these minerals.

%The median value verf closely approximates the statistical mode for
compositional parameters of sanidine and mafic minerals and is the value
Sample locations are shown in Warren et al.

{1984).
éUnit symbols are defined in Table 4-1.
= potassium feldspar; Cn = celsian; Ba0 = barium oxide.

C
Or
din

= anorthite

®Biot = biotite; Hbld = hornblende; Opx =
clin?pyroxene.
= not present.
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Distributions of abundant sorptive zeolites in the rock matrix are sum-
marized in cross sections -(Figures 4-5 to 4-7) from Bish and Vaniman (1985),
which are located on Figure 4-4. The three cross sections transect the
exploration block. Only zeolite abundances greater than 10 percent are shown
in Figures 4-5 to 4-7, because lesser concentrations may not be laterally
continuous and are therefore unreliable for predictions of abundance. From
these figures four principal intervals of zeolitization can be identified
(Bish et al., 1884). The intervals are as follows:

1. Interval I. This interval is the clinoptilolite-heulandite-smectite
gone at the top of the lower Topopah Spring vitrophyre, shown near
the base of Tptw. Although thin (generally less than 3 m) and
irregularly developed (it is virtually absent in drillhole USW
GU-3), this interval is important because it is at the immediate
base of the host rock and is everywhere above the water table. This
geolitized interval is unique because it is within the densely
welded region of a compound cooling unit, whereas geolitigzation is
generally restricted to the poorly welded or nonwelded margins of
cooling units. Zeolitization in interval I may result from altera-
tion concentrated along the devitrification front at the top of the
vitrophyre. Other alteration episodes may be superimposed on this;
(see Levy (1984b) for a detailed discussion).

2. Interval II. This interval is the relatively thick zone of
clinoptilolite (* mordenite) that may occur in the bedded, non-
welded, and poorly welded tuffs that form the base of the Topopah
Spring Member and the underlying tuffaceous beds of the Calico
HBills; it often extends into the top of the Prow Pass Member of the
Crater Flat Tuff. This zeolitized interval occurs within the *n*
unit between Tptw and Tcpw in Figures 4-5 and 4-7. The base of the
Topopah Spring Member is the lower margin of a compound cooling
unit, providing a predictable locale for zeolitization. The tuffa-
ceous beds of Calico Hills are only partly welded to nonwelded
throughout and are thoroughly zeolitized across the northern and
eastern part of the exploration block. However, along the crest of
Yucca Mountain this interval may be incompletely gzeolitized (drill-
hole USW BH-5) or nonzeolitigzed and vitric (drillhole USW GU-3)
(Vaniman et 2l., 1984).

3. Interval III. This interval contains the partially welded and
bedded tuffs at the base of the Prow Pass Member and at the top of
the underlying Bullfrog Member compound cooling unit. This interval
is consistently zeolitized throughout Yucca Mountain in the vicinity
of the exploration block (Vaniman et al., 1984). In Figures 4-5,
4-6, and 4-7, it can generally be traced within the *n®* unit
between Tcpw and Tcbw.

4. Interval IV. This interval contains the poorly welded and bedded
tuffs at the base of the Bullfrog Member compound cooling unit and
at the top of an underlying cooling unit within the uppermost Tram
Member. This interval also consists of clinoptilolite plus morden-
ite. In Figures 4-5, 4-6, and 4-7, it can generally be traced with-
in the "n® unit below the Tcbw.
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Figure 4-5. Major zeolite distributions (Bish and Vaniman, 1985). north-south cross section, shown as a dark pattern overlying the stratigraphic cross
section of Scott and Bonk (1984). Location of cross section is shown on Figure 4-4. Unit designations follow the usage of Scott and Bonk (1984). Tpew.
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The weight percentages of zeolites in the rock in these intervals and
the interval thicknesses are summarized in Table 4-4 for drillholes USW G-1,
USw H-3, USW H-4, USW B-5, USW GU-3, USW G-3, USW G-4, UE-25a§1, and UE-25b#1
in and around the exploration block. Well J-13 is not included because the
drillhole was not continuously cored and samples are lacking from certain
critical intervals, particularly interval II within the tuffaceous beds of
Calico Hills; well J-13 is also outside the Yucca Mountain exploration block.
Drillhole USW G-2 is not included in Table 4-4 because it is 2 km north of
the present exploration block and hydrothermal processes may have affected
the deep alteration mineralogy at the northern end of Yucca Mountain
(Caporuscio et al., 1982; Bish, 1987). The cumulative thicknesses of
geolitized tuff between the host rock and the static water levels in the
drillholes are tabulated by Vaniman et al. (1984), and range from 44 to
142 m.

Much work remains to be done on the mineralogy along potential flow
paths away from the host rock. Data from several drillholes drilled to the
water table within and around the exploration block will be obtained during
site characterization (Section 8.3.1.3). Other drillholes may be situated
along possible transport pathways away from the exploration block (Section
8.3.1.3). Samples from the exploratory shaft facility will also become
available. Present assessment of sorptive minerals along flow paths is still
restricted to the unsaturated zone as long as flow paths within the saturated
gone are unknown (Section 3.9.3.1). Mineral abundances along possible flow
paths will be compiled as more data become available.

Yucca Mountain zeolites and smectites vary in composition, which may
control many chemical and physical properties. The properties affected
include cation exchange and selectivity (Sherry, 1969; Breck, 1974; Vaughan,
1978), thermal expansion (Bish, 1984), and dehydration behavior (Bish, 1985).
Quantitative sorption ratios for different radionuclides as a function of
individual clinoptilolite, heulandite, or mordenite composition are lacking,
but data will be collected to define the dependence of sorption ratio on
individual mineral composition (Section 8.3.1.3). Vaughan (1978) describes
selectivity sequences for clinoptilolite in the order potassiumd>calcium)
sodium. This selectivity sequence results in K-clinoptilolite being more
difficult to cation exchange than Na- or Ca-clinoptilolite. The distribu-
tions and compositions of various zeolite types are being studied to deter-
mine their origins and the nature of chemical tramsportation during altera-
tion, as well as to provide a basis for estimating overall retardation
(Sections 4.1.3.3 and 8.3.1.3).

Present data on compositional variations in Yucca Mountain zeolites and
clay minerals as a function of depth are summarized in the discussion that
follows. The discussion includes consideration of the effects these
variations in composition will have on rock properties. The zeolitized
intervals I through IV, described earlier in this section and in Table 4-4,
are used in the summary of sorptive zeolite compositionms.

Sorptive geolites (clinoptilolite, heulandite, mordenite). Represen-
tative compositions for the clinoptilolite-heulandite group minerals from
Yucca Mountain are given in Table 4-5. Histograms showing the distribution
of silicon-to-aluminum ratios in these minerals are presented in Figure 4-8;
consistency in silicon-to-aluminum ratios may be one measure of consistency
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Table 4-4. Zeolitized intervals for Yucca Mountaina’b

Interval

USW G-}
SWL=577 =

UE- 25af1
UE-25bj§1
SWL=471 »

USW G-4
SWL=541 =

USW H-4
SWL=519 m

USW H-§
SWL=704 »

Usw GU-3
USw R-3 USW G-3
SWL=754 » SWL=754 o

I: Above the lower
Topopah Spring
vitrophyre

I1: Base of the
Topopah Spring
unit, tuff of
Calico Hills

I11: Between the Prow
Pass and
the Bullfrog
units

IV: Between the
Bullfrog and
the Tram units

Depth: 392-303 o
(1 » thick)
16% cpt

Depth: 425-565 n
(140 m thick)
52% (+17) cpt

Depth: 622-706 »
(84 m thick)
45% (212) cpt
18% (#18) word

Depth: 779-823 m
(44 » thick)
37% (+6) cpt
15% (+11) word

Depth: 385-398 m
(3 ® thick)
7% cpt

Depth: 404-556 nm
(152 m thick)
67% (+6) cpt
17% (+20) word

Depth: 636-710 m
(74 u thick)
60% cpt & mord

Depth: 863-890
(27 » thick)
4% (24) cpt
18% (#10) mord

Depth: 396-401 m
(5 o thick)
10% (212) cpt

Depth: 420-545 n
(125 ®» thick)
50% (+19) cpt
5% (+7) word

Depth: 600-682 o
(82 m thick)
32% (£12) cpt
19% (¢10) mord

Depth: 828-860 m
(32 » thick)
9% (29) cpt
35% (+33) word

Depth: 357-361 m Depth: 485 m

(5 o thick)
No samples

Depth: 400-504 m Depth: 584-594 »

(104 o thick)
63% (#13) cpt
8% (212) mord

Depth: 596-698 m Depth: 665-6898 m

(102 »m thick)
No samples

Depth: 765-774 m
(9 » thick)
No samples

10% cpt

(10 m thick)
37%

(34 m thick)

60% cpt

No snlples‘

Depth: 367-371 m Depth: 360-364 »

(4 w thick) (4 o thick)

No samples Trace cpt
Vitric Vitrie

(nonzeolitised) (nonzeclitiged)

Depth: 549-610 m Depth: 557-613 »
(61 m thick) (66 m thick)
68% cpt 58% (218) cpt

Depth: 732-760 m Depth: 776-822 n
(28 o thick) (46 m thick)
§2% (217) cpt 36% (+8) cpt
18% (213) mord

:So;rcc: Yaniman et al. (1984).

cpt = clinoptilolite and heulandite; mord = wordenite; and SWL = static water level (given in depth below surface). Percentages represent weight.
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Table 4-5. Representative clinoptilolite analyses for Yucca Mountain® (page 1 of 2)

Intervals 1I, ITII, and IV and deeper occurring clinoptilolite

Interval 1 Calcic Suite, Eastern Yucca Nountain Alkalic Suite, Western Yucca Nountain

Topopah  Tuff of Tulf of Tull of uff of

Pah Canyon Spring Calico Prow Pass Bullfrog Lithic Calico Prow Pass Bullfrog Tran Lithic
Nember Member Hills Member Member Ridge Hills Member Member Member Ridge

Mineral  (C2-584) (H5-1666) (25p1-1250) (25p1-1700) (25b1-2879) (25p1-3330) (G1-1774) (G3-1874) (G3-2615) (G3-3589) (G3-4423)

CONCENTRATION (WT%)
Si(l2 65.8 65.5 68.6 87.1 56.1 60.6 68.1 68.2 63.9 65.1 65.3
'l'i()2 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
b“zoa 13.8 13.3 12.4 12.9 16.9 16.0 12.2 11.9 11.7 11.4 12.6
I"!!,Oa 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.51 0.12
Mg0 1.47 0.86 0.07 0.32 0.22 0.08 0.09 0.00 0.00 0.12 0.22
Cal 4.23 5.19 3.59 4.37 8.77 7.22 1.11 1.95 1.57 0.79 2.35
Bal 0.02 0.00 0.00 0.05 0.21 0.19 0.03 0.00 0.00 0.19 0.27
Na 0 0.18 0.17 1.13 1.55 0.89 0.85 2.84 1.69 2.88 2.23 3.21
K,b 1.08 0.21 3.01 1.23 1.43 0.41 4.20 5.20 2.71 5.56 1.15
Total 86.3 85.2 88.8 87.5 82.6 85.4 88.6 88.9 82.8 85.9 85.2
CATION CONCENTRATION (%)

Si 72.80 73.90 73.60 72.90 64.30 67.60 71.90 72.40 72.20 71.20 71.80
Ti 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A13+ 18.00 17.70 16.70 16.50 22.80 21.10 15.20 14.90 15.60 14.70 16.40
Fe 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.42 0.10
Mg 2.43 1.45 0.11 0.52 0.38 0.13 0.14 0.00 0.00 0.20 0.36
Ca 5.02 8.27 4.13 5.08 8.31 8.64 1.26 2.22 1.80 0.93 2.77
Ba 0.01 0.00 0.00 0.02 0.09 0.08 0.01 0.00 0.00 0.08 0.12
Na 0.39 0.37 2.35 3.26 1.98 1.84 5.82 3.48 6.32 4.73 6.85
K 1.54 0.30 4.12 1.70 2.09 0.58 5.66 7.04 3.91 7.75 1.61
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Table 4-5. Representative clinoptilolite analyses for Yucca Mountain® (page 2 of 2)

Intervals IT, III, and IV and deeper occurring clinoptilolite

Interval 1 Calcic Suite, Eastern Yucca Mountain Alkalic Suite, Western Yucca Mountain
Topopah Tulf of ToIT of Tulf of Tuff of
Pah Canyon Spring Calico Prow Pass Bullfrog Lithic Calico Prow Pass Bullfrog Tram Lithic
Mewber Member Hills Member Member Ridge Hills Member Member Member Ridge

Mineral (G2-584)  (H5-1686) (25p1-1250) (25p1-1700) (25b1-2879) (25p1-3330) (G1-1774) (G3-1874) (G3-2615) (G3-3580) (G3-4423)

(Al + Fe)/(2Mdg + 2Ca + 2Ba + Na + K)

1.07 1.10 1.05 1.02 1.05 1.06 1.08 1.00 1.11 1.01 1.10
Si/(Al + Fe)

4.03 4.18 4.689 4.42 2.82 3.20 4.73 4.86 4.63 4.71 4.35

RELATIVE ABUNDANCE OF EXCHANGEABLE CATIONS (MOLE %)

K 16 4 38 16 16 5 44 55 32 87 14
Na 4 4 22 31 16 17 45 27 52 35 59

Ca+lg 80 92 40 53 68 78 11 18 16 . 8 27

aSanple numbers are given in parenthesis under the unit name and consist of abbreviated drillhole designation (G2 = USW G-2, H5 = USW H5,
25p) = UE-25p§1, 25al = UE-25afil, 25bl = UE-25bfil, Gl = USW G-1, G3 = USW G-3) followed by sample depth from surface in feet. Data are from
Broxgon et al. (1986).

Total iron calculated as Fezos.
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Figure 4-8. Histograms comparing the silicon-to-aluminum ratios for heulandites and calcic clinoptilolites from
Yuces Mountain, Nevada. Modified from Broxton et al. (1986).
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in sorptive behavior (Rundberg et al., 1985). Triangular plots showing
vertical and lateral variations in exchangeable-cation ratios are presented
in Figures 4-9 and 4-10. In zeolitized interval I, clinoptilolite and
heulandite are calcium rich and have silicon-to-aluminum ratios ranging from
4.0 to 5.0 (Figure 4-8 shows some examples). The magnesium content of these
zeolites is generally high, ranging from 0.6 to 1.5 percent magnesium oxide
by weight. Using the thermal stability criteria of Mumpton (1960), Levy
(1984a) determimed that at least some of the calcium-rich clinoptilolite
group minerals that occur at the top of the Topopah Spring vitrophyre belong
to the heulandite structural group. Clinoptilolite-group zeolites from
zeolitized intervals II through IV show more chemical diversity than those in
interval I. In these deeper intervals, clinoptilolite compositions are sub-
divided into an eastern calcic suite of samples and a western alkalic suite
of samples based on their exchangeable-cation contents (Figure 4-10). A
transitional zone, found in drillholes USW G-4 and USW H-4, has character-
istics intermediate between the eastern and western suites. The eastern
clinoptilolites show a strong trend toward calcium enrichment with depth. In
contrast, the westernd clinoptilolites become more sodium rich with depth.
Silicon-to-aluminum ratios for both suites are similar (Rundberg et al.,
1985), falling mostly between 4.0 and 5.2 and clustering around 4.6 (Figure
4-8). However, the silicon-to-aluminum ratios in eastern clinoptilolites
have a bimodal distribution with a smaller population of ratios ranging from
2.8 to 3.6. This smaller population of low silicon-to-aluminum ratios
correlates with the most calcic clinoptilolite compositions (approximately
70 mole percent calcium plus magnesium) in interval IV.

The other major zeolite type at Yucca Mountain is mordenite. Its

- chemistry is poorly known because individual mordenite crystals are fine
grained and intergrown with other authigenic phases so that analysis by

. electron-microprobe and mineral-separation techniques is not feasible. The
determination of mordenite compositions by bulk-rock techniques is difficult
because monomineralic beds of mordenite are extremely rare at Yucca Mountain.
In drillhole USW G-4, a bulk-rock sample containing more than 80 percent
mordenite contains relatively equal amounts of sodium, potassium, and calcium
(Broxton et al., 1986). These mordenites appear to be somewhat more sodic
and less calcic than coexisting clinoptilolites.

The data from drillholes (Broxton et al., 1986) show that the first
clinoptilolite-heulandites encountered below the repository horizon contain
major amounts of calcium and minor amounts of potassium and sodium. Clin-
optilolites of this composition will undergo cation exchange more .readily
than the potassium-rich clinoptilolites below in zeolitized interval II. 1In
addition, the calcic clinoptilolites close to the repository will contract
less at elevated temperatures than the deeper sodium-rich zeolites (Section
4.2.2), and fewer rock mechanical problems and permeability changes will be
encountered because of this. Below the lower Topopah Spring vitrophyre, in
the nonwelded base of the Topopah Spring Member and in the tuffaceous beds of
Calico Hills, clinoptilolites contain subequal amounts of potassium and cal-
cium. Below the Prow Pass Member the clinoptilolites are generally sodium
rich, and sodium is more easily exchanged than calcium or potassium. Sodium-
rich clinoptilolites contract appreciably when temperatures are elevated
(Bish, 1985), but these zeolites only occur beyond the anticipated thermally
disturbed zone and should pose no mechanical problems. Plans to test this
are discussed in Section 8.3.1.3.2.
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O COMPOSITIONS FOR PAH CANYON MEMBER FOR DRILL HOLE USW G-2

® COMPOSITIONS OF THE ZEOLITES THAT OCCUR ON TOP OF TOPOPAH
SPRING BASAL VITROPHYRE, FOR DRILL HOLES THROUGHOUT YUCCA
MOUNTAIN

N Figure 4-9. Triangular diagram showing the exchangeable-cation ratios in calcic-clinoptilclite and heulandite
from zeolitized interval | at Yucca Mountain. Data plotted are in weight percent. Modified from Broxton et al.
(1986).
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Smectites. Smectites are widespread throughout the units underlying the
Topopah Spring Member (Bish, 1987) and therefore occur along possible flow
paths. Although smectite abundances are typically 1 to 10 percent, amounts
as high as 50 percent occur in some units (Figures 4-1 through 4-3). The
sorption properties of smectites are not as strong a function of composition
as they are for zeolites, but smectite dehydration under slightly elevated
temperatures (up to 100°C) is determined largely by composition (Bish, 1981).
In addition, information on geologic processes in the past can be obtained
from data on smectite compositions and structures (Bish, 1987). This inform-
ation can aid in the prediction and understanding of the effects of future
elevated temperatures.

Smectites in the host rock unit and along flow paths into the saturated
zone have mixed potassic, sodic, and calcic interlayers. These cations are
easily exchanged by many small and large cations and complexes. There is a
minor increase in the potassium content of smectites with depth throughout
most of the exploration block (Caporuscio et al., 1982). However, potassium
contents of the smectites between the host rock and the Tram Member are still
low enough so that the sorptive properties of the smectites should not
significantly differ from the smectites a2t shallower depths. Clays below the
Tram Member include a higher content of illite, which will be less sorptive.
Only in the deepest rocks at the northern end of the repository block
(drillhole USW G-2) are the smectites significantly transformed to illite
Caporuscio et al., 1982; Bish, 1987). In the bulk of the repository block,
the smectites retain their highly sorptive nature. As a result of their
minor compositional variations, the smectite sorptive properties should not
vary significantly near a2 Yucca Mountain repository. Plans to test this are
discussed in Section 8.3.1.3.

In addition to their importance for sorption, the smectites can provide
information on the geologic history of Yucca Mountain. Within and north of
Drill Hole Wash, the data show evidence of hydrothermal alteration at depth,
with large potassium increases and expandability decreases in smectites more
than 1,097 m below the surface (Bish, 1987). Smectites above the Bullfrog
Member in drillhole USW G-2 are not altered, whereas deeper smectites and
interstratified illite-smectites suggest that alteration occurred at temper-
atures as high as 230°C at 1,158-m depth. These data (Caporuscio et al.,
1982) and preliminary potassium-argon radiometric dates for illites from
drillholes USW G-1 and USW G-2 suggest that the hydrothermal alteratiom
occurred 10.9 = 0.2 million years ago in the northern end of the exploration
block (Bish, 1987). Smectites at depth in the southern portion of the block
(drillhole USW G-3) do not show evidence of this alteration and remain fully
expandable to the bottom of the drillholes examined. Even in the northern
end of Yucca Mountain, expandable sodium- and calcium-containing smectites
are found at depth, along with potassium-rich, nonexpandable clay. This
suggests that some smectite formation also occurred after hydrothermal
alteration. The use of these deeper tuffs as natural analogs to repository-
induced thermal alteration is discussed by Bish (1987).

»
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4.1.1.4 Mlneral stability

Mineral’ stab111ty in Yucca Mountain must be considered in two ways.
The first is to consider whether the present mineral assemblages in Yucca
Mountain are stable under present conditions and, if they are not, what
mineralogic changes are probable. The second consideration is what effect
repository heating will have on mineral stab111ty, due to both increased _
temperature ‘and possible dehydratlon of the rock. This second consideration
is covered 1n Sectlon 4.2.

The m1neralogy of the host rock is primarily quartz, cristobalite, and
alkali feldspar with some clays present (Section 4.1.1.3). The stability of
clays, cristobalite, glass and zeolites is of concern under present and
expected conditions. The cristobalite in these rocks is metastable and will
very slowly be converted to quartz. The slow rate of this conversion is
evidenced by the persistence of cristobalite in these tuffs, which are about
12 million years old (Kistler, 1968). The disappearance of cristobalite with
depth is probably a result of the higher temperdtures experienced by tuffs
deeper in Yucca Mountain. If the present geothermal gradient (Section
4.1.2.8) is responsible, then repository-induced temperature increases of a.
few tens of degrees could cause appreciable transformation of cristobalite to
quartz. However, there is evidence of increased thermal gradients in at
least some parts of Yucca Mountain in the past (B1sh 1987) . Thus, the lack
of cristobalite lower in the mountain may result in part from past hydro-
thermal alteration. Plans for obtalnlng the additional information on
5111ca polymorph stab111ty are outlined in Section 8.3.1.3.3.

There are two effects when cristobalite transforms to quartz. First,
there is a 12-percent volume decrease (using molar volumes for quartz and
. cristobolite from LePage and Donnay (1976) and Peacor (1973), respectively)
that might affect the mechanical and hydrologic properties of the tuff; and
second, there is a lowering of the aqueous silica activity. No water com-
positions are available from the unsaturated zone in which the host rock is
located, but water samples taken from below the water table where cristo-
balite is present show approximate saturation with respect to cristobalite
despite the presence of a considerable amount of quartz. This observation
suggests that the aqueous silica activity in a particular horizon will remain
high until most, if not all, of the cristobalite has converted to quartz.
The silica-activity evolution is of particular concern because silica activ-
ity appears to be important in controlling the stability of clinoptilolite
(Keith et al., 1978).

Clays are present in small quantities in the host rock and occur _
throughout Yucca Mountain as late-stage alteration minerals (Caporuscio et
al., 1982). Clays are also observed as alteration products of Topopah Spring
tuff in hydrothermal experiments (Section 7.4.1.3). On the basis of these
observations and on reaction-path studies of glass alteration (Kerrisk, 1983)
it seems possible that clays may be continuing to crystallize in Yucca
Mountain. The stability of clays is of concern because they are highly sorp-
tive minerals. At present it seems likely that the amount of clays will
remain constant or increase in Yucca Mountain. The possibility of clay dehy-
dration or breakdown due to repository-induced heating is discussed in
Section 4.2.2.
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The smectites at or above the stratigraphic level of the Tram Member in
Yucca Mountain have interlayer water that can be driven out with minor tem-
perature increases or with minor changes in the partial pressure of water,
causing a decrease in volume (Bish, 1981). This volume reduction is
reversible at low temperatures. The implications of irreversible collapse
are discussed in Section 4.2.2.

Below the host-rock horizon, successive zones of glass, heulandite and
smectite, clinoptilolite, analcime, and authigenic albite are found in addi-
tion to devitrified zones dominated by alkali feldspar and silica phases.
The stability of clinoptilolite is of particular concern because it has been
identified as an important sorptive phase (Section 4.1.3.3).

Smyth (1982) has summarized the diagenetic zones beneath Yucca Mountain.
This diagenesis begins with unaltered glass. Unaltered glass occurs in many
rocks above the water table, including the vitrophyre of the host rock (where
devitrification is not extensive). The next zone contains clinoptilolite or
mordenite or both (Calico Hills and the upper zeolitic Crater Flat Tuff).
Below these zeolites, analcime occurs, replacing clinoptilolite and
mordenite. Finally, authigenic albite is typical of the deepest tuff units
examined. This generalized zonation can be seen in Figures 4-1 and 4-2.

There are varying hypotheses to explain this diagenetic zonation. Smyth
and Caporuscio (1981) give a plot of sodium-ion concentration versus tempera-
ture appropriate for the zeolite transition in this diagenetic sequence.
Increases in sodium concentration appear to decrease the temperatures at
vwhich these reactions occur. Because the present ground water has a low
sodium content (37 to 171 mg/L, Ogard and Kerrisk, 1984), the analysis of
Smyth (1982) would predict that the clinoptilolite-to-analcime transforma-
tion, if it occurred, would be expected at temperatures of about 100 to
120°C.

There are, however, other factors that must be considered in this
analysis. First, the stoichiometry of clinoptilolite and analcime does mot
suggest that the concentration of the sodium ion should affect the relative
stability of the two phases. Second, the transition from clinoptilolite to
analcime is also characterized by the disappearance of cristobalite, which
suggests that silica activity with analcime is lower than that with clinop-
tilolite. Because silica evolves in the transformation of clinoptilolite to
analcime, a lowering of the silica activity would move the system toward
analcime stability relative to clinoptilolite. Reaction-path modeling for
temperatures up to 175°C (Kerrisk 1983) indicates that increase in
temperature alone does not account for the transition from climoptilolite to
analcime; rather, this transition can probably be accounted for by the change
in silica activity that occurs with the change from cristobalite to quarts
saturation. Field observations {Keith et al., 1978) also indicate that
silica activity, rather than temperature, may be a factor controlling the
transformation of clinoptilolite to analcime. Keith et al. (1978) observed
clinoptilolite and analcime in drillhole Y-8 in Yellowstone National Park.
Clinoptilolite was observed in a temperature interval from about 70°C to
slightly above 150°C. However, throughout this interval, clinoptilolite
zones were interlayered with analcime-bearing zones, indicating that temper-
ature was not a controlling factor in determining whether clinoptilolite or
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analcime was present. There was, however, an excellent correlation between
the presence of clinoptilolite and that of cristobalite and between analcime
and quartz (Figure 4-1), suggesting that silica activity was the controlling
variable in determining the presence of clinoptilolite or analcime.

The observations on which the conclusions of Smyth (1982) were based
probably reflect the effects of temperature on the kinetics of the transition
from cristobalite to quartz more than an equilibrium temperature for the
transformation of clinoptilolite to analcime. The apparent dependence of
transition temperature on the sodium content of the solution may arise from
two sources. The generally higher pH high-sodium solutions may increase the
rate of transition from cristobalite to quartz. Also, as the sodium con-
centration increases, the activity of water is lowered by the increasing
salinity of a solution, which would favor formation of the less hydrous
phase, analcime.

Thus, it seems likely that the stability of clinoptilolite in Yucca
Mountain is determined largely by the silica activity. If that activity in a
particular horizon is at or above cristobalite saturation, the clinoptilolite
is probably stable to at least 150°C. If clinoptilolite breaks down after
the emplacement of waste in a repository at Yucca Mountain, it will probably
be because repository heating will have increased the rate of cristobalite
conversion to quartz. Plans to obtain the information to assess the
likelihood of cristobalite transformation are discussed in Section 8.3.1.3.

The effects of composition on thermal expansion and thermal stability
have been determined for several cation-exchanged clinoptilolites (Bish,
1984). It is known that sodium- and potassium-rich clinoptilolites are
stable to higher temperatures than the calcium-rich clinoptilolites (Shepard
and Starkey, 1966) that commonly occur above the basal vitrophyre in the
Topopah Spring Member. However, the potassium-rich clinoptilolites in the
base of and slightly below the Topopah Spring Member contract less with
increased temperature than do the sodium-rich clinoptilolites farther along
flow paths (Bish, 1984).

Glass is another phase in Yucca Mountain that is certainly metastable.
The distribution and compositions of glass are discussed by Caporuscio et al.
(1982), Vaniman et al. (1984), Bish and Vaniman (1985), and Broxton et al.
(1986). Glass exists in the vitrophyre in the lower Topopah Spring Member
and in parts of the tuffaceous beds of Calico Hills (Figures 4-1 and 4-2).
Alteration of the glass originally present in the tuffaceous beds of Calico
Hills in the northeastern part of Yucca Mountain has led to the extensive

‘development of clinoptilolite (Section 4.1.1.3). The persistence of glass in

the southwest area of Yucca Mountain may be due to the lack of water for
hydration because the glasses are above the water table. However, since
considerable pore water is present, the general lack of clinoptilolite
formation may also be due to lack of reaction because of low temperature.
There is a possibility that glass would react to form appreciable clinop-
tilolite in response to moderate heating from the repository, or to increased
hydration that would result from a rise in the water table. Future glass
stability studies are outlined in Section 8.3.1.3.3. ‘
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4.1.2 GROUND-WATER CHEMISTRY

The composition of water in the Yucca Mountain exploration block is an
important parameter for evaluating the suitability of the site for the comn-
tainment and isolation of radioactive waste. The water composition will
affect the rate at which the waste containers corrode, the leach rate of the
waste form, and the rate of radionuclide transport to the accessible environ-
ment. A reference ground water (i.e., water from well J-13) similar in com-
position to the water of Yucca Mountain is needed to conduct transport and
retardation experiments.

Because the composition of ground water is controlled by a number of
variables both internal and external to the repository horizon, it is neces-
sary to define the range of ground-water compositions, in both the saturated
and the unsaturated zones, from the exploratory block to the accessible envi-
ronment.. In addition, it is necessary to identify the main factors that
would determine how changes in the natural (e.g., increased recharge) and
pan-induced conditions would affect the ground-water compositions.

At present, the only water available for chemical analysis has come from
saturated-zone wells on and near Yucca Mountain. When the exploratory shafts
are constructed, water from the pores in unsaturated tuff, any water flowing
in fractures in unsaturated tuff, and water from any perched water gzones in
Yucca Mountain will be sampled, where possible, and analyzed. Plans for
further analyses of the saturated-zone ground water can be found in Section
8.3.1.2. The remiinder of this section discusses ground water from the
saturated zone. Plans for studying the unsaturated-zone water chemistry can
be found in Section 8.3.1.2.2.

4.1.2.1 General description of the hydrochemistry

Analyses of ground water from drillholes that penetrate the host rock
and surrounding units in the area of the exploration block indicate that they
are principally sodium bicarbonate waters (Benson et al., 1983; Ogard and
Kerrisk, 1984) with low contents of total dissolved solids (200 to 400 mg/L).
However, water from the carbonate aquifer (Drillhole UE-25p#1) contains over
1,000 mg/L total dissolved solids. Tables 4-6 and 4-7 summarize the geo-
chemical data reported on ground-water samples from Yucca Mountain and its
vicinity. The data are consistent with the data reported in Section 3.9.1.3,
but include additional species {(dissolved iron, manganese, aluminum, nitrite,
nitrate, and oxygen) not reported there. The analytical techniques and
sampling procedures by which these data were obtained are reported by Ogard
and Kerrisk (1984). The locations of wells are shown in Figure 4-11.

4.1.2.2 Major inorganic content

The content of major and minor inorganic constituents of ground water
from Yucca Mountain and vicinity are listed in Tables 4-6 and 4-7 and are
discussed in the following paragraphs.
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Table 4-6. Element concentrations in ground water from the
vicinity of Yucca Mountain

b Field concentra?ions (g /L) .
Yell pH Ca Mg Na K Li Fe Mn Al Si
USW VB-1¢ 7.5 10 1.5 8 1.9 o0.0s0 -9 __ -~ 23
USWH-6 7.4 5.5 0.22 74 2.1 0.10 0.12 0.04 0.12 20.0
USWH-3 9.4 0.8 0.01 124 1.5 0.22 0.13 0.01 0.51 16.9
UsWHE-5 7.1 1.1 ©0.03 54 2.3 0.04 0.01 - 0.17 17.4
USWG-4 7.1 9.2 0.15 56 2.5 0.08 0.04 0.02 0.02 19.6
Usw B-1° 7.5 6.2 <0.1 51 1.6 0.04 — - -~ 19
USW H-4 7.4 10.8 0.19 84 2.6 0.16 0.03 0.0056 0.04 25.9
UE-25b#1 7.7 19.7 ©0.68 56 3.3 0.28 (.04 0.004 0.03 31.5
UE-25b#1° 7.2 18.4 0.68 46 2.5 0.30 0.68 0.36 0.04 28.7

" ue-25b417 7.3 17.9 0.66 37 3.0 0.17 0.08 0.07 0.06 28.8

' J-13 6.9 11.5 1.76 45 5.3 0.06 0.04 0.001 0.03 30.0
UE-29a#2 7.0 11.1 0.3¢ 51 1.2 0.10 0.05 0.03 0.04 25.8
J-12¢ 7.1 14 2.1 38 5.1 - - - - 25

UE—25p#1g 6.7 87.8 31.9 171 13.4 0.32 <0.1 <0.01 0.1 30

2Concentrations from Ogard and Kerrisk (1984) unless otherwise noted.
All samples are integral water samples unless otherwise noted.

See Figure 4-11 for locations.
“Data from Benson et al. (1983).

--indicates the element was not detected.

®Bullfrog zone, 4th day of pumping.

Bullfrog zone, 28th day of pumping.

From dolomite aquifer.
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Table 4-7. Anion concentrations and other measurements for ground
water from the vicinity of Yucca Mountain
Concentration® (ng /L)

we11® F 1" S0 ECO; N0, NO; O, Detergent Eb°
usW vi-1d 2.7 11 44 187 - - - - -

USW H-6 4.1 7.7 21.5 -- --® 5.3 5.6 - 395
USW H-3 5.4 8.3 31.2 245 <0.10 0.2 <0.1 <0.02 -123
US¥ B-5 1.3 5.7 14.6 -- -- 8.6 6.3 <0.005 353
USW G-4 2.4 5.5 15.7 -- -—- 5.5 6.4 - 402
vswe-19 1.0 5.8 19 122 - - - - -
USW H-4 4.5 6.2 23.9 -- — 4.7 5.8 >2 216
UE-25b#1 1.2 7.1 20.6 -- -~ 0.6 1.8 - 220
E-2sb81f 1.5 9.8 210 —- 05 22 <0.1 2.7 -18
UE-25b#18 1.2 6.6 20.3 -- -~ 4.5 1.8 0.02 160
J-13 2.1 6.4 18.1 143 -~ 10.1 5.7 -- --
UE-29242 0.56 8.3 22.7 - — 18.7 5.7 -- 305
J-124 2.1 7.3 22 118 -  -- - - -
UE-25p#1® 3.5 37 129 698 -~ <0.1 - <0.2 360

2Concentrations from Ogard and Kerrisk (1984) unless otherwise noted.

All samples are integral samples unless otherwise noted.
See Figure 4-11 for location.

mV versus H2 electrode.
Data from Benson et al. (1983).
;——indicates the element was not detected.
Bullfrog zone, 4th day of pumping.
ﬁBullfrog zone, 28th day of pumping.
From dolomite aquifer.
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Figure 3-11. Selected drillhole and well locations on and near Yucca Mountain exploration block (the names
of the wells and drillholes have been shortened for clarity: for example. drillhole USW H-6 is listed as H-6 and

drilthole UE-25p#1 as P-1. etc.). Modified from Ogard and Kerrisk (1984).
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The data presented in Tables 4-6 and 4-7 are representative of the
chenistry of the ground waters at Yucca Mountain. Kerrisk (1987) is a2 more
recent review of the water chemistry at Yucca Mountain and in the surrounding
area. This report references and compiles hundreds of analyses representing
a large data base for the saturated zone water chemistry. More hydro-
chemistry work is planned in Section 8.3.1.2 for the saturated zone and
and more importantly the unsaturated zone. Section 8.3.1.3.1 will synthesize
the present and future data into a ground-water chemistry model.

The dominant cations in the Yucca Mountain ground water are sodium,
calcium, potassium, and magnesium. Sodium is the most abundant, accounting
for 65 to 95 percent of the cations present. The relative concentrations of
cations are shown in a ternary diagram in Figure 4-12. Data from three other
wells are also shown on these figures; wells UE19e and U202-2 are in tufif-
aceous rocks on Pahute Mesa (Claassen, 1973), and well 9 is in the Amargosa
Desert (Claassen, 1985).

The additional wells were included because ground water at Yucca Moun-
tain is probably derived by subsurface flow from recharge areas at higher
altitudes to the north such as Pahute Mesa (Winograd and Thordarson, 1975),
and because the southern Amargosa Desert is considered a discharge area for
water moving beneath Yucca Mountain (Winograd and Thordarson, 1975). The
shaded areas in Figure 4-12 represent the ranges of compositions of inter-
stitial and fracture waters in ash-flow tuffs at Rainier Mesa north of Yucca
Mountain (White et 21., 1980). Wells on Yucca Mountain and just to the west
{USW H-3, USW H-5, and USW H-6; Figure 4-11) plot nearest the sodium apex of
Figure 4-12. VWells on the eastern slopes and washes (USW H-1, USW H-4, USW
6-4, J-13, and UE-25b{i1) show increasing levels of calcium. The carbonate
aquifer well (UE-25p#1) and the well from the Amargosa Desert (well 8) show
the highest relative calcium contents. The two wells on Pahute Mesa (wells
UE19e and U202-2) are similar to the wells on and just east of Yucca
Mountain; this is consistent with a relation in actual recharge or recharge
mechanisms between the two areas. The data for the wells plot in a band that
is generally parallel to the sodium-calcium axis in Figure 4-12, which indi-
cates that the relative potassium content of the waters is nearly constant.

The concentrations of iron and manganese are generally low (Table 4-6).
The elevated concentrations in drillhole UE-25b#l after the fourth day of
pumping may reflect contaminants from the drilling operation because the
concentrations dropped down to more typical values after 28 d. Both
iron(IIT)/iron(II) and manganese(IV)/manganese(II) as well as nitrate/nitrite
have been considered as oxidation-reduction (redox) couples that reflect the
redox potential of the ground waters (Rundberg et al., 1985). Analytical
data are available only for the nitrate/nitrite couple in drillhole UE-25bj1
water. The redox potential, Eh, calculated from these data (100 to 400 mV)
is substantially different from the Eh measured in this water with a platinum
electrode (80 to 170 mV) (Rundberg et al., 1985). Such differences are
commonly observed in ground water (Lindberg and Runnells, 1984) and may
indicate a lack of equilibrium due to slow reaction kinetics among the redox
couples in the water. The positive Eh values and dissolved-oxygen content of
waters listed in Table 4-7 indicate that most of the waters are oxidizing.
The reducing character of the drillhole UE-25bfi1 water collected on the
fourth day after pumping was initiated probably reflects an initial disturb-
ance of the producing horizon due to completion of the drillhole. The
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Figure 8-12. Relative sodium-potassium-calcium concentration in Yucca Mountain water (Ogard and Kerrisk.
1984}. Shaded area represents range of compositions of interstitial and fracture waters at Rainier Mesa. Modified ~
from White et al. (1980). Data shown are in mole percent.
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reducing character of the drillhole USW H-3 water has not been fully
explained but may reflect a reduction of recharge waters by organics during
the last pluvial (Ogard and Kerrisk, 1984).

The anionic constituents of the ground water show a relatively uniform
distribution in all the wells, with about 80 percent bicarbonate and the
remainder as sulfate and chloride (usually present in nearly equal molar con-
centrations) and fluoride (in varying concentrations). The carbonate ion is
a major complexing agent for the actinide elements, with the hydroxide ion
(Section 4.1.3.4) and the fluoride ion being of less importance under oxidig-
ing conditions (Ogard and Kerrisk, 1984).

Spatial variations in ground-water composition are implicit in Tables
4-6 and 4-7 because the ground waters listed are from wells surrounding the
repository block. Overall, there is only minor variation in ground-water
compositions in and adjacent to Yucca Mountain.

4.1.2.3 Trace elements

The trace elements detected in Yucca Mountain ground water are barium,
bromine, lithium, phosphorus, strontium, titanium, and vanadium. The
observed ranges in concentration (in mg/L) are less than 0.001 to 0.011 for
barium, less than 0.2 to 14.5 for bromine, 0.04 to 0.95 for lithium, less
than 1.2 for phosphorus, less than 0.001 to 0.07 for strontium, less than
0.012 to 0.03 for titanium, and less than 0.004 to 0.03 for vanadium (Daniels
et al., 1983; Ogard et 2l., 1983b).

Because lithium was added to the drilling fluid as a tracer to monitor
contamination of ground water by the fluid (Daniels et al., 1983), the high
end of the range reported here may not represent natural concentrations.

4.1.2.4 0Organic content

The in situ organic contents of the waters from drillhole UE-25bf§1 and
well J-13 were measured by Means et al. (1983). The total organic carbon
contents were 0.14 * 0.05 mg/L in well J-13 water and 0.58 2 0.06 mg/L in
drillhole UE-25b#1 water, respectively. The lower carbon content in well
J-13 water is probably representative of the in situ content because the well
is a producing well for the Nevada Test Site and all drilling fluids have
been removed by extensive pumping. Because of the low concentrations, little
can be said about the individual organic compounds other than that organics
with high molecular weight (higher than 1,000) constitute 50 percent of the
organics present in J-13 water and 33 percent in UE-25b#1 water. The low
organic content in the saturated zone suggests that complexing of waste ele-
ments americium, neptunium, plutonium, and uranium with naturally occurring
organic ligands will be insignificant. :

4-45



CONSULTATION DRAFT

4.1.2.5 Dissolved gas

Measurements of the concentrations of dissolved gases in Yucca Mountain
ground waters are very limited. The presence of carbon dioxide in saturated-
zone water is indicated by the change in pH (from 7 to 8.5) of ground water
that is pumped from deep wells and allowed tg2s§and at atmospheric, pressure.
A change in dissolved carbon dioxide from 10 “ ™ to the normal 10 """ atmos-
pheres would explain this shift in pH (Daniels et al., 1982). A direct
measurement of the carbon dioxide content of the lowest zone of well UE-25p#l
produced a value of 242 mg/L (Bryant and Vaniman, 1984).

The dissolved-oxygen contents of several saturated-zone ground waters

are shown in Table 4-7 (Ogard and Kerrisk, 1984). The presence of dissolved
oxygen in the water indicates oxidizing conditions.

4.1.2.6 Background radioactivity

Well J-13 is the only well in the vicinity of Yucca Mountain for which
data on radionuclide activity are available. The activities of radionuclides
present in well J-13 water have been measured (EPA, 1976); results are shown
in Table 4-8. Plans for obtaining additional data on the concentration of
naturally occurring radionuclides in Yucca Mountain ground water are outlined
in Section 8.3.1.2. These data will provide baseline values for future
reference in monitoring the ground water at Yucca Mountain.

4.1.2.7 Particulates and colloids

It is necessary to measure the ambient concentration of particulates
because particulate material in ground water at a repository site may be
significant as a means of transport of radionuclides by sorption on the
particulate material. At Yucca Mountain there are no springs or other
accessible sources of flowing ground water. Therefore, well J-13, a water
well adjacent to Yucca Nountain, was pumped and sampled for particulates by
filtering 9,300 L of water through a 0.4-micrometer filter, and 5,300 L of
water through 0.05-micrometer Nuclepore filters (Kerrisk, 1987). Material
that was present on the filters ranged in diameter from tens of micrometers
down to less than 0.01 micrometer, the resolving power of the microscope.

A total quantity of 0.25 g of solid mate{éal was obtained, corresponding to a
sediment concentration of about 2.7 x 10 ° g/L. The composition of indivi-
dual particles varied considerably. The detectable cations in the 0.4
micrometer fraction were (in weight percent) silicon (60), iron (20), calcium
(11), and aluminum (4), while analysis of the smaller size fraction gave
somewhat different results: sodium (44), silicon (42), calcium (8), and iron
(4) with no detectable aluminun. Because the amount of iron in the Yucca
Mountain tuffs and ground waters is low, it is possible that the iron-rich
particulates could have been contamination from the steel piping and pumping
system. Filter samples also were obtained from two other wells at the NTS,
both drawing from an aquifer in alluvial soil. The results were similar to
those from well J-13. Because the samples were derived from water flowing in
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Table 4-8. Background radioactivity

Radioactivitx concentration

Number of 10° #Ci/ml
samples

analyzed Radionuclide Maximum Minimum Average
5 H-3 8 <7 <8
1 Sr-89 <2 <2 <2
1 Sr-90 <0.9 <0.9 <0.9
1 Ra-226 0.067 0.087 0.067
1 U-234 1.7 1.7 1.7
1 U-235 <0;02 <0.02 <0.02
1 U-238 0.22 0.22 0.22
1 o Pu-238 <0.03  <0.03  <0.03
1 Pu-239 <0.04 <0.04 <0.04

2Data extracted from Table 8, EPA (1976) for five water samples collected
from Nevada Test Site well J-13.

an artificially created gradient, it can be argued that the particulate con-
tent is not that of natural water. However, pumped well water may provide a
worst-case situation. Plans for obtaining data on the sorption of radio-
nuclides on colloids and particulates are outlined in Section 8.3.1.3.4.

4.1.2.8 Temperature and pressure

The temperatures in drillholes and wells on and near Yucca Mountain are
shown in Figure 4-13. The temperature gradient varies between approximately
20°, and 40°C/km at depths of less than or equal to 3 km. The variance sug-
gests that the temperature in the repository horizon should be 25° to 35°C
and it also provides a baseline range of temperatures for modeling the
perturbation of the temperature gradient produced by the emplacement of the
waste. This topic is discussed in Section 1.7 and the discussion here is
taken from Sass and Lachenbruch (1982).
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Figure 4-13. Plot of temperature versus depth in drillholes deeper than 600 m for Yucca Mountain and nearby

areas. Modified from Sass and Lachenbruch (1982).
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Because the repository horizon is in the unsaturated zone, the pressure
on ground water in this horizon will be close to atmospheric at the appro-
priate elevation above sea level. Below the water table and along pathways
to the accessible environment, the pressure of the ground water will corre-
spond roughly to depth below the water table.

4.1.2.9 Mineralogical controls on water composition

The composition of ground water in the exploratory block and between the
repository block and the accessible environment is determined by various
factors, including the composition of water infiltrating from the surface,
the composition of saturated zone water upgradient from the repository block,
and interactions between ground water and the rocks through which it may
flow. Ground-water interactions with rock and models describing these inter-
actions are discussed in this section. These interactions between ground
water and rock consist primarily of the dissolution of primary silicate
phases contained in the volcanic rocks, the precipitation of secondary
phases, and sorption and ion-exchange reactions with primary and secondary
phases. Primary silicate phases include volcanic glass and various mineral
types formed at high temperatures (higher than 500°C). Secondary phases
include minerals such as clays, carbonates, and zeolites as well as amorphous
solids such as amorphous silica and semiamorphous oxides (e.g., manganese-
iron, oxyhydroxides). The models describing ground-water interactions with
rock have not considered precipitation and ion-exchange reactions with these
minerals. »

Because reactions between ground water and silicate phases are generally
slow at the temperatures and water-flow rates likely to prevail in rocks
between the repository block and the accessible environment, models that
assume chemical equilibrium between ground waters and host rocks may not be
appropriate. Models of ground-water interactions with rock must incorporate
reaction with rock kinetics. Because reaction kinetics cannot be reliably
predicted on the basis of theoretical considerations alone, experimental data
on the kinetics of appropriate interacting systems (ground water and rock)
are required (Chapter 7 and Section 8.3.1.3.3).

White and Claassen (1979; 1980) have presented.experimental data and
discussed meclanisms for the dissolution of volcanic glass by water. Their
glass samples were obtained from the Timber Mountain Tuff exposed on Rainier
Mesa at the NTS. White et al. (1980) presented experimental data on the
dissolution of glassy and nonglassy tuffs from Rainier Mesa. Using the data,
they derived rate constants that were used to extrapolate the experimental
results to longer time scales. White et al. (1980) concluded that the
composition of interstitial and fracture waters obtained from the Rainier
Mesa area could be explained on the basis of a glass-dissolution model.
However, the model does not explain all the water compositions obtained by
White et al. (1980), such as the highly sodic waters. In addition, the model
does not attempt to explain the detailed variations in the pH and the Eh of
the ground water. These two parameters are particularly important to
radionuclide-transport calculations. Nonetheless, two important aspects of
these studies are clear: (1) water composition varies with stratigraphic

4-49



CONSULTATION DRAFT

position in the tuffs of Rainier Mesa, suggesting local control, and
(2) experimental data suggest that the variations are the result of
dissolution of the tuffs through which the water flows.

The overall similarity of the rock types and alteration minerals in
Yucca Mountain and Rainier Mesa (Byers et al., 1976) suggests that the con-
trols on ground-water compositions in these two areas might be similar. This
is supported by the overlap in the relative cation concentrations of Rainier
Mesa and Yucca Mountain ground waters shown in Figure 4-12. Note that the
overlap does not extend to ground water from the Paleozoic limestone aquifer
(drillhole UE-25p#l1) beneath Yucca Mountain (Figure 4-12). The concentra-
tions of other cations, anions, and uncharged species in Yucca Mountain
waters also overlap those in Rainier Mesa waters.

Although the work of White and Claassen (1979, 1980) has provided impor-
tant data on the possible influence of glass dissolution on ground-water com-
positions in tuffaceous aquifers, further work is required to adequately
understand the controls on the composition of Yucca Mountain saturated- and

unsaturated-zone waters. This additional work is discussed in Section
8.3.1.3.

4.1.2.10 Reference ground-water composition

Many of the processes taking place in the transport and retardation of
waste elements along pathways from the repository to the accessible environ-
ment will be investigated in a laboratory and then the results will be used
in modeling the entire pathway. To conduct such experiments, a reference
ground water or ground waters that will represent ground-water .conditions
that will be experienced along such a pathway is needed. The reference
ground water for the NNWSI Project was chosen on the basis of meeting the
following criteria:

1. It should be readily available because many laboratory experiments
will use the reference ground water.

2. 1t should have a composition that is representative of compositions
estimated for the interstitial and fracture waters in the Topopah
Spring Member tuff in the unsaturated zone (the potential repository
horizon).

3. It should have a composition that is representative of ground waters
along the potential flow paths away from the repository.

4. It should be a natural ground water rather than synthetic water.

The ground water from well J-13 has been chosen as best meeting these
requirements.

Well J-13 is a producing well located in Jackass Flats southeast of the

Yucca Moutain site (Figure 4-11) which has been pumped since 1962. Because
of the large amount of water produced to date, the well should be clear of
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any drilling fluids that may have been used in the original drilling. The
ma2in producing zone in well J-13 is in the Topopah Spring Member of the
Paintbrush Tuff, which corresponds to the potential repository horizon at
Yucca Mountain. This aspect of well J-13 water makes it a useful reference
water.

The compositions of interstitial and fracture waters in the unsaturated
zone of Yucca Mountain are not yet available, plans for obtaining them are
outlined in Section 8.3.1.3. However, White et al. (1980) have determined
the composition of interstitial and fracture waters in the tuffaceous
aquifers of Rainier Mesa. Because Rainier Mesa and Yucca Mountain are
composed of similar rock types, the ground-water compositions in these two
areas should reflect similar rock-water interactions. As shown in
Figure 4-12, the composition of well J-13 water plots in the field of the
Rainier Mesa interstitial and fracture waters reported by White et al.
(1980), and may be representative of interstitial and fracture waters in the
unsaturated zone of Yucca Mountain. Data for waters from the saturated zone
beneath the Yucca Mountain area are also plotted in Figure 4-12. Because the
data for well J-13 water plot near the middle of the range of compositions,
this water should be adequate for use as a reference water. Other con-
stituents in well J-13 waters (e.g, dissolved silica, bicarbonate, chloride,
and sulfate) also show concentrations similar to those of Rainier Mesa
interstitial and fracture waters.

4.1.3 GEOCHEMICAL RETARDATION PROCESSES

Under present baseline conditions, the expected flow mechanism in the
unsaturated zone is matrix flow through the tuff. This does not exclude the
possibility that fracture flow may be important under some potential condi-
tions. In addition, it is possible that future hydrologic research may find
that fracture flow under present conditions is also important. Fracture flow
is important in the saturated zone where it is the significant flow mecha-
nism. The flow of water through the unsaturated zone is driven by the hydro-
static head and by capillary suction. The expected flow path in the unsatur-
ated zone is downward through the welded and highly fractured Topopah Spring
Member tuff and then through the zeolitized bedded tuff of the Calico Hills.
The median pore size for tuff reported by Walter (1982) is between 1.2 and
0.1 um. The unsaturated flow will be drawn to smaller pores by capillary
suction. Much of the smallest diameter porosity is intracrystalline pore
space in the zeolites and clay minerals. This is particularly true in the
nonwelded zeolitic tuff. The intracrystalline porosity of the zeolite clin-
optilolite is about 36 percent based on the crystallographic structure.
Zeolitic tuff, with 80 to 90 percent clinoptilolite, has a total porosity of
40 to 50 percent, and hence, in zeolitic tuff more than half the porosity is
intracrystalline. Furthermore, the channels in the clinoptilolite framework
are only 3.6 angstroms in diameter, and it is, therefore, expected that there
would be good contact between water containing radionuclides and the strongly
adsorbing zeolites and clays in the unsaturated zone.

The transport of contaminants by flow through either a porous matrix or
a fracture system in a porous matrix will in each case be affected by various
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geochemical and mechanical processes. Among the chemical processes comsid-
ered in this section are adsorption on mineral surfaces (both internal and
external to the crystal structure), including the kinetics of adsorption, and
processes leading to precipitation. The mechanical processes considered are
dispersive effects (hydrodynamic dispersion, channeling) and diffusion.

In the saturated zone, the flow is believed to be mainly through frac-
tures in welded-tuff units, such as the upper part of the Prow Pass Member.
The transport of radionuclides through such fractured units will be affected
by sorption on fractured surfaces, but probably not to the same degree as
sorption in matrix pore spaces. Since fluid velocities in fracture flow can
be much higher than in matrix flow, local chemical equilibrium may not be
attained and kinetics becomes an important consideration. Evidence from lab-
oratory experiments shows that sorption reaction rates are fast and equilib-
rium could be achieved for quite high flow rates (Rundberg, 1985). An
additional process that will affect transport through fracture systems is
matrix diffusion into the adjacent matrix pore spaces. This process may be
limited by channeling, which effectively reduces the surface area through
which solutes diffuse from fracture flows to the matrix. Channeling also
acts as a dispersion mechanism--that is, it broadens the pulse of solute
concentrations.

4.1.3.1 General description of geochemical retardation

The most likely mechanism for the release of radionuclides from a

- repository is transport in the aqueous or vapor phase from the repository to
the accessible environment. This transport can be retarded by three
.geochemical processes: ,

1. Sorption--the sorption of chemical species on mineral surfaces such
as ilon exchange, chemisorption, van der Waals attraction, etc., or
ion exchange within the crystal structure.

2. Precipitation--the formation of less soluble compounds by chemical
reaction with chemical entities present in the ground water.

3. Exchange between the vapor phase and the aqueous or solid phases.

Sorptive mineral phases, particularly zeolites and clays, along poten-
tial flow paths are expected to delay the rate at which radionuclides are
released to the accessible environment. Flow paths from the repository to
the saturated zone are through bedded tuff at the bottom of the Topopah
Spring Member and through the tuffaceous beds of Calico Hills, both of which
contain significant quantities of zeolites and clays (Section 4.1.1.3).
Other formations that might be part of the flow path are the Prow Pass, the
Bullfrog, and the Tram members of the Crater Flat Tuff; zones containing

zeolites and clays in variable abundances are present in these units
(Section 4.1.1.3).

Precipitation processes (i.e., solubility) will limit the concentratioa

of radionuclides in water that moves from the repository toward the acces-
sible environment. Solubility depends on the composition of the solution;
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that is, formation of complexes can retain species in solution in greater
amounts than would otherwise exist. Yucca Mountain ground water is primarily
a sodium-bicarbonate water (Section 4.1.2.1); carbonate, bicarbonate, and
hydroxyl are the most prevalent anions that form complexes with radionuclide
cations. However, for some radionuclides, such as cesium or strontium, the
solubility limits may not limit radionuclide transport. Quantitative data
for the hydroxyl and carbonate complexes of most waste elements are insuf-
ficient and need to be determined. Plans for obtaining this information are
outlined in Section 8.3.1.3.

Vapor-phase transport is generally in the opposite direction from
aqueous transport and may proceed more quickly since the pores that are not
filled with water are the larger pores and have a higher permeability than
the water-filled pores. In the unsaturated zone, volatile elements, such as
iodine, can be transported in the vapor phase. The vapor-transport process
is impeded, however, by exchange between the slower moving aqueous phase and
the solubility in the aqueous phase, which lowers the partial pressure of the
volatile species.

There are physical processes such as matrix diffusion that are driven by
advective forces in which radionuclides diffuse into water in the pores and
may retard the transport of all species, including nonsorbing or low-sorbing
species (Section 4.1.3.5). In general matrix diffusion can be regarded as
the movement of dissolved species from water in connected pore spaces to
water in "dead-end" pore spaces as a result of gradients in species concen-
trations. In particular, the connected pore spaces may be fracture networks
in which flow is rapid, and the dead-end pore spaces may be the matrix pores
in which flow is relatively slow. Dissolved species may also be transferred
from matrix flow to fracture flow (and vice versa) by advective forces
arising from pressure differences; however, advective transfer is not
considered in this chapter.

The modeling of radionuclide transport requires that the reactions of
radionuclides that occur between the solid phase (minerals, or precipitates)
and aqueous phase (fracture or pore water) be coupled with the hydrologic
flow and physical processes like diffusion and dispersion. Much of the basis
for transport modeling has origins in chemical engineering and specifically
the modeling of chromatographic columns. Chromatographic columns, however,
are constructed so that dispersion is minimized. Moreover, the column is
homogeneous and hence channeling is minimized. Homogeneity also prevents any
effects that would be analogous to matrix diffusion and fracture flow. The
columns are run at flow rates that do not exceed mass transfer kinetics and
under chemical conditions (i.e., controlled pH, complexing agents, etc.)
which ensure well-behaved adsorption. Thus, for column chromatography the
coupling between chemistry and flow is simple and can be successfully mod-
eled. The transport of tracers in geohydrologic systems, however, is not
simple and simplifying assumptions must be tested by laboratory and field
studies (Sections 8.3.1.3.6 and 8.3.1.3.4). In addition, transport by
colloids must be examined because colloids may not interact with the
stationary solid phase.

4-53



CONSULTATION DRAFT

4.1.3.1.1 Key radionuclides

The importance of the various radionuclides present in the waste can
vary depending on time scales of interest, site conditions, transport
mechanisms, health physics concerns, or waste types. A list of important
waste elements has been developed for the Yucca Mountain site (Kerrisk, 1985)
from the following criteria:

1. The quantity of various radionuclides present in the waste.

2. The release limits established by the EPA for the radionuclides
(40 CFR Part 191).

3. Preliminary estimates of the solubility and sorption of waste
elements.

4. Special problems that may arise for certain waste elements.

The following types of waste were considered: spent fuel and high-level
waste (HLW) from pressurized water reactors (PWR) or boiling water reactors
(BWR), and defense high-level waste (DHLW). Data for spent fuel and HLW were
obtained from a compilation by Croff and Alexander (1980). The radionuclides
include fission products, actinides and their decay products, and activation
products present in the fuel, cladding, and subassembly hardware. Data for
PWR waste (spent fuel and HLW) were used as characteristic of both PWR and
BWR waste because the radionuclide inventories are similar (Kerrisk, 1985).
Data for DHLW were obtained from calculations by Foweler and Boersma of the
Waste Solidification Technology Division of the Savannah River Laboratory
(Boersma, 1984). These calculations give radionuclide inventories that are
characteristic of waste from the future Defense Waste Processing Facility and
include radionuclides present in the waste glass only. The results compiled
by Croff and Alexander (1980) are in curies per metric tons heavy metal
(Ci/MTEM), where MTHM is metric ton of heavy metal (uranium and plutonium)
originally charged to the reactor. The results can be directly compared with
the EPA standards, where the release limits are given in terms of curies per
1,000 MTHM. The results for DHLW are in curies per container. For this
assessment, the equivalent loading of DHLW containers was estimated as
0.5 MTHM per container based on a comparison of the total activity of PWR HLW
and DHLW canisters.

A general criterion for the importance of the various radionuclides in
waste in terms of the EPA standards can be obtained from the ratio of the
quantity of the radionuclide in the waste to the EPA release limit for that
radionuclide, where both are expressed in curies per 1,000 MTHM. Tables 4-9
through 4-11 list radionuclides ordered by this ratio along with the ratios
for PWR spent fuel, PWR HLW, and DHLW, respectively (Kerrisk, 1985). Radio-
nuclides near the top of the lists in the tables have larger values of this
ratio. Thus, larger fractions of these radionuclides must be contained by
the repository to meet the EPA standard. At 100 yr after discharge from the
reactor, isotopes of cesium, strontium, americium, and plutonium head the
lists. In the 1,000- to 10,000-yr range, isotopes of the actinides (americ-
jum, plutonium, neptunium, and uranium) head the lists. By 100,000 yr after
discharge, the lists are headed by actinides as well as radionuclides in the
actinide decay chains, but a few other radionuclides, such as isotopes of
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Table 4-9. Radionuclides ordered by ratio of inventory to
U.S. Environmental Protection Agency limit for
PWR spent fuel for various decay times

1x 102 yr 1x 103 yr 1x 104 yr 1x 105 yr

4

An-241 3.8 x 10 3

2

Am-241 9.0 x 10 Pu-239 2.4 x 10 Pu-239 1.8 x 10

3 2

Pu-238 1.1 x 10 Pu-240 4.8 x 10 Pu-240 1.8 x 10

Pu-239 3.1 x 10 An-243 6.7 x 10!

Th-230 1.0 x 10

w W w

4
0s-137 1.0 x 10% 1

U-234 1.6 x 10
3

[

1 1

bBa—137m 9.8 x 10 Am-243 1.6 x 10 U-234 1.9 x 10 Pu-242 1.5 x 10

3 1 1 1

Sr-90 6.8 x 10 U-234 2.0 x 10 Pu-242 1.7 x 10 Np-237 1.1 x 10

6
0
°Y_90 6.8 x 10° Pu-242 1.8 x 101 Th-230 1.7 x 10! 9Ra-226 1.0 x 10!
Pu-240 5.3 x 10> ©Np-239 1.6 x 101  Np-237 1.2 x 10! U-233 4.1
Pu-239 3.1 x 10° C-14 1.4 x 100 °Np-239 6.7 U-236 4.0
Pu-241 1.0 x 10° Np-237 1.0 x 101  Ni-59 4.8 Th-229 3.7
Cm-244 3.3 x 10° Pu-238 9.7 - C-14 4.6 U-238 3.2
Ni-63 3.1 x 10° Ni-59 5.2 U-236 3.5 Ni-50 2.2
An-243 1.7 x 10> U-238 3.2 U-238 3.2 7r-93 1.9

pSource: Kerrisk (1985), PWR = pressurized water reactor.
Short-lived daughter of Cs-137.
gShort—lived daughter of Sr-90.

Decay products of Ra-226 are in secular equilibrium. Each alpha emitter
in the decay chain has the same ratio of inventory to EPA limit; others have
a ratio that is 10 times lower. The Ra-226 decay products are generally
short-lived.

®Short-lived daughter of Am-243.
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Table 4-10. Radionuclides ordered by ratio of inventory to the
U.S. Environmental Protection Agency limit for
high-level waste from pressurized water reactors
for various decay times

1 x 102 yr 1x 103 yr 1x 104 yr 1x 105 yr
Cs-137 1.0 x 10* An-241 1.8 x 10° An-243 1.6 x 10°  Pu-239 5.1
bBa-137n 9.8 x 10° An-243 1.7 x 102 Pu-239 4.0 x 100  Np-237 3.4
Sr-90 6.8 x 10° Pu-240 6.3 x 10! Pu-240 2.4 x 10  Th-230 2.4
°Y_90 6.8 x 10° Pu-239 2.1 x 101 INp-239 6.7 Ni-59 2.2
Am-241 2.0 x 10°  9INp-239 1.6 x 10! Ni-59 4.8 2r-93 1.7
Pu-238 5.2 x 102 C-14 1.4 x 10! C-14 4.6 *Nb-93m 1.6
(n-244 3.3 x 102 Ni-59 5.1 Np-237 3.5 U-233 1.2
Ni-63 3.1 x 10° Np-237 3.5 Zr-93 1.8 frh-229 1.1
An-243 1.7 x 10°  2r-93 1.8 °Nb-93nm 1.7 Tc-99 9.4 x 1071
Sm-151 1.7 x 10° °Nb-93m 1.7 Tc-99 1.3 Sn-126 3.9 x 1071
' Pu-240 6.8 x 101 Tc-99 1.3 Nb-94 9.1 x 10! U-234 3.6 x 107]
Cnm-242 2.0 x 101 Nb-94 1.2 Sn-126 7.3 x 1071 Bpa 233 3.4 x 107!

:Source Kerrisk (1985).

Short lived daughter of Cs-137.

®Short-lived daughter of Sr-90.

Short lived daughter of Am-243.

®Short-lived daughter of Zr-93.

Decay products of Th-229 are in secular equilibrium. Each alpha emitter
in the decay chain has the same ratio of inventory to EPA limit; others have
a ratio that is 10 times lower. The Th-229 decay products are generally
short lived.

BShort-lived daughter of Np-237.
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Table 4-11. Radionuclides ordered by ratio of inventory to the
U.S. Environmental Protection Agency limit for
defense high-level waste for various decay times

1x 102 yr 1lx 163 yr 1x 104 yr 1x 105 yr
Pu-238 8.7 x 10° An-241 1.8 x 10° Pu-239 1.3 x 10°  Th-230 7.5 x 10
Sr-90 7.8 x 10° Pu-239 1.7 x 10° Pu-240 3.8 x 100  U-234 1.1 x 10*
bY90 7.8x10° Pu-2409.9 x 10} U-23¢ 1.4 x 100 Pu-239 0.7
Cs-137 7.4 x 10° U-234 1.5 x 100 Th-230 1.3 x 10> “Ra-226 7.4
dBa-137n 7.0 x 10° Pu-238 7.1 Ni-59 3.3 Zr-93 1.9
An-241 7.8 x 102 Ni-59 3.5 Zr-93 2.0 ®Nb-93m 1.9
Ni-63 4.3 x 10° Zr-83 2.0 °Nb-93m 2.0° Ni-59 1.4
Sm-151 2.1 x 10° °Nb-93m 2.0 Ra-226 9.7 x 107>  U-236 6.3 x 107}
Pu-239 1.7 x 10° Th-230 1.2 U-236 6.2 x 1071 Np-237 2.6 x 10
Pu-240 1.1 x 102 U-236 6.0 x 107! Tc-99 3.3 x 1070 Tc-99 2.4 x 107}
Pu-241 2.4 x 100  Tc-99 3.4 x 1071 Np-237 2.7 x 107} U-238 1.5 x 107}

ﬁSource: Kerrisk (1985).
Short-lived daughter of Sr-90.
ecay products of Ra-226 are in secular equilibrium. Each alpha emitter

in the decay chain has the same ratio of inventory to EPA limit; others have
a ratio that is 10 times lower. The Ra-226 decay products are generally
shora lived.

eShort—lived daughter of Cs-137.

Short-lived daughter of Zr-93.

nickel (present in subassembly hardware) and zirconium (present as a fission
product and cladding activation product), are near the top.

Two of the most important retardation mechanisms available in a2 geologic
repository are precipitation and sorption. Radionuclides that are present in
significant quantities in waste and have high solubility and low sorption
must be considered important because they could pose problems in meeting
release limits. A review of the waste inventories, the sorption data pre-
sented in Section 4.1.3.3 and the solubility data presented in Section
4.1.3.4 indicates that three waste elements (carbon, technetium, and iodine)
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may have high solubility and low sorption at the Yucca Mountain site. The
radionuclides of these waste elements are not present in large quantities
relative to the EPA limits, but they deserve consideration because they may
not be strongly retarded by sorption or precipitation. Waste elements with
moderately high solubilities and intermediate sorption coefficients are
neptunium and uranium. The estimated solubility of nickel is relatively
high; sorption data for nickel have not been measured as yet, but it probably
should be considered in this category as well (Sections 4.1.3.4.2.3 and
8.3.1.3.4).

Radionuclides that can be released as gases must be given special con-
sideration at Yucca Mountain. Most gaseous radionuclides are short-lived or
are present in such small quantities that they do not represent problems.
However, two radionuclides that may be transported in the gas phase and will"
be present for long periods of time are carbon-14 and iodine-129. The likely
gaseous forms of both these radionuclides (carbon dioxide and iodine gas) are
soluble in water. Carbon-14 as carbon dioxide (C0_) may also undergo iso-
topic exchange with natural carbon in the surrounding rocks. Thus, for both
waste elements, an exchange between the gas, aqueous, and solid phase may be
possible.

On the basis of the quantity of radionuclides in the waste, the EPA
release limits, solubility, sorption, the potential for vapor transport, and
the potential for colloid transport, the following radionuclides should be
considered important (Kerrisk, 1985):

1. Isotopes of the elements americium, plutonium, neptunium, and ura-
nium are the most important because they are present in the largest
quantities in waste relative to their EPA release limits and because
of their potential for colloid transport. Solubility and sorption
measurements for these elements should be of utmost importance.

2. Isotopes of the elements carbon, nickel, zirconium, technetium,
thorium, radium (barium used as an analog), and tin are present in
lesser amounts at most times, but are also important for solubility
and for their transport potential.

3. Isotopes of the elements carbon, technetium, and iodine are impor-
tant because these elements appear to have high solubility and low
sorption at Yucca Mountain. This should be confirmed experimentally
by determining their transport potential.

4. Isotopes of the elements carbon and iodine are important because
they could be transported in the gas phase at Yucca Mountain.
Studies of gas-phase transport should concentrate on these elements.
Detailed discussions of the various retardation processes and the
radionuclides considered for these processes are contained in
Sections 4.1.3.3 through 4.1.3.8.
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4.1.3.2 Analytical techniques

This section discusses the methods and procedures used to
investigategeochemical retardation in the experiments reported here.
(Results are reported in Sections 4.1.3.3. through 4.1.3.5.) The discussion
emphasizes the retardation mechanism of sorption, but it also provides basic
dynamic- transport information and includes the coupling of adsorption to
dynamic processes. The procedures, and estimates of the attendant uncer-
tainties, are discussed in detail by Daniels et al. (1982). The analytical
techniques are discussed in Sections 4.1.3.2.1 through 4.1.3.2.5, but a
general overview of the techniques and their interrelationships is given in
this introduction. .

The simplest mathematical approach to adsorption is to use the distri-
bution coefficient, K,, which is the approach used routinely by analytical
chemists to model separations on chromatographic columns. The measurement of
K, allows the characterization of tuffs with different mineralogies. In 2
manner similar to chromatographic columns, the samples are crushed to a
predetermined sige fraction (typically between 75 and 500 micrometers) and
carefully mixed to ensure homogeneity (on a2 small scale) of the column. The
crushed sample will allow rapid equilibration. The heterogeneity of the tuff
strata at Yucca Mountain requires a significant number of measurements to
characterize the sorptive properties. The limitations of the distribution-
coefficient approach to geologic investigations are as follows:

1. The assuimption of a linear sorption isotherm. The terms "sorption
isotherm,® *Freundlich isotherm,® or "Langmuir isotherm® are
generally used to define the relationships between sorption and the
concentration of the element being sorbed at a constant temperature.

2. The distribution between the solid phase and the aqueousvphase may
include precipitation or irreversible reaction or both.

3. The aqueous-phase species are not well known for many of the impor-
tant radionuclides.

4. The assumption of equilibrium (i.e., rapid kinetics).

These limitations do not necessarily apply to all of the radionuclides
of importance. For example, the solution chemistry of the alkali metals and
the alkaline earths is well known, and the aqueous-phase species can be pre-
dicted with certainty. Average values are calculated for measured sorption
ratios since measurements are made in duplicate. The uncertainties asso-
ciated with averages of sorption data are the standard deviations of the
means. When measured sorption values are very high or very low, the range of
individual measurements may be quite large, resulting in 2 large standard
deviation of the mean. This large range arises as a result of counting
statistics. A very high or very low K, means one phase, either the solution
or the solid, has very little activity and, therefore, very few counts giving
rise to counting errors larger than those obtained with sorption ratios close
to unity.

Often, the surface area of the geologic media is thought to be important
to total sorption. As a result, a surface-area sorption coefficient (Ka) is
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used. However, for tuff, surface area does not appear to correlate with
cation exchange capacity or particle size (Wolfsberg et al., 1979; Daniels
et al., 1982). Furthermore, the data presented by Daniels et al. (1982) in
their Appendix A show that particles in the size range of 75 to 500 micro-
meters have no effect on measured sorption ratlos, yet the surface area is
changing, therefore, K. is not used for this size range. Other supporting
evidence for the lack 8f correlation of surface area with cation exchange
capacity can be found in Meyer et al. (1986). Analyses with neptunium (V) on
crushed tuff to test effects of particle size resulted in only a slight
increase in sorption. If the phenomena were controlled by surface area, a
much larger effect of particle size would have been observed. '

Three different sorption procedures were used: batch, crushed tuff
column and circulating columns. These three sorption procedures are dis-
cussed in Sections 4.1.3.2.2, 4.1.3.2.3, and 4.1.3.2.4. Batch sorption
methods approach equilibrium distribution coefficients for long-time experi-
ments and yield information on kinetics for short-term experiments and on
reversibility by desorption experiments. They are easy to conduct, but
"equilibrium" sorpt1on values may not be representatlve of a flow1ng systenm.
The batch technique, in spite of its simplicity, is not without experimental
pitfalls. To ensure that discrepancies between laboratory experiments are
not due to experimental errors, the following must be carefully controlled:

1. Phase separation. When distribution coefficients (K,) are high, the
experiments are susceptible to contamination of the aqueous phase
with colloidal material containing radionuclides leading to
erroneously low Kd values.

2. Water composition. Comparison between experiments using radically
different water compositions leads to large discrepancies.

3. Crushing and sieving. The rock must not be crushed below mineral
crystal size. The samples should be sieved to ensure uniformity.

4. Mineral fractionation. This can occur either in the process of
sieving or in the course of an experiment, such as a crushed tuff
column, because the adsorption minerals (clays and zeolltes) in tuff
generally have small crystal sizes that will emrich in the smaller
size fractions.

5. Speciation. The results of experiments where the complexing agents
or oxidation-reduction conditions are not identical will show dis-
crepancies for some radionuclides.

The above parameters must be controlled to study the distribution of
geochemical properties in the geologic system. Where these parameters camnot
be made to coincide exactly with the conditions in the field, compromises are
made in a conservative direction for the purpose of applying the result to
predictions in the field. For example, the smallest-size fractions are dis-
carded, oxidizing conditions are used, etc. To systematically study which
simplifying assumption may be valid and to experimentally examine the
coupling of adsorption to dynamic processes the following types of experi-
ments have been performed:
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1. Crushed-tuff columns. The experiments allow the comparison of batch
to transport through nearly identical material; they allow the study
of kinetic effects, speciation, and other physical and chemical
effects, such as anion exclusion. The advantage in using crushed
tuff is that the results are free of ambiguities in the interpreta-
tion which would occur if the effect of heterogeneity and dispersion
was not minimized.

2. Recirculating columns. The experiments were performed to test
whether self-grinding, which might produce extremely small particles
when stirred, had occurred in batch measurements. The technique is
otherwise subject to nearly the same pitfalls as batch measurements.

3. Solid-tuff columns. The experiments have been and will continue to
be performed to examine the validity of batch sorption measurements
on tuff where homogeneity and dispersion are not controlled. The
hydrologic flow is more constrained than that in the field. The
filtration of colloids will also be studied to examine the potential
for particulate migration.

4. Fractured-tuff columns. The experiments represent the most complex
transport system that can be simulated in the laboratory.

5. Diffusion in solid tuff. The experiments are ancillary to the
fractured-tuff columns but provide fundamental data for modeling
diffusion in the tuff matrix. The experiments will also provide
some kinetic data.

6. Solubility. The experiments are primarily directed toward under-
standing actinide solution chemistry in near-neutral solution. The
understanding of actinide chemistry under near-neutral conditioms is
growing at a very slow pace because the low solubility of these
elements does not allow the direct determination of oxidation state
and molecular structure at present. Without a firm knowledge of the
aqueous chemical species, the interpretation of the above transport
experiments is hampered.

The major isotopes chosen for study come from the EPA critical element
list. Additional radionuclides have been investigated when warranted
(Section 4.1.3.3.1). :

4.1.3.2.1 Preparation of ground-water samples for use in- laboratory
experiments :

Before use, reference ground water from well J-13 is pretreated by
putting it in contact with samples of tuff from individual strata in the
vicinity of Yucca Mountain to obtain water chemistries representative of
steady-state equilibrium for each tuff sample. After contact for at least
2 wk, the water is filtered through 0.05 micrometer Nuclepore membranes.
Then, the water is analyzed and used in the sorption experiments. In
general, after pretreatment sodium increases up to 50 percent and magnesium
decreases by 50 percent probably due to ion exchange; chloride, fluoride, and
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sulfate remain unchanged; and the pH (8.1 to 8.4) increases slightly. The
changes, however, do not greatly affect sorption.

The spiked-feed solutions for each tuff sample were prepared by adding
measured concentrations of radionuclide tracers to the pretreated water.
Spiked-feed solutions are prepared as described by Daniels et al. (1982) for
separate radionuclides. _The figﬁl concentrations of the feed solutions
generally range from 10 8 to 10 M; plutonium concentrations as low as 10
M have been studied.

11

4.1.3.2.2 Batch sorption methods

In batch measurements_of sorptive properties, the distribution of a
radionuclide is measured between ground water and crushed tuff as a function
of contact time, the concentration of sorbing species, particle size, temper-
ature, oxidation-reduction conditions, ground-water components, and lithol-
ogy. In the batch procedure, a 1-g sample of crushed tuff is pretreated by
contact with 20 ml of well J-13 ground water for at least 2 wk. The ground
water used to prepare the solution containing radionuclides (spiked-feed sol-
ution) is also pretreated by contact for at least 2 wk with a crushed-tuff
sample from the same section of core. The solids are separated from the
liquid by centrifuging after the pretreatment period.

A sorption measurement starts when 20 ml of spiked-feed solution is
added to the 1-g sample of tuff treated wi?h grougf water. The concentra-
tion of the spiked element ranges from 10 ° to 10 3 M, except in isotherm
measurements where concentrations approaching the solubility limit are
investigated. Care is taken to ensure that the spike concentration is well
below predicted solubility limits in standard experiments. Except for the
highest concentrations used in the isotherm studies (generally greater than
10 * N), no significant change in sorption ratio has been observed with
changing spike concentrations covering six to seven orders of magnitude
(Wolfsberg et al., 1981; Daniels et al., 1982; Rundberg et al., 1985). Next,
the two phases are thoroughly mixed and the sample is placed in a shaker to
be agitated at about 200 rpm for selected times. At the end of the sorption
period, the sample is removed from the shaker and the solids are separated by
centrifuge. Tracer (spike) activity in the separated solid and liquid phases
then is determined and the pH of the liquid is measured. The analytical
techniques for each element are discussed by Daniels et al. (1982), who also
discussed the technique used to completely separate the solids from the
aqueous phase and to calculate the sorption ratios. The standard sorption
and desorption times were 6 wk each. The data in Appendix A of Daniels et
al. (1982) show that sorption either increases with time or remains
unchanged. The choice of 6 weeks (or a total of 12 wk for both sorption and
desorption measurements) was a compromise between reaching equilibrium, if
that were even possible, and completing the measurements within a reasonable
amount of time.

After the radioactivity of a solid phase has been measured, a desorption
measurement is started. Tuff-pretreated ground water (20 ml) without tracer
is added to the remaining solid phase. The sample is agitated again to
ensure a thorough mixing of the two phases. The rock sample is separated
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from the pretreated water and analyzed for radioactivity in the same manner
as that used for the sorption sample.

The results are reported as sorption ratio, R,, for each radionuclide as
a function of the lithology of the crushed-tuff sample and various experi-
mental conditions, where

R. = activity of radionuclide on solid phase per unit mass of solid (4-1)
d ~ activity of radionuclide in solution per unit volume of solutioms

The sorption ratio, Rd, is equivalent to the distribution coefficient,
K,, only under equilibrium conditions. Sorption ratios determined by the
batch method measure the distribution of an element between the solid and the
liquid phases under specific conditions and do not necessarily represent
equilibrium values. Uncertainties in the average sorption ratios reported
for each set of test conditions are given as the standard deviation of the
mean.

4.1.3.2.3 Crushed-tuff column method

The transport behavior of nuclides in columns of crushed tuff has been
studied to characterize retardation in a flowing system. The column method
is sensitive to speciation and also to reaction kinetics. The method will
enable improvements to the transport model or empirical adjustments to the
retardation data base so that the calculated bounds will encompass any
reduced retardation from speciation or kinetics. Column studies are conduc-
ted to determine the retardation factor, R,, rather than the sorption ratio,
R,. The velocity of a radionuclide is measured directly and then compared
with the ground-water velocity as measured with nonreacting tracers like
tritiated water or iodine-131. The retardation factor is related to the
sorption ratio by the expression

Rf 1+ R (density) (1 - porosity)
porosity

(4-2)

where density equals the rock-column density (2.5 g/cm?).

A thorough discussion of the crushed-tuff column methodology is given by
Treher and Raybold (1982). v

Crushed-tuff columns are limited by the time required to observe the
elution of adsorbing species. For example, cesium and strontium elutions
require approximately 1 yr at flow rates of 11 to 60 m/yr--a long time to
keep a mechanical system operating without failure. Crushed tuff has the
potential to create or expose surfaces that would not be exposed in situ.
In addition, there can be a coupling between flow and mineralogy such that

adsorbing minerals are either avoided or preferentially contacted in. intact
tuff. '
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4.1.3.2.4 -Circulating system methed

The circulating system for determining sorption ratios incorporates
features of the batch and column methods. In the circulating system the
solid phase remains stationary and thus is not subject to possible self-
grinding during agitation. Also, the solution-to-rock ratio in the column
itself is considerably lower than the 20 ml/g ratio used in batch experiments
and is, therefore, closer to that in the true geologic setting; but the ratio
in the entire system, including the reservoir, is the same as in the batch
system. A description of the circulating-system technique is given by
Wolfsberg et al. (1981) and Daniels et al. (1982).

4.1.3.2.5 Solubility

Solubility measurements that provide upper limits on the concentrations
of waste elements were made by preparing oversaturated solutions of radio-
nuclides and monitoring radionuclide concentrations as a function of time
(Nitsche and Edelstein, 1985). During the equilibration time, the temper-
ature and the pH of the solutions were controlled. For measurements in well
J-13 water, the pressure of carbon dioxide over the water was also control-
led. Solids that precipitated were identified by x-ray diffraction; some of
the solids were amorphous and could not be identified in this manner (Section
4.1.3.4.2; Nitsche and Edelstein, 1985). At this time there is a lack of
firm knowledge of aqueous chemical species (actinides) under near-neutral
conditions. Further work is planned in Section 8.3.1.3.

'4.1.3.3 Sorption

Ton exchange and sorption (chemical or physical) are surface processes
by which ions or other solution species can be removed from ground water by
rock. The measured sorption ratios (defined in Section 4.1.3.2.2) are pri-
mary data for the assessment of retardation along the flow path. An under-
standing of these processes may permit extrapolation of laboratory data to
field experiments and will aid in estimates of uncertainty limits. Plans
for obtaining the additional information required are outlined in Section
8.3.1.3.4. The sorption of radionuclides on colloidal material will be
studied as discussed in Section 8.3.1.3.4.

Several parameters directly affect sorption measurements as they relate
to Yucca Nountain. Among these are the composition of the ground water used
in the sorption experiments, the cation-exchange capacity of the minerals,
the pH, the temperature, the oxidation-reduction conditions, the waste ele-
ment being sorbed, and the concentration of the waste element. Additionally,
three primary experimental methods (batch, crushed-rock column, or circulat-
ing systems) are used for measuring sorption coefficients as discussed in
Sections 4.1.3.2.2 through 4.1.3.2.4. Relevant data that characterize the
ion-exchange and sorption capacities of the tuff at Yucca Mountain are taken
primarily from Daniels et al. (1982).
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4.1.3.3.1 Sorption data for tuff

Daniels et al. (1982, 1983), Ogard et al. (1983b), Wolfsberg et al.
(1983), Wolfsberg and Vaniman (1984), Crowe and Vaniman (1985), Ogard and
Vaniman (1985), Rundberg et al. (1985) present data concerning sorption on
tuff and list the results of all previous experiments. These sorption data
were obtained from samples representative of Yucca Mountain strata from well
J-13 (JA samples) and drillholes UE-25a$1 (YM samples), USW G-1 (Gl samples),
USW G-2, and USW GU-3. Variables include time, temperature, particle size,
oxidation-reduction conditions, element concentration, ground-water composi-
tion, and test method (batch, column, or circulating system). The radio-
nuclides investigated were americium, cesium, neptunium, plutonium, uranium,
thorium, strontium, technetium, tin, barium, radium, cerium, europium, and
selenium. Strontium and cesium, while being shorter lived than many poten-
tially hazardous waste elements, were studied first because of their rela-
tively simple sorption behavior. These elements continue to be used to help
validate the experimental techniques because their behavior can be predicted
fairly well. Barium is included as a2 chemical analog for radium to reduce
the number of experiments with radium. A great deal of care must be taken in
handling radium-226 samples to prevent the release of daughter element
radon-222 which could contaminate low-level counting facilities. Uranium and
thorium are long-lived parents of radium; cerium and europium have been
studied as analogs of rare-earth radionuclides. Selenium was studied as a
potentially important waste element.

4.1.3.3.2 Sorption data from batch experiments

Average sorption ratios (R,) from batch sorption and desorption exper-
iments on tuff samples for strontium, cesium, barium, radium, cerium, euro-
pium, americium, plutonium, uranium, selenium, technetium, and neptunium are
given in Tables 4-12a, 4-12b, 4-13a, and 4-13b. Each sample is assigned a
depth equivalent in drillhole USW G-1 on the basis of the relative position
of the sample in the major stratigraphic units so that sorption results on
samples from one drillhole can be compared with samples from another. Data
are for contact times greater than one week and particle sizes greater than
75 micrometers in an air environment at 25°C unless otherwise noted. Mineral
abundance data determined by x-ray diffraction and petrologic characteriga-
tion of these samples (as well as for finer fractions) are given in
Table 4-14.

The R, values from sorption experiments are often significantly lower
than those from desorption experiments. Although the differences in R, are
unexplained at present, they suggest that, at least for some elements, sorp-
tion is not readily reversible. The sorption of cesium, strontium, and
barium, which are noncomplexed cations that probably sorb by ion exchange,
appears reversible because the R, values from sorption and desorption experi-
ments generally agree within a factor of 2. The R, values from desorption
experiments for technetium, the lanthanides, and tge actinides are as much as
10 times greater than R, values from sorption experiments. The latter ele-
ments all have multivalent species, some of which are sparingly soluble,
hydrated, or form colloids and complexes (Section 4.1.3.4.1), which can alter
the sorption processes. Differences in sorptive behavior may be caused by
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Table 4-12a.

Average sorption ratios from batch sorption e riments on crushed tuff for strontium,
cesium, barium, radium, cerium, and europium (page 1 of 2)
(See footnotes at the end of Table 4-12b)
Strati-
graphic Depth Sorption ratios (wl/g)
unit Sample (ft) Strontium Cesium Barium Radiua Cerium Europium
Tpc JA-8 606 270(5) 2,700(400) | 45(15) q 2,100(300)
-5 251 280(80) 5,800(800) 1,100(200) 450,000(240,000)% - 2,300,000(40,000)
Tpp G2-547 547 265(10): 13,300(1,509) 3,490(30)f 340430)
G2 723 723 200(40 4,100(600 3,500(400) >10,000
GU3-433 433 45(9) 630(20) 810(100)8 100(14)8
GU3-855 855 )
Tt Yi-22 848 53(4) 260(30) 900(30) 1,270(40) 1,390(110)
GU3-1203 1,203 42(l)f 350(30){ 640(40) f 190(2) d
G1-1292 1,202 200(6) 430(28) 2,100(300& 1,500(100) 68(8) 140(14)
GU3-1301 1,301 28(4)8 160(40)8 570(60) 45(12)8
YN-30 1,264 260(80) 855(5) 3,400(1,500) 230,000(100,000) 160,000(50,000)
JA-18 1,420 17,000(3,000)  16,000(1,000) 38,000(18,000) 2,800(1,400) € 1,400(200)
Th G1-1436 1,436 36,000(3,009) 7,800(500) 150,000(24,000) 59,000(7,000) 30,000(2,0?0)
G2-1952 1,952 2,200(400) 63,300(1,100) 25,000(4,000) 89(14)
GU3-1436 1,436
Bt GU3-1531 1,531 ]
Yu-38 1,504 17,000(2,000) 13,000(2,000) 100,000(10,000) 760(140) 1,600(200)
YN-42 1,824 3,900(600) 17,000(1,000) 94,000(14,000) 49,000(7,000) 52,000(4,000)
Tep Gl1-1854 1,854 60,000(14,000) 13,000(2,000) 45,000(7,000) 15,000
YN-45 1,830 195(14) 520(90) 1,200(100) 730(100) 1,600(200)
Gl1-1883 1,883 22(0.2) 187(3) 183(12) 1,420(20)
YN-46 2,002 190(60) 840(6) 14,000(6,000) 310,000(110f000) 307,000(110,000)
G1-1982 1,982 55(4) 1,120(110) 700(50) 560(40) 970(150)
YM -48 2,114 2,100(400) 9,000 (4,000) 18,000(6,000) 1,400(500) 2,200(500)
YM-49 2,221 3,200(300) 36,000(3,000) 42,000(8,000) 550(100) 1,200(100)
JA-26 1,995 95(35) 1,500(600) 800(300)
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Table 4-12a. Average sorption ratios from batch sorption experiments on crushed tuff for strontium,
cesium, barium, radium, cerium, and europium™’" (page 2 of 2)
(See footnotes at the end of Table 4-12b)

Strati-

grapgic - Depth Sorption ratios (ml/g)

unit Sanple (L) Strontium Cesium Barium Radium Cerium Europium

Teb JA-28 2,001 04(20) ,  1,640(210) 820(50) 2,100(1,000)
G1-2233 2,233 48,000(3,000)"  13,500(800) 250,000 (30,000) 1,400(300) £00(200)
C1-2289 2,289 7,300(500) 37,000(13,000) 66,000(9,000) 46,000(20, 000) 797(10)
YM-54 2,491 62(12) 180(40) 400(150) 150(40) 470(40)
G1-2333 2,333 180(20) 1,400(130) 1,500(200) 2,300(400)
C1-2363 2,363, 64(3) 470(40) 235(9) 540(60) 730(50)
C1-2410 2,410 160(1) 1,250(50) 1,780 440(80)
JA-32 2,533 57(3) 123(4) 380(30) 82(14) 90(20)
G1-2476 2,476 41(1) 700(40) 385(11) - 3,200(100)

Tet C1-2608 2,608  42,000(3,000)f.  7,700(400)f 63,000(5,000) f 240(30) 200(30) f
Gl 2840 2,840 860(1) 2,200(200) 2,070(70) 4,900(400)
C1-2854 2,854 04(1), 1,080(120) . 1,000(50) , f 1,300(200)
C1-2901 2,901 88(1)", 1,200(110) ¢ 1,600 (200) 42,000(3,000) 160,000(50,000)
€1-3116 3,116 2,400(17) 6,600(500) 12,000(4,000) 100(10) 760(60)
JA-37 3,497 287(14) 610(40) 760(150) 6,000(800)

T G1-3658 3,658 13,000(0) 4,950(50) 13,500 (500) 1,000(200) { 530(40)

Tha 62-3933 3,933 240(60) 2,500(1,000) f 1,700(500) { 1,500(700) !
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Average sorption ratios from batch sorption experiments_op crushed tuff for americium,

Table 4-12b.
plutonium, uranium, selenium, technetium, and neptunium™’~ (page 1 of 3)
Strati-
graphic Depth Sorption ratios (ml/g)
unit® Sample (fe) Americium Plutonium Uranium Selenium Technetium Neptunium

Tpe JA-8 606
YM-5 251

Tep G2-547 547 13,000(110)f 1,200(120) 9.4(0.1) 2(2) oi
¢2-723 723 800,000(40,000)  >4,500 2.4(0.6) 19(2) 0
CU3-433 433 3,400(200) 330(60)8 0 15(3) 0 7.9(0.1)
CU3-855 855 10.0(0.7)  10(0.4)

d,e d d d

Tpt YN-22 848 1,200(130)9" €. 84(20) 1.8(0.2) 0.3(0.14) 7.0
GU3-1203 1,203 1,100(120)& . 360(40)8 0 (1) 0 - 2.7(0.1)
G1-1292 1,202 o
GU3-1301 1,301 1,800(160)8 290(40)& 0 7(2) 0.03(0.001) 5.0(0.1)
YM-30 1,264 ‘ ’

. JA-18 1,420 180(30) 120(20) 2.5(0.4)

Th G1-1436 1,436 £ f .
c2-1952 1,052 1,700(70) 66 (6) 0 2(1) 2.7(0.1)
GU3-1436 1,436 20.0(2) 3(10)

Bt GU3-1531 1,531 ' 54.0(9) 5(1)
YN-38 1,504  14,600(1,000) 140(30) 5.3(0.2) 11.0
YN-42 1,824
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Table 4-12b. Average sorption ratios from batch sorption experiments op crushed tuff for americium,
plutonium, uranium, selenium, technetium, and nepbuniuma' (page 2 of 3)
Strati-
graphic Depth Sorption ratios (ml/g)
unit Sample (ft) Americium Plutonium Uranium Selenium  Technetium Neptunium
Tep G1-1854 1,854
YM-45 1,930
G1-1883 1,883 470(300)
™-46 2,002 77(11) 6.4
G1-1982 1,982
YM-48 2,114
YM-49 2,221 4,300(1,400) 0.15(0.02)
JA-26 1,995 230(50) ® 0.21(0.02) 9.0(3)
Tcb JA-28 . 2,001
G1-2233 2,233
1-2280 2,289 _ 9(1) "
YM-54 2,491 153(6) 80(20) 1.3(0.3) 4.2(0.5)
G1-2333 2,333
G1-2363 2,363 110 25(5)
61-2410 2,410 2.2(0.9)
JA-32 2,533 130(30)
C1-2476 2,476
Tet G1-2698 2,648
G1-2840 2,840
G1-2854 2,854
G1-2001 2,901 400(70) © 4.6(0.3)
G1-3116 3,116
JA-37 3,497 28,000(10,000) © 24
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Table 4-12b. Average sorption ratios from batch sorption experiments_op crushed tuff for americium,

plutonium, uranium, selenium, technetium, and neptunium™’ " (page 3 of 3)
Strati-
graphic Depth Sorption ratios (ml/
unit Sample (ft) Americium Plutonium Uranium Selenium echnetium Neptunium
Tl G1-3658 3,658
Tba G2-3033 3,923 6,600(400) 1,600.0(30) 0 0.0(1) 0.1(0.008)

3Sources: Daniels et al. (1982); Ogard et al. (1983b); Wolfsberg et al. (1983). If no footnote is indicated, the
sorpgion ratio in parentheses represents the standard deviation of the mean.

Ambient conditions, air, 20 + 4°C; fractions do not contain particles smaller than 75 micrometers in diameter
except in fractions designated by footnote (f). Sorption times greater than 1 week.

Stratigraphic units are as follows: Tpc = Tiva Canyon Mewber; Tpp = Pah Canyon Member; Tpt = Topopah Spring

‘Member; Th = tuffaceous beds of Calico Hills; Bt = bedded tuff; Tcp = Prow Pass Mewber; Tcb = Bullfrog Member;

Tct 3 Tram Member; Tl = older tuffs; Tba = bedded tuff.

Nonweighted average; value in parentheses is the standard deviation of the wmean.

Some data were rejected in averaging. .

Average of data for the fraction with particles smaller than 500 micrometers in diameter (contains some particles
smaller than 75 micrometers). S

Nonweighted average of samples taken in two different positions.

Performed under controlled atmospheric conditions of nitrogen with less than or equal to 0.2 parts per million 0
and less than or equal to 20 parts per million 002. 2
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Table 4-13a. Average sorption ratios from batch dgsgrption experiments on crushed tuff for strontium,
cesium, barium, cerium, and europium”™’” (page 1 of 2)
(See footnotes at the end of Table 4-13b)

1L-¥

Strati-
graph%c Depth Sorption ratios (ml/g)
unit Sample (ft) Strontium Cesium Barium Cerium Europium
Tpc JA-8 606 311(3) 4,600(400) | 480(50) 4 10,000(3,000)
YM-5 251 320(30) 8,800(600) 1,200(120) 31,000(30,000)°  38,000(14,000)
Tpp  G2-547 547 210(10}f 8,700(559)f 2,900(200}f 1,7004600)*
GS-723 723 330(4) 4,300(4) 4,200(10) 510,000
GU3-433 433 40(10)% 520(20)8 460(20)B 140(10)&
Tpt ™-22 848 59(2) 365(7) .830(100) 8,500 (800) 3,500(200)
GU3-1203 1,203 47(1) . 340(10) , 720(30) ¢ 650(50)
G1-1202 1,292 120(5) 510(20) 1,500(100) 600(200) 600(70)
GU3-1301 1,301 80(20)8 185(20)8 675(60) 100(20)5
YM-30 1,264 210(30) 1,500(100) 3,100(600) 170,000(15,000)  11,000(700)
JA-18 1,420 15,000(2, 000) 17,500(700) 280, 000(50,000) 1,600(500) ° 2,400(300)
Th G1-1436 1,436 87,000(12,000)  24,000(2,000), 340,000(90,000) 6,700(600) 5,300 (600)
62-1952 ° 1,952 4,200(200) 46,000(1,400)"  40,000(1,000) 1,600 (200)
_ YM-38 1,540 22,000 13,000 260,000 2,600 7,300
YM-42 1,842 4,100(1,000) 21,000(2,000)  90,000(30,000) 44,000(5,000) 64,000(3,000)
Tep G1-1854 . 1,854 72,000(13,000)¢  14,000(2,000) 150,000 (40,000) 4,800(700)
© YM-45 1,930 210(20) 620(110) 1,310(60) 5,800(600) . 7,300(900)
G1-1883 1,883 59(1) 430(4) 440(10 2,200(100) 1,350(50)
YM-46 2,002 260(20) 1,800(300),  210,000(3,009) 300,000(50,000)  31,000(2,009)
G1-1982 1,882 322(8) 2,300(200) 2,780(120) 7,000(800) 6,370(130)
YM-48 2,114 2,700(200) 27,000(4,000) - 34,000(7,000) 128,000(300) 8,100(1,200)
YM-49 2,221 4,400(100) 39,000(1,000)  65,000(7,000) 1,040(40) 2,100(500)
JA-26 1,995 39(3) 1,580(90) 450(13) 2,900(200)
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Table 4-13a. Average sorption ratios from batch dgsgrption experiments on crushed tuff for strontium,
cesium, barium, cerium, and europium”’" (page 2 of 2)
(See footnotes at the end of Table 4-13b)

Strati- .

graphéc Depth Sorption ratios (wl/g) ‘

unit Sample (ft) Strontium Cesiun Barium Cerium Europium

Tcb  JA-28 2,001 114(3)  ,  2,400(100) . 1,160(20) . 12,300(500)
G1-2233 2,233 90,000(40,000)f  23'000(6,000)f. 40,000(80,000)f  20,000(13,0000¢  5.000(2,000)
G1-2280 2,289 - AR
YN-54 2,491 97(9) 310(20) 660(20) 1,000(200) 1,840(110)
G1-2333 2,333 140(13) 1,230(100) 1,460(130) . 9,800(1,200)
G1-2363 2,363 150(6) 1,200(30) 820(20) 130,000(6, 000) 6,100 (300)
G1-2410 2,410 140(14) 1,120(100) 1,760(150) ' 6,000(3,000)
JA-32 2,533 53(3) 175(11) 490(40) 530(120) 850(130)
C1-2476 2,476 200(4) 1,520(0)

Tet  G1-2698 2,608  210,000(50,000)  17,000(1,100) 180,000(80,000)f  2,000(400)f -
C1-2840 2,840 1,540 2.300(130) 2. 500 (200) 9,000(1,100)
C1-2854 2,854 %8(1), , 1,160(20) 1,300(0) ¢ 5,000(200)
G1-2001 2,901 67(1)*f . 1,380(30) 1,980(30) 39,000(1,000)f  210,000(50,000)
G1-3116  3.116  24,000(13,000)f 11.000(3,000)f 160,000(80,000) 3000(1,000) 8.000(3,000)
JA-37 3,407 312(0) 850(50) 920(40) 11,000(2,000)

T G1-3658 3,668  12,000(3,00001  12,000(2,0000 10,000(4,000) 9,000(4,0000f  9,000(3,000)

Tba  G2-3933 3,033 140(20) 1,400(350) f 1,100(200)f 3,000(1,100)
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Table 4-13b. Average sorption ratios from batch desorptionaegperiments on crushed tuff for americium,

plutonium, uranium, technetium, and neptunium™’” (page 1 of 3)
Strati- ,
graphic - Depth e e oo Sorption ratios (ml/g) e
unit Sample (ft) Americium Plutonium Uranium Technetium Neptunium

Tpc JA 8 606

YM-5 521
Tpp 02-547 547 17,000(1,40p) 1,200(170) 1

G2-743 723 2.8 x 10, >47,000

‘ (2.6 x 107)
GU3-433 433 9,300(1,780)8 920(40) 8
d d d d d

Tpt YM-22 848 2,500 (400) 1,330(140) 5(2) 1.2(0.3) 33(5)

GU3-1203 1,203 1,300(200)8 920(15)

G1-1292 1,292 .

GU3-1301 1,301 2,500(600)6 1,300(460)8

YM-30 1,264

JA-18 1,420 1,100(300) 350(140) 9.4(1.4)
Tht C1-1436 1,436

G2-1952 1,952 5,800(1,100)8  350(45)8

YM-38 1,540 7,;100(1,200) 1,600 (300) 14.8(1.0) 24(2)

YM-42 1,824
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Table 4-13b. Average sorption ratios from batch desorptionaegperiments on crushed tuff for americium,
(page 2 of 3)

plutonium, uranium, technetium, and neptunium

Strati-
grapgic Depth Sorption ratios (ml/g)
unit Sample (ft) Americium Plutonium Uranium Technetium Neptunium
Tep G1-1854 1,854
YM-45 1,930
¢1-1883 1,883 7,200 (900) 890(60) = 36(10)
(61-1883)
YM- 46 2,002
G1-1982 1,982
YM-48 2,114 1.6(0.2)
YN-49 2,221 3,400(400) 720(90) 2.0(0.3) 12(4)
- JA-26 1,995
:é
Tcb JA-28 2,001
G1-2233 2,233
G1-2289 2,289 h
YM 54 2,491 550(80) 720(40) 12(8) 38(-)
G1-2333 2,333
G1-2363 2,363
G1-2410 2,410 8(2)
JA-32 2,533 2,200(600)
G1-2476 2,476
Tct G1-2698 2,698
G1-2840 2,840
G1-2854 2,854
G1--2901 2,901
G1-3116 3,116
JA-37 3,497  32,000(10,000) 1,400(300) 9.9(0.4) 170(50)
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Table 4-13b. Average sorption ratios from batch desorptionaeﬁperiments on crushed tuff for americium,
plutonium, uranium, technetium, and neptunium™’~ (page 3 of 3)

Strati- :

grapgic . Depth_ - Sorption ratios (ml/g)

unit Sample (ft) Americium Plutonium Uranium Technetium Neptunium
T C1-3658 3,658

Tba G2-3933 3,833 1,200(410) 530(130)

3Sources: Daniels et al. (1982); Ogard et al. (1983b) ; Wolfsberg et al. (1983). If no footnote is
indigcated, the sorption ratio in parentheses represents the standard deviation of the mean.
Ambient conditions, air, 20 + 4°C; fractions do not contain particles smaller than 75 micrometers in
diameter except in fractions designated by footnote f. Sorption times greater than 1 week.
~ “Stratigraphic units are as follows: Tpc = Tiva Canyon Member; Tpp = Pah Canyon Member; Tpt = Topopah
Spring Member; Th = tuffaceous beds of Calico Hills; Tcp = Prow Pass Member; Tcb = Bullfrog Member;
Tct 5 Tram Member; Tl = older tuffs; Tba = bedded tuff.
Nonweighted average; value in parentheses is the standard deviation of the mean.
Some data were rejected in averaging.
Average of data for the fraction with particles smaller than 500 micrometers in diameter (contains
some particles smaller than 75 micrometers).
BNonweighted average of samples taken in two different positions.
Performed under controlled atmospheric conditions of nitrogen with less than or equal to 0.2 ppm 02
and less than or equal to 20 ppm 009.
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Petrologic characterization of tuff samples from drillholes J-13, UE-25a#1, USW G-1, USW G 2,

Table 4-14. h
and USW GU-3® (Page 1 of 4)
Abundance (weight %)
US¥ G-1 Particle Degree
b Depth dcpth sise Illite Clinop- Cristob-  Alkali d of e Oxidat}on Crystals Lithics
Unit Sasple (ft) (f¢) (um) Smectite Muscovite tilolite Quarts alite feldspar Glass Other™ welding state ( %)
ot -8 808 172 M 25.50 b - -- 10-20 v®  25-50 - u (b) 8.9 8.7
Tp JA-8 606 172 75-500 30-60 - - <5 10-20 -- 20-50 -
Tpt JA-8 606 172 75 30-60 -- - -- 10-20 - 30-60 -
Tpe YN-5 251 221 Al 10 -- -- <5 <5 10-20 70 -- ¥ 10.9 4.3
Top  G-2-547 547 00 615 3 - - 5-15 10-20  40-60 -
Tep G-2-547 547 75-500 14-84 - - 3-7 2-8 43-63 - 8-16T
Tpp 6-2-723 723 <500 5-15 <6 - - <5 5-10 15-30  30-70C
Tpp G-2-723 723 75-500 2-8 1-5 .- - 1-5 15-35  9-21  40-60C
Tpt GU-3-433 433 245 75-500 - 2-8 - 2-8 8-16 60-100 - -
Tpe QU-3-855 856 758 <500 1-3 - - 16-24 4-10 50-90 - -
Tpt YN-22 480 868 All 5-10 -- N, 40-60 -- 40-60 - - (i} C6(2-7) 1.0 0.4
Tpt VI1-22 848 868  106-500 <5 <2 - 30-50 - 30-50 - -
Tpt VII-22 848 868 38-108 <2 tr - 30-50 - 30-50 - -
Tpt VI1-22 . 848 868 <38 <5 < - 30-50 - 30-50 - -
Tet 66-3420* 1,000 1,100 75-500 1 1 - 2-7 8-18 35-56 © 20-80 000
Tpt G1-1202 1,202 1,292 All tr - - - 5-10 10-20  80-00 - v 1
et Gl-1292 1,202 1,262 75-500 - - - - 15-30 10-20  10-60 -
Tpt GU-3-1201 1,201 1,208 75-500 1-3 2-6 - 4-8 9-21 15-56  20-60 --
Tet YN-30 1,264 1,318 All 5-10 5 5-10  40-60 5-15 30-50 - - 0 €5(2-7) 2.1 21.6
ot . YN-30 1,264 1,318 75-100 - - 16 30 20 3 - -
Tpt Yi-30 1,264 1,318 <75 - - 15 30 20 36 - -
Tpt JA-18 1,420 1,330 All 5 5 5-10 - 15-28 15-26 50 - N c3(2-5) 1.8 1.9
Tpt Jr-18 1,420 1,339 355-500 5 - 10-20 - 30-50 30-50 40 -
Tpt JA-18 1,420 1,339  106-150 5 5 10-20 - 30-50 30-50 40 --
Tht G1-1436 1,436 1,438 75-500 <5 < 75-90 5-10 - 3 - - €8(5-7) 5.2 3.2
Tht 62-1652 1,052 1,493 <500 . 1 25-45 3-7 3-7 20-40 --  15-35 N
Tht G2-1962 1,052 1,403,  75-500 . 1 10-30 5-9 5-11 26-46 -~ 20-40
Tht C43-1436 1,438 1,504’ <500 - 1 ~- 2-6 3-9 30-70 20-60 -
Tht YN-34 1,504 1,538  108-500 5-10 @ 30-50  15-30 10-20 516 - Atr N 5 (4-6) 4.0 7.7
Tht Y-3d 1,504 1,538 38-108 5-10 <6 40-60 2-10  10-20 5-15 - -
Tht Yu-3d 1,604 1,538 <38 5-15 < 40-60 2-10 10-20 10-10 - A tr
Tht VII-42 1,824 1,802 75-500 tr <5 20  35-40 - 40 -- - 16.6 46.8
Tht V14-42 1,824 1,802 <76 tr tr 20 40 - «© - -
Tha  GU3-1531 1,531 <600 - 3-7 - 16-35 3-9 20-60  10-50 -
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Table 4-14.

Petrologic characterlzatlon of tuff samples from drillholes J-13, UE-25af1, US¥ G-1, USW G-2,
and USW QU-3? (Page 2 of 4)

Abundance (weight %)

USW G-1 Particle Degree .
b Depth deptk sige Illite Clinop-~ Crist~b-  Alkali d of Dxxd;t}on Crystals Lithics

Unit Sample (ft) (L) (um) Smectite Muscovite tilolite Quarts alite feldspar Glass Other™ welding state (%) (%)
Tep G1-1854 1,854 1,854 75-500 5-10 - 30-50 5-18 15-30 20- 40 - -
Tep G1-1854 1,854 1,854 <75 5-10 -- 40-60 ° 20-40 15-30 10-30 .- .
Tep YM-45 1,030 1,873 All 1-5 - - 40-80 tr 30-50 - M C4(3-5) 13.§ 0.6
Tep G1-1883 1,883 1,883 75-500 <2 <5 - 30-50 -- 50-70 .- -~ P C4(3-5) 16.6 1.0
Tep G1-1883 1,883 1,883 106-500 <2 <2 - 20-40 0-10 40-60 -—- -
Tep G1-1883 1,883 1,883 38-108 <2 <5 -- 30-50 0-10 30-50 - -
Tep C1-1883 1,883 1,883 <38 2-5 <2 - 20-40 0-10 40-80 - -
Tcp YII-46 2,002 1,026 All <5 <5 - 40-80 -- 35-66 - -- 0 12.7 0.3
Tep G1-1982 1,982 1,982 All tr <5 -- 5-15 40-80 30-50 - -— ] c2 13.2 0.4
Tep G1-1982 1,082 1,082 75-500 5-10 <2 -- - - 70-90 - --
Tep G1-1982 1,982 1,082 38-108 <2 - - -- 40-60 40-60 - -
Tep G1-1982 1,082 1,082 <38 10-20 - - -- 30-40 20-40 - C.<2
Tep YN-48 2,114 . 2,019 All tr -— 10-20 - - 20-30 40-60 -
Tep YM-48 2,114 2,019 106-500 <2 ~- 20-40 5-10 5-15 20-40 10-30 -
Tep Yi-49 2,221 2,000 All tr tr 10-20 - - 20-30 40-60 - P C8(5-7) 8.0 1.4
Tep JA-26 1,095 2,173 All - - tr  30-50 tr 1020 -~ A,30-50 N 18.3 1.0
Teb - Ja-28 2,001 2,178 All tr 2.5 - 30-50 - 10-20 - A,30-50 20 5
Teb G1-2233 2,233 2,233 <500 <5 <5 20-40 11-20 10-20 10-20 - R,20-40 N c6{6-7) 15.4 0.4
Teb 61-2233 2,233 2,233 75-500 . <5 5-15 15-30 5-10 - 40-80 - B,¢5
Teb G1-2233 2,233 2,233 38-108 <5 5 20-40 15-30 10-20 10-20 - A,20-40
Teb G1-2289 2,289 2,280 75-500 - 5-10 30-50 [¢] - 30-50 - H,10-20 N 6(5-7) 15.8 1.0
Tcb YN-54 2,401 2,3% All tr tr - 50-70 - 20-40 - - v C5(4-7) 17.8 0
Tcb YN-54 2,401 2,30 106-500 5-10 2-5 - 30-50 - 25-48 - -
Tcb YN-54 2,491 2,330  38-108 5-10 5-10 - - 30-50 -- 30-50 - -- N 8(5-7) 20.4 0.2
Tcb Yil-54 2,401 2,330 <38 510 - 2-10 - 15-30 - 40-60 - -
Teb G1-2333 2,333 2,333 75-500 2-5 2-5 - 15-30 10-30 50-70 - -
Teb G1-2333 2,333 2,333 <75 5-10 <5 - 15-30 20-40 20-40 - -
Teb G1-2383 2,363 2,383 All 10-20 5-10 - 30-50 - 30-50 - -
Teb G1-2383 2,363 2,383 108-500 5 <2 - 30-50 0-10 30-50 - -
Tcb G1-2363 2,363 2,363 38-108 5 <2 - 30-50 - 0-10 30-50 - -
Teb C1-2383 2,363 2,363 <38 5-10 {2 - 20-40 0-10 40-60 -- -
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Table 4-14. Petrologic ckaracterization of tuff samples from drillholes J-13, UE-25af{l, USW G-1, USW G-2,
and USW GU-3" (Page 3 of 4)

Abundance (weight %)

Us¥ G-1 Particle . Degree

b Depth deptg sise Illite Clinop- Cristob-  Alkali d of . Dxidnt.'}on Crystals Lithies
Unit Sample (te) (ft) (pm) Smectite Muscovite tilolite Quarts alite {feldspar Glass Other™ welding state (%) %)
Tch G1-2410 2,410 2,410 75-500 5-10 ‘ <2 -- 20-40 0-10 30-50 - --
Teb 61-2410 2,410 2,410 75 5-10 <5 - 20-40 5-15. 30-50 - ~--
Teb JA-32 2,533 2,467  106-500 <5 5-15 - 30-50 -- 30-50 -- -
Teb JA-32 2,533 2,407 355-500 -- 5-10 - 40-50 .- 30-40 - -
Teb JA-32 2,533 2,467 150-180 - 10-15 - 35-50 -- 40-65 - --
Tcb JA-32 2,533 2,487 106-150 <5 5-15 - 30-50 - 30-50 - -
Teb JA-32 2,533 2,467 38-108 <2 tr - 30-50 - 30-50 - --
Teb JA-32 2,533 2,487 <38 5-10 -- - 20-40 -~ 40-60 - A, tr
Teb G1-2476 2,476 2,478 75-500 <2 2 - 30-50 5-15 40-60 - -
Teb G1-2476 2,476 2,478 K76 2-5 2 - 30-50 5-18 49-60 - -
Tet G1-2698 2,608 2,608 All <5 10-156 30-50 <5 - 30-50 - B, 5 M C6(5-7) S13.2 1
Tet (G1-2840 2,840 2,840 75-500 2-5 2-5 - 40-60 0-10 30-50 -- --
Tet G1-2840 2,840 2,840 <75 2-5 2-5 - 40-60 0-10 30-50 - -
Tet G1-2854 2,854 2,854 75-500 <2 5-10 -- 30-50 0-10 30-50 - -
Tet G1-2854 2,854 2,854 <75 <2 5-10 - 30-50 0-10 30-80 - -
Tet G1-2001 2,901 2,901 All 5-10 5-10 - 20-40 - 40-60 - - L] C6(6-7) 4.0 21.4
Tet G1-3116 3,118 3,118 All 5-10 5.-10 5-15 20-40 - 20-40 - A,10-30
Tet - JA-37 3,497 3,288 All 20-40 ) 5 30-60 - 15-30 - -
Tet JA-37 3,407 3,288 355-500 10-15 - tr 40-50 - 30-40 - C,tr
Tet JA-37 3,497 3,286 1068-150 5-10 -- - 40-50 -— 30-40 - C,tr
TI G1-3858 3,658 3,658 75-500 40-60 .- - - - 40-60 c3 23.4 ]
TI G1-3658 3,658 3,658 106-500 40-60 - - - - 40-60
T1 ¢1-3658 3,858 3,658 38-108 30-50 -- - -- -- 50-70
TI G1-3658 3,658 3,658 <38 50-70 - -- -~ -- 30-60
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Table 4-14. Petrologic ckaracterization of tuff samples from drillholes J-13, UE-25a$1, USW G-1, USW G-2,

and USW GU-3" (Page 4 of 4)
Abundance (weight %)
USW G-1 Particle . S . Degree . . L
b Depth deptk sise Illite Clinop- Cristob-  Alkali : d of ﬂndat.'*on Crystals Lithics
Unit Sample (f¢)  (fv) (um) . Smectite Muscovite tilolite Quarts  alive  feldspar Class Other” welding state * (%)
Ta  G2-3933 3,033 GO0 10-20 - = 2040 == 2040 --  10-40,A
Tha G2-3933 3,833 75-500 40-10 - - 29-39 - 34-54 - 10-20,A

*Analyses were performed by ESS division of the Los Alasos National Laboratory; methods are discussed in Caporuscio et »l.,1982. Dsta from Daniels et al.,

To cg;vert from feet to meters, multiply by 0.328. .
pc = Tiva Canyon Member of the Paintbrush Tuff; Tpt = Topopah Spring Member of the Paintbrush Tuff; Tht

of the Crater Flats Tuff; Tcb = Bullfrog Member of the Crater Flat Tuff; Tct = Tram unit of the Crater Flat Tuff; TI

tuff; snd Tpp = Pah Canyon Meamber.

J-lg, respectively, are assused to be of the same thickness as the corresponding units in drillhole USY G-1.
'A = analcime; C = calcite; M = mordenite; and T = tridymite.

SN = nonwelded; P = partly welded; M = moderately welded; 0 = densely welded; V = very densely walded (vitrophyre); and W
The empirical stage of oxidstion of iron-titanium exsolution oxide phases; C1 denotes unoxidised and C? denotes cospletel

discussion of oxide mineral alteration trends.

Y tarting with whole rock.
"A blank indicates that an analysis was not performed; dashes indicate that the mineral was not detected,

1Topopah Spring vitrophyre.

(1082).

= Tuffaceous beds of Calico Rills; Tcp = Prov Pass Member

y oxidised.

and tr = trace (<1%).

JMineralogy in Tht in USW GU-3 is mot similar to that in Tht in USW G-1. Stratigraphic equivalence is not valid.

kSox-pt.ion work was done with 76-500 pm fraction. Analysis still in progress.

= lava flow and flow breccia; Tba = bedded

o0 .
e’Equiulent. depth in drillhole USW G-1 mccording to relative position in stratigraphic unit. The thickness of the Bullfrog and Tras units in drillholes UE-25a§1 and

= intermediately welded.

See Caporuscio for a

LAVEd NOILVLITINSNOD




CONSULTATION DRAFT

differences in aqueous speciation or sorption reactions with the solid
phases. Further studies are described in Section 8.3.1.3.4.

Only limited data are available on the effect of elevated temperature on
sorption behavior in tuff. Data obtained at 70° and 85°C (Table XVII, Ogard
et al., 1983b) suggest that higher temperatures will germerally increase
slightly the sorptive capacity of the tuff samples for all elements studied
(Daniels et al., 1982; Ogard et al., 1983a). Samples studied for temperature
effects were Topopah Spring Member tuffs containing equal amounts of cristo-
balite and alkali feldspar; Topopah Spring Member tuff largely composed of
alkali feldspar; Topopah Spring Member tuff with equal amounts of glass and
alkali feldspar; Bullfrog Member tuff containing equal amounts of quartz and
alkali feldspar and a small amount of illite; and Tram Member tuff containing
equal amounts of quartz, alkali feldspar, and a.small amount of smectite.

The sorptive behavior of some multivalent radionuclides may depend on in
situ oxidation-reduction conditions of the ground-water environment in the
tuff. Data are available on sorptive behavior under conditions less oxidiz-
ing than atmospheric conditions (Daniels et al., 1982). These experiments
were performed in a nitrogen atmosphere with less than 0.2 parts per million
(ppm) oxygen and less than 20 ppm carbon dioxide. These conditions are some-
what different from those in deep geologic environments because of the low
carbon dioxide content in the laboratory experiment and the possible influ-
ence on complex formation. The inert atmosphere environment should bracket
the subsurface oxidation-reduction conditions. The results showed the
absence of oxygen and carbon dioxide had little effect on sorption for most
elements (Daniels et al., 1982). However, plutonium and technetium showed
- higher sorption ratios in these experiments (plutonium up to 800 ml/g and
technetium up to 14 ml/g as compared with approximately 100 ml/g and less
.than 1 ml/g, respectively, under oxidizing conditions).- Experiments per-
formed under conditions that maintained the solution pH at 8 to 7 by varying
the carbon dioxide content of the atmosphere also showed little changes in
the sorption ratio in comparison with ambient experiments (Ogard and Vaniman,
1985; Rundberg et al., 1985).

It is important to determine the range of linearity of the sorption
isotherms for several reasons. First, the concentration of waste elements
will change considerably from a dilute solution at the repository to an even
more dilute solution when the dissolved waste element becomes mixed with
ground water. To model such a change in concentration in the transport pro-
cess, the variation of sorption with concentration is needed. In the case of .
nonlinear sorption, the variation data may help to establish bounds on sorp-
tion. Second, mechanisms like those that lead to irreversible sorption are
studied by measuring desorption ratios. Third, diffusion into the tuff
matrix as would occur in fracture flow is interpreted and modeled. If diffu-
sion is occurring, then the sorption mechanism is not a simple ion exchange.

In most transport codes, the sorption ratio does not depend on concen-
tration. This assumption should be valid for ion-exchange equilibrium at
tracer-level concentrations within zeolitized tuffs, but it may not be true
for welded nonzeolitized tuffs. Therefore, the dependence on concentration
mist be determined. Sorption isotherms have been determined (Wolfsberg
et al., 1981; Daniels et al., 1982) for three tuff samples from drillhole
UE-25af#1 (YM-22, YM-38, and YM-49), and on a sample from drillhole USW G-1
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(G1-2840) (Wolfsberg et al., 1982a) (Table 4-14 for sample descriptioms). '
Sample YM-22 is 2 densely welded tuff from the Topopah Spring Member; sample
YM-38 is a highly zeolitized tuff from the tuffaceous beds of Calico Hills;
sample YM-49 is a partially zeolitized and partially welded vitric tuff from
the lower Prow Pass Member; and sample G1-2840 is a devitrified tuff similar
to YM-22. Sorption isotherms for strontium, cesium, barium, and europium
were determined for samples YM-22 and YM-38 (Wolfsberg et al., 1981).
Sorption isotherms were also determined for cesium for sample G1-2840
(Daniels et al., 1983). The experimental data were fitted to a Freundlich
isotherm, an empirical formula of the form

q = kc® (4-3)

where q is the solute concentration on the solid phase, c is the solute
concentration in the aqueous phase, and k and n are constants (n =1 for a
linear isotherm).

This isotherm can be used to summarize large amounts of data. The
results by Wolfsberg et al. (1981, 1982a) and Daniels et al. (1983) for
strontium, cesium, barium, and europium indicate a nonlinear isotherm
(n = 0.71 to 0.92) for the coarse size fraction of sample YM-22 (welded tuff)
and for sample G1-2840, both of which are nonzeolitized tuffs. With the
possible exception of strontium (n = 0.87), a linear isotherm (n = 0.98 to
1.1) is indicated for the coarse-size fraction of sample YM-38 (zeolitiged
tuff). This latter result is expected because the sorption of these elements
on zeolitized material should occur predominantly by ion exchange. The
results of this study indicate that isotherms can be used to interpret the
studies of sorption on both zeolitized and nonzeolitized tuff.

Sorption isotherms were determined for plytonium on tu{fasamples YM-22
and YM-49 for 10 concentrations from 2.9 x 10 ° to 5.9 x 10 M (Daniels
et al., 1882). Except for the highest plutonium concentration, which gener-
ally exhibits the lowest R, value, there was little correlation between sorp-
tion ratio and element conCentration in the range studied. The Freundlich
isotherm for tuff sample YM-22 (welded) indicates nonlinear sorption
(n = 0.84 to 0.88), whereas sorption for tuff sample YM-49 (partially geoli-
tized and vitric) is approximately linear (n = 0.96 to 1.0). This is comsis-
tent with the results of measurements using strontium, cesium, barium, and
europium. The sorption-isotherm studies are being extended to include the
other waste radionuclides to fully model the retardation process. Plans for
obtaining the additional information are outlined in Section 8.3.1.3.4.

The saturation of sorption sites can cause a sorption isotherm to be
nonlinear, as observed in samples YM-22 and G1-2840. Some experimentally
determined values for cation-exchange capacity (CEC), which is the measure
of available sorption sites, are prggented by Wolfsberg and Vaniman (1984).
High concentrations (higher than 10 ° M) of sorbing species were used in
these experiments to obtain the CEC. Sample YM-22 tuffs have a relatively
low CEC while exhibiting nonlinear sorption isotherms; however, the zeoli-
tized tuffs (YM-49, YM-38) have a relatively high CEC and exhibit linear
sorption isotherms. However, it was determined that a simple retardation
factor is valid for the alkali metals and alkaline earths at concentrations
as high as 10° M for strontium and cesium and 10 3 ¥ for barium and
plutonium.
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4.1.3.3.3 Sorption data from experiments with crushed-tuff columns

The sorptive behavior of radionuclides in elution experiments with
columns of crushed tuff has been described by Treher and Raybold (1982).
Several observations can be made based on data reported from approximately 40"
column experiments. Sorption ratios (R;) for strontium, cesium, and barium
measured by the column method generally fall within the range of values
measured with the batch technique when both column and batch measurements are
made with crushed tuff washed free of fine particles (less than 35 pum).
Wolfsberg et al. (1981) had indicated that the R, values inferred from column
studies were two to five times smaller than those from batch studies, but the
comparisons were made with batch measurements on material containing fine
particles, which are predominantly highly sorbing clays. Column-elution
curves for uranium-237 result in an R, value of 0.72 ml/g, in good agreement
with the batch measurement of 1.5 ml/g. Experiments with actinide elements
are planned {(Section 8.3.1.3).

4.1.3.3.4 Sorption data from circulating-system experiments

Average sorption ratios determined by both the batch and the
circulating-system methods are shown in Table 4-15 for strontium, cesium,
barium, americium, and plutonium. Considering the spread of experimental
values, the agreement between the two methods is acceptable. In most cases
the results fall within the spread of individual experimental values reported
by Daniels et al. (1982).

Devitrified tuffs give slightly higher sorption ratios in the batch
method than in the circulating-system method. The R, values for the
smectite-bearing devitrified tuff and for the zeolité-bearing vitric tuff
show no consistent pattern.

4.1.3.3.5 Comparison of sorption ratios from batch, circulating system, and
column measurements

Batch and both types of column experiments on various tuffs with the
same particle-size distribution yield sorption ratios for strontium, barium,
cesium, americium, and plutonium that are within a factor of 2 (americium on
sample JA-37, a devitrified tuff containing smectite, was an exception).

This agreement means that self-grinding of the tuff in batch experiments is
probably not a problem. The experiments with crushed-tuff columns show that
batch sorption measurements are a valid representation of flowing experiments
when the crushed tuffs are free of fine particles less than 35 micrometers in
diameter.

4.1.3.3.6 Sorptive behavior as a function of stratigraphic position and
mineralogy

- This section discusses sorption ratios as a function of stratigraphic
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Table 4-15. Average sorption ratios from batch, circulating-systenm,
and crushed-tuff column sorption measurements at room

temperature
Petrologic c Sorption ratio (ml/g)
Element Sample character - Batch Circulating system Column
Sr  Yi-22 D 53 3¢ 27 (2)° 22
YM-54 D 62 (12) 45 (3) 43
JA-37 D+S 287 (14) 390 (10) 123
Cs YM-22 D 290 (30) 490 (50) 363
YM-54 D 180 (40) 120 (10) 130
JA-37 D+8S 610 (40) 1,800 (10) 1390
Ba YM-22 D 800 (30) 120 (10) 137
YM-54 D 410 (150) 130 (10) 149
JA-37 D+8S 760 (150) 860 (40) --©
Am Yi-49 V+12 4,300 (1,400) 2,200 (300) --
JA-37 D+S 28,000 (10,000) 3,400 (600) -
G1-1883 D 4,700 (300) 3,300 (100) -
Pu YM-49 V+12 230 (50) 570 (170) -—
JA-37 D+S 400 (70) 200 (170) —
G1-1883 D 77 (11) 56 (11) -

:Sources: Daniels et al. (1982); Treher and Raybold (1982).
"D = devitrified, V = vitric, S = contains smectite, Z = contains
geolite.

From Tables 4-12 and 4-13.
Value in parentheses is the absolute-value standard deviation of the
means of duplicate measurements.

-- = no data.

position and mineralogy. These analyses are important for calculations of
retardation along possible travel paths to the accessible environment.

Average sorption ratios determined from ambient-temperature batch
sorption experiments on crushed-tuff samples from well J-13 and drillholes
UE-25a#1, USW G-1, USW G-2, and USW GU-3 are presented in Table 4-12. In
Figure 4-14, the data are plotted against equivalent sample depths in drill-
hole USW G-1 for well J-13 and drillholes UE-25a2#1 and USW G-1 by Daniels
et al. (1982).
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Figure 4-14. Variations in the sorptive behavior of strontium and cesium with the abundance of clinoptilolite
and stratigraphic depth. Modified from Daniels et al. (1982). Dashed lines are data for a more complete set of
samples from Bish et al. (1981).
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Variations in the sorptive behavior of strontium and cesium with the
abundance of the zeolite clinoptilolite are shown in Figure 4-14. The rela-
tive abundances of the minerals found at various depths given in Figures 4-1
and 4-2. The correlations are quite striking, showing an essentially direct
correlation between an increase in strontium and cesium sorption ratios and
an increase in clinoptilolite abundance. A similar correlation can be made
for the sorption of barium and radium (Daniels et al., 1982; Ogard et al.,
1983b) . The correlations are even better when the abundances of clinoptilo-
lite and mordenite are considered together. The increase in sorption for
cesium, strontium, and barium on sample G1-3658 from the flow breccia below
the Tram Member appears to be directly related to the high content of
smectite clay in the sample (30 to 70 percent); the sample contains no
detectable quantities of zeolite (Table 4-14) (Daniels et al., 1982; Ogard
et al., 1983a). Section 8.3.1.3 describes plans for examining the sorption
data using various statistical analyses, with emphasis on correlating
sorption with mineralogy.

For cerium and europium, variations in the sorption ratios with strati-
graphic position are not as regular as those for strontium, cesium, and
barium. In broad outline, the stratigraphic positions of the maximum and
minimum sorption ratios for cerium and europium coincide closely with the
maxima and minima in R, for cesium, strontium, and barium in units in the
unsaturated zone and downward to the contact between the Bullfrog and Tram
members. The Tram Member shows little correlation, with samples having the
highest R, for cerium and europium often giving the lowest R, for cesium,
strontium, and barium (and vice versa). The difference may ge explained by
mineralogic differences and will be investigated on that basis (Section
8.3.1.3). It may be difficult to correlate statistically this difference
with mineralogic differences due to other processes that may be affecting the
sorption; however, it is known that the analytical error inherent in these
experiments is not the source of the difference.

Apparently there is a correlation between the sorption of cerium or
europium and the presence of zeolites in the lower Topopah Spring Member, in
the tuffaceous beds of Calico Hills, and in the upper Prow Pass Member
(Table 4-14). The high sorption ratios in the upper Topopah Spring Member
and the lower Tiva Canyon Member may be associated with the high content of
smectite (10 to 60 percent) in the samples studied. The high sorption ratio
measured for sample G1-2901 from the middle portion of the Tram Member umit

does not appear to be correlated with mineralogic variations in drillhole
USW G-1.

Sorption data for the actinides uranium, neptunium, plutonium, and
americium are limited. The sorption ratios for uranium and neptunium are
below 10 ml/g for most samples (Table 4-12b); sorption ratios for plutonium
are near 100 ml/g (Table 4-12b) for all samples. However, there are no
strong correlations with the mineralogy of the test samples. Sample JA-37
from the lower portion of the Tram Member and sample G2-723 from the lower
portion of the Pah Canyon Member of the Paintbrush Tuffs generally give the
highest R, values for these actinides. The high R, values may be due to the
relatively high smectite content of sample JA-37 (10 to 40 percent), or the
high calcite content (30 to 40 percent) of sample G2-723. The sorption
ratios for americium may be mineralogically controlled, being generally
higher than 1,000 ml/g in the zeolite tuffs of Calico Hills and the Prow Pass
Member and decreasing to about 100 ml/g in the nonzeolitized lower Topopah

4-85



CONSULTATION DRAFT

Spring and the middle Bullfrog members. The sorption ratio for sample JA-37
from the Tram Member is again the highest and may result from the presence of
smectites.

The sorption ratios for plutonium are generally between 50 and 1,000
ml/g, independent of sample position and lithology (Daniels et al., 1982).
In samples from nonwelded to partially welded zeolitized or vitric tuffs from
the tuffaceous beds of Calico Hills, the Prow Pass, the Pah Canyon, the
Topopah Spring, and the Tram members have R, values for americium higher than
1,000 ml/g, whereas samples with lower R, s are generally associated with
welded and devitrified units. The sorption ratio for americium is highest in
sample G2-723 from the lower Tram Member unit.

The sorption ratios for technetium are very limited. In most experi-
ments under atmospheric conditions, the sorption ratios are less than unity
and in some cases are zero. Because the sorption ratios for technetium are
so low, long-term (12 mo) sorption experiments approaching equilibrium have
been done and they show no change in R, with time (Ogard and Vaniman, 1985).
At these low sorption levels, correlation with stratigraphic position may not
be valid or useful.

Very limited data for thorium and tin (Rundberg et al., 1985) do not
show a correlation with mineralogy. The sorption ratios for thorium were
higher than 140 ml/g, and those for tin were 150 ml/g or higher.

As described in Section 8.3.1.3, current studies will provide a more
complete understanding of the sorption of the radionuclides listed in
40 CFR Part 191, Appendix A, including technetium, tin, and neptunium.
Uranium and thorium are also being studied because they are the parents of
radium. Regression analysis is being employed to determine the correlation
of sorption with tuff mineralogy.

Because tuff samples may be composed of more than one sorbing mineral, a
method has been developed to predict sorption ratios for samples of known
mineralogy by combining the effects of several minerals. The combined effect
is tentatively defined as a weighted sum called the SMC. Thus,

SMC = I W.X., (4-4)
11

where W. is the weighting factor for each mineral phase relative to that of
clinoptilolite and X. is the abundance in percent of each phase. Further
details are given in'Daniels et al. (1982). Studies of sorption on pure
minerals and selected core samples will be performed to quantify expected
sorption along transport pathways using the SMC concept (Section 8.3.1.3.4).

The following correlations of mineralogy with sorptive behavior of
radionuclides have been identified and can be summarized as follows:

1. The sorption of alkali metals (e.g., cesium) and alkaline earths
(strontium, barium, and radium), which probably exist in ground
water as uncomplexed ions (Section 4.1.3.4.2) and probably sorb by
ion exchange, is directly related to the presence of minerals with
exchangeable cations: the zeolite clinoptilolite and potentially
the smectite clays. The sorption ratios on these minerals are from
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1,000 to higher than 10,000 ml/g. Because of the large quantities
of the zeolite clinoptilolite in the Calico Hills and Prow Pass
units lying below the repository horizon, the waste elements cesium,
strontium, and radium would be strongly sorbed and their movement
greatly retarded if the flow path is through these units.

2. The correlation of sorption of cerium, europium, plutonium, and
americium with mineralogy also exists, but the relation is not as
clear as for the alkali metals. However, sorption ratios are high
for the elements previously listed (from 100 to higher than 1,000
ml/g) and, therefore, the lack of correlation is not critical. The
sorption of these elements, though, is undoubtedly influenced by the
formation of hydroxyl and carbonate complexes.

for

3. It appears that sorption on tuff will not offer much retardati?g
).

such anionic species as oxidized technetium species (i.e., TcD

4.1.3.3.7 Sorptive behavior as a function of ground-water composition

The composition of the ground water and matrix mineralogy controls the
oxidation state and speciation of radionuclides as well as their solubility,
while at the same time providing competing ion and species for sorption
sites, all of which can affect sorption of the radionuclides by tuff.
Because ground-water composition may vary between the repository and the
accessible environment, studies have been performed to determine what effect
changes in ground-water composition have on measured sorption ratios.

Three ground waters are being investigated: water from well J-13,
located in Jackass Flats; water from drillhole UE-25p#l1 and from drillhole
USW H-3, both of which are located on Yucca Mountain. Water from well J-13
has been used as the reference ground-water composition partly because the
approximate production region of the well is the Topopah Spring Member;
which, at Yucca Mountain, lies in the unsaturated zone and is the proposed
repository horizon, and because, at the time studies on ground water began,
well J-13 was the nearest producing well to Yucca Mountain. Comparisons are
now being made of sorption ratios obtained with J-13 water to those from
drillholes UE-25p#1 and USW H-3. The composition of these waters is given in
Tables 4-7 and 4-8. Water from drillhole UE-25p#1 has the highest ionic
strength, whereas drillhole USW H-3 water has the highest pH measured thus
far at Yucca Mountain and was measured as slightly reducing in the field. A
thorough discussion of water chemistry at Yucca Mountain is contained in
Ogard and Kerrisk (1984). Distilled water was also studied (in some
instances) as a representative of an extreme in ground-water composition.

Elements studied thus far include strontium, cesium, barium, europium,
and tin. Plans for studying the sorption of actinides as a function of
ground-water chemistry is found in Section 8.3.1.3.4. The selection of tuff
samples used was based on their predominant mineralogy. Sample GU3-1301 is a
vitric tuff from the Topopah Spring Member; G1-2233 is a zeolitized tuff from
the Bullfrog Member; G4-1504 is a zeolitized tuff from the Calico Hills; and
G1-2901 is a devitrified tuff from the Tram Member. Sorption ratios were
measured using standard batch technique (Section 4.1.3.2.2).
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Tables 4-16a and 4-16b give the results obtained for well J-13, drill-
hole UE-25p#1, and distilled water (where available). Data from drillhole
USW H-3 have not yet been published. For those elements presumed to sorb by
an ion exchange mechanism (such as strontium, barium, and cesium), the lower
ionic strength waters gave the highest sorption ratios. This is probably due
to decreased competition for sorption sites. The exception appears to be
barium in distilled water on sample G1-2233; however, the well J-13 results
may be too high due to the inclusion of particles finer than 75 micrometers
in that experiment. In contrast to these single oxidation state elements,
europium and tin exhibit higher sorption ratios for the same initial concen-
trations in the higher ionic strength drillhole UE-25p#l1 water than in the
more dilute waters. It is postulated that europium and tin are precipitating
out of solution in the drillhole UE-25p#l1 water, perhaps as sulfates or
fluorides. Plans for studying solubility and precipitation of the radio-
nuclides are discussed in Section 8.3.1.3.5.

From the data presented, it is evident that ground-water composition can
affect sorption ratios. The ground waters studied represent extremes in the
water composition found so far at Yucca Mountain. When information on the
vadose water composition (unsaturated-zone water) is available, studies will
be made to characterize its effect on sorption ratios. Plans for obtaining
the additional required information are outlined in Section 8.3.1.3.

4.1.3.4 Processes affecting radionuclide concentrations and speciation in
solution

The solubility of the waste elements can influence their transport by
.limiting the maximum concentration of the elements dissolved in the aqueous
phase. Speciation, defined as the formation of various complexes and oxida-
tion states in the aqueous phase, in turn affects the solubility. Speciation
and solubility of individual waste elements depend on the chemical properties
of the waste element, on the state of the local water (composition, pH, oxi-
dation state, and temperature), and, if nonequilibrium processes are impor-
tant, on factors such as precipitation and dissolution kinetics, oxidation-
reduction kinetics, the identity of the solids present, water-flow condi-
tions, and colloid formation. The following discussion of solubility and
speciation is in terms of waste elements rather than radionuclides because
these processes are controlled by the total concentration of an element in
solution--that is, the sum of the concentrations of all its isotopes. The
concentrations of individual radionuclides depend on the isotopic composition
of the element.

At this time it is possible to estimate the solubilities of many
important waste elements under repository conditions. The estimates are
primarily based on literature data interpreted in terms of a chemical-
equilibrium model. However, solubility calculations alone will not be
sufficient for determining the concentration limits of waste elements (NRC,
1984). For this reason, solubility data for important waste elements have
been and will continue to be obtained by laboratory experiments under
conditions that are characteristic of a Yucca Nountain repository. The
experiments are just beginning, and only a few results are available. A
combination of site-specific solubility and speciation data will be used
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Table 4-16a. Sorption ratios for cesium and strontium in different watersa”b’c

Cesium Strontium
d Distilled Distilled

Core J-13 UE-25p#1 water J-13 UE-25p#1 water
GU3-1301 Sorption 160(35) 46(5) NA® 32(8) 10(2) NA

(vitric) Desorption 180(40) 55(4) NA 80(20) 32(1) NA
G1-2233 Sorption 13,500 (800) 7,500(1,100) 13,000(1,600) 48,000(3,000) 2,000(330) 56,000

(zeolitized) Desorption  23,000(6,000) 8,800(900) 8,700(3,400)  90,000(40,000) 3,000(500) 21,000(12,000)
G1-2901 Sorption 1,290(110) 900 (250) 3,350(170) 68(1) 44(13) 136(1)

(devitrified) Desorption 1,380(30) 850(76) 3,800(670) 67(1) 35(4) 105(13)
G4-1502 Sorption NDE ND ND ND ND ND

(zeclitized) Desorption ND ND ND ND ND ND
G1-2840 Sorption ND ND ND ND ND ND

Desorption ND ND ND ND ND ND

3gorption ratios in ml/g.
Numbers in parenthesis represent the standard deviation of the mean.
“Crowe and Vaniman (1985); Daniels et al. (1982); Ogard and Vaniman (19885); and Rundberg et al. (1985).
The cores are described in the text.
°NA = Not applicable.
Particle size was <500 m rather than the standard 75 to 500 um.
END = No data. .
Only one measurement.
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Table 4-16b.

Sorption ratios for barium,

. . a
europium and tin

,b,c

Barium Europium Tin
d Distilled Distilled

Core J-13 UE-25pi1 water J-13 UE-25p#1 water J-13 UE-25pi#1
GU3-1301 Sorption 570(60) 82(18) NA 75(12) >17,000 NA 160(8) 4,000‘520)

(vitric) Desorption 660 (100) 140(30) NA 110(40) 520,000 NA 1,280(180) 6,750
C1-2233 Sorption 250,000(30,000); 41,000(8,300) 55,000(5,300) 900(200) »5,600 516 (100) NDE ND

(zeolitized) Desorption 240,000(80,000) §9,000(6,000) 34,000(23,000) 5,000(2,000) >7,800 1,400(600) ND ND
G1-2901 Sorption 1,600(200) 1,400(520) 7,200(100) 160,000(50,000) 38,000(16,000) 37,000(400) 22,000(5,000) 35,800(900)

(devitrified) Desorption 1,080(30) 1,100(90) 6,100(900) 210,000(50,000) 68,000(20,000) 27,500(6,200) 38,000(8,000) 52,500(1,900)
C4-1502 Sorption ND ND ND ND ND ND 215(56) 800(110)

(geolitized) Desorption ND ND ND ND N ND 500(8) 300(130)
G1-2840 Sorption ND ND ND ND ND ND 283(160)  20,000(2,700)

Desorption ND ND ND ND ND ND 780(130) 18,400(6,900)

aSorption ratios in ml/g.

Numbers in parenthesis represent the standard deviation of the mean.
CCrowe and Vaniman (1985); Daniels et al. (1982); Ogard and Vaniman (19085); and Rundberg et al. (1985).
The cores are described in the text.

®NA = Not applicable.

Particle size was (500 m rather than the standard 75 to 500 ua.

ﬁND = No data.
Only one measurement.
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together with literature data to develop solubility models. The modeling
effort is basically an attempt to understand within a theoretical framework
the parameters that control solubility and speciation. Thus, chemical-
equilibrium (thermodynamic) models will be used wherever possible.

Section 4.1.3.4.1 gives brief discussions of speciation, solubility,
natural colloid formation, and radiolysis, processes important in under-
standing the concentration limits of elements in solution. Section 4.1.3.4.2
discusses the results of solubility measurements conducted for this program
as well as solubility and speciation data that are available in the litera-
ture. Section 4.1.3.4.3 briefly discusses the modeling program that is being
conducted in conjunction with the solubility and speciation experiments.
Section 4.1.3.4.4 lists estimates of the solubility of a number of important
waste elements in well J-13 water. Plans for obtaining additional solubility
data are outlined in Section 8.3.1.3.5.

4.1.3.4.1 Processes affecting waste element concentrations in solution

4.1.3.4.1.1 Speciation

Elements dissolved in water can exist as various chemical species such
as different oxidation states or complexes with other ions in the water
(Garrels and Christ, 1965; Baes and Mesmer, 1976; Stumm and Morgan, 1981).
Solubility generally increases as the variety and concentration of complexes
of an element increase; thus, the solubility is influenced by the tendency of
2 given element to form complexes and the concentrations of species with
which it can complex. Sorptive behavior depends on the size and charge of
the sorbing species; both of these quantities vary among the complexes of a
given element. Thus, speciation can influence sorption. Aqueous species can
be experimentally detected in solution by a number of techniques; spectro-
scopy is most commonly used (Rossotti and Rossotti, 1961). However, concen-
trations of aqueous species are normally calculated from a knowledge of the
overall composition of the solution (total concentrations of the elements in
solution) and the formation constants of possible aqueous species using
equilibrium thermodynamic methods. Equilibrium thermodynamic methods work
well (given the proper data) for the various complexes of a particular oxi-
dation state, but may yield inaccurate results for the distribution of the
element among possible oxidation states (Lindberg and Runnells, 1984).

4.1.3.4.1.2 Precipitation

Solubility, like speciation, depends on the composition, pH, and
temperature of the water (Garrels and Christ, 1965; Sposito, 1981; Stumm and
Morgan, 1081). If an element can also exist in various oxidation states,
variables that control oxidation-reduction behavior also influence solu-
bility. Unlike complex formation, which is essentially always an
equilibriumprocess, precipitation processes are often not in equilibrium or
in metastable equilibrium (Stumm and Morgan, 1981). If dissolution and
precipitation kinetics are fast on the time scale of interest, equilibrium
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behavior can be assumed. If kinetics are very slow, a metastable equilibrium
may exist where the aqueous phase is in metastable equilibrium with some
solid other than the most stable (least soluble) one. In some intermediate
cases, the dissolution or precipitation rates may be comparable to the time
scale of interest; for these cases, kinetic data are required to accurately
describe aqueous concentrations.

Coprecipitation refers to a group of processes whereby more than one
compound precipitates at one time (Sposito, 1981). Three examples are mixed-
solid formation, adsorption during precipitation, and inclusion during preci-
pitation. The importance of coprecipitation for waste-element solubility at
Yucca Mountain is uncertain at this time.

4.1.3.4.1.3 Natural-colloid formation

A number of actinides, plutonium in particular, can form natural col-
loids under certain conditions (Avogadro and DeMarsily, 1984; Kim et al.,
1984a; Olofsson et al., 1984). The questions of primary importance for a
waste repository are whether natural colloids can form under the conditioms
expected at the repository or along flow paths to the environment--and
whether the colloids would be transported by the aqueous phase. This section
addresses only the question of natural-colloid formation; colloid transport
is discussed in Section 4.1.3.6. Related, but different phencmena, the
sorption of waste elements on particulate material normally present in the
water and colloid formation during waste-form or waste-package dissolution,
- are discussed in Sections 4.1.2 and 4.1.3.3, and Section 7.4, respectively.

Plutonium(IV) readily forms colloids under conditions that are similar
to Yucca Mountain water (Qlofsson et al., 1984) near-neutral solutions of low
ionic strength (about 10 ° mole/L) (Newton and Rundberg, 1984). These col-
loids are solution like sols that are optically clear, show a characteristic
absorption spectrum, and do not settle out of solution. Colloidal plutonium
shows x-ray diffraction patterns similar to crystalline plutonium dioxide;
higher-order lines are missing, indicating small crystalline size (20 to 30
angstroms). There is also some indication that americium(III) may form
colloids under similar conditions (0lofsson et al., 1984). Neither element
has been studied to the extent that colloid properties (particle size and
stability) can be predicted for known solution conditions. Colloid pro-
perties are, however, being examined. Plans for obtaining this information
are outlined in Section 8.3.1.3.5.

4.1.3.4.1.4 Radiolysis

Radiation can affect the solubility of waste elements by altering the
composition of the water or by influencing the crystallinity of the solids
that form (Ausloos, 1969). The primary effect of gamma radiation will be a
reduction of water pH and a trend toward more oxidizing conditions as long as
air is present; secondary effects will be the production of nitrate (or
nitrite) anions. Gamma radiation will be most important early in the life of
the waste and will affect only the water near the waste. By 300 yr after
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discharge from the reactor, the total gamma flux (in watts) of spent fuel is
about 500 times less than the flux at 10 yr after discharge (Croff and
Alexander, 1980). Because containment would not be significantly breached
before 300 yr (10 CFR 60.113(a) (1) (ii) (A)), the effects of gamma radiation
will be reduced considerably. The effects of gamma radiation on the far
field is negligible; however, the effects on waste element dissolution are
discussed in Section 7.4.3.

Alpha radiation can affect water compositions in ways that are similar
to the effects of gamma radiation. The primary effects of alpha radiation
are a decrease in pH and a trend toward more oxidizing conditions in the
water. Solids composed of alpha emitters tend to show self-irradiation
damage to their crystal structure; the solubilities of solids like the acti-
nide oxides and hydroxides are affected in that amorphous solids, which are
generally more soluble than crystalline solids, are more likely to be the
natural precipitation products (Rai et al., 1983; Nitsche and Edelstein,
1985).

4.1.3.4.2 Solubility and speciation data

Solubility and speciation data are available for a number of important
waste elements. Although most of the data have not been measured under
conditions that are characteristic of a Yucca Mountain repository, thermo-
dynamic models of solubility and speciation allow solubility estimates for
these conditions. This section describes data that can be used to estimate
waste element solubilities at Yucca Mountain.

4.1.3.4.2.1 Solubility of americium, plutonium, and neptunium in well J-13
water

Preliminary measurements of the solubility of americium, plutonium, and
neptunium in a neutral electrolyte and in water from well J-13 have been .
completed (Nitsche and Edelstein, 1985). The measurements were made from
oversaturation at 25°C and a pH of 7. For plutonium and neptunium, measure-
ments were started with different oxidation states that might exist under
natural conditions. Table 4-17 summarizes the results.

Under the conditions of the measurements, neptunium(V) was the only
oxidation state finally observed in the aqueous phase, for neptunium(¥) or
neptunium(VI) as the initial aqueous oxidation state. Measurements were done
starting with plutonium(IV), plutonium(V), and plutonium(VI) aqueous species;
the final aqueous species were predominantly plutonium(V) plus plutonium(VI)
(over 90 percent), with plutonium(V) ranging from about 40 to 80 percent.
Some difficulties were encountered in identifying the solid phases that pre-
cipitated in the experiments. For americium solubility in well J-13 water,
both americium(III) hydroxy carbonate (AmOHCO ) and americium (III)
carbonate-2-hydrate (Am (CO ). 2H_0) were found. For neptunium in well J-13
water, sodium neptunyl 2arbdnate> “n-hydrate (Na NpO (Co ) nH 0) was tenta-
tively identified as the solid. For plutonlum, the solilds chuld not be
identified.
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Table 4-17. Analytical results of solutions in equilibrium with their solid phase (supersaturated
starting conditions) in 0.1 M NaClO‘ and well J-13 ground water at pH = 7.0 £+ 0.1,

25 ¢+ 1°C

'Final oxidation state

Test Initial Solubility (M) of soluble species Solid
no. species NaCIO, Well J-13 NaClo, Well J-13 NaC10, Well J-13
1 NpO (4.4 20.1) x 100 (1.6 20.8) x 107 +V = 100% +V = 100% Aworphous Crystalline
2 NaszOI(CU )
372
. x nH20
2 Npo!* (3.5+0.1)x10' (7.2:0.7) x 107 +V = 100% +V = 100% Crystalline Crystalline
2 unidentified unidentified
3 At (3.020.1)x10' (1.120.2) x10° «II1 = 100% +I11 = 100% Mostly Crystalline
agorphous Amz(COS)3 X
2H, 0/A=DHCO,
4 Pt (32)x 107 (1.6 =+ 0.2) x 107 IIT + IV + p IIT + IV + p Amorphous Amorphous
=3 2% =2 3%
V+ VI =905% 4% V+IV=0908z23%
V=682 0% V=40 + 5%
5 Pu0 (2+1) x10° (82 3) x10° III + IV + p II1 + IV + p Amorphous  Crystalline
2 = § = 4% =0=2% unidentified
+ VI = 95 2 4% V+VI=100=x 2%
V =70+ 17% V=642 6%
6 Pu0l* (1.0%0.5) x 1077 (322 x107° III + IV + p IIT + IV + p Amorphous  Crystalline
2 =3¢ 2% =2+ 2% unidentified
V+VI=97¢2% V.« VI=983s2%
V=822 16% V= 67 + 6%

85 = Pu(IV) polymer (Nitsche and Edelstein, 1985).
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The results from these experiments are being reviewed in terms of a
chemical equilibrium model of solubility. They will be incorporated into the
solubility models for Yucca Mountain. : .

4.1.3.4.2.2 Solid waste dissolution experiments

In.addition to direct solubility measurements, dissolution experiments
on spent.fuel and other high-level waste forms such as borosilicate glass are
also being performed. The measurements are described. in Section 7.4.3 (see
also Bazan and Rego, 1985; Wilson and Oversby, 1985). The experiments expose.
bare spent fuel or glass to well J-13 water and other water compositions and -
essentially approach steady state from undersaturation. Many of the experi-
ments contain other materials such as z1rcaloy cladding, stainless steel, or
tuff. Thus, the experimental data may be more difficult to interpret in
terns of fundamental mechanisms than simple solubility experiments.

Waste-dissolution éxper1ments under conditions characteristic of Yucca
Mountain will be reviewed and the data will be used, where appropr1ate, to

help define. solub111ty limits. Plans for this work are out11ned in Section
8.3.1.3.5.

4.1.3.4.2.3 Literature data for waste eleménts

The measurement of solubilities and other thermodynamic properties of
important waste elements is an active field of study. Thus, the literature .
contains data that are useful for understanding and modeling solubility and .

speciation. Although. these data were not obtained under. conditions that are
characteristic of a Yucca Mountain repository, solublllty models for reposi-
tory conditions can be tested and valldated using literature data.

Americium. The behav1or of americium in natural waters is somewhat
simpler than that of the other actinides .(e.g., plutonium or uranium) because
americium(III) is the only stable oxidation state observed under these con-
ditions. There have been a number of recent measurements of the solubility
of americium(III) in = neutral electrolyte and with carbonate present (Kim
et al., 1984b; Rai et al., 1983; Silva and Nitsche, 1883; Bernkopf and Kim,
1684; Ra1 and Ryan, -1084; N1tsche and Edelstein, 1985). The studies have .
also been used to define or support formation constant data for a number of
important americium(III) complexes. Experiments by Lundgvist (1982) and
Bidoglio et al. (1983) were aimed at defining formation.constants for carbon-
ate complexes with americium(IIT). - Exper1menta1 data indicate that in a
negfral elggtrolyte at 256°C and pH.7, americium has a solub111ty of abo_g

t0.10"° mole/L, and in well J—13 water, its solub111ty is’ about 10
mole/L o : ; .

Amer1c1um thermodynamlc ‘data have been rev1ewed by‘Kerrlsk (1984a). A
thermodynamic data base for the E3/6 chem1ca1—equ111br1um computer model
(Wolery, 1983) was developed. However, the review did not include a pumber
of the more.recent pub11cat1ons cited above. Two problems identified in .the
Teview ‘were 2 conflict in the. identity and format1on constants .of americium
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complexes with carbonate and a lack of data above 25°C. 'The americium data
base is being updated and will be reissued in the near future. = The review
and comparison with experimental data as they become available will continue
as described in Section 8.3.1.3.5. The solubility calculations reported in
this section have used the data base prepared by Kerrisk (1984a).

Plutonium. The solubility of plutonium in a neutral electrolyte and in
carbonate solutions has been studied by a number of investigators (Rai
et al., 1980; Rai and Swanson, 1981; Rai and Ryan, 1982; Kim et al., 1984b,
1984; Ogard et al., 1983b; Rai, 1984; Crowe and Vaniman, 1985; Nitsche and
Edelstein, 1985). In a neutral electrolyte, the solid that appears to’' con- -
trol solubility is hydrous plutonium dioxide (sometimes called amorphous -
plutonium dioxide or plutonium(IV) hydroxide). The solubility is much higher
than that calculated for crystalline plutonium dioxide and may be an example
of metastable equilibrium because crystalline plutonium dioxide, the most
stable solid under the experimental conditions, does not precipitate from
solution. Under oxidizing conditions, plutonium(V) and plutonium(VI) are the"
primary aqueous species. Thus, oxidation-reduction reactions are important
in determining plutonium solubility. There is evidence that with sufficient
concentrations of plutonium in solution, the plutonium(V)/plutonium(VI) -
concentrations are in equilibrium with a stronger oxidizing agent than
dissolved oxygen (Rai, 1984); this may result from alpha radiolysis of the
water and formation of significant amounts of hydrogen peroxide or some other
radiolysis product. In a neutral electrolyte in contact with air, measure
total_glutonium concentrations in solution at pH 7 are in the range of 10~
to 10 ° M ’ : '

, From solubility measurements with carbonate present, Kim et al. (1984b)
have proposed the existence of solid plutonium(IV) dihydroxide carbonate
-(Pu(0H)_CO,) and a very stable complex, plutonium(IV)'carPgnate ion (PuCO M.
Their vAlud of the formation constant for the reaction Pu = + co, = PuCB*,
is log(K) = 47.1. This is similar to a value of log(K) of 41 or less at 35°C
for the same reaction reported by Lemire and Tremaine (1980), If the
formation constant of the plutonium(IV) carbonate ion (PuCO, ') is this large,
the solubility of plutonium in water from Yucca Mountain colild be quite high
(Wolfsberg et al., 1982a). However, estimates of the formation constant
based on analogies with other actinides give a log(K) value of about 10
(Wolfsberg et al., 1982a). A recent experiment by Silva and Nitsche (1985),
designed to find evidence of the existence of plutonium(IV) carbonate ion
(PuCO, "), placed an upper limit on log(K) of 13. Analysis of data taken
durin%,the preparation of solutions of plutonium in well J-13 water for
sorption measurements_jndicates an upper limit of plutonium solubility in
well J-13 water of 10 ° mole/L (Ogard et al., 1983b). This limit is consis-
tent with the measurements of Nitsche and Edelstein (1985) noted above and
with recent calculations of plutonium solubility in well J-13 water using
log(K) = 10 for the formation constant of plutonium(IV) carbonate ion
(PuCO, ') and hydrous plutonium dioxide as the solid controlling solubility
(Dgar% and Kerrisk, 1984). Although some evidence has been published for the
existence of a stable plutonium(IV)-carbonate complex, more recent data seem
to be contradictory. " The question will continue to be investigated as
described in Section 8.3.1.3.5. '

Another question that has been raised about plutonium is the stability
of the hydrolysis product plutonium(IV) pentahydroxide ion (Pu(UH)S) (Allard,
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1983). The complex has not been observed, but was assigned a formation con-

stant by analogy with uranium (Baes and Mesmer, 1976). Plutonium(IV) penta-

hydroxide ion becomes important at high pH; if it is stable, plutonium solu-

bility could increase with increasing pE beyond a pH of about 7 or 8. It is
not clear at this time whether this problem is of concern at Yucca Mountain.

It will continue to be reviewed, as described in Section 8.3.1.3.5.

Uraniun. The solubility of uranium has been studied extemsively both in
neutral electrolytes and also with carbonate present (Gayer and Leider, 1955;
Blake et al., 1956; Miller, 1958; Robins, 1966; Sergeyeva et al., 1972; S11va
and Yee, 1981 Krupka et al., 1984) In a neutral electrolyte under ox1d1-
zing cond1t1ons, uran1um(VI) is the predominant aqueous oxidation state and
schoepite (UO, (OH), “H,0) is the most stable solid phase at 25°C. At higher -
temperatures beta-trahiom dioxide may be more stable (Robins, 1966). Some of
the early solubility measuréments were difficult because of & problem with : -
precipitation of sodium uranates at high-pﬂ because sodium hydroxide'was‘used-
to_gontrol Eolut1on pH. Measured uranium solubilities are in the range of

to 10 ° mole/L at 25°C and pH 7; however, the “higher solub111t1es
probably result from inadequate phase separat1on o

Uranium solub111ty under oxidizing conditions thh suff1c1ent carbonate
present results in rutherfordine (U0 CO, ) as the precipitate (Blake et al.,
1056; Sergeyeva et al., 1972). The %xp%r1ments were conducted under much -
hlgher carbonate concentrations than those ex1st1ng in Yucca Mountain water
and thus these data are not indicative. of uranium solubility at Yucca -
Mountain. - They are, however, useful for testxng solub111ty models w1th
carbonate present : S

Experlments on spent fuel d1ssolut1on in well J-13 watfr showed uranium
concentrations in solution that -are less than about 2 x 10~ nole/L (Wilson -
and Oversby, 1985). At present.it is not clear what solid phase is con-
trolling uranium solubility at this concentration. Although the test solu-
tions are exposed to air, uranium in spent fuel is primarily as uranium(IV),
that is as uranium dioxide; thus, it is possible that a2 uranium solid other
than schoepite controls solubility. This measured concentration limit is
about a factor of 100 below the calculated solub111ty ‘of uranium in well J-13
water assuming schoepite as the controlling solid (Ogard and Kerrisk, 1084).
The calculations indicate that one_polynuclear complex, - uranyl (VI) tr1hydrox— A
ide carbonate ion ((UO,) CO, (0H),) , 1ncorporates almost all the aqueous'
uranium. An experlmen% 2l diternination of uranium solubility in well J-13
water may be needed to resolve this difference.” Plans for obtaining the
1nformat1on are out11ned in- Sectlon 8.3.1.3.56. o T T

Thermodynam1c data for uran1um(VI) have recently been rev1ewed by
Tr1path1 (1984) The thermodynamic data base for EQ3/6 is being updated
using th1s rev1ew as a bas1s

Neptunxum Solub111ty data, for neptun1um were disciissed in A
Section 4.1.3.2.1 and in the work of Nitsche and Edelstein (1985). -Other =
literature data on the solubility of neptunium under oxidizing conditions-
vill be reviewed as part of the incorporation of neptun1um data. Plans for
the work are out11ned in Sect1on 8.3.1.3.5. o SR

4-97



CONSULTATION DRAFT

Other waste elements. A number of waste elements are likely to have -
high solubilities in water from Yucca Mountain. They include carbon, cesium,
jodine, and technetium (Rai and Serne, 1978; Allard and Torstenfelt, 1983;
Apps et al., 1983; Ogard and Kerrisk, 1984). The solubility of technet1un,
which can ex1st in a number of ox1dat1on states, should be high because of
the likelihood of oxidizing conditions in Yucca Mountain water
(Section 4.1.2). Solubility measurements for the elements listed above are
not planned under repository conditions, because there is little expectation
that solubility will limit their concentratioms.

Carbon (carbon-14) can be released as carbon dioxide gas or directly as
a carbonate under certain circumstances. In either case, there is an
equ111br1un between carbonate in the aqueous phase and carbon dioxide gas.
There is also a large reservoir of natural carbon as carbonate dissolved in
the aqueous phase that must be considered. Solubility data for the most
likely carbonate solids (calcite or dolomite) are well known (Stumm and
Morgan, 1981). Based on these data it is unlikely that solubility will limit
carbon-14 concentrations in water from Yucca Mountain. Thus, no solubility
measurements are planned for carbon. Two alkali-metal waste elements, 7
strontium and radium, have similar chemistries but radium is expected to have
a much lower solubility than strontium in water from Yucca Mountain (Ogard
and Kerrisk, 1984; Crowe and Vaniman, 1985). Solubility measurements are
planned for rad1un, whose sulfate solid may provide a useful limit on the
aqueous. concentration. No solubility measurements are planned for strontium.
The solubilities of tin and thorium are also expected to be low in Yucca
Mountain water (Apps et al., 1983), solubility measurements are planned for
these elements because they are in large quantities and because they are.
considered as important radionuclides (Section 4.1.3.1.1). Radioisotopes of
nickel are present as waste elements in subassenbly hardware from light water
reactors and in defense high-level waste glass. No solubility data were
found for nickel that could be applied to water from Yucca Mountain;
solubility measurexents are planned as outlined in Section 8.3.1.3.5.

4.1.3.4.3 Solubility modeling

. A program to model solubility and speciation data is an important part
of any effort to assess the concentration limits of elements in solution. It
is necessary to model experimental data in terms of some theoretical frame-
work: to test the data for inconsistencies; to assess the sensitivity of the
data to variations in independent parameters; and to allow 1nterpolat1on and .
some extrapolation of solubilities beyond the specific conditions used in the
experiments. A chemical equilibrium (thermodynamic) medel, EQ3/6, is being
used to model solubility and speciation data (Wolery, 1983).

Past efforts in modeling have concentrated on assessments of thermo-
dynamic data and calculations that highlight the importance of particular
aqueous species or solids for solubility in water from Yucca Mountain
(Wolfsberg et al., 1982b; Ogard et al., 1983b; Rard, 1983; Kerrisk, 1984a;
Crowe and Vaniman, 1985; Isherwood, 1985). Calculated solubilities and
important aqueous species have been reported (0gard and Kerrisk, 1984) and
used for further analyses (Kerrisk, 1984b). This effort is expected to
continue as described in Section 8.3.1.3.5.
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It is uncertain whether nonequilibrium or kinetic models will be
required to model the solubility and speciation of waste elements at Yucca
Mountain. Colloid formation and rapid fracture flow are areas where such
modeling may be needed. Until the formation of waste element colloids is
better understood, the requirement for the models will remain an open
question. -Plans to review this question are outlined in Section 8.3.1.3.5. -

4.1.3.4. 4 Solub111t1es of waste elements in Yucca Mbunta1n water -

The solubilities of a number of waste elements in well J-13 water have
been estimated from some experimental measurements and some equilibrium-
thermodynamics calculations. Table 4-18 lists the estimates along with the1r
source. The water was assumed to be at pH 7, 25°C, and oxidizing. :

Ogard and Kerrisk (1984) reported calculated solubilities for six waste
elements (uranium, plutonium, americium, strontium, radium, and technetium)
in well J-13 water.- The:solubilities of two of these elements (americium and
plutonium) were subsequently measured in well J-13 water by Nitsche and
Edelstein (1685). The measured solubility of americium was about 100 times
higher than the calculated solubility. The EQ3/6 thermodynamic data base for
americium is presently being revised. The measured solubility of plutonium -
varied with the starting material but the average value was about five times .
higher than the calculated solubility. For uranium, Table 4-18 shows the- -
value calculated by Ogard and Kerrisk (1984) for uran1um(VI) This solu-
"bility is about 100 times higher than measured uranium concentrations in the
same water over spent fuel (Sect1on 7.4.3 and VWilson and Oversby, 1985). The
reason for this difference is uncertain. At this time there are no other
direct measurements of waste—element solub111t1es in well J-13 water.

Ogard and Kerr1sk (1984) also reported calculated solubilities of the
same six elements in waters from two other drillholes in the vicinity of
" Yucca Mountain (UE-25p#1 and USW H-3). The water from these drlllholes has
somewhat different compositions than water from well J-13 (Tables 4-6 . - -
and 4-7); the calculated solubilities were significantly different in a
number of cases. Particularly, the water from drillhole USW HE-3 was assumed
to be reducing. No waste element solubility measurements have yet been made
- in waters from drillholes UE-25p#1 and USW H-3. Future experimental :
solubility measurements are déscribed in Section 8.3.1.3.5.

4.1.3.5 Matrlx d1ffus1on

Moving ground water would prov1de the pr1nc1pa1 means of transport1ng
radionuclides from the repository. Consequently, an understanding of water
novement through tuff formations is vital. The diffusion of radionuclides
from fracture water into the pore water in the rock matrix is important for
retarding the transport of dissolved radionuclides through fractures in tuff,
particularly for nonsorbing or low-sorbing soluble species. The apparent
diffusion coefficient for a given radionuclide in tuff matrix depends on
properties that are intrinsic to the chemical species (e.g., ion mobility)
and properties of the tuff (such as porosity, tortuosity, and sorption
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Table 4-18. Solubility of waste elements in well J-13 water®

Waste | Solubility

element (moles/L) ~ Source of dﬁta
Americium 1x10° Nitsche and Edelstein, 1985
Plutonium 1x10° Nitsche and Edelstein, 1985
Neptuﬁiﬁm | 1x 107 Nitsche and Edelstein, 1985 )
Uranium .4‘:&‘10_3 - 0gard and Kerrisk, 1984
Curium b x 10 Apps et al. 1983
Thorium b x 107 Apps et al. 1983
Strontium - 8 x 107} Ogard and Kerrisk, 1984
Radium - R 3 x 107 Ogird and Kerrisk, 1984
Carbon o o Highb’c | ‘Kerrisk, 1984b '
Cesium - L ﬂighb’c ! .ikéi and'Serhe, 1978
Technetium ‘ Highb;c Ogard and Kerrisk, 1984

‘ Iodine | | Highb’c Apps et al; 1983
Tin b x10® Apps et al. 1983
Zirconium b x 10710 Rai and Serne, 1978
Samarium .b2 x 1079. : Benson and:Teégue,'IQBO
Nickel 'bi—¥ 102 . Benson and>Teague,:1980

a

At pH of 7, 25°C, and oxidizing conditions.
bEstimated data.

CSolubility of these waste elements is expected to be high enough so that
solubility will not limit concentration at a Yucca Mountain site.
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ratio). It is therefore necessary to measure the diffusion coefficient of
waste-element species in various umsaturated and saturated fractured tuff
units. Preliminary results from experiments on radionuclide diffusion in
tuff matrix are described in detail by Daniels et al. (1982). The informa-
tion presented here is based on that report. Further work on the dynamic
transport of radionuclides is planned in Section 8.3.1.3.6. This work will
encompass diffusion studies in saturated and unsaturated fractured tuff.

4.1.3.5.1 Diffusion into the rock matrix R

In the current conceptual model of the hydrology of Yucca Houﬂtaln,
water is believed to flow predom1nant1y in the matrix of the tuffs in the
unsaturated zone, and predominantly in the fracture networks of the tuffs in-
the saturated zone. The effective diffysion coeff1c1ent of a dissolved
species in the tuff matrices is an important quantity in determ1n1ng the
rates at which that species is transported through the rock units of either
gone. If the flux-through unsaturated rocks is small (less than 0.05 mm/yr),
ordinary diffusion will be the dominant transport mechanlsm, and measurements
of the effective diffusion coefficient will be needed in order to model the
transport of radionuclide-bearing compounds to the accessible environment.

For the flows through the fracturé nétworks of the ‘saturated gones, the B
effective diffusion coefficient “in the matrix is one of several quantities -
that determine the rate at ‘which radionuclides dissolved in rapidly flow1ng
fracture water can enter the pore water of the matr1x, vhere chemical
retardation is generally most pronounced; th1s is the "matrix diffusion®
nechanism alluded to earlier in this section. Thus, the effectiveness of
retardation in the transport of solutes through fracture networks also
depends on ‘the effectlve d1ffus1on coeff1c1ent

D1ffus1on through the 11qu1d ~filled pore spaces of the matrix pay pro-
ceed so rapidly that the assumpt1on of local chemical equilibrium is not e
valid. Thus, knowledge of the rates of the chemical reactions involved in
sorption on the solid phases of the matrix is necessary to determ1ne experi-
nentally effective diffusion coefficients for dissolved species. . The
kinetics of the sorption reactions are also of intrimsic interest in
determining the circumstances under which assumptions of chemical equilibrium
(and therefore constant geochemical retardation) are valid. :

Experiments were performed (Rundberg, 1985) to determine the diffusion
coefficients and rate constants for the sorption of strontium, cesium, and
barium in samples of Yucca Mountain tuff from drillhole USW G-1. The uptake °
of radionuclides with time was determined for tuff disks 2.54 cm in diameter
and 2.0 mm thick.” The data were then fitted to the one-dimensional diffu- -
sion' equation for a plane sheet coupled to a 11near reversxble reactlon w1th
the sol1d phase def1ned as follows '

The d1ffu51on is governed by the eqnatlon

c_p o 88 . . . . @B
"t B Bt
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with the simultaneous reaction of the type

0s ’ : (4-6)
k C -k, S :
ot k2 ‘ S )
where
C = the concentration of the solute free to diffuse within the sheet
S = the concentration of the immobilized solute
D = the diffusion coefficient .
x = the position in the disk
t = the time
kl,k2 = the rate constants of the forward.and backward react1ons

The effect of slow reaction on the diffusion of a sorblng spec1es 1nto
tuff is demonstrated in Figure 4-15. The uptake o: 1um with a R, of
230 ml/g and a diffusion coefficient of 8.33 x 10 " cm /s, assuming instan- -
taneous or. diffusion-limited sorption, is given by the broken line. The
solid line is . the best fit to the experimental data, using the solution to
equations 4-5 and 4-6 given by Crank (1975). It is evident that the conven-
tional treatment (instantaneous sorption) is inadequate. The shape of the
curve does not match the experimental uptake well on a log-log plot, so
varying the diffusion coefficient or the R, value will not improve the fit.
The solution with slow kinetics, however, appears to give an excellent fit to
the experimental uptake. At early times, the discrepancy between the slow
kinetics and the convent1onal treatment becomes quite large

The rateucbnstants_for the,sorption of cesium-137, strontium—85, and
barium-133 are summarized in Table 4-19 with the diffusion coefficients o
determined by fitting the data to the Crank (1975) solution. The diffusion
coefficients are all smaller than the ionic diffusion coefficient calculated
from ionic mobilities. This is as expected because the pores in the tuff
matrix represent a tortuous path that also may have constrictions to slow the
diffusion of ions through the matrix.. Details of the above analysis are
given by Rundberg (1985). Plans for obtaining add1t1ona1 information are
outlined in Section 8.3.1.3.6.

4.1.3.5.2 Retardation by matrix diffusion during fracture flow

. Experiments comparing radionuclide transport by fracture flow in tuff
(Daniels et al., 1982) with that in granite have provided a test of the
validity of simple matrix- diffusion models. The principal purpose of the
studies was to determine the degree of radionuclide retardation provided by
geochenmical processes (sorption) coupled to matrix diffusion along the flow
path in a single fracture. The results provide information about the effect-
iveness of both diffusion and sorption processes in retarding radionuclides
in rapidly flowing single-fracture systems. These results have been compared
with transport-model predictions to partially validate the models.

The experiments employed artificial fractures induced in tuff and gran-
ite core samples. Artificial fractures are hydraulically smooth; thus, the
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W Figure 4-15. Cesium diffusion with slow sorption (tuff sample number G1-1883)° Modified from Rundberg

(1985).
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Table 4-19. Sorption rate constants for tuff from drillhole USW ¢-12:b

Tuif Xq k1, k2, b
sample Radionuclide (m1/g) (s ) (s D) (cm™/s)
1-1436 Cesiun 7,79 6.3 x 100 1.4 x 10}  2.78x 107

Strontium 36,300 3.5 x 101 2.0 x 10_s 2.11 x 10_7
Barium 148,000 1.2 x 10' 1.7 x 10 3.38 x 10
G1-1883 Cesium 230 5.9x10. 4.2x107  1.33x 100
Strontium 27 1.1x105 6.7x10%¢ 1.33 x 10°°
Barium 210 5.7x102 4.4x 10 8.89 x 108
61-1982 Cesiunm 1,000 4.0x 107 4.7x10°  9.44x 10
Strontium 88 9.5x 107 1.4x 107 1.37 x 10 °
Barium 800 2.6x107' 4.4x10 8.89 x 10°°

33ource: Rundberg (1985). ‘
bK = retardation: coefficient;.k, = rate constant for forward reaction;
k, = rate constant for reverse reaction; D = diffusion coefficients.

pieces mate well and do not have fracture-fill material that would complicate
. the surface chemistry and diffusion process. Experiments were performed on

. partially welded tuff samples G1-2335 and G1-2840 from-the Bullfrog and the
Tram members, respectively. Water wag pumped through the fractures at the
relatively high velocity of 2.8 x 10 ° cm/s. The fracture apertures were
estimated by applying Darcy’s law to a series of permeability measurements
(Freeze and Cherry, 1979). The effective apertures in both tuff samples were
approximately 30 micrometers. The effective aperture in the granite sample
was 16 micrometers. Water containing strontium-85 and cesium-137 tracers was
monitored as it passed through the fractures.. :

The analytical solution proposed by Neretnieks (1979) for a one-
dimensional fracture with matrix diffusion was applied to the data from the
experiments. The granite data fit the solution with experimentally deter-
mined R, values. However, the results of the fracture-flow experiments on
tuff dig not agree with those of flow calculations that used experimentally
determined R, values. The R, values that gave the best fits to the break-
through portion of the strongium elution in the fracture-flow experiments
were 30 and 18 ml/g for samples G1-2335 and G1-2840, respectively. The R
" values from batch sorption measurements were 148 and 160 ml/g for the same
samples. The shape of the elution curve calculated for the tuffs also does
not agree with the observed elution data. The radionuclide activity desorbs
more slowly than would be expected for reversible diffusion-controlled
sorption. This observation is consistent with previous measurements of batch
desorption on tuff. ’ ' ' ' '

The two important conclusions that can be drawn from these fracture-flow
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studies are as follows:

1. Matrix diffusion is an important mechanism contributing to the
retardation of radionuclides in fracture flow; however, simple °
analytic models may not be adequate to predzct the transport of
vwaste elements in tuff fractures

2. Because matrix d1ffus1on is d1rect1y related to porosity, it should
more effectively retard the movement of soluble species in porous
tuffs than in low-porosity crystalline rock like granite or densely

- welded, devitrified tuff. )

- Plans for further work on matrix dszuszon coupled w1th fracture flow
are given in Sect1on 8.3.1. 3 6.

4.1.3.6 Radionuclide transportv

Ground water can carry material along in solution or as suspended
solids. The rate at which the transported material moves is affected by a
variety of factors, the most important being the velocity of the flowing -
water, and the partitioning of the mater1a1 between liquid and sol1d phases.
Other factors include: : ~ -

1. Chemical spec1es in the water flowing 1n fractures d1ffuse 1nto the
water conta1ned in rock pores.

‘2. The negat1ve charge that is present on many rock surfaces can
restrict the approach of anions. ' The exclusion may. limit the
- diffusion of anions into the matrix thereby allow1ng the anions to
. move at the higher velocity of the water flowing in the center of
-the fractures, or channels, away from the surface film. The same
phenomenon can restrict the entry of an1ons into the smaller pores.

3. A somewhat similar effect, called hydrodynam1c chromatography,
result in particles flow1ng along pores at velocities somewhat
greater than the average water velocity. Filtration in rock pores,
however, can remove or retard the flow of suspended partlculates.

4. D1spers1on can result from d1ffus1on, channellng, and turbulent
flow, but dispersion by itself does not affect the average rate at
;-wh1ch the transported nater1a1 moves. .

Gaseous phase transport is another means of transport1ng radionuclides.
Volatile elements such as iodine-129 and carbon-14 can be transported in the
gaseous phase in the unsaturated gone.

Previous port1ons of Sectxon 4.1.3 have dlscussed radionuclide transport
in terms of the retardation processes of sorption,: precipitation, and diffu-
sion. The remainder of this section will discuss rad1onuc11de transport hy
suspended solids and by gaseous transport
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4.1.3.6.1 Transport of suspended solids

A possible mode of transport involves the movement of radioactive parti-
cles suspended in the ground water. Colloidal particles (less than a few
micrometers in diameter) remain suspended for long periods and hence may
migrate with the ground water. As the solid waste form is leached, particles
containing radionuclides may form by the sorpt1on of dissolved radionuclides
on nonradioactive particles. At this time it is believed that plutonium and
amer1cium are 11ke1y to contribute most to transport as colloids.

To.estlmate the amount of radionuclides that could be transported by
colloidal suspension, it is necessary to determine whether colloidal-sized
particles that could be sorption sites for waste elements exist in the ground
water of Yucca Mountain. Then, the sorption ratios for waste elements on
these particles must be measured or estimated from the composition of the
particles. In addition, the conditions under which colloids could form from
the waste elements or from the waste and their stability after formation must
be determined (Section 4.1.3.4.1). Finally, the conditions necessary for
filtration of the part1cles by the tuff 1tse1f must be defined.

Matter in the colloidal state has a large surface area (300 m /g), thus
it is not surprising that the most"important properties of colloids are those
that depend on surface interactions, such as adsorption. Drever (1982)
discusses the nature and geochemistry of colloids, with emphasis on the
charge surrounding colloids and its effect on suspension stability.

Olofsson et al. (1981, 1982a,b) classify radiocolloids (colloids con-
taining radionuclides) as true colloids or pseudocolloids depending on their
formation process.. True colloids are formed by condensation of molecules or
ions as a-result of hydrolytic or precipitation processes. Colloids consist
mostly of hydroxides or polymers formed by hydrolysis, and they have a very
rapid formation rate. Pseudocolloids, on the other hand, are formed as a
result of adsorption on impurities in the solution and tend to be much larger
than true colloids (up to 5,000 angstroms). Pseudocolloids can be of two
types, reversible and irreversible. The formation rate of pseudocolloids is

basically determ1ned by the sorpt1on rate on collo1dal 1mpur1t1es (0lofsson
et al., 1982a; b) :

In the event of a repository failure, radiocolloids are believed to be a
significant factor for the transport of radionuclides, and might actually
accelerate their transport away from the repository (Avogadro and Lanza,
1982; Avogadro and De Marsily, 1984). Radiocolloids may arise from a variety
of sources. The corrosion of canister material can lead to the formation of
absorbent colloids. Degradation of engineered backfills at the end of a
repository’s active life may also lead to colloid formation. If the waste
form is leached by ground water, naturally occurring colloids derived from
smectites, vermiculites, illites, kaolinite, and chlorite present in ground
water may also adsorb radionuclides. Champ et al. (1982) have demonstrated
experimentally the existence and rapid transport of plutonium colloids using
core samples and ground water. Fried et al. (1975), in their 1975 laboratory
studies, observed a fast migrating form of plutonium in their column experi-
ments on Bandelier Tuff. Retardation of this polymeric form of plutonium was
only one-tenth of the ionic form. A discussion of radiocolloid formation is
found in Section 4.1.3.4.1.3.
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Transport of particulates im geologic media will depend on agueaus flow
rate, on pore and fracture size in the rock, on ions carried with the water,
and on the nature of the particulate matter. Several mechanisms may remove
colloidal particulates from ground water such as mechanical filtration by the
rock matrix, sorption on the surface of rock pores (van der Wasls), and .
neutraligation of the repulsive charges on the colloids thus allowing them to
coagulate

F11trat1on will be an effect1ve barr1er to transport in the tuff matrix.
Pore size is an important element in filtration. Pseudocolloids will not
flow through pores that are smaller than the pseudocolloid carrier particles.
In very small pores, true colloids will have a high probability of entering
boundary layers around matrix particles, where they can be captured in the
small pores. Pore-size distributions have been measured (Daniels et al.,
1082) for several Yucca Mountain tuff samples. Mercury porosimetry data on 2
sample of Topopah Spring tuff show that most of the pores are less than 1.0
micrometer in diameter. There is a small percentage larger than 1.0 micro-

- meter, but they should be dry because the amount of Topopah Spring saturation

is less than 90 percent. More than 50 percent of the pore volume is made up
of pores 0.1 micrometer in diameter or smaller. For samples from the Calico
Hills, 50 percent of the .pores are smaller than 0.05 micrometer, but there;“
are somewhat more of the largest pores (4 micrometers). - The data indicate:
that to pass through pores in the tuff matrix, colloids must be on the order .
of 0.1 micrometer or less. ,

Pore-water veloc1t1es, assuming matr1x flow, are estimated to be less

"than 1.0 cm/yr (Travis and Nuttall, 1887)." It is not clear whether such low

velocities can provide sufficient,momentum to allow bulk colloid movement.
If fracture flow is significant, then ‘colloid transport may be likely. If
fracture flow is dominant in the Topopah Spring tuff, the average fracture-
flow rate would be roughly 2 m/yr (Travis and Nuttall., 1987); this is still

<on1y on the order of transfer rates by molecular d1ffu51on If fracture flow

is episodic, corresponding to a few intemse rainfalls per year, flow rates in
fractures might be much larger (tens of meters per year) but of shorter
duration. ‘ ,

In addition, colloids will be subject to gravitational settling (Travis
and Nuttall, 1987) for particles larger than about 0.1 micrometer. The
transporting ability of very small colloids will be diminished by diffusion
of radionuclides out of the carrier particles. Diffusion in solid phases is
small, but not gero. Solid phase diffusion for some r?g1onuc11des PP se{eral
Yucca Mounta1n minerals has been measured at about 10 to 5 x 10 co /s
(Rundberg, 1985).. A characteristic diffusion time (T) from 0.1 mlcrometer
dzameter partlcles is given by S o

: 22-f~2 5.2 '
D o B - ——> T VL By ‘lg——l- = 2 B x 10’5 s R 3 days (4T

| T 4T """4D‘4x101
where et :
— D =.diffusion'ooefficient -

T = diffusion time

L = particle diameter
R = particle radius. - .
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Small pseudocolloids, in fluids of low ionic concentrations, should not be
able to retain absorbed radionuclides for more than a few days. Very small
true colloids may be . able to migrate rapidly if fracture flow is occurring; .
however, more - experimental work is needed to determine the importance of
true colloid transport. Plans for obtaining the add1t1ona1 1nformat1on
required are outlined in Section 8.3.1.3.

One additional mechanism that might allow transport of some radionu-
clides are microbes (West and McKinley, 1984). -Studies measuring the uptake
of radionuclides by bacteria and studies determ1n1ng the mob111ty and radio-
nuclide transport,capab111ty of bacteria in tuff are detailed in
Sect1on 8.3.1.3. .

Because natural particulate.material in ground'water at a repository . ..
site may be significant as a means of transport of radionuclides by sorption
on the particulate material, it is necessary to measure the ambient concen-.
tration of such particles. At Yucca Mountain there are no springs or other .
accessible sources of flowing ground water.. Therefore, well J-13, a water. -
well adjacent to Yucca Mountain, was pumped and the water was sampled for
particulates by filtering several hundred liters of water through 0.05 micro-
meter Nuclepore filters, then examining the filters with a scanning electron
microscope. An abundance of material was present on the filters, ranging in
size from tens of micrometers in diameter down to less than 0.01 micrometer,-
the resolving power of the microscope. The composition:of individual -
particles varied considerably, although most contained potassium, aluminum,
and silicon as major constituents. ‘Filter samples also were obtained from
two other wells at the Nevada Test Site, both. drawing from an aquifer in
alluvial soil.. The results of subsequent filter tests were similar to those.
from well J-13. Because the samples were derived from water flowing in an
. artifically created gradient, it can be argued that the particulate content -
is not that of natural water. However, pumped well water may provide a
worst-case situation. Future experimental work is planned to determine
whether particulates in well J-13 water can sorb a significant amount of
dissolved radioactive material and whether these particulates are readily
transported through crushed and fractured tuff. Plans for obtaining the
additional information requ1red are outl1ned in Sections 8 3.1.3.4 and
8.3.1.3.6. - : -

4. 1 3 6 2 Gaseous transport

A limited number of rad1onuc11des can form volatile species that are
capable of being transported in a moving vapor or gas. Among these are
tritium, carbon-14, and iodine-129. In the far field, factors that affect
transport in flowing ground water also affect transport in flowing gas,
(i.e., the velocity of the gas determines the potential for advectiva trans-
port). In the absence of flow, diffusion is the only mechanism for transport
in the gaseous state. The processes of partitioning of the volatile species
between the gaseous, 11qn1d and solid state and isotopic exchange must also
be considered when assessing the impact of gaseous transport.

The probability of gaseous transport will be investigated to determine
its applicability to Yucca Mountain. Presently, no work is actively being
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done on gaseous transport; however, plans for obtaining information required
to assess the probability of gaseous transport and the processes of exchange
(i.e., gaseous phase and aqueous/solid) are outlined in Section 8.3.1.3.8.

4.1.3.7 Geochemical retardation in the host rock and surroundlng units--
ant1c1pated cond1t10ns

In the prev1ous sect1ons the pr1nc1pal processes ‘that affect and retard
radionuclide transport in ground water were discussed. Through the use and
application of numerical models the data:on sorption properties, matrix
diffusion, flow rates (advection), radioactive decay, colloids speciation,
and precipitation and dissolution can be synthesized with numerical models.
Numerical models use the data concerning the processes as input and then
calculate the total radienuclide transport and rétardatlon through Yucca
Mountain.

Currently available computer models can account for most of the known -
physical and geochemical transport processes (advection, diffusion, dis-
persion, matrix flow, fracture flow, and equilibrium sorption). More complex
geochemical processes, such as speciation, dissolution and precipitation, and
colloid formation have only very recently been incorporated into transport -
models. Plans for refining and improving already developed models, and for
developxng models that will incorporate all 51gn1f1cant processes is outlined
in Section 8.3.1.3.7. The development of such models is dependent upon
results obtained from Investigations 8.3.1.3.1 through 8.3.1.3.6 and the
geohydrology progran (Sectlon 8.3.1.2). In turn, the models can be used to
interpret results arising from these information peeds and to validate the
assumption made in constructing the systems models for Information Needs
1.1.4 and 1.6.2; the models may also be useful in establishing the presence
of favorable and potentially adverse conditions (Issue 1.8), and making the
higher-level findings required by 10 CFR Part 960 (Issue 1.8).

One model that can be used to simulate the transport of radionuclides
from the repository to the water table is TRACR3D (Travis, 1984; Perkins et
al., 1985). As an example of model calculations under anticipated
condlt1ons, the transport of technetium-99 and uranium-238 was calculated
(Vaniman, 1987). The processes assumed to affect. transport in this example
are advection, sorption, dispersion, matrix d1ffusxon, and rad1oact1ve decay.

The relative 1mportance of these processes is shown in F1gures 4-16a,
-16b and 4-17a, -17b. Figures 4-16a and 4-16b show the results of TRACR3D
calculations after a 10,000-yr pulse of technetium-99 is introduced into a
uniform vertical flow field of (1) 4.5 mm/yr and (2) 0.5 mm/yr. The normal-
ized mass flux entering the water table is plotted against time. The expec-
ted’flux has been shown to range from 0.1 to 4.5 mn/yr (Montazer and Wilsonm,
1984) . ‘' If simple advection is the only transport process operating, the
technetium-99 pulse will arrive at the water table without attenuation (the
square pulses). Technetium-99 has a long half-life and is only slightly
sorbed onto the Yucca Mountain tuffs. Dispersion will be an important atten-
uating mechanism (by spreading out the pulse and reducing amplitude) followed
by matrix diffusion.’ In the calculations, a dispersivity of 10 cm was used.
Comparison of Figures 4-162 and 4-16b show the magnitude of this effect. So
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even where a small dispersivity is used, attenuation occurs. Also, in Figure
4-16b for the .case of a slower flow rate, dispersion has a greater effect in
attenuating the pulse because of the longer travel time. Therefore, for a
conservative, nonsorb1ng radionuclide such as technetium-89, a slower flow
rate will result in a longer travel time to the water table and a more
attenuated broadened pulse. :

Figures 4-17a and 4-17b show the effects of sorption, dzspers1on, and
diffusion on the transport of uranium-238. Again a 10,000-yr pulse is intro-
duced in a uniform vertical flow field of (1) 4.5 mm/yr and (2) 0.5 mm/yr.
Uranium-238 adsorbs readily to the Yucca Mountain tuffs.” In Figure 4-17a,
with the larger flow rate, sorption, dispersion, and diffusion act to delay
the arrival of the peak by a factor of 10 and decrease the peak concentration
by almost a factor of 10. When the flow rate is decreased as in Figure
4-17b, sorption, dispersion, and diffusion act to delay the arrival of the
peak to the water table by a factor of 200 and decrease the peak concentra-
txon by more than a factor of 100. R

It has been'shown;an this example calculation that under anticipated
conditions the combined processes of sorption, dispersion, and diffusion have
a s1gn1f1cant effect-on the transport of sorbing and nonsorb1ng radio-
nuclides. - Therefore, it is extremely important that theSe processes and.
their relative parameter values are well-defined. As the processes and their
relative parameter values bétone, updated more calculat1ons similar to the
examples given above will be dons' to investigate the sensitivity of radio-
nuclide transport to sérption, d1spers1on, and diffusion as outlined in
Section 8.3.1.3.7. The investigation into the sensitivity of radionuclide
transport calculations to spec1at1on,vprec1p1tat1on/d1ssolut1on, and colloid
formation is planned and outlined in Section 8.3.1.3.7. "Estimates of total.
radionuclide releases to the accessible environment based on transport calcu—

lations can only be completed after the sensitivity of radionuclide transport »

to geochemical processes is better known and more information concerning
parameter values is obtained.

4.1.3.8 Geochemical retardation in the host rock and surround1ngﬁun1ts—-
unanticipated conditions

To investigate the effects of unantlc;pated events on geochemical retar-
dation into the hiost rock and surrounding ‘units the follow1ng questions must
be answered:

1. Vhat is the potential for and likely magnitude of the unanticipated
events?

2. What is the effect of these unanticipated events on such processes
as sorption, diffusion, and dispersion?

3. Vhat is the impact on the overall integrated transport due to the
changes in the transport processes?
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Examples of unanticipated events are an increase in water-transmission
rates, changes in the water chemistry, changes in the water table, trans-
formations of geolites and clays to less sorptive minerals, and changes in
permeability. Plans for obtaining the additionzl information required to
determine the effects of these and other unanticipated conditions or trans-
port processes are out11ned in Sectzon 8.3.1.3.. :

An example is g1ven below to 111ustrate the interactions between the
unanticipated condition, the effect on transport processes, and the effect on
radionuclide migration. Pre11m1nary calculations have been conducted to -
investigate the effect of an increase in water transmission rates on rad1o—
nuclide transport. An increase in water transmission rate could occur, for
example, from increased prec1p1tat1on or by an elevation of the water table.

An incresse in the water-transm1ss1on rate night result in fracture flow
in the unsaturated gome, but in the absence of fractures, flow and transport
will be diffusive. At the recharge rate in Yucca Mountain of & few milli-
meters per year (assuming current climatic conditions), radiomuclides would
not reach the water table via vertical porous flow for roughly 10,000 to
20,000 yr or more after the release (Travis et al., 1884). COmputer sipula-
t1cns ‘of transport in simple fracture systems us1ng extreme values for flow
rates (fyll saturated permeability applied constantly rather than intermit-
tently) show that to get a travel time.of less than 10,000 yr requires s
water flux at least 100 times greater than the present water flux (Trav1s
et al., 1984).

-For .radionuclide transport through fractures, more information is needed
on fracture flow in Yucca Mountain tuffs. - For example, additional informa-
tion is needed to establish whether the recharge water moves vertically
through unfractured layers and then enters fractures, or if water moves .
through fractures as a film on the fracture surface or as & pulse fully
saturating the fracture. -Film flow would be very much slower than slug flow
(Travis .et al., 1084). Plans for obta1n1ng this. 1nformat10n are out11ned in
Sect1on 8 3-.1. 3 6. : o : : : :

Dther factors that cannot be evaluated at present because of the. lack of .
data are the comnectivity of fractures and the dimensions of fracture aper-
tures. If fractures are present but not connected or intersecting, the1r _'
impact on,flow and transport will be greatly. diminished. If fractures.are a
connected network, the path that a water slug will travel will probably be
tortuous and m1ght involve branching into cracks in other directions, In
regard to the dimensions of apertures, fracture flow depends on fracture

-permeability, which varies roughly as the cube of the aperture, a strong

sensitivity. Plans for obtaining the required information about fracture
aperture and fracture permeability are outlined in Section 8.3.1.3.6, and
plans for obtaining such information for a.hydrologic.model are. g1ven in
Section 8.3.1.4.

G1ven fracture flow, the contam1nant w111 dxffuse 1nto the pore spaces ,
of the rock. Because.of this diffusion into the matrix, the effective flow .
rate for radionuclides must.be modified (Sudicky and Frind, 1982). The .
modification introduces a retardation factor due to a matrlx d1ffu51on from _
fractures. One can then calculate an equ1va1ent retardation value, appli-
cable only when fracture flow is occurring, combining retardation through
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sorption with retardation through diffusion. -The calculated equivalent
retardation factors are'a factor of 10 to 100 larger than- those retardat1on
factors: based on- sorpt1on alone (Tra71s et a1 1984) %

From the precedlng d1scuss1on 1t is ev1dent that a change in one condl- *
tion such as the water-transmission rate ‘leads to a change in flow:charac- -
teristics. The characteristics of the flow in turn will affect retardation
processes .such as-sorption and finally the.overall retardation. Plans for
obta1n1ng the impact -on the overall;. 1ntegrated ‘transport ‘due to the changes
in the transport processes are out11ned in Sect1on 8.3.1.3.7. SR e

Factors that may affect radxonuc11de transport 1nclude (1) fracture
£ill, (2) nonequilibrium.sorption; (3) radionuclide sorption in fractures, -
(4) colloid transport, and (5) geometric d1spers1on Plans for obtaining
th1s~1nformat10n are outlxned 1n-8ect1on 8 3 1 3.0 - e Tel e

Ry o . - . e . LR -
. ¥ B Pt N . . N o

4 2 GEUCHEHIGAL EFFECTS DF WASTE EHPLACEMENT
The thermal pulsenfron waste emplacement and Its effects on water d1s--f
placements -and -geochenistry must be characterized for intervals extending -
tens of. meters away Irém the waste containers emplaced in a repository. :
Discussions 'of . tlie interactions within the: englneered barrier: system are
presented in Chapter 7. -

- This section déscribes the time-dependent temperature profiles for a

- reference repository‘in unsaturated devitrified tuff, with the attendant -
phenomena of drying near the waste containers and water condensation- at

. boundaries. that move inward as the thermal pulse from'waste emplacement .
decays. Also discussed is the poss1ble hydrothermal alteration due-:to. the g
thermal pulse-—a prospect: that is not critical to the devitrified -bost: rock :
but may be important to the hydrous alteration minerals and glasses beneath -
the host rock. Desiccation and rehydration of the hydrous alteration =~ =~ °
minerals, as well as other phase transitions that may affect permeability,
rock strength,  and radionuclide: retardation, must be studied as well. - Water
chemistry as.a function of temperature must.alsc be known; therefore, an
assessment of,thermal effects on' unsaturated-zone -pore water and on recharge
water is important. ' Finally, this section discusses the thermal dependence
of factors. important on constraining radionuclide migration--namely, sorp-
tion, prec1p1tat1on, dlspers1on, daffu51on, and adveot1on on unsaturated :
tuff.

a2

4.2.1 ANTICIPATED THERMAL.CONDITIONS RESULTING FROM WASTE EMPLACEMENT

This section discusses the impact of expected thermal conditions
resulting from waste emplacement. Waste emplacement leads to heat buildup
due to radioactive decay. This heat influences the rate of the waste con-
tainer degradation, and the composlt1ons ‘of the surrounding tuff due to
hydrologic changes.
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The magnitude of the effects resulting from the thermal pulse depends on
(1) heat content of the waste, (2) rate of decay of the waste, (3) amount of
pore water, (4) effective permeability of the tuff, (5) waste emplacement
geometry, and (6) presence or absence of venting. These factors are dis-
cussed in detail in Section 7.4.1. However, time-temperature calculations
described in the sources only extend out to 1 m from the borehole wall.

The following is an example of the type of calculation that can be done
to investigate the qualitative behavior of the anticipated thermal conditionms
resulting from waste emplacement. Preliminary numerical calculations using a
flow and transport code (WAFE) that incorporates a thermal component (Travis,
1985) have been made. Using 2 heat load of 50 kW/acre, Figure 4-18 shows a
fluid temperature profile around a2 2 by 6 m room after 50 yr. The absolute
numbers shown should be considered preliminary because of the uncertainties
in the rock property values. However, in these calculations, as heat dif-
fuses away from the source, water vaporizes. The water vapor is then driven
outward until it reaches cooler rock and then condenses. Temperatures are
buffered by the boiling process because energy is going into vaporizing water
rather than raising the rock temperature. Peak temperatures at the wet edge
of the boiling region are only about 140°C, considerably lower than peak
waste temperature. After a century or so, temperature and saturation pro-
files decay back to ambient. A temperature increase of 5°C or more extends
to at least 30 m (Travis et al., 1984). ~

This same heat loading or thermal scenario can in turn 1nf1uence the
rate of breakdown of the waste container. ' For example, if heat loading were
to cause vaporigation of pore water near each container, the atmosphere sur-
rounding a container could change from wet -2ir to 2 dry-steam, oxygen-poor
atmosphere, which would affect the degradatlon of the conta1ner The problem
is discussed in Section 7.4.

The presence of~fractures in the rock can alter the thermally induced
flow patterns and make the interpretation of the effects of anticipated
thermal conditions on the natural environment more complicated. Many small
cracks will increase the overall permeability, making a convective or circu-
lating flow pattern more likely. However, few large cracks that promote
conduction may prevent convective circulation, and more likely provide z path
for a fairly rapid movement of water, vapor, and air. Other factors could
also be important, such as the thermomechanical behav1or of cracks. Heat may
close cracks or open them depending on the mechanical properties of the host
rock. Plans for obtaining the add1t1ona1 results on these scenarios are
outlined in Section 8.3.1.3.7.

The sections that follow discuss the effects of the thermal pulse on
rock alteration, water chemistry, and radionuclide retardation. As future
experimental results are obtained, the data below will be updated. Plans for
obtaining the information required for evaluating anticipated thermal con-
ditions are outlined in Section 8.3.1.3.
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Figure 4-18. Fluid temperature profile showing temperature contours 50 yr after emplacement of a 50 kw/acre
heat load using the WAFE code. Dots generated by plotter indicate the direction of the gradient. Modified from
Travis et al. (1984)
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4.2.2 - HYDROTHERMAL ALTERATION DUE T0 THE THERMAL PULSE

Flow paths near the repos1tory will pass through & gone in which’
temperatures are elevated above the ambient geothermal gradient. The '
elevated geothermal’ gradient may give rise ‘to temperature-induced reactions
that have the potential for altering various chemical and physical properties
of the rocks in Yucca Mountain. In the repository enviromment, little
alteration is anticipated among the abundant devitrified 5111ca minerals and
alkali feldspars because they are anhydrous and stable to high temperatures.
Cristobalite may transform to quartz with about a 12-percent volume decrease. -
Opzal may also dehydrate, with a comparable loss in volume. The abundances of-
cristobalite and opal range from 0 to 30 percent, indicating maximum whole-
rock volume decreases can be expected to be less than 4 percent. The thermal
influence of the repository, however, may extend to regions where zeolites,
smectites, and glasses are abundant. The hydrous phases have much lower
thermal stabilities and can be affected by a temperature rise of tens of
degrees Celsius. Two major effects of temperature on the hydrous phase are
contraction due to water loss and the alteration of sorptlve m1nerals to
mxnerals that are less sorpt1ve ' ,

When tuff that contains hydrous phases is heated, various processes nay
occur.. A reversible dehydration of smectites and zeol1tes involving s1gn1~
izcant volume reductions (Bish, 1081; Bish, 1084) may possibly reduce rock
strength and alter permeability. Irrevers1ble dehydration of smectites,
zeolites, and volcanic glass reduces both volumé and cation exchange capa-
city. Glass devitrification is of particular interest because of the prox-
imity of the host rock to the vitrophyre in the lower Topopah Spring Member
and to the nonwelded, nongeolitized tuffs at the base of the Topopah Spring
Member and in the underlying tuffs of Calico Hills in the southern portion of
the Yucca Mountain exploration block. Alteration of. glass may have four
important effects: (1) changing the volume, causing changes in rock‘property
‘such as permeability; (2) maintaining a high silica activity; (3) raising the
pE of acidic water; and (4) forming sorptive secondary phases like smectite
and geolites (Kerrisk, 1983). Finally, the alteration of minerals to less-
sorptive phases (i.e., the alteration of clinoptilolite to analcime) can
affect the geolitic rocks 1nfluenced by the heat of the rep051tory (B1sh et
al., 1982; Bish, 1987) :

Since mineral react1ons at repository temperatures may occur at rates
comparable to the isolation period (thousands of years), an understanding of
kinetics is also important. Also, because many of the effects of elevated
temperatures on: hydrous minerals result from mineral dehydration, the effect
of the partial pressure of water on thé dehydration reactions must be known
in order to predict the differences between unsaturated-zone and saturated-
gone mineral dehydratlon The plans for obta1n1ng 1nformat10n about these'
processes are outllned in Sectlon 8 3 1 3 - :

4.2.2.1 Hydrothermal alterat1on of zeolltes'

.k

Data on the k1net1cs of geolite reactlons -at s11ght1y elevated tempera-':
tures are very limited because of exper1mental difficulties; reactions oceur
very slowly at temperatures below 200°C. ' Hydrothermal exper1nents have been’
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conducted on zeolitic, vitric, and welded tuff at temperatures of 80 to 180°C
(the temperatures necessary to make observable changes in short times) for
several weeks to several months (Daniels et al., 1982; Knauss and Beiriger,
1984; Blacic et al., 1988). The results of the exper1ments pertinent to the
near-field environment are discussed in Section 7.4.1.3; some. zeolites have
been formed during the experiments but the products reqn1re further charac-
terization. :

Assuming a water composition similar to well J-13 water, -the geologic
data from the deeper portions of drillholes in Yucca Mountain and the exper-
imental data described by Smyth and Caporuscio (1981) indicate that reaction
of clinoptilolite to analcime will occur above 85°C in the tuffaceous beds of
Calico Hills, although silica activity may more directly control the reaction
than temperature (Section 4.1.1.4).

Although the clinoptilolite-to-analcime reaction is not anticipated in
most zeolitic tuffs, experiments in progress’ suggest that water loss with
volume decrease (up to 10 percent) in clinoptilolite will begin below 50°C
when the water-vapor pressure is low. The volume loss could occur in the
first major zeolite horizon under the thermal influence of the waste emplaced
in the repository. The opening of new flow paths in a zeolite horizom .
barrier is possible, but they will probably expand again and close during
rehydration. The effects of temperature on number of nmatural clinoptilolites
and sodium-, calcium-, and potassium-exchanged clinoptilolites have been. :
examined by x-ray powder diffraction (Bish, 1984). The molar volumes of all
clinoptilolites decreased, with sodium-clinoptilolite undergoing the. greatest:
decrease and pota551um-c11nopt1lol1te undergoing the least. Calcium-
c11nopt11011te and the natural clinoptilolite samples underwent intermediate .
decreases in volume. Most of the volume contraction in most samples occurred
. on evacuation at room temperature, demonstrating the strong effect of water-
vapor pressure upon dehydration. Samples heated under 1-atm water-vapor.
pressure underwent s1gn1f1cant1y less volume decrease at a given temperature
than those heated in ambient air or in a vacuum. All samples showed the
ability to rehydrate upon cooling.

The data of Bish (1984) show that heat effects on volume change-of
clinoptilolite are strongly related to the exchangeable-cation content. The
volumes of natural, mixed sodium-potassium-calcium clinoptilolites in rocks
could be reduced in a repository enviromment, particularly if the clinop-
tilolites occur in the rock being dehydrated by the thermal pulse. However,
tests now in progress suggest that clinoptilolites occurring in partially
saturated rocks at temperatures below 100°C should not decrease in volume.
Thermogravimetric and differential scanning calorimetric experiments on
natural and cation-exchanged clinoptilolites also demonstrate the strong
dependence of dehydration on exchangeable-cation composition (Bish, 1985).
The results show that clinoptilolites can yield water on heating and
rehydrate on cooling if the dehydration process is reversible after long-term
heating (more than 1 yr). The volume decreases observed for clinoptilolite
were completely reversible over short heating periods (less than 1 week).
However, long-term heating of clinoptilolite can cause modifications,
including irreversible collapse and reduction in cation-exchange capacity.
Sodium-rich clinoptilolites are most susceptible to large volume reductions
and exchange-capacity modifications, and they can alter to a phase analogous
to heulandite-B. Further experiments are examining both the dependence of
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dehydration temperature on water vapor pressure and the poss1b111ty of
irreversible dehydrat1on at 100°C (Sectlon 8. 3 1.3). :

4.2, 2 2 Hydrothermal alteratlon of smect1tes

v Although smectltes are not as abundant as zeol1tes, they occur in small
amounts in virtually 211 core samples from Yucca Mountain examined to date
(Bish et al., 1982). The smectites are important to radionuclide retardation
because they selectively sorb certain cations (cesium, strontium, barium, and
some actinides) (Section 4.1.3.3). Bish (1981) reviewed the effects of
changes in relative humidity and temperature on smectites and -noted that
decreases in ambient humidity alone can cause dehydration and large decreases
in volume when the ambient humidity drops below 20 to 50 percent. Smectites -
typically undergo reversible crystal structure collapse with attendant volume
decrease at about 100°C with humidities of less than 100 percent. However,
Koster van Groos and Guggenhein (1984 1986) showed for Na- and
K-montmorillonite that an increase in water pressure s1gn1f1cant1y raises the
temperature of dehydration and layer collapse. Thus, collapse as a result of
dehydration will probably be unimportant except where temperatures are high
and the partial pressure of water is low. Smectites will remain in an
expanded state along the flow paths in the saturated zone where the clays
will not be dehydrated. An expanded state may not, however, be the case for
clays exposed to a. steam environment; the ability of bentonite to swell
osmotically has been shown to be greatly reduced after exposure to a steam
environment (Couture, 1985)

With 1ncreas1ng temperature over extended times under unsaturated cond;-
tions such as those predicted for the near field; smectite dehydration and
collapse become irreversible (MacEwan, 1872; B1sh et al., 1982). Once the
smectite layers have irreversibly collapsed, their sorpt1on capacity is
greatly decreased, although selectivity for cesium is dramatically increased
(Bish et al., 1982) The dehydration reaction is very likely controlled by
the diffusion of the interlayer cation into the silicate layers and can occur
over short periods at temperatures as low as 150°C. However, the actual
dehydration temperature for any given smectite is controlled by interlayer
cation compos1t10n and kinetics and can be as high as 500°C under unsaturated
conditions in the presence of large divalent catiops (Bish et a2l., 1982).
Experiments are under way to determine whether the kinetics.of the -
irreversible-collapse reaction are fast enough for the reaction to be
important in the thermally disturbed zone (Section 8.3.1.3.3). If smectites
do collapse irreversibly in the thermally disturbed zone near the repository,
the consequence could alter the physical properties of the rocks and decrease
the cation exchange capacity in the near field. The effects should be on the
very near field, and rocks farther along the flow paths w111 reta1n their
expandab111ty and sorptlve capac1ty

4.2. 2 3 ngrothermal alterat1on of rhy011t1qgg}asses

Data in the 11terature 1nd1cate -that volcan1c glass naturally alters to
geolites, but the phases resulting from this alteration depend greatly on the
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glass and the ground-water composition (Hay, 1978). Moreover, the alteration
of glass to smectite is suggested by the smectites that occur in perlitic” -
fractures in the basal vitrophyre of the Topopah Spring Member'and supported
by reaction-path mode11ng (Kerrisk, 1983). The alteration of glass to smec-
tites or zeolites increases the sorptive capacity of the rock; this would be
beneficial along flow paths. Alteration of glass to nonhydrous phases will
probably lower the permeability along flow paths but the overall sorptive
capacity along the flow path will not be significantly affected. The vitro-
phyre underlying the host rock contains approximately 3.5 percent water, and
dehydration or recrystallization of the vitrophyre could produce significant
amounts of water. The vitrophyre is also one-of the few sources of reduced
iron in Yucca Mountain, although it is doubtful whether the small amounts of
ferrous iron available would result in less oxidizing conditions which could
enhance actinide retardation (Caporuscio and Van1man, 1985). . Plans for

further investigation of these toplcs are given in Sections 8.3.1.3.2 and
8.3.1.3.3. 5

4.2.3 CHANGES IN WATER CHEMISTRY DUE T0 THE THERMAL PULSE

The heating of fluids in and adjacent to the repository will cause
increased reaction with the host rock, changing the compositions of both.
Experimental results on the interaction of well J-13 water with crushed and
solid samples of devitrified Topopah Spring tuff -at 90, 150, and 250°C are
discussed in Section 7.4.1.3. Briefly, tests at 150°C for 68 days showed
changes from 0.01 to 0.5 parts per million (ppm) for aluminum, from 38 to
about 120 ppm for silicon, from 12 to 6 ppm for calcium, from 1.9 to near
0 ppm for magnesium, from 5.1 to 4.4 ppm for potassium, and a pH change from
7.1 to 6.8. The concentrations of sodium ion, fluoride, chloride, nitrate,
and sulfate showed no significant changes. The dissolved-carbonate content
decreased slightly:. These changes were associated with the appearance of
secondary phases, including a potassium-rich clay or zeolite; clays rich in-
magnesium, calcium, and/or iron gibbsite; calcite; and a pure silicon dioxide
phase (possibly cristobalite). The total amount of secondary phases was -
quite small, with clay being dominant. Tests run at 90°C showed only minor
changes in water composition for durations of 68- and 300-days.

The modeling of hydrothermal reactions with the Ef3/6 reaction-path code
is also reported in Section 7.4.1.3. This code, unlike the experiments,
allows the modeling of open system behavior. Open system behavior is
expected at least for gases such as carbon dioxide in the unsaturated zome in
Yucca Mountain. The results of modeling the interaction of Topopah Spring
tuff with well J-13 water at 150°C over long reaction times are shown in
Table. 7-10. The differences between the long-term open-system model and the
short-term experiments are as follows: (1) the degassing of carbon dioxide
with a concomitant change in pH, (2) very high aluminum concentrations,

(3) higher sodium concentrations, and (4) very low calcium and dissolved
carbon concentrations in the model. The modeling results could be improved
with the following: (1) better data on dissolution kinetics, (2) more data
on precipitation kinetics, (3) better high-temperature data on aluminum
hydroxide complexes, and (4) experimental data on the reaction of tuff with
water in the presence of gamma radiation. Plans for obtaining the needed
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data on hydrothermal interactions are outlined in Section 8.3.4.2 and
Section 8.3.1.3. .~ 7 S e

4.2.4. EFFECTS OF THE THERMAL PULSE ON RADIONUCLIDE MIGRATION

The preceeding sections discussed the anticipated thermal conditions,
the hydrothermal alteration due to a thermal pulse, and the effects of the
thermal pulse on ground-water chemistry. To date little work has: been done
on investigating the effects of the thermal pulse on overall radionuclide
nigration. To affect radionuclide migration the thermal pulse must alter the
characteristics of the host rock which in turn would alter the character-
istics of the transport processes, such as matrix diffusion, colloid form-
ation, and advection (e.g., matrix flow, fracture flow). o '

One preliminary investigation into the effects of the thermal pulse on
radionuclide migration has shown that silica mobility and redistribution is
expected. A heat alteration study described by Daniels et al. (1982) reports
that, particularly for the vitrophyre (G1-1292), a great amount of silica was
dissolved at elevated temperatures (152°C) and then was precipitated upon
cooling globules analyzed as pure Si0 . In addition, greatly increased
amounts of clays or other.fineygraine&vshéet silicates were deposited on
glass edges (examined by scanning electron microscope). The placement of
waste containers will lead to the development of a temperature gradient in
the surrounding host rock which will induce a solubility gradient. If water
also flows, silica will be redistributed and depending on the magnitude and
duration of the heat-induced flow, silica may accumulate in cooler regionms.
This deposition will result in reduced pore size which subsequently will
lower ‘permeability. A region of reduced permeability around a waste con-
tainer will tend to isolate the container from infiltrating water. Thus the
infiltrating water will be deflected away from the container, thereby
reducing the transport of radionuclides from the waste container.

The scenario described above was qualitatively investigated by a
numerical study (Travis and Nuttall, 1987) with the WAFE computer code. The
WAFE code (Travis, 1985) can calculate heat and mass transport in porous
media. Silica and chloride were included in the study..-.The inclusion of
chloride is conservative because it does not adsorb and is not present, to
any significant extent, in tuff minerals; thus, its potential source is from
the surface. With an initial buildup of the pressure and temperature, the
results of the study predicted an outward migration of silica. A narrow
elevated saturation region developed with silica dissolving in a region near
the container and migrating outward where it precipitated upon reaching a
cooler environment. Some silica returned to the initially-hot region, but a
net outward flux of dissolved silica occurred. Figures 4-19 and 4-20 show
the calculated transient dissolved silica concentration distribution and the
total (dissolved and precipitated) silica concentration distribution at 10
and 100 yr. Note that in Figure 4-19 there is a zone of no dissolved silica
where x = 4 m. This corresponds to 2 region where the silica has precipi-
tated. The sum of the dissolved and the precipitated silica is responsible
for the peaks shown in Figure 4-20.
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Figure 4-21 shows the calculated distribution for the transient chloride
concentration. Initially, the chloride concentration increases in the hot-
test region because of a decrease in water saturation from a loss of water
through vaporization. The concentration of chloride in the-higher saturation
region decreases because of the addition of liquid water as the vapor
condenses. The chloride concentration is a minimum where x'= 4 m. This
region corresponds to a region of elevated saturation. As the saturation
returns to ambient levels, so, too, does the chloride concentration profile.

Significant changes in the amount of dissolved or precipitated silica
can lead to large permeability changes. Assuming that permeability is
related to the pore diameters and that a silica precipitate will coat pore
walls uniformly, then permeability change as a function of porosity change
can be calculated (Travis and Nuttall, 1987). PFigure 4-22 shows the permea-
bility change predicted for the end of the heat decay period by the WAFE
calculation. The silica-precipitate distribution leads to an elevated-
permeability region close to the container and a reduced-permeability region
immediately outside the elevated-permeability region. Both of these regions
are only a few centimeters thick. The outer reduced permeability shell will
tend to deflect the downward-flowing water away from the container region
rather than through the region. In addition, the inner elevated permeability
ring will tend to channel water that had penetrated the low permeability
shell, also around the container rather than through it. By reducing the
amount of available water, the amount of radionuclides dissolved and trans-
ported will be decreased. The exact magnitude of this effect depends on the
details of the hydrologic behavior of the host rock, and, in particular, on
the presence or absence of fractures.

The numerical calculation of Travis and Nuttall (1987), summarized
above, did not treat the full complexity of the water composition and
reactions. Instead, the calculations were simplified by considering only
silica dissolution, transport, and precipitation. As the potential hydro-
logic behavior of the Topopah Spring Member is better estimated (Section
8.3.1.2), the information concerning the presence or absence of fractures is
obtained (Section 8.3.1.2), and as the ground-water transport models are
further developed (Section 8.3.1.3.7), the effects of thermal pulses on
radionuclide migration due to all significant changes in transport processes
will be further investigated (Section 8.3.1.3.7).

4.3 NATURAL ANALOGS AND RELATED FIELD TESTS

The long period of time over which a repository must provide waste
isolation and the large volume of rock present between a repository and the
accessible environment pose particularly difficult problems in the prediction
and assessment of repository performance. Although laboratory studies pro-
vide data on fundamental chemical and physical processes, modeling of the
total repository system will require the extrapolation of these data in space
and time. However, the study of natural systems possessing one or more
features that mimic critical parts of a repository environmeat may provide
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additional confidence in the required extrapolations. This section describes
natural analogs and related field tests that possess these attributes.

4.3.1 NATURAL ANALOGS

-Although there are no natural systems available for study that are
totally analogous to a repository environment, the following systems possess
features that are pertinent to a rep051tory in tuff: (1) warm and hot springs
in tuffaceous rocks, and (2) uranium and thorium ore bodies and their host
rocks. Only a small group of potent1a11y analogous sxtes are discussed in
this section.

4.3.1.1 Varm and hot springs

The study of warm and hot springs in tuffaceous rocks provides informa-
tion about several important aspects of a repository environment in tuffa-
ceous rock including (1) the effect of the thermal pulse on the chemistry of
ground water; (2) the effect of»heated-ground water on the host rock includ-
ing dissolution and prec1p1tat1on react1ons, (3) the transport of certain
elements (e.g., strontium, cesium, uranium, thorium, etc.) found in radio-
active waste in a hydrothermal environment; and (4) hydrothermal fluid flow
in fractured tuff. In addition, the stud1es will prov1de case studies for
testing computer codes like EQ3/6. : :

Warm and hot springs are present in tuffaceous rocks at many locations
in the western United States. Several of the locations have been studied in
detail, including (1) the geyser basins in Yellowstone National Park (Honda
and Muffler, 1970; Thompson et al., 1975; Keith and Muffler, 1978; Keith et
al., 1678; Thompson and Yadav, 1979 Bargar and Beeson, 1981; Bargar and
Muffler, 1982 Keith et al., 1983; Barger and Beeson 1984a b) (2) the Valles
caldera in northern New Hexlco (Goff and Sayer, 1980; Goff et al., 1981; Goff
and Grigsby, -1982; Goff et al., 1982; Ph1111ps et al., 1984; Hulen and
Nielson, 1985); and (3) the Newberry Volcano in central Oregon (Bargar and
Keith, 1984; Keith et al., 1984a,b). Although the Newberry Volcano is mot
composed of typical 5111c1c ash- flow tuff, it contalns intermediate to
silicic lavas and tuffs of the type that also occur in and around Yucca
Mountain. The results obtained from the studies have been largely empirical
and have included (1) descriptions of the petrography and the primary and
secondary mineralogy of core and surface samples, (2) chemical analyses of
rocks and thermal waters, and (3) temperature profiles

The Warm and hot springs of the geyser basins in the Yellowstone -
National Park are discussed here because they have been studied in the most
detail. The springs emerge from silicic’ volcanic rocks and. voleanogen1c ‘
sediments that are less than 1 million years ‘old. In fact, the springs are
likely surface manifestations of recent igneous activity. The USGS has :
drilled 13 drillholes (75 to 320 m) to investigate the hydrothermal systems
in the Yellowstone National Park. ' These holes have penetrated volcanogenic
sediments- (partly glacial), rhyolitic lava flows, volcanic breccias, and
various types of silicic tuffs. Because the drillholes are located in parts
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of the Yellowstone caldera that have been filled in with postcaldera rhyolite
flows, ash-flow tuffs are not the dominant rock type encountered (Keith and
Muffler, 1978). However, drillholes Y-5 (Keith and Muffler, 1978) and Y-9,
Y-12, and Y-11 (Bargar and Muffler, 1982) do contain ash-flow tuffs (part of
the Lava Creek Tuff of the Yellowstone Group; Christiansen and Blank, 1972)
similar in composition and texture to the tuffs exposed at Yucca Mountain.

The warm and hot springs have altered the Lava Creek Tuff in drillholes
Y-5 and Y-11 to a suite of secondary minerals including alpha-cristobalite,
beta-cristobalite, quartz, chalcedony, opal, hematite, goethite, pyrite,
manganese oxides, clays, zeolites, calcite, gypsum, and other minor phases.
Because data are available on the alteration paragenesis, compositions of the
secondary minerals, present day temperature profiles, and the compositions of
water in the drillholes, the relative stabilities of the secondary mineral
assemblages in the Yellowstone drillholes can be derived. In this context,
the capability of the EQ3/6 code will be used and tested. Kinetic effects
should be apparent in comparisons of the code predictions with the observed
mineral assemblages.

Once the dominant chemical controls on the secondary mineral assemblages
in the Yellowstone drillholes have been identified, this information can be
used to characterize the stability ranges of the secondary minerals (e.g.,
silica, polymorphs, and zeolites) in Yucca Mountain under ambient conditions
as well as in the thermal regime resulting from waste emplacement. In
addition, the modeling will result in a better understanding of the effects
of the thermal pulse ocn the chemistry of ground water in the near field.
Plans for additional studies are described in Sections 8.3.1.3.1,
and 8.3.1.3.3.

4.3.1.2 Uranium and thorium ore deposits and their host rocks

Uranium and thorium ore deposits, are a source of data on the following:
(1) the long-term stability of radioactive solids (Naudet, 1978); (2) the
long-term release of radionuclides from these solids (Curtis, 1985); (3) the
transport of radionuclides under various pH, Eh, temperature, and pressure
conditions, ground-water and host rock compositions, and hydrologic regimes
(Ruffenach et al., 1980); and (4) the long-term effects of radiolysis (Curtis
and Gancarsz, 1983). Items 1, 2, and 4 relate to near-field conditions in a
repository environment while Item 3 relates to near- and far-field conditions
under which radionuclides may be transported from a repository to the
accessible environment.

Known uranium and thorium ore deposits are separated into two types for
the discussion that follows: those that reached nuclear criticality (i.e.,
experienced a sustained nuclear fission reaction), and those that did not
reach criticality. The first type yields information on many of the radio-
nuclides present in modern radioactive waste, while the second type yields
information on a more limited number of radionuclides. Only one of the first
type of deposit has been identified to date, the Oklo uranium deposit in the
Republic of Gabon, Africa. Although there are many deposits of the second
type, only a few have been studied from the viewpoint of the four items
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listed above (e g., Osmond and Cowart, 1981 E1senbud et al 1984; Airey et
al., 1984, 1985). '

4.3.1.2.1  The Oklo uranium deposit

Studies of the Oklo deposit indicate that, under the conditions in which
the deposit was formed and subsequently evolved -uraninite remained generally
stable over a period of 2.0 billion yr (Gancarz, 1978). The critical stage
for the deposit lasted only 100 to 800 thousand yr (Ruffenach et al., 1880).
Tellurium, uranium, thorium, niobium, girconium, yttrium, the rare-earth
elements, tin, plutonium; and the noble metals ruthenium, rhodium, and pal-
ladium, either remained in the uraninite lattice or were partly redistributed
within the critical reaction zones over time (Table 4-20). The low solubil-
ity of most of these elements in aqueous fluids under the ambient chemical
conditions was largely the reason for their retention in the zones. Chalco-
phyllic elements such as cadmium, molybdenum, silver, and lead were trans-
ported out of the critical reaction zones by hydrothermal fluids and
deposited in the surrounding host rocks at distances dictated by the solubil-
ities of their respective sulfide or oxide phases under the temperature,
pressure, and chemical conditions in the surrounding rocks. The alkali and
alkaline earth elements and the noble gases were largely transported out of
the Oklo deposit. Annual release rates cannot be derived for these elements .
because the timing of the losses cannot be constralned

The effects of rad101ys1s in the Oklo ore depos1t are d1scussed by
Curtis and Gancarz (1983). The authors-calculated the alpha~ and beta-
particle doses in the critical reaction zones during criticality and the
energy imparted to the fluid phase by these particles. The energy caused
radiolysis of water and the production of reductants and oxidants. The -
effect of these reductants and oxidants on the transport of radionuclides
within and outside the reactors has been difficult to quantify. Analysis of
iron(III)/iron(II) ratios in bulk rock samples from the reactor zones'
(Branche et al., 1975) indicate that the iron in these zones is generally
more reduced than the iron in the host rocks well away from the reactor
gones. In fact, iron is most reduced in the samples that show the greatest
uranium-235 depletion. This suggests that the reduction of iron in the
reactor zones was contemporaneous with the nuclear reactions and not a later
supergene phenomenon of secondary enrichment. Curtis and Gancarz (1983)
suggest that radiolysis of water resulted in the reduction of iron(III) in
the reactor zones and the oxidation of uranium(IV) in uraninite. Further-
more, Curtis and Gancarz suggest that the oxidized uranium was transported
out of the critical reaction zones and precipitated through reduction
processes in the host rocks immediately outside the zones. The reduction
processes likely involved organics or sulfides present in the host rocks.
However, if the host rocks around the natural reactor cores had not contained
species capable of reducing the oxidized uranium transported out of the
cores, the uranium could have beenﬁtransported“much farther from the critical
reaction zones. The 1mportant point is that even with intensive radiolysis
very. little of ‘the uran1um 1n the natural reactors was. mob111zed (several
percent--Naudet, 1978) o :
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Table 4-20. Behavior of fission produgts in industrial reactors and in
the Oklo natural reactors ‘ - \\_’/

Industrial reactors Oklo natural reactors

Reten- Localization

Ionic tion in the free
Chemical radius in the volume of
state . Elements (A) fuel the cladding Retention Migration
Gaseous Kr 1.8: x x
compounds Xe 2.0 x x
Volatile = I 2.5P x x
compounds Th. 0.60 x x
Cs 1.8 X x
Oxides Sr 1.21 x x
insoluble Ba 1.44 X x
in the Mo 0.73 x x
matrix
Metallic Te 0.72 x x
inclusions Ru 0.70 x x
Rh 0.71 x x /
Pd 0.70 x x
" Oxides Y 0.98 x x
soluble Nb 0.72 x X
in the Zr 0.92 X x
matrix Rare- 1.02-
earths 1.13 x x
Pb 1.0
Th 1.12
U 1.08
Pu 1.04

2Source: Ruffenach et al. (1980).
bMolecula.r radius (Johnston, 19686).

4.3.1.2.2 Other uranium and thorium deposits

Studies of uranium and thorium deposits that have not undergone a cri-
tical reaction phase have provided data on the mobility of various shortlived
radionuclides in the uranium and thorium decay series. The deposits may also -/
yield data on the mobility of technetium, neptunium, and plutonium, although
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no such data have been reported to date. The ore deposits of Alligator
Rivers are discussed here because they have been studied in considerable
detail. Other deposits that have been investigated are the Colorado Plateau
uranium deposits (e.g., Osmond and Cowart, 1981) and the Morro de Ferro
thorium deposit in Brazil- (Elsenbud et al., 1084).

The A111gator Rivers reg1on of northern Austra11a is underlain by lower
Proterozoic sediments and tuffs that overlie late-Archean granitic complexes.
Approximately 1,800 million yr ago, these rocks were subjected to regional
metamorphism and deformation. After subsequent uplift and some retrograde
metamorphism, the rocks were covered by m1ddle-Proterozo1c and younger un1ts
(Needham and Stuart-Smith, 1980).

The uranium deposits of the Alligator Rivers area are found mainly in
the lower Proterozoic Cahill Formation. The formation has a lower member of-
carbonate rock and carbonaceous sch1sts that is overlain by an upper member
composed of mica-quartz schist and gneiss. It was metamorphosed to amphibo-
lite facies and subsequently retrograded to greenschist facies assemblages.
Uranium mineralization is found in zones of brecciation, faulting, and
ferromagnesian alteration within the formation (Needhan and Stuart-Smith,
1980). The primary uranium mineraligzation appears to have occurred approxi-
mately 1,400 million yr ago. It consists mainly of uraninite that is locally
replaced by coffinite and branner1te. '

Because the. A111gator Rivers region has a monsoonal c11mate, deep
lateritic weathering prolees with ‘anomalous uranium concentrations over11e
the primary ore bodies.  The profiles are generally composed of four zones
(Airey et al., 1085): (1) a gone of oxidized ferricrete or a ferruginous zone
grading into a mottled zone (thése gones are unsaturated in the dry season -
and generally have an oscillating watér table at other times - uranium is
leached in these gones); (2) 2 pallid gone from which iron has been leached
(some uranium is depos1ted in this zone - this and- the following gones are
all permanently saturated) '(3) a transition zone between weathered and
unweathered rock (cond1t10ns are generally oxidizing in the zone with some
uranium leaching); and (4) unweathered rock of the Cahill formation..

. 'The .Australian Atomic Energy Commission under a contract with the NRC
has conducted studies (Airey et. al., 1084, 1085) of radionuclide transport
in the rocks, sed1ments, and waters in and around the Alligator Rivers
uranium depos1ts The results of the studies include the following: (1) in
the zone of veathering, uranium and thorium are associated principally with .
iron minerals; '(2) ground waters in the region are generally oxidiging (+60
to +400 mV) ‘and contain dissolved oxygen; (3) zlthough uranium and thorium .
are mobilized in solut1on, a more. s1gn1f1cant mode of transport is by .
erosion;:(4) the concentration of uranium in ground water ranges from
approx;mately 0.25 to 180 ppb; (5) the rate at which uranium is leached or -
deposited in and ‘around the ore bodies in percent per 1,000 yr ranges from a
deposition rate of 0.4 to a leach rate of 2.5; and (6) collo1da1 transport -
does not contribute significantly to uran1um transport but 1s 1mportant for -
the transport of thorrum :
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4.3.2 RELATED FIELD TESTS

Field tests at other sites have yielded data relevant to migration of
radionuclides and to evaluation of models to be used for performance asses-
sment. The following sections discuss the results of studies of radionuclide
migration at (1) the site of the underground Cambric nuclear explosion on the
Nevada Test Site, and (2) the DP site at Los Alamos National Laboratory where
liquid radioactive waste has infiltrated downward into Bandelier Tuff.

4.3.2.1 Cambric site

Data from a field experiment at the site of the Cambric underground
nuclear test have provided direct information -on the transport rates of
radionuclides through alluvium. The data can help confirm that the transport
model -in the performan;e assesspent code TRACR3D can accurately model radio-
nuclide transport in tuffaceous media. The data also provide some indication
of the limitations of laboratory sorption measurements; however, no further
work is planned.

A field study of the distribution of radionuclides around the Cambric
underground cavity was initiated in 1974, about 9 yr after detonation of the -
Canbric nuclear test. The field study provides an actual in situ field test
in rocks that have some of the same sorption characteristics as those at or
along flow paths from the potential repository at Yucca Mountain.  Addition-
ally, although the medium is dominantly tuffaceous: alluv1um, the reactive
surface area is higher and effective porosity lower than is expected for the
rocks in and around the exploratory block at Yucca Mountain.

The following information was taken from Hoffman and Daniels (1981).
The explosion at the Cambric site was a 0.75-kiloton test fired in May 1985,
at a depth of 294 m beneath the water table in tuffaceous alluvium (Figure
4-23). Tests began after the cavity and chimney were predicted to be filled
with ground water to the preshot static water level, 73 m above the detona-
tion point. It was assumed that tritium, plutonium, and uranium fission
products would be present in the cavity and in the ground water within the
cavity and could be used to study possible migration from the cavity.

The field study began with the completion of a satellite well (RNM-28)-
91 n from the Cambric cavity followed by drilling of a reentry well (RNM-1)
into the cavity itself.  Both solid and liquid samples were taken from well
RNM-1 to determine the distribution of radionuclides between the solid
material and the ground water. Water was then pumped from the satellite well
to induce an artificial gradient sufficient to draw water from the Cambric
cavity through the surrounding rocks. Pumpin ng from well RNM-2S began in
October 1975. The original pump rate was ] m /min until October 1977 when
the pump rate was increased to about 2.3 m” /min. .

The various radionuclides present in water drawn from well RNM-2S
reflect the extent of radionuclide migration. Approximately 2 yr after
pumping started, significant amounts of tritiated water were found in water
from the satellite well, signaling the arrival of water from the Cambric
cavity region.. By that time, approximately 1.44 million m° of water had been
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Figure 4-23. Schematic of Cambrian explosion cavity and drillholes RNM-1 and RNM:2S. Modified from
Hoffman and Daniels (1981). ' ’ S
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pumped from the satellite well. After almost B yr of pumping, the tritium
concentration in the pumped water reached a maximum. The ?riginal amount of
tritium produced during the Cambric event was about 6 x 10° curies (Hoffm
et al., 1977). By the end of September 1984, slightly more than 3.7 x 10
curies of tritium had been pumped out through well RNM-2S (about 60 percent
of the initial inventory). The result of a transport calculation based on -
Sauty’s ‘model for hydrodispersive transfer in -aquifers (Sauty, 1980) was
presented by.Thompson -(1985). " Travis (1984) has modeled the‘tritium elution
at Cambric-using the TRACR3D code. 'According to Travis (1984)-, the differ-
ence between the calculated and observed breakthrough curves is approximately
equal to the margin of error in the input parameters used in the code.

Other radionuclides have also been measured in water from well RNM-2S
including chlorine-36, krypton-85, ruthenium-108, and iodine-129. Radio-
nuclides present in the Cambric cavity in cationic form (e.g., strontium-90
and cesium-137) have not been detected to date in well RNM-2S water
(Thompson, 1985). The chlorine-36 results presented in Figure 4-24 indicate
that the chlorine-38 pulse preceded the tritium pulse in well RNM-28. This
suggests that tritiated water is exchanging with water in the pores in the
tuifaceous alluvium which, to some degree, exclude chlorine-36 due to the
repulsion of the negative ion by negative surface charges. This suggests
that matrix diffusion of water does occur in tuffaceous alluvium.

Krypton is a noble gas and might be expected to show very little
rétention in the alluvial aquifer. Although the krypton data show more
scatter than the tritium data, the behavior of the elements is correlated.
The observations are compatible with the hypothesis that some krypton is
sorbed on the alluvium and is therefore retarded relative to water (Thompson,
1985) . The fact that the krypton-tritium ratios in well RNM-2S water are
lower than the calculated source term ratio of 1.22 x 10 ° while they are
higher than the calculated krypton-tritium ratio in well RNM-1, also suggests
krypton is sorbed onto the alluvium relative to tritium (Thompson, 1985).

Ruthenium-108 has been detected in well RNM-2S water (Daniels, 1981;
Coles and Ramspott, 1982). Although the data are limited, it is clear that
some ruthenium from the Cambric cavity has been transported to well RNM-2S.
Sorption measurements for ruthenium on tuffaceous alluvium indicate ruthenium
has a high sorption coefficient (K, = 10 to 30; Wolfsberg, 1978) under
ambient conditions, which suggests ruthenium should not have migrated more
than a fraction of a meter from the Cambric cavity since 1985. However,
batch sorption measurements may not distinguish which species of a given
element sorb or to what extent the species sorbs. Therefore, there may be
species present in the batch sorption experiments which sorb very little, if

at all. Daniels (1981) suggests that the ruthenium-106 present in well
- RNM-2S water exists as an anionic species which does not sorb on the
alluvium.

Analyses of iodine-129 in water from well RNM-2S show that iodine, like
chlorine, appears to have arrived at well RNM-2% sooner than tritium.
However, the calculated fraction of iodine-129 that has been eluted is only
39 * 11 percent in comparison with approximately 60 percent for tritium. The
cause for this difference has not been determined (Thompson, 1985).

4-136



LEI-¥

400
O anonmE-aa " 3 50

1 Ix Trmum | _

. ’ ~300 2

Lo - - ®)
£ 5000 250 £

2 1 o
- E | 4000~ " 200 T

- B . o

o . 3000 150 w

2000 -100 T

~ o

1000 - 50"
—TTTT—7 —t0

- nll BN B
0 »‘0.5‘." 1 156 2 25-3 35 4 45 5 55 6 65 7 7.5
VOLUME PUMPED (100 m3) |
: Flgure 4-24, Chloriné-36 and tritium concentrations in well RNM-25 water The error bars are the standard deviations for single measurements they

were obtained from the errors associated with measurements and estimated uncertainties for the various parameters entering into the ca!cu!ation The
estimated uncertainnes were propagated in quadramre Modiﬂed from Daniels and Thompson (1984). : .

LAVEE - NOLIVIINSNGD




CONSULTATION DRAFT

4,3.2:2, Los Alamos DP site

The distribution of radionuclides and water beneath a liquid waste
disposal site at the Los Alamos National Laboratories was investigated by
Nyhan et al. (1985). The site, known as the DP West site, was used from 1943
to 1951 to dispose of untreated radioactive liquid. wastes resulting from
pluton1um-pur1f1cat1on operations. A liquid-waste-treatment plant was
installed in 1952 to handle the increased load but discharges continued until
19687, ‘when a new treatment plant was built. The liquid wastes were dis-
charged énto absorption beds 36.6 by 6.1 m and 1.2 m deep. Approximately .

69,260 n” of liquid effluent was discharged into the beds, with 89 percent
’ added between 1945 and 1960. An estimated 10 curies of plutonium was dis-
charged, with about 98 percent of the figure having been discharged, as
untreated waste between 1945 and 1952. In Aygust 1961, 10.8 m':of
pluton1um-bear1ng effluent followed by 9.7 m” of tap water were added to .
absorption bed 1. The fluid pulse resulted in formation of a saturation
front that subsequently traveled downward through the unsaturated zone
beneath the site.

The absorption beds consist of 60 cm of stone cobbles overlain'by 15 cum
of gravel, 15 cm of sand, and 30 cm of soil that were excavated out of the
Tshirege Member of the Bandelier Tuff. The Bandelier Tuff at this location
consists of an upper 3.6 m of moderately welded, light-brownish-gray’ tuff
underlain by a 3-m-thick layer of reworked tuff and pumice which fills a
channel (or cut) in the underlying tuff unit and is separated by a sharp '
contact zone. The underlying unit consists of 33 m of moderately welded,
light-gray tuff. It is in turn underlain by a2 moderately to densely welded
zone that forms the lower portion of the 250 m of the Bandelier Tuff at this
location. The zone of water saturation is 350 m'below the surface of the .
sita. Therefore, at this location the Bandel1er Tuff is entirely in the
unsaturated zone. A

] ‘Nyhan et’al. (1985) drilled two 30.5 m drillholes through absorption’
beds 1 and 2 in area T of the DP West site. Continuous core samples were
obtained and water samples were collected. A total of 800 samples were.
analyzed for americium-241 and plutonium. The results are shown in Figures
4-25 and 4-26. In drillhole 1 of bed 1, plutonium and americium-241 were
detected to a sampling depth of 30.0 m and 30.5 m, respectively, while in
drillhole 2 of the bed plutonium and americium-241 were detected to a depth
of 14.5 m and 30.8 m, respectively. In bed 2, plutonium and americium-241
did not penetrate as far into the tuff because the bed did not receive the
water pulse added to bed 1 in 1981. Plutonium penetrated 8.55 m in drillhole
1 and americium-241 penetrated 13.41 m. In drillhole 2 of bed 2, plutonium
was detected only to a depth of 5.2 » and americium-241 to a depth of 12.8 m.
The observations indicate that americium-241 has a higher mobility in this
setting than does plutonium.

The spikes in the radionuclide-concentration profiles (Figures 4-25 and
4-28) are to some degree associated with geologic conditions. For instance,
at 4 to 5.5 m in bed 1, a highly weathered, light orange-gray tuff layer with
a high clay content was found, while at 8 to 9 m a contact zone was found
separating a brownish-gray, moderately welded tuff from an underlying light
gray, moderately welded tuff. Both the clay-rich layer and the contact
zone have decreased hydraulic conductivities. Fractures, though present, did
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not appear to be associated with enhanced radionuclide transport. In fact,
the fractures appeared to be barriers to unsaturated flow. Overall,

Nyhan et al. (1885) concluded that ®from 0.3 to 5.1 percent of the plutonlum
and from 3.0 to 49.0 percent of the americium-241 initially absorbed can be
mobilized with the addition of less than 1 column volume of water.®

Travis (1985) has attempted to model the migration of radionuclides at
the DP VWest site with the TRACR3D code. He compared concentration profiles
calculated on the basis of a constant adsorption coefficient and a colloid-
population-balance approach. His results are shown in Figure 4-27. ‘The
collo1d-popu1at1on-balance approach clearly produces a better fit to the
observed profile. This is consistent with the laboratory results of Fried et
al. (1975) in which a rapidly migrating form of plutonium was found in
experiments on Bandelier Tuff. Unfortunately, insufficient data exist on the
forns of plutonium and americium likely to be released from waste packages at
a repository at Yucca Mountain for extrapolating the results of TraV1s (1985)
and Fried et al. (1975).

4.4 CEOCHEMICAL STABILITY

Man-induced factors that could potentially affect the geochemical
stability of the site include mining, exploring for minerals, drilling -
unrelated to NNWSI Project operations, and withdrawing ground water. Natural
changes that could affect the geochemical stability of the site include
changes in the water regime as a result of tectonic or climatic variations
and the introduction of magmat1c fluids into the area. However, natural ,
chemical buffers present in the water and rock help to resist changes in the
geochemistry. The geochemical stab111ty of the Topopah Spring tuff can be
understood from the data presented in Section 4.1.1; chemical interaction
between water and rock are dlscussed in detail in Sectlon 4.1.1.3.

4.4.1 MAN-INDUCED EFFECTS i
The potential for mining at the Yucca Mountain site is discussed in
Section 1.7. As there is no compelling evidence that major, significant, or
unique deposits of mineral or energy resources exist in the vicinity of the
repository, the potential for mining is not considered important for

geochemical stability.

The record of subsurface drilling is discussed in Section 1.6. Injec-
tion disposal wells are not present in the vicinity of the Yucca Mountain
repository site. There is no reason to expect that the site has particularly
favorable characteristics so that future injection disposal wells would be
located in the area. Therefore, this factor is not a consideration for
geochemical stability. Further discussion of this topic can be found in the
Yucca Mountain environmental assessment (EA) (DOE, 1986).

Pumping of ground water may cause changes, usually minor, in ground-

water chemistry by modifying flow paths or by inducing drainage of “poorly” =

permeable beds in which stored water has higher concentrations of solutes’
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than actlvely flowing water. In the region around Yucca Mountain, ground
water is used pr1mar11y for irrigation. Lesser uses include municipal,
domestic, livestock, mining, and support of operations at the Nevada Test
Site.

Projections of future ground-water withdrawal in the region are dis-
cussed in Section 3.8. Although these projections and simulations of their:
effects at Yucca Mountain have not been completed, the effects of long-term
pumping close to Yucca Mountain have been insignificant. Extensive pumping -
from well J-13, which produces from tuffs correlative with those at Yucca
Mountain, has supported operat1ons at Jackass Flat for more than two decades !
without significant changes in water levels or water chemistry (Thordarson,
1983) . Although small, the hydraulic stresses around well J-13 are very
likely greater than those resulting at Yucca Mountain from reasonably
expectable future ground-water development. Therefore, disruption of
geochemical stability by hydraulic stresses seems highly unl1ke1y

The construction and operation of the repository could affect radio-
nuclide transport in two ways: first, the introduction of’ dr1111ng‘f1u1ds
may provide a nutrient source for m1crobes, therefore, the effect of micro- -
bial activity on radionuclide migration is being assessed (Section
8.3.1.3.4); and second, the construction of the repository will produce
particulates. The sorpt1on and transport of radionuclides by particulates °
and colloids will also be studied (Section 8.3.1.3.4). Plans for’ studylng ‘
the filtration of particulates by Yucca Mountain tuff are d1scussed in
Sect1on 8.3.1.3.6.

4.4.2 POTENTIAL EFFECTS OF NATURAL CHANGES

Natural processes of potential importance for geochemical stability ,
include tectonism and volcanism (Section 1.3), flooding (Section 3.2), glass
or mineral alteration that have effects on water composition (Sections 4.1
and 4.2), and climatic changes (Section 5.2). ¥here approprzate, spec1f1c
processes that require further study are 1nd1cated

Tecton1sm, volcanic act1v1ty, and structural features have already been
treated in terms of possible physical disruption of the repository
(Section 1.3.2); the displacement of flow paths by such processes could alter
the effectiveness of natural geochemical barriers at the site. Among '
structural features, faults are important in bounding the exploratlon block
at Yucca Mountain. Because variably mineralized faults may act either to
enhance or retard ground-water flow, it is 1mportant to know not only what
types of faults occur, but also what changes in flow and geochemical
retardation mlght occur as a result of seismic activity and fault movement
(Section 1.4). The problem will be addressed among the site characteristics
contributing to performance assessment (Section 8.3.5.2.3), based on data
obtained from the site geohydrology program (Section 8.3.1.2). The potential
effects of igneous intrusion have been evaluated by Link et al. (1982), and
the probabilities of volcanic activity have been estimated by Crowe et al.
(1982). The risk from future igneous activity is low, but risk assessment is
continuing (Section 8.3.1.8).
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Because the potential repository horizon at Yucca Mountain is in the
unsaturated zone, there are some conceivable changes in saturation that would
affect geochemical processes. First, any possible flooding of the repository
would affect geochemical stability. A future rise in the water table is one
possibility that has been evaluated, and it is considered that inundation of
the repository is improbable (Chapter 3, DOE, 1986). Zones below the
repository that were previously unsaturated may become saturated, however,
and such a change will be considered in assessing the balance between
saturated- and unsaturated-zone processes of retardation. Another possible
mechanism of repository saturation would be through hydrothermal activity.
There is some record of past hydrothermal activity at depth, well below the
present water table. Current studies indicate that hydrothermal activity is
old (Bish, 1987) and is related to the Timber Mountain igneous activity about
11 million yr ago (Kistler, 1968). Minerals with moderately high tempera-
tures of formation (between ambient temperature and 200°C) (Levy, 1987) do
occur in some voids and fractures above the water table; the timing of
formation for such minerals will be evaluated to determine whether they
_ formed during the waning stages of tuff cooling or whether they may have
formed from later hydrothermal fluids .(Section 8.3.1.3.2). The test will
determine whether post-Miocene hydrothermal activity will have to be consid-
ered to be a potential risk at the site. Finally, the possibility of deep-
seated spring activity transgressing the repository horizon at some time in
the past is being assessed by the study of fault-related mineral deposits
(Section 8.3.1.3.2).

The geochemistry (nonhydrothermal) of rock and water interactions at

. Yucca Mountain involves a number of metastable mineral phases. As such, the
chemical rock and water system will change toward more stable assemblages.
The changes, however, have been occurring for several million years and can
be expected to continue so slowly that there will be no significant effect on
repository performance. In particular, it is important to note that the
potential repository horizon is located in devitrified tuff with a relatively
stable assemblage of feldspar minerals and quartz and some metastable
cristobalite and opal along with very small amounts of other metastable
minerals. The impact of the natural evolution of silica activity on the
metastable assemblages is the major factor of concern. This natural change
has been investigated (Section 4.1.1.4), and will be a part of future studies
(Investigation 8.3.1.3.3).

Long-term climatic changes are discussed in Section 5.2. In terms of
geochemical effects that influence repository performance, a renewed pluvial
episode like those of the Pleistocene Epoch could result in increased
recharge through Yucca Mountain, a higher water table, .or the expansion or
appearance of zones of perched water (Winograd and Doty, 1980). Any of these
changes could affect flow rates or flow pathways that are important for
integrating the site geochemistry into performance assessment. For example,
a recharge-related transition from matrix flow to fracture flow may result in
more rapid transport, along with changes in colloid retardation properties
and dispersion/diffusion properties. The bounds on effects from such

potential changes are a part of the performance-assessment program plan
(Section 8.3.5).
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4.5 SUMMARY

4.5.1 SUMMARY OF SIGNIFICANT RESULTS :

The results summarized here are those related to the geochemical retar-
dation processes that are considered the most significant in terms of the
performance objectives and conceptual models. Thus a comprehensive summary
of Chapter 4 is not presented. Sections 4.1.1 (Mineralogy and petrology),
4.1.2 (Ground-water chemistry), and 4.1.3 (Geochemical retardation processes)
are br1ef1y summarlzed with emphasis on performance obJect1ves

The m1nera1 and petrolog1c results, as related to performance objectives
and conceptual models, are best summarized by describing the distribution of
sorptive zeolites at Yucca Mountain. The sorptive zeolites in the units
surrounding the host rock provide part of the geochemical barrier for the
retardation of radionuclides. Four principal intervals of zeolitization have
been identified: (1) the clinoptilolite-heulandite-smectite zone at the top
of the lower Topopah Spring vitrophyre; (2) the relatively thick .zone of
clinoptilolite that occurs in the bedded, nonwelded, and poorly welded tuffs
that form the base of the Topopah Spring Member and the underlying tuffs of
the Calico Hills, and extends into the top of the Prow Pass Member of the
Crater Flat Tuff; (3) the partly welded and bedded tuffs at the base of the
Prow Pass Member and at the top of the underlying Bullfrog Member; and (4)
the poorly welded and bedded tuffs at the base of the Bullfrog Member
compound cooling unit and at the top of the underlying coollng unit within
the uppermost Tram Member.

The ground-water chemistry of the site is summariged from the results
obtained from the saturated-zone wells on and near Yucca Mountain. - Analyses
of ground water from the drillholes that penetrate the host rock and sur-. -
rounding units in the area of the exploration block indicate that they are"
principally sodium bicarbonate waters with low total dissolved solid content
(200 to 400 mg/L).  However, water from the carbonate aquifer contains over
1,000 mg/L total d1ssolved solids. Yucca Mountain ground waters are oxi-
dizing. The dominant cations in the Yucca Mountain ground water are sod1um,
calcium, potassium, and magnesium with sodium the most abundant, ranging from
65 to 85 percent of the cations present. - The concentrations of irom and
manganese are generally low. The anionic comstituents of the ground water
show a relatively uniform distribution in the wells with about 80 percent -
bicarbonate and the remainder as sulfate and chloride (usually present in
nearly equal molar concentrations) and fluoride (in varying concentratioms).
Overall, only minor variations in ground-water compositions occur in and
adjacent to Yucca Mountain. Temporal variations in ground-water composition
are also minor. Finally, the water from well J-13 has been chosen as the
reference ground water that will represent the ground-water conditions: along
the transport pathways from the" rep051tory to’ the acce551b1e env1ronment

The geochemlcal retardat1on processes described in Sect1on 4.1.3 1nclude
sorption, precipitation, and matrix diffusion. Sorption data have been
obtained with samples representative of Yucca Mountain strata. The variables
include time, temperature, particle size, oxidation-reduction conditionms,
element concentration, ground-water composition, and test method (batch,
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column, or circulating system). The radionuclides investigated were ameri-
cium, cesium, neptunium, plutonium, uranium, thorium, strontium, technetium,
tin, barium, radium, cerium, europium, and selenium. A correlation of
sorptive behavior with mineralogy has been identified. Sorption of alkali
metals (e.g., cesium) and alkaline earths (strontium, barium, radium) is
directly correlated with the presence of minerals with exchangeable cations
such as the zeolite clinoptilolite and potentially the smectite clays.
Sorption ratios on these minerals vary from 1,000 to more than 10,000 ml/g.
The correlation of sorption of cesium, europium, plutonium, and americium
with mineralogy exists, but the relation is not as clear as for the alkali
metals. However, sorption ratios are high for the elements listed above

(100 to more than 1,000 ml/g); therefore, the lack of correlation is not
critical. The sorption of these elements though, is undoubtedly influenced by
the formation of hydroxy and carbonate complexes. It appears that sorption
on tuff will not offer much retardatioP_for such anionic species as an
oxidized technetium species (i.e., Tc0® ). Precipitation processes (i.e.,
solubility) will limit the concentration of radionuclides in water that moves
from the repository toward the accessible environment. The solubility of
americium, plutonium, neptunium, uranium, curium, thorium, strontium, radium,
carbon, cesium, technetium, iodine, tin, zirconium, samarium, and nickel in
well J-13 water has been compiled from available measurements and calcula-
tions. Diffusion of radionuclides from fracture water into the pore water in
the rock matrix is important for retarding the transport of dissolved waste
elements through fractures in tuff.

4.5.2 RELATION TO DESIGN

The geochemical characteristics of the backfill materials and the anti-
cipated chemical interactions among the waste container, backfill, ground
water, and the host rock under assumed waste emplacement conditions are
described in Sections 6.3.3 and 7.4. The geochemical characteristics of the
seal material as well as the anticipated chemical interactions among the seal
materials, ground water, host rock, and backfill under assumed emplacement
conditions are described in Section 8.3.5. Waste container design and geo-
chemical interactions are described in Section 7.4. The mineral stability
studies may have an impact on design considering that there is a reported
volume change as minerals undergo transitions. This volume change should be
assessed in order to determine whether the change is significant to design.

4.5.3 IDENTIFICATION OF INVESTIGATIONS

The investigations under the geochemistry program are listed below and
will be discussed in detail in Section 8.3.1.3. Investigations 8.3.1.3.1
(ground water chemistry), 8.3.1.3.2 (mineralogy, petrology and rock chemis-
try) and 8.3.1.3.3 (stability of minerals and glasses) will provide the base
site characterization data on the natural geochemical environment at Yucca
Mountain. Investigations 8.3.1.3.4 (radionuclide sorption), 8.3.1.3.5
(radionuclide solubility), 8.3.1.3.6 (radionuclide dispersion, diffusion, and
advection), and 8.3.1.3.8 (gaseous radionuclide transport) will investigate
the geochemical processes that are acting and may potentially act at Yucca
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Mountain. Finally, Investigation 8.3.1.3.7 will support the listed investi-
gation and assess the physical/chemical processes through integrated trans-

port calculations. This investigation will synthesize the geochemistry test
program data and provide a geochem1cal/phys1ca1 model of Yucca Mounta1n The
investigations are the following: , : :

Investlgatlon 8. 3 1.3. 1 Water chemlstry w1th1n the potent1a1 emplacement
: hor1zon and along potent1a1 flow paths

The water chem1stry within the saturated gone has been well character-/
jzed, but more data are needed for the unsaturated zone (Section 8.3.1.2.2).
A model of the ground-water chemistry for Yucca Mountain relating composition
to the geologic location along potential pathways is also needed.

The information needed is as folloWS'
1. VWater chem1stry of the unsaturated gone.

2. Additional baseline data on naturally occurring radionuclides in
Yucca Mountain ground water

3. Part1cu1ate content of Yucca Mountain ground water and collect1on

4. More data on the m1neralog1c controls on Yucca Mounta1n ground
water.

5. Model of the ground;water chenistry at Yucca Mountain. -

Investigation:8.3.1r3.2 H1neralogy, netrology,Aand.rock chemrstrw within the
potential emplacement hor1zon and along potent1a1
- flow paths.. -

The host rock in the Topopah Spring Hember has been described, including
the primary phenocryst and vapor-phase constituents. ' The discussion is found
mostly in Chapter 1. Also discussed are the secondary minerals within frac-
tures. The data were assessed for usefulness in indicating stratigraphic
position and in characterizing the mineralogy along potential radionuclide
travel paths. The chemistry and mineralogy of the surrounding units were
detailed including a discussion of the secondary mlnerals w1th empha51s on
the sorptive zeol1tes and clays : NP o R

More data are st111 needed to assess (1) how the mineral distributions
at Yucca Mountain are going to affect retardation by sorption , (2) what
processes account for the minerals found at Yucca Mountain, (3) whether those"
processes have been completed or are still operating, and .(4) how the. :
projected processes would affect a repositoryat Yucca Mounta1n The
followlng list of parameters address these needs R

1. M1nera1 d1str1but10ns in bulk rock

2. Mineral distributions in fractures
3. Bulk rock chemistry. SR :
4. . Fracture chenmistry.
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5. Mineral origins and alteration history.
8. Mineralogy of transport pathways.:

Investigation 8.3.1.3.3 Stability of minerals and glasses.

Mineral stability in Yucca Mountain was considered in two ways. The
first consideration was whether the present mineral assemblages in Yucca
Mountain are stable under present conditions and, if they are not, what
mineralogic changes are probable. The presence or absence of clays, cristo-
balite, glass, and zeolites was studied to assess past thermal gradients.
The transformation of cristobalite to quartz was studied in order to under-
stand the evolution of silica activity, which controls the stability of
clinoptilolite, a sorbing mineral. The second consideration was what effect
repository heating will have on mineral stability, due to both increased
temperature and possible dehydration of the rock. The hydrothermal altera-
tions of zeolites, smectites, and rhyolitic glasses were studied to determine
alteration products, volume changes, and to understand the kinetics of these
mineral reactions. More work is needed to further define the stab111ty of
minerals and glasses in every area mentioned previously.

The information needed is as follows:

1. Data on m1neral assemblages and temperatures in active hydrothermal
systems in vitric tuff.

2. Data on dehydration in smectites, zeolites, and glasses. (From
8.3.1.3.2) -

3. Data on the kinetics of silica phase transformations and
correlations to aqueous silica activity.

4. Data on the kinetics of transformations in smectites, zeolites, and
related tektosilicates.

5. Data for constructing thermodynamic models of clinoptilolite,
analcime, and albite.

6. Development of a conceptual model of mineral evolution.

Investigation 8.3.1.3.4 Radionuclide retardation by sorption processes along
flow paths to the accessible environment.

The retardation process of sorption has been thoroughly considered in
this chapter. Sorption as a function of ground-water composition, mineral-
ogy, pl, temperature, oxidation-reduction conditions, sorbing species, and
waste element concentrations have been considered. Detail was provided on
the analytical techniques used to determine sorptive coefficients and a
discussion of the techniques for elucidating dynamic processes and how they
are coupled to sorption.

Work must continue on all the previously d1scussed process parameters 1n
order to assess the interrelationships of water chemistry, mineralogy,
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solubility, and speciation, and the effect of these processes on the
retardation process of sorption in expected and unexpected conditions.

The information neeaed'is as follows:

1. Data on sorption as a function of ground-water comp051t1on,
mineralogy, and sorb1ng element concentrat1on. '

2. " Extension of the sorpt1on data base, spec1f1cally sorptlon
'"4coeff1c1ents correlated w1th strat1graphy :

3. Data on sorpt1on on part1culates and collo1ds and its relat1on to
o transport

4. - Data on the. affects of m1crob1el act1v1ty on sorpt1on and the o
' subsequent relat1on to transport ' . o

5. . Work on the statistical analys1s of sorpt1on data.;

} 6.: Hodel for'sprpt;ve behav1or of ;mportant'waste‘elementh'"

Invest1gatzon 8.3.1.3.5 Rad1onucl1de retardat1on by prec1p1tat1on along flow
paths to the accessible env1ronment

Precipitation processes will limit rad1onuc11de transport when the solu-
bility limits of waste elements are exceeded in water as it moves toward the
accessible environment. Spec1at1on, defined as the format1on of - various
complexes and oxidation states in the aqueous phase, in ‘turn affects the
solubility. This chapter briefly discussed speciation, solubllzty, radio-
colloid formation, and rad101y51s, all processes 'important in ‘understanding
concentration limits of elements in solution. The few soliubility measure-
ments that have been conducted were discussed slong with the modellng work
needed to further calculate waste-element solub1l1t1es

To continue the experimental work it is necessary to define the -
conditions that control solubility- (water chem1stry, temperature, radiation
field) and to défine the waste element behivior in order to best understand
precipitation processes., :

The information needed 1s as follows'

1. Experlmental data on solub1l1ty or’ concentrat1on 11m1ts of
1mportant waste ‘elements.

2. Experimental data on the ab111ty of waste elements to form natural
Lo collo1ds. » L

3. Datz on, or theoret1ca1 understand1ng of the sensitivity of

. solub111ty limits ‘in’ controll1ng parameters. “Theory will:be

. }developed from spec1at1on measurements and solub111ty model1ng

4L Solubility calculatlons. S
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Investlgatlon 8.3.1.3.6 Radionuclide retardation by dispersive, diffusive,
and advective transport processes along flow paths
to the accessible environment.

The retardation of radionuclides by dispersive, diffusive, and advective
processes was discussed in this chapter in relation to the anticipated and
unanticipated conditions at Yucca Mountain. The chapter discussed the pro-
cesses of radionuclide transport (diffusion, fracture flow, anion exclusion,
hydrodynamic dispersion, and particulate (colloids or solids) transport.

Some of the transport processes retard the rate of radionuclide transport.
Matrix diffusion was discussed along with matrix diffusion coupled with
fracture flow. Although dispersion is not a transport mechanism, the process
also retards radionuclides by channeling (Non-Fickian dispersion) and the
broadening effect of heterogeneously distributed material properties. The
transport processes are also intimately associated with sorption and with
geochemical processes that result in precipitation.

The transport of tracers in geohydrologic systems is not simple and the
simplifying assumptions must be tested by laboratory and field experiments to
understand fully the relationship of these processes to the retardation of
radionuclides. Extensive laboratory work is needed to successfully model the
processes. '

The information needed is as follows:
1. Data on diffusion processes (advection and no advection).
2. Data on matrix diffusion and its relationship to fracture flow.

3. Data on the relationship of adsorption to these transport
. processes.

4. Data on sorption kinetics.
5. Data on a2nion exclusion.
8. Data on colloidal movement and particulate transport.

7. Data on dispersion (hydrodynamic, channeling).

Invest1gat10n 8.3.1.3.7 Radionuclide retardation by all processes along flow
paths to the accessible environment.

The modeling of radionuclide tramsport requires that chemical reactions
of radionuclides occurring between the solid phase (minerals or precipitates)
and aqueous phase (fracture or pore water) be coupled with the hydrologic
flow and physical processes like diffusion and dispersion. The combination
of all processes can be used to assess the retardation of radionuclides.
This chapter discussed geochemical retardation in the host rock for antici-
pated and unanticipated conditions. The computer models discussed have the
capability to include most of the known physical and geochemical transport
processes. The preliminary work on radionuclide retardation was reported.
Also discussed was the effect of the thermal load on radionuclide migration.
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A conceptual geochemical-geophysical model must be developed to provide
the baseline data needed for integrated radionuclide transport calculations.
This baseline data set is incomplete; however, the calculation can be an
iterative process as better and more complete data from geochemical, -
mineralogical-petrological, hydrological, and other pertinent NNWSI Project
tasks are obtained. The significance and relative importance of each physi-
cal -and geochemical process affecting transport also needs to be assessed.

The information needed is as follows:

1. Data from previous investigations listed and other NNWSI Project
tasks (geochemical characteristics, source terms, rock
characteristics, and geohydrologic characteristics).

2. Geochemical-geophysical model of Yucca Mountain.

3. Integrated transport calculations.

4., Significance and relative importance of processes affecting
transport (sensitivity analysis).

5. Continued development of tramsport models.

6. Integration of field test results (geochemical).

Investigation 8.3.1.3.8 Retardation of gaseous radionuclides along flow
paths to the accessible environment.

Because the repository may be in the unsaturated zone, this chapter
discussed gaseous transport as a potentially significant mechanism for the
transport of volatile radionuclide. Two mechanisms are likely to be
effective: (1) isotopic exchange between the gas phase and aqueous phase,
and (2) the solubility of the gaseous species in the aqueous phase. No
experimental work has been done to date on the geochemical aspects of gaseous
transport. .

The information needed is as follows:

. Gaseous species.
. Gas-phase composition.
. Physical transport mechanisms and rates.

¢

1
2
3
4. Retardation mechanisms and transport with retardation.
5 Gaseous radionuclide transport calculations.

6

. Experimental verification of gaseous transport calculations (gas-
transport measurements).
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4.5.4 RELATION TO REGULATORY GUIDE 4.17
Regulatory Guide 4.17, Part B, Section 8 (NRC, 1987) provides generic \\_//
guidance for geochemical topics to be addressed in a site characterization
report -to the NRC. All of the geochemical topics called for in Regulatory
Guide 4.17 are relevant and applicable to the Yucca Mountain site. Most of
these are addressed primarily in this chapter, although some are discussed
only briefly and with reference to more complete treatments in Chapters 3, 7,
and 8 of this document. '
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