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Chapter 4
GEOCHEMISTRY
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4.0

INTRODUCTION

The long-term safety of a nuclear waste repository in basalt depends on
geochemical parameters that control the release and transport of waste
radionuclides from the engineered barrier system. Safety assessment of the
waste disposal system requires an understanding of probable radionuclide
release and transport scenarios and the chemical and physical processes
associated with these scenarios. The most credible scenario appears to be a
gradual degradation of engineered barriers and subsequent transport of
radionuclides by groundwater through fissures in the basalt into porous flow
tops and interbed layers. Because geochemical processes along flow paths will
influence radionuclide movement, relevant geochemical processes must be
identified and characterized. Chemical and physical processes involved in
this scenario include saturation of packing material by groundwater; corrosion
of the metallic container; dissolution and leaching of radionuclides from the
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waste form; radionuclide precipitation; radionuclide sorption on engineered
barrier materials and geologic solids; radionuclide diffusion; hydrothermal
reactions with engineered barriers and geologic solids; and radiolysis of
groundwater. These processes (and others) must be synthesized into models
that describe the overall performance of the repository.

PURPOSE OF THE GEOCHEMICAL PROGRAM
The overall purpose of geochemical studies of the Hanford Site is to
characterize geochemical parameters and processes that will affect long-term
containment of waste radionuclides within engineered barriers and isolation -of
waste radionuclides from the accessible environment. Since transport via
groundwater is the most credible means of radionuclide movement from the
repository, geochemical processes that are expected to occur along potential
groundwater flow paths from the repository to the accessible environment must
be identified and characterized. This chapter emphasizes geochemical
processes that occur in the natural system, such as radionuclide sorption and
desorption, diffusion into the rock matrix, redox reactions, complexation
reactions, and reactions of minerals with groundwater. Chemical reactions
that occur within the engineered barriers system are discussed in Chapter 7
(Sections 7.4.6, 7.4.7.4, and 7.4.3.4.3). A detailed description of geochemical processes and parameters important In different regions of the
repository is given in this section.
In the natural system, groundwater is expected to move laterally in
basalt flow tops and interbeds (potential aquifers) and vertically across flow
interiors (aquitards) (see Chapter 3). The existing geohydrology data base is
not yet complete enough to support a detailed model of the groundwater flow
path. However, it is likely that the top of the Cohassett flow is an early
segment of the flow path because of a slightly upward hydraulic head gradient
across the flow. The remainder of the flow path consists of basalt flow
interiors, relatively porous flow tops, and sedimentary interbeds above the
repository horizon. Geochemical parameters for each of these flow path
segments must be characterized to accurately predict the long-term isolation
performance of the repository.
Federal regulatory performance criteria for geologic repositories have
been specified by the U.S. Nuclear Regulatory Commission (NRC) (NRC, 1985,
pp. 563-593) and the U.S. Environmental Protection Agency (EPA) (EPA, 1985,
pp. 38066-38089). These regulations require essentially complete containment
of the waste within the waste packages for a minimum period of 300 to 1,000 yr
and a subsequent maximum release rate from the engineered barrier system of
1 part in 100,000/yr of the radionuclide inventory at 1,000 yr following
repository closure (radionuclides released at a rate less than 0.1% of the
total release rate limit are exempt from this requirement). In addition, the
disposal system must be designed so that the cumulative releases of radionu-.
clides to the accessible environment over 10,000 yr have a low, specified
probability of exceeding the quantities given in Table 1 (Appendix A) of
40 CFR 191 (EPA, 1985, pp. 38087-38088). The geochemical parameters that
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control radionuclide containment and release are groundwater composition, pH,
redox potential, colloid concentration, composition of engineered barriers,
and mineralogy of geologic solids. The regulatory performance criteria and
the geochemical information required to provide assurance that the criteria
will be met are given in Table 4.0-1. These geochemical data must be
incorporated Into performance assessment models (along with physical
parameters and processes) that will predict long-term containment and release
of radionuclides.
In addition to the performance criteria, siting criteria in 10 CFR 60
(NRC, 1985, pp. 563-592) and 10 CFR 960 (DOE, 1984, pp. 47714-47770) give
specific geochemical conditions that are favorable and unfavorable for
providing reasonable assurance that the performance objectives of waste
isolation will be met. These regulations imply that certain geochemical
parameters and processes must be evaluated in order to select a site for a
repository. The required geochemical information is summarized in
Table 4.0-2. The location of this information in Chapter 4 and the
corresponding studies (from Chapter 8) needed to obtain the remainder of the
required geochemical data are also presented in Table 4.0-2.

SOURCES OF GEOCHEMICAL DATA
The methods used to gather the data presented in this chapter are
described briefly below. Refer to Section 4.1 for details.
Both laboratory and field techniques have been developed and applied in
gathering geochemical data. Mineralogical and petrological data were obtained
by analyzing drill core samples and samples of outcrops. Major and selected
trace element concentrations in the rock samples were determined by x-ray
fluorescence. Neutron activation analysis was also used for measurement of
some trace elements. Individual phases were identified using electron
microprobe, x-ray diffraction, scanning electron microscope, and optical
microscope techniques.
Groundwater samples from various stratigraphic zones were obtained by
pumping from a number of boreholes drilled in the Hanford Site. Some springs
have also been sampled. Concentrations of inorganic components in these
groundwaters were measured using inductively coupled plasma spectroscopy
techniques for cations and ion chromatography for anions. Total organic
carbon was determined using a total organic carbon analyzer and dissolved
gases were determined with a gas chromatograph. Inorganic carbon was
determined by titrimetry.
The distribution of radionuclides between groundwater and mineral phases
was measured in the laboratory under conditions that simulate those expected
in groundwater flow paths from the repository. Batch equilibrations of
radionuclide-groundwater-rock systems were used to obtain radionuclide
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sorption and desorption information. Future studies will also include flowthrough or column measurements. Additional details of these methods are given
in Section 4.1.3.2.
The redox environment of the natural system was estimated using three
different methods: (1) identification of redox-sensitive secondary minerals
in basalt flows, (2)measurement of concentrations of both reducing and
oxidizing species of several redox couples dissolved in groundwater, and
(3) electrode potential measurements using platinum electrodes. These three
methods yield independent estimates of the redox state of the natural system.
Temperature increases in the natural system due to emplacement of the
waste were estimated using heat flow models. These models are based on
repository design, the age and quantity of waste in the repository, thermal
conductivity of repository components and host rock, and the time at which
resaturation of the waste package occurs.
Natural analog studies of geochemical processes that are relevant to
repository performance require methods for characterization of minerals and
groundwaters in the natural system. These methods are essentially the same as
those described above.
The methodology to be used for field tracer tests that determine
radionuclide chemistry and transport is still under development. Plans for
these tests are presented in Section 8.3.1.4.2.3.
The geochemical data presented in this chapter were obtained before
January 31, 1986. Geochemical information obtained after this date will be
presented in 6-month progress reports of the Site Characterization Plan.

PLANS FOR OBTAINING ADDITIONAL GEOCHEMICAL DATA
Plans for obtaining additional geochemical data on the natural system are
presented in Sections 8.3.1.2.2.5 and 8.3.1.4, and a short summary of site
geochemistry plans is given in Section 4.5.3. These plans include additional
mineralogical and petrological characterization of primary and secondary
minerals in basalt flows and sedimentary interbeds; characterization of
groundwaters (e.g., inorganic and organic composition, dissolved gases, stable
and radioactive isotopes, redox status); laboratory and field studies of
radionuclide retardation (e.g., batch and column sorption-desorption
measurements, reactive field tracer tests, measurements of natural radioactive
disequilibrium); and characterization of natural analogs.
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USES OF GEOCHEMICAL DATA
The use of natural system geochemical data in site characterization is
described in more detail in Chapter 8 (see Table 4.0-2 for appropriate
sections). A brief summary of how the geochemical data presented in this
chapter will be used by various components of the Basalt Waste Isolation
Project (BWIP) is given below.
o Host Rock Geochemistry. The geochemistry of basalt and interbed.
materials will be a major input to the development of a mineralogypetrology model. This model will be used to assess current and
future geochemical changes in the natural system and to present a
complete picture of the distribution of minerals that influence
radionuclide transport. Mineralogy will influence groundwater
chemistry and, thus, will input to geochemical and hydrochemical
models. Primary mineralogy and bulk chemical composition of the
basalt flows are also useful tools for determining intraflow
structure and stratigraphic correlations that are needed for
estimating the areal extent and thickness of basalt flows to be used
for repository construction.
o Groundwater Geochemistry. Groundwater geochemical data provide
independent evidence for hydrologic flow models of aquifers
underlying the Hanford Site that may affect waste isolation. These
flow models predict the direction and rate of groundwater flow along
credible flow paths from the repository. In addition, the
geochemical properties of the groundwater will influence
radionuclide retardation mechanisms such as ion exchange,
chemisorption, and precipitation. Finally, groundwater chemistry
must be defined for laboratory and field test programs that
determine corrosion rates of container materials, waste-barrier-rock
hydrothermal reactions, and radiolysis effects on groundwater
chemistry and radionuclide behavior.
o

Geochemical Retardation. Natural system radionuclide sorption data
(i.e., sorption and desorption isotherms, and distribution
coefficients) will be input to radionuclide transport models that
predict the performance of the repository. Sorption of
radionuclides on minerals in the natural system is an important
mechanism for retardation of radionuclide transport in groundwater.
The effects of groundwater parameters (e.g., pH, Eh,-groundwater
.composition, temperature) on sorption must also be incorporated into
these computer codes.
Chemical and physical environmental factors that affect radionuclide
retardation processes include groundwater composition, pH, and redox
potential; rock mineral composition and microstructure; and
temperature and pressure. These parameters must be known in order
to perform valid experimental measurements of radionuclide sorption
and solubility in the natural system.
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o Geochemical Effects of Waste Emplacement. The primary effect of
waste emplacement will be to increase the temperature on the host
rock. Radiation effects are not expected to be important for the
natural system, but are evaluated in Chapter 7 for effects on the
waste package. Data describing temperature effects on hydrothermal
alteration of minerals, changes In water chemistry, and the
resultant effects on radionuclide transport will be input to
geochemical models and radionuclide transport models. Estimates of
the thermal pulse and its geochemical effects will allow realistic
limits for temperature, groundwater composition, and mineral
composition to be set for experimental measurements of radionuclide
behavior.
o Natural Analogs and Field Tests. Natural analog studies will yield
only qualitative information on geochemical processes that might
affect waste isolation. These results will be used in concert with
laboratory tests and performance models to help evaluate the longterm geochemical stability of the natural and engineered barriers
systems. Data from field testing will be compared to laboratory
results so that scaling factors can be calculated and used in
radionuclide transport models.

QUALITY OF GEOCHEMICAL DATA AND MODELS
Conceptual models as defined here are hypothetical representations of
geochemical processes expected to occur in the repository system. Only
qualitative descriptions are presented in this section. Quantitative models
of geochemical processes considered in performance assessment are described in
Chapter 8 (Section 8.3.5j.
The chemical processes significant in determining the ability of a mined
geological repository in basalt to isolate radionuclides differ according to
the location in which these processes occur. These processes depend on the
types of solid materials present, groundwater composition, groundwater flow
rate, temperature, pressure, Identity and quantity of radionuclides present,
and the radiation field. These factors are different in the three regions of
the repository system defined by NRC (1985, pp. 563-593) and the Mission Plan
(DOE, 1985, p. 429). These regions are shown in Figure 4.0-1 and are
described as follows.
o The engineered barriers system includes all the manmade barriers
(i.e., waste form, canister, container, packing material, and
repository backfill material).
o The disturbed zone consists of the region of the host rock that is
immediately surrounding the excavations and Is affected by emplacing
the waste (e.g., fractures caused by mining, increased temperature,
radiation field) to the extent that performance of the repository
could be significantly changed.
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o The natural system constitutes the remainder of the repository
system i.e., basalt flows, interbeds, and groundwaters) and
terminates at the boundary to the accessible environment. The
accessible environment is defined as the atmosphere, the land
surface, surface water, oceans, and the portion of the lithosphere
that is 5 km (3 ml) from the underground facility.
In an analogous manner to this spatial division of a nuclear waste
repository in basalt, a division can also be made on the basis of time with
respect to the NRC criteria regarding the emplacement of waste and isolation
of the waste thereafter. Four distinct time intervals are described in the
following.
o The pre-emplacement period is when ambient conditions will persist.
Geochemical parameters that are important to site characterization
during this period are host rock composition (mineral composition,
chemical composition, grain size) and ambient groundwater composition (pH, Eh, dissolved minerals, gases, organics, colloids).
o

The preclosure operational/retrieval period begins during excavation
and construction of the repository. It continues through waste
emplacement and ends with closure of the repository. During this
period the host rock is exposed to air, radiation, and elevated
temperatures. These conditions lead to chemical alteration of the
host rock and groundwater. Excavation-induced damage of the host
rock will also occur during this period.

o

The containment period begins after the closure of the repository:
The radionuclides must be substantially contained within the waste
package during the required containment period of 300 to 1,000 yr
(NRC, 1985, pp. 563-593). Gamma radiation, elevated temperatures,
ambient oxygen from the operating period, and corrosion of the waste
container will alter the groundwater composition within the
engineered barriers and disturbed zone. The initially dry
environment of the waste package will be saturated with groundwater.
The reactions taking place in the engineered barriers and the
disturbed zone are discussed in Section 7.1.

o

The isolation period begins when the physical containment of the
waste form has been breached and groundwater comes into contact with
the waste form. This time period is normally defined as 1,000 yr
for BWIP although the majority of waste packages may keep their
integrity for longer time periods. The rate of release of
radionuclides to the host rock will be controlled by dissolution of
the waste form and transport through the packing material. Sorption
reactions of radionuclides in each of the three regions of the
repository will retard radionuclide transport. Precipitation will
likely occur mainly In the engineered barrier system and the
disturbed zone.
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As shown in Table 4.0-3, a combined matrix of spatial regions and time
periods for a nuclear waste repository in basalt can be used to define what
geochemical processes and associated physicochemical parameters are relevant
for demonstrating performance compliance with Federal regulatory criteria
(NRC, 1985, pp. 563-593; EPA, 1985, pp. 58196-58206).
Geochemical processes and parameters will affect containment of waste
radionuclides within engineered barriers and also isolation of radionuclides
from the accessible environment. Prior to repository closure, air will be
present in underground excavations and will lead to oxidation of some
iron(II)-containing minerals in the host rock, backfill, and packing
materials. Air exposure will also cause corrosion of the waste package
container. Reducing conditions will be slowly restored after closure by the
large reducing capacity of the host rock and engineered components. The
underground excavations will be gradually saturated with groundwater and the
containers will continue to slowly corrode until they are breached, allowing
groundwater to contact the waste form. The waste form, including radionuclides, will slowly dissolve in groundwater. Dissolved radionuclides will
then diffuse through container corrosion products, packing material, and
backfill material into fissures in the host rock basalt flow. Dissolution of
most radionuclides in groundwater will generally be limited by low
solubilities in this slightly basic groundwater (pH 9 to 10). Sorption
reactions of dissolved radionuclides with surfaces of corrosion products,
packing material, backfill material, and minerals contained in basalt fissures
and flow tops (probable groundwater flow paths) will delay radionuclide
transport to the accessible environment. The formation of inorganic or
organic complexes with dissolved radionuclides may increase their solubility
and (or) decrease their sorption. Redox reactions of radionuclides with the
reducing environment of the host rock and engineered barriers will tend to
keep some radionuclides in reduced oxidation states in which their
solubilities are lowered and sorption is increased. Colloids suspended in
groundwater may carry sorbed or precipitated radionuclides along flow paths if
they are chemically stable and mobile. Because of the small pore sizes
expected in porous media in flow paths and the slow velocity of groundwater
flow, physical filtration and gravitational settling of colloids is expected
to immobilize them.
Acceptable levels of uncertainty in the geochemical parameters described
above can be estimated using two different approaches. In the first approach
(a deterministic approach), a worst case is determined and the most
pessimistic values of parameters are used in radionuclide containment and
release models. If the models yield containment and release limits that are
allowable by Federal regulations, then the data uncertainties are acceptable.
The difficulty in this approach lies in drawing the line between credible and
unrealistic data sets. The second approach (a probabilistic approach) is to
use sensitivity/uncertainty analysis to quantify uncertainties in the results
that are created by uncertainties in input parameters. This approach will
allow the identification of parameters that exert the greatest influence on
radionuclide containment and release and will allow estimation of uncertainties In model outputs. This approach will be used when uncertainties in
input parameters can be estimated. Plans for performing
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sensitivity/uncertainty analyses of geochemical parameters using models of
radionuclide containment and release are described in Chapter 8
(Sections 8.3.4.5 and 8.3.5.2.3).
Not all models that use geochemical data (e.g., radionuclide release,
transport, corrosion, geochemical models, etc.) are refined enough to allow
sensitivity/uncertainty analysis of geochemical parameters. Therefore, it is
not possible to accurately judge the quality of all available geochemical data
at present. In some cases, the processes that influence repository
performance are not yet well understood and, thus, the models have a high
degree of uncertainty.
Additional uncertainties in the geochemical data are a result of
difficulties in sampling and analysis of geologic materials. Problems
involved in sampling deep groundwaters (contamination by drilling mud, by air,
and by the sampling apparatus; loss of dissolved gases; etc.) are discussed in
Chapter 3. A significant effort is planned (Chapter 8, Section 8.3.1.3) to
obtain uncontaminated, representative groundwater samples by improving
drilling methods and sampling equipment. Similar problems are involved in
sampling the rock. Analytical methods for determination of most major
components of geologic samples are well-developed. However, analyses of some
trace components (e.g., organic chemicals in groundwater) are difficult.
Most of the available data on geochemical behavior of radionuclides
reported in this chapter were obtained in laboratory experiments. Since
geochemical conditions in the natural system are complex, it is difficult to
reproduce field conditions precisely in the laboratory. Examples of
parameters difficult to duplicate are redox conditions and the composition of
geologic materials in the natural system. The amount of uncertainty
introduced because of these problems is difficult to estimate, since it
depends on the chemistry of the radionuclide involved and the variability of
geologic materials in groundwater flow paths. To help overcome these
difficulties, field tracer tests using reactive and nonreactive tracers in
postulated groundwater flow paths are planned (see Chapter 8). The laboratory
and field test data complement one another and provide a more complete
description of radionuclide behavior.
The slow rates of some geochemical reactions result in uncertainties in
the geochemical data. Observations of chemical reactions in the laboratory
are practically limited to a few years, whereas reactions in groundwater flow
paths can occur over hundreds or thousands of years. Therefore, data obtained
from slow reactions in the laboratory must be extrapolated to very long times.
This can lead to uncertainties in the extrapolated data. The possibility also
exists that some slow reactions could be overlooked. These reactions can be
accelerated (within limitations) by changing experimental parameters (e.g.,
increasing the temperature, surface area of solid reactants, flow rates,
etc.). The measurement of reaction kinetics is an important aspect of planned
geochemical studies outlined in Chapter 8.
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ORGANIZATION OF CHAPTER 4
The objective of Chapter 4 is to present natural system geochemical data
as it is now understood. Geochemical processes and parameters important to
radionuclide isolation are presented along with current best values for
parameters. Areas where the geochemical data are incomplete are noted, and
references for plans for getting more data are given.
The geochemistry of the host basalt and surrounding basalt flows, flow
tops, and interbeds is presented in Section 4.1. Chemical, mineralogic, and
petrographic data that may influence radionuclide isolation are given in
Section 4.1.1. Groundwater geochemistry that can influence radionuclide
movement along flowpaths is discussed in Section 4.1.2. Specific geochemica.l
retardation processes, especially sorption and desorption, are discussed in
Section 4.1.3.
Waste emplacement will cause an increase in temperature. The effects of
Increased temperature on the geochemical properties that Influence
radionuclide Isolation are discussed in Section 4.2.
More information about the expected geochemical environment and
geochemical stability of a mined geologic repository in basalt come from
natural analog studies and field tests. Current data on such studies and
tests are presented in Section 4.3.
Human activity and natural changes could both affect the stability of the
proposed repository. Section 4.4 explores these possibilities.
Significant results are summarized in Section 4.5 and plans to collect
more data are referenced.
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4.1 GEOCHEMISTRY OF THE HOST ROCK AND SURROUNDING UNITS
4.1.1 Mineralogy and Petrology
4.1.1.1 General Description of Host Rock and Surrounding Units
4.1.1.2 Analytical Techniques
4.1.1.3 Mineralogic,.Petrologic, and Chemical Composition of the
Host Rock and Surrounding Units
4.1.1.4 Mineral Stability
4.1.2 Ground-Water Geochemistry
4.1.2.1 General Description of the Hydrochemistry
4.1.2.2 Major Inorganic Content
4.1.2.3 Trace Elements
4.1.2.4 Organic Content
4.1.2.5
Dissolved Gases
4.1.2.6
Background Radioactivity
4.1.2.7
Particulates and Colloids
4.1.2.8 Temperature and Pressure
4.1.2.9 Mineralogical Controls on Water Composition
4.1.2.10 Reference Ground-Water Composition
4.1.3 Geochemical Retardation Processes
4.1.3.1 General Description of Geochemical Retardation
4.1.3.2 Analytical Techniques
4.1.3.3
Sorption
4.1.3.4 Processes Affecting Radionuclide Concentrations and
Speciation in Solution
4.1.3.5 Matrix Diffusion
4.1.3.6 Radionuclide Transport
4.1.3.7
Geochemical Retardation in the Host Rock and Surrounding
Units - Anticipated and Unanticipated Conditions

The geochemistry of the host rock and surrounding basalt flows, flow
tops, and interbeds is important to radionuclide isolation because the
geochemistry will determine radionuclide behavior along pathways to the
accessible environment. The purpose of the geochemical investigations
reported in this section is to help define the geochemistry of the host rock
and surrounding units well enough to determine whether the proposed repository
can meet the applicable regulations for waste isolation. The plans for
investigations to finish this effort are given in Sections 8.3.1.4 and 8.3.4.
This section describes potential pathways for radionuclide transport in
the natural system. Sections 4.1.1 and 4.1.2 describe the geochemistry of
rocks and groundwaters, respectively, in the preferred emplacement horizon
(the Cohassett flow) and surrounding basalt flows, flow tops, and interbeds.
Section 4.1.3 describes chemical processes influencing radionuclide transport
along expected pathways to the accessible environment. Geochemtca.l
interactions in the engineered system are discussed in Chapter 7.
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The mineralogic and petrologic data collected so far show that the major
element and trace element compositions and primary mineralogy are laterally
uniform throughout the controlled area study zone. There is some
stratigraphic variation in chemical and.elemental compositions, but
differences are small and are not expected to result in radically different
basalt-water-waste reactions. The stratigraphic and lateral distribution of
secondary phases appears to be more variable than those of primary phases.
Cristobalite is more abundant than quartz above about 1,000 m (3,280 ft) and
quartz Is more abundant below about 1,000 m (3,280 ft). Mordenite has been
identified only below about 1,000 m (3,280 ft).
Current data allow some general conclusions about groundwater
geochemistry. The geochemical data collected so far show that the
groundw~ters are alkaline and the major ions are Na+, K+, Ca2+, Mg2 +, Cl-, F-,
and 504z . Not enough information is available to reach a conclusion about
the organic content of the groundwater or about background radioactivity.
Dissolved methane is the major gas in groundwater samples, but not enough
information is available to accurately determine the concentration. The
U.S. Department of Energy (DOE) is evaluating the usefulness of computer
models of mineralogic control on water composition.
Sorption and desorption are the most important geochemical retardation
processes in the natural system. Experiments show that radionuclides that
exist in groundwater solution as hydrated metal ions are strongly sorbed by
1gelogic Solids in potential flow paths. Nonmetallic radionuclides such as
I and 14C are not measurably sorbed. Sorption reactions for most
radionuclides are partially irreversible. Studies so far also show that the
preemplacement natural system is reducing (see Section 4.1.3.4), and a
reducing environment will retard radionuclide migration by decreasing
solubility and increasing sorption. Diffusion and precipitation processes are
expected to be less Important in the natural system than in the engineered
system.

4.1.1

MINERALOGY AND PETROLOGY

The mineralogy and petrology of the site will influence radionuclide
isolation. Certain minerals can react with each other, with groundwater, and
with radionuclides, changing some aspects of the geochemical environment and,
depending on the specific nature of the change, either inhibit or enhance
radionuclide sorption and transport. Certain minerals may precipitate in, or
dissolve from, fractures and interconnected pores in the rock. These
reactions might physically alter groundwater flow paths and the paths of
radionuclide transport to the accessible environment.
The data presented in this section are discussed with respect to the
repository isolation system, the reference repository location, and the
controlled area study zone. The repository isolation system is defined by
stratigraphy and is subdivided into a primary isolation zone, an upper buffer
zone, and a lower buffer zone (Fig. 4.1-1). The reference repository location
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is the lateral area .inwhich the repository will be located. The controlled
area study zone is the focus of site characterization activities and
represents the sum of all likely controlled areas for a repository at the
reference repository location plus a border of 5 km (3.1 mi). The lateral
boundaries of the repository will lie within the reference repository
location.
This section discusses the geochemical, mineralogic, and petrologic
characteristics of the repository isolation system with emphasis on the
primary isolation zone. The repository Isolation system is briefly described
in Section 4.1.1.1; the analytical techniques used to obtain the data are
briefly described in Section 4.1.1.2; the data are presented in
Section 4.1.1.3; and, mineral stability is discussed in Section 4.1.1.4.

4.1.1.1 General description of the host rock
and surrounding units
The potential repository site at Hanford is located in the Columbia River
basalts. The Columbia River basalts are tholeiltic continental flood basalts
that erupted 6 to 17 m.y. ago from linear vent systems up to 150 km (93 mi) in
length (McKee et al., 1977, p. 463; McKee et al., 1981, pp. 31-33). These
vent systems, which erupted sheetlike floods of relatively low-viscosity
magma, were predominantly east of the Pasco Basin in eastern Washington,
western Idaho, and northeastern Oregon. Several eruptions commonly congealed
into single lava flows covering as much as 75 000 kmz (29,000 mi2 ). Volumes
of individual flows are typically 10 to 30 km3 (2.4 to 7.2 mi3) but some are
known to be about 700 km3 (168 mi3 ) (Swanson and Wright, 1981, p. 1). Large
volume flows are generally thick (greater than 40 m (130 ft)), widespread, and
appear laterally continuous (see Section 1.2).
The Columbia River Basalt Group is divided into five formations that are,
from oldest to youngest, Imnaha Basalt, Picture Gorge Basalt, Grande Ronde
Basalt, Wanapum Basalt, and Saddle Mountains Basalt. Each formation is
divided in several members or sequences and each of these consist of more than
one flow. Of these five formations, only the Grande Ronde, Wanapum, and
Saddle Mountains Basalts are present in the Pasco Basin and the controlled
area study zone, and only the Grande Ronde and Wanapum Basalts are included in
the repository isolation system. In addition, not all members and not all
flows In a given member are present in the controlled area study zone. The
portion of the stratigraphic column pertinent to the repository isolation
system within the controlled area study zone is shown in Figure 4.1-1.
The primary isolation zone consists of several flows of the Grande Ronde
Basalt and the overlying Vantage interbed, which is part of the Ellensburg
Formation (Fig. 4.1-1). The Grande Ronde Basal: flows are about 280 m
(920 ft) thick and have a volume of about 61 km3 (15 m 3) in the primary
isolation zone (based on flow thicknesses in drill hole RRL-2). These basalts
consist principally of 0% to 35% pyroxene, 25% to 48% plagioclase, 0% to 6%
Iron-titanium oxides, 0X to 3% olivine, and 20% to 65% mesostasis of variable
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composition (Noonan et al., 1980, pp. 1-7; Table 4.1-1). Textures vary
considerably but are dominated by lath-shaped plagioclase and pyroxene in a
glassy matrix. Grain size is also variable but averages about 0.1 to 0.2 mm
(0.004 to 0.008 in.).
Although all Grande Ronde Basalt flows are similar in chemical
composition, slight differences in some elemental abundances, particularly
magnesium and titanium, allow each flow to be placed in one of three groups
called Grande Ronde Basalt chemical types; very high magnesium, high
magnesium, and low magnesium (Wright et al., 1979, pp. 1-13; Swanson et al.,
1979, pp. G1-G59). (See Section 1.2 for a detailed description of chemical
types.) Chemical analyses of any given flow are very similar throughout much
of the Columbia Plateau so that chemical composition, or chemical types, can
be used as a stratigraphic correlation tool. Only two of the three chemical
types, the low-magnesium chemical type and the high-magnesium chemical type,
are represented In the primary isolation zone. A more detailed discussion of
the chemical composition and mineralogy of Grande Ronde Basalt within the
controlled area study zone is given in Section 4.1.1.3.
Subsequent burial of the flows in the primary isolation zone by younger
flows and interaction with groundwater resulted in partial alteration of
basalt along fractures and partial filling of most vesicles and cooling joints
with secondary minerals. Alternatively, some secondary minerals could have
formed by deuteric processes. The dominant secondary minerals are clays,
zeolites, and silica with lesser amounts of calcite and pyrite. In addition
to filling fractures and vesicles, secondary alteration products are
associated with breccias, both primary and tectonic, and with fault gouges.
Secondary minerals in faults and breccias have not been studied, but
investigations are planned as described in Sect~ion 8.3.
The secondary minerals in Grande Ronde Basalt formed as a result of
basalt-water reactions. The specific, physicochemical conditions under which
the secondary minerals formed are currently not well documented or well
understood. Benson and Teague (1982, pp. 595-613) indicate that the secondary
minerals in vesicles and fractures formed at temperatures slightly above
surface temperature. However, secondary minerals similar to those found in
the Grande Ronde Basalt are presently forming at temperatures up to 200 QC in
Icelandic basalts (Kristmannsdottir, 1976, pp. 30-39; 1979, pp. 359-367).
Future studies designed to elucidate the formation conditions and subsequent
history of secondary minerals are described in Section 8.3.
The Vantage interbed overlies the Grande Ronde Basalt. The Vantage
interbed varies in nature throughout the central Columbia Plateau from a clayrich saprolite, to an erosion surface, to fluvial sands, muds, and gravels.
Schmincke (1964) has made the most comprehensive study of the mineralogy and
petrology of the Vantage interbed that exists to date. Schmincke's work,
however, was primarily west and northwest of the Pasco Basin where the Vantage
interbed is dominated by fluvial sediments. Within the controlled area study
zone, the Vantage interbed varies from about 9 m (30 ft) of fluvial sediment
in the western portion (McGee well) to less than about 0.5 m (1.6 ft) of
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weathered basalt in the central and eastern portions (borehole RRL-2).
Studies to describe the mineralogy and petrology of the Vantage interbed in
the controlled area study zone are described in Section 8.3.
The lower buffer zone consists of Grande Ronde Basalt flows between the
Umtanum flow, or base of the primary Isolation zone, and the N2 /Re contact.
These flows are similar mineralogically, petrographically, and geochemically
to the Grande Ronde Basalt flows constituting the primary isolation zone,
which is described above. All three Grande Ronde Basalt chemical types are
represented in the lower buffer zone. A more detailed description of the
Grande Ronde Basalt in the lower buffer zone is given in Sections 4.1.1.3.3
and 4.1.1.3.4.
The upper buffer zone consists of the Wanapum Basalt and the interbedded
Squaw Creek and Quincy interbeds. The Wanapum Basalt is about 330 m
(1,083 ft) thick and has a volume of about 70 km3 (17 mi3) in the controlled
area study zone (based on thickness in drill hole RRL-2). It consists of four
members, three of which are present in the controlled area study zone. The
Wanapum Basalt flows consist principally of about 15% to 30% pyroxene, 20% to
50% plagioclase, up to 15% opaques, 0% to 7% olivine, and 15% to 60%
mesostasis glass (Taylor, 1976, pp. 109-110; Myers, 1973, pp. 37-90). In
general, Wanapum Basalt flows are mostly intergranular, intersertal, and
hyalophitic. Some flows are coarsely plagioclase-phyric, but most are fine to
medium grained.
Chemical analyses of Wanapum Basalt flows can be grouped, like the
Grande Ronde Basalt flows, into chemical types. There are 14 Wanapum Basalt
chemical types, 10 of which are present in the controlled area study zone. As
with the Grande Ronde Basalt flows, Wanapum Basalt flows have fairly constant
chemical compositions across the controlled area study zone and across much of
the Columbia Plateau and have been used as a tool for geologic mapping and
stratigraphic correlation (Wright et al., 1979; Swanson et al., 1979; Reidel,
1983; Holden and Hooper, 1976; Beeson et al., 1985).
The Squaw Creek and Quincy interbeds occur in the Wanapum Basalt. The
Quincy interbed occurs between the Roza and Priest Rapids Members and the
Squaw Creek occurs between the Frenchman Springs and Roza Members (see
Figure 4.1-1). Very little work has been done on these Interbeds in the
controlled area study zone and central Pasco Basin. Schmincke (1964, p. 190)
studied the Squaw Creek interbed outside the Pasco Basin and found it to
consist of diatomite and arkosic sandstone between the Yakima and Columbia
Rivers outside the Pasco Basin. Schmincke's work Is mentioned here for
completeness but, because the fluvial nature of the interbeds makes their
distribution and lithology quite variable, it is likely that Schmincke's work
may not be applicable to the controlled area study zone. The studies
described in Section 8.3.1 are to be done in order to characterize the
interbeds within the controlled area study zone.
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4.1.1.2 Analytical techniques
Major element concentrations were obtained from samples of whole-rock
Grande Ronde Basalt by x-ray fluorescence methods at Washington State
University. Sample preparation and analytical techniques are described by
Hooper et al. (1976, pp. 1-6). Trace element concentrations were determined
by instrumental neutron activation analysis at the Oregon State University
Center for Volcanology. Details of analytical techniques and data reduction
techniques are given in Goles (1977, pp. 343-369). Selected trace element
concentrations (zirconium, strontium, barium, rubidium, cerium, and yttrium).
were also determined by x-ray fluorescence.
The FeO was determined by the method described in Wilson (1955,
pp. 56-58). Briefly, the method involves dissolution of the sample and
oxidation of iron with ammonium metavanadate. The solution is then
calorimetrically titrated for the amount of vanadium reduced during the
oxidation of iron. The method assumes that the ferrous/ferric ratio of the
sample is not altered during sample preparation and that the sample contains
no element, other than iron, that will be oxidized by the metavanadate. The
Fe203 was calculated by the difference between total iron (determined by
instrumental neutron activation analysis) and FeO concentrations.
Absorbed water was determined by the difference in weight before and
after drying at 150 'C. Structural water was determined by the
microcoulometric method described in Cremer et al. (1972, pp. 183-192).
Petrographic data (modes, textural description, and grain size) were
obtained from polished thin-sections using a standard petrographic microscope
and standard petrographic techniques. Modal analyses were done in reflected
light and 4,000 points were included in each analysis.
The chemical compositions of individual, primary phases were obtained by
electron microprobe methods. Mineral compositions reported in Section 4.1.1.3
are summarized from the work of Schiffman and Lofgren (1982, pp. 49-78), Long
and Strope (1983, pp. 57-60), Reidel et al. (1978, pp. 2-10), and Noonan
et al. (1980). These references can be consulted for beam currents, beam
sizes, matrix corrections, and other specific analytical details.
Most of the information concerning secondary minerals presented in
Section 4.1.1 is summarized from Benson and Teague (1979, pp. 1.146), Ames
(1980, pp. 152-214), Rawson (1986a, 1986b), and Horton (1985). These workers
used x-ray diffraction, optical microscopy, and scanning electron microscopy
for mineral identification and electron microprobe methods for chemical
compositions. Abundances of secondary minerals were obtained by visual
estimation from scanning electron microscopy photomicrographs of 25 samples
and by point count results of 9 thin sections (Benson and Teague, 1979,
pp. 31-33 and p. 71).
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4.1.1.3 Mineralocic, petrologic, and chemical composition
of the repository isolation system
The geochemical, mineralogic, and petrologic characteristics of the
repository isolation system are discussed in this section. These
chracteristics will affect radionuclide isolation. The primary isolation zone
is discussed in Sections 4.1.1.-3.1 and 4.1.1.3.2, the lower buffer zone is
discussed in Sections 4.1.1.3.3 and 4.1.1.3.4, and the upper buffer zone is
discussed in Sections 4.1.1.3.5 and 4.1.1.3.6. The stratigraphic and lateral
distribution of secondary phases can be used to predict potential changes in
groundwater composition and radionuclide sorption along flowpaths to the
accessible environment. Information on stratigraphic and lateral
distributions of secondary phases is given In Section 4.1.1.3.7.

4.1.1.3.1 Chemical composition of the primary isolation zone
The whole-rock chemical composition of the Grande Ronde Basalt in the
controlled area study zone and the central Pasco Basin are discussed in this
section. The chemical composition of rock within the primary Isolation zone
is important to waste isolation because interactions between basalt and
groundwater produce the secondary phases that will probably be responsible for
most radionuclide retardation. Also, the fairly constant chemical composition
within a given flow provides an important tool for stratigraphic correlation.
Major element composition of the primary isolation zone
Landon (1984) presented major element concentrations obtained from
samples from boreholes throughout the Pasco Basin. Of the analyses presented
by Landon, 342 are from Grande Ronde Basalt flows within the primary isolation
zone. The results of these major element analyses are summarized in
Table 4.1-2. The analyses used to construct the table are from boreholes not
only within the controlled area study zone but scattered throughout the
central Pasco Basin. A map of sample locations (boreholes) is shown in
Figure 4.1-2. Detailed sample locations and depths are found in Landon
(1984). Because chemical analyses for a given flow are fairly constant across
much of the Columbia Plateau, the results shown in Table 4.1-2 that summarize
the results obtained from throughout the central Pasco Basin differ little
from results obtained only from the controlled area study zone. Analyses from
the entire central Pasco Basin were used in Table 4.1-2 because data are
available from 13 drill holes in the central Pasco Basin, but only 5 of these
are within the controlled area study zone. (Drill holes DH-4 and OH-5,
included in Landon (1984), were not used because they are in the northern
Pasco Basin).
Several flows have been singled out in Table 4.1-2. Data for the
Cohassett flow are shown separately because the Cohassett flow is the
candidate horizon. The Levering and Birkett flows, respectively, overlie and
underlie the Cohassett flow. The Rocky Coulee, McCoy Canyon, and Umtanum
flows are represented separately because they were at one time considered
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candidate repository horizons and much more is known about these flows and the
Cohassett flow than is known about most other flows. Chemical analyses of all
other Grande Ronde Basalt flows in the primary isolation zone are grouped
together as high-magnesium chemical types. The Umtanum flow is the only flow
in the primary isolation zone belonging to the low-magnesium chemical type.
As-shown in the data in Table 4.1-2, there are no major differences in
major element oxide concentrations among the Grande Ronde Basalt flows in the
primary isolation zone. Slight differences do exist (e.g., the ranges of FeO,
MgO, TiO, and P2 05 do not overlap for all flows), but the general similarity
in the chemical composition of all flows in the primary isolation zone
indicates that the types and rates of basalt-water reactions which are
responsible for secondary mineral precipitation or dissolution and
radionuclide retardation should be similar throughout the primary isolation
zone in the controlled area study zone.
The data used to construct Table 4.1-2 are mostly from samples from flow
interiors. Approximately 5% of the analyses (14 analyses), however, represent
portions of drill core that were logged as brecciated, vesicular, or vuggy
(Cross, 1983, pp. 1-142), and all but two of these samples yield one or more
oxide values lying outside the two standard deviation range of the reported
means. These differences may be due to secondary mineralization. This
suggests that it may be useful during future work to look specifically at the
major element composition of flow tops and vesicular zones to determine
whether or not they are significantly different than flow interiors. Such
work is described in Section 8.3.1. This also suggests that it may be
important to group samples collected from brecciated, vesicular, and vuggy
zones separately from flow interior samples during future manipulations of
geochemical data.
Trace element composition of the primary isolation zone
Analyses of 23 trace elements were obtained from about 52 samples of
Grande Ronde Basalt flows in the primary Isolation zone (BRMC Index Record
Nos. B062365-68, 8062301-03, 8062287-91, B062293). The results of these
analyses are summarized in Table 4.1-3. Most trace element concentrations do
not differ substantially between the two chemical types; only the means for
chromium and thorium differ by one standard deviation or more. The
differences, however, are In parts per million and are not expected to affect
changes in any basalt-water-waste reactions that may occur in the primary
isolation zone. All trace elements are present in such small quantities that
they are not expected to influence basalt-water-waste reactions in the
repository isolation system.
Water content of the primary isolation zone
Most basaltic magmas contain less than about 2 wt% H20, particularly at
low pressure (see data for Columbia River basalt in Burnham, 1979, p. 448).
Therefore, water content reflects, in part, the extent of alteration,
especially hydration, that has affected the rock subsequent to formation.
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Structural water (H20+), absorbed water (H20-), and total water were
measured on several samp es from the flow interiors of specific flows within
the primary isolation zone. A summary of the data is given in Table 4.1-4.
Sample locations and individual results are tabulated in Long et al. (1984,
p. I-E-1). Because no analyses are available from samples collected within
the controlled area study zone, the data used to construct the table are from
drill holes throughout the central Pasco Basin. Also, data are only available
from the basalt flows that were considered candidate repository horizons.
Plans to obtain measurements of structural, absorbed, and total water from
samples from other flows within the primary isolation zone within the
controlled area study zone are discussed in Section 8.3.
Differences between the data given in Table 4.1-4, which is for the
central Pasco Basin, and other data given in Long et al. (1984, p. I-97), from
samples in the northern Pasco Basin and from the area near Vantage,
Washington, are generally less than 10% and always less than 14%. This
suggests that differences between the data in Table 4.1-4 and that expected
from the controlled area study zone should not be great for the flows
represented. Also, the similarity of results from the four represented flows
suggests that water data from other flows in the primary isolation zone should
be similar.
The values for H2 0- given in Table 4.1-4 represent the amount of water
driven off the samples at temperatures below 150 eC. Most of this water is
generally considered to be absorbed onto the sample and is not chemically
bound or structural water. Water driven off the samples at temperatures above
150 QC (H20+) is mostly structural water and exists primarily as hydroxyls in
the crystal structure of hydrous minerals and as hydroxyls and molecular water
In mescstasis glass. Thus, the amount of this water is, in part, a function
of the amounts of certain secondary minerals and mesostasis glass. The total
water contents of flow interiors are, in general, well within the range of .
values reported for basaltic rocks (Carmichael et al., 1974, p. 9; Clark,
1966, p. 4). Based on the data from which Table 4.1-4 was constructed,
Long et al. (1984, p. I-97) concluded that there were no statistically
significant differences in water content among the flow interiors of the
studied flows; I.e., all flows have the same water content within two standard
deviations.
Flow tops and fault infillings generally contain larger quantities of
hydrous secondary minerals, such as clays and zeolites, than do flow
interiors. Thus, flow tops and fault infillings are expected to have slightly
higher H20+ and H20- values than those shown in Table 4.1-4. Future chemical
analysis of secondary minerals and secondary mineral-bearing samples of flow
top will include H20 where possible.
Oxidation state of iron in the Drimary isolation zone
The Eh of the. basalt-water-waste system can exert a strong Influence on
the mobility of Eh-sensitive radionuclides. Thus, the potential for basalt to
influence the Eh of--the repository environment must be assessed (see
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Section 4.1.3.4). Chemical analyses (see Table 4.1-2) indicate that iron is
the most abundant Eh-sensitive element in the primary isolation zone.
A summary of the available data concerning the oxidation state of iron in
Grande Ronde Basalt flows in the primary isolation zone Is given in
Table 4.1-5. Because analyses from only three samples from the Cohassett flow
and three samples from the Umtanum flows are available from samples taken in
the controlled area study zone, the table was constructed using data from
drill holes throughout the central Pasco Basin. The sample locations and
individual datum used for the table are tabulated in Long et al. (1984,
p. I-F-1). Also, data are only available from the flow Interiors of basalt
flows that were considered candidate repository horizons. Plans to obtain
measurements of FeO and Fe2O3 from samples of other flows within the primary
isolation zone within the controlled area study zone are discussed in
Section 8.3.
Differences in the data for samples from the Vantage, Washington, area
(given in Long et al., 1984, p. I-F-1) and those given In Table 4.1-5 are not
statistically significant; all Vantage, Washington, area samples are within
two standard deviations of the mean values in Table 4.1-5. Based on the data
in Table 4.1-5, there do not appear to be any significant differences in the
oxidation state of iron among the four represented flows. This similarity of
results from the four flows suggests that the oxidation state of iron in other
flows in the primary isolation zone may be similar. Studies are described in
Section 8.3 to determine what differences, if any, exist in the oxidation
state of iron in flow tops and flow interiors: Also, work is outlined in
Section 8.3.1 to investigate the Fe2+/Fe 3 + ratio of individual iron-bearing
phases, particularly primary glass and secondary minerals, and to relate the
results to the Fe2+/Fe + ratio of the bulk rock.

4.1.1.3.2

General mineralogy and petrography
in the primary isolation zone

The mineralogy and chemical composition of primary and secondary phases
determine, in part, the chemical composition of species in groundwater, the
kinds of basalt-water-waste reactions that may occur, and the magnitudes of
possible interactions. For these reasons, the mineralogy and petrography of
the primary isolation zone are important parameters when considering the
performance of a mined geologic disposal system.
The mineralogy and petrography of Grande Ronde Basalt in the controlled
area study zone have been described by Long et al. (1984, pp. I-99 to 1-133).
The following discussion of primary phases in the primary isolation zone is
based on their descriptions, which are based on samples from the interiors of
the four flows that were once considered candidate horizons. Preliminary
examination shows that the same primary phases present in flow interiors are
present in flow tops. (Horton, 1985), but the petrography and mineralogy of
primary phases described in this section strictly apply only to flow
interiors. Petrographic and mineralogic investigations of flow top are under
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way (as described in Section 8.3.1). Also, petrographic and mineralogic
studies for flows other than the Rocky Coulee, Cohassett, McCoy Canyon, and
Umtanum flows are planned and described in Section 8.3.1.
Grande Ronde Basalt flows are aphyric to microphyric to very sparsely
phyric basalt with hyalophitic, intersertal to intergranular, or slightly
ophitic textures. The dominant primary phases include plagioclase,
clinopyroxene (augite), Iron-titanium oxides, and glassy mesostasis. Less
abundant phases include orthopyroxene, pigeonite, olivine, sulfide blebs, and
apatite. The chemical and textural characteristics of primary phases in the
primary isolation zone were listed in Table 4.1-1.
The mineralogy and petrology of secondary phases in Grande Ronde Basalt.
have been described by Benson and Teague (1979; 1982, pp. 595-613), Horton
(1985), McKinley (1986), and Rawson (1986a). None of the samples studied byBenson and Teague were from drill holes within the controlled area study zone,
and only four of nine drill holes studied by Horton, Rawson, and McKinley are
in the controlled area study zone. Thus, because of the lack of information,
the descriptions of secondary minerals given in this section are based on all
available data from the central Pasco Basin. With the possible exception of
celadonite, there do not appear to be any differences in the kinds or
abundances of secondary phases between the central Pasco Basin as a whole and
the controlled area study zone.
Reported secondary phases in Grande Ronde Basalt include clay minerals,
principally smectites; zeolites, mainly clinoptilolite and mordenite; and
calcite, pyrite, and silica in the forms of opal, quartz, chalcedony,
cristobalite, and tridymite (Benson and Teague, 1979, pp. 25-41; 1982,
pp. 595-613; Horton, 1985; McKinley, 1986; Rawson, 1986a). Also reported are
minor amounts of erionite, chabazite, vermiculite, phillipsite, gypsum (one
* occurrence in borehole OH-5), celadonite, and illite (Benson and Teague, 1979,
pp. 25-41; 1982, pp. 595-613). Each primary and secondary phase is discussed
in more detail in the following sections. Phases that buffer pH and Eh of the
groundwater are discussed in detail in Section 4.1.3.4.
Composition of primary phases in the primary
isolation zone
Plaqi1clase. Plagioclase is the most abundant mineral in all Grande
Ronde Basalt flows. It most commonly occurs as euhe ral to subhedral laths
ranging in length from about 0.02 to 6 mm (0.8 x 10-5 to 0.24 in.) and in
width from about 0.01 to 1 mm (0.4 x 10-3 to 0.04 in.). Although plagioclase
is almost invariably tabular or lath shaped, the details of crystal outline,
size distribution, and general arrangement create notable differences in rock
texture that have been used to differentiate intraflow structures (see
Section 1.4). Samples from the interior of Grande Ronde Basalt flows exhibit
no obvious preferred orientation of plagioclase laths, whereas samples from
the glassy basal zones and vesicular flow tops may exhibit a strong preferred
orientation (Long and Davidson, 1981, pp. 5-36).
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Microphenocrysts of plagioclase are common, but typically.not abundant;
they, and the minute crystal inclusions in the mesostasis, impart a slight
bimodal size distribution to the plagioclase grains (Long et al., 1984,
p. 1-109). Microphenocrysts contain glass or devitrified glass inclusions
that presumably represent melt trapped in the crystals as they grew. These
inclusions commonly occur along twin planes or are associated with embayed and
corroded crystal interiors. Other inclusions are principally minute pyroxene
grains arranged linearly along major changes in anorthite content (Long and
Davidson, 1981, pp. 5-36).
Agaite. Augi te is the dominant clinopyroxene and the second most
abundant mineral in the primary isolation zone. Early-formed augite grains
exhibit prismatic forms that are best developed at the base of flows. In flow
interiors, the prismatic morphology is obscured by late growth on early-formed
crystals and by the formation of separate, smaller pyroxene grains. This
yields an overall subhedral, slightly ragged shape to most pyroxene grains and
imparts an apparent sernate to bimodal size distribution. Sernate
distributions are most common in colonnades, whereas entablatures appear to
have bimod 1 distributions. Augite grains range from about 0.01 to 5.0 mm
(0.4 x 10- to 0.2 in.) in length, with an average of about 0.08 mm
(3.2 x 10-3 in.). Prismatic grains are about four times as long as they are
wide. Slight normal chemical zoning is nearly ubiquitous in the augite. The
molar ratio of magnesium to magnesium plus iron spans the range of 55 to 70,
and calcium contents range from about 30 to 40 mol% wollastonite (see
Table 4.1-1). Inclusions are less common in clinopyroxene than in
plagioclase, but both glass and unidentified crystalline inclusions do occur
in the larger grains.
Piaeonite. Pigeonite, a second clinopyroxene phase, occurs in moderate
to low abundance in many Grande Ronde Basalt flows. It occurs as both earlyformed grains and as groundmass grains (Schiffman and Lofgren, 1982,
pp. 49-78; Long and Strope, 1983). Long and Strope (1983) reported a range in
pigeonite compositions of Wo03 En5o Fs27 to Wog En6 4 Fs2g. The distribution
of pigeonite varies within single flows probably because of variations in the
composition of residual liquid during the late stages of crystallization and
variations in the degree of preservation of early-formed pigeonite
microphenocrysts; both may reflect the cooling history.
Orthopyroxene. Orthopyroxene rarely occurs in Grande Ronde Basalt flows
but has been reported from widely scattered localities across the Columbia
Plateau (Reidel, 1978, pp. 148-163). Orthopyroxene grains are prismatic to
rounded and about 1 to 2 mm (0.04 to 0.08 in.) in length. Reaction rims and
resorption features are ubiquitous, and intimate intergrowth with large
plagioclase grains is very common. Zoning Is slight to absent, with most
grains exhibiting a uniform, inclusion-free interior.
Iron-titanium oxides. Iron-titanium oxide constitutes 0 to
6 modal percent of Grande Ronde Basalt in the controlled area study zone.
Some samples from very hackly entablature, flow bases, and flow tops exhibit a
low abundance of iron-titanium oxides or lack iron-titanium oxides entirely.
The dominant Iron-titanium oxide is titaniferous magnetite. It occurs as
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octahedral cruciform, or dendritic grains ranging in size from 0.02 to 0.4 mm
(0.8 x 10-3 to 0.02 in.). Octahedral or cruciform grains are typically
subhedral. Blade-shaped laths of ilmenite also occur, although it is far less
common than magnetite and Is apparently absent from most samples (Long et al.,
1984, p. I-101). The texture of iron-titanium oxides can be correlated with
intraflow structures. Typically, colonnades have relatively coarse cruciform
or octahedral crystals, whereas entablatures have dendritic crystals (Long and
Wood, 1986, in press; McKinley and Rawson, 1985).
The complete composition range for titaniferous magnetite is not known,
but samples from the Umtanum flow show a nearly constant TiO 2 content ranging
from 28 to 32 wt% (Noonan et al., 1980, pp. 1-7). Further work is planned to
determine the composition of magnetite in other flows within the primary
isolation zone (see Section 8.3).
Preliminary investigations have noted hematite in 11 of 29 flow top
samples from the Rocky Coulee and Cohassett flows in the central Pasco Basin
(Horton, 1985). The hematite occurs as minute blebs, generally less than
0.02 mm (0.8 x 10- 3 in.) in size, disseminated throughout the groundmass and
as inclusions in plagioclase phenocrysts. Commonly, hematite is concentrated
near the rims of vesicles and near the margin of flow-brecciated fragments.
The hematite is interpreted to be a primary phase, based on its presence in
basalt fragments and Its absence from secondary infillings. The hematite may
have formed when the flow tops were exposed to oxidizing, atmospheric,
conditions at high temperature (greater than several hundred degrees Celsius).
Planned investigations to quantify the abundance of hematite in the primary
isolation zone are described in Section 8.3.
Olivine. Olivine is relatively rare in Grande Ronde Basalt. Olivine
compositions typically range from Fo6 7 to Fo47 , with moderate, normal zoning.
Olivine phenocrysts are anhedral, equant, and about 0.05 mm (2 x 10-3 In.) in
diameter.
Apatite. Apatite ranges from 0 to 2 modal percent. It generally occurs
as 0.01- to 0.06-mm (0.4 x 10-3- to 0.04-in.) acicular crystals in the
mesostasis (Allen and Strope, 1983, pp. 1-7). Analyses indicate that these
are fluorapatites. It has not been demonstrated whether sufficient fluoride
can be leached from apatites to provide the observed fluoride concentrations
in groundwater in the primary isolation zone. Further work is planned to
investigate more adequately this and other possible chloride and fluoride
sources (see Section 8.3).
Glassy mesostasis. Mesostasis is the last-formed interstitial material
in Grande Ronde Basalt. It is most abundant in entablature and glassy flow
bases and least abundant in colonnades. Texture within the mesostasis varies
considerably with position in the flow. Glass In the colonnade, for example,
contains abundant rod-shaped fluorapatite crystals, 10 to 60 um in length, but
is otherwise relatively inclusion free (Allen and Strope, 1983, p. 2). Glass
or mesostasis in the entablature is invariably charged with 0.01 to 1.0 um
inclusions that are dominantly pyroxene but also include fluorapatite and
magnetite. Some of the crystalline inclusions occur as rounded blebs,
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suggesting that they represent a crystallized Immiscible liquid (Philpotts,
1982, pp. 201-218). Similar evidence for liquid immiscibility is also present
in colonnade samples but is absent from flow tops. The mesostasis in flow
tops is characterized by felted masses of extremely fine-grained crystalline
material within a selvage of glass; presumably, the crystallites are pyroxene
(Long and Davidson, 1981, pp. 5-33 to 5-40).
Studies by Noonan et al. (1980, pp. 1-7) and Allen and Strope (1983)
indicate that the mesostasis in the Umtanum flow is highly fractionated with a
bulk composition that is essentially "granitic" (60 to 74 wt% S102). Similar
results have been obtained on mesostasis from colonnade samples of the
Cohassett flow (Long et al., 1984, p. 1-119). Variations in cation abundances
exist between the mesostasis of entablature and colonnade. The Umtanum flowcolonnade mesostasis contains relatively more K20 and S102, and less CaO,
Na2O, FeO, and PM0 than the Umtanum flow entablature mesostasis
(Noonan et al., I9 0, pp. 1-7). Similar data will be collected for the
Cohassett flow (see Section 8.3.1).
Apted and Myers (1982, pp. 1-78) demonstrated that mesostasis glass is
the most reactive basaltic phase in groundwater at low to moderate
temperatures (less than 300 C). Laboratory tests and preliminary analysis of
in situ groundwater chemical composition confirm that hydrolysis and
dissolution of silicate glass (and possibly associated minerals) buffer, In
part, the pH of groundwaters in contact with Grande Ronde Basalt (see
Sections 3.9.1 and 3.7.3). Confirmation of pH controlling mechanisms is being
investigated by hydrothermal tests (see Section 8.3.4). The testing and
available results are discussed in Section 7.4.
Relative abundances of primary phases in the
primary isolation zone
Long et al. (1984, pp. I-ill to 1-116) reported results of point counts
(modes) on 21 samples from the interiors of the Rocky Coulee, Cohassett, McCoy
Canyon, and Umtanum flows. The modes indicate that plagioclase is more
abundant than pyroxene in all studied flows. The modal abundance of glass in
the Cohassett and McCoy Canyon flows Is less than that of pyroxene (excluding
pyroxene crystallites in glass), whereas pyroxene in the Rocky Coulee flow is
approximately equal in abundance to glass. The Umtanum flow has a higher
percentage of mesostasis and glass and slightly less plagloclase and pyroxene
relative to that in other flows. Iron-titanium oxide abundance is
approximately equal to all four flows (2 to 3 modal percent). Olivine
abundance ranges from 0 to 3 modal percent, with the majority of samples
containing less than 0.25 modal percent. Interstitial alteration products are
fewer in the Umtanum flow (about 2 modal percent) than in other flows (about
5 to 6 modal percent).
Mesostasis makes up 20 to 65 modal percent of flow Interiors. It
contains primary glass (16 to 38 modal percent), minute primary crystals of
plagioclase (2 to 20 modal percent), pyroxene (3 to 14 modal percent), iron-
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titanium oxides (O to 1 modal percent), and up to 8 modal percent
polycrystalline inclusions (Long et al., 1984, p. I-113). Mesostasis also
contains 0 to 0.5 modal percent sulfide blebs.
Composition of secondary phases in the
primary Isolation zone
The mineralogy of secondary phases may affect nuclear waste isolation in
several ways. (1) Certain minerals can adsorb or otherwise fix radionuclides
in their structure. Other minerals may avoid incorporation of radionuclides.
(2) Certain minerals react with each other, with groundwater and, with
radionuclides, thus changing some aspects of the geochemical environment. The
new environment may inhibit or enhance radionuclide fixation and transport.
(3)Certain minerals may precipitate in, or dissolve from, fractures and
interconnected pore spaces. These reactions may physically alter groundwater
flow paths.
Secondary minerals are potentially involved in all the above reactions
for two reasons. First, secondary minerals are commonly concentrated in flow
tops that are generally more porous and permeable than flow interiors. Flow
tops are, therefore, probable aquifers In which chemical reactions can take
place. Second, secondary minerals commonly line fractures and vesicles, which
places them in intimate contact with the groundwater.
The principal secondary minerals in Grande Ronde Basalt are smectitic
clays, zeolites (clinoptilolite and mordenite), and silica (Table 4.1-6).
Celadonite, calcite, and pyrite are less common. Numerous other secondary
minerals have been identified but are present in much lower abundances. The
secondary minerals occur along fractures, in vugs, and in relatively porous,
vesicular, and brecciated flow tops and flow bottoms. The basaltic glass
(mesostasis) and groundmass adjacent to vesicles and fractures containing secondary minerals commonly are altered.
The data on secondary minerals reported herein are primarily from the
work of Benson and Teague (1979; 1982, pp. 595-613), Ames (1980, pp. 152-215),
Teague (1980, pp. 1-11), Horton (1985), and Rawson (1986a; 1986b). The work.
of Benson and Teague (1979; 1982), Teague (1980), and Ames (1980) is based on
samples from drill cores in the central Pasco Basin but not within the
controlled area study zone. The works of Horton (1985) and Rawson (1986a) are
also based on samples from drill cores in the central Pasco Basin, but four of
the nine drill cores studied by them are within the controlled area study
zone. In addition, the works of Horton and Rawson are from the flow top zones
for the four flows that were once considered candidate horizons. Benson and
Teague, Teague, and Ames worked with samples from throughout the primary
isolation zone.
Data obtained thus far on secondary minerals are incomplete and, in part,
inconsistent. For-example, the only x-ray diffraction pattern given by Benson
and Teague (1979,. p. 97) shows characteristics that suggest that the material
they call smectite..may be mixed-layer clay. In addition, most chemical
analyses, as determined by electron microprobe, are incompatible with reported
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mineralogic data in that they do not yield reasonable structural formulas.
Finally, the dominant smectite is referred to as montmorillonite and
nontronite by Ames (1980), as nontronite by Benson and Teague (1979), and as
iron-saponite by Horton (1985). Each of these minerals has a different
chemical composition and probably different stability fields. Therefore, the
following descriptions of secondary minerals are tentative. Extensive work is
in progress to resolve the inconsistencies (see Section 8.3.1). This work
includes detailed mineralogic and chemical analyses (both major and trace
elements) aimed at better defining the phases present and their relative abundances.
Smectite. Smect1te is one of the most abundant and widespread secondary
minerals in the primary isolation zone (Benson and Teague, 1979; Rawson,
1986a). Benson and Teague (1979) state that the smectite is probably
nontronite (a dioctahedral iron-rich smectite), Ames (1980) identified the
smectite as montmorillonite and nontronite, and Horton (1985) identified the
smectite as iron-saponite. Rawson (1986a) presents x-ray diffraction data
indicating that the smect1te is trioctahedral, and the electron microprobe
data (BRMC Index Record No. 8088328) indicate that it is iron-rich. Thus, the
smectite is an iron-saponite. (See Section 4.1.1.4 for discussion of the
stabilities of the various smectite minerals.)
Horton (1985) distinguished three different, but mineralogically similar,
trioctahedral smectites based on thin section petrography and microprobe
analyses in the Rocky Coulee and Cohassett flow tops. These are called early,
intermediate, and late smectite based on paragenetic position. The early
smectite is an alteration product of mesostasis glass and, to a lesser extent,
pyroxene. The other two are precipitates: the intermediate smectite is
generally fibrous, banded, and predates zeolite; the late smectite is
generally massive and postdates zeolite. The average compositions, as
determined by electron microprobe, for the three smectites are shown in
Table 4.1-7 (BRMC Index Record No. B088328). Because the compositions are
averages, they do not represent any specific mineral. All iron is assumed to
be divalent rather than trivalent because this is more consistent with a
trioctahedral smectite, although the assumption is probably not strictly true.
Experiments are under way to partition iron In secondary minerals into FeO and
Fe203 . These experiments are described In Section 8.3.1.
Benson and Teague (1979, pp. 136-138) also give average analyses, but
their data include some analyses from the lower buffer zone and a few analyses
from the upper buffer zone. Also, they do not distinguish the same three
specific smectites. Their average for all clays, however, is similar to the
averages shown in Table 4.1-7.
The early smectites, which are an alteration product of mesostasis glass,
are characterized by relatively high FeO and A12 03 and relatively low MgO.
The intermediate smectites, which precipitated in voids prior to zeolite
deposition, are characterized by relatively low FeO and relatively high A12 03
and MgO. Finally, late smectites, which precipitated after zeolite
deposition, are characterized by relatively high FeO and relatively low A12 03
and MgO. Although the mean of certain oxides, and especially oxide ratios,
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are fairly distinct among the three smectites, the ranges for some oxide
values are fairly broad, particularly for the Intermediate smectites. It is
possible that the broad ranges are real and reflect the greater number of
analyses for the intermediate than for other two smectites. However, the
decision to classify a specific analysis as early or intermediate smectite is
sometimes difficult, especially where definitive textures are not present.
Therefore, It is possible that some analyses are placed in the wrong category
and, thus, are partly responsible for the broad ranges. Also, some of the
analyses may represent non-monomineralic areas under the electron beam. For
example, the 9.65 wt% Ti0 2 indicated as the maximum value for intermediate
smectite is unreasonably high for this clay. In addition, many individual
analyses do not give reasonable structural formulas, which-again suggests a
non-monomineralic sample. Work is under way to determine what phases, if any,
are mixed with the smectite on the scale of the electron beam (see
Section 8.3.1).
Smectites, similar to those reported in the Grande Ronde Basalt flows in
the primary isolation zone, reversibly lose interlayer water when heated to
the relatively low temperatures of 100 'C to about 370 OC at atmospheric
pressure (MacEwan, 1972, pp. 188 and 201; Palmer et al., 1983, p. 1-27).
Above this temperature range, loss of water and collapse of the structure is
irreversible, and low-temperature minerals are converted to higher temperature
phases. The exact temperature, at fixed pressure, at which irreversible loss
of water occurs depends on the particular mineral and the exchangeable cations
(MacEwan, 1972, p. 188). Recently, a thermal analysis of the current Basalt
Waste Isolation Project (BWIP) waste package design in the postemplacement
environment was completed (Yung et al., 1986). The analysis indicated that
the container for consolidated spent fuel may reach a maximum temperature of
about 250 OC and that the adjacent basalt may reach 186 OC. The latter
temperature is well within the range for which some natural trioctahedral
smectites reversibly dehydrate at one atmosphere pressure.
The effect of pressure on smectite dehydration has been investigated by
Koster van Groos and Guggenheim (1984, pp. 872-879) who found a large increase
in the stability of a hydrated smectite with only a small increase in
pressure. Loss of interlayer water leads to a reduction in volume and an
increase in porosity.
Estimates of the amount of water available for release from smectite and
the amount of associated volume reduction can be obtained from data available
in the literature (Brigatti, 1982, p. 98). Nine chemical analyses of
nontronite (a smectite similar to the iron-saponite reported in the primary
isolation zone) that Include values for H20- have been compiled by Brigatti
(1982, p. 98; analyses N.1, N.6, N.7, N.8, N.10, N.11, N.14, N.19, and N.21).
If these clays were heated to completely dehydrate the interlayers, 34 to 66 g
H20/mol clay or 1.9 to 3.6 mol H20/mol clay could be evolved. It must be
remembered that these are estimates based on the water content, at one
atmosphere, of clays reported in the literature. The analyses given by
Brigatti (1982, p. 98) contain calcium as the dominant interlayer cation. The
average chemical analysis given in Table 4.1-7 suggests that sodium and
potassium are also important interlayer cations in the smectites. Since
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interlayers containing monovalent cations often contain less water than
interlayers with divalent cations, the clays in the primary Isolation zone
might be expected to evolve less water than that given by the above estimates.
However, further work Is needed to confirm this. Investigations discussed in
Section 8.3.1 will allow more precise estimates of water loss for clays and
zeolites specific to the primary isolation zone.
The volume change associated with dehydration of a smectite can be
estimated using a = 5.12 A, b = 9.02 A (Brindley, 1980, p. 172), and
c - 12.5 A for a Na+ or K+ saturated clay and c = 15.2 A for a Ca2+ or a Mg2+
saturated clay (a, b, and c are crystallographic axes). These values are for
hydrated smectites. Thus, the unit cell volume of hydrated smectite is about
577 Ai with monovalent interlayer cations and about 702 A3 with divalent
interlayer cations. Dehydration does not greatly affect the a or b dimensions
of a smectite but does cause the c dimension to collapse to about 1o A.
Therefore, unit cell volumes for dehydrated smectite will be about 470 A3
regardless of interlayer cation species. This represents a volume reduction
of 18% or 33%. This does not, however, mean an increase of 18% or 33% in
overall porosity because, in the primary isolation zone, smectite makes up
about 75% of the minerals in fractures (see Table 4.1-6) and fractures make up
less than about 0.27% to 0.32% by volume (determined visually in drill core)
of the total rock (Long et al., 1984, p. I-126; Long and Davidson, 1981,
p. 5-27). Using the above values for volume reduction, percent smectite, and
percent fractures, an increase in porosity of 0.036% to 0.079% is estimated.
The estimated increases in porosity are preliminary estimates because only
fractures and not vugs and vesicles have been considered and because the
estimated clay content is from samples throughout the Pasco Basin and not
solely within the controlled area study zone. Further work is planned to
refine these estimates (see Section 8.3.1).
Zeolites. Clinoptilolite is the most abundant zeolite in the basalt
flows making up the primary isolation zone (Benson and Teague, 1979; Horton,
1985; Rawson, 1986a). Clinoptilolite generally occurs as intergrQwn, blocky
or tabular crystals that are generally 0.01 to 0.09 mm (0.4 x 10-3 to
3.5 x 10-3 in.) and uncommonly up to about 0.8 mm (3 x 10-3) long (Horton,
1985). Benson and Teague (1979) interpreted mineral textures seen with the
scanning electron microscope to indicate minor clinoptilolite dissolution.
Horton (1985) found no petrographic evidence for clinoptilolite dissolution in
samples of Rocky Coulee and Cohassett flow tops. The average composition of
clinoptilolite from the Rocky Coulee and Cohassett flow tops (BRMC Index
Record No. B088328) and from the work of Benson and Teague (1979) is shown in
Table 4.1-8. The average oxide values given in Benson and Teague are mostly
for analyses of clinoptilolite in the primary isolation zone but do contain
some analyses from the lower buffer zone and a few from the upper buffer zone.
Nevertheless, their averages are similar to those from the Cohassett and Rocky
Coulee flows.
Most electron microprobe analyses of clinoptilolite used to construct
Table 4.1-8 yield structural formulas that are not electrically neutral. This
probably results from migration and volatization of sodium and potassium due
to too high a beam current and too small a spot size. Work is under way to
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determine whether or not this is the cause for the charge imbalances and, if
so, what the optimum electron beam conditions are to produce electrically
neutral analyses of clinoptilolite (Chapter 8.3.1).
Zeolites other than clinoptilolite have been reported from samples in the
primary isolation zone. Benson and Teague (1979) report one sample each
containing analcime, erionite, mordenite, chabazite, and phillipsite. Ames
(1980) reports heulandite and gmelinite. Neither Benson and Teague nor Ames
published diffraction patterns or chemical analyses of these zeolites. Ames
distinguished heulandite from clinoptilolite by x-ray diffraction methods that
are much less reliable than chemical analyses or reaction to heat treatment
prior to x-ray diffraction analysis. Rawson (1986a) found no zeolites other
than clinoptilolite in the primary isolation zone.
Zeolites, like clays, undergo dehydration-hydration and volume changes
with changes in temperature. The specific temperature at which these changes
take place depends on the specific zeolite species and Its composition (Boles,
1972, pp. 1463-1493; Bish, 1984, pp. 444-452). For example, Bish (1984) found
that sodium-saturated clinoptilolite underwent a volume decrease of 8.4%
between 50 and 300 TC, whereas potassium-saturated clinoptilolite decreased
only 1.6% over the same temperature range. Investigations are planned that
will allow estimation of the physical changes that the zeolites in the primary
isolation zone may undergo in response to temperature perturbations in order
to estimate volume changes that might affect porosity (see Section 8.3.1).
Silica. Silica occurs as amorphous silica, cristobalite, tridymite, and
quartz In the primary isolation zone (Benson and Teague, 1979, 1982; Rawson,
1986a; Horton, 1985). X-ray diffraction patterns of cristobalitic and
tridymitic samples resemble diffraction patterns of opal-C and opal-CT. In
thin section, amorphous silica (opal-A) is colorless to brown and Isotropic.
Opal-C and opal-CT are generally colorless and commonly have chalcedonic,
acicular, and bladed textures. Where quartz is present with chalcedonic
silica, it generally overlies the opaline varieties (Horton, 1985).
Electron microprobe analyses of silica precipitated in the Rocky Coulee
and Cohassett flow tops is presented In Table 4.1-9 (BRMC Index Record
No. B088328). The analyses have been separated into two groups depending on
whether the silica is colored (usually brown) or colorless to slightly gray.
The colored varieties, which are generally isotropic, contain significantly
more of the oxides other than S102, whereas the colorless varieties are
essentially all silica and commonly have chalcedonic textures. The colored
siliceous material may represent the precursor to some clay or zeolitic
mineral.
Analyses of the colorless varieties generally total greater than 90 wt%,
whereas the colored varieties generally total about 50 to 60 wt% (Horton,
1985). The reasons for the low totals for the colored varieties are not known
at this time but-are probably due to a combination of void space under the
electron beam and water included in the siliceous material. Work is planned
and discussed in Section 8.3.1 to obtain x-ray diffraction and electron
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microprobe analyses of siliceous materials from flow tops other than the Rocky
Coulee and Cohassett flow tops and to understand the low totals for the
colored varieties of silica.
Celadonite is not as abundant or widespread as smectite, zeolite, or
silica. Rawson (1986a) and Horton (1985) found celadonite in only four of
nine drill holes and only one sample from within the controlled area study
zone. Benson and Teague (1979) identified a mineral as illite that they
consider may be celadonite In drill holes outside the controlled area study
zone but within the central Pasco Basin. No chemical analyses are available
for the celadonite found by Rawson (1986a) within the controlled area study
zone, but the chemical composition for some analyses of celadonite outside the
controlled area study zone and within the central Pasco Basin is given In
Table 4.1-10 (BRMC Index Record No. B088328).
Calcite and pyrite are less abundant and less widespread than clay,
zeolite, and silica (Benson and Teague, 1979; Rawson, 1986a; Horton, 1985).
Calcite generally occurs as sparry crystals although fine-grained, granular,
calcite has been noted. Two electron microprobe analyses of calcite indicate
that the mineral is low-magnesium, low-iron, and low-manganese calcite
(Horton, 1985). Pyrite generally occurs as fined-grained, disseminated cubes
on fracture surfaces and surfaces of breccia fragments. Extremely small
pyrite framboids were found in one sample (Horton, 1985). Electron microprobe
analyses of pyrite indicates that the mineral is more than 99 normalized wt%
FeS2 (McKinley, 1986).
Relative abundance of secondary phases in the
primary isolation zone
Benson and Teague (1979) estimated relative abundances using drill holes
throughout the Pasco Basin. However, no work has been done specifically
within the controlled area study zone. Benson and Teague's estimates of the
relative abundances of the principal secondary minerals in the Grande Ronde
Basalt in the central Pasco Basin were given in Table 4.1-6. These estimates
include a few samples from the lower buffer zone and are visual estimates
based on scanning electron microscopy observations. Long et al. (1984,
p. I-124) and Lindberg (1986, p. 48) made similar estimates for specific flow
interiors within the controlled area study zone. Their data are shown in
Table 4.1-11. Plans to estimate relative abundances by more precise methods
such as x-ray diffraction and point count techniques are described in
Section 8.3.1.
Comparison of the results shown in Tables 4.1-6 and 4.1-11 indicates that
the relative abundances of secondary minerals in the controlled area study
zone is similar to that throughout the central Pasco Basin. Specifically,
clay is the dominant secondary mineral in fractures, followed by zeolite and
then silica. As shown by the Long et al. (1984) and Lindberg (1986) data in
Table 4.1-11, the relative abundances of secondary minerals in the interiors
of all proposed candidate flows are similar except for the Umtanum flow. The
Umtanum flow has a significantly lower average proportion of clay and higher
proportion of zeolite than do the other proposed candidate flows. In
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addition, Lindberg (1986, p. 49) found that the Umtanum flow is the only
studied flow that has significant differences in the percentage of predominant
fracture filling minerals between the entablature and colonnade; clay is more
abundant and zeolite less abundant in the colonnade than in the entablature.
It is not yet understood why the relative abundances of secondary minerals in
the Umtanum flow differ from those in other flows within the primary isolation
zone. Studies are planned and described in Section 8.3.1, which should lead
to an understanding of secondary mineral distributions.
Differences in the relative abundances of secondary minerals between
flows may result in differences In their sorptive capacities for certain
radionuclides. The data In Table 4.1-11, however, indicate that most of the
flows in the primary isolation zone are similar; therefore, reactions
involving secondary minerals should be similar and proceed to the same extent
throughout the primary isolation zone. However, more work should be done with
relative abundances in other flows within the primary isolation zone to
support this conclusion; such work Is described in Section 8.3.1.
Origin and paracenesis of secondary phases in the
primary isolation zone
The origin and paragenesis of secondary minerals present within the hQst
rock and along potential flow paths need to be understood. The origin and
paragenesis could be used to interpret past geochemical conditions and the
rates of change of past conditions. The rates of change may be extrapolated
so that future geochemical conditions may be predicted.
The secondary Minerals in Grande Ronde Basalt formed as a result of
interaction between rock, primarily mesostasis (Lane et al., 1984, p. 95-103;
Allen et al., 1985) and water. Benson and Teague (1982, pp. 595-613) believe
that the secondary minerals formed from alteration of basalt by groundwaters
at temperatures slightly above surface temperature. Almost all the identified
secondary minerals are known to form from alteration of basalt, but they are
also known to form and exist over a wide range of temperatures from ambient,
or slightly above ambient, to about 200 SC (e.g., see Kristmannsdottir, 1975,
pp. 441-445). A study of fluid inclusions in secondary minerals was attempted
to ascertain the temperature and salinity of depositional fluids, but the
appropriate inclusions with vapor bubbles large enough to see did not exist
(BRMC Index Record No. 8057636). Petrographic, stable isotopic, and
radiometric age dating studies are planned to help determine the formation
conditions of existing secondary phases. These studies are described in
Section 8.3.1.
Horton (1985), based on petrographic observations, found the paragenetic
sequence of secondary minerals in two flow tops to be early smectite (oldest),
intermediate smectite, clinoptilolite, late smectite, and calcite (youngest).
Silica is older than zeolite in some samples but younger than zeolite in other
samples. Celadonite predates intermediate smectite.
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Paragenetic studies by Benson and Teague (1979) on secondary mineral
assemblages yielded the following observations.
o

In vesicles and fractures having multiple generations of clay or
clinoptilolite, chemical composition often changes significantly
from generation to generation.

o

Single generations of clay in vesicles and fractures appear
homogeneous.

o All generations from the same depth appear to exhibit similar
compositional variations.
o

No overall systematic trend in composition as a function of distance
from vesicle or fracture walls has been found. This last statement
is in contrast to the early, intermediate, and late smectites
described by Horton (1985).

Benson and Teague (1979, pp. 14-15) state that clay is the first mineral
to form in 96% of the fractures and in 94% of the vesicles. Clinoptilolite is
the first formed mineral in the remaining fractures and vesicles and is the
second formed phase in 81% of the fractures and in 97% of the vesicles. For
fractures and vesicles with additional layers, silica followed by clinoptilolite is the sequence in 100% of the fractures and 67% of the vesicles.
Clay precipitated after zeolite in the remaining 33% of the vesicles. None of
these observations are in conflict with the paragenetic sequence of Horton
(1985). The fact that clinoptilolite and not clay was the first mineral to
precipitate in some vesicles probably simply reflects a changing hydrologic
system such that older clay-precipitating fluids did not enter all vesicles.
Interbed in the primary isolation zone
The Vantage Interbed, the only interbed in the primary isolation zone,
overlies the Grande Ronde Basalt and Is the uppermost rock unit In the primary
isolation zone. It occurs in all cored drill holes in the controlled area
study zone but in only 11 of 14 cored drill holes in the central Pasco Basin.
To date, little is known about the petrology of the Vantage interbed. What
information is known comes mostly from stratigraphic studies (see Section 1.2)
and from petrographic, stratigraphic, and sedimentologic descriptions given in
Schmincke (1964, pp. 1-425). Unfortunately, Schmincke's description of the
Vantage interbed is from areas northwest of the central Pasco Basin where the
Vantage is represented by up to 10 m (33 ft) of mostly fluvial sandstone and
siltstone. Within the controlled area study zone and central Pasco Basin, the
Vantage interbed is much thinner, on the order of 2 m (7 ft) or less (Landon,
1985), and consists mostly of siltstone, mudstone, and saprolite, which are
indurated or baked at the contacts with overlying basalt (Wintczak, 1983;
Diediker, 1983). Thus Schmincke's description is probably not applicable to
the controlled area study zone. Studies are planned (see Section 8.3.1) to
characterize the mineralogy and petrology of the Vantage interbed in the
controlled area study zone.
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4.1.1.3.3

Chemical composition of the lower buffer zone

This section discusses the whole-rock, chemical composition and
mineralogy of the lower buffer zone in the controlled area study zone and
central Pasco Basin. The lower buffer zone consists of the Grande Ronde
Basalt flow below the Umtanum flow and above the N2 /R2 paleomagnetic horizon.
The chemical composition of rock within the lower buffer zone is important to
waste isolation because basalt-water interactions in this zone will produce
secondary phases that will be partly responsible for retardation of any
downward transported radionuclides not sorbed in the primary Isolation zone.
Also, as with the primary isolation zone, the fairly constant chemical
composition within a given flow provides an important tool for stratigraphic
correlation. Less is known about the lower buffer zone than is known about
the primary isolation zone primarily because the primary isolation zone is
where the majority of radionuclide sorption is expected to take place and,
therefore, has been the focus of BWIP studies.
Major element composition of the lower buffer zone
Major element concentrations of rocks from the lower buffer zone have
been obtained from drill holes throughout the controlled area study zone and
the central Pasco Basin (Landon, 1984). The means of those analyses are
presented in Table 4.1-12. A borehole location map was given in Figure 4.1-2,
and detailed sample locations and depths are given in Landon (1984).
There is only one flow in the lower buffer zone that belongs to the very
high-magnesium chemical type. Thus, all the analyses for this chemical type
in Table 4.1-12 are from a single flow. Also, analyses of the high-magnesium
chemical type are from three flows near the top of the lower buffer zone.
Most flows in the lower buffer zone are of the low-magnesium chemical type.
Although there are differences in the three types of flows in the lower buffer
zone, all analyses are more similar than they are different. Also, comparison
of the analyses of the lower buffer zone (see Table 4.1-12) with those of the
primary isolation zone (see Table 4.1-2) shows that there are no major
differences between the basalts in the primary isolation zone and lower buffer
zone. The general similarities suggest that the types and rates of basaltwater reactions expected to occur in the lower buffer zone should be similar
to those that will occur in the primary isolation zone, and because the
chemical composition for a given flow is fairly constant throughout the Pasco
Basin and Columbia Plateau, the types and rates of reactions are not expected
to vary due to changing whole-rock chemical composition across the controlled
area study zone.
Trace element composition of the lower buffer zone
Analyses of 21 trace elements were obtained from samples of Grande Ronde
Basalt flows in the lower buffer zone (BRMC Index Record No. 8062365-68,
B062301-03, 8062297-99, B062294-95, B062287-91, B062293). The results of
these analyses are summarized in Table 4.1-13. Most trace element
concentrations do not differ substantially among the three chemical types;
only the means for chromium, rubidium, lanthanum, and thorium differ by one
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standard deviation or more. With the exception of lanthanum, these are the
same elements that showed some variation in the primary isolation zone. Just
as for the primary isolation zone, all trace elements are present in small
quantities, and differences among trace element concentrations for the three
chemical types are in parts per million. Therefore, trace elements are not
expected to influence basalt-water-waste reactions in the repository isolation
system. More trace element analyses will be obtained, however, for use in
stratigrahic correlation and as possible analog elements (see Section 8.3.1).
Water content and oxidation state of iron in the
lower buffer zone
No analyses for structural, adsorbed, and total water and for the
ferrous/ferric partition of iron have been done on Grande Ronde Basalt in the
lower buffer zone. Because the chemical composition of the basalts in the
lower buffer zone is similar to the composition of basalts in the primary
Isolation zone, it might be expected that water content and iron speciation
are similar. This, however, remains to be shown, and studies are planned and
described in Section 8.3.1 to make some iron and water determinations for
rocks from the lower buffer zone.

4.1.1.3.4 General mineralogy and petrography of
the lower buffer zone
There are no published petrographic descriptions specific to basalt flows
in the lower buffer zone. Petryographic work done on Grande Ronde Basalt flows
throughout the Columbia Plateau do.not indicate, however, that there are any
major differences In the mineralogy or petrographic textures between flows
occurring above and below the Umtanum flow (Taylor, 1976; Ross, 1978). Thus,
the textures and mineralogy of the lower buffer zone are, in general, similar
to those in the primary isolation zone. Work is planned in Section 8.3.1 to
support this conclusion for the lower buffer zone within the controlled area
study zone.
Petrographic modal analysis for six samples from one flow in the lower
buffer zone within the controlled area study zone are available (BRMC Index
Record No. 8052882 through B052887). The results of the analyses are shown in
Table 4.1-14. The values for plagioclase, pyroxene, and olivine include both
microphenocrysts and microlites; microphenocrysts alone total 8 modal percent
to 11 modal percent for plagioclase, 3 modal percent to 10 modal percent for
pyroxene, and less than 1 modal percent for olivine. Values for mesostasis
include both glass and smectite crystallites; glass alone totals between less
than 1 modal percent to about 6 modal percent for the samples listed.
Alteration products for all samples are dominated by clay, and the sample
entitled "Other" includes apatite, sulfide blebs, and void space. Comparison
of the modes for the lower buffer zone with those for the primary isolation
zone (see Table 4.1-6) shows that the two are mineralcgically similar just as
they are chemically similar. Studies to obtain petrographic modes for other
flows in the lower buffer zone are described in Section 8.3.1.
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Not as much is known about the secondary phases in the lower buffer zone
as is known about these phases in the primary isolation zone. Benson and
Teague (1979) studied secondary minerals in 15 samples from the lower buffer
zone obtained from two drill holes one of which is within the controlled area
study zone and the other in the central Pasco Basin. They found that the
types of secondary minerals present are similar to those present in the
primary Isolation zone; that is, smectite, clinoptilolite, and silica are the
dominant phases and mordenite and calcite are less abundant. Rawson (1986b)
presented x-ray diffraction data from eight samples of secondary minerals in
Grande Ronde Basalt flows below the lower buffer zone, and the results
indicated that smectite, clinoptilolite, and silica are the dominant phases
and celadonite and calcite are less abundant. Thus, it appears that the types
of secondary phases present in the lower buffer zone are similar to those in
the primary isolation zone and to those in flows below the lower buffer zone.
Based on the limited data, there may be differences, however, in the relative
abundances of secondary phases between the primary isolation zone and lower
buffer zone. Quartz appears to be more abundant relative to opal-C and
opal-CT, and mordenite seems to be more common in the lower buffer zone than
in the primary isolation zone (Benson and Teague, 1979; Rawson, 1986b).
Further work needs to be done to better document the apparent changes in
relative abundances of secondary minerals with depth. This work is described
in Section 8.3.1.

4.1.1.3.5 Chemical composition of the upper buffer zone
The upper buffer zone consists of basalt flows of the Wanapum Basalt and
minor discontinuous sedimentary interbeds (see Fig. 4.1-1). Not as much
information is available for rock within the upper buffer zone as is available
for the primary isolation zone because past work has concentrated on flows
within the primary isolation zone that were considered candidate horizons.
Additional work is planned for the upper buffer zone (see Section 8.3.1)
because the mineralogy and petrology of this zone is important in interpreting
and predicting potential basalt-water-waste reactions involving any upward
transported radionuclides not sorbed in the primary isolation zone.
Major element composition of the upper buffer zone
Major element concentrations for rock within the upper buffer zone have
been obtained from drill holes throughout the controlled area study zone and
the central Pasco Basin (Landon, 1984). The means of those analyses are
presented in Table 4.1-15. A borehole location map was given in Figure 4.1-2,
and detailed sample locations and depths are given in Landon (1984). Each of
the formations listed in Table 4.1.15 is composed of several flows. Thus, the
data are averages for the entire formations.
Comparison of the chemical composition of the upper buffer zone with that
of the primary Isolation zone (see Table 4.1-2) indicates that the two are, in
general, the same. There are, however, slight differences such as slightly
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lower SiO 2 and greater FeO in the upper buffer zone compared with the primary
isolation zone, but these differences are small and are not expected to result
in radically different basalt-water reactions.
Trace element composition of the upper buffer zone
Analyses of 23 trace elements were obtained from four samples of the
Frenchman Springs Member of the Wanapum Basalt in the upper buffer zone (BRMC
Index Records No. 8062297-99). The results of these analyses are summarized
in Table 4.1-16. Plans are described in Section 8.3.1 to obtain trace element
compositions for the Roza and Priest Rapids Members of the Wanapum Basalt in
the upper buffer zone. As shown in the data in Table 4.1-16, all trace
elements are present in small quantities and so, as for the primary isolation
zone and lower buffer zone, trace element concentrations are not expected to
influence basalt-water-waste reactions in the repository isolation system.
Water content and oxidation state of iron in the
upper buffer zone
No data concerning the distribution of iron between the ferrous and
ferric state or for structural, adsorbed, and total water are available for
rock from the upper buffer zone. Planned studies to obtain this information
are described in Section 8.3.1.

4.1.1.3.6 General mineralogy and petrography of
the upper buffer zone
Little mineralogic and petrographic work has been done on the upper
buffer zone in the controlled area study zone. Several studies, however, have
been done on equivalent rocks outside the controlled area study zone and Pasco
Basin (Ross, 1978; Beeson et al., 1985; Gardner et al., 1981; Myers, 1973;
Taylor, 1976).
These studies have found that, in general, basalt flows in rocks
equivalent to the upper buffer zone in the controlled area study zone are
composed dominantly of plagioclase, clinopyroxene, and glass with lesser
amounts of olivine and opaques. Rock textures are typically sparsely phyric
to abundantly phyric and intergranular or intersertial (Beeson et al., 1985;
Ross, 1978). Plagioclase glomerocrysts are common in some flows. The
groundmass Is fine to coarse grained and generally contains equant or
acicular, plagioclase microphenocrysts (Beeson et al., 1985). Taylor (1976)
indicated that in the Saddle Mountains north of the Pasco Basin, the basalts
in the Wanapum Basalt are generally coarser grained than those in the Grande
Ronde Basalt.
Modal analyses for four samples from the Frenchman Springs Member of the
Wanapum Basalt obtained from drill hole RRL-6 in the controlled area study
zone are presented in Table 4.1-17 (BRMC Index Record No. B052844 through
8052847; see Figure 4.1-2 for location of drill hole). The values for
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plagioclase, pyroxene and olivine include both microphenocrysts and
microlites; microphenocrysts alone total about 1.8% to 4% for plagioclase,
about 0.5% to 10% for pyroxene, and no olivine microphenocrysts were noted.
Values for mesostasis include both glass and minute crystallites; glass alone
totals about 15% to 19% for the samples listed. Alteration products for all
samples are exclusively clay, and the sample entitled "Other" includes
apatite, sulfides, and void space, which apatite dominates. Average modal
analyses of each of the basalt members of the Wanapum Basalt are also
presented in Table 4.1-17. The averages and standard deviations were
calculated from data in Taylor (1976) who studied the Wanapum Basalt in the
Saddle Mountains north of the Pasco Basin.
Comparison of the modes from rock within the controlled area study zone
with those from the Saddle Mountains indicates that, although there are minor
differences the mineralogic makeup of the Frenchman Springs Member, it is
fairly constant between the controlled area study zone and the Saddle
Mountains. The major differences appear to be in the amounts of mesostasis
and opaques (iron-titanium oxides). In addition, there appears to be little
difference in the average mode among the three members in the Saddle Mountains
area. This suggests that no major differences are to be expected among modal
analyses from the three members in the controlled area study zone. Plans to
gather modal analyses from the Priest Rapids and Roza Members within the
controlled area study zone to support this supposition are described in
Section 8.3.1.
Finally,- comparison of the modes for rocks within the upper buffer zone
(see Table 4.1-17) with those from rocks in the primary isolation zone (see
Table 4.1-1) indicates that there is more olivine in the upper buffer zone
than there is in the primary isolation zone; otherwise, basalts in the two
zones within the controlled area study zone are mineralogically similar. This
suggests that mineralogical effects on basalt-water-waste reactions in the
primary isolation zone should be similar to those in the upper buffer zone.
Not as much is known about the secondary phases in the upper buffer zone
as is known about these phases in the primary isolation zone. Rawson (1986b)
presented x-ray diffraction data for 5 samples from the Frenchman Springs
Member, 12 samples from the Roza Member, and 1 sample from the Priest Rapids
Member of the Wanapum Basalt. All of the samples are from drill holes in the
central Pasco Basin, but only eight samples are from drill holes in the
controlled area study zone. Rawson (1986b) found trioctahedral smectite,
clinoptilolite, calcite, and pyrite In the Priest Rapids Member sample.
Smectite and clinoptilolite were found in all the Frenchman Springs Member
samples, but the smectite in two of the samples is dioctahedral. Minor
quartz, opal-C, opal-CT, celadonite, and calcite were found in some of the
Frenchman Springs Member samples. All samples from the Roza Member contained
trioctahedral smectite, and all but one contained clinoptilolite. Minor
silica (quartz, opal-C, and opal-CT), pyrite (three samples), calcite (one
sample), and phfillipsite (one sample) were identified in the Roza Member.
Benson and Teague (1979) studied the secondary minerals in two samples from
the Frenchman Springs Member in the central Pasco Basin and found smectlte,
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quartz, and minor opal. Comparison of the x-ray diffraction patterns from
samples of the upper buffer zone (Rawson, 1986b) with those from the primary
isolation zone (Rawson, 1986a) indicates that the x-ray characteristics
(mineralogic and crystallographic characteristics) are similar, in general,
between the two zones. However, the dioctahedral smectite found in two
samples from the upper buffer zone has not been found in the primary isolation
zone.
Section 8.3.1.4 contains plans to study the petrography and chemical
composition of secondary minerals in the upper buffer zone.
The Quincy and Squaw Creek interbeds occur in the upper buffer zone (see
Fig. 4.1-1). The Quincy interbed occurs between the Priest Rapids and RozaMembers of the Wanapum Basalt and exists in two of seven cored drill holes in
the controlled area study zone. The Squaw Creek interbed occurs between the
Roza and Frenchman Springs Members and exists in two of seven cored drill
holes in the controlled area study zone. Both the Quincy and Squaw Creek
interbeds are 1 m (3.3 ft) or less in thickness everywhere they are
encountered in the controlled area study zone. In addition, an unnamed
interbed occurs in three of seven cored drill holes in the controlled area
study zone. This interbed occurs within the Frenchman Springs Member and is
2 m (6.6 ft) or less in thickness. No work has been done to characterize the
mineralogy and petrology of these interbeds within the controlled area study
zone. Some work has been done outside the Pasco Basin, but the fluvial nature
of the deposits results in rapid changes in lithology and thickness over
relatively short distances so that extrapolation of this work to the
controlled area study zone may not be warranted. Studies are planned and
described in Section 8.3.1 to characterize the interbeds in the upper buffer
zone.

4.1.1.3.7

Stratigraphic and lateral distribution of
secondary phases

The stratigraphic and lateral distribution of secondary minerals along
potential flow paths can be used as a means of predicting potential changes in
the composition of groundwater and potential sites of radionuclide sorption.
An understanding of the three-dimensional distribution of secondary minerals
could aid In the evaluation of the origin and stability of these phases.
Overall, information on the distribution of these phases will provide a basis
for predicting the reactions of basalt, water, and waste along potential flow
paths from the repository to the accessible environment.
The distribution of secondary minerals as a function of depth has been
studied by Benson and Teague (1979, pp. 1-20) and Ames (1980, pp. 152-215).
Their results Indicate that smectite occurs at all depths in all examined
cores, although it might be less abundant below 600 m (1,970 ft). Illite
occurs sporadically throughout the section, and quartz Is ubiquitous.
Cristobalite has a distribution similar to that of quartz and is the dominant
silica phase between 600 and 1,000 m (1,970 and 3,280 ft) in the central Pasco
Basin.
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Clinoptilolite exists in all examined samples in the primary isolation
zone. Scanning electron microscopy observations show textures that can be
interpreted as evidence of clinoptilolite dissolution near the base of the
primary isolation zone and in the lower buffer zone (below about 950 m
(3,120 ft)), which is the approximate depth at which mordenite first appears
(Benson and Teague, 1982, pp. 595-613). The apparent clinoptilolite to
mordenite transition noted by Benson and Teague (1982, pp. 595-613) has been
observed elsewhere and has been produced by laboratory hydrothermal
experiments (Boles, 1981, pp. 103-135; Hawkins et al., 1978, pp. 337-343).
However, both clinoptilolite and'mordenite are in some samples below 950 m
(3,120 ft).
The depth to mordenite, apparently, is not perturbed by folds in the
basalt (Smith et al., 1980, pp. 2-67 to 2-69), suggesting that mordenite
formed after folding or that the formation of mordenite kept pace with
folding. There is no textural evidence, such as partly dissolved mordenite,
to support the latter possibility. This suggests that the mordenite
distribution was largely established postfolding. Further work is required to
better define the vertical zonations of secondary minerals (see
Section 8.3.1).
The only apparent geographic variation in secondary mineralization noted
thus far is the distribution of celadonite. Rawson (1986a) and Horton (1985)
noted celadonite in most samples of Rocky Coulee and Cohassett flow tops from
drill holes outside the controlled area study zone in the southwest portion of
the central Pasco Basin. They noted celadonite in only one sample obtained
from drill holes within the controlled area study zone. More samples need to
be studied in order to better understand and define this and other possible
geographic distributions of secondary minerals (see Section 8.3.1).

4.1.1.4 Mineral stability
Basalt-water-waste reactions may change groundwater composition with time
and, therefore, may affect radionuclide transport and release. For this
reason, it is important to understand the stability of primary and secondary
phases in the present and future geochemical environments.

4.1.1.4.1

Primary phases

All of the primary phases discussed in Section 4.1.1.3 formed at magmatic
temperatures (800 to 1,000 C) and are not in equilibrium with the present
in situ physicochemical conditions. They persist as metastable phases,
however, because the kinetics of alteration processes are slow at the present,
relatively low temperatures. For this reason, most primary crystals, even
those adjacent to fractures and vesicles, remain unaltered or are only
slightly altered.
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Glass is the most reactive of the primary phases. Generally, primary
glass in dense interiors, particularly glass near fractures, is incipiently
altered, whereas glass in flow-top breccias 1s, in places, more intensely
altered (McKinley et al., 1986; Horton, 1985). Hydrothermal experiments in
which crushed Grande Ronde Basalt was reacted with synthetic groundwater
between 100 and 300 'C have produced a variety of secondary phases including
iron smectite, mixed-layer chlorite/smectite, cristobalite, quartz, mordenite,
clinoptilolite, wairakite, illite, and potassium feldspar (Lane et al., 1984,
p. 99; Moore et al., 1984, p. 23). Some of these phases have been found'as natural alteration products of Grande Ronde Basalt. The specific alteration
processes and the time of alteration are not known. Planned investigations
are described in Section 8.3.1 that will help determine the products of glass
alteration and the time of alteration (i.e., early deuteric versus late-stage
diagenetic). These aspects of alteration are important in attempts to predict
the stability or reactivity of glass in future geochemical environments.

4.1.1.4.2 Secondary phases
Little is known about the stability of the secondary phases in Grande
Ronde Basalt. There are virtually no available, reliable, measured
thermochemical data for the dominant zeolites (clinoptilolite and mordenite)
or the iron-rich smectites found at the Hanford Site. Thus, a rigorous
treatment of secondary mineral stability is not feasible at this time.
Instead, mineral stability (or mineral persistence in the case of metastable
phases) is evaluated here by comparing the occurrence of each secondary phase
in Grande Ronde Basalt with its occurrence in other geologic environments. It
is not the intent here to compare environments but only to get a general
impression of the stability or persistence of the secondary minerals. As more
thermodynamic data become available in the technical literature and as more
field occurrences are documented, better estimates of secondary mineral
stability can be made. This is an ongoing process and part of the petrologic
model development described in Section 8.3.1.2.4.6.

*

Those secondary minerals found by Benson and Teague (1979, pp. 35-40) to
exist in Grande Ronde Basalt are listed in column one of Table 4.1-18. Almost
all the reported secondary minerals have been identified throughout the world
in weathering diagenetic, burial metamorphic, and geothermal environments.
The temperature ranges, listed in Table 4.1-18, are those over which these
minerals are interpreted to be forming today. The distinction between common
and less common minerals is based on Table 3 of Benson and Teague (1979,
pp. 35-40); minerals listed in their "Other" column are considered less
common. Table 4.1-18 is not intended to be an exhaustive compilation of
mineral-temperature relationships but is intended only to aid discussions of
mineral stability with respect to temperature. Sea floor temperature, which
is the lower temperature limit for the range in which many of the minerals are
known to form, is represented in the table by 4 *C.
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Smectites are known to form on the sea floor (Perry, 1975, pp. 287-295),
in weathering environments (Borchardt, 1977, pp. 293-330), and in geothermal
environments (Kristmannsdottir, 1976, pp. 30-39). The formation and
persistence of smectite with respect to-other clays, zeolites, and feldspars
are functions of the geochemical environment, kinetics, and temperature. Once
formed, however, smectites often persist (smectites as old as the Cretaceous
Period, 65 to 141 m.y. ago, are known--see Anderson and Reynolds, 1966,
pp. 1443-1456 for example) until leaching in acidic environments converts them
to kaolins and associated oxide phases, weathering processes converts them to
pedogenic chloritic phases (Borchardt, 1977, p. 312), or diagenetic processes
transform them to smectite-bearing mixed-layer phases.
The smectites at the Hanford Site are iron-rich and, except for three
known occurrences, are trioctahedral. Generally, iron- and magnesium-rich
trioctahedral smectites persist to higher temperatures than do aluminous
dioctahedral smectites (Eberl et al., 1978, pp. 400-409). Dioctahedral
smectites begin transformation to mixed-layer clays at about 60 QC and the
transformation is complete at temperatures greater than about 200 QC (Hoffman
and Hower, 1979, pp. 55-79). Trioctahedral smectites, on the other hand,
persist to much higher temperatures. In Icelandic basalts, for example,
trioctahedral smectite does not begin transformation to mixed-layer
chlorite/smectite until temperatures of about 200 'C (Kristmannsdottir, 1976,
pp. 30-39). Therefore, most smectite in the repository isolation system may
be stable (but not necessarily in the thermodynamic sense) at the in situ
physlcochemical conditions at depth.
The effect of pressure on smectite stability has been investigated by
laboratory experiments. Koster van Groos and Guggenheim (1984, pp. 872-879)
found that an increase in pressure increased the stability of hydrated
smectite; that is, an increase in pressure increased the temperature of
dehydration. Eberl et al. (1978, pp. 401-409) found that an increase in
pressure increased the stability of smectite with respect. to that of illite.
Benson and Teague (1979, pp. 35-40) report the existence of an "illitelike clay, probably celadonite." Illite and celadonite are two different
minerals with different physical properties, chemical characteristics, and
geologic occurrences. Although there are reports of illite being formed in
low-temperature environments by repeated wetting and drying of smectite (Mamy
and Gaultier, 1975, pp. 149-155), most discrete illite forms at temperatures
above about 200 'C (Hoffman and Hower, 1979, pp. 55-79). If the mineral
reported by Benson and Teague is illite, it probably did not form under the
present physicochemical regime. It may persist metastability, however, at low
temperatures for geologically long periods of time as indicated by the many
published potassium-argon ages for early to middle Paleozoic illites (about
300 to 600 m.y. ago) (Weaver, 1984, pp. 153-183). Celadonite, on the other
hand, Is a commonly reported low- to medium-temperature, alteration product of
basaltic rocks (Andrews,-1980, pp. 323-340; Seyfried et al., 1976,
pp. 385-392). If the mineral reported by Benson and Teague is celadonite, it
may be stable.
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Although zeolites are fairly common minerals in the repository isolation
system and in other natural environments, Hawkins et al. (1978) and Dibble and
Tiller (1981, pp. 323-330) believe that they may be unstable with respect to
quartz and feldspars and that their metastable persistence is due to slow
rates of transformation at low temperatures. Thus, all zeolites reported from
the repository isolation system may be metastable phases. Nevertheless,
comparing the occurrences at the Hanford Site with those elsewhere may yield
information as to their possible persistence.
Clinoptilolite has been found to occur on the sea floor (Nathan and
Flexer, 1977, pp. 845-855) and in diagenetic sequences and geothermal
environments up to ab6ut 120 OC (Sheppard and Gude, 1973, pp. 1-36; Aoyagi and
Kazama, 1980, pp. 179-188). Thus, the existence of clinoptilolite in the
repository isolation system is within the temperature range of clinoptilolite
reported from other environments (see Section 4.2 for discussion of repository
temperatures). In geothermal and low-grade metamorphic terrains with
temperatures above 120 OC, clinoptilolite commonly disappears and is replaced
by mordenite (Aoyagi and Kazama, 1980, pp. 179-188; Boles, 1981, p. 103).
However, the temperature ranges over which clinoptilolite and mordenite exist
greatly overlap as shown in Table 4.1-18. The coexistence of clinoptilolite
and mordenite in Grande Ronde Basalt and in other geologic environments, such
as the Nevada Test Site (Bish et al., 1982) suggests that some factor in
addition to temperature must also be important in controlling the reaction of
clinoptilolite to mordenite or the coprecipitation of both.
Both clinoptilolite and mordenite may be metastably persistent. Although
it has not been radiometrically dated, clinoptilolite may have existed at sea
floor temperature since Cretaceous time (141 to 65 m.y. ago) (Nathan and
Flexer, 1977, p. 851). Mordenite is known in rocks as old as Eocene (57
to 36 m.y. ago) (Sheppard, 1971, pp. 288-291). The persistence of
clinoptilolite and mordenite may be due to metastable precipitation and slow
reaction kinetics.
Opal, cristobalite, and quartz in the repository isolation system exist
at temperatures within the ranges that these minerals are commonly found (see
Table 4.1-18). The coexistence of cristobalite and quartz reported by Benson
and Teague (1979, pp. 35-40) may reflect the instability of cristobalite with
respect to quartz at present conditions. Alternatively, both could have
precipitated from different solutions at different times. At any rate,
cristobalite is unstable with respect to quartz at all temperatures less than
1,470 OC. Likewise, tridymite is unstable with respect to quartz at
temperatures less than 870 OC (Deer et al., 1966, p. 341).
The less common phases identified in Grande Ronde Basalt by Benson and
Teague (1979, pp. 35-40) are listed in Table 4.1-18 and grouped by them in the
heading "Other" in their Table 3. The zeolites phillipsite, chabazite, and
erionite are low temperature phases found in alkaline, saline lakes (Surdam,
1981, pp. 65-91), and as authigenic phases in mafic volcanics (Hay and
Sheppard, 1981, pp. 93-102). Geologic evidence suggests that, with time,
these zeolites may alter to other zeolites and feldspars (Boles, 1981,
pp. 103-135; Hay and Sheppard, 1981, pp. 93-102). However, phillipsite,
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chabazite, and erionite are known in rocks as old as Eocene (Sheppard, 1971,
pp. 279-310), and in trachytic tuff in Italy, phillipsite and chabazite are
thought to be 5,000 to 8,000 yr old (Hay and Sheppard, 1981, pp. 93-102).
Thus, these zeolites are metastably persistent.
Analcime is known to form and exist at temperatures ranging from that of
the near surface to greater than 600 OC (Helgeson et al., 1978, pp. 149-156).
Wairakite, reported in Grande Ronde Basalt, is most commonly found in
geothermal systems and low-grade metamorphic environments at temperatures
greater than about 200 *C (Elders et al., 1981; Kristmannsdottlr, 1975; soles,
1981, pp. 103-135), Thus, wairakite within the Grande Ronde Basalt is
probably unstable but may be metastably persistent.
Pyrite and calcite are very common mineral phases in many geologic
environments. Calcite is found in soil environments (Donner and Lynn, 1977,
pp. 75-98), in diagenetic environments (Yeh and Savin, 1977, pp. 1321-1330),
and in geothermal environments (Kristmannsdottir, 1975, pp. 441-445). The
existence of calcite in Grande Ronde Basalt is in agreement with its usual
geological occurrence. In addition, the calcite in Grande Ronde Basalt may be
thermodynamically stable under present conditions (see discussion in
Section 4.1.2). Pyrite is a very common mineral forming in environments
ranging from sea floor sediments (Berner, 1971, p. 202) to geothermal systems
(Kristmannsdottir, 1975, pp. 441-445). Evidence is presented in Section 4.1.3
suggesting that the pyrite in Grande Ronde Basalt may be thermodynamically
stable under existing conditions.

4.1.2 GROUNDWATER GEOCHEMISTRY
The objective of Section 4.1.2 is to summarize known preemplacement
hydrochemistry compositional properties of the preferred candidate horizon
(Cohassett flow) and other proximal stratigraphic units that, potentially,
represent pathways to the accessible environment (see Fig. 4.1-1). This
compositional information is necessary for the design of experimental studies
to investigate the stability of engineered barriers components and to provide
experimental evaluation of radionuclide transport from the waste package and
through the natural system. Such studies require sufficient groundwater
chemistry data so that reference compositions for major aquifers along
potential flow paths can be defined.
These information needs are met by summarizing the observed compositional
data for appropriate groundwaters in terms of major and trace inorganic
species, organic components, dissolved gases, and background radioactivity.
Four candidate repository horizons in the Grande Ronde Basalt have been
proposed (Rocky Coulee, Cohassett, McCoy Canyon, and Umtanum flows). For this
section, all discussions of the Grande Ronde Basalt focus on the Cohassett
flow as the preferred candidate horizon. However, from a hydrochemical
perspective, differences among the candidate flows are insignificant
(Early et al., 1986).
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Potential flowpaths and the general hydrochemistry along them are
discussed in Section 4.1.2.1. Subsequent sections contain details about major
inorganic content (Section 4.1.2.2), trace elements (Section 4.1.2.3), organic
content (Section 4.1.2.4), dissolved gases (Section 4.1.2.5), background
radioactivity (Section 4.1.2.6), particulates and colloids (Section 4.1.2.7),
and temperature and pressure (Section 4.1.2.8). Methods of assessing
mineralogical controls on water composition and current ideas about
mineralogical controls are discussed in Section 4.1.2.9. The synthetic
groundwater compositions used in previous and current experimental studies,
including sorption, basalt-water reactions, and engineered barriers stability
investigations, are summarized in Section 4.1.2.10.
The characterization and variation of hydrochemical parameters along
potential flow paths from the repository are summarized in Section 4.1.2,
while Chapter 3 contains detailed discussions of all components of
hydrochemical studies under investigation at the Hanford Site. Included in
Chapter 3 is a treatment of sample quality and analysis procedures
(Section 3.9.1.3), evidence for basalt-water reactions (Section 3.9.3.7.2.2),
and a thorough review of the implications for conceptual groundwater flow
models of the Hanford Site (Section 3.9.3.7.3.2). Evaluation of the control
and interpretation of redox and pH conditions in the basalt geochemical system
is found in Sections 4.1.3.4.1, 7.1, and 7.4.4.1. Plans for additional
hydrochemical sample collection and analyses are presented in Section 8.3.1.4.

4.1.2.1

General description of the hydrochemistry

Based on preliminary performance assessment modeling as reported in
Clifton (1986), the principal anticipated flow path for groundwater from a
repository in the Cohassett flow to the accessible environment is assumed to
be laterally along the Cohassett flow top. While these modeling results tend
to emphasize lateral migration of groundwater, measured values of vertical
hydraulic conductivity for the basalt flows at the Hanford Site have not been
made.
Conceptually, the potential exists for vertical flow along primary
fractures or faults within the dense interiors of flows. If this occurs, it
is possible that the groundwater flow pathway could cross the contact between
the Wanapum and Grande Ronde Basalts and that some component of flow could
take place in the Vantage interbed and (or) in flow tops of the lower
Frenchman Springs Member. In order to provide a basis for evaluating the
effects of this flow pathway, this section examines the hydrochemical
properties of groundwaters in the Frenchman Springs Member in addition to
those from neighboring flows of the Cohassett flow (above and below) within
the Grande Ronde Basalt. This approach should permit a hydrochemical
assessment of a wide stratigraphic window along potential flow paths from a
mined geologic disposal system in the Cohassett flow at the reference
repository location.
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In the following sections (4.1.2.2 through 4.1.2.6) , hydrochemical data
are presented as compositional histograms for the Frenchman Springs Member,
Cohassett flow, and other flows (both above and below the Cohassett flow)
within the Grande Ronde Basalt. Samples taken from the reference repository
location within these units are highlighted for emphasis. A complete
tabulation of all hydrochemical data used in this chapter Is available in
Early et al. (1986). No attempt is made to duplicate the more extensive
hydrochemical discussions found in Chapter 3.
Groundwater data are available from flow tops and(or) bottoms within
basaltic units. These groundwaters are assumed to be representative of those
from the entire flow. Groundwater samples have not been collected from flow
interiors for any basaltic units because of their generally low permeability.
In addition to data for flow tops, hydrochemical data from a sedimentary
interbed at the base of the Wanapum Basalt (Vantage interbed; see Fig. 4.1-1)
are included in the following discussions.
In general, groundwaters associated with basalts from the Frenchman
Springs Member and Grande Ronde Basalt at the Hanford Site are either Na-Cl or
Na-Cl-SO 4 types. Groundwaters from the Frenchman Springs Member typically are
of a Na-Cl type. However, within the Grande Ronde Basalts, the Na-Cl type
waters tend to be characteristic of the vicinity of the reference repository
location while Na-Cl-SO4 groundwaters are found further to the east. In
addition, dissolved gases in the Na-Cl type groundwaters in the reference
repository location are dominated by methane, whereas Na-Cl-SO 4 waters are
nitrogen dominated. Groundwaters from both the Frenchman Springs Member and
Grande Ronde Basalt tend to have relatively high fluoride concentrations
reaching levels of about 50 mg/L in some Grande Ronde Basalt samples from the
eastern part of the Hanford Site.
Only preliminary information exists for trace elements, organic
components, background radioactivity, and particulates and colloids. Although
a variety of trace elements have been evaluated, they are generally below
detection limits for the techniques used. Total organic carbon is routinely
measured in groundwater samples, but little information is available about
specific organic constituents. Indirect information is available on
background radioactivity, but that information is subject to errors caused by
potential contamination of groundwater samples by drilling activities.
Limited information is also available on naturally occurring particulates and
colloids in Hanford groundwaters. Planned studies will provide more
information on background radioactivity and on particulates and colloids.
These studies must resolve the problem of contamination due to borehole
construction techniques. The impact of man-induced particulates and colloids
on radionuclide transport in the post-emplacement environment will also be
studied.
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4.1.2.2 Major inorganic content
Compositional data for the major inorganic components (including pH and
alkalinity) measured in groundwaters from the Frenchman Springs Member (and
Vantage interbed), Cohassett flow, and other flows of the Grande Ronde Basalt
are presented in Figures 4.1-3 and 4.1-4. The locations of the boreholes from
which samples were taken for analysis are shown in Figure 4.1-5. In general,
most groundwaters from the lower Wanapum and upper Grande Ronde Basalts at the
Hanford Site are dominated by sodium and chloride (sulfate is an important
constituent in some samples).
A more detailed
vertical and lateral
within the Frenchman
tions are summarized

examination of Figures 4.1-3 and 4.1-4 reveals both
compositional differences in groundwaters between and
Springs Member and Grande Ronde Basalt. These observaas follows:

o Vertical compositional variations.

o

-

Concentrations of sodium, chloride, and fluoride tend to
increase with increasing depth.

-

Concentrations of potassium and calcium tend to decrease with
increasing depth.

Lateral compositional variations.
-

Groundwaters from the reference repository location tend to
have higher sodium and chloride concentrations than those from
outside the reference repository location.

-

In general, groundwaters from the Cohassett flow across the
Hanford Site exhibit a total range of composition similar to
all other Grande Ronde Basalt groundwaters sampled.

The existence of vertical and lateral variations of groundwater sulfate
concentrations was discussed In Chapter 3 (see Section 3.9.1.3.6,
Fig. 3.9.2-16, and related discussion in Section 3.9.3.7.3.2) and also was
shown in Figure 4.1-4. However, study of available data reveals that sulfate
concentrations are relatively low (less than 35 mg/L) for all horizons across
the Hanford Site except the Grande Ronde Basalt in boreholes DC-6, -7, -14,
and -15 (see Fig. 4.1-5). The apparently restricted stratigraphic and
geographic extent of this sulfate anomaly does not have a satisfactory
explanation at present. Potential sources of recharge to the Grande Ronde
Basalt that have been characterized in this region (e.g., water from overlying
aquifers and(or) the Columbia River) exhibit low concentrations of sulfate and
cannot explain the high-sulfate groundwater. Possibly, there is a deeper
source of groundwater migrating upward into this region; or, alternatively,
sulfate-bearing phases locally associated with the Grande Ronde Basalt control
its concentration to the high levels observed. This is an unresolved question
that is actively under study (see Chapter 8, Section 8.3.1.4).
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Systematic increase of compositional parameters, such as sodium, chloride, and fluoride, with increasing depth in the reference repository location
is discussed in Section 3.9.1.3. In general, there appears to be a chemical
transition zone that separates shallow and deep groundwaters (each with unique
chemical signatures). Similar changes in relation to depth are observed for
other parts of the Hanford Site, but the stratigraphic level where the
transition zone occurs varies from borehole to borehole (see Fig. 3.9-64).
For example, within the reference repository location, the geochemical
gradient occurs in groundwaters from across the entire Wanapum Basalt, while
further to the east in the Cold Creek syncline the transition zone appears at
deeper stratigraphic levels. In addition, near anticlinal structures bounding
to Cold Creek syncline, a sharp transition occurs in groundwaters from the
uppermost part of the Wanapum Basalt. Consequently, the vertical chemical
variations observed in groundwater do not appear to be directly associated
with concomitant changes in host rock chemistry.
Evidence pointing to systematic lateral variation in ambient groundwater
chemistry within the Frenchman Springs Member and Grande Ronde Basalt is
discussed in Section 3.9.1.3. This discussion tentatively concludes that
observed lateral chemical gradients result from localized upward movement of
more mineralized Grande Ronde Basalt groundwaters in the vicinity of the
reference repository location and from mixing with groundwaters chemically
similar to those found in aquifers of the Saddle Mountains Basalt. Within the
limitations of available data, It appears that these lateral chemical
variations include decreases In sodium and chloride concentrations radiating
outward from the reference repository location. As the gradients appear to,
emanate from the vicinity of the reference repository location (see
Fig. 3.A.3-23 and 3.9.3-24), it is reasonable to conclude that groundwater
traveling laterally along a flow top within the lower Wanapum and upper Grande
Ronde Basalts in any direction away from the reference repository location
will systematically change in chemical composition as described above.
The value of these observations becomes clear when an attempt is made to
estimate specific differences in the preemplacement hydrochemistry along
likely flow paths from a mined geologic disposal system in basalt. For
example, if groundwater flow from the repository follows a path within the
Cohassett flow top, it is anticipated that decreases in sodium and chloride
will be encountered as the water leaves the reference repository location.
Alternatively, if the flow path from the repository involves vertical flow to
the Frenchman Springs Member followed by lateral movement outside of the
reference repository location, decreases in the sodium, chloride, and fluoride
and increases in calcium concentrations are expected. The potential effect of
these chemical changes on the mobility of radionuclides, should they be
released from the repository, is important to evaluate and currently Is being
addressed from both theoretical and experimental perspectives by radionuclide
retardation studies (see Section 8.3.1.4.1.3).
The elevated fluoride concentrations of groundwaters in the Grande Ronde
Basalt (about 10 to 50 mg/L) are of interest in that they may provide insight
into the specific basalt-water reactions occurring in these deep basalts. The
source of fluoride in the groundwater is currently uncertain, although (as
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noted in Section 4.1.1.3) fluoride is present as a minor constituent in
basalt, primarily occurring in basaltic glass and fluorapatite (Allen and
Strope, 1983, p. 7). One occurrence of fluorine-bearlng apophyllite in the
Saddle Mountains Basalt also has been reported (Rawson, 1986b). It is
possible that fluoride is selectively leached from these phases during basaltwater reactions (hydrolysis) along interflow contacts. Noble et al. (1967)
confirm that leaching of fluoride from silicic volcanic glass by groundwater
is a common occurrence. Alternatively, fluoride may have a source outside the
basalts and become part of the basalt hydrochemical system via natural
groundwater flow paths. One such source could be the sedimentary rocks that
have been observed in the cuttings of deep gas exploration wells north and
west of the Pasco Basin and whose existence are predicted by magnetotelluric
methods to lie beneath the basalts at the Hanford Site (see discussion on subbasalt sedimentary rocks in Sections 1.2.2.1 and 1.7.2.2). Current
investigations In solids characterization and geochemical modeling attempt to
identify possible solubility controlling phases for fluoride (e.g., see
Section 4.1.2.9). Furthermore, results from laboratory basalt-water reaction
studies are being examined for evidence of controls on fluoride concentrations
in experimental solutions (see Section 8.3.1.4).
The concentration of dissolved oxygen, hydrogen, and other redox couples
such as HS-/S04 1- and iron(II)/iron(III) in Hanford Site groundwaters are of
value in reconstructing the redox conditions of the Hanford Site. Tabulations
of appropriate data and relevant discussions are incorporated into
Section 4.1.3.4.

4.1.2.3

Trace elements

In addition So major inorganic species, groundwaters (filtered through an
0.45-um (18 x 10- -in.) filter) from boreholes on the Hanford Site have been
analyzed for a variety of elements occurring in trace amounts (generally less
than 1 mg/L) including lithium, aluminum, boron, phosphorous, several alkaline
earths (strontium and barium), transition metals (chromium, manganese, iron,
cobalt, nickel, copper, and zinc), molybdenum, lead, and uranium.
Concentrations of these constituents in groundwater sampled from Frenchman
Springs Member and Grande Ronde Basalt horizons are presented in Early et al.
(1986).
The principal value of trace element analyses is for examining
alternative models of basalt-water reaction. For example, in comparison to
calcium, other alkaline earths present in trace amounts, such as strontium and
barium, partition differently between groundwater and certain solid phases
(e.g., calcite, feldspars). Therefore, their relative abundances in
groundwater can help identify possible reactions. In addition, aluminum and
iron are particularly Important elements in many primary and secondary phases
(e.g., glass, feldspar, clays, zeolites) in basalt; and accurate analyses of
them in groundwater are necessary to support geochemical and reaction path
modeling studies.
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Because of the low concentration levels of trace elements observed in
these groundwaters, they are particularly sensitive to contamination during
sampling. For example, drilling fluids containing various additives have been
used during construction of many boreholes at the Hanford Site and are
possible sources of contamination for trace constituents in groundwater (e.g.,
Halko, 1984). In addition, groundwater samples have been collected at the
surface by pumping water through steel pipe from a zone isolated by packers.
In view of the contact of groundwater with the pipe and pipe-Joint lubricant,
the potential exists for contamination. Currently (1986), a stainless steel,
) that will obviate
downhole sampling device (see Section
contamination problems associated with sampling collection is being tested.
To date, only limited use of trace element data has been made in view of
possible contamination problems.
Lithium, the transition metals (except iron), and lead are normally at or
below the detection limit of the analytical technique used in these samples
(inductively coupled plasma atomic emission spectrometry). Of the remaining
trace components, aluminum is not generally detected with sufficient
sensitivity by inductively coupled plasma atomic emission spectroscopy to be
well defined. However, aluminum concentrations normally are less than
0.5 mg/L. Groundwater analysis for magnesium, aluminum, and manganese by
atomic absorption spectroscopy was initiated in 1983, but more sensitive and
reliable analytical techniques are required to support geochemical modeling
studies (see the Groundwater Flow System Hydrochemistry study plan as
referenced in Section 8.3.1.4.2.3.1).
Boron, strontium, and barium are most likely accessory components of
basalt glass and typically are found at concentrations of 0 to 2, less than
0.1, and less than 0.1 mg/L, respectively. These trace elements are believed
to enter the groundwater through basalt-water reactions that occur primarily
within fractures and along flow contacts. Phosphorous may result from
dissolution of minor phosphate phases such as fluorapatite and is found
normally at concentration levels of less than 1 mg/L. Iron exists as a major
component of Columbia River Basalt Group flows (see Table 4.1-2) and may enter
the water through basalt-water reactions. A second source for iron may be
contamination from borehole casing and other drilling/sample collection
equipment, especially when the swab technique is used for collection. While
iron concentrations exceeding 50 mg/L have been determined for groundwater
samples suspected of being contaminated, values normally lie below 0.2 mg/L.
Uranium concentrations (determined mass spectrometrically) in
groundwaters from Frenchman Springs Member and Grande Ronde Basalt horizons
are low (generally less than about 0.1 ug/L) compared to concentrations
usually observed in natural waters at the Earth's surface (0.1 to 10.0 ug/L)
(Osmond, 1980, p. 259). The low value may be due to low uranium solubility
under reducing conditions (see Section 7.4.3.5) that exist in basalt
groundwaters or low uranium concentrations in the host basalts.
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4.1.2.4 OrQanic content
Knowledge of the type and concentrations of natural organic constituents
in Hanford groundwaters is important primarily for evaluating the potential
for formation of organic complexes with radionuclides released from the
proposed repository. Only limited data exist regarding the identity and
concentration of organic constituents in groundwater from the flow tops and
interbeds of the Columbia River Basalt Group at the Hanford Site. For
example, the BWIP has been determining the total organic carbon content of
groundwater samples since 1982. In addition, Means (1982, pp. 1-22) has
characterized the organic compounds found in one sample of Grande Ronde Basalt
groundwater from the Hanford Site. The gaseous organic component (i.e.,
methane) is discussed in Section 4.1.2.5.
The purpose of total organic carbon analyses is to monitor borehole
cleanup procedures prior to sample collection for hydrochemical analyses.
Organic carbon in several forms may be introduced into the borehole during the
drilling process. Total organic carbon analysis provides a means of
determining the progress of aquifer cleanup. Only preliminary evaluation of
results of total organic carbon analyses is available, but it appears that
groundwaters from Wanapum and Grande Ronde Basalts may have a natural
background level of total organic carbon of less than 1 mg/L. This lower
limit is observed in samples from those aquifers that have been pumped
extensively or flow freely under artesian conditions. A frequency
distribution of observed total organic carbon concentrations for all
groundwaters collected through April 15, 1986, in the Frenchman Springs Member
and Grande Ronde Basalt is shown in Figure 4.1-6. With few exceptions the
samples come from individual aquifers isolated from other water-producing
zones in the boreholes by Inflatable packers. Maps identifying the sampled
boreholes from which these data come are found in Figure 4.1-7. The results
suggest that relatively few of these samples may be free of organic carbon
contamination from drilling fluid, a factor that must be considered before
detailed organic characterization takes place. A more complete discussion of
the effects of drilling fluid on groundwater chemistry can be found in
Graham et al. (1985).
The identification of the specific organic constituents in these
groundwaters has been attempted in only one sample as reported in Means (1982,
pp. 1-22). In this study, a sample was taken from a horizon about 200 m
(656 ft) below the Umtanum flow top in borehole OC-6 (see Fig. 4.1-67. The
sample was collected after the test horizon had been flowing under artesian
conditions at about 20 L/min (5.3 gal/min) for over 1 yr. The sample
contained 0.34 mg/L of dissolved organic carbon. While-the extensive period
of flow for the sampled horizon and the low level of observed organic carbon
jointly suggest a "pristine" groundwater sample, the possibility cannot be
ignored that organics added during the drilling process still may be present.
Consequently, the analysis of the organic content of this sample should be
interpreted with caution.
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The results of this study (Means, 1982, pp. 1-22) indicate that about
2.5 ug/L of the organic matter in this sample is in the form of fatty acids
and phenols. The remainder of the organic carbon is present as fulvic acids
in which about 90% have apparent molecular weights falling in the range of
300 to 1,000, as determined by gel filtration chromatography. No humic acids
were detected. All of the organic compounds identified have the capacity for
complexing some radionuclides and may facilitate their migration should they
be released from the repository.
From the above discussion, it is apparent that insufficient data are
available relative to the identity, concentration, and potential complexing
ability of natural organic constituents in groundwaters of the Hanford Site.
For example, no organic characterization of Grande Ronde Basalt groundwaters
from the reference repository location region in the vicinity of the proposed
repository has been performed. Furthermore, identification of the presence of
organic components representing drilling fluid contaminants has not been
attempted yet. Plans to address these questions are discussed in
Section 8.3.1.4.2.

4.1.2.5

Dissolved gas

Dissolved gases in Hanford groundwaters have at least three major uses:
(1)methane has potential as a groundwater flow tracer, similar to chloride;
2) the noble gases (He, Ne, Ar, Kr, Xe) can be used to estimate groundwater
recharge temperatures; and, (3) accumulation of He and 4UAr may provide some
constraints on groundwater flow rates. In addition, methane in groundwaters
around the proposed repository, coupled with estimates of inflow to the mined
drifts, are important for evaluating ventilation requirements.
Information available on dissolved methane in groundwater from the
Frenchman Sprlngs Member and Grande Ronde Basalt is summarized in
Figure 4.1-8. Besides methane, nitrogen is the other major dissolved gas
constituent found in Hanford groundwaters. The location of all boreholes from
which dissolved gas data have been obtained is given in Figure 4.1-9. In
groundwater samples taken from both of these stratigraphic units within the
reference repository location, methane is the major gas component with minor
amounts of nitrogen, argon, and carbon dioxide. Hydrocarbons, other than
methane, and noble gases, other than helium and argon, have been detected only
in very small quantities. Analysis of gases for hydrogen sulfide has not been
attempted, but owing to the high pH of most lower Wanapum and Grande Ronde
Basalt groundwaters (greater than 8.5) little hydrogen sulfide gas is
anticipated. However, the decision not to analyze for hydrogen sulfide is
being reconsidered.
Estimates of dissolved methane concentrations within reference repository
location boreholes (DC-16A, RRL-2, RRL-6B, and RRL-14) have been made based on
the amount of methane evolving from groundwater discharging through a gas
separator (Table 4.1-19; Early, 1986). These estimates fall in the range of
approximately 100 to 1,200 mg of methane per liter of water or about 10% to
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100% saturated at formation temperature and pressure for groundwaters in the
Grande Ronde Basalt. Similar measurements for Wanapum Basalt groundwaters in
reference repository location boreholes have been successful in only two
instances. Attempts to make analogous measurements in shallower sections of
these boreholes have been unsuccessful due to the low total gas concentrations
encountered.
Beyond the reference repository location, dissolved gas concentrations
are inadequately known at present (Early, 1986). In Section 8.3.1.4, plans
are described for modification of the gas sampling and analysis procedures,
which will permit a quantitative determination of gas concentrations elsewhere
in the Hanford Site. Future resampling programs in existing boreholes will
supplement the data presented in Table 4.1-19.
The origin of methane associated with these groundwaters is not well
understood. Carbon isotope data for methane samples are limited but suggest
that for samples from the Grande Ronde Basalt within the reference repository
location s 3C* values of greater than -50 per mil are observed. Most methane
samples from shallower horizons across the site have d53 C values of less than
-50 per mil. These results indicate that the methane from the sampled Grande
Ronde Basalt horizons may be of thermocatalytic origin, while that from
shallower zones is more compatible with a biogenic origin (Barker and Fritz,
1981). The thermogenic methane possibly was generated from lignite or coal
which is occasionally found interbedded with the basalts and in the sub-basa t
sediments. However, uncertainties exist as to whether specific ranges of 6 C
(and 60) values for methane can reliably distinguish between biogenic and
abiogenic reaction mechanisms. Work in progress may provide a more definitive
answer to this question (see Section 8.3.1.4).
For boreholes outside of the reference repository location, dissolved
gases in nearly all Grande Ronde Basalt groundwater sampled to date are
strongly dominated by nitrogen. The only exceptions that have been observed
are in boreholes in close proximity to the reference repository location
(McGee and DC-19C) where nearly equal amounts of nitrogen and methane are
found. In contrast, methane domination of dissolved gases outside of the
reference repository location is a more common occurrence in Frenchman Springs
Basalt groundwaters than in Grande Ronde Basalt groundwaters across the
Hanford Site. The exceptions are for distant boreholes OC-14 and OC-15
(nitrogen dominated) and the McGee well (approximately equal amounts of
nitrogen and methane). Currently it is assumed, but not proven, that the
methane-rich dissolved gases in the vicinity of the reference repository
location are from a deep (possibly sub-basalt) source and have migrated upward
in association with groundwater. Within the Wanapum Basalts in this region,
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mixing of deep and shallow groundwaters occurs as hypothesized in
Section 3.9.1.3 and summarized in Section 4.1.2.2. Future activities designed
to address this question include more detailed gas analyses in proposed and
existing boreholes on the Hanford Site (see Section 8.3.1.4).

4.1.2.6 Background radioactivity
At present, there are limited documented measurements of background
radioactivity in the basalts at the Hanford Site or associated groundwaters.
Information is available in terms of the observed concentrations of selected
radionuclides and radioactive elements. These constituents include the
following:
o
o
o
o
o

Tritium.
Carbon-14.
Chlorine-36.
Total uranium.
Selected decay chain daughters of uranium and thorium.

Tritium is measured in groundwaters at the Hanford Site and used as an
indicator of drilling fluid contamination (Graham et al., 1985). Most boreholes have been drilled with a fluid made up with Columbia River water.
Because of natural fallout, Columbia River water contains tritium at concentration levels considerably higher than those found in groundwaters from
confined aquifers at the Hanford Site.* Therefore, tritium is a useful
geochemical tracer with which to monitor borehole development. A frequency
distribution of all measured tritium values in Frenchman Springs Member and
Grande Ronde Basalt groundwaters is included in Figure 4.1-10. Because of the
likelihood of groundwater contamination with river water prior to sampling, it
is anticipated that the observed tritium concentrations are upper bounding
values for the sampled zones rather than reflecting true baseline
concentrations.
Carbon-14 and chlorine-36 analyses are performed on groundwater samples
with the intent of obtaining information about groundwater ages. Because of
its relatively short half-life (5,730 yr), 14C is subject to the contaminating
effects of modern carbon present in drilling fluid. Many of the analyses
presented in Figure 4.1-10 probably show the effect of contamination with
iodern carbon and, as such, represent upper bounding estimates of the baseline
14 concentrations present. On the other hand, 3 Cl has a long half-life (3 x
10 yr); and contamination effects, while present, may be of lesser importance
*Sula et al. (1983, pp. 14-15) report tritium concentrations (measured in
tritium units (Tu)) for the Columbia River ranging from 71 pCt/L (22 Tu) to
607 pCi/L (207 Tu). Average Values for 1982 were 160 pCi/L (50 Tu) and
220 pCi/L (68 Tu) upstream and downstream of the Hanford Site, respectively.
Additional tritium analyses for Columbia River water in the vicinity of the
Hanford Site range from 25 to 78 Tu between 1978 and 1985, as reported by
Early et al. (1986).
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than for 14C because less decay has occurred for 36Cl. Consequently, to a
first approximation, concentrations presented in Figure 4.1-10 may be
reasonable baseline estimates of 36C1 values for the zones sampled.
Inferences as to groundwater ages from .4C and 36C1 data are discussed in
Section 3.9.3.7.3.2.
Uranium, as a trace constituent of groundwater, also is subject to contamination by drilling and sampling activities. While observed values in
Figure 4.1-9 range over more than three orders of magnitude, there is a
suggestion that most samples lie In the range of 0.001 to 0.1 ug/L in
Frenchman Springs Member and Grande Ronde Basalt groundwaters.
Work is in progress to obtain quantitative measurements of the
concentrations of decay chain daughters of uranium and thorium in groundwater
on the Hanford Site (e.g., see Laul et al., 1985). These data will be
reported in a future update of the Site Characterization Plan when they have
been determined.
In summary, it appears that the available baseline radioactivity data for
Frenchman Springs Member and Grande Ronde Basalt groundwaters as presented in
Figure 4.1-9 are subject to the potential effects of contamination by drilling
fluids. Consequently, this figure probably provides upper bounding estimates
for most constituents. Further observation of available data suggests that
there are no significant differences in the amounts of these constituents in
groundwaters from the reference repository location as compared to those from
outside of this region.
Information for other radioactive constituents (e.g., 1291) in lower
Wanapum and Grande Ronde Basalt are not currently available, but plans for
more extensive data acquisition are included in the study plan associated with
Section 8.3.1.4.2.3.1.

4.1.2.7

Particulates and colloids

The existence of naturally occurring particulate matter in groundwaters
on the Hanford Site has not been fully studied. Unfortunately, both the use
of bentonite-based drilling fluids in most boreholes and the generation of
fine rock fragments as the drill bit cuts through the rock interfere with this
evaluation. Laul et al. (1985) attempted to determine if naturally occurring
radionuclides in Grande Ronde Basalt groundwater at borehole DC-14 are
associated with suspended partic lates. Filtration of water through a 0.1 um
filter revealed that 2 uPb and 10 Po concentrations were 3 to 5 times lower in
the filtrate than in unfiltered water suggesting that these radionuclides
might be associated with colloids. Section 8.3.1.4.3.3.1 references the
Radionuclide Reactivity study plan in which plans for characterizing the
abundance and composition of natural particulates and colloids in these
groundwaters are discussed.
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In addition to naturally occurring colloids, the potential formation of
particulates from human activities cannot be ignored. For example, the
bentonite clay currently being considered as a waste package backfill
component may be the source of particulates in the post-emplacement period.
In Section 7.4.5.3 the results of a literature survey on the possibility of
colloid formation from packing materials is discussed, but no definitive
conclusions are reached. Section 8.3.4.3.4 presents plans that address these
data deficiencies and will investigate the importance of man-induced colloids
in radionuclide transport.

4.1.2.8 Temperature and pressure
4.1.2.8.1

Temperature

The increase of fluid temperature with depth beneath the Hanford Site is
illustrated in Figure 4.1-11. Borehole locations are presented in
Figure 4.1-12. This plot uses data from the downhole geophysical logs from
32 boreholes including 11 boreholes in the reference repository location.
Linear regression analysis of all of the data yields a mean geothermal
gradient of 0.0388 QC/m (0.0118 OC/ft). It is possible to estimate the
average fluid temperature at depth underlying the Hanford Site using the
equation given in Figure 4.1-11. Included in Figure 4.1-11 is the linear
regression line and a 95% confidence band for the data. Based on the
regression equation, temperature estimates for expected depth to repository
midline of the Cohassett flow are given in Table 4.1-20. The depth is taken
frcm the observed stratigraphic section for borehole RRL-2 and represents the
depth of the repository midline near the center of the proposed layout. In
addition, Table 4.1-20 contains the range of temperatures expected for the
Frenchman Springs Member of the Wanapum Basalt at borehole RRL-2. In
combination, these temperature estimates include the approximate total range
of ambient temperatures likely to be encountered along possible groundwater
flow paths from a mined geologic disposal system in basalt.
Temperature data for several boreholes tend to diverge from the main
trend illustrated in Figure 4.1-11 and fall outside of the 95% confidence
band. The specific causes for these divergences are not known. Additionally,
close examination of Figure 4.1-11 suggests that the borehole thermal
gradients may be nonlinear with steeper gradients at increasing depth. This
observation may not be significant due to the scatter of the data and the
restricted depth range included. However, it may be a consequence of upward
migration of deeper and warmer groundwater beneath the Hanford Site, as
hypothesized in Section 3.9.3.7.3.
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4.1.2.8.2

Pressure

The variation of hydrostatic pressure with depth beneath the Hanford Site
based on measurements made at the piezometer clusters at boreholes OC-19,
OC-20, and DC-22 is given in Figure 4.1-13. Observed head measurements have
been corrected for density variations in the water standing in the piezometers
(Spane, 1986). Hydrostatic pressure at depth can be estimated using the
equation given in Figure 4.1-13. Based on this equation, hydrostatic pressure
estimates for the Frenchman Springs Member and Cohassett flow horizons are
given in Table 4.1-20.

4.1.2.9 Mineralogical controls on water composition
Geochemical modeling codes such as WATEQ (Truesdell and Jones, 1974), EQ3
(Wolery, 1979; 1983), PHREEQE (Parkhurst et al., 1980), and MINTEQ (Felmy
et al., 1984a; 1984b) provide a means by which one can attempt to identify
those solid phases that are in permissible (thermodynamic) equilibrium with a
specific groundwater composition. Geochemical modeling of this type, when
coupled with an understanding of the hydrologic system, can help focus future
solids characterization activities on the identification of solid phases that
may be important in controlling groundwater composition. Furthermore, linking
the results of speciation calculations with reaction path models such as EQ6
or that associated with PHREEQE can result in reasonable assumptions as to the
identity of solid/water reactions from which the progressive evolution of
groundwater compositions can be predicted (e.g., see Plummer et al., 1983).
Available geochemical speciation and reaction path codes are based on the
principles of equilibrium thermodynamics. However, in natural water-rock
systems metastability and precipitation/dissolution reaction kinetics may be
important considerations. The observed presence of metastable phases such as.
glass, cristobalite, and tridymite in units of the Columbia River Basalt Group
is an example of this problem. Therefore, as a predictive tool, equilibrium
models of this type have limitations; and results from their use must be
interpreted with caution. However, the model user can choose to suppress the
formation of more stable phases when metastability Is believed to be a
problem. Furthermore, some reaction path models have the ability to consider
user-supplied reaction rate information (e.g., EQ6).
The thermodynamic data base associated with each geochemical code
represents another significant limitation. Adequate thermodynamic data for
the important phases in the Columbia River basalts are lacking. For example,
the observed clays and zeolites within Grande Ronde Basalt have complex
chemistries reflecting solid solution not closely matched by any phases
currently in the thermodynamic data bases for geochemical models. While
techniques for estimating thermodynamic parameters for selected minerals exist
(e.g., Tardy and Garrels, 1974; Chen, 1975; Nriagu, 1975; Mattigod and
Sposito, 1978), their applicability to modeling is uncertain. At present it
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is only possible to examine the saturation state of groundwaters with respect
to selected ideal end-member compositions for clays and zeolites. Therefore,
only general inferences as to the stability of these phases are possible.
During 1983, the DOE initiated a geochemical modeling program using the
MINTEQ code developed by Pacific Northwest Laboratory to evaluate water
samples representing all components of the hydrologic system at the Hanford
Site. This program was aimed at establishing the thermodynamic activities of
chemical species in solution and determining the saturation state of solid.
phases appropriate to the basalt system under ambient conditions.
While this investigation is the most recent and ambitious modeling
project undertaken as of 1986, results from several other studies have been
reported. For example, Deutsch et al. (1980; 1982a; 1982b) modeled a limited
number of groundwaters from all stratigraphic levels within the mid-Columbia
Plateau region. Few of these samples were obtained on the Hanford Site, and
many come from boreholes open to more than one water-producing zone.
Therefore, incomplete knowledge of the depth of the samples exists. In
addition, the DOE reported modeling results for a small number of groundwaters
from basalts at the Hanford Site (DOE, 1982, pp. 5.1-98, 5.1-116, 5.1-127).
Significant limitations exist for both of these studies. First, groundwater
samples were modeled at collection rather than in situ temperatures.
Secondly, corrections to saturation indexes due to hydrostatic pressure were
not included for sensitive phases. As discussed in Early et al. (1984a),
calcite and fluorite are the principal examples where the effect of pressure
on equilibrium should not be ignored.
In the study conducted for the DOE by the Pacific Northwest Laboratory
(see Early et al., 1984a for a summary), several dozen spring samples and more
than 100 groundwater analyses from all major water-bearing units on the
Hanford Site were chosen for modeling. These data were drawn from a
preliminary 8WIP hydrochemical data base that had not undergone systematic
evaluation as to data quality and traceability to original records.
Consequently, the results should be considered as tentative and subject to
revision.
Speciation for the samples was first computed at the temperature and pH
values measured at the time of sampling and at atmospheric pressure. The
total mass of hydrogen was determined and used as a mass balance constraint,
and the pH value of the sample was calculated at the correct in situ pressure
and temperature. Pressure corrections to the thermodynamic data for aqueous
species were included. Finally, the corrected pH value was used to determine
the speciation and solubility equilibriums for the sample using pressure
corrections to the thermodynamic data.
In general, these studies (as reported by Early et al., 1984a) suggest
that most groundwaters from the Wanapum and Grande Ronde Basalts tend to be
undersaturated with respect to amorphous silica and allophane. Conversely,
calcite and fluorite generally tend to reach saturation with increasing depth.
Nearly all of the clays and zeolites in the MINTEQ data base are oversaturated
in groundwaters from these stratigraphic zones. However, these phases are
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ideal end-member compositions and do not closely match the more complex
chemistry of clays and zeolites associated with the Columbia River Basalts.
It is acknowledged that the saturation state of these end-members may not
accurately reflect that for observed clays and zeolites. Therefore, the
apparent oversaturation of these phases may be misleading relative to the
clays and zeolites commonly observed as secondary phases in the basalts.
Of the principal phases that compute to be in permissible equilibrium
with groundwaters at the Hanford Site, only amorphous silica and calcite have
been positively identified. The fact that allophane and fluorite have not
been observed does not mean that previous solids characterization work has
been inadequate. Rather, speciation models such as MINTEQ only determine
permissible equilibrium. However, the results of these modeling studies
should not be ignored as future characterization work of secondary phases is
performed. As noted above, the documented occurrence of a variety of
secondary clays (smectite) and zeolites (e.g., clinoptilolite, mordenite) in
basalts at the Hanford Site (Ames, 1980; Benson and Teague, 1982) and their
apparent oversaturation in the associated groundwaters suggest that
incorporation of a reaction kinetic capability into geochemical models might
be useful In obtaining a closer match between the observed chemical evolution
of groundwaters and model predictions. Plans to address these present
limitations are discussed in Section 8.3.1.4.
Currently, the DOE has adopted the EQ3/EQ6 modeling package and will use
it for future geochemical and reaction path modeling (see Section 8.3.1.4).
Validation, benchmarking, and verification of these codes is in progress.
The results of preliminary modeling studies on regional groundwaters from
the Columbia Riyer Basalt aquifers obtained from the U.S. Geological Survey
WATSTORE data base have been reported by Warner et al. (1986). They conclude
that these shallow, regional groundwaters probably evolved by reactions
including glass dissolution and precipitation of calcite, zeolites, and
smectites (see also Hearn and Steinkampf, 1984). In contrast, mass balance
calculations indicate that the high-chloride (>50 mg/L) groundwaters
frequently observed in the Frenchman Springs Member and Grande Ronde Basalt
aquifers at the Hanford Site cannot have attained their elevated chloride
concentrations by simple basalt-water reactions. Future modeling activities
will need to incorporate elements of the conceptual groundwater flow models
developed in Section 3.9.5.2 in an attempt to understand the geochemical
evolution of these deep groundwaters.

4.1.2.10

Reference groundwater compositions

The experimental geochemistry program, which is discussed summarily in
the following sections of thi-s chapter and in more detail in Chapter 7,
includes extensive hydrothermal testing of basalt, bentonite, and candidate
container materials and waste forms, both alone and in various combinations.
In addition, experimental characterization of radionuclide solubility and
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sorption behavior, as discussed in Sections 7.
and 4.1.3, is in
progress. These studies require the use of an aqueous phase that simulates
observed groundwater compositions.
To simulate the geochemical environment of the basalt system as closely
as possible for these experiments, reference groundwaters have been defined
that are representative of flow tops and interbeds along credible flow paths
underlying the Hanford Site. The compositions of the synthetic groundwaters
used in experimental studies are given in Table 4.1-21. Groundwater GR-1 simulates the dominant groundwaters in the Saddle Mountains and upper Wanapum
Basalts. Groundwater GR-1A simulates the groundwater composition of the
Mabton interbed in the Saddle Mountains Basalt. Groundwaters GR-2, GR-2A,
GR-3, and GR-4 simulate the dominant groundwaters In the Grande Ronde Basalt..
The adopted compositions for reference Grande Ronde Basalt groundwater have
evolved as additional hydrochemical data from new boreholes were collected.
The composition of GR-4 is based on a groundwater sample from the Cohassett
flow from borehole RRL-2 in the reference repository location and currently is
used as a starting material for all experimental studies related to waste form
and barrier material stability. Most previous experimental studies used
reference groundwater GR-2 and GR-3.
Because one or more flow tops of the Frenchman Springs Member of the
Wanapum Basalt may be a pathway for groundwater flow from a repository to the
accessible environment, future experimental sorption studies will require a
reference Frenchman Springs Member groundwater. Currently, these tests have
been incorporated Into hydrochemistry plans (see Section 8.3.1.4), and a
reference groundwater will be chosen before the investigations begin.

4.1.3 GEOCHEMICAL RETARDATION PROCESSES
Geochemical retardation processes are important because parameters
describing retardation will be input to models predicting radionuclide
transport to the accessible environment. The processes and parameters that
control transport of radionuclides via groundwater in the natural system are
discussed in this section. A general discussion of processes that retard
radionuclide movement is given in Section 4.1.3.1. The experimental
techniques used to obtain sorption and desorption data on important
radionuclides are briefly described in Section 4.1.3.2 along with the
description of how information on chemical speciation was obtained. A summary
of sorption and desorption data is presented In Section 4.1.3.3. Effects of
the redox environment, pH, ionizing radiation, and complex formation on the
chemical speciation and transport of radionuclides are discussed in
Section 4.1.3.4. Brief discussions of matrix diffusion and conceptual aspects
of radionuclide transport are presented in Sections 4.1.3.5 and 4.1.3.6,
respectively. Finally, the expected transport behavior for individual key
radionuclides is presented in Section 4.1.3.7.
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4.1.3.1 General description of geochemical
retardation processes
Physical and chemical processes within the engineered and natural systems
combine to control radionuclide release to the accessible environment. These
processes involve interactions of radionuclides with the groundwater-solid
phases of both the engineered and the natural systems. Controlling processes
include (1)sorption and desorption, (2) dissolution and precipitation,
(3)diffusion, and (4)hydrodynamic dispersion of radionuclides.
Sorption involves the physical or chemical adsorption of radionuclides
from groundwater by solid phases in the engineered and natural systems.
Radionuclide sorption behavior is highly dependent on the environmental
conditions of the groundwater flow path. Temperature, pH, Eh, and groundwater
composition, in particular, are important factors that can control
radionuclide sorption behavior. The physical and chemical characteristics of
the geologic substrate (e.g., surface area and mineral composition) along
postulated flow paths also control radionuclide sorption behavior. Sorption
data relevant to the natural system are presented in Section 4.1.3.3.
Sorption reactions with waste package components are discussed in
Section 7.4.4.2.
Radionuclide dissolution and precipitation processes are expected to be
less important in the natural system than in the engineered system.
Precipitation in the natural system can only result from substantial chemical
or temperature changes as the groundwater flows out from the engineered
system. Evidence suggests such changes will be small; for example, the
expected pH will range from 8.5 to 9.5 (Section 4.1.3.4.2), and redox
conditions are expected to be reducing in both the engineered (Section 7.1)
and natural systems (Section 4.1.3.4.1). Also, radionuclide dissolution and
precipitation will be less in the natural system because diffusion,
hydrodynamic dispersion, and sorption hysteresis will decrease radionuclide
concentration along the flow path from the engineered system. Radionuclide
dissolution and precipitation in the engineered system are discussed in
Section 7.4.4.
Diffusion of radionuclides into pores and matrices of solid phases also
retards radionuclide transport. Diffusional control of radionuclide transport
in waste package packing material will be discussed in Section 7.4.3.
Hydrodynamic dispersion is a spreading or dissipation process that
results In a dilution of radionuclide concentrations along the flow path. It
is caused by mechanical mixing during groundwater advection and by molecular
diffusion. Hydrodynamic dispersion depends on the physical structure of
groundwater flow paths and, therefore, must be measured in field experiments.
These field experiments are described in Section 8.3.1.4.2.3.6.
Although high-level radioactive wastes will contain many radionuclides,
only a relatively small number will be present in quantities that are significant to long-term -repository performance. These key radionuclides are

4.1-50

CONTROLLED DRAFT 0
DECEMBER 22, 1986

those that have long half-lives and large initial inventories (or large
maximum inventories for daughter radionuclides). Key radionuclides were
selected for sorption studies using two screening criteria that follow:
o Those with half-lives greater than 20 yr.
o Those with an inventory in the waste (after 1,000 yr decay) greater
than or equal to 6.0% of the proposed EPA cumulative release limit
(EPA, 1985, p. 38087).
The 20-yr half-life criterion eliminates those radionuclides that will decay
to insignificant levels during the required containment period of 300 to
1,000 yr (15 to 50 half-lives or more). The second criterion eliminates
radionuclides that cannot make a significant contribution to radionuclide
release at the accessible environment regardless of their migration rates.
A significant release is conservatively defined as greater than or equal to
6.0% of the EPA cumulative release limit.
The radionuclides remaining after applying these screening criteria are
presented in Table 4.1-22. Sorption studies have emphasized the use of these
radionuclides, along with several others (isotopes of strontium, radium, and
lead) that were previously thought to be important. Sorption information
already gathered on these nonkey radionuclides provides a better understanding
of sorption processes in general and, therefore, is included in
Section 4.1.3.3.

4.1.3.2 Analytical techniques
The analytical and experimental techniques described in this section
apply only to radionuclide sorption and desorption measurements. As discussed
previously, radionuclide dissolution and precipitation processes are not
expected to be important in controlling retardation of radionuclides in the
natural system. The techniques used for obtaining dissolution and
precipitation information are presented in Sections 8.3.4.2.3 and 8.3.4.3.4.
A description of techniques for measuring diffusion processes (Relyea et,.al.,
1986) is given in Section 8.3.4.3.3.

4.1.3.2.1

Sorption and desorption models

Models of sorption and desorption are being developed from sorption
studies and incorporated into transport models that predict radionuclide
migration. A frequently used, simple sorption (or desorption) model is the
empirical distribution coefficient, Kd. This quantity is simply the
concentration of radionuclide sorbed on a solid divided by the concentration
of radionuclide in a solution that is in equilibrium with the solid. Although
the representation of distribution coefficients by Kd values implies
equilibrium constants, equilibrium is rarely achieved in laboratory sorption
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measurements because most rock-groundwater systems are not in equilibrium.
The Kd values given in Section 4.1.3.3 are steady-state values obtained over
weeks or months of equilibration time. Those values are considered to be
conservative since longer equilibration times increase sorption.
Values of Kd can be used to calculate a retardation factor, Rf, that is
used In solute transport models to predict radionuclide migration in
groundwater. The use of Kd values in transport models requires the assumption
of single-valued, linear sorption and desorption isotherms. Although this
assumption yields "conservative" (high) transport rates for radionuclides, it
has been shown to be erroneous for solute sorption in several groundwater-soil
systems (Di Toro and Horzempa, 1982, pp. 594-602; Van Genuchtenwet al., 1974,
pp. 29-35). A more accurate description of radionuclide sorption in many
systems can be obtained by employing an empirical isotherm equation such as
the Freundlich equation:
S

KCN

=

(4.1-1)

where
S
C
K and N

equilibrium concentration of sorbed radionuclide (moles per
gram)
=

equilibrium concentration of radionuclide in solution (moles
per liter)
empirical constants.

The Freundlich equation accurately describes many sorption and desorption
reactions of dissolved metals and organic compounds. In the case of
irreversible sorption (hysteresis), the sorption and desorption isotherms are
not identical. When these conditions occur, both sorption and desorption
Freundlich isotherm equations can be substituted into transport equations
(Van Genuchten et al., 1974, pp. 29-35).

4.1.3.2.2

Experimental sorption techniques

Batch steady-state techniques were used to measure the distribution of
radionuclides between the solid and liquid phases for construction of sorption
and desorption isotherms. Essentially, the batch sorption method consists of
contacting a known volume and composition of solution containing a
radionuclide with a characterized solid of known weight for a specific length
of time.- The solid and liquid phases are then separated, and the steady-state
concentration (concentration does not change with time) of the radlonuclide in
the liquid phase is determined. The amount of radionuclide sorbed on the
solid phase is the difference between the radionuclide steady-state solution
concentration and the initial radionuclide concentration, minus a correction
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for radionuclide sorption onto the container walls. The desorption method is
similar except that the solid with sorbed radionuclide is contacted with
radionuclide-free groundwater for a specific length of time. The distribution
of radionuclide between solid and liquid phases is then measured. The liquid
phase is separated and discarded, and fresh radionuclide-free groundwater is
equilibrated with the solid again. This process is repeated until a
desorption isotherm is generated. Details of the sorption and desorption
procedures used by the DOE are given in Salter et al. (1982, pp. 4-6) and
Barney (1983, pp. 3-5).
Flowthrough (column) measurements of sorption processes are considered
essential to complement and to verify data obtained from the batch experiments
described above under static conditions. These experiments also will allowthe identification of multiple species of radionuclides in groundwater
solution. Flowthrough studies are planned (see Section 8.3.1.4.2.2), but no
reliable results are available at this time.

4.1.3.2.3

Control of Eh and pH in experimental systems

The Eh and pH of the basalt geochemical system are critical variables in
radionuclide sorption experiments with basalt materials. The Eh will control
oxidation states of many key radioelements (e.g., technetium, neptunium,
selenium, iodine, uranium, and plutonium) and, therefore, will partially
determine their sorption and solubility characteristics. Similarly,
groundwater pH will influence the radionuclide species that exist in solution
and will also affect the sorption and solubility of radionuclides.
Because oxidation states of some radionuclides during transport along the
groundwater flow path may be difficult to assess, the DOE has attempted to
bound the possible oxidation states of key radionuclides by using conditions
that are more oxidizing (air-saturated solutions) and more reducing (solutions
containing hydrazine) than will exist in the natural system. Uncertainties
exist in identifying redox reactions that control radionuclide oxidation
states and in predicting the kinetics of these reactions. The concept of a
single master Eh value that controls all oxidation states is probably not
applicable to these systems because (1) some redox reactions probably occur on
solid surfaces rather than in solution (Meyer et al., 1984, pp. 27-37);
(2) some redox couples in the same groundwater solution may not be at
equilibrium with each other (Lindberg and Runnells, 1984); and (3) reactions
of radionuclides with redox couples in the system may be kinetically hindered
(see also Section 4.1.3.4.1). The actual sorption behavior of radionuclides
likely will be intermediate between the extremes of air-saturated solutions
and solutions containing hydrazine (all other factors being the same).
Hydrazine was chosen as a reducing agent for radionuclides in some
sorption experiments with reduced radionuclide species because of the
following reasons.
o

It is soluble and chemically stable at the pH and temperatures of
the experiments.
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o It reacts rapidly with most radionuclides of interest to produce
low-oxidation states in solution.
0

It does not form complexes with radionuclides at the pH and temperatures of the sorption measurements. (Complexation would likely
decrease sorption. Experimental evidence indicates that for
radionuclides that can be reduced in solution, the addition of
hydrazine increases sorption.)

o It produces innocuous oxidation reaction products (N2 and H20) that
do not interfere with sorption reactions.
Several potential problems associated with addition of hydrazine to
sorption measurement systems are recognized. Kelmers et al. (1984a and 1984b)
have implied that radionuclide reactions with hydrazine may not yield the same
reduced species as reactions with reducing agents present in the groundwater
flow path. Although this may be true for some radionuclides with multiple
lower oxidation states, most of the radionuclides of interest have only one
stable reduced state that is soluble in aqueous solution. This reduced state
can be predicted with confidence from studies reported in the literature
(Table 4.1-23). Reduction kinetics for several of these reactions are also
available. Additional evidence for reduction is the significant increase in
sorption observed when hydrazine is present. For severgl radionuclides that
cannot be reduced in aqueous solution (e.g., 90 Sr2 +, 2 Ra2+, i3 Cs+),
hydrazine actually decreases sorption due to ion exchange reactions shown in
Equation 4.1-2 (Barney, 1984) as follows:
N2H5+ + (msrface

Cs

msurface)

N2H5 + Cs+

(4.1-2)

Kelmers et al. (1984a and 1984b) have also suggested that hydrazine may
attack secondary minerals present in sorption experiments and alter their
structures. However, if secondary minerals are altered to any significant
extent, sorption of radionuclides that are not reduced by hydrazine, such as
4 Am(III), should also be affected. However, BarneM1984) has shown by
statistically designed experiments that sorption of t4Am(III) on interbed
materials that contain secondary minerals is not significantly affected by the
presence of hydrazine. It can be concluded that the mineral surfaces involved
in radionuclide sorption are not significantly altered by the presence of
hydrazine.
Kelmers et al. (1984a and 1984b) also point out that hydrazine is a base
and will increase groundwater pH. In the BWIP sorption experiments., small
amounts of hydrochloric acid were added to the synthetic groundwater solutions
to neutralize the solutions to desired pH levels. Increased chloride
concentration, due to addition of hydrochloric acid, does not affect
radionuclides sorption reactions (Barney, 1984). The formation of hydrazine
carbonate (H2 NNHCOO-) by reaction of bicarbonate with hydrazine in
experimental solutions (as suggested by Kelmers et al., 1984a and 1984b) seems
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unlikely. The carbonate has only been prepared by reaction of carbon dioxide
gas with hydrazine in strongly basic solution (Staal and Faurholt, 1951).
This reaction product decomposes in water to form hydrazine and carbon
dioxide.
An alternative method of radionuclide oxidation state control has been
adopted by the BWIP because of the postulated problems associated with using
hydrazine. The alternative method consists of removing enough oxygen from the
groundwater and atmosphere above the groundwater-solid mixture so that the
solids and dissolved redox couples (e.g., iron(II)/iron(III)) control
oxidation states. The results of this new method will be used to confirm (or
reJect) the sorption results obtained by the above techniques.
In the alternative method, no chemical is added to the experimental
system that does not naturally occur in groundwater. It is, however, more
difficult to perform laboratory sorption measurements at very low oxygen
concentrations. Oxygen must be removed from experimental systems to very low
levels, and this requires the use of air-tight chambers and inert atmospheres
of very low oxygen concentration. Also, this method of oxidation state
control has limited usefulness because of very slow reaction rates at low
temperature. Reactions between radionuclides and reducing species (such as
iron(II) species) at the surface of the solids or dissolved from the solid
into the groundwater are expected to be slow. Crushed basalt has been
reported to control groundwater Eh at negative values (as measured by a
platinum electrode) In deoxygenated synthetic groundwater (Jantzen, 1983) at
60 OC. However, the fresh, unaltered surfaces of crushed basalt are likely to
be more reactive than solids found in the natural system.
A limited number of sorption experiments have been performed in an inert
atmosphere glovebox using basalt to control the Eh at 60 OC (Ames and
McGarrah, 1980b, pp. 14-19). The lowest oxygen concentrations attained in the
glovebox were about 2.1 p/m. This corresponds to an oxygen fugacity of about
10-6 atm in solution, or a calculated Eh of +0.67 V at a pH of 8.0. This is
much more oxidizing than the potential expected in deep basalt groundwaters
(see Section 4.1.3.4.1). Not surprisingly under these relatively oxidizing
conditions, the technetium, neptunium, and plutonium tracers in these sorption
experiments were not reduced, and their sorption behavior was equivalent to
that in air-saturated groundwaters. More recent results using higher
temperatures (90 to 150 'C) indicate that technetium(VII), uranium(VI), and
neptunium(V) can be reduced at a measurable rate by crushed basalt under an
atmosphere containing low-oxygen concentrations. The rates of these reduction
reactions are slow even at the higher temperatures (Barney et al., 1985,
pp. 1-50). It is apparent that better oxygen removal techniques must be used
to allow Eh control by the groundwater-solid system. These techniques are now
being developed and are discussed in Sections 8.3.1.4.2.3 and 8.3.4.2.3.2.2.
Jantzen and Wicks (1985) have measured the redox potentials of argonsaturated synthetic Grande Ronde Basalt groundwater (see Section 4.1.2.10 for
GR-4 composition), before and after contact with crushed Umtanum flow basalt,
for 90 h at 60 OC in an argon atmosphere. Using a platinum electrode, redox
potentials of +0.2 to +0.4 V and -0.34 to -0.40 V were measured before and
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after adding the basalt, respectively. With no basalt present, the potential
is probably controlled by the H2 0/02 couple due to the small amount of oxygen
contamination expected in the experimental apparatus. When basalt is added,
the platinum electrode apparently responds to reduced species (e.g., iron(II),
sulfur(-II)) dissolved from the basalt more readily than to the oxidizing
H2 0/02 couple. This seems reasonable since it is generally found that
potentials of dissolved air in groundwater measured with platinum electrodes
are more negative than expected due to a slow oxidation step and/or reaction
of the oxygen with the electrodes platinum metal (Garrels and Christ, 1965,
pp. 136-137). Because of the existence of competing redox couples in these
solutions, it is difficult to predict which couple will control oxidation
states of radionuclides. These oxidation states must be determined
experimentally for a given set of conditions.
Control of groundwater pH is easier than control of redox conditions in
sorption experiments since pH is established by the groundwater-rock system
without special effort. Most basalt groundwaters are buffered over a narrow
pH range by solids in contact with the groundwater. Intentionally induced
changes in pH from this narrow range are usually undesirable because of the
resulting changes in groundwater composition and unknown reactions at the
solid surface. Such effects would make the interpretation and application of
sorption data difficult. Although pH is always measured in these experiments,
the solids present in the systems are allowed to control the pH of the
groundwater.

4.1.3.2.4

Control and identification of radionuclide precipitation

The solubilities of many key radionuclides (mainly actinides,
lanthanides, and transition elements) are severely limited in groundwater
solutions used in performing sorption measurements (Early et al., 1984b,
pp. 147-166). The high pH of these solutions (about 8.5 to 9.5) and their
relatively high carbonate concentrations (50 to 250 mg/L) promote the
formation of slightly soluble oxide, hydroxide, and carbonate compounds of
these radionuclides. To avoid confusing sorption and precipitation processes,
it was essential that radionuclide concentrations in sorption experiments be
maintained below solubility limits. This was accomplished by determining
sorption isotherms for each radionuclide (see Section 4.1.3.3.4). If
precipitation occurred during sorption, the isotherm (as a Freundlich plot)
began to curve upward to a solution concentration maximum due to the fact that
all additional quantities of radionuclide added to the system went to the
solid phase. All sorption data reported in Section 4.1.3.3.4 were obtained at
radionuclide concentrations below this concentration maximum.
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4.1.3.3

Sorption

The sorption and desorption behavior of key radionuclides in groundwatergeologic solid systems must be quantitatively described In models that predict
radionuclide transport for safety assessment of a nuclear waste repository in
basalt. Sorption is an important mechanism for preventing or retarding
radionuclide transport via groundwater. Sorption processes will help
determine whether or not federal regulations for long-term Isolation of
radioactive wastes from the environment (see Table 4.0-2) will be met by the
proposed repository.
In the repository, sorption of radionuclides can occur on engineered
barriers materials such as the container, packing material, tunnel backfill,.
shotcrete, concrete, or seal materials. Outside the repository, sorption on a
variety of naturally occurring geologic materials can be important, depending
on the flow path of contaminated groundwater. These geologic materials
include basalt (entablature and flow-top materials), secondary minerals
associated with basalt, interbed materials found between some of the basalt
flows, and possibly the glaciofluvial sediments above the basalts. Secondary
minerals are found lining and filling the vesicles, vugs, and fractures in the
Columbia River basalts (see Section 4.1.1.3). Because fractures are the most
probable initial pathway for groundwater movement in these formations, it is
likely that secondary minerals found in this environment will be primary
radionuclide-sorbing media outside the engineered barriers system. Secondary
minerals are also important in transport along flow tops.
Most sorption data must, of necessity, be obtained from laboratory
measurements in which the expected natural environmental conditions in the
groundwater flow path are reproduced as accurately as possible. A summary of
the available sorption data for representative geologic materials found in
probable groundwater flow-paths from a repository in the Columbia River
basalts is presented in the following sections. Sorption data for engineered
materials are presented in Chapter 7. Detailed descriptions and discussions
of the sorption data can be found In Ames and McGarrah (1980a, pp. 1-95;
1980b, pp. 1-97; 1980c, pp. 1-20), Ames et al. (1981, pp. 1-127; 1984,
pp. 1-27), Salter et al. (1981a, pp. 1-39; 1981b, pp. 1-38; 1982, pp. 1-48),
Barney (1981a, pp. 1-28; 1981b, pp. 1-26; 1982, pp. 1-28; 1983, pp. 1-19;
1984, pp. 3-23), Barney et al. (1983, pp. 1-55; 1985, pp. 1-50), and
Smith et al. (1980, pp. 2-311 to 2-344).

4.1.3.3.1

Materials used in sorption measurements

The compositions of groundwaters in the major water-bearing zones of the
Columbia River basalts at the Hanford Site have been determined
(Gephart et al., 1979, pp. II-128 to II-138, and Section 3.9.1.3). There are
two distinct groundwater types (based on pH) present in the basalts:
(1)a bicarbonate-buffered groundwater (pH about 8 at 25 C) characteristic of
the Saddle Mountains and Upper Wanapum Basalts and (2) a silicic acid-buffered
groundwater (pH about 10 at 25 'C) characteristic of the lower Wanapum and
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Grande Ronde Basalts. Synthetic groundwater compositions have been
established that simulate these two groundwater types. The compositions of
the synthetic groundwaters used in sorption experiments are given in
Section 4.1.2.10. Synthetic groundwaters rather than actual groundwaters are
used to ensure the availability of a stable, compositionally consistent
groundwater unaffected by field sampling variables. Measurements using actual
groundwaters will also be performed for confirmation (see Section 8.3.1.4).
The sorptive characteristics of a number of geologic solids from the
Columbia River Basalt Group have been studied. Basalt entablature samples
from candidate repository horizons (Umtanum and Cohassett flows), Umtanum
flow-top material, secondary minerals from the Pomona flow, and interbed
materials from the Mabton and Rattlesnake Ridge interbeds have been used in.
radionuclide sorption studies. A summary of experimental conditions used for
sorption measurements on these materials is given in Table 4.1-24. The
sources of these solids and references to detailed characterization of the
materials are given in Table 4.1-25. Many of the geologic samples were
obtained from outcrops of the listed stratigraphic units. These outcrops are
expected to have a composition similar to the rock at depth. Plans for
sorption studies with other geologic samples found along expected flow paths
are described in Sections 8.3.1.4.2 and 8.3.1.4.2.3.

4.1.3.3.2 Sorption mechanisms
An understanding of radionuclide sorption mechanisms will allow greater
confidence in predicting sorption behavior over the wide range of conditions
expected along groundwater flow paths. Measurements of the effects of various
factors affecting sorption (e.g., groundwater composition, temperature,
mineral composition) can lead to mechanistic information. These studies also
can identify additional factors that significantly affect sorption and allow
more detailed measurements of these effects to be made. The mechanistic
information that can be derived from these studies Include the following:
o Extent of competition for sorption sites between radionuclides and
major ions in the groundwater.
o

Type of radionuclide bonding to the solid (ionic or covalent
bonding).

o

Extent of formation of complexes between groundwater components and
radionuclides.

o

Identification of oxidation states of multivalent radionuclides.

o

Solubility limits for compounds of radionuclides.

Based on results reported in the references given in the introductory
material for Section 4.1.3.3, several conclusions can be made concerning the
mechanisms of radionuclide sorption reactions on basalt, secondary minerals,
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and interbed materials. All evidence indicates that cesium, strontium, and
radium are at least partially sorbed by ion exchange mechanisms since they can
be partially desorbed by increasing concentrations of competing cations.
Cations of similar ionic radii (K+, Na+, and CaZ+) effectively compete with
these radionuclides for exchange sites. A fraction of each of these
radionuclides is irreversibly sorbed, however, due to processes other than ion
exchange.
The sorption behavior of plutonium, neptunium, uranium, and technetium on
basalts, secondary minerals, and interbed materials is strongly dependent on
the oxidation states of their dissolved species. The reduced species are more
strongly sorbed than oxidized species for each radioelement. Technetium
exists in solution under oxidizing conditions as the anion TcO4 and is verypoorly sorbed by these geologic solids. Plutonium, neptunium, and uranium are
more strongly sorbed than technetium under oxidizing conditions. Based on
thermodynamic evidence and the fact that they are not removed from the solids
by Ion exchange, each of these radionuclides are sorbed, at least partly, by
chemisorption. Additional evidence for chemisorption mechanisms for these
four radionuclides is the relatively large partial molar heats of sorption
(AH*) calculated for their sorption reactions on Mabton interbed material
using the method described by Aly et al. (1980). Values of AH* for plutonium,
neptunium, uranium, and technetium are greater than 5 kilocalories per
equivalent, which is larger than expected if ion exchange mechanisms are
dominant.
Recent models of adsorption of hydrolyzable metal ions on oxides from
aqueous solutions point to formation of surface complexes at the water-oxide
interface (Schindler, 1981; Davis et al., 1978; Hsi and Langmuir, 1985).
Coordinate bonding occurs between the surface oxygen ligands (e.g., from
silicates or other mineral oxides) and the metal ion. For radionuclides such
as neptunium, uranium, plutonium, and technetium, the stability of complexes
with ligands containing oxygen is greater for the reduced species ((III) or
(IV)oxidation state) than the oxidized species ((V), (VI), or (Vt[) oxidation
state). This is consistent with observations that the reduced species of
these radionuclides are more strongly sorbed than oxidized species.
Another possible sorption mechanism is exchange of dissolved waste
radionuclides with naturally occurring isotopes contained in qinerals existing
along groundwater flow paths. An example is the exchange of TIC03 - in
calcite for 14CO3 2 Cal 2 CO3 + l 4 c03 2

=

Cal 4 CO3 + 12CO3

This reaction has been found to cause significant sorption and retardation of
radioactive carbon in laboratory experiments (Allard et al., 1981;
Anderson et al., 1982; and Garnier, 1985).
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4.1.3.3.3 Sorption kinetics
The rates of radionuclide reactions with the geologic substrate must be
considered in measuring radionuclide sorption behavior. If sorption and
desorption reactions are slow compared to groundwater velocity, the kinetics
of these reactions will affect radionuclide transport rates. For the
relatively short time scale of laboratory measurements (compared with
repository operation), kinetic information must be obtained as follows:
o To determine the time required for batch sorption and desorption
measurements to reach steady-state conditions.
o To establish required column residence times for flowthrough
sorption experiments.
o To interpret the shapes of breakthrough and elution curves from
flow-through sorption measurements (Schweich and Sardin, 1981,
pp. 1-33; and Van Genuchten and Cleary, 1979, pp. 349-383).
Slow radionuclide sorption or desorption reactions (compared to practical
experimental time scales) can result from the following:
o Slow reactions of the geologic solid substrate with the groundwater
solution, resulting in alteration of the solid surface and changes
in the groundwater composition.
o

Slow redox reactions of the radionuclide with the solid that change
the sorption behavior of the radionuclide.

o Slow diffusion of the radionuclide into (or out of) small pores in
the solid substrate.
o Slow ion exchange or chemisorption reactions at the surface of the
solid.
Radionuclide sorption reactions with fresh basalt surfaces are relatively
slow to reach steady-state conditions, compared with all the other geologic
materials studied. Measurements of radionuclide sorption and desorption rates
have been performed for reactions with fresh basalt, altered flow-top basalt,
secondary minerals (Barney et al., 1983, pp. 1-55; Barney, 1981a, pp. 6-8),
and interbed materials. A comparison of the neptunium sorption rate curves
for fresh, crushed basalts of the Cohassett and Umtanum flows with that of the
Umtanum flow top is shown in Figure 4.1-14 as an example. Sorption of
neptunium on the highly altered flow-top basalt reached 90% completion (90% of
neptunium sorbed after reaching steady-state conditions) in less than 0.25 h,
whereas sorption on the fresh basalts required 22 to 28 h to reach
90% completion. As shown in Table 4.1-26, sorption was much faster on flowtop material than on fresh basalt surfaces for both oxidizing and reducing
conditions for each of eight different radionuclides studied. Detailed
descriptions of rate equations and rate constants are given in Barney et al.
(1983, pp. 1-55).

4.1-60

CONTROLLED DRAFT 0
DECEMBER 22, 1986

The slow sorption reactions with fresh basalt are probably a result of
slow alteration of the fresh basalt surfaces by groundwater (Barney and Brown,
1980, pp. 290-298). The glassy mesostasis phase of fresh basalt is quite
reactive, even at the low temperature (60 OC) of these sorption measurements.
Dissolution of this glassy phase can change the composition of the groundwater
and the composition of the surface of the basalt forming more highly sorbing
phases. Materials from interbed and interflow zones of the basalt formation
that have been in contact with groundwater for long time periods and contain
highly sorbing secondary minerals are not likely to be altered measurably
during sorption measurements. Thus, sorption reactions with these materials
reach steady-state conditions relatively fast.
Rates of sorption reactions with fresh basalt surfaces may, in some
cases, be controlled by reduction of the radionuclide at the basalt surface.
Reduction at the surface is most likely to occur when the sorption reaction is
performed under conditions of low oxygen concentration (anoxic conditions).
Reduction of neptunium(V) (Meyer et al., 1984, pp. 18-37) and neptunium(VI)
(Susak et al., 1983, pp. 266-270) on fresh basalt surfaces yields
neptunium(IV), which is sorbed very strongly on the basalt. Technetium(VII)
reduction on basalt surfaces is very sensitive to dissolved oxygen (Meyer
et al., 1984, p. 35) and occurs at a very slow rate. The oxidation state of
the sorbed technetium species has not been well characterized, but is thought
to be technetium(IV). Since anoxic conditions are expected in the deep
basalts (see Section 4.1.3.4.1), these reduction reactions will control the
transport and chemical behavior of radionuclides that can be reduced.
Measurements of radionuclide desorption rates are difficult to perform
because many sorption reactions with geologic solids are only slightly
reversible, yielding concentrations of desorbed radionuclides that are too low
to measure. Under reducing conditions, desorption of uranium, neptunium, and
plutonium from crushed basalt and flow-top basalt was not measurable.
However, under oxidizing conditions, desorption of these radionuclides for
fresh basalt was measurable but slow. Desorption rate curves for neptunium
desorption from basalt of the Cohassett flow entablature and Umtanum flow top
are shown in Figure 4.1-15. Both sorption and desorption of neptunium from
crushed basalt were slow to reach a steady state compared to 'the flow-top
material. As shown in Table 4.1-27, desorption was extensive only for
neptunium and uranium under oxidizing conditions from fresh basalt into
GR-3 groundwater.

4.1.3.3.4 Sorption and desorption isotherms
The Freundlich isotherm (see Equation 4.1-1) was found to accurately
describe sorption and desorption of most of the radionuclides studied except
when precipitation of the radionuclide occurred-.- -- lthough sorption capacity
is not accounted for--in. the Freundlich equation, no sorption capacity limit
has ever been observed. This is probably because the low solubility limits
for radionuclides in deep basalt groundwaters does not allow saturation of
sorption sites on the geologic solids.
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Sorption and desorption isotherms were measured for geologic solids
expected in groundwater flow paths in and adjacent to the repository isolation
system. These geologic solids include basalt entablature, flow top, secondary
minerals, and interbed materials.
Examples of Freundlich plots are given in Figures 4.1-6 through 4.1-23.
Examples of Freundlich constants calculated from regression analyses of
Freundlich plots (Barney, 1982, pp. 4-11) are presented in Tables 4.1-28
through 4.1-32.
Two types of error measurements are given in the isotherm constants that
follow. The first, the standard error of estimate, is given by
Equation 4.1-3:

Standard Error of Estimate

(4.1-3)

where
n

=

number of data pairs

t(y-')2

=

sum of the squares of differences between the experimental
and computed log S values (y and y, respectively).

It is a measure of dispersion about the straight line given by the regression
equation (Eq. 4.1-4):
(4.1-4)

log S = N log C + log K

which is the log of Equation 4.1-1. The second type of error measurement is
the coefficient of determination, r2, which indicates the quality of fit
achieved by the regression. Values of ri close to 1.0 indicate a better fit
than values close to 0.0. Each value of K and N in Tables 4.1-28 through
4.1-32 is based on 12 to 15 measurements of radionuclide distribution between
solid and solution phases. Triplicate measurements were performed for each
initial concentration of radionuclide.
Statistical measurement of the correlation coefficient (r)for regression
shows that the Freundlich equation accurately describes sorption of
radionuclides on entablature basalt.
Examples of Freundlich plots (log S versus log C) are given in
Figures 4.1-16 through 4.1-19 for cesium, uranium, radium, and strontium
sorption on sandstone of the Rattlesnake Ridge interbed at 23, 60, and 85 *C.
Examples of Freundlich plots for radionuclide sorption on entablature basalt
of the Umtanum flow and secondary minerals are given in Figures 4.1-20 through
4.1-23. Freundlich constants calculated for radionuclide sorption on basalt
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of the Umtanum and Cohassett flows and Umtanum flow top and secondary minerals
from the Pomona flow (Ames and McGarrah, 1980b, pp. 21-75) are shown in
Tables 4.1-29 through 4.1-31.
Freundlich constants for sorption of several radionuclides on interbed
materials are given in Tables 4.1-31 and 4.1-32 for two temperatures (Barney,
1982, p. 10; 198j, pp. 8-14). The values for the coefficients of
determination (r ) are all near 1, which indicates that the data fit the
Freundlich equation quite well.
The effects of temperature on sorption isotherms of several radionuclides
can be determined by examination of the data presented in the foregoing
figures and tables. Over the temperature range of 23 to 85 AC, several
general observations can be made as follows:
o Cesium sorption appears to decrease significantly as the temperature
increases.
o

Strontium and radium sorption are only slightly affected over this
temperature range.

o

Uranium and selenium sorption increase with increasing temperature
under both oxidizing and reducing conditions.

o Neptunium sorption is not appreciably affected.
Interpretation of the effects of temperature on sorption of these
radionuclides is premature because of the complexities of the systems studied.
Temperature affects most of the factors that control the sorption process
(e.g., complex formation, redox reactions, groundwater composition, alteration
of mineral surfaces). 'Sufficient data do not exist at the present time to
identify, with confidence, those temperature-sensitive factors that control
the sorption process. Plans for estimating these factors are given in
Chapter 8.
The use of a single set of Freundlich constants to describe both sorption
and desorption reactions requires the assumption that sorption reactions are
reversible. However, a number of studies (Van Genuchten and Cleary, 1979,
pp. 349-386; Koskinen et al., 1979, pp. 871-874; Elrashidi and O'Connor, 1982,
pp. 27-31; Peek and Volk, 1985, pp. 583-586; Corwin and Farmer, 1984,
pp. 507-514; Isaacson and Frink, 1984, pp. 43-48; Di Toro and Horzempa, 1982,
pp. 594-602; Reddy and Perkins, 1974, pp. 229-231) have shown that K and N for
both organic and inorganic solutes depend on sorption direction (i.e., whether
sorption or desorption occurred). In each case, N was less and K was greater
(see Eq. 4.1-1) for desorption than sorption; thus, a sorption hysteresis
effect was observed.
Sorption hysteresis will, of course, affect radionuclide transport. For
example, if hysteresis occurs during a column experiment in which a pulse of
tracer is added to the influent, the effluent curve will show significant
tailing and a reduction in peak concentration. Ignoring hysteresis effects

4.1-63

CONTROLLED DRAFT 0
DECEMBER 22, 1986

could cause significant, albeit conservative, errors in predicting
radionuclide movement through the Hanford Site (Barney and Reed, 1985), since
hysteresis will decrease radionuclide movement.
Reversibility of sorption reactions has been determined by comparing
sorption and desorption isotherms for a given radioelement in the solidgroundwater systems. If the isotherms are identical, the sorption reaction is
reversible. Most radionuclide sorption reactions studied thus far in systems
relevant to radionuclide transport in basalt formations have been shown to be
irreversible to some degree. These irreversible sorption reactions include
reactions of complexed actinides and simple cations such as Cs+ and SrC+.
Specific examples of hysteresis are given in the following paragraphs.
Examples of sorption hysteresis
Desorption isotherms for selenium, technetium, neptunium, uranium, and
radium have been measured for Mabton interbed materials under both oxidizing
and reducing conditions at 60 °C using the Grande Ronde Basalt groundwater
composition, GR-1A (see Section 4.1.2.10 for composition). The reason for
measuring desorption isotherms is to determine whether or not the sorption
reactions are reversible (i.e., exhibit hysteresis). An example of the
results of desorption isotherm measurements is shown in Figure 4.1-24. These
curves are Freundlich plots of the sorption and desorption data for neptunium
at 60 QC under oxidizing and reducing conditions. The two desorption curves
were obtained using different tracer loadings (initial S values). Both plots
show hysteresis since tje slopes of the desorption curves are less than the
slopes of sorption curves. Hysteresis is more evident for neptunium sorption
under reducing conditions; however, the ratio of Freundlich -exponents Ns/Nd,
where Ns and Nd are the measured exponents for sorption and desorption,
respectively, is a measure of the magnitude of hysteresis. Larger values for
Ns/Nd indicate greater hysteresis effects. For neptunium sorption under
oxidizing conditions, Ns/Nd is approximately equal to 2, and for reducing
conditions, Ns/Nd equals 435. The large value calculated for reducing
conditions implies that neptunium will be strongly retained by Mabton interbed
solids if reducing conditions persist in this interbed. Additional examples
of desorption isotherm measurements are given in Figures 4.1-25 through 4.1-27
for selenium, technetium, and uranium.
These results illustrate the inadequacies of attempting to describe
radionuclide sorption with a single Kd value. For a given set of conditions
(groundwater composition, Eh, pH, temperature), both sorption and desorption
isotherms are required. In addition, since the K values for Freundlich
desorption isotherms are not unique but depend on radionuclide loading on the
solid, the maximum S values must be calculated.
A summary of Ns/Nd values for each radionuclide sorption-desorption
reaction with Mabton interbed material at 60 OC ts- gtven-in Table 4.1-33.
These data show that the reduced species of selenium, technetium, neptunium,
and uranium are more irreversibly sorbed on Mabton interbed material than the
oxidized species. The reducing environment expected in the interbed layers
found in basalt formations at depth should significantly decrease the mobility
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of these radionuclides and thus provide an additional safety factor for waste
storage. The Ns/Nd values for sorption of cesium and strontium on basalt and
secondary minerals (Table 4.1-34) indicate that even simple cations are
irreversibly sorbed on these solids.

4.1.3.3.5

Values of Kd for modeling

As stated in Section 4.1.3.2.1, sorption of most radionuclides is
complicated by nonlinearity of the sorption isotherms and irreversibility of
sorption reactions. Because of these complications, an accurate description
of sorption requires both sorption and desorption isotherms. At the present
time, the BWIP performance assessment models are not equipped to use isotherm
data but instead use a single-valued distribution coefficient (Kd) to describe
sorption of each radionuclide. Van Genuchten and Wierenga (1974, pp. 22-29)
have shown that incorporation of sorption and desorption isotherms into
numerical transport models is not a difficult task. Alteration of performance
assessment models by the BWIP to include these isotherms should be completed
in the near future. In the meantime, if only conservative estimates of
radionuclide transport are required (estimates that minimize the effects of
sorption on transport), single-valued Kd values may be used. This is true
because nonlinear isotherms and irreversible sorption reactions decrease the
average transport velocity of radionuclides. The effect of nonlinear
isotherms on transport is to sharpen the front of the radionuclide concentration peak and increase tailing. Irreversible sorption reactions will lower
the radionuclide solution concentration peak height and also increase tailing.
Values of Kd used for modeling radionuclide transport in Umtanum flow
basalt, secondary minerals, and interbed materials are given in Table 4.1-35.
Measured ranges of Kd values (from references given in the introduction to
Section 4.1.3.3) are also shown for comparison. The reference values selected
for modeling were obtained by dividing the lowest average Kd value for either
basalt or secondary minerals obtained under any conditions (e.g., oxidizing,
reducing, temperature, groundwater) by a safety factor of five. This yields
the conservative values of Kd given in Table 4.1-35. For several
radionuclides (strontium, cesium, radium, and neptunium), more recent sorption
data have extended the ranges of measured Kd values so that the conservative
values given in the table (from a BWIP data package; Salter and Jacobs, 1983)
are not exactly a factor of five less than the lowest measured value.

4.1.3.3.6

Sorption on colloids

Another possible mechanism for radionuclide transport from the repository
is the sorption of dissolved radionuclides onto suspended colloidal particulates followed by colloid transport through porous, geologic media.
The formation of colloidal hydrous oxides of radionuclides (e.g., polymeric
transuranic hydrous oxides) by reaction of the waste form with water is also a
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possibility. Particulates may arise from erosion of host rock material,
mobilization of fine clay particles, or surface spalling of waste package
materials in the repository (waste matrix, container, or packing material).
As radioactive particles move through the geologic formation, surrounding
rock surfaces will compete for sorbed radionuclides. Also, particles and rock
surfaces will interact to control the movement of particles. Several
mechanisms can potentially remove particles from suspension in the groundwater
(Apps et al., 1982, pp. 70-76). These include the following:
o Physical filtration where pore sizes in the medium are too small for
the particles to pass through.
o Gravitational settling of particles, which depends on particle mass,
size, and transport velocity.
o

Flocculation caused by Van der Waals forces or electrostatic
attraction of particles.

o

Dissolution of the particle in groundwater.

Measurements of naturally occurring colloid concentrations in basalt
groundwaters and their characterization have not yet been completed (see
Section 4.1.2.7). Little information on colloids in deep groundwaters exists
in the literature. Measurements reported by Neretnieks (1978, pp. 1-14) and
Barnes (1975, pp. 177-191) indicate that particle concentrations In deep
groundwaters are very low (about 1 to 3 p/b).
Preliminary laboratory studies have been completed that attempt to
evaluate the capability of particulates to serve as carriers of sorbed
radionuclides. Eichholz (1979, pp. 1-88) investigated the movement of labeled
kaolin particles through columns of crushed basalt. Ames et al. (1984,
pp. 1-27) examined the radionuclide sorption characteristics of bentonite and
silica colloids and the transfer of radionuclides between these colloids and
crushed basalt.
Obviously, the use of crushed basalt in these studies does not precisely
duplicate actual conditions expected in basalt fractures. These fractures,
which are important conduits of groundwater, contain secondary minerals that
are not present in the laboratory experiments. However, for the purpose of
measuring radionuclide distributions, the use of crushed basalt is probably
conservative since any secondary minerals in fractures would only transfer
more of the radionuclide from the colloid due to increased sorption on
secondary minerals that have much higher surface areas. Abundant data exist
to show that sorption on secondary minerals is greater than on crushed basalt
(see Tables 4.1-28 and 4.1-30). Colloid transport and radionuclide distribution measurements in the presence of secondary minerals is expected:to be.
difficult since some of these minerals contain colloidal-stzed particles that
often must be kept separate from the original colloids being studied.
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Eichholz (1979, pp. 1-88) investigated the effects of salt concentration
on kaolin particle transport through crushed basalt (40 to 50 mesh) columns at
room temperature. Although kaolin is not expected in the basalt-groundwater
system, it represents possible colloidal-sized particles in the system. The
critical coagulation concentration (minimum concentration required to cause
coagulation) for NaCl coagulation of kaolin in water was found to be about
1,000 mg/L (0.017M). Kaolin suspensions (mean particle size = 0.13 um
(5.1 x 10-6 in.)) containing 0, 500, 750, and 1,250 mg/L NaCl were passed
through these columns, and the kaolin concentration in the effluents was measured. After about 14 pore volumes of solution had passed through the
columns, the percent of the injected kaolin eluted was 1%, 84%, 45%, and 16%,
respectively. Except for the suspension containing no salt, the suppression
of kaolin transport with increasing salt concentration can be explained by
physical filtration of kaolin agglomerates that form at the higher salt
concentrations (near the critical coagulation concentration). The drastic
change in kaolin particle behavior at zero salt concentration remains to be
explained. These data indicate that even though the pore size of these
crushed basalt columns is much greater than the pore size expected in ac'ual
groundwater flow paths, transport of colloidal-sized particles is
significantly retarded.
Ames et al. (1984, pp. 1-27) measured radionuclide distributions in
groundwater-colloid-basalt systems to determine the tendency of radionuclides
to sorb onto colloids and to be transferred from colloids to basalt surfaces.
Both of these processes are important to consider if radionuclide transport by
colloids is significant. Two types of colloids were studled--a bentonite
colloid representing a potential component of packing or backfill materials
and a hydrated silica colloid that might represent colloids generated from a
glass waste form. The radionuclide tracer was first sorbed onto the colloid
from GR-3 synthetic groundwater and then crushed basalt was added to the
mixture to determine if the sorbed radionuclide could be transferred to the
basalt surfaces. The groundwater-colloid-basalt mixture was continuously
agitated for 26 d. The colloid suspension was then separated from the crushed
basalt by decanting, and the groundwater and colloids were separated by
filtration. A summary of results from these measurements is given in
Table 4.1-36.
The sorption behavior of the radionuclides was significantly different
two types of colloids. Sorption on bentonite was generally less than
the
for
on hydrated silica colloids. Also, most radionuclides were readily
transferred to the basalt from bentonite colloids. The sole exception was
neptunium under reducing conditions. For the hydrated silica colloids, sorbed
uranium, neptunium, and selenium were not measurably transferred to the basalt
under reducing conditions. However, radium was readily transferred. The
behavior of radium and uranium was confirmed with column flow-through
measurements (Ames et al., 1984, pp. 20-27). Based on these results, it can
be concluded that colloid transport will be significant only for radionuclides
that are strongly and irreversibly sorbed on the colloids. Reduced uranium,
neptunium, and selenium appear to be irreversibly sorbed on hydrated silica
colloids and thus, might be transported by these colloids.
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To accurately assess the potential for radionuclide transport on
colloids, more data are required. In particular, additional solids likely to
be present in the contaminated groundwater flow path must be examined. These
include waste package container corrosion products, packing material, backfill
material, repository, intact basalt having natural fissures, and basalt flowtop solids. Experimental studies will address the stability of colloidal
suspensions in groundwater as they pass through the above solids and the
distribution of radionuclides among groundwater, colloids, and immobile
solids. Plans for these studies are presented in Sections 8.
and 8.3.4.
In addition, plans for field testing colloidal transport are given in
Section 8.3.1.4.

4.1.3.4

Processes affeCtino radionuclide concentrations
and speciation in solution

A key factor in selecting the Columbia River basalts for consideration as
a site for high-level nuclear waste disposal is the expectation that the site
geochemistry itself will substantially limit the transport of radionuclides
once they have been released from the waste package. This expectation is
based on the moderately high pH (approximately 10), the reducing conditions
found in the preemplacement environment, and the sorption properties of the
minerals in the natural system.
Radionuclide transport through the natural system is primarily controlled
by its concentration. The two primary factors controlling the concentration of
radionuclides in the natural system are their rate of release from the waste
package and their mobility through the natural system. Release from the waste
package is expected to be limited by the solubility, sorption, and diffusion
of the radionuclides in the packing material. This is discussed in greater
detail in Section 7.4.4.
Factors that may affect the mobility of radionuclides during the
controlled release period were identified in Table 4.0-3 as sorption,
precipitation, basalt-water hydrothermal interaction, the oxidation/reduction
environment, temperature, pressure, pH, and groundwater and solid composition.
Additional topics discussed were complexation with species in the groundwater,
ionizing radiation, and chemical substitution.
Of the factors listed above, only the oxidation/reduction environment,
pH, complexation with species in the groundwater, and ionizing radiation are
discussed In this section. The effect of chemical substitution and
precipitation reactions is not considered important in the natural system.
These reactions are expected to reduce rather than enhance radionuclide
mobility. The hydrostatic pressure present at the mined geological disposal
system will not significantly alter radionuclide mobility in the natural
system. The effects of basalt-groundwater Interactions, groundwater
composition, and temperature on radionuclide transport in the natural system
are discussed in Section 4.2.
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4.1.3.4.1

Oxidation/reduction environment in the natural system

The oxidation/reduction (redox) environment of the natural system can
substantially affect the transport of multivalent radionuclides. The
reduction of radionuclides is characterized by high sorption, irreversible
sorption, and low solubilities. The ability of the basaltic environment to
reduce radionuclides received substantial attention in past experimental
efforts (Sections 7.4.1 and 7.4.4) and is a key objective of experimental
programs outlined in Section 8.3.4.3.4.
The redox environment of the natural system in the basalt flows of the
Columbia Basin prior to the emplacement of high-level nuclear waste containers
can be qualitatively described as a reducing environment (see
Section 3.9.1.3.6). The evidence for this conclusion and its impact on the
solubility and migration of radionuclides in the natural system are discussed
in this section. The perturbation to this environment caused by the
emplacement of nuclear waste is discussed in Section 4.2 and Section 7.4.1.1.
Oxidation potential (Eh)
The redox environment of a chemical or geochemical system is generally
stated in terms of the oxidation potential (Eh). This is defined as the
electrical potential of an oxidation half reaction relative to the potential
of a standard hydrogen electrode.
Although Eh, in this section, is generally used to relate aqueous
species, it is important to note that the redox couples present in solution
are related in varying degrees to the mineralogy present. The role of basalt
in establishing reducing conditions has been studied by the BWIP (see
Section 7.4.4.1) and is discussed more generally elsewhere (White et al., 1985
and White and Yee, 1985).
The oxidation potential is theoretically related to the concentrations of
the reduced and oxidized species by the Nernst equation (Eq. 4.1-5):
Eh- E + RT In aox
nF
ared

(4.1-5)

where
Ee = oxidation potential when all reactants, the temperature, and the
pressure are in their respective standard states
R

=

gas constant

T

z

temperature in degrees Kelvin

n

=

number of electrons transferred

F = Faraday's constant
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aox

activities of the oxidized species

ared = activities of the reduced species.
The redox reactions important in a saturated basalt environment will
occur in the aqueous phase or at solids that are In contact with the aqueous
phase. This theoretically imposes some limitations on the chemistry and
stability of species in the basalt system. Specifically, redox processes are,
in principal, limited by the oxidation (Eq. 4.1-6) and reduction (Eq. 4.1-7)
of water:
Oxidation:

2H20

4H+ + 4e- + 02(9)

(4.1-6)

Reduction:

2H20 + 2e- = H2 (g) + 20H

(4.1-7)

=

These reactions define the theoretical upper (oxidizing) and lower (reducing)
stability limits for aqueous species.
In practice, the stability of an aqueous species will be determined by
both the kinetics for the reaction of that species with water and the redox
potential. Therefore, it is not possible to eliminate a half reaction from
consideration solely because it has an Eh outside the theoretical stability
limits of water. These limits (defined by Eq. 4.1-6 and 4.1-7) do, however,
provide a qualitative indication of the significance of the various reaction
processes being considered.
Applicability of Eh to natural systems
Although Eh is a very useful and widely applied construct, there are
significant limitations in using a single Eh value (master Eh) to describe the
redox environment of most real systems. This is especially true if the intent
is to relate measured potentials to concentrations of aqueous species using
the Nernst equation (see Eq. 4.1-5).
In a complex geochemical system, the two primary limitations to defining
a master Eh are (1) redox couples in most real systems are not in
thermodynamic equilibrium with each other, and (2) there are significant
experimental difficulties in the measurement of redox potentials.
The very existence of a master Eh in natural groundwaters (indicating
thermodynamic equilibrium between all aqueous species) has been frequently
questioned in the chemical and geochemical literature (Morris and Stumm, 1967,
pp. 270-285; Breck, 1971, pp. 121-139; Drever, 1982, pp. 257-258; Lindberg and
Runnels, 1984, p. 926; Hostettler, 1984, p. 734). Even groundwaters that have
been in isolation for long periods of time often are not at thermodynamic
equilibrium. In effect, each redox couple appears to correspond to a
different Eh.
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The difficulties in relating the measured potential to solution
concentrations have been discussed in detail elsewhere (Mann et al., 1974,
pp. 727-732). In a complex system, the measured potential often corresponds
to a combination of all the redox couples in solution. The contribution of
each redox couple to the measured potential will depend on relative
concentrations, the standard state potential, and the kinetics of the reaction
at the electrode.
The measured potential will correspond to the predicted Nernstian
thermodynamic potential only when the redox pair of interest is at
thermodynamic equilibrium and reacts in a completely reversible manner with
the sensing device (usually an ion-specific electrode). The occurrence of
this in rel systems is extremely rare.
In practice, an acceptable criterion for the reversibility of a redox
reaction is that the Nernst equation (see Eq. 4.1-5) is obeyed. This will not
occur if two species in a half reaction can react with each other via a
different reaction mechanism. It is necessary to consider all significant
redox reactions to properly interpret electrode behavior. Plans to address
the question of the reversibility of redox reactions with respect to measured
electrode potentials is discussed in Section 8.3.4.2. In any case, caution
must be used in predicting electrode behavior based on potentials determined
from thermodynamic data.
Evaluation of the redox environment in a basaltic system
Recognizing the limitations and problems concerning experimental
determinations of the redox environment, efforts have been directed at
evaluating the redox environment of Grande Ronde Basalt groundwater through
four different approaches:
1. Identification of the secondary mineralogy in basalt flows.
2. Measurement of the concentration of both reduced and oxidized
species of various redox couples.
3. Performance of hydrothermal basalt-groundwater experiments.
4. Direct measurement of the platinum electrode potentials.
Secondary mineralogy in basalt flows. The first key indicator of the
preemplacement redox environment in Columbia River basalts Is the secondary
mineralogy. The assumption here is that these minerals were formed under
conditions that reflect present day redox conditions. A trend from minerals
characteristic of a reducing environment with some minerals characteristic of
oxidizing conditions in the primary phases to minerals that are almost
exclusively characteristic of reducing conditions in the secondary phases was
interpreted to indicate that, in time, a more reducing environment was
established.
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Iron is the most abundant redox-sensitive element in basalt, and the
various iron-bearing minerals are key indicators of redox conditions (Garrels
and Christ, 1965, pp. 178-229). An Eh/pH diagram (for information on the
meaning and derivation of these, see Stumm and Morgan, 1965, pp. 172-267)
relevant to this system is shown in Figure 4.1-28.
A listing of redox half reactions of iron-bearing phases is presented in
Table 4.1-37. This list is not complete and will be modified as more is
understood about the geochemistry of a basaltic system. There is,
unfortunately, a lack of thermodynamic data on iron-bearing clays in general
(Deutsch et al., 1982b, pp. 1-37), and a specific absence of data relevant to
clay with compositions similar to those found at the Hanford Site.
Primary titano-magnetite (Noonan et al., 1980, pp. 1-8) and, more.
recently, some primary hematite (only in the flow tops; see Section 4.1.1) are
found to coexist with secondary iron-bearing alteration products including
pyrite, nontronite, other smectites, and mixed ferrous-ferric oxyhydroxides
(Benson and Teague, 1982, pp. 595-613). Notably, hematite and pure ferric
hydroxide phases (which are generally formed under oxidizing conditions) have
not been detected as secondary minerals. The predominant iron-bearing
secondary phases that have been formed are iron-rich clays. However, pyrite
(which is generally formed under reducing conditions) is typically observed as
a secondary iron phase.
Although phases characteristic of oxidizing conditions have been
identified as primary minerals in the natural system, there is no evidence
that secondary minerals characteristic of an oxidizing environment are being
formed. This finding is consistent with the general interpretation that, in
time, increasingly reducing conditions were established in the natural system
at or near repository depth. Further characterization of the secondary
minerals in the Columbia River basalts is currently under way and is discussed
in Section 8.3.1.2.
Concentration of both reduced and oxidized species of various redox
couples. The second approach used to qualitatively evaluate the redox
environment in the natural system was the direct measurement of the
concentration of both the reduced and oxidized species in redox couples common
to the basalt groundwater system. A list of reactions by which these couples
are related is given in Table 4.1-38.
The concentrations corresponding to each redox couple is theoretically
related to the oxidation potential by the Nernst equation (see Eq. 4.1-5). As
previously discussed, the potential calculated using different redox couples
will only be in agreement if the couples are in equilibrium with each other.
However, the potentials calculated will, as a whole, provide qualitative
information on the redox environment.
Either quantitative or qualitative concentration data are available for
five redox couples: sulfide/sulfate, iron(II)/iron(III), methane/carbon
dioxide, methane/inorganic carbon, and methane/carbon monoxide.
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The sulfide (as either HS- or Sz)/sulfate (as either S045 or HSO4-)
couple has been commonly used as a redox indicator for natural groundwaters.
At the ambient repository temperatures and pH values, the HS-/S04 species
will dominate (Garrels and Christ, 1965, pp. 213-218).
The kinetics of the uncatalyzed redox reaction between sulfide and
sulfate are extremely slow at ambient repository conditions (Ohmoto and
Lasaga, 1982, pp. 1727-1745). For this reason, the sulfate/sulfide couple may
not be at equilibrium in the groundwater samples obtained. The presence of
redox-sensitive mineral surfaces and certain bacteria may, however, help to
catalyze this reaction. Examination of the sulfur isotope ratios of both HSand S04* (Ohmoto and Lasaga, 1982, pp. 1727-1945) could help to resolve this
question (see Section 8.3.1.4).
Most of the sulfur occurs as sulfate in Grande Ronde Basalt groundwaters,
with a typical value of 6 x 10-5 M in the reference repository location.
Sulfide is not always detected, but concentrations of up to 1.3 p/m have been
measured in Grande Ronde Basalt groundwater samples using an ion selective
electrode (Dill et al., 1986, p. 10). The presence of sulfide in basaltic
groundwater is strong evidence for reducing conditions.
The redox half reaction for the sulfate/sulfide couple is given as
reaction l in Table 4.1-38. Eh calculated from concentration data available
using the Nernst equation (Eq. 4.1-5) is listed in Table 4.1-39. The data
listed show good agreement in the calculated Eh values with an average value
of -0.4 V for Eh.
The second redox couple investigated was the iron(II)/iron(III) couple
(Dill et al., 1986, p. 15). Half reactions relating the solid iron-bearing
phases and aqueous iron species were listed in Table 4.1-37. The measurement
of ferrous iron concentrations has only been recently initiated and little
data have been obtained to date (see Section 8.3.1.4.2.3.2 for plans). These
data are shown in Table 4.1-40.
Measured ferrous iron concentrations were obtained in wells that were
associated with groundwaters at depths of less than 609 m (2,000 ft). At
depths greater than 609 m (2,000 ft) (reference repository depth is 950 m
(3,000 ft), significant concentrations of sulfide were measured, but only
trace amounts of ferrous iron were detectable. When ferrous iron was present,
it accounted for over 90% of total iron detected. This, along with the
presence of sulfide (rather than ferrous iron) at depths greater than 609 m
(2,000 ft), is qualitatively indicative of a reducing environment.
The third redox couple investigated was the equilibration between methane
(CH
)
and carbon dioxide (CC2). The half reaction for this couple was shown
4
in Table 4.1-38 (reaction 3). The range of C02 /CH4 values measured in the
reference repository location was 6 to 10-6. These values correspond to
reducing conditions. Again, the kinetics of this reaction are slow, and the
concentrations measured may represent nonequilibrium conditions.
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The fourth redox reaction investigated is dissolved methane/inorganic
carbon. (as carbonate or bicarbonate) shown as reaction 4 in Table 4.1-38.
Average concentrations of methane and bicarbonate measured in groundwater
samples are 0.044 mol/L and 0.0016 mol/L. The Eh calculated from these
concentrations is -0.45 V. The region of the Eh/pH diagram corresponding to
this Eh is indicated by the shaded area in Figure 4.1-28(a).
The last redox couple considered is carbon monoxide and methane. This
can also be used to qualitatively suggest redox conditions, as shown by
equation 5 of Table 4.1-38. Carbon monoxide is generally below detection
limits (Gephart, 1983, p. 1-196) in Grande Ronde Basalt groundwaters;
therefore, the Eh values calculated using the Nernst equation .(see Eq. 4.1-5)
must represent upper Eh limits. The Eh of repository groundwaters presumably
must be below the range for CO/CH4. This couple has the same kinetic
limitations as the CH4 /C02 couple.
The concentration data Just discussed do not point to a single value for
the redox potential of the natural system. Even the small differences in the
calculated potentials reflect significant deviation from equilibrium
concentrations for redox-sensitive species in basaltic groundwaters. However,
the data consistently point to the existence of a reducing rather than
oxidizing environment.
Hydrothermal basalt-groundwater experiments. The third approach used to
establish the redox environment in the Columbia River basalts was the analysis
of hydrothermal basalt-groundwater experiments with respect to the redox
conditions established as a function of reaction progress. Although these
experiments are more relevant to the hydrothermal conditions in the repository
that will exist after waste emplacement, they do provide further evidence that
the basaltic system is reducing.
Results reported in the hydrothermal testing program that are directly
relevant to the redox conditions are summarized in this section. A more
complete discussion of the results In these experiments Is found in
Section 7.4.1.1.
There are two experimental results reported by Lane et al. (1984,
pp. 181-195) that apply to redox conditions in basaltic systems.
1. In time, in the temperature range of 150 to 300 QC, oxygen levels
are reduced substantially when basalt is present.
2. Basalt-groundwater experiments spiked with arsenic at 300 'C
attained an Eh of -400 .100 mV (as calculated from the
arsenic(III)/arsenic(V) couple) in 11 d.
Further evtdence of a-reducing environment in basaltic hydrothermal systems
has been obtained by Moore et al. (1984, pp. 56-57) who observed hydrogen
sulfide as a product in 200 and 300 'C basalt-groundwater experiments that
initially contained only sulfate in the groundwater.
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These experiments do not define the redox conditions present in the
natural system prior to the emplacement of nuclear waste. They do, however,
illustrate the tendency of Grande Ronde Basalt to remove oxidants from groundwater and reduce redox-sensitive species in the groundwater, which provides
additional evidence for reducing conditions in the natural system.
Platinum electrode potentials. The fourth approach used to evaluate the
redox environment In basalt groundwaters is the direct measurement of Eh with
a platinum electrode. The range of values measured at the Hanford Site
(+0.2 to -0.2 V) is presented in Figure 4.1-29.
The platinum electrode measurements reported are subject to question
because the possibility of oxygen or sulfur poisoning cannot be eliminated.
This type of electrode poisoning leads to spurious Eh values (Garrels and
Christ, 1965, pp. 135-139; Morris and Stumm, 1967, pp. 282-283; Langmuir,
1971, pp. 518-621; Whitfield, 1969, pp. 547-549; Whitfield, 1974,
pp. 857-865). These data also reflect measurements of repository groundwaters
at the Earth's surface, not at repository depth.
Exposure of the sample to the more oxidizing surface environment (atmospheric oxygen and contamination of the groundwater with drilling muds) will
potentially lead to more oxidizing measurements and may explain the wide range
of measured Eh values. Since the electro-active species in basaltic
groundwater have not been identifled, an alternative explanation of the range
of Eh values measured is variability in the composition of the groundwater
(sulfide content, iron content, etc.).
The expectation is, therefore, that all directly measured Eh values are
more oxidizing (i.e., displaced toward more positive values) than actual Eh
values of groundwaters at the Hanford Site. This displacement cannot be
quantified because of the uncertainties in electrode response and the possibility of sample contamination (which cannot be quantified). The recorded Eh
values, however, can be used in a qualitative manner. The predominance of
negative Eh values in Figure 4.1-29 (i.e., reducing conditions) is clearly
shown. Furthermore, the skewed shape ofthe histogram is what would be
expected if the majority of groundwater samples were not significantly
contaminated.
Summary of evidence for reducing conditions in the natural system.
Combining the results of the platinum electrode measurements, calculations of
Eh from the concentrations of redox couples, results from hydrothermal
experiments, and the observed secondary mineralogy of the natural system, it
is clear that the redox environment of basalt groundwaters is reducing. In
fact, the majority of electrode measurements and calculations of the oxidation
potential place this potential in the range of -0.4 to -0.1 V. This does not
establish a master Eh for basalt groundwaters but indicates that many of the
aqueous species in the groundwater are responding, to some extent, to the
reducing conditions present in the basaltic environment.
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Control of the redox environment in the natural system
The capacity of the basalt and alteration phases in the natural system to
maintain the reducing conditions present in the groundwater is an important
question because a possible result of waste emplacement will be a more
oxidizing environment in the part of the natural system nearest the waste
package. The capacity of basalt to reinstate an ambient reducing environment
may be important in establishing solubility limits and the sorption properties
of redox-sensitive radionuclides.
The existence of a single redox buffer has the same limitations as the
concept of a master Eh in that a specific redox couple may not be affected by
solid/liquid interactions that readily oxidize or reduce a different couple.For the most part, the capacity of a basalt system to maintain a reducing
environment will be determTned experimentally in the waste-rock-barrier
interaction testing outlined in Section 8.3.4.3.
There is some evidence that the reducing conditions in Grande Ronde
Basalt are related to the dissolution of the mesostasis (Noonan et al., 1980,
pp. 1-8) that is found to react with groundwater to a greater degree than
other phases of the basalt (Apted and Myers, 1982, pp. 1-78; Benson and
Teague, 1982, pp. 595-613). This glass contains approximately a 3-mol%
fraction of an iron-pyroxene component (Noonan et al., 1980, pp. 1-8).
Hydrolysis of the glass could lead to the redox reaction as described in
reaction 3 of Table 4.1-37 in which the iron-pyroxene component of the glass
undergoes dissolution, followed by an iron(II)/iron(tII) redox reaction and
subsequent precipitation of secondary magnetite and silica (quartz-pyroxenemagnetite reaction). Reaction 3 of Table 4.1-37 is an irreversible reaction
that provides a possible redox control mechanism. The silica-saturated Grande
Ronde Basalt groundwaters, and the presence of amorphous silica and magnetite
as alteration phases (Benson and Teague, 1982, pp. 595-613) in Grande Ronde
Basalt, qualitatively supports the role of the quartz-pyroxene-magnetite
reaction in controlling the redox environment.
A similar reaction involving primary clinopyroxene (with a 30-mol%
fraction of FeSiO3) could also be applied as a possible buffering reaction,
given the observation of Benson and Teague (1982, pp. 595-613) that
clinopyroxene has experienced the greatest degree of alteration of the primary
mineral (nonglassy) phases. The assumption of a crystalline iron-pyroxene
rather than a glass FeSiO3 component does not appreciably change reaction 3 in
Table 4.1-37.
The existence of alteration minerals lining basalt fractures may prevent
access of groundwater to fresh basalt inhibiting any redox control the basalt
may have. However, recent surface studies (Petrovic, 1976, pp. 1509-1521;
Berner, 1978, pp. 1235-1252; Holdren and Berner, 1979, pp. 1161-1171; Aagaard
and Helgeson, 1982, pp. 237-285) of hydrothermally reacted minerals indicate
secondary minerals do not prevent direct contact between the solution and
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primary solid. It is also likely that the secondary phases formed will act to
maintain reducing conditions. Further testing In systems containing basalt
are planned (Section 8.3.4.3) to establish this in the natural system.
The effect of Eh on radionuclide concentration and speciation in solution
A key advantage of placing a high-level nuclear waste repository in a
reducing environment is the expectation that the radionuclides will also be
reduced as they interact with the geochemical system. The extent to which
this occurs in the waste package will be established experimentally (see
Section 8.3.4.3.4) in the waste-rock-barrier interaction testing program.
In the natural system, the importance of the redox environment is its
effect on the transport of radionuclides. A reducing environment will
potentially limit radionuclide mobility in the two following ways:
1. Radionuclides that were released from the waste package in their
reduced state (see Section 7.4.6 for discussion of reducing
conditions in the waste package) will not be reoxidized. This will
help maintain low radionuclide mobility throughout the repository
site.
2. Radionuclides released from the waste package may undergo further
reduction, thereby decreasing their mobility.
The expectation that the reducing environment in a basaltic system will
reduce radionuclides is based, in part, on the thermodynamics of some
radionuclide systems. Calculations based on a published procedure for Eh-pH
plots (Drewes, 1983) are shown in Figure 4.1-30 for uranium and neptunium.
These diagrams qualitatively predict that both of these radionuclides will be
redox sensitive.
In the natural system, the important process affecting radionuclide
speclation and concentration is their sorption onto the solids present. The
redox environment can affect this process in two ways. First, it will, to
some extent, determine the concentrations of aqueous species that complex
radionuclides. This will either enhance or decrease radionuclide sorption
(see Section 4.1.3.4.4). Second, it will affect the concentration of
radionuclides is the redox chemistry. Qualitatively, a reducing environment
(relative to an oxidizing environment) favors the reduction of radionuclide
species. The reduced radionuclide, in general, undergoes both sorption and
precipitation more readily than species in higher oxidation states. The
sorption characteristics of various radionuclides in their reduced and
oxidized form were discussed in Section 4.1.3.7.
The effect of the redox environment on the concentration and speciation
of radionuclides in solution, however, must be established experimentally.
This has not yet been done in a basalt-groundwater system. The primary reason
for this is the general lack of both solubility and thermodynamic data on
radionuclides under conditions expected in a basalt repository (reducing
conditions at a high pH).

4.1-77

CONTROLLED DRAFT 0
DECEMBER 22, 1986

In view of this, the BWIP has initially approached the question of how
radionuclides will respond to the basaltic environment by conducting
laboratory experiments under repository relevant conditions. In these
experiments, radionuclides are placed in the basalt-groundwater system at
various temperatures. Their concentration and oxidation states are monitored
as a function of time. These are, by design, scoping experiments that will
establish general trends in radionuclide behavior and identify aspects of
radionuclide systems that require more detailed studies.
Preliminary results have been obtained for technetium (Wood et al., 1986;
Jones et al., 1986) and plutonium in a basaltic system. In both cases, the
radionuclides were reduced by the conditions established experimentally by
basalt resulting in low aqueous concentrations and high sorption. In the case
of technetium, reduction of. technetium(VII) (pertechnetate ion) to
technetium(IV) dramatically affects its sorption and solubility behavior
making technetium essentially immobile in a basaltic system. The two results
Just mentioned are not conclusive. They do, however, suggest that there is
good reason to expect that the reduction of radionuclides will occur in a
basaltic system.
In conclusion, the effect of the redox environment on radionuclide
speciation must be established for each radionuclide of interest
experimentally. The reduction of radionuclides involves specific chemical
reactions that may be kinetically inhibited under the conditions expected in
the repository (temperature, pH pressure, etc.). In this sense the primary
effect of the redox environment on radionuclide speciation is through the
aqueous species and solid surfaces present that can either catalyze or
directly facilitate the reduction of radionuclides. This is primarily a
kinetic question involving specific redox reactions between the radionuclide
and aqueous species and the primary and secondary phases in the basalt. This
question will be addressed in the hydrothermal testing with waste forms in a
basalt-groundwater system currently planned (Section 8.3.4.3).

4.1.3.4.2

pH in the natural system

The pH of a geochemical system is a key parameter in determining the
speciation of aqueous species and the stability of the solid phases present.
In a basaltic system, the concentration of many of the radionuclides is
determined by complexation with the hydroxide ion or solubility of hydroxy or
mixed hydroxy phases.
This section discusses pH in the natural system before the emplacement of
high-level nuclear waste. The two main objectives are as follows:
1. Summarize the pH data for basaltic groundwater In the natural system
in the vicinity of the reference repository location.
2. Discuss processes important in controlling the pH of the natural
system.
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The effect of pH on the radionuclide speciation (with respect to the
source term) is discussed in Section 7.4.4.1; the effect of emplacement on the
pH is discussed in Section 4.2 for the natural system and Section 7.4.4.1 for
the waste package.
pH of basaltic Groundwater in the natural system
The pH is routinely measured in all the groundwater samples taken from
basalts at the Hanford Site. A summary of data for the entire Hanford Site
was shown in Figure 3.9.1-17 and discussed in Section 3.9.1.3.6. Data for the
pH of the Grande Ronde Basalt was given in Figure 4.1-4. A more comprehensive
source of this data is the hydrochemical data base for the Hanford Site
(Early et al., 1986, pp. 1-347).
Acid-base reactions in solution are generally reversible and very fast.
The pH values measured, therefore, correspond to systems that are at
equilibrium with respect to the homogeneous acid/base reaction of the aqueous
species present. The major difficulty in obtaining accurate pH values at
depth is that the sampling process necessarily imposes temperature and
pressure changes on the sample (Garrels and Christ, 1965, pp. 129-132; Stumm
and Morgan, 1981, pp. 481-489). There is an additional error introduced by
inconsistent sample handling in transporting the sample from the field to the
laboratory. For this reason, the experimental error in measuring pH at depth
Introduces an uncertainty of +0.5 pH units to the values reported. This
uncertainty was estimated from the scatter in observed measurements.
The pH values measured range from 7.2 to 10.8 throughout the natural
system. There is a systematic increase in the pH with groundwater depth even
within a particular basalt flow. This trend is typical of groundwaters in a
high-silica system that are progressively isolated from the atmosphere (as
depth increases).
In the Grande Ronde Basalt, field measurement of the pH are significantly
higher than those obtained site-wide. Measurements range from a pH of 8.5 to
10.8, with an average value of 9.5 (measured at 25 'C). The Cohassett flow
(currently the location of the reference repository location) in the Grande
Ronde Basalt has measured pH values in the range of 8.7 to 10.3, with an
average of 9.3. There is no significant difference between the pH values
measured in the other members of the Grande Ronde Basalt and the Cohassett
flow.
In summary, the field pH for the natural system in the vicinity of the
proposed repository is 9.5 +0.5 (at 25 eC). Correcting this to the ambient
temperature, using the geochemical code EQ3NR, gives a pH of 9.2 + 0.5 (at
55 qC).
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Control of pH in the natural system
The pH of groundwater in the Hanford Site basalts Is characteristic of
geologic formations with high-silica minerals that are isolated from the
atmosphere. In this system, the pH is determined by the temperature and
interaction between the groundwater and specific mineralogy of the Hanford
Site.
The increase in temperature caused by the emplacement of high-level
nuclear waste will potentially change the pH of the natural system. This
temperature increase will lower the pKw of water and facilitates hydrothermal
alteration of the minerals and groundwater in the natural system. This effect
is not addressed in this section but is discussed in Section 4.2 for the
natural system and Section 7.4.4.1 for the waste package.
The subject of this section is the two general types of processes that
are expected to control the pH in the Hanford Site basalts. These are as
follows:
1. Homogeneous equilibria with aqueous species; the buffering of the
groundwater by weak acids/bases already in solution.
2. Heterogeneous reactions between the minerals present and
groundwater.
The buffering capacity of species in the groundwater determines the ability of
the system to respond to rapid changes in the pH whereas the solids present
will determine the long term response of the basaltic system to induced
changes in the pH.
Homogeneous pH buffering. The immediate pH controls in the Hanford Site
groundwater are the weak acids found in the groundwater. In the basaltic
groundwater, the two most important of these are silicic acid/silicate ion
(pKa - 9-.7 at 25 IC)and bicarbonate/carbonate (pKa = 10.25 at 25 6C)
equilibria.
A qualitative idea of the buffering capacity of basaltic groundwater can
be obtained by calculating the buffer capacity of basaltic groundwater using
25 OC acid dissociation constants. The buffer intensity of the groundwater,
as defined by Stumm and Morgan (1981, pp. 160-161), is 0.0016 based on
measured inorganic ion concentrations. The neutralizing capacity (Stumm and
Morgan, 1981, pp. 162-164) of the groundwater is 9.6 x 10-" mol/L with respect
to acid and 2.1 x 10-3 mol/L with respect to base.
The buffering capacity of the groundwater, although small compared to the
capacity of basaltic minerals to control the pH through hydrothermal
processes, is potentially an Important property of the Hanford Site. This
capacity will minimize localized pH effects induced by effects such as
ionizing radiation and will act to reestablish the initial pH of the Hanford
Site in the long term as fresh groundwater flows into or through the
repository.
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Heterogeneous pH buffering. The heterogeneous rock-groundwater reactions
provide the greatest potential for pH control in natural groundwaters that are
isolated from the atmosphere (Stumm and Morgan, 1981, pp. 558-561). The most
important heterogeneous processes that control the pH in Hanford Site basalts
are as follows:
o Hydrolysis of silicates.
o

Ion exchange reactions.

o

Precipitation of minerals.

The first of these processes is the effect of silicate hydrolysis on the
pH of geochemical systems. This has been well established in the geochemical
literature (Krauskopf, 1979, pp. 113-116) and has been previously discussed as
the pH controlling mechanism by Smith et al. (1980, pp. 2-119 to 2-124) for
Hanford Site basalts.
Minerals with a high-silica content will, given enough time, drive the pH
to alkaline values in almost all natural systems (e.g., pH = 8.0 for Tuff
groundwater, 7.0 for granite, 7.6 or rhyolite). This is reflected in the
alkaline pH values found throughout the Hanford Site basalts. The alkalinity
will be limited by the dissolution and dissociation of silicic acid to a pH of
approximately nine. This indicates that the pH of Grande Ronde Basalt
groundwater is at or near the upper pH limit of a high-silica system.
The actual pH of the groundwater in a basaltic system, within the
alkaline pH range established by the high-silica content, depends primarily on
the specific mineralogy (type of silicates present, etc.) and temperature.
These will determine the stoichiometry of hydrolysis reactions, the
positioning of ions between the solid and liquid phases (ion-exchange
reactions) and the precipitation of minerals, all of which may remove
hydroxide ions from solution or generate hydronium ions in solution.
Evidence for the mechanism that controls the pH of a basaltic system has
been obtained in three areas of study: (1) studies of Icelandic basalts that
are an analog of Hanford Site basalts, (2) studies reported in the literature
on basalt-seawater hydrothermal systems, and (3) basalt-groundwater
Interaction testing performed under contract to the BWIP. Although there are
substantial differences between the systems considered in these studies, the
general mechanisms identified as controlling the pH appear to be similar.
The Icelandic geothermal systems are discussed in greater detail
elsewhere (Section 4.3). Arnorsson et al. (1978, pp. 523-536) have determined
that pH in this system was determined by the positioning of cation exchange
equilibria between the aqueous and solid phase of the basalt, which was mostly
a function of temperature. There was, In general, a minor dependence of pH on
the mineralogy within the Icelandic system.

4.1-81

CONTROLLED DRAFT 0
DECEMBER 22, 1986

Basalt-seawater hydrothermal interactions have been the subject of
several studies (Seyfried and Bischoff, 1981, pp. 135-147; Seyfried and Mottl,
1981, pp. 985-1002; Seyfried and Bischoff, 1979, pp. 1937-1947; Mottl and
Holland, 1978, pp. 1103-1115). The general conclusion is that initially, for
the lower temperature experiments (less than 200 *C), there was a rapid pH
drop followed by a slower rise in the pH. The fast drop was attributed to the
precipitation of magnesium hydroxide, and the slow rise was the hydrolysis of
the silicates In the basalt. These processes clearly depended on the
temperature and rock-groundwater ratio of the experiments.
The results of a series of hydrothermal experiments that have been done
under contract to the 8WIP, using crushed basalt from the Umtanum and
Cohassett flow, have indicated that a similar mechanism to the basalt-seawater
is controlling the pH (Ulmer and Granstaff, 1984, pp. 3-41). A temperaturedependent rapid decrease in the pH followed by a slower rise in the pH was
observed. This mechanism is discussed more fully in Section 7.4.4.1.
A correlation between the aqueous concentration of Nag and the initial drop in
pH has been noted. It appears, based on this, that the pH is being lowered as
the result of a rapid precipitation of sodium minerals. It is still not
certain what accounts for the slow rise in the pH but, by analogy with the
basalt-seawater interaction results, it is likely that it represents the
hydrolysis of silicates present in the glassy phase of the basalts.
The mechanism that controls the pH of the groundwater in Hanford Site
basalts is still not fully understood. Further data pertinent to the
mechanisms discussed here will be generated by the hydrothermal testing
program (Section 8.3.4 and Section 7.4.4.1). There does, however, seem to be
sufficient evidence that points to contributions from the three primary
processes just discussed.
Summary: pH in the natural system. The pH in the natural system ranges
from 7.0 to 10.8 in 25 OC field measurements. There is a systematic increase
in pH as the depth at which the groundwater is sampled increases. In the
vicinity of the repository location (Grande Ronde Basalt) the pH is 9.0 + 0.5.
The groundwater itself, because of the silicic acid and bicarbonate ion
present, has a small buffering capacity. The pH observed at depth appears to
be established by contributions from three processes: (1) hydrolysis of
silicates present in the basalt, (2) precipitation of minerals, and (3) ion
exchange equilibria between the liquid and solid phases present. Further work
is needed to establish the specific minerals and mechanisms controlling the pH
(see Section 8.3.4).

4.1.3.4.3

Effect of ionizing radiation on radionuclide
concentrations and speciation in solution

The effect of ionizing radiation on the concentrations and speciation of
radionuclides in the natural system is, for the most part, insignificant. The
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primary reason for this is the dilution factor as distance is increased from
the waste container and the slow release of radionuclides expected from the
waste package.
Ionizing radiation can potentially affect the concentration and
speciation of radionuclides in two ways. First, it can change the chemical
environment of the radionuclide by altering the pH, redox environment, and
concentration of complexants in the groundwater. Second, it also generates
highly reactive intermediates that are strongly oxidizing or reducing. These
may react directly with the radionuclide species to oxidize or reduce that
species resulting in significant changes in solubility and sorption behavior.
In the waste package, these processes may be significant because the
natural
the
in
than
higher
considerably
is
expected radiation dose rate
system. This possibility and the data that have been obtained on radiolytic
effects are discussed in Section 7.4.
In the natural system, however, the radionuclides released from the waste
package during the isolation period will be greatly diluted. The resulting
dose rates will be extremely small. This will cause an insignificant change
in the groundwater chemistry and have no significant affect on radionuclide
speciation.

4.1.3.4.4

Radionuclide complexes

trande Ronde Basalt groundwaters contain a number of inorganic and
organic ligands that could form soluble complexes with the key radionuclides.
Potential inorganic ligands are carbonate/bicarbonate, hydroxyl, sulfate,
fluoride, and chloride ions. The concentrations of these anions vary
depending on the location of the groundwater (see Section 4.1.2.2). Potential
organic ligands are humic acids, fatty acids, and phenols (Means, 1982,
pp. 1-22). Although the total organic concentration is low (less than
1 mg/L), its effect on radionuclide speciation is not known (see
Section 8.3.1.4.3.3.1 for plans to evaluate radionuclide reactions with
organic materials).
Thermodynamic formation constants (measured or estimated) for actinide
complexes have been compiled by Apps et al. (1982, pp. 110-118) and Allard
(1982, pp. 553-580). According to these values, hydroxide and carbonate
complexes would be expected to predominate in basalt groundwaters. Fluoride,
sulfate, and chloride complexes should be present at very low concentrations
(orders of magnitude less than hydroxyl or carbonate complexes) and will have
negligible influence on sorption or transport.
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The identity of dominant radionuclide species in groundwaters will, of
course, influence radionuclide sorption behavior. For example, if a dissolved
metal ion is sorbed only as a hydrated species such as M2 +, but forms carbonate complexes by the reactions,

CO23+

(4.1-8)

MC0 3

and
MC0 3 + CO3

M(C0 3 )2 -,

(4.1-9)

then sorption will decrease as the carbonate concentration in groundwater
increases.
Information on radionuclide complex formation can be obtained indirectly
by varying the composition of the groundwater and measuring effects on sorption (Barney, 1981a, pp. 8-22; 1982, pp. 7-28; 1984, pp. 16-?2). The effecs
of maJor components of basalt groundwater (Na+, Ca2 +, K+, Mgz+, Cl-, F-, CO! ,
HCO3, and S04 ) on radionuclide sorption on basalt, secondary minerals, and
interbed materials have been determined. Because of the large number of
variables to be studied, it was necessary to use statistical methods to design
the experiments. The details of experimental design and procedures are given
in Barney (1981a, pp. 8-31; 1982, pp. 7-28, App. B and C). The concentrations
of components used in these experiments covered those ranges measured in
groundwater samples obtained from water-bearing zones in basalt. The
significant groundwater variables for sorption of several radionuclides are
given in Table 4.1-41. Groundwater cations compete for sorption sites with
'37 Cs, 85 Sr, and 2 6Ra. Neptunium in both (V) and (IV)oxidation states forms
complexes with carbonate, causing decreased neptunium sorption. Americium
sorption appears to be affected by small pH variations over the range where
CO3 or HCO3 are the dominant carbonate species.
Based on the available thermodynamic data and the results of measuring
effects of groundwater composition on sorption, several generalizations can be
made concerning complex formation by key radionuclides:
o Actinides should exist mainly as either hydroxyl or carbonate
complexes (or as mixed ligand complexes containing both anions).
Fluoride, sulfate, chloride, and phosphate complexes should be
present at very low concentrations (orders of magnitude lower than
hydroxide and carbonate complexes) and should have little Influence
on sorption. These conclusions are consistent with observed effects
of groundwater components on sorption that are described above.
o

Radionuclides that exist only as anions in solution should be weakly
sorbed (or even repelled by the solids) due to the negatively
charged surfaces of minerals at pH values of basalt groundwaters.
This behavior has been observed for iodine, technetium (oxidized
form), carbon, and selenium, which probably exist as anions in
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sorption experiments. Results from recent work (Paquette and
Lawrence, 1985; Barney et al., 1985) indicate that reduced
technetium is strongly sorbed and forms soluble complexes with
carbonate.
o

4.1.3.5

Cesium will exist as the simple hydrated cation, Cs+, in basalt
groundwater solutions. Formation constants for zirconium, samarium,
and tin indicate that hydroxyl species of these elements will
probably predominate (Early et al., 1984b, pp. 153-163). The
dissolved species of the remaining key radionuclide, palladium, is
sensitive to the presence of reduced sulfur species (52-, HS-). If
sulfide is absent, the predominant solution species are hydroxyl
complexes.

Matrix-diffusion

Diffusion of radionuclides into the host basalt rock can, potentially,
retard their transport by groundwater, especially if diffusion is slow
compared to groundwater advective flow. Diffusion into microfractures and
pores in the basalt and into pores and layered silicates in secondary minerals
and interbed minerals are considered to be the most significant diffusion
processes affecting radionuclide transport. Pores and microfractures contain
stagnant or immobile water zones that act as sinks to molecular diffusion
during the displacement process and, thus, lead to incomplete displacement.
This results in retardation of the dissolved radionuclide with respect to the
flux of groundwater in the flow path.
Diffusion of radionuclides in groundwater flow paths expected for the
natural system are strongly scale dependent. This is a result of the
nonhomogeneous distribution of fractures and pore sizes expected in the flow
paths. Thus, laboratory-scale measurements of diffusion cannot be used with
confidence in radionuclide transport models. Diffusion effects, however, may
be accounted for, along with other nonequilibrium effects, in a value for the
effective dispersivity used to analyze solute breakthrough curves for field
tracer tests (Grisak et al., 1984). Plans for these tests are described in
Section 8.3.1.4.2.3.
Laboratory-scale radionuclide diffusion measurements with the packing
material component of the waste package can be applied to transport
predictions because of the expected homogeneity and smaller scale of the
packing material. Results of these diffusion measurements are described in
Section 7.4.3.

4.1.3.6 Radionuclide transport
Estimation of radionuclide transport in the natural system requires a
thorough understanding of radionuclide behavior in the applicable groundwater
flow path. This, in turn, requires identification and quantification of all
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processes that influence transport. These processes include chemical
reactions such as sorption, desorption, complexation, and redox reactions; and
physical processes such as adjective flow, diffusion, mechanical dispersion,
radioactive decay, and colloid transport.
The following discussion presents an example of how chemical and physical
processes are quantitatively related to radionuclide transport calculations.
The general one-dimensional convective-dispersive radioactive solute
transport equation as given by Bear (1972, p. 242) for saturated flow in
porous media is as follows (Eq. 4.1-10):

at
aC

a2

2
D
03

ax
a

-

eat
gaS

(

-

(C+gS)

(4.1-10)

(dispersion) (advection) (sorption) (radioactive decay)
where:
3)
C - groundwater solute concentration (M/L

S

=

sorbed solute concentrations (M/M)

p - hydrodynamic dispersion coefficient (L2/T)

V = average pore velocity (L/T)
3)
P = bulk density of the media (M/L

o - volumetric water content (L3/L3)

t

=

time (T)

x - distance (L)
x - radioactive decay constant.

Radionuclide sorption is represented by the term
o as

(4.1-11)

e at
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For many of the radionuclides of interest, equilibrium (or steady-state)
sorption can be described by the Freundlich equation (Eq. 4.1-1) as shown in
Section 4.1.3.3. Differentiating the Freundlich equation with respect to time
gives:

at = KNC(N

(4.1-12)

at

Substituting Equation 4.1-12 into Equation 4.1-10 yields:

L a

ac
at

Rf

Vac
ax)- (

-

ax

(4.1-13)

where:
Rf = 1 + OKNC(N-1)

(4.1-14)

a

The retardation factor, Rf, can be calculated from the Freundlich constants of
both sorption and desorption isotherms (obtained from batch experiments) if
sorption hysteresis is important. The concentration, C, in Equation 4.1-14
can be estimated by methods given in Van Genuchten and Wierenga (1974,

pp. 24-28) when N j 1.
When the rate of sorption is slow compared to the groundwater flow rate,
sorption kinetics must be described by:
as=f5
=

CS

(4. 1-15)

fCS

Van Genuchten and Cleary (1979, p. 351) give a number of possible rate
equations for sorption. A first order rate equation that has been
successfully used is:
as

=

k (KCN

-

(4.1-16)

S)

where k is a rate constant.

Detailed plans for incorporating radionuclide transport models in
performance assessment analyses of the natural system are given in
Section 8.3.5.2.3.
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4.1.3.7

Geochemical retardation in the host rock and surrounding
units--expected and unexpected conditions

Summary descriptions of (1)conditions that influence radionuclide
retardation, (2) expected retardation processes, and (3) expected retardation
behavior for individual key radionuclides (listed in Section 4.1.3.1) are
presented in this section. These descriptions are based on currently
available data that are incomplete for some important radionuclides. Most
variables that influence retardation have been examined over a wide range of
values, and in many cases these ranges exceed expected values. Thus,
information for both expected and unexpected conditions has been obtained.

4.1.3.7.1

Expected conditions

The expected flow path for groundwater transport of waste radionuclides
from the repository to the accessible environment is through basalt flows and
along flow tops and interbeds. The dense interiors of basalt flows have low
groundwater permeabilities compared to flow tops and interbeds. Thus, dense
interiors tend to act as confining units for groundwater contained in the flow
tops and interbeds. This permeability contrast promotes two-dimensional,
horizontal movement of groundwater in flow tops and interbeds and onedimensional, vertical movement through dense interiors. The top of the
Cohassett flow is a likely early segment of the flow path because of a
slightly upward hydraulic head gradient across the flow. The remainder of the
flow path in the natural system consists of basalt flow interiors, relatively
porous flow tops, and sedimentary interbeds above the repository horizon in
the primary isolation zone.
Radionuclide retardation processes depend on the characteristics of the
minerals and groundwaters along the flow path. In dense interiors,
radionuclides will mainly contact secondary minerals that line fissures and
vesicles in the basalt. These minerals consist mostly of smectitic clays,
zeolites, and silica although smaller quantities of numerous additional
minerals have been identified. They have high surface areas and are effective
sorbants for most radionuclides. Flow tops consist of brecciated and
vesicular basalt layers about I to 4 m thick above the dense flow interiors.
The breccia and associated rubble are typically composed of clasts 1 to 6 cm
in diameter imbedded in a matrix filled with clay, zeolite, or basalt. The
porous flow-top materials have high surface areas and strongly sorb most
radionuclides. Most sedimentary interbeds are located in the Saddle Mountains
Basalt, approximately 400 m (1,312 ft) above the repository horizon.
Radionuclide retardation in these interbeds is only of secondary importance
since they are above the upper buffer zone. They range from less than 1 m
(3.2 ft) to about 40 m (131 ft) thick. These interbeds consist mostly of
tuffaceous siltstone with lesser amounts of-quartz sandstone, conglomerate,
and well-sorted vitric tuff. They are porous and the high-surface-area
minerals In the interbeds strongly sorb most radionuclides.
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Groundwater composition varies as a function of depth. Concentrations of
sodium, chloride, and fluoride increase with depth while potassium and calcium
concentrations decrease. Concentration ranges for major inorganic components
are sodium (less than 50 to 450 mg/L), potassium (less than 4 to 36 mg/L),
calcium (less than 2 to 18 mg/L), magnesium (less than 2 to 12 mg/L), silicon
(less than 25 to 175 mg/L), chloride (less than 50 to 550 mg/L), fluoride
(less than 5 to 55 mg/L), and sulfate (less than 25 to 250 mg/L). Measured pH
values range from 7.2 to 10.8, but most are In the range of 9.2 to 9.8.
Concentrations of dissolved organic carbon in Grande Ronde Basalt are less
than 1 mg/L. The major dissolved gas in Grande Ronde Basalt groundwaters is
methane (350 to 700 mg/L).
The groundwater components that have the greatest influence on
retardation of key radionuclides are hydrogen ion, carbonate, and possibly
dissolved organics. At the pH values found for these groundwaters, most
radionuclide metal ions (actinides, technetium, zirconium, tin, samarium, and
palladium) exist mainly as hydroxyl or carbonate complexes. The formation of
these species (and organic complexes if they also form) control the
retardation behavior of these radionuclides.
Oxidation states of the key radionucl ides are important in determining
their retardation behavior. The preponderance of evidence indicates that
conditions in the natural system are reducing. Radionuclides, therefore, will
be present in lower oxidation states. Most radionuclides are more strongly
retarded in reduced form.
The temperature of the Columbia River Basalt Group increases with
increasing depth. Measured fluid temperatures range from about 55 OC at
repository depth to about 20 °C at 100 m (328 ft). However, temperature
increases due to waste emplacement may reach as high as 100 OC at 200 m
(656 ft) above the repository (see Section 4.2.1). Data on retardation
processes must cover this temperature range to be applicable.

4.1.3.7.2

Retardation processes

Radionuclides that are sorbed onto minerals in the flow path will move at
a slower velocity than the groundwater. Diffusion and hydrodynamic dispersion
of radionuclides will also retard their transport. These are the significant
retardation processes expected in the natural system.
Sorption of key radionuclides occurs by chemisorption and ion exchange
reactions with minerals in the groundwater flow path. The extent of sorption
is controlled by the following:
o Mineral composition, surface area, and Ion exchange capacity of the
geologic solids.
o Groundwater composition and pH.
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o Redox potential of the groundwater-mineral systems.
o

Radionuclide identity and concentration.

o

Temperature and time.

For a given set of the above conditions, steady-state sorption and desorption
can be accurately described by the Freundlich isotherm equation (see
Section 4.1.3.2). Desorption isotherms for most radioelements are different
than the sorption isotherms. In these cases, desorption is inhibited compared
to sorption. This hysteretic effect is important to radionuclide transport
calculations since it can lower peak radionuclide concentrations in
groundwater and delay transport. Both sorption and desorption isotherm data
can be incorporated into radionuclide transport models by using the isotherms
to calculate retardation factors as described in Section 4.1.3.6.
Radionuclide diffusion and dispersion processes retard transport by a
spreading or dissipation mechanism that results In dilution of radionuclide
concentrations along the flow path. These processes depend on the physical
structure (pore structure, particle size, and distribution) of the flow path.
Other important factors affecting diffusion and dispersion are temperature and
groundwater-flow velocity. Radionuclide transport models account for
diffusion and dispersion processes by combining them in the dispersion
coefficient term (see Section 4.1.3.6).

4.1.3.7.3

Retardation behavior of key radionuclides

The retardation behavior of key radionuclides is summarized below. The
radionuclides are listed in approximate order of decreasing inventory/EPA
release limit, 1,000 yr after of the repository (see Table 4.1-22).
Americium
Americium is one of the most strongly sorbed radionuclides studied.
Distribution coefficients for americium sorption on basalt, secondary
minerals, and interbed materials are relatively high (230 to 3,000 mL/g) under
all conditions studied. The predominant solution species In basalt
groundwaters will be carbonate or hydroxyl complexes of americium(III).
Americium is sorbed by a chemisorption reaction with basalt and interbed
materials rather than ion exchange since sorption is not decreased by addition
of competing cations. All retardation data obtained thus far indicate that
americium will be immobile over a wide range of possible conditions in the
natural system. Because of these observations, future investigations of
americium transport by groundwaters have been deemphasized.

4.1-90

CONTROLLED DRAFT 0
DECEMBER 22, 1986

Plutonium
The sorption behavior of plutonium is critically dependent on its
oxidation state. In air-saturated groundwaters, plutonium(V) is the dominant
oxidation state and is more weakly sorbed than lower oxidation states.
Distribution coefficients on basalt, secondary minerals, and interbed
materials in air-saturated conditions range from about 18 to 3,000 mL/g.
Under reducing conditions, plutonium(IV) or plutonium(III) is formed and is
more strongly sorbed (distribution coefficients range from about 400 to less
than 10,000 mL/g). Basalt appears to be able to reduce higher oxidation
states of plutonium to plutonium(IV) or plutonium(II). Plutonium species in
basalt groundwater solutions are probably either hydroxyl or carbonate
complexes. The dominant sorption mechanism is chemisorption. Major
groundwater components appear to have little influence on sorption. Plutonium
should be relatively immobile in basalt-groundwater systems, especially if
lower oxidation states are maintained. Desorption from basalt does not occur
to any measurable extent. Further plutonium sorption studies will be required
to determine the likely oxidation states of plutonium in natural system
groundwaters and to further evaluate desorption isotherms.
Neptunium
Sorption of neptunium(V) on basalt is relatively slow and is likely
controlled by reduction to neptunium(IV) by the basalt surfaces. The
neptunium(IV) is sorbed more strongly (distribution coefficients range from
about 60 to 1,000 mL/g) than neptunium(V). Both oxidation states of neptunium
form strong carbonate complexes. Increased carbonate concentrations in
groundwater decrease sorption. Other groundwater components have negligible
effects on sorption. Chemisorption is the dominant sorption mechanism since
sorption is not affected by changes in ionic strength. Desorption
measurements show that sorption hysteresis is a significant phenomenon for
both neptunium(V) and neptunium(IV). Neptunium is not expected to be
significantly mobile in the natural system. However, additional work is
required to better define those processes that can affect mobility, especially
carbonate complexation and redox reactions.
Uranium
In the natural system environment, uranium(IV) and uranium(VI) will be
the most important oxidation states. As for the other actinides, the (IV)
species will be more strongly sorbed than the (VI) species. Distribution
coefficients for uranium(VI) sorption on basalt, secondary minerals, and
interbed materials range from about 2 to 1,500 mL/g, and for uranium(IV),
about 50 to 1,200 mL/g. The reduction of uranium(IV) at basalt surfaces
appears to be an important process in uranium sorption. The reaction is slow
and results in increased sorption over long time periods in laboratory
experiments. The dominant solution species of uranium are carbonate
complexes. The presence of carbonate in the groundwaters decreases sorption
of uranium. Like other actinides, uranium is sorbed by a chemisorption
reaction, rather than by ion exchange. Sorption hysteresis is important for
both uranium((IV) and uranium(VI). Uranium transport in groundwater is
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expected to be strongly retarded by sorption in the natural system, especially
if the reduced state is maintained in this system. Additional work on uranium
sorption will emphasize the need for a better understanding of redox reactions
that uranium can undergo in the natural system and of effects of carbonate
complexation on sorption.
Carbon and iodine
Carbon-14 and iodine are not measurably sorbed by any of the geologic
solids studied thus far. Probable chemical species in the natural system
groundwaters are CO3 and I-. Since the anion exchange capacity of geologic
solids is very low at ambient pH values, little interaction is observed.
Diffusion and dispersion are the only likely retardation mechanisms for these
with naturally occurring
radionuclides, although isotopic exchange of l
carbonate solids may be significant. Future work with these radionuclides
will concentrate on determining whether or not isotopic exchange of 14 C is a
significant process.
Curium, zirconium, and tin
Little information is available on retardation of these radionuclides
under conditions of the natural system. Curium behavior is expected to be
analogous to that of americium because of similar chemical behavior.
Therefore, curium should be immobile in the natural system. Zirconium is
strongly sorbed on fresh basalt surfaces and on flow-top basalt (distribution
coefficients of 70 to 320 mL/g and 650 to greater than 10,000 mL/g,
respectively, were measured). Tin sorption on Mabton interbed materials was
so extensive that it could not be detected in the groundwater solution
(distribution coefficients were greater than 10,000 mL/g). Each of these
radionuclides is expected to be immobile under natural system conditions.
Future work with these radionuclides will include sorption studies on a wider
range of geologic solids.
Technetium

4
The negatively charged pertechnetate ion, TcO-, is the most stable
technetium species in solution under oxidizing conditions. This anion is not
appreciably sorbed by geologic solids in the natural system. Pertechnetate
ion, however, can be reduced by basalt surfaces if oxygen is removed to very
low levels. The reduced species (probably technetium(IV)) is strongly sorbed
on basalt, secondary minerals, and interbed materials. Distribution
coefficients range from about 11 to 360 mL/g under reducing conditions.
A strong sorption hysteresis effect is observed for technetium. Sorption
occurs by a chemisorption mechanism rather than ion exchange. The dominant
solution species under reducing conditions is probably a carbonate complex of
technetium(IV). The presence of carbonate in groundwater solution
significantly decreases sorption of the reduced species. An accurate
prediction of the oxidation state of technetium in the natural system is
essential to determine its mobility. Future field and laboratory measurements
will provide an understanding of the redox behavior of technetium in the
natural system.
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Samarium and palladium
No information is available on retardation of these elements in the
natural system. Future sorption studies will include these radionuclides.
Selenium
In thl deep groundwaters of the Hanford Site, selenium can exist as
either SeO3 or HSe-, depending on redox conditions. Elemental selenium also
may be present but is insoluble. Unlike other nonmetallic anions, selenium is
significantly sorbed from solution onto basalts, secondary minerals, and
Interbel materials. Distribution coefficients range from about 0 3 to 10 mL/g
for Se03 and from about 3 to 40 mL/g for HSe-. Reduction of SeOj by basalt
has not been observed even at 90 OC in the absence of oxygen. Sorption of
both anions must be by a chemisorption mechanism since the anion exchange
capacity of the geologic experiments is very low under conditions of these
measurements and they will not exchange with other anions. Tte presence of
calcite in the solids appears to enhance sorption of both Se03 and HSe-.
Insoluble calcium compounds containing these anions are known. A strong
sorption hysteresis effect is observed for HSe-. To assess selenium mobility,
its oxidation state in the natural system must be determined. Selenite ion
will be more mobile than HSe-. Both selenium species will be more mobile than
radionuclides that are metal ions. Future retardation studies with selenium
will concentrate on understanding redox reactions that control the selenium
species and on measuring selenium sorption on a wider range of site geologic
solids.
Cesium
Cesium is extensively sorbed on basalt, secondary minerals, and interbed
materials. Distribution coefficients-range from about 20 to 14,000 mL/g.
Cesium will exist as the simple hydrated cation In natural system
groundwaters. It is at least partly sorbed by an ion-exchange mechanism since
Na+ and K+ compete for sorption sites with Cs+. Because it is not expected to
be mobile, and since a large amount of information already exists on cesium
retardation, only a minimal effort will be made in future on cesium sorption
studies.
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4.2
4.2.1
4.2.2
4.2.3

GEOCHEMICAL EFFECTS OF WASTE EMPLACEMENT

Anticipated thermal conditions resulting from waste emplacement
Hydrothermal alteration and changes in groundwater chemistry due
to the thermal pulse
Effects of the thermal pulse on radionuclide migration
4.2.3.1 The effect of temperature on diffusion in a basaltic
system
4.2.3.2 The effect of temperature on radionuclide sorption in a
basaltic system

This section discusses the geochemical effects of waste emplacement on
the host basalt environment. Effects of increased temperatures in the natural
system due to decay heat from the wastes on several geochemical processes
(hydrothermal alteration of basalt, changes in groundwater chemistry, and
radionuclide migration) are estimated.
Computer models show the temperature at the wall of the borehole
containing the waste package peaks at 186 OC 12 yr after waste emplacement;
the peak temperature then slowly propagates outward and diminishes
(Section 4.2.1). Preliminary basalt-groundwater experiments show heating can
decrease pH, lead to reducing conditions, increase the concentration of some
radionuclide-complexing anions but not others, and influence which alteration
minerals are produced (Section 4.2.2). Preliminary Experiments also show the
rate of radionuclide diffusion in a basaltic system increases with temperature
(Section 4.2.3.1), but the effect of temperature on radionuclide sorption
depends on the specific chemistry of the radionuclide (Section 4.2.3.2).
Plans to collect more data are given in Section 8.3.4.

4.2.1 ANTICIPATED THERMAL CONDITIONS RESULTING FROM
WASTE EMPLACEMENT
The emplacement of nuclear wastes in a mined geologic disposal system in
basalt will cause the temperature of the engineered barrier system to rise as
heat is evolved from the waste containers. Initially, the source of heat is
the decay of short-lived fission products in the nuclear waste (gamma and beta
radiation). Later, the primary contributors to decay heat are the longer
lived actinides that decay primarily by the emission of alpha particles. Following the initial period of heat generation by the fission products of the
wastes, temperatures in the natural system will gradually fall, approaching
ambient temperatures after about 10,000 yr.
Reactions between the groundwater and host rock will occur as a result of
this heating and will modify the geochemical environment surrounding the waste
packages. Because the nature of these reactions are strongly dependent on
temperature, it is important to understand how temperatures evolve in the host
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rock throughout the lifetime of the repository. The thermal evolution of a
mined geologic disposal system in basalt can be modeled using thermal analysis
codes like HEATING5 (Turner et al., 1977, pp. 1-107) together with data on the
thermal properties of the repository. These data Include the types and ages
of nuclear fuel, container design, thermal conductivity of the waste package
and basalt, and repository design (spacing of the waste containers). The
source term for the decay heat from waste containers is calculated from
radionuclide inventories computed from information on the power history of the
fuel assemblies (see Section 7.4.6.3.3.2.2).
Results of the thermal evolution calculations are reviewed below.
A detailed discussion of the thermal modeling that has been conducted to date
is given in Section 7.4.6.3.3.2.1. Therefore, in the following discussion, only the results of this modeling effort that are applicable to the host rock
surrounding the waste packages are presented. The results are based on the
current understanding of repository design and characteristics. The data will
be revised as new information becomes available.
The thermal evolution of the host rock for a repository in basalt has
been investigated as part of the analysis by Yung et al. (1986, pp. 1-6), as
discussed in Section 7.4.6.3.3.2.1. The HEATING5 code, which was used in the
analysis, solves the heat conduction equation for both steady-state and transient conditions. In the modeling effort by Yung et al. (1986, pp. 1-6), heat
flow from the waste form to the waste package and into the surrounding basalt
is modeled in three dimensions using an integrated model that accounts for
mathematical continuity at the interfaces in the system (waste form-containerpacking material-basalt) and for transient effects and heat capacity. All
waste packages are assumed identical and, by invoking geometric symmetry based
on the distribution of the waste packages in the repository, a single
representative region of the repository (see Figures 7.4.6.3-1 and 7.4.6.3-2)
can be modeled. The region that was modeled by Yung et al. (1986, pp. 1-6) is
bounded by the ground surface where the temperature is 15 TC and a surface
located 1,000 m (3,280 ft) below the repository where the temperature, 105 OC,
is fixed by the observed geothermal gradient (see Figure 7.4.6.3-3). Heat
transport by circulating groundwater is assumed to be negligible due to the
expected low flow rates of groundwater near the repository. The model and the
assumptions and data used in the thermal analysis are discussed in Yung et al.
(1986, pp. 1-6) and in Section 7.4.6.3.3.2. The integration of the subsystems
of the repository in the model by Yung et al. (1986, pp. 1-6) and its
capability of modeling heat flow in three dimensions provides better estimates
of the thermal evolution of the repository than those generated in earlier
analyses (Altenhofen, 1981, pp. 33-48; King et al., 1981, pp. 16-24;
Osnes et al., 1984, pp. 39-115) that linked multidimensional heat flow models
for the host rock with quasi-steady one-dimensional models for the waste
package. For these reasons, the analysis by Yung et al. (1986) is preferred.
The results of their analysis are reviewed below for the basalt environment
surrounding waste packages.
Thermal conditions In the host rock near the waste packages are shown in
Figure 4.2-1 for the first 50 yr following waste emplacement (which is the
period of most extreme changes in temperature near the waste packages). In
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the analysis by Yung et al. (1986, pp. 1-6), it was assumed that consolidated
spent fuel alone is emplaced. The distribution of temperatures shown in the
figure is within a plane oriented normal to the axis of the waste containers
(see Figures 7.4.6.3-1 and 7.4.6.3-2). Maximum temperatures at the wall of
the boreholes in which the wastes are emplaced peak at 186 'C 12 yr after
waste emplacement. Thereafter, peak temperatures are propagated slowly
outward into the host rock and are diminished so that, for example, after
24 yr, at a distance 1.6 m (5.2 ft) into the host rock from the borehole wall,
a maximum temperature of 150 eC is predicted. Temperature gradients are steep
by the first year following waste emplacement but decrease significantly
within 50 and 10,000 yr. Temperatures in the basalt 1.6 m (5.2 ft) from the
borehole surface fall from about 140 °C to about 110 QC after 10,000 yr (see
Figure 7.4.6.3-4).
An expanded view of temperature distributions in the host rock, encompassing the upper and lower boundaries of the model by Yung et al. (1986,
pp. 1-6), is shown in Figure 4.2-2 for a duration up to 1,000 yr after waste
emplacement. The temperature distribution in this figure is within the same
plane as shown for Figure 4.2-1. As shown in the figure, even after 1,000 yr
temperature 500 m (1,640 ft) above and below the level of the repository will
be increased by the radiogenic heat from the waste forms. Although the volume
of rock that is affected by this heating Is continually increased with time,
temperatures throughout the rock mass continually decline from the peak value
of 186 'C at the borehole interface. When considering geochemical
interactions between the basalt and groundwater, therefore, a range of temperatures between 52 'C (the ambient temperature in the host rock at the level of
the repository; see Section 4.1.2.9), and 186 'C is indicated by the thermal
analyses.

4.2.2

HYDROTHERMAL ALTERATION AND CHANGES IN GROUNDWATER
CHEMISTRY DUE TO THE THERMAL PULSE

The thermal pulse resulting from waste emplacement could possibly affect
radlonuclide isolation through changes in pH, redox environment, anion concentrations, colloid formation, and secondary phases.
The effect of temperature on the mineralogy and groundwater chemistry of
the natural system is more fully discussed in the section on hydrothermal reactions Involving basalt and groundwater (Section 7.4.1.1). The following is a
summary of the observations made in hydrothermal basalt-groundwater
experiments at 100 to 300 'C. This temperature range corresponds
approximately to the temperature range predicted for the natural system by the
thermal analyses discussed above. Experiments conducted at 300 °C are
included in the discussion even though they exceed, by 114 'C, the maximum
temperatures predicted in the thermal analyses because it is expected that
these higher temperature experiments will more closely approach equilibrium
than experiments conducted at temperatures of 200 'C and lower. The attainment of equilibrium in the hydrothermal experiments is discussed in
Section 7.4.1.1. Experimental investigation of basalt-groundwater
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interactions at temperatures less than 100 QC have not been attempted, in part
because of the sluggish reaction rates at low temperatures but also because
the best information on these systems is provided by Hanford Site
hydrochemical investigations (see Section 4.1.2). All of the experiments disSections 4.2.2 and
cussed below were conducted at a pressure of 30 MPa.
4.2.3 of the SCP annoted outline (DOE, 1985b) have been combined here in
Section 4.2.2.
The four characteristics of principal interest in the solution chemistry
of basaltic groundwaters are the pH, redox state, concentrations of radionuclide-complexing ligands (most of which are anions) and colloid formation.
These characteristics of the solutions are controlled by basalt-groundwater
reactions. Sorption and solubility control of radionuclide migration is
strongly influenced by the pH, redox state, and ligand concentrations in
solution. Alteration minerals resulting from hydrothermal interactions
between basalt and groundwater are important adsorbing substrates for many
radionuclides.
The pH in the natural system before waste emplacement is approximately
9.7 at 25 QC. The at-temperature pH resulting from basalt-groundwater
reactions in experiments at 100 to 300 'C tends to drop initially and then
rises slowly as the experiments progress. (The pH at the temperature of the
experimental system is calculated from the compositions of the solutions
sampled during the runs, using chemical speciation codes like EQ3NR (Wolery,
1983, pp. 1-191).) Typical pH values at the termination of experiments run
for several thousand hours are 7.0 to 7.6 at all temperatures up to 300 'C.
Variable water/rock mass ratios have little effect on the final pH. Although
the pH in the experiments is nearly the same in all of the experiments at temperatures between 100 to 300 C, the solutions become less alkaline at the
higher temperatures because pH decreases as temperature increases in the temperature range of the experiments. The control of pH values in the
experiments appears to involve interactions between the mesostasis of the
basalt, cations in solution, and secondary minerals. The mechanism for pH
control in the experiments is discussed more fully in Section 7.4.1.1.
Redox conditions in the natural system before repository construction
appear to be generally reducing, but quantification of the redox state of the
fluids is difficult to determine due to an apparent lack of overall
equilibrium among redox reactions. The redox conditions in ambient Hanford
Site groundwaters is discussed more fully in Section 4.1.3.4.
The effects of temperature on the redox conditions in basalt-groundwater
systems has been investigated experimentally to 300 'C. Slow reaction
kinetics have prevented a determination of the redox conditions in basaltgroundwater systems in experiments conducted at temperatures of 200 QC and
less. At 300 'C, changes in the redox state of solutions contacting basalt
have been monitored by measuring changes in the concentrations of oxidized and
reduced species of sulfur. Measurements of the concentration of hydrogen gas
in these experiments have also been used to infer the redox state of the
fluids in these experiments. The results indicate that the solutions become
reducing after contacting the basalt for several tens of hours. At the
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termination of the runs (several thousand hours), log f02 values are computed
to be about -30 to -32 (Eh approximately -0.7 V). Redox controlling reactions
in these experiments have not yet been identifled. The status of redox
investigations in basalt-groundwater systems is discussed more fully in
Section 7.4.1.1. Plans for characterizing the redox conditions in these
systems, especially at the lower temperatures expected in the repository, are
discussed in Section 8.3.4.2.
The concentrations of anions in basalt groundwaters are of interest
because of their potential to complex radionuclides and increase their
migration through the natural system. The major inorganic anions in the
groundwater are chloride, fluoride, carbonate/bicarbonate, sulfate, and
H3SiO4-.
Fluoride and chloride concentrations do not vary significantly in the
hydrothermal basalt-groundwater experiments completed as of January 31, 1986.
Total inorganic carbon concentrations typically rise during the initial phases
of a run then decrease and approach (approximately) their Initial values.
Sulfate concentrations do not change significantly during the experiments at
all temperatures up to 200 QC. At 300 SC, sulfide concentrations increase,
possibly as a result of sulfate reduction. Total silica concentrations
Increase with increasing temperatures. However, because the pH of the
solutions also decreases in the hydrothermal experiments compared to the pH in
the natural system (9.7), the concentration of H3Si04 is also expected to
decrease. Anion concentrations in the hydrothermal experiments are discussed
further In Section 7.4.1.1.
The effect of temperature on the colloidal properties of basalt groundwaters has not been well documented. Preliminary results show a slight
tendency for an increase in the concentration of colloids at 100 to 300 QC.
Further data are needed before conclusions can be made (see Section 8.3.4.3).
The alteration minerals resulting from basalt-groundwater experiments at
all temperatures include smectites, zeolites, illite, and potassium feldspar.
Cristobalite and tridymite have been identified In experiments at 300 QC, and
cristobalite has also been identified in experiments at 200 QC. Magnetite and
an iron oxyhydroxide have been identified in the 300 'C experiments, and iron
oxyhydroxide has been identified in experiments at 200 'C. At 100 QC, an Iron
sulfide (possibly pyrrhotite) has been identified. The alteration mineralogy
observed in the hydrothermal experiments completed as of January 31, 1986, is
discussed in more detail in Section 7.4.1.

4.2.3 THE EFFECT OF THE THERMAL PULSE ON RADIONUCLIDE MIGRATION
In the natural system, the most important effect on radionuclide
migration caused by the emplacement of high-level nuclear waste Is the
increase in the temperature. As discussed in Section 4.2.1, temperatures in
the natural system will be elevated by as much as 65 *C 50 m from the waste
package during the controlled release period.
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The increase in temperature will affect radionuclide mobility by
increasing the rate of diffusion of nonsorbed radionuclides through the
natural system and by altering the sorption characteristics of radionuclides.
The overall effect on radionuclide mobility is complex and not well
understood.
The two major objectives of this section-are as follows:
o Briefly describe the effect of temperature on diffusion measured in
the BWIP laboratory.
o Discuss and present some preliminary data on the effect of
temperature on sorption in a basaltic system.
The general topic of the sorption of radionuclides in the natural system
was discussed in Section 4.1.3.3; the expected mineral alteration was
discussed in Section 4.2.2 (mineral alterations In the natural system are not
expected to significantly change sorption); experimental efforts in this area
are summarized in Section 7.4.4. ; and future plans for work relating to the
sorption of radionuclides are discussed in Sections 8.3.1.4.2 and 8.3.4.

4.2.3.1

The effect of temperature on diffusion in
a basaltic system

In a geochemical system with a low groundwater flow rate, the ratelimiting step for the transport of nonsorbing radionuclides is diffusion. The
diffusion constant, because it depends on the viscosity of the medium, will be
affected by the temperature pulse in the natural system.
The general effect of temperature on diffusion has been well established
in dilute aqueous media. The activation energy of the diffusion constant for
a low molecular weight solute in water is approximately 2 kcal/mol with a
diffusion coefficient on the order of 1 x 10-9 m2/s (at 25 OC). The diffusion
constant, therefore, is relatively insensitive to changes in temperature (it
will double for every 75 OC increase in temperature at temperatures near
25 C).
In a basalt environment, the additional interaction between nonsorbing
solutes and the solids present is expected to affect their rate of diffusion.
Charge-charge and charge-dipole interaction is expected between the migrating
solute and the solid surface and absorbed ions. Therefore, it is important to
measure diffusion under conditions that closely resemble those found in the
repository. Although no work has been done in basalt alone, diffusion
experiments have been conducted in packing material (which is 75% basalt and
25% sodium bentonite) on tritiated water and chloride by Relyea et al. (1986,
pp. 317-323) over the temperature range of 20 to 90 *C.
The diffusion data obtained for tr1tiated water are shown plotted as a
function of temperature in Figure 4.2-3. The data were found to fit the
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following empirical equation (Eq. 4.2-1):

log(D) - -5.513 -

T

-0.338 (clay density)

(4.2-1)

where D is the diffusion constant, T is the temperature In OK and the clay
density is in Mg/m 3. The activation energy derived from this equation was
5.2 kcal/mol. The diffusion constant calculated at various temperatures is
shown in Table 4.2-1. The effect of raising the temperature in the natural
system from 55 to 150 OC, assuming that the lower temperature diffusion data
can be extrapolated, increases the diffusion constant by a factor of six for
tritium.
The
strongly
constant
equation

diffusion constant for chloride in packing material was not as
dependent on the temperature as was tritiated water. The diffusion
as a function of temperature is given by the following empirical
(Eq. 4.2-2):
log(D),= -6.807 - 5

- 1.195 (clay density)

(4.2-2)

The units are as previously defined. The activation energy for this solute is
2.4 kcal/mol, which is approximately that expected for solutes in a pure water
system. The diffusion constant as a function of temperature is shown in
Table 4.2-1. The calculated effect of raising the temperature from 55 to
150 OC was to increase the diffusion coefficient by a factor of 2.4.
In summary, the rate of diffusion in a basalt environment is slower and
more sensitive to temperature than in a pure aqueous system. The increase
observed by raising the temperature from 55 and 150 OC is approximately a
factor of 2.4 for negatively charged species and a factor of five for neutral
species. The actual extent to which this occurs depends on the temperature
increase which is a function of time and distance from the waste package.

4.2.3.2 The effect of temperature on radionuclide sorption
in a basaltic system
The effect of temperature on the adsorption of radionuclides in a basalt
environment is not yet well understood. The major reason for this is the
complexity of the process (as discussed in Section 4.1.3.3.3) and the strong
dependency of radionuclide chemistry on temperature. The principal goal of
this section is to briefly present data that reflect the current understanding
of the effect of temperature on sorption of key radionuclides in a basalt
medium.
The apparent sorption of radionuclides, determined experimentally, is
expected to be strongly influenced by temperature. No general trend with
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respect to temperature has been observed in a basalt system. The effect of
temperature on sorption, therefore, must be established for each radionuclide.
Major temperature-dependent processes that will affect sorption
parameters are as follows:
o
o
o
o
o
o

Radionuclide redox reactions.
Irreversible sorption/hysteresis.
Ion exchange.
Chemisorption.
Precipitation reactions.
Hydrothermal alteration of solid surface.

Because these processes are frequently interdependent, caution must be used in
the interpretation of sorption data reported.
Oata that have been obtained on the effect of temperature on radionuclide
sorption in a basalt environment have been discussed in greater detail
elsewhere (Ames and McGarrah, 1980c, pp. 1-24; Salter et al., 1981b,
pp. 13-17; Barney, 1982, pp. 4-13). In these studies, the effect of
temperature on the sorption of strontium, cesium, technetium, selenium,
uranium, americium, radium, neptunium, and plutonium on basalt were examined.
Of all the radionuclides studied, general agreement has been reached on
only cesium and strontium. For these, there appears to be no complexity
introduced in their chemistry as temperature was increased. The effect of
temperature on Kd for cesium is shown in Figure 4.2-4. As can be seen, the Kd
decreases as a function of temperature, goes through a minimum at
approximately 150 OC, and increases beyond that temperature. The Kd for
strontium was not significantly affected by temperature in the range of 25 to
85 eC.
The effect of temperature on the sorption of the rest of the
radionuclides studied is not clearly understood. In most of the experiments,
it was difficult to interpret the data obtained because of complexities
introduced by slow kinetics, precipitation, reduction, or possibly changes in
the sorption mechanism as the temperature was varied. The general trends
observed, given the limitations just identified, were the following:
o Radium exhibits complex behavior as a function of temperature and
solution concentration but is in general not greatly affected by
temperature.
o Selenium and technetium both are precipitated at higher temperatures
and have sorption properties that are very sensitive to redox
conditions. In general, higher temperature facilitates their
removal from solution.
o

Kd for uranium appears to increase significantly as a function of
temperature.
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o Neptunium sorption is not significantly affected by temperature.
o

Plutonium and americium exhibit complex behavior as a function of
temperature but are, in general, removed from solution as the
temperature is increased (mostly due to reduction/precipitation
rather than a real increase in Kd).

In conclusion, the general effect of temperature on sorption of
radionuclides in a basaltic environment depends on the specific chemistry of
that radionuclide. Therefore, increased temperatures in the natural system
caused by the temperature pulse will enhance the mobility of some
radionuclides and decrease the mobility of others. -Experiments to provide a
more definitive answer to the effect of temperature on sorption are outlined
in Section 8.3.4.
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4.3 NATURAL ANALOGS AND RELATED FIELD STUDIES
4.3.1

Natural Analogs
4.3.1.1 Native Copper Deposits of Northern Michigan as a Natural
Analog for Copper Container Corrosion
4.3.1.2 Field Studies of Existing Alteration Minerals at Hanford

4.3.2

Related Field Tests
4.3.2.1 Field Testing Rationale
4.3.2.2 Field Tests at Hanford
4.3.2.3 Field Tests at Other Potential Repository Sites

Results from studying natural analogs and from field tests can supplement
information from laboratory experiments. Laboratory experiments are conducted
for a limited time under artificial conditions, but natural analogs represent
natural experiments over geologic time. Similarly, laboratory tests are
small-scale representations in an artificial environment of large-scale
processes in the natural environment; field tests can more accurately
represent processes in the natural system.
This section presents the current natural analog and field test data
relevant to radionuclide isolation in a mined geologic disposal system in
basalt, which include the following:
o Studies of native copper deposits in northern Michigan show that
copper (a backup material for the waste package) is stable in a
geochemical environment similar to the geochemical environment
expected in the repository (Section 4.3.1.1).
o

Field studies show that the alteration minerals formed during
laboratory experiments with heated groundwater and basalt are nearly
identical to the secondary phases found In the controlled area study
zone (Section 4.3.1.2). Therefore, the results of the laboratory experiments probably apply to the natural system.

o The only available field test of solute chemistry and radionuclide
transport shows that a portion of the reactive tracer (K+) migrates
through the flow system at the same rate as a nonreactive tracer
(SCN-) (Section 4.3.2.2).
o Field tests in Sweden of reactive tracers show that field tests may
have to last longer than the one mentioned above to get accurate
results (Section 4.3.2.3).
Plans for further studies of natural analogs and more field tests are given In
Sections 8.3.1.4 and 8.3.4.2.
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4.3.1 NATURAL ANALOGS
Natural analog studies can be used as indicators of processes that may
occur in a mined geologic disposal system in basalt over long periods of time.
Results from analog investigations can be compared with laboratory experiments
that simulate expected repository conditions. The advantage of studying
natural analogs is that they represent natural experiments over geologic time
periods that are similar to or even longer than those called out in Federal
regulatory criteria. Thus, they can demonstrate the long-term behavior of
elements and the long-term persistence of certain mineral phases in natural
systems, something that cannot be accomplished with laboratory experiments
alone.
A possible limitation to the application of natural analogs to materials
behavior in a mined geologic disposal system in basalt is that no natural
analog can be shown, or is likely to be shown, to exactly reproduce all the
various environmental conditions expected in a mined geologic disposal system
in basalt. Nonetheless, the value of these studies for demonstrating the
behavior of a hydrothermal system over repository-relevant lengths of time
should not be underestimated.
Examples of several natural analogs that have been investigated
previously by the BWIP are presented in this section. Areas that have not
been studied but which are potentially analogous to a mined geologic disposal
system are considered in Section 8.3.4.2. The natural analogs stuided to date
include the following:
o Native copper deposits of northern Michigan as a natural analog for
the evaluation of the long-term stability of copper container
material.
o Field studies of existing secondary phases within the basalt at the
Hanford Site as a natural analog for evaluation of the long-term
stability of alteration minerals that form during waste-barrier-rock
hydrothermal interaction test.
Future planned natural analog studies will include examination of basalt
cores from the geothermal fields of Iceland and other similar hydrothermal
systems, active and fossil, in basalt (Section 8.4.3.2.2.2.2.3). In this
system, fresh groundwater has interacted with hot basalt to produce secondary
phases that have remained stable for thousands of years. The predominant rock
that has been altered by the hydrothermal fluids Is a tholeiitic basalt,
similar in composition to the tholelite basalts of the Hanford Site.
Secondary phases common to both Iceland and the Hanford Site include
K-feldspar, zeolites, smectite, and anhydrite (Arnorsson et al., 1982,
pp. 1513-1532). The natural occurrence of these minerals in the basaltgroundwater system in.Iceland is an ideal analog for the long-term stability
of these minerals.
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4.3.1.1

Native copper deposits of northern Michigan
as a natural analog for copper container corrosion

Although copper is not currently the primary material for container
fabrication, it is currently a backup material. The native copper deposits in
the Portage Lake Volcanics of northern Michigan provide a natural analog for
the evaluation of the long-term stability of copper containars in a repository
at the Hanford Site.
The Michigan copper deposits occur in tholeiitic flood basalts that are
similar in general chemical characteristics to those of the Columbia Plateau
(Mason and Berry, 1968, pp. 209-211; Jolly and Smith, 1972, p. 2; Jolly, 1974,
pp. 1118-1125). The native copper, which is believed to have precipitated
from higher temperature hydrothermal solutions (200 to 300 *C) between 500 and
800 m.y.B.P., has remained relatively unaltered in the Portage Lake basaltgroundwater system. This illustrates the stability of copper in groundwater
of pH (7.5 to 9), low to moderate Eh (+ 100 to -250 m0), and low total
dissolved solids including sulfur, chloride, and carbon, similar to Hanford
Site groundwater (Chrisman and Jacobs, 1982).
The large stability field of native copper, which falls largely within
the range of expected repository conditions in Eh-pH space, is of particular
interest. The stability relationships among copper compounds in the system
Cu-H20-02 at 25 *C and 0.1 MPa total pressure are shown in Figure 4.3-1
(Garrels and Christ, 1965, p. 239). (No data are available on the system at
higher-temperatures.) Although this is a simple system, the stability of
metallic copper indicates that a reasonable possibility exists that this
material is stable under repository conditions. Because the data are for the
simple system, other factors must be considered, such as the effect of
complexants (i.e., S--, Cl-, C03--) on the position of the phase boundaries in
the diagram.
a
In the presence of chloride, for example, stability fields are created
for a series of copper chloride complexes that are stable under low pH and
high Eh conditions--conditions that correspond to those in the upper left of
Figure 4.3-1. These do not affect the positions of the boundaries for native
copper stability under alkaline and low Eh conditions (Rose, 1976).
The presence of carbonate creates stability fields for hydrous copper
carbonate phases such as malachite and azurite, but these phases are stable
only under oxidizing conditions and do not affect the stability field of
metallic copper.
In the presence of sulfide, stability fields for a host of copper sulfide
phases are created (such as covellite (CuS) and chalcocite (Cu2S)). At low
sulfide concentration, these phases are stable only at low pH, but their
stabilities extend across the Eh-pH field as the concentration of total
dissolved sulfur species increases. The reference groundwater (GR-4) contains
4.2 mg/L sulfate, a concentration that effects the stability of metallic
copper only under extremely low pH conditions.
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Whereas the 90-10 cupronickel alloy is currently a backup material, the
data in the figure considers pure copper. This has no deleterious effects on
the applicability of the data because copper and nickel form a binary
isomorphous phase system in which the two species combine to form a continuous
solid solution series with the same structure from pure copper to pure nickel.
The addition of 10% nickel to the copper will lower the free energy of the
material and increase the thermodynamic stability of the metal, thus expanding
the area of Eh-pH space where the metallic phase is stable.
A study of the copper-bearing basalts in Michigan indicates that
similarities exist between that system and the basalt-groundwater system at
the Hanford Site (Crisman and Jacobs, 1982, pp. 1-71). These similarities
include similar pH ranges, low Eh, and low total dissolved solids. (This is
not an unexpected conclusion, since the chemistry of the groundwater will be
controlled largely by the material in which it is contained (in both these
cases by basalts with very similar petrochemistry).) Preliminary calculations
indicate that copper should be stable with respect to copper oxides under the
expected temperature, pressure, Eh, and pH conditions in a repository at the
Hanford Site.

4.3.1.2

Field studies of existing secondary
phases at the Hanford Site

In a mined geologic disposal system in basalt, heat release from the
emplaced waste will cause hydrothermal interactions to occur between the
heated groundwater and the basalt. These interactions will result in changes
in the composition of the groundwater and the formation of secondary phases.
The formation and long-term stability of these secondary phases, is of key
concern in the design of the nuclear waste repository. These minerals can.
potentially incorporate radionuclides either by coprecipitation or sorption,
thus limiting the release of radionuclides from the repository.
Experiments using basalt plus groundwater react ed at temperatures of
200 and 300 OC and pressures of 30 MPa (4,410 lbf/in ) (Apted and Myers, 1982,
pp. 15-34) identified a suite of alteration minerals that include smectite,
iron oxyhydroxide, silica, and zeclites. These are of particular importance
since they have excellent sorptive capacity for certain dissolved waste
components. The long-term stability of these alteration minerals, however, is
not certain. They may be metastable phases that will eventually break down to
form a more stable assemblage. This uncertainty can be addressed by an
investigation of the natural secondary phases that exist in the basalt
underlying the Hanford Site. Investigations of the distribution and
composition of secondary phases in the Pasco Basin determined that the
principal components of secondary mineral assemblages found are iron-rich
smectite, zeolite, and several forms of silica (see Section 4.1.1.3).
-'e secondary phases found at the Hanford Site are compared in
Table 4.3-1 with those alteration minerals observed to form during basaltgroundwater hydrothermal experiments performed at 100 to 300 *C. This
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comparison suggests that the major alteration minerals that form during
hydrothermal interaction experiments are, in some cases, virtually identical
to the natural secondary phases. It is, therefore, valid to assume that the
smectite, zeolite, and iron oxyhydroxide observed to form in basaltgroundwater experiments will persist (stably or metastably) in the repository
environment for a time period equal to or exceeding the lifetime of the
repository.

4.3.2

RELATED FIELD TESTS

Field testing is an Integral part of site characterization activities
conducted by the BWIP. Most of the field testing to date has focused on
characterization of hydrologic parameters, but solute chemistry and transport
can be characterized as well. The latter is the subject of this section and
Sections 8.3.1.4.1.3 and 8.3.1.4.2.3. Field testing, as used in this section,
refers specifically to those tests that are directed at solute chemistry and
transport.
Field tests considered in this section involve placing a tracer in a
specific groundwater flow zone and monitoring its change in speciation (both
oxidation state or ligand association) or its arrival at a distant position.
The latter test, traditionally called a tracer test, is the only type of field
test that has been conducted by the 8WIP; therefore, this is the only type of
field test that will be discussed here.

Field testinc rationale

4.3.2.1

The BWIP rationale for conducting field tests is based on the following
four concepts.
o

The application of sorption parameters to large-scale field problems
can be scale dependent even though the sorption parameters
themselves are not scale dependent.

o

Natural system solute transport calculations are conducted for
discrete parts of the system, ranging In size from tens to hundreds
of meters; therefore, sorption parameters must be quantified at
those scales.

o

Basalt flow tops, through which most of the deep groundwaters flow,
may act like a fractured geologic media; therefore, laboratory-scale
tests using crushed geologic samples may yield only relative rather
than absolute estimates of radionuclide retardation.

o Some kinetically influenced retardation mechanisms are flow-system
specific as well as scale dependent.
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The rationale presented is based principally on the inability to
adequately describe the spatial distribution of the solid phases present in
the flow system. Therefore, any extrapolation of laboratory-derived data that
are based on mass, surface area, or volume relationships may be in error, in
an absolute sense, to the degree that the sorptive surfaces are inaccurately
quantified in space. Field tests conducted at tens to hundreds of meters
yield integrated estimates of tracer reactivity with the formation as it
naturally exists. These estimates are averaged over the microenvironment
variabilities along the flow path associated with mineral types and their
distribution, the quantity of reactive surface area, and solution
compositions. Mineral types and solution compositions can be quantified and
incorporated into laboratory studies so that reaction mechanisms can be
identified and, in a relative sense, quantified. Quantifying reactivity on -an
absolute basis requires either knowledge of the reactive surface area of the
formation or a measurement of reactivity on the formation itself. The later
is estimated via tracer tests.
Reaction kinetics must be taken into account to calculate realistic
estimates of solute travel time. Reaction kinetics, as used in this section,
involve any process that results in a departure from steady-state conditions
if sufficient time has not elapsed for the process to proceed to completion.
The kinds of kinetic processes that are important from a solute transport
standpoint are matrix diffusion, migration of the solute to a reactive
surface, changes in speciation, and the sorption reaction itself. The
importance of the first two processes is formation specific and, at least in
the natural system, can be characterized only in the field. The second two
processes can be characterized in the laboratory.
The degree of solute retardation depends on both the quantity and
availability of reactive surfaces in the formation. These are in turn
dependent on the type and distribution of formation materials and groundwater
flow characteristics. Kinetic processes will also be affected by the
groundwater flow rate. These formation-specific parameters can be accounted
for in field tests.

4.3.2.2 Field tests at the Hanford Site
Field tests at the Hanford Site range in type from planned tests in deep
and shallow aquifers to observations of radionuclide transport in the
unconfined aquifer resulting from defense waste disposal operations. Because
of differing geochemical conditions (e.g., major ion chemistry, redox status)
between the unconfined and confined aquifers, radionuclide behavior observed
in the unconfined groundwaters may not be representative of the behavior
associated with a deep basalt system. Therefore, in this section, only tests
conducted in deep basalt systems will be discussed.
Only one deep basalt tracer test has been conducted at the Hanford Site
in which the behavior of a reactive solute has been monitored. The test,
documented in Leonhart et al. (1984), was designed primarily to evaluate

4.3-6

CONTROLLED DRAFT 0
DECEMBER 22, 1986

longitudinal dispersivity and effective flow thickness, but- fortuitous
selection of an ionic tracer provided limited information about ion exchange
processes in the formation. These data indicate how an element such as cesium
may behave in the test zone and, equally important, how the formation itself
behaves. Because the test was not designed as a reactive tracer test, no
pretest laboratory studies were conducted to quantify the extent of- cationic
reactivity. Plans for this type of study to be conducted in the future are
discussed in Section 8.3.1.4.2.3.
The test consisted of a two-well recirculating design using
boreholes OC-7 and DC-8 (Figure 4.1-2). The tracer used was potassium
thiorganate, KSCN. The test was conducted in the McCoy Canyon flow top with a
borehole separation of approximately 16.8 m (55 ft) at the test interval.
Borehole DC-7 was pumped at 3.8 L/min (1 gal/min) and the tracers were
monitored at the ground surface in borehole OC-8.
Breakthrough curves for SCN-, K+, and Na+ are presented in Figure 4.3-2.
The curves of SCN- and K+ by themselves indicate that SCN-, a nonreactive
(conservative) tracer (Leonhart et al., 1984), and K+, a reactive
(nonconservative) tracer, migrated through the flow system at approximately
the same rate. This is indicated by their peak concentrations arriving at the
monitoring well at the same time. When the Na4 peak is considered, it appears
that considerable potassium exchanged with sodium and remained in the
formation. Further support for this conclusion is indicated by the mass
balance presented in Table 4.3-2. Of the original tracer injected, 60% of the
thiocyanate was recovered but only 11% of the potassium was detected at the
monitoring borehole. In order to maintain the electroneutrality of the
groundwater, sodium replaced potassium in solution. The displaced sodium then
migrated through the formation at the same rate as the thiocyanate as
indicated by the sodium breakthrough curve. The mass balance indicates that
the cation-anion balance for the test was within 15%.
This test indicates that a small fraction of a reactive tracer (K+)
migrated through the flow system without any retardation. This could be due
to a number of reasons including:
o Saturation of available sorption sites for K+ (by injected or
naturally occurring K+).
o

Flow through highly transmissive flow paths with little available
reactive surface.

o Sorption on particulates that migrated rapidly through the flow
system.
Whatever the reason, an important conclusion is that, at this scale, a small
fraction of a reactive tracer may migrate through the flow path just as fast
as the water. This conclusion points out the need to conduct further tests of
this type to determine the behavior of specific elements and to determine
formation-speciffic parameters.
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4.3.2.3

Field tests at other potential repository sites

Reactive tracer tests in crystalline rock have been conducted in a number
of countries and are summarized in Grisak et al. (1984). It is beyond the
scope of this section to provide a detailed review of those studies, but the
results of one study in Sweden will be discussed in light of its significance
on the completed Hanford Site test and future tests that will be conducted by
the SWIP.
Results of tracer tests conducted at Studsvik, Sweden, are presented in
Landstrom et al. (1983). The tests consisted of a pulse injection, two-well,
convergent design and were conducted in a fractured gneiss at about 100 m
1urface. Flw path lengths ranged from 11.8 to 22.6 nm.
(328 ft) below ground
Breakthrough curves for 3H
The tracers used were L3I, 85Sr, 34Cs, and J8H
85
Sr (a reactive tracer) for two flow paths are
(a nonreactive tracer) and
presented in Figure 4.3-3. The importance of these curves is that a fraction
of the 85Sr appeared in the monitoring well at the same time as the 3 H, but
the bulk of the 85 Sr appeared much later. The rapid appearance of the first
strontium peak was attributed to a possible particulate transport mechanism,
but no filtration studies were reported to confirm this hypothesis nor did
J4 Cs behave similarly. Whatever the mechanism, it was specific to strontium.
In light of this information, the breakthrough curve for potassium in the
Hanford Site test may represent an early breakthrough peak, while the bulk of
potassium remained in the formation. If this conclusion is true, future
reactive tracer tests conducted at the Hanford Site will have to be conducted
for a longer period of time in order to determine retardation parameters.
Landstrom et al. (1983) also present comparisons between laboratory and
field data. They report field derived retardation factors for strontium of
17 and 30 as compared to laboratory-column retardation-factors values of
30 to 35. The field retardation factors were calculated by considering only
the second peaks where the bulk of the strontium appeared. This indicates
reasonable agreement between field estimates of retardation and estimates made
using crushed geologic samples obtained from core. This type of comparison
cannot be made for the Hanford Site test because laboratory-derived potassium
sorption data were not collected. These types of laboratory data will be
collected in future studies and are described in Section 8.3.1.4.2.3.

4.3-8

CONTROLLED DRAFT 0
DECEMBER 22, 1986

4.4 GEOCHEMICAL STABILITY
4.4.1 Potential man-induced effects
4.4.2 Potential effects of natural changes

Geochemical stability is important to waste isolation because changes *in
geochemistry could lead to changes in the processes controlling radionuclide
transport to the accessible environment. Neither man-induced changes
(Section 4.4.1) nor natural changes (Section 4.4.2) are expected to affect the
geochemistry enough to influence radionuclide transport.

4.4.1 POTENTIAL MAN-INDUCED EFFECTS
Large-scale perturbations of the Hanford Site geochemistry due to human
activities such as recovery of natural resources or injection disposal of
wastes are considered to be improbable at depths that could affect waste
isolation. There are no known metalliferous or petroliferous natural
resources that have, or are projected to have, a value great enough to be
considered commercially extractable at the reference repository location.
Industrial rocks and minerals of relatively low-unit value (peat, diatomaceous
earth, permicite, quarry rock, and sand and gravel) occur but would be
extracted from surface mining operations. No commercial coal production has
been recorded within 100 km (62 mi) of the Hanford Site. Geothermal gradients
at the Hanford Site are less than 45 OC/km, which is considered too low for
extraction of space heating energy. Deep groundwaters within the reference
repository location contain fluoride concentrations much greater than safe
drinking water limits and high-sodium and high-salinity concentrations. The
inaccessability of these deep strata and the poor water quality of deep
aquifers (see Section 3.8) for agricultural, industrial, or domestic use make
deep groundwater withdrawal unlikely.
The potential for extraction of oil and gas in sedimentary strata
underlying the Columbia Plateau at depths in excess of 3,000 m (9,842 ft) is,
at best, speculative (see Section 1.7). Although natural gas has been
recovered, all wells drilled in this area have been deemed noncommercial.
Possible future activities to recover oil and, gas outside the controlled area
are not expected to significantly perturb the Hanford Site geochemistry.
The potential for past defense waste water disposal affecting the
hydrochemistry of the deep basalt groundwaters is considered low. This is
concluded from three lines of evidence including the lack of tritium in deep
waters, distinct hydrochemical differences existing with depth, and an
increase in hydraulic heads in the deep basalts compared to the shallower
formations. This last item means that groundwater movement is upward. Some
contamination (e.g., tritium and iodine-129) is present in shallow basalts
across portions of the Hanford Site. Studies are planned to determine the
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source and movement of these contaminants and to establish a more complete
radiological status of the deep basalt waters (see Section 8.3.1.3).
The only likely mechanisms for shallow disposal waters to reach the deep
basalts are by the following:
o Movement along or within boreholes.
o

Introduction near anticlines or where paleochannels were eroded into
the basalts.

o Any past deep-well injection.

4.4.2

POTENTIAL EFFECTS OF NATURAL CHANGES

It appears likely that, over the relatively short time period (compared
to geologic time) when the repository must function, no significant changes in
the natural system geochemistry will occur. The geochemical stability of the
natural system can be estimated by examining effects of geochemical processes
that have occurred in the basalts over the 6 to 16.5 m.y. since their
eruption. Alteration of these basalts by groundwaters to form secondary
phases is probably the most significant geochemical process that has taken
place over this time period. Primary phases in the basalts are, of course,
inherently unstable thermodynamically in the aqueous environment of the basalt
flows. However, the relatively small quantities of secondary phases now found
in these basalts show that basalt-groundwater reactions have been very slow.
For example, the total volume of secondary phases In the Cohassett and Umtanum
flow interiors Is less than about 0.27% (see Section 4.1.1.3.4.1).
The planned development of a mineralogy-petrology model (see
Section 8.3.1.2.2.5) based on past and present geochemical processes will
allow reliable predictions of future geochemical environments in the basalts.
This model will integrate information obtained from mineralogic and petrologic
characterization of basalts, secondary phases, and sedimentary interbeds using
standard geologic, geochemical, and petrologic methods. Past and present
geochemical conditions will be projected into the future using kinetic and
thermodynamic considerations and by comparisons with analog geochemical
situations. Predictions will take into consideration (1) continuation of
present-day geochemical changes and their rates and (2) perturbation of
present-day changes in the physicochemical environment.
Tectonic or volcanic activity could conceivably affect the natural system
geochemistry, although the probabilities of events serious enough to
significantly affect geochemistry at depth are low (see Sections 1.5.1
and 1.5.2).
Variations in the climate at the Hanford Site are not expected to affect
geochemical conditions in the deep basalts since they are currently saturated
with groundwater and groundwater velocities in the basalts are low
(Chapter 3).
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4.5 SUMMARY
4.5.1

4.5.2

Summary of Significant Results
4.5.1.1 Mineralogy and petrology
4.5.1.2 Groundwater geochemistry
4.5.1.3 Geochemical retardation
4.5.1.4 Geochemical effects of waste emplacement
4.5.1.5 Natural analogs and related field tests
4.5.1.6 Geochemical stability
Relation to Design

4.5.3 Identification of Information Needs
4.5.3.1 Mineralogy and petrology
4.5.3.2 Groundwater geochemistry
4.5.3.3 Radionuclide retardation
4.5.3.4 Natural analogs
4.5.3.5 Field tests
4.5.4 Relation to Regulatory Guide 4.17

This section presents a synopsis of the significant results recorded in
Chapter 4 in terms of how the geochemical data are to be used and what data
are available. Also additional data needs required for site characterization
are identified in this section.

4.5.1
4.5.1.1

SUMMARY OF SIGNIFICANT RESULTS
Mineraloay and petrology

Characterization of natural system mineralogy and petrology is necessary
to (1) assess current and future changes in natural system composition,
(2) provide input to hydrochemical models, (3) provide compositions of
relevant geologic solids to be used in radionuclide transport experiments, and
(4) determine intraflow structure and stratigraphic correlation. All of this
information is necessary to predict the long-term performance of a repository
in basalt. Geologic solids present in potential pathways to the accessible
environment are characterized in this chapter. These materials include Grande
Ronde Basalt, Wanapum Basalt, secondary minerals associated with these
basalts, and interbed materials.
The major mineral composition of the dense interiors of the primary
isolation zone (in modal %) ranges from 0% to 35% pyroxene, 25% to
48% plagioclase,0% to 6% iron-titanium oxides, OXta-3%u1tvine and 20% to
65% mesostasis. Less abundant phases include apatite, orthopyroxene,
pigeonite, and sulfide blebs. The mesostasis phase is mainly composed of
glass, the most reactive primary phase in the basalt.
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The concentrations of most major element oxides and trace elements are
relatively consistent throughout the dense interiors of the primary isolation
zone. The ratio of FeO/(FeO+Fe 203) varies from about 0.76 to 0.79.
Therefore, the rock mass is highly reduced in the flow interiors. Preliminary
investigations of flow tops have identified hematite in minute blebs
disseminated throughout the groundmass and as inclusions in plagioclase
phenocrysts. The hematite was probably formed during the primary
crystallization as suggested by its presence in basalt fragments and absence
from secondary infillings.
Secondary minerals are found in fractures, vesicles, and vugs in the
repository isolation system. These minerals are mainly smectite clays,
zeolites, and silica. Other secondary minerals have been identified but arepresent in much lower amounts. The presence of secondary pyrite in these
basalts provides strong evidence for reducing conditions in the natural
system.
At present, little is known about the petrology of sedimentary interbeds.
They consist mainly of tuffaceous siltstone with lesser amounts of quartz
sandstone, conglomerate, and well-sorted vitric tuff. Most of these sediments
are friable, but some are cemented with calcite, clay, opal, and zeolite.
The primary phases of the basalts are not In equilibrium with the present
physicochemical environment. They are metastably persistent, however, because
the kinetics of alteration are slow at the ambient low temperatures of the
basalts. Most primary crystals remain unaltered or slightly altered. Most of
the reported secondary phases may be in equilibrium or are metastably
persistent based on geologic evidence. However, the lack of reliable
thermodynamic data on secondary minerals prevents a rigorous evaluation of
their stability.
Many aspects of the petrology of the controlled area study zone need
further study. This is particularly true for secondary mineralogy and
geochemistry and interbed mineralogy and geochemistry. Plans for these
investigations are presented in detail in Section 8.3.1.2.2.5.

4.5.1.2 Groundwater geochemistry
Hydrochemical Characterization of groundwaters along potential flow paths
from the repository to the accessible environment is necessary to provide
appropriate compositional parameters for experimental studies on radionuclide
transport and on degradation of engineered barriers components. Hydrochemical
data are also used as input to hydrologic models that describe groundwater
flow directions and velocities. Compositions of groundwaters in the Grande
Ronde and the Frenchman Springs Member of the Wanapum Basalts are described in
terms of major inorganic components, trace elements, organic components,
dissolved gases and background radioactivity, and particulates and colloids.
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Major inorganic components of these groundwaters are sodium (27.6 to 439 mg/L), potassium (less than 1 to 35.4 mg/L), calcium (less than
1 to 17.8 mg/L), magnesium (less than 1 to 9.6 mg/L), silicon (22 to
109 mg/L), chloride (4.3 to 508 mg/L), fluoride (less than 1 to 50 mg/L), and
sulfate (less than 1 to 229 mg/L). Measured pH values range from 7.45 to 10.6
(most are in the range of 9.2 to 9.8). Alkalinity (as CaCO 3) ranges from
52.3 to 211 mg/L. Both vertical and lateral variations of major element
compositions are observed. Concentrations of sodium, chloride, and fluoride
increase with increasing depth while potassium and calcium concentrations
decrease. Higher concentrations of sodium and chloride are observed in the
reference repository location than outside it.
Information on the organic content of the groundwaters is limited.
Analyses of total organic carbon in groundwaters from boreholes that have been
extensively pumped (to eliminate drilling fluid contamination) suggest that
the natural background level is less than 1 mg/L. Detailed analysis of one
groundwater sample from the Grande Ronde Basalt gave a concentration of
0.34 mg/L of dissolved organic carbon. Approximately 2.5 ug/L of the organic
carbon was in the form of fatty acids and phenols. The remainder of the
organic carbon for this sample consisted of fulvic acids that have molecular
weights in the range of 300 to 1,000. No humic acids were found. Additional
information on natural organics in groundwaters must be obtained to determine
their radionuclide complexing ability and to provide assurance that analyzed
samples are not contaminated with organics from drilling fluids (see
Section 8.3.1.4.1.3).
The major dissolved gas found in groundwaters within the reference
repository location is methane. Minor amounts of nitrogen, argon, and carbon
dioxide are also present. Estimates of methane concentrations range from
102 to 1,222 mg/L for groundwaters in Grande Ronde Basalt within the reference
repository location. The source of the methane in this region is under
investigation, but additional work must be completed to determine whether the
methane is of thermocatalytic or biogenic origin. Also, measurements of
dissolved gases in groundwaters outside the reference repository location are
needed. Plans for these studies are given in Section 8.3.1.4.1.
Indirect information on background radioactivity in groundwaters is
available from measurements of tritium, carbon-14, chlorine-36, uranium, and
decay chain daughters of uranium and thorium. These data are, however,
subject to errors caused by potential contamination of groundwater samples by
drilling fluids. This contamination also impedes analyses of naturally
occurring particulates in the groundwater. Plans to address these sampling
problems are given in Section 8.3.1.4.
Geochemical modeling of groundwater-mineral equilibrium reactions has
helped to determine the degree of saturation of basalt groundwaters with solid
phases found in the basalt system under ambient conditions. Preliminary
results of modeling several dozen spring samples and more than 100 groundwater
analyses suggest that amorphous silica and allophane are at or near saturation
in the shallow confined aquifers. Groundwaters from the Grande Ronde and
Wanapum Basalts are generally undersaturated with these phases. Calcite and
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fluorite are generally undersaturated in the shallow groundwaters but reach
saturation with increasing depth. Clays and zeolites appear to be
oversaturated in all the groundwaters examined, although the lack of
appropriate thermodynamic data for these phases is a problem. In general, the
models can only give inferences as to the equilibrium state of these
groundwater-mineral systems.

4.5.1.3 Geochemical retardation
In the natural system, sorption is the most important geochemical
retardation process for radionuclides dissolved in groundwater. Calculations
of repository performance must include sorption parameters that describe the
sorption behavior of key radionuclides. The sorption and desorption isotherms
presented in Section 4.1.3.3.4 will be input to radionuclide transport models
(e.g., Barney and Reed, 1985) that predict radionuclide releases to the
accessible environment. These predictions will be compared to Federal
regulatory performance criteria to determine the suitability of a nuclear
waste repository in basalt.
Sorption of key radionucl ides occurs by chemisorption and ion exchange
reactions with minerals in the groundwater flow path. Actinides are strongly
sorbed by each of the geologic solids studied (basalt, secondary minerals, and
interbed materials), as are radionuclides that exist in solution as hydrated
metal ions. Sorption of these elements can be accurately described using the
Freundlich Isotherm equation, which can be used to represent sorption
reactions in transport models. Nonmetallic radionuclides such as 1?9I and 14C
exist only as anions in solution and are not measureably sorbed. Selenium-79
is also anionic, but is sorbed significantly by a chemisorption mechanism.
Most radionuclide sorption reactions are at least partially irreversible
under conditions expected in basalt groundwaters. Sorption and desorption
isotherms for a given radioelement are non-single-valued and show
a significant degree of sorption hysteresis. This hysteretic effect is
important to radionuclide transport calculations since it can lower peak
radionuclide concentrations in groundwater and delay transport.
Migration of-radionuclides as particulates suspended in groundwater is
not likely to be a significant transport mechanism. The porous media through
which radionuclides must travel (container corrosion products, packing
material, and clay-filled fractures in basalt) will have small pores and low
groundwater velocities in the pores. Under these conditions, physical
filtration and gravitational settling will remove colloids from suspension.
To confirm these expectations, additional transport data on colloids must be
obtained under conditions expected in radionuclide flow paths.
The chemical species of radionuclides in the natural system will
influence their retardation behavior. Speciation, in turn, depends on the
oxidation state of the radionuclide and on the presence of complexing ligands.
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The preponderance of evidence indicates that conditions In the natural system
are reducing. It is expected, therefore, that radionuclides will be present
in lower oxidation states. For example, both neptunium(V) and technetium(VII)
have been shown to be reduced by basalt.to the (IV)oxidation state. Most
radionuclides are less mobile (more strongly sorbed and -less soluble) in
reduced form. In basalt groundwaters, carbonate and hydroxyl complexes of
radionuclides will predominate. The formation of carbonate complexes by
neptunium and uranium has been shown to decrease sorption. Other potential
ligands such as chloride, fluoride, and sulfate form much weaker complexes and
are not expected to significantly affect behavior.
A large quantity of radionuclide sorption and desorption data have been
obtained that can be used in performance assessment models for a repository *in
basalt. A wide range of experimental conditions have been examined in these
measurements in an attempt to duplicate the variety of possible conditions
expected in the natural system. Because of uncertainties In groundwater
composition, oxidation states of some radionuclides, and composition of
geologic solids in groundwater flow paths, attempts have been made to
determine the sensitivity of radionuclide sorption to these parameters. As
a result of these efforts, most existing sorption information was obtained at
the extremes of expected conditions (oxidation states, groundwater
compositions, etc.). Although this may be adequate for certain radionuclides,
additional data are needed for radionuclides that are highly sensitive to
these sorption parameters. Plans for collecting additional sorption data for
the natural system are presented in Section 8.3.1.4.2.

4.5.1.4 Geochemical effects of waste emplacement
Emplacement of nuclear waste in a repository in deep basalt formations
can potentially alter geochemical conditions in the host rock. These changes
can subsequently affect the performance of the repository. Since the release
and transport of radionuclides from the repository are strongly controlled by
geochemical parameters, changes in these parameters due to waste emplacement
must be estimated so that the long-term safety of the repository can be
accurately determined. Potential effects in the natural system include
alteration of minerals in the host rock, changes in the groundwater chemistry,
and changes in radionuclide migration. Each of these changes is the result of
an increase in temperature from ambient (the thermal pulse) due to radiogenic
heating by decay of waste radionuclides.
The magnitude of the thermal pulse in the natural system depends on the
distance and direction from the repository, time after waste emplacement,
radionuclide inventory in the waste, and the design of the repository. The
preemplacement temperature of the rock (55 OC at the repository horizon) is,
of course, perturbed most strongly near the repository. However, some
calculations indicate that temperatures of greater than 100 *C can be reached
at a distance of 200 m (656 ft) above the repository horizon after about
3,000 yr. The thermal maximum will occur at a longer time after emplacement
and at a lower temperature as distance from the repository increases.
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The effect of this thermal pulse on groundwater-rock reactions in the
natural system is expected to be small. The maximum temperatures expected in
the natural system (52 to 186 C) are in the low-temperature region where many
geochemical reactions proceed at very slow rates. The limited data available
on low temperature groundwater-basalt reactions indicate that the pH of the
groundwater may be lowered slightly, that anion concentrations are essentially
unchanged, and that silica concentrations increase as the temperature
increases. The primary mineral alteration product of reactions at 200 OC and
below is iron smectite, which also occurs naturally as an alteration product
in Hanford Site basalts.
Effects of groundwater-rock reactions on radionuclide transport in the
natural system is complex and depends on the chemistry of the specific
radionuclide involved. For radionuclides that can be reduced by basalt
(uranium(VI), neptunium(V), plutonium(V), technetium(VII), etc.) higher
temperatures will generally facilitate reduction reactions and lower the
mobility of the radionuclide since the lower oxidation states are more
strongly sorbed. The slightly lower pH values at higher temperatures will
decrease the tendency of some radionuclides (e.g. technetium(IV),
neptunium(IV)) to form hydroxyl and carbonate complexes and, thus, increase
their sorption on rock surfaces. Immobilization of radionuclides by
incorporation into alteration phases of the rock is also expected to be more
significant at the higher temperatures. Diffusion rates of radionuclides in
the natural system are expected to increase at higher temperatures and may
increase the mobility of some radionuclides. The magnitude of this effect for
the radionuclides is not known.
Estimates of the magnitude of the thermal pulse in the natural system
will be refined as more accurate data are obtained from site characterization.
Thermal conductivities of waste package components, basalt flows, and
Interbeds will be measured more accurately as described in Section 8.3._.
Effects of groundwater flow and repository resaturation time have not been
considered In current models but will be included in future models.
Inhomogeneities in basalt flows and basalt formations will also be considered
(see Section 8.3. _).
The models will also improve as the final repository
design is better understood and the types and quantities of wastes to be
placed in the repository are more accurately known.
Additional measurements of temperature effects on geochemical processes
must be performed to estimate effects of the thermal pulse on radionuclide
transport. Low-temperature groundwater-rock reactions will be better defined
(see Section 8.3. _).
Effects of temperature on radionuclide sorption
(Section 8.3.
), solubility (Section 8.3.), and rates of reduction by
basalt will be determined.

4.5.1.5

Natural analogs and related field tests

-

Studies- of natural analogs can be used to substantiate laboratory
evidence for geochemical processes that may affect the performance of
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a nuclear waste repository. The advantage of studying natural analogs is that
they represent the results of processes that have occurred over long time
periods and under in situ conditions that may be difficult to duplicate in
laboratory experiments. Federal regulations for repository performance
require predictions of geochemical processes over thousands of years.
Extrapolation of laboratory data over these long time periods can be
accomplished with more confidence if natural analog information is available.
Two natural analogs have been investigated thus far: (l) native copper
deposits in northern Michigan as a natural analog for evaluation of the longterm stability of copper containers in a repository in basalt and
(2)field studies of existing alteration minerals in Columbia River basalts as
natural analogs for evaluation of the long-term stability of alteration
products of groundwater-basalt reactions.
Results of the copper analog study (Crisman and Jacobs, 1982) show that
the native copper (estimated to have been deposited 500 to 800 m.y.8.P.) has
remained relatively unaltered in the basalt-groundwater system in which it is
found. The groundwater characteristics (near-neutral pH, reducing Eh, low
dissolved solids concentration) at the Michigan site are similar to Hanford
Site groundwater. This information leads to the conclusion that copper waste
containers placed in a repository in Hanford Site basalt will not be corroded
over the time period required for isolation of the waste.
Alteration minerals formed during hydrothermal reactions of basalts with
Hanford Site groundwaters in laboratory experiments were compared with
naturally occurring secondary minerals found in Hanford Site basalts. Results
of this comparison suggest that the identity of alteration minerals from both
sources are virtually identical. It can be assumed, therefore, that the
smectite, zeolite, and iron oxyhydroxide phases produced in laboratory
hydrothermal experiments will persist (stably or metastably) in the repository
environment for a time period exceeding the repository lifetime. Since these
minerals can potentially incorporate some radionuclides in their chemical
structures, transport and release of these radionuclides will be lowered.
Additional information on basalt alteration mineral stability will be
obtained by examination of basalt cores from the geothermal fields of Iceland
and other similar hydrothermal systems. In the Iceland system, fresh
groundwater has interacted with heated basalt to produce alteration minerals
that have remained stable for thousands of years. Plans for obtaining these
data are presented in Section 8.3.4.2.2.
Field studies provide large-scale estimates of geochemical parameters
that are used in repository performance analysis. These estimates complement
laboratory data and provide an evaluation of the effects of scale on these
parameters. A groundwater tracer test has been conducted in a deep basalt
flow top (McCoy Canyon). Results from this test provide limited information
about sorption processes in this formation. The test consisted of a two-well
recirculating design using a nonreactive tracer (SCN) and a reactive tracer
(K+). Analysis of tracer breakthrough curves showed that part of the
potassium was sorbed by the formation and part migrated though the flow system
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without any retardation. The sorption of potassium was caused by Ion exchange
with Na+ on mineral surfaces. The small fraction of potassium not retarded
can be explained by either slow sorption reactions compared with the time
allowed for the test or by transport of potassium as particulates suspended in
the groundwater. Plans for additional field testing of transport parameters
are discussed in Section 8.3.1.4.

4.5.1.6

Geochemical stability

The geochemical stability of the natural system over the isolation period
required by Federal regulations (10,000 yr) must be estimated because
geochemical factors strongly influence radionuclide containment and release.
Alteration of basalts by groundwaters to form secondary minerals is probably
the most significant geochemical process that has occurred since eruption of
the basalt flows (6 to 16.5 m.y.B.P.). This process has been very slow since
the total volume percentage of secondary minerals now found in several flow
interiors is less than 0.27%. These slow alteration reactions are expected to
continue over the isolation period. No large-scale perturbations of the
natural system are expected due to climate variations or intrusion by man.
This is because of the inaccessibility of these deep strata and lack of
natural resources in the deep basalts (see Section 3.8).
A mineralogy-petrology model will be developed that will allow reliable
predictions of future geochemical environments in the basalts. Past and
present geochemical conditions will be projected into the future using kinetic
and thermodynamic considerations and by comparisons with geochemical analogs.
Plans for development of the model are presented in Section 8.3.1.2.2.5.

4.5.2

RELATION TO DESIGN

The geochemical environment surrounding the repository has a strong
influence on the design of the repository. Components of the subsurface
facilities must be able to function properly in the geochemical environment of
basalt formations for thousands of years. Materials chosen for repository
components must be compatible with existing groundwater compositions, minerals
in the basalts, and elevated temperatures due to radiogenic heating by
radionuclides in the waste. Laboratory and natural analog studies of
engineering materials are performed to determine the long-term stability of
these materials.
In the waste package, corrosion of the waste container by Hanford Site
groundwaters is an important factor in container design. The composition of
these groundwaters is a critical factor in choosing a metal container that can
resist corrosion and completely contain the waste for 300 to 1,000 yr.
Important groundwater characteristics include oxygen concentration, cation and
anion concentrations, and pH. Discussion of the effects of these factors on
container corrosion is presented in Section 7.4.2.
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Hydrothermal interactions among Hanford Site groundwaters, the packing
material component, and the waste form component of the waste package must be
considered in design. The packing material must act as a barrier to
groundwater flow for thousands of years. by retaining its initial low
permeability. Groundwater composition will be an important factor in
determining whether or not hydrothermal reactions will occur and, if they do,
what reaction products will form. Studies of hydrothermal stability of
candidate packing materials are discussed in Section 7.4.3. Similar
considerations must be made for the backfill material placed in underground
openings in the repository. Geochemical interactions of backfill with the
repository environment are discussed in Section 6.3.3.6. Chemical reactions
of the waste form with groundwater will partially control the release of
radionuclides from the waste package. The solubility of the radionuclides
will be affected by groundwater characteristics such as pH, redox conditions,
and ion concentrations. These chemical interactions influence the selection
of materials for each of the waste package components (see Section 7.4.4).
The chemical stability of cementitious materials used for strengthening
openings in the basalt and of sealing materials for shafts and boreholes in
the basalt geochemical environment is an important consideration in design.
Reactions of these materials over long time periods is an important material
selection criterion. Descriptions of plans for obtaining information on the
long-term chemical stability of sealing materials are presented in
Sections 8.3.3.1.2.1 and 8.3.3.3.1.

4.5.3

IDENTIFICATION OF INFORMATION NEEDS

This chapter is a summary of the geochemical data obtained during
investigation of the Hanford Site. Additional data must be obtained during
site characterization to fill gaps that exist in the current geochemical data
base and to reduce uncertainties in the data so that assessment of the
performance of the natural system can be made with more confidence. This
section briefly identifies geochemical information needs and outlines
additional studies planned to meet these information needs. These studies are
presented in much greater detail in Sections 8.3.1.2.4.6, 8.3.1.2.2.5,
and 8.3.4.2.2. Information needs are presented under the following
subheadings:
o
o
o
o
o

Mineralogy and petrology.
Groundwater geochemistry.
Radionuclide retardation.
Natural analogs.
Field tests.

Priorities regarding information needs have not yet been established, but
work is in progress to determine these priorities. Prioritization must
include consideration of the following: (1) importance of various kinds of
information in estimating the performance of the repository; (2) scheduling,
personnel, and budgetary restraints; and (3) hierarchy of studies where some
studies must be completed prior to initiation of subsequent studies.
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4.5.3.1

Mineralogy and petrology

The objective of mineralogy and petrology studies is to provide
mineralogic and geochemical characterization of the basalt flows and interbeds
in the reference repository location and surrounding region. This information
is necessary to develop geochemical and hydrochemical models of basaltgroundwater systems, assess current and future changes in the natural system,
determine intraflow structure and stratigraphic correlations, and identify
mineral distributions that influence radionuclide transport.
Data that are required to meet these objectives are mineralogic and
petrologic characterization of the following:
o
o
o
o
o

Primary minerals.
Secondary infilling minerals.
Interbeds.
Fault infilling minerals.
Pervasively altered basalt.

The characterization methods include optical or analytical identification of
phases, descriptions of mineral and rock textures, modal analysis,
determination of bulk chemical compositions, and determination of the chemical
compositions of individual minerals.
The current data base consists mainly of analyses of dense interiors of
unaltered flows. These include more than 10,000 major element analyses of
whole-rock basalt, about 400 minor and trace element analyses, about
700 electron probe analyses of primary phases, and about 50 detailed modal
analyses. Relatively little work has been completed on secondary infilling
minerals in the basalts. The existing data on secondary minerals contain
inconsistencies that must be resolved in future work. Characterization of
sedimentary interbeds has also received only slight attention. Analyses of
interbed samples are preliminary because they do not allow definitive,
qualitative or quantitative description of some phases. No work has been done
on fault infilling mineralogy or pervasively altered basalt.
Development of a mineralogy-petrology model is currently in a conceptual
state. Plans for obtaining these data are presented in Section 8.3.1.4.
Further model development requires more data.

4.5.3.2

Groundwater geochemistry

Characterization of groundwater geochemistry has two objectives. The
first is to provide a comprehensive data base that will be used in support of
conceptual hydraulic flow models. Understanding the hydrochemistry of
groundwaters, the reactions controlling their composition, and evidence of
groundwater age and aquifer communication carr provide important constraints on
a hydrologic flow model (see Chapter 3). The second objective is to estimate
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geochemical conditions in groundwaters that can affect repository performance
and radionuclide transport. Groundwater parameters such as pH, redox
potential, and chemical composition are important in determining the mobility
of waste radionuclides.
Data that are required to meet these objectives are as follows:
o
o
o
o
o
o
o

Major and trace inorganic components of groundwater..
Concentration and identification of dissolved organic components.
Dissolved gases.
Stable and radioactive isotopes.
Redox conditions, pH.
Geochemical models.
Temperature.

The current hydrochemical data base contains the results of nearly
500 chemical analyses of groundwaters sampled from boreholes on the Hanford
Site. In general, the quantity of data decreases with increasing depth and
gaps in the areal distribution of the data exist. Major inorganic components
of the groundwater have been routinely determined; however, the data base for
organic components, dissolved gases, and radioactive isotopes is more limited.
An alternative approach to determining in situ groundwater redox
conditions, in addition to platinum electrode measurements, is needed. A more
reliable method is measurement of relative quantities of naturally occurring
dissolved redox couples. By studying a variety of redox couples, it will be
possible to determine if they are in equilibrium (i.e., if calculated Eh
values for different couples converge t9 a narrow range). Promising naturally
occurring redox couples include HS-/S0 44-, iron(II)/iron(III),
arsenic(III)/arsenic(V), uranium(IV)/uranium(VI), and HSe /SeO 3 2 -.
Improved methods for groundwater sampling and analysis are also needed.
Downhole sampling equipment and procedures must be developed to prevent
contamination of samples and loss of dissolved gases caused by pumping the
sample to the top of the borehole. Analyses of groundwaters from boreholes
drilled without drilling fluid (e.g., boreholes drilled using air-mist
techniques) must be performed so that the groundwater samples are not
contaminated. In addition, more accurate analytical techniques must be
developed for analysis of dissolved gases, organics, isotopic ratios, and
minute quantities of various redox species. Because of the fragile nature of
groundwater samples, some analyses (pH, alkalinity, dissolved oxygen, etc.)
must be performed at the borehole site in a mobile laboratory.

4.5.3.3

Radionuclide retardation

The objective of radionuclide retardation studies Is to quantify the
retardation characteristics of expected groundwater flow paths between the
repository and the accessible environment. Laboratory measurements of
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radionuclide retardation must attempt to duplicate as closely as possible the
geochemical conditions present in the flow paths. Retardation parameters for
each key radionuclide obtained from these measurements are used in transport
models that evaluate the ability of the natural system to isolate waste
radionuclides.
Laboratory-scale radionuclide retardation data needed to meet the above
objective are as follows:
o Sorption and desorption coefficients and isotherms for key
radionuclides.
o

Kinetics of sorption and desorption reactions.

o

Elution and breakthrough curves for flowthrough experiments.

o

Effects of solid type on sorption parameters.

o

Effects of groundwater composition on sorption parameters.

Data needs from field-scale retardation studies are described in
Section 4.5.3.5.
The current radionuclide retardation data base consists of results from
thousands of batch sorption and desorption measurements for a wide range of
groundwater compositions but is limited to a small number of geologic solid
types that are relevant to retardation in the natural system. Additional
sorption studies using solids from major flow zones in the Wanapum and Grande
Ronde Basalts are required (mainly flow-top samples). Very little data from
flowthrough sorption measurements are available. Flowthrough experiments will
more closely simulate field conditions and will provide confirmation for batch
sorption and desorption experiments.
Improved methods for preparation of samples of geologic solids will be
developed. The effects of crushing core samples of flow-top materials on
sorption results will be examined. Composite reference flow-top samples from
Cohassett, Rocky Coulee, and Umtanum flows and Wanapum Basalt samples will be
prepared from core samples.

4.5.3.4 Natural analoas
Studies of natural analogs will provide qualitative information on
geochemical processes that can affect waste isolation. Results from these
studies will be used in concert with laboratory tests and repository
performance models to help evaluate the long-term geochemical stability of the
natural and engineered barriers systems. Since laboratory measurements are
limited to short time durations (several years at most), compared to the
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length of time that a repository must continue to function (10,000 yr or
more), natural geologic settings where geologic processes have evolved for
long periods of time can yield information on the stability of repository
materials. The natural geologic conditions must, of course, simulate
repository conditions as closely as possible.
Two natural analog studies are planned. The first is investigation of
the secondary mineralogy present in naturally altered basalts at two different
locations--the geothermal fields of Iceland and the Columbia River basalts.
The second is investigation of the stability of bentonite in the hydrothermal
environment of a site yet to be determined. Both of these studies will help
verify the results of short-term laboratory hydrothermal experiments in which
groundwater is reacted with basalts and packing materials containing
bentonite. The physicochemical behavior of these materials in the natural
environment will be compared to those of the laboratory experiments.
One natural analog study has been completed thus far. The native copper
deposits in northern Michigan were used to evaluate the long-term stability of
copper containers in a repository in basalt.

Field test

4.5.3.5

Field-scale tests of radionuclide retardation, while not comprehensive
and almost totally empirical in nature, can provide retardation estimates at
the scale required in performance assessment calculations and under conditions
that are close to ambient conditions in likely groundwater flow paths.
No field tests of reactive tracers have yet been performed. Planned
tests include measurements of the following retardation parameters:
o Retardation factors as determined in field tracer tests and inferred
from natural radionuclide concentrations.
o

Natural particulate concentrations and characteristics.

The laboratory studies described in Section 4.5.3.3 and the field tests will
be conducted in an iterative manner with feedback between. This will assure
that each type of test will be conducted in a manner that yields the maximum
amount of information.
Measurements of retardation factors from field-scale tests involve the
introduction of a reactive tracer into an established flow regime and
monitoring its arrival at a known distance from the injection point. This
Information allows determination of the retardation behavior of the tracer in
that flow path. Particulate transport in flow paths will be studied using
similar methods. Development of the techniques required for these tests are
summarized in Section 8.3.1.4.3.3.1.
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Calculation of retardation factors by measuring distributions of
naturally occurring radionuclides (e.g., decay series for 238 U and 232 Th) may
yield in situ values on a time scale that is comparable to residence times of
the radionuclides in the flow system. The validity of this method will be
explored as described in Section 8.3.1.4.3.3.1.

4.5.4

RELATION TO REGULATORY GUIDE 4.17

The content of this chapter follows the annotated outline for site
characterization plans developed by the DOE from Regulatory Guide 4.17 (NRC,
1983). The most significant change from Regulatory Guide 4.17 (NRC, 1983) is
that the information requested on chemical interactions between the waste
package and the emplacement environment has been moved from Chapter 4 to
Chapter 7. This allows a more cohesive presentation in Chapter 7 for support
of the waste package design program. Other minor changes involve
reorganization of the material and expansion of several topics.
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Figure 4.1-1. Idealized stratigraphy of the reference
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Figure 4.1-2. Locations of the controlled area study zone, reference repository
location, and sample boreholes.
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Figure 4.1-10. Frequency distributions of radioactive constituents in
groundwaters from the Frenchman Springs Member and Grande Ronde Basalt. (One
tritium value from a Frenchman Springs Member groundwater lies outside the
range of the figure. See Fig. 4.1-5 for the location of sampled boreholes.)
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Figure 4.1-12. Locations of boreholes from
which available temperature and pressure
data are used.
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Figure 4.1-19. Strontium isotherms for sorption on sandstone of the
Rattlesnake Ridge interbed under oxidizing conditions.
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Figure 4.1-20. Cesium isotherms for sorption on basalt of the Umtanum flow
under oxidizing conditions.
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Figure 4.1-21. Strontium isotherms for sorption on basalt of the Umtanum flow
under oxidizing conditions.
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Figure 4.1-23. Radium isotherms for sorption on basalt of the Umtanum flow
under oxidizing conditions.
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Figure 4.1-24. Sorption and desorption isotherms for neptunium on Mabton
interbed solids under (a) oxidizing and (b) reducing conditions. (The 0 and
a symbols indicate different levels of radionuclide loading.)
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Figure 4.1-25. Sorption and desorption isotherms for selenium on Mabton
interbed solids under reducing conditions. (The 0 and 0 symbols indicate
different levels of radionuclide loading.)
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Figure 4.1-26. Sorption and desorption isotherms for technetium on Mabton
interbed solids under reducing conditions. (The 0 and O symbols indicate
different levels of radionuclide loading.)
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Figure 4.1-27. Sorption and desorption isotherms for uranium on Mabton
interbed solids under (a) oxidizing, and (b) reducing conditions. (The 0 and
_ symbols indicate different levels of radionuclide loading.)
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10-° m at the solution solid boundary and the following source of
thermodynamic data: solids And gases (Helgesen et al., 1918); water (Helgeson
and Kirkham, 1974); HS-, S044- (Hlelgeson et al., 1981); Fe +/Fe 3 + (Helgeson,
1985); H2S . H+ + 11S- (Helgeson, 1969).
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Eh-pH diagrams for uranium and neptunium.
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Table 4.0-1.

Federal regulatory performance criteria that require
geochemical information (sheet 1 of 3)

Regulatory performance criteria

I

Required geochemical information

l

IOCFR 60 (NRC, 1985,pp. 563-593)

--4
I.-

Section 60.112 Overall system Performance obiective for the
neologic repository a ter Permanent closure.
The geologic setting shall be selected and the engineered
barrier system and the shafts, boreholes and their seals shall be
designed to assure that releases of radioactive materials to the
accessible environment following permanent closure conform
to such generally applicable environmental standards for
radioactivity as may have been established by the
Environmental Protection Agency with respect to both
anticipated processes and events and unanticipated processes
and events.
Section 60.113 Performance of particular barriers after
permanent closure.
(a) General provisions. (1) Engineered barrier system. (i) The
engineered barrier system shall be designed so that assuming
anticipated processes and events: (A) Containment of HLW
will be substantially complete during the period when
radiation and thermal conditions in the engineered barrier
system are dominated by fission product decay, and (B) any
release of radionuclides from the engineered barrier system
shall be a gradual process which results in small fractional
releases to the geologic setting over long times. For disposal in
the saturated zone, both the partial and complete filling with
groundwater of available void spaces in the underground
facility shall be appropriately considered and analyzed among
the anticipated processes and events in designing the
engineered barrier system.
(ii) In satisfying the preceding requirement the engineered
barrier system shall be designed assuming anticipated
processes and events, so that:
(A) Containment of HLW within the waste package will be
substantially complete for a period to be determined by the
Commission taking into account the factors specified in
Sec. 60.113(b) provided that such period shall not be less than
300 years nor more than 1,000 years after permanent closure of
the geologic repository; and

The repository performance criteria are essentially radionuclide
containment time, release rates (from the waste package and to the
accessible environment), and groundwater travel time.
Geochemical parameters influence processes that control
containment time and release rates. In addition, geochemical data
can provide supportive evidence for estimating groundwater travel
time.
The geochemical parameters that control containment processes
(saturation of packing material, container corrosion, waste form
leaching, radionuclide dissolution and precipitation, radionuclide
sorption on waste package materials, hydrothermal alteration of
packing material, radionuclide diffusion, and radiolysis) are:'
1. Groundwater composition
a. Majorandtraceinorganiccomponents
b. Organic components
c. Dissolved gases
2
. pH
3. Redox potential
4. Colloid concentration and composition
S. Composition of waste package components
a. Mineralogy
b. Surface area
c. Cation exchange capacity
d. Redox capacity
Geochemical parameters that control radionuclide release processes
(radionuclide sorption on geologic minerals, radionuclide
precipitation, radionuclide diffusion, and hydrothermal alteration
of host rock) to the accessible environment are the same as those
listed above, except that the composition of geologic solids in the
flow path must be included. The rates of each of these processes
must also be estimated.
Geochemical information that may be used in estimating
groundwater travel times include isotopic concentrations of 14C,
36CI, and 4He.
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Table 4.0-1.

Federal regulatory performance criteria that require
geochemical information (sheet 2 of 3)

Regulatory performance criteria

I

Required geochemical information

l

IO CFR 60 (NRC, 1985. pp. 563-593)

-4

Section 60.113 Performance of particular barriers after
permanent closure. (Continued)
(B) The release rate of any radionuclide from the engineered
barrier system following the containment period shall not
exceed one part in 100,000 per year of the inventory of that
radionuclide calculated to be present at 1.000 years following
permanent closure or such other fraction of the inventory as
may be approved or specified by the Commission; provided
that this requirement does not apply to any radionuclide which
is released at a rate less than 0. 1% of the calculated total
release rate limit. The calculated total release rate limit shall
be taken to be one part in 100,000 per year of the inventory of
radioactive waste originally emplaced in the underground
facility that remains after 1,000 years of radioactive decay.
(2) Geologic setting. The geologic repository shall be located
so that prewaste-emplacement groundwater travel time along
the fastest path of likely radionuclide travel from the disturbed
zone to the accessible environment shall be at least 1,000 years
or such other travel time as may be approved or specified by
the Commission.

The above information applies here also.

40 CFR 191 (EPA, 1985, pp. 38066-38089)
Section 191.13 .Containment Requirements.
(a) Disposal systems for spent nuclear fuel or high-level or
transuranic wastes shall be designed to provide a reasonable
expectation, based upon performance assessments, that the
cumulative releases of waste to the accessible environment for
10,000 years after disposal from all significant processes and
events that may affect the disposal system shall:
(1) have a likelihood of less than one chance in 10 of
exceeding the quantities calculated according to Table 1

The repository performance criteria are essentially radionuclide
containment time, release rates (from the waste package and to the
accessible environment), and groundwater travel time.
Geochemical parameters influence processes that control
containment time and release rates. in addition, geochemical data
can provide evidence for estimating groundwater travel time.

M
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Thegeochemical parametersthat control containment processes
(saturation of packing material, container corrosion, waste form
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Table 4.0-1.

Federal regulatory performance criteria that require
geochemical information (sheet 3 of 3)

Regulatory performance criteria

.

Required geochemical Information

40 CFR 191 4EPA, 1985. pp. 38066-38089)
Section 191.13 Containment Reguirements. (Continued)
(Appendix A), and (2) have a likelihood of less than one chance
in 1,000 of exceeding 10 times the quantities calculated
according to Table 1(Appendix A).

-I4

C.I

leaching, radionuclide dissolution and precipitation, radionuclide
sorption on waste package materials, hydrothermal alteration of
packing material, radionuclide diffusion, and radiolysis) are:
1. Groundwater composition
a. Major and trace inorganic components
b. Organic components
c. Dissolved gases
2. pH
3. Redox potential
4. Colloid concentration and composition
5. Composition of waste package components
a. Mineralogy
b. Surface area
c. Cation exchange capacity
d. Redox capacity
Geochemical parameters that control radionuclide release processes
(radionuclide sorption on geologic minerals, radionuclide
precipitation, radionuclide diffusion, and hydrothermal alteration
of host rock) to the accessible environment are the same as those
listed above, except that the composition of geologic solids in the
flow path must be included.
Geochemical information that may be used in estimating
groundwater
travel times include isotopic concentrations of 14C,
36CI, and 4 He.
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Table 4.0-2. Natural system geochemical information required by Federal siting criteria compared
with that given in Chapter 4 and related studies from Chapter 8 (sheet 1 of 2)
Federal regulations
10 CFR 60,
Section 60.1 22(a)( 1)
(NRC. 1985, pp. 563593)
and
10 CFR 960,
Section 960.4-2-2(b)
(DOE, 1984,
pp. 47761)

-I

i.r

Summary of regulations

Chapter 4 information

Studies from Chapter 8

Siting criteria require that
favorable conditions of the
geologic setting must be
sufficient to provide reasonable
assurance that performance
objectives of waste isolation will
be met. Favorable conditions
include:

1. The rate and nature of
geochemical processes
operating during the
Quaternary Period would not
affect (or would favorably
affect) waste isolation

Geochemical processes occurring
in the natural system that could
affect waste isolation are
addressed in Section.4.2 and 4.4.
Natural analogs that represent
long-term processes are
presented in Section 4.3.1. The
paragenesis of basalt secondary
minerals is discussed in
Section 4.1.1.3.2.2.2, and
projected rates of geochemical .
processes are addressed in
Section 4.1.1.4.

Mineralogic and Petrologic
Characterization
(Section 8.3.1.2.3)
Basalt/Groundwater Interactions
(Section 8.3.4.2.2.3.1)
Geochemical Environment
Analysis (Section 8.3.4.2.2.3.2)
Groundwater Flow System
Hydrochemistry
(Section 8.3.1.4.2.3.1)

Radionuclide Retardation
Effects of groundwater
2. Geochemical conditions that
composition, geologic solid type. Behavior (Section 8.3.1.4.3.3. 1)
promote precipitation or
sorption of radionuclides and colloids, and other variables on
radionuclide sorption are given in Radionuclide SolubilitylSorption
inhibit formation of
and Speciation Behavior
Section 4.1.3.3.
particulate colloids, and
(Section 8.3.4.3.5.3.1)
organic complexes that
increase the mobility of
radionuclides
Mineralogic and Petrologic
3. Mineral assemblages that will The stability of mineral assemCharacterization
retain their capacity to inhibit blages in the site system is
addressed in Sections 4.1.1.4 and (Section 8.3.1.2.3)
radionuclide migration after
4.4. Alteration products from
the thermal period.
basalt diagenesis and weathering Radionuclide Retardation
Behavior (Section 8.3.1.4.3.3.1)
are described in
Sections 4.1.1.3.2.2.2 and 4.3. 1.
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Table 4.0-2. Natural system geochemical information required by Federal siting criteria compared
with that given in Chapter 4 and related studies from Chapter 8 (sheet 2 of 2)
Federal regulations
10 CFR 60,
Section 60.122(a)(1)
(NRC, 1985, pp. 563593)
and
10 CFR 960,
Section 960.4-2-2(c)
(DOE, 1984.
pp. 47761)

-4
CnI

10 CFR 60,
Section 60.113(b)(3)
(NRC, 1985, pp. 563593)

Summary of regulations

Chapter 4 information

Studies from Chapter 8

Siting criteria require that
potentially adyerse conditions
must be adequately investigated
to show that they do not
compromise the performance of
the repository. Potentially
adverse conditions include:

Effects of groundwater composi1. Geochemical processes that
tion, geologic solid type, colloids,
would reduce sorption of
radionuclides or degrade rock and other geochemical variables
on radionuclide sorption are
strength
given in Section 4.1.3.3.

Radionuclide Retardation
Behavior (Section 8.3.1.4.3.3.1)

Redox conditions expected in the
2. Groundwater conditions in
host rock environment are given
the host rock that are not
in Section 4.1.3.4.
reducing
Expected groundwater condi3. Groundwater conditions in
tions are given in Sections 4.1.2
the host rock that could
(composition, temperature,
affect the solubility or
pressure) and 4.1.3.4 (pH, redox
chemical reactivity of the
engineered barriers system so potential, complexing species).
that the expected repository
performance could be
compromised.
Geochemical characteristics of
The Commission may approve or
the host rock and groundwater
specify a radionuclide release
are given in Sections 4.1.1 and
rate, containment time, or
4.1.2, respectively.
groundwater travel time, based
on a number of factors including
the geochemical characteristics of
the host rock, surrounding strata,
and groundwater.

Redox Characterization of
Groundwater
(Section 8.3.1.4.2.3.2)

BasaltGroundwater Interactions
(Section 8.3.4.2.2.3.1)

Groundwater Flow System Hydrochemistry (Section 8.3.1.4.2.3.1)
Chemical Stability
(Section 8.3.4.3.4.3.1)
General Corrosion
(Section 8.3.4.3.3.3.1)
Mineralogic and Petrologic
Characterization
(Section 8.3.1.2.3)
Groundwater Flow System Hydrochemistry (Section 8.3.1.4.2.3.1)
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Table 4.0-3. Listing of important geochemical processes and
environmental parameters for demonstrating performance
compliance with repository criteria
Region
Engineered
barriers
system

Pre-emplacement

Preclosure
operational and
containment

NAO

Saturation

Precipitation

Corrosion

Colloid formation

Packing/water
interaction

Complexation

Isolation

Packing/water
interaction
Sorption
Gamma radiolysis
Alpha radiolysis
Composition of
engineered
barriers
Disturbed
zone.

Composition of
engineered
barriers

Basalt/water
interaction

Basalt/water
interaction

Basalt/water
interaction

Composition of
basalts

Gamma radiolysis
I
Composition of
basalts

Sorption
Complexation
Precipitation
Composition of
basalts

Natural
system

Basalt/water
interaction

Basalt/water
interaction

Sorption
Basalt/water
interaction

Composition of
basalts

Composition of
basalts

Composition of
basalts

Source: Apted (1983, p. 4).
NOTE: Important geochemical parameters common to all regions
and time periods are:
pH
pressure
redox potential
groundwater composition
temperature
aNot applicable.
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Table 4.1-1.

Chemical and textural characteristics of primary phases in Grande Ronde Basalt
in the primary isolation zone

Characteristic phase

(mA dalnc

Plagioclase (Long et al.
1984. p1-101; Schisfmann
and Lofgren 1982,
pp 49-78)

25-48

Augite (Long and Strope
1983. pp. 57-60)

20-32

Pigeonite^ (Long and
Strope 1983. pp. 57-60)

orthopyroxene* (Reidel
et al. 1978. pp. 148-163)

Abundance Compositional
Compositional zoning
Compositional

size
~~~~~Grain

Texture

General moderate,
normal. Locally reversed
and/or oscillatory

0.02 -6.0.
Average012
0
A

Lath shaped

(Wo0, En4 eFsz0) to
CWo3a EnN Fs40 )

Moderate, normal intergrown with pigeonite.
some iron-rich rims

0.01 -5.0.
Average 0.08

Euhedral to subhedral prismatic
grains

0 -10

(Wo13 En Fsi7) to
(Wo9 En64 Fsns)

Intergrown with augite.
occurs as rims on some
clinopyroxene or
onhopyroxene grains

ND

0- trace

(Wo 4 Enb, Fs35 ) to
(Wob En,isFi)

Unzoned to slight normal
zoning

-2

Unzoned (7)

0.02 -0.4
Average 0.08

An4, to Anbs

0-6

Dominantly
titanium-magnetite

with Tib2 - 28-

pp. 1.7)

Microphenocrysts common;
contains glass inclusions
and symmetrically arranged
pyroxene indusion.

Anhedral. equant Mode of occurrence and
textures suggest limited
stability range in certain
flows.
Subhedral, prismatic. commonly
embayed

-4
Iron-titanium oxide
(Noonan et al. 1980.

Special features

Resorption textures and
reaction rims indicated
instability at 0.1 MPa
2
(14.5 lbf/in ) (surface
pressure).

Octahedral, cruci- Oxidation lamellae occur in
form. dendritic or colonnade samples.

blade shaped

32 wt%. 11menite
occurs in some
samples.
Olivine (Schiffmann and
Lofgren 1982, pp.49-78)

0-3

Fo6 y to F047

Moderate, normal zoning

0.05

Apatite (Long and
Davidson 1981. pp.5-33 to
5-40; Allen and Strope
1983. pp. 2-7)

0-2

ND

ND

0.01 -0.06
(apparent); true
lengths of some
needles may be
0.03

Mesostasis (Long and
Davidson 1981. pp.5-33 to
5-40; Noonan et al. 1980.
pp. 1-7; Allen and Strope
1983. pp. 2-7; Long et al.
1984. p. 1-101)

20-65

SiOl

60 -74 wt% Compositional variation
apparent adjacent to
magnetite and
clinopyroxene grains

Source: Based principally on Table 1-17 of Long et al. (1984 pp.1-101).
Note; ND - Notdetermined.
*Pyroxene.

0.01 -0.65
Average 0.17

Adhedral to subhedral. equant

Commonly absent from
Grande Ronde Basalt flows.
Occurrence limited to glassy
rind of some flows.

Acicular

Occurs both as discrete
grains and minute crystal
aggregates within blebs in
mesostasis of entablature
samples.

Intersertal to
interstitial, with
or without abundant tachylitic
inclusions

Immiscible liquid blebs
common. Highlytachylitic
in entablature. relatively
inclusion-free in colonnade.

03 i
n~
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Table 4.1-2. Major-element composition of Grande Ronde
Basalt flows in the primary isolation zone
(sheet 1 of 3)
Oxide

Standard
deviation

Mean

Minimum
value

Maximum
value

Rocky Coulee flow (N = 30)
S102
A1203
FeO
MgO
CaO
Na20
K2 0
TiO2
P205
MnO

0.63
0.39
0.30
0.21
0.27
0.36
0.08
0.07
0.02
0.01

54.19
15.19
11.37
4.81
8.45
2.40
1.14
1.76
0.31
0.20

53.12
14.30
10.76
4.36 7.62
1.56
1.00
1.60
0.26
0.19

56.88
15.85
11.98
5.08
9.03
2.81
1.33
1.87
0.35
0.22

Levering flow (N = 15)
S102

53.51

0.56

52.43

54.68

A1203
FeO
MgO
CaO
Na2O
K2 0
TiO 2
P205
MnO

15.02
11.67
5.00
8.82
,2.58
0.90
1.80
0.28
0.22

0.29
0.33
0.29
0.30
0.20
0.14
0.03
0.01
0.01

14.65
11.11
4.31
8.30
2.21
0.71
1.76
0.26
0.19

15.50
12.42
5.44
9.33
2.86
1.19
1.86
0.29
0.24

Cohassett flow (N = 55)
Si02
A1203
FeO
MgO
CaO

53.43
15.14
11.67
5.02
8.70

0.48
0.41
0.39
0.22
0.30

T.4-8

51.47
14.16
10.98
4.45
8.09

54.21
15.91
13.32
5.44
9.27
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Table 4.1-2. Major-element composition of Grande Ronde
Basalt flows in the primary isolation zone
(sheet 2 of 3)
Oxide
Na2 O
K20
TiO2
P2 05
MnO

Mean
2.50
1.04
1.82
0.29
0.21

Standard
deviation

Minimum
value

Maximum
value

0.29
0.11
0.08
0.04
0.01

1.44
0.51
1.68

2.92
1.28
2.07

0.24
0.19

0.39
0.24

51.74
14.56
11.39
4.67
8.31
1.59
0.59
1.74
0.26
0.20

54.03
15.74
12.58
5.30
9.30
3.17
1.41
2.04
0.32
0.23

Birkett flow (N = 32)
Si° 2
A120 3
FeO
MgO
CaO
Na2O
K20
TiO2
P205
MnO

53.33
15.04
12.06
4.92
8.72
2.48
0.89
1.88
0.29
0.21

0.44
0.30
0.32
0.16
0.24
0.34
0.15
0.08
0.02
0.01

McCoy Canyon flow (N 2 38)
Si02
A1203
FeO
MgO
CaO
Na2O
K2 0
Ti02
P20 5
MnO

53.67
14.95
12.61
4.59
8.37
2.41
1.04
1.97
0.29
0.22

0.46
0.32
0.68
0.24
0.24
0.40
0.23
0.08
0.02
0.01

T.4-9

52.89
14.40
11.89
3.85
7.48
1.43
0.70
1.80
0.25
0.19

54.79
15.81
14.45
5.38
8.81
3.09
2.21
2.26
0.36
0.29

S
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Table 4.1-2. MaJor-element composition of Grande Ronde
Basalt flows in the primary Isolation zone
(sheet 3 of 3)
Oxide

Mean

Standard
deviation

Minimum
value

Maximum
value

Umtanum flow (N = 52)
S102
A12 03
FeO
MgO
CaO
Na2O
K2 0
Ti0 2
P2 05
MnO

54.68
14.68
13.08
3.55
7.17
2.57
1.50
2.22
0.35
0.22

0.87
0.29
0.79
0.22
0.34
0.37
0.17
0.08
0.02
0.01

51.26
14.08
12.21
3.15
6.69
1.66
0.96
2.06
0.30
0.19

56.03
15.37
15.35
4.45
8.59
3.19
2.22
2.43
0.38
0.29

All other high-magnesium chemical type flows in
the primary isolation zone (N - 120)
5102
A12 03
FeO
MgO
CaO
Na2O
K20
TiO 2
P205
MnO

53.78
15.12
13.54
4.84
8.58
2.45
1.00
1.81
0.28
0.21

0.64
0.40
0.58
0.25
0.30
0.33
0.26
0.12
0.02
0.01

52.03
14.18
11.96
3.89
7.43
1.12
0.67
1.52
0.19
0.16

55.52
16.13
14.69
5.35
9.43
2.99
3.08
2.06
0.35
0.25

Source: Statistical parameters derived from data in
Landon (1984).
NOTE: Values are in wt%.

T.4-10
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Table 4.1-3. Trace element concentrations (p/m) for basalt
in the primary isolation zone (sheet 1 of 2)
Element

Number of
samples

Standard
deviation

Mean

Minimum
value

Maximum
value

28.5
6.4
35.0
38.3
309.4
181.5
13.9
0.62
512
-15.2
48.0
6.37
1.90
0.75
3.10
0.47
4.76
0.61
4.99
1.25

36.1
8.3
38.2
51.1
355.0
201.2
18.1
1.45
770
25.0
56.6
7.26
2.32
1.35
4.36
0.70
5.30
0.99
6.59
1.70

Low-magnesium chemical type
Scandium
Chromium
Cobalt
Rubidiuma
Strontiuma
Zirconiuma
Niobium
Cesium
Bariuma
Lanthanum
Ceriuma
Samarium
Europium
Terbium
Ytterbium
Lutetium
Hafnium
Tantalum
Thorium
Uranium

10
3
10
6
6
6
6
4
9
10
10
10
10
7
10
10
10
9
10
2

33.2
7.3
36.8
44.7
319.0
189.0
16.1
1.16
607
22.9
52.2
6.80
2.05
1.11
3.76
0.57
5.05
0.81
5.82
1.48

T.4-11

2.5
1.0
1.2
5.3
10.2
8.2
1.4
0.37
75
2.8
3.0
0.33
0.13
0.24
0.36
0.08
0.19
0.10
0.55
0.32
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Table 4.1-3.' Trace element concentrations (p/m) for basalt
in the primary isolation zone (sheet 2 of 2)
Element

Number of
samples

Mean

Standard
deviation

Minimum
value

Maximum
value

28.2
19.0
28.4
17.1
269.3
147.4
11.6
0.44
300
16.2
33.0
NA
5.18
1.42
0.57
2.54
0.37
3.18
0.44
0.94
0.71

39.1
48.0
43.5
61.0
323.4
328.0
21.2
1.14
1,020
39.7
87.4
NA
11.62
2.31
1.76
5.73
0.99
8.60
1.36
9.17
2.00

High-magnesium chemical type
Scandium
Chromium
Cobalt
Rubidiuma
Strontiuma
Zirconiuma
Niobium
Cesium
Bariuma
Lanthanum
Ceriuma
Neodymium
Samarium
Europium
Terbium
Ytterbium
Lutetium
Hafnium
Tantalum
Thorium
Uranium

42
39
42
23
23
23
23
20
31
42
42
1
42
42
37
40
42
42
41
39
8

35.2
35.5
38.0
32.4
308.7
166.6
14.2
0.85
468
19.2
43.1
41.0
5.92
1.81
0.98
3.47
0.51
4.29
0.74
3.78
1.19

2.6
8.0
3.2
8.3
13.7
44.3
2.2
0.19
141
4.2
9.0
NA
1.12
0.19
0.23
0.53
0.12
0.89
0.15
1.23
0.46

NOTE: All data used to obtain satistical parameters for
trace element concentrations are from BRMC Index Record
No. B062365-68, 8062301-03, 8062287-91, 8062293.
aConcentrations for these elements were determined by
x-ray fluorescence and instrumental neutron activation
analysis; concentrations for all other elements were
determined by instrumental neutron activation analysis only.
NA = not applicable.

T.4-12
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Table 4.1-4. Structural water (H2 0+), absorbed water (H20-), and total water
contents for samples of selected flow interiors in the primary isolation zone
a-

Structural water
(H2 0+)
Mean
Standard
value
deviation

Absorbed water
(H20-)
Mean
Standard
value deviation

Total
water
Mean
Standard
value
deviation

Flow

Number of
analyses

Rocky Coulee

4

0.72

0.13

1.13

0.43

1.85

0.40

10

0.67

0.24

0.78

0.34

1.45

0.35

McCoy Canyon

6

0.80

0.10

0.88

0.38

1.68

0.42

Umtanum

8

1.04

0.15

0.66

0.18

1.70

0.11

iD,

Cohassett

Source: Long et al. (1984, p. I-E-1).
NOTE: Values are in wt%.

C2 2
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Table 4.1-5.

The FeO and Fe2 O3 for selected flow interiors in the
primary isolation zone

I-

Fe2O3 + FeO

Number of

Mean

Standard

Number of

Mean

Standard

analyses

value

deviation

analyses

value

deviation

Rocky Coule

2

8.98

0.15

2

2.72

0.80

0.23.

Cohassett

6

9.15

0.65

5

2.22

0.53

0.20

McCoy Canyon

5

9.51

0.62

5

2.87

1.12

0.23

Umtanum

9

9.73

0.89

9

3.03

1.16

0.24

Flow

-4

Fe2 O3

Fe2 03

FeO

Source: From Long et al. (1984, p. I-F-1).
NOTE: All values are in wt%.

:00E
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Table 4.1-6. Relative proportions
of secondary minerals in Grande
Ronde Basalt, Pasco Basin
Vesicles

Fractures

Smectite

-32

475

Zeolitea

.,43

20

Silica

P25

5

Mineral

Source:

From Benson and Teague

(1979, pp. 31-41).
NOTE: Values are in percent by
volume of total amount present.
aDominantly clinoptilolite.

T.4-15
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Table 4.1-7. Average compositions (wt %) for
smectites in the primary isolation zone
(sheet 1 of 2)
Oxide

Standard
deviation

Mean

Minimum
value

Maximum
value

Early smectite (N r 13)

S102
A1203
TiO 2
FeO
MnO
CaO
MgO
K20
Na2O

44.87
7.27
0.57
25.40
0.22
2.02
4.89
2.26
1.27

2.06
1.24
1.27
2.19
0.04
0.42
0.50
0.45
0.45

42.28
5.94
0.38
20.33
0.17
1.37
3.18
1.57
0.77

48.63
9.83
0.75
28.02
0.28
3.05
5.55
2.88
2.31

Intermediate smectite (N - 89)
Sio2

Al 203
Ti 2
FeO
MnO
CaO
MgO
K20
Na2 O

44.82
6.65
0.83
18.18
0.15

1.66
7.67
2.05

0.93

4.78
1.64
1.40
5.84
0.08
0.71
2.73
1.03
0.38

T.4-16

32.36
3.16
0.08
6.84
0.00

0.55
4.64
0.50
0.00

54.43
11.43
9.65
28.37
0.35
4.49
13.15
4.90
1.80
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Table 4.1-7. Average compositions (wt %) for
smectites in the primary isolation zone
(sheet 2 of 2)
Mean

Oxide

Standard
deviation

Minimum
value

Maximum
value

Late smectite (N = 6)
45.16
3.31
0.14
27.67
0.53
1.32
3.60
0.73
0.44

S102
A12 03
TiO2
FeO
MnO
CaO
MgO
K2 0
Na2O

3.28
0.12
0.07
2.15
0.09
0.06
0.13
0.49
0.22

42.05
3.13
0.06
25.36
0.42
1.24
3.46
0.23
0.21

49.60
3.50
0.23
29.77
0.64
1.39
3.81
1.24
0.75

(1)All values are in wt%.
(2)Statistical parameters derived from data
in BRMC Index Record No. 8088328.
NOTE:

T.4-17
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Table 4.1-8a. Average composition (wt%)
for clinoptilolite in the primary
isolation zone (for 29 samples)

Oxide

Meana

Standard
deviation

Si0o

68.51
12.34
NA
0.13
NA
0.42
1.13
NA
3.02
3.09

2.28
0.45
NA
0.07
NA
0.10
0.50
NA
0.99
0.62

Al83
Ti~o
Fe883b
MnO
BaO
CaO
MgO
K2 0
Na2O
Source:

Benson and Teague (1979).

Table 4.1-8b. Average composition (wt%)
for clinoptilolite in the primary
isolation zone
Oxide
Oxide

Meana
Meana

SiO 2
70.55
A1203
13.07
T1O 2
0.04
Fe2O3 b 0.18
MnO
0.01
BaO
ND
CaO
2.17
MgO
0.03
K20
2.70
Na2O
1.31

Standard
deviation
2.26
0.90
0.09
0.17
0.02
NO
1.20
0.03
1.24
0.48

Minimum
value

Maximum
value

64.06
8.47
0.00
0.00
0.00
NO
0.71
0.00
1.09
0.36

78.60
14.66
0.61
1.03
0.12
NO
7.82
0.19
5.64
2.31

Source: BRMC Index Record No. B088328.
NOTE: All values are in wt%.
NA = Not available.
ND = Not determined.
aValues do not total 100% because
analyses of some oxides and H2 0 are not
available.
bTotal iron as Fe203.

T.4-18
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Table 4.1-9. Average composition of silica in
the primary isolation zone
Oxide
Meana
Oxide Meana

Standard
deviation

Minimum
value

Maximum
value

Colored silica (N = 13)
SiO 2
A12 03
Ti0 2
FeO*
MnO
CaO
MgO
K2 0
Na2 O

54.72
1.65
0.07
2.23
0.04
0.18
0.50
0.70
0.25

17.94
3.42
0.04
1.97
0.04
0.23
0.29
1.24
0.26

30.85
0.38
0.00
0.08
0.00
0.06
0.04
0.09
0.00

96.25
13.03
0.12
5.47
0.10
0.93
0.86
4.74
0.93

Colorless silica (N = 11)
SiO 2
A1203
TiO 2
FeO*
MnO
CaO
MgO
K2 0
Na20

84.34
0.62
0.02
0.98
0.01
0.10
0.01
0.17
0.27

6.63
0.08
0.03
0.11
0.02
0.03
0.02
0.08
0.14

77.13
0.52
0.00
0.00
0.00
0.05
0.00
0.09
0.00

97.08
0.74
0.10
0.39
0.04
0.13
0.04
0.28
0.38

NOTE: (1)Statistical parameters derived from data
in BRMC Index Record No. B088328.
(2)All values are in wt%.
aValues do not total 100% because analyses of some
oxides and H20 are not available.

T.4-19
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Table 4.1-10. Average composition of celadonite
from the central Pasco Basin
Oxide

OxieeaStandard
Meana
deviation

Minimum
value

Maximum
value

34.23
2.80
0.35
8.71
0.08
0.17
3.98
4.57
0.21

51.92
4.82
0.63
15.57
0.21
0.28
7.53
8.19
0.62

Celadonite (N = 13)
SiO 2
A12 03
TiO 2
Fe2O3 b
MnO
CaO
MgO
K20
Na2O

42.34
4.07
0.53
13.16
0.14
0.24
6.51
6.59
0.43

6.26
0.52
0.09
2.04
0.04
0.03
0.92
1.27
0.12

NOTE: (1) Statistical parameters derived from data
in BRMC Index Record No. B088328.
(2) All values are in wt%.
aValues do not total 100% because analyses of some
oxides and H20 are not available.
bTotal iron as Fe2O3.

T.4-20
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Table 4.1-11.

Flow

ClayC

Relative proportions of secondary minerals in the primary isolation zone
in the controlled area study zone
RRL-2a
Silica
Zeolite

Pyrite

Rocky Coulee
Cohassett

89

9

1

<1

ClayC

RRL-2, RRL-6, RRL-14, DC-16b
Silica Pyrite Void
Zeolite

Unknown

81

5

13

<1

<1

<1

88

6

4

<1

<1

<1

81

5

11

<1

<1

1

59

30

10

<1

<1

<1

-0
iD

McCoy Canyon
Umtanum

53

37

9

1.5

aData are from Long et al. (1984, p. 1-124) and are averages of more than 200 visual estimates
from each flow.
bOata are from Lindberg (1986, p. 48) and are visual estimates of percentages of
3,194 fractures in which indicated mineral dominates the secondary assemblage.
COominantly smectite.

= -

;a
SPa

co %
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Table 4.1-12. Average chemical compositions
of basalt in the lower buffer zone
(sheet 1 of 2)
Oxide

Mean

Standard
deviation

Minimum
value

Maximum
value

Very-high magnesium chemical type (N z 31)
S102
A12 03
FeO*
MgO
CaO
Na2O
K2 0
TiO 2
P205
MnO

52.35
15.28
11.70
5.66
9.49
2.56
0.61
1.69
0.27
0.21

0.86
0.32
0.41
0.27
0.73
0.38
0.50
0.06
0.02
0.02

50.74
14.79
10.46
4.71
6.63
1.71
0.22
1.57
0.17
0.16

55.63
16.30
13.03
6.39
10.43
3.07
3.11
1.79
0.30
0.30

High-magnesium chemical type (N = 12)
Si° 2
A12 03
FeO*
MgO
CaO
Na2O
K20
TiO 2
P205
MnO

53.26
14.98
12.76
4.84
8.70
2.05
0.77
1.90
0.32
0.21

0.57
0.41
0.39
0.30
0.33
0.43
0.26
0.05
0.01
0.01

52.13
14.30
12.06
4.38
8.23
1.57
0.33
1.83
0.30
0.19

53.95
15.50
13.42
5.35
9.18
2.90
1.14
2.03
0.33
0.23

Low-magnesium chemical type (N = 69)
S102
AA1
2 03
FeO*

55.10
15.02
12.17

1.07
0.38
0.71

T.4-22

52.63
14.23
11.20

57.68
15.93
13.59
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Table 4.1-12. Average chemical compositions
of basalt In the lower buffer zone
(sheet 2 of 2)
Oxide
MgO
CaO
Na2O
K20
Ti0 2
P205
MnO

Mean
3.60
7.20
2.62
1.57
2.01
0.32
0.20

Standard
deviation

Minimum
value

0.17
0.29
0.43
0.33
0.14
0.02
0.01

3.12
6.24
1.51
0.94
1.79
0.27
0.18

Source: Data from Landon, 1984.
NOTE: All values are in wt%.
*Total iron as FeO.

T.4-23

Maximum
value
4.17
7.78
3.75
2.61
2.34
0.36
0.24
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Table 4.1-13. Trace element concentrations for basalt
in the lower buffer zone (sheet 1 of 3)
Element

Number of
samples

Standard
deviation

Me
an

Minimum
value

Maximum
value

35.5
31.1
37.5
24.8
330.0
132.2
12.3
0.24
350
16.8
34.1
NA
5.09
1.69
0.85
2.76
0.42
3.59
0.48
2.76

39.2
46.8
39.2
29.1
346.0
135.9
12.8
1.04
460
18.4
40.8
NA
5.50
1.91
1.10
3.60
0.48
3.95
0.62
3.04

High-magnesium chemical type
Scandium
Chromium
Cobalt
Rubidium*
Strontium*
Zirconium*
Niobium
Cesium
Barium*
Lanthanum
Cerium*
Neodymium
Samarium
Europium
Terbium
Ytterbium
Lutetium
Hafnium
Tantalum
Thorium

6
6
6
2
2
2
2
3
3
6
6
0
6
6
6
6
4
6
6
6

37.0
36.7
38.4
27.0
338.0
134.0
12.6
0.61
405
17.5
38.7
NA
5.34
1.78
0.94
3.20
0.45
3.71
0.56
2.85

T.4-24

1.7
6.1
0.8
3.0
11.3
2.6
0.4
0.40
53
0.6
2.5
NA
0.14
0.08
0.09
0.31
0.03
0.14
0.05
0.11

I.
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Trace element concentrations for basalt
in the lower buffer zone (sheet 2 of 3)

'.,4.1-13.

..t.

F ' e er t

Number of
samples

Mean - Standard

Mendeviation

Minimum
value

Maximum
value

27.4
5.1

34.6
19.5
43.7
68.3
365.0
191.1
17.5
2.43
850
26.7
58.1
40.0
7.19
2.14
1.21
4.59
1.00
5.80
1.39
7.27
2.50

Low-magnesium chemical type

40
35
40
30
13
13
13
31
38
40
40
2
40
39
40
40
39
40
36
40
15

30.2

8.1
35.7
46.7
326.2
183.6
14.8
1.32
581
23.5
49.0
34.0
6.25
1.92
1.02
3.53
0.54
4.90
0.79
5.59
1.52
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1.9
2.8
2.3
13.0
14.2
3.8
1.7
0.49
91
2.0
5.7
8.5
0.53
0.11
0.09
0.36
0.09
0.34
0.14
0.87
0.35

32.3

17.6
310.4
177.0
11.6
0.56
400
14.8
29.6
28.0
4.24
1.57
0.84
2.90
0.38
4.22
0.50
3.75
0.92
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Table 4.1-13. Trace element concentrations for basalt
in the lower buffer zone (sheet 3 of 3)
Element

Number of
samples

Standard
deviation

Mean

Minimum
value

Maximum
value

Very high-magnesium chemical type
Scandium
Chromium
Cobalt
Rubidium*
Strontium*
Zirconium*
Niobium
Cesium
Barium*
Lanthanum
Cerium*
Neodymium
Samarium
Europium
Terbium
Ytterbium
Lutetium
Hafnium
Tantalum
Thorium
Uranium

12
12
12
9
8
8
8
6
9
12
12
1
12
12
12
12
12
12
11
12
0

39.4
110.6
42.3
13.0
356.2
120.5
29.7
0.56
385
14.9
33.8
19.7

1.6
10.8
3.6
5.2
15.9
5.4
46.2
0.24
55
1.7
5.3
NP

36.9
90.0
38.0
6.4
344.7
112.1
10.2
0.37
307
12.9
28.3
NP

41.8
130.0
50.0
24.2
394.0
130.2
144.1
1.03
470
19.5
48.8
NP

4.92
1.67
0.85
3.01
0.47
3.38
0.55
2.13
NP

0.21
0.16
0.20
0.45
0.05
0.28
0.14
0.22
NP

4.58
1.44
0.49
2.24
0.37
2.98
0.36
1.79
NP

5.27
2.06
1.22
3.68
0.54
3.92
0.83
2.44
NP

NOTE:

(1) All values are in p/m.
(2) All data used to obtain statistical parameters
for trace-element concentrations are from BRMC Index Record
No. B062365-68, 8062301-03, B062297-99, B062294-95, 8062287-91,
8062293.
(3)NA - not analyzed or below detection limits.
4NP a not applicable.
*Concentrations for these elements were determined by
x-ray fluorescence and Instrumental neutron activation
analysis; concentrations for all other elements were determined
only by instrumental neutron activation analysis.
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Table 4.1-14. Petrographic modes for the very highmagnesium flow in the lower buffer zone
Sample Sample

Plagioclase
Pyroxene
Mesostasis
Iron-titanium oxides
Alteration products
Other
Olivine

Mean
~ Standard
Mean (X)
deviation

MenStandard
Mean (%) deviation

RRLO2-3870.8

RRL02-3878.4

43.57
22.83
10.24
2.87
20.11
0.38
0.00

1.77
0.88
0.58
0.38
2.10
0.04
0.00

RRL06-3176.2
Plagioclase
Pyroxene
Mesostasis
Iron-titanium oxides
Alteration products
Other
Olivine

43.77
26.00
12.25
2.72
13.05
2.17
0.03

1.36
1.48
1.47
0.23
1.75
0.36
0.04

RRL14-3972.4
Plagioclase
Pyroxene
Mesostasis
Iron-titanium oxides
Alteration products
Other
Olivine
Source:

47%57
26.83
9.13
2.32
13.58
0.55
0.03

0.97
1.29
0.15
0.31
0.84
0.30
0.04

45.99
25.07
9.26
3.10
16.01
0.48
0.01

RRL14-3939.3
43.15
23.41
9.74
2.47
20.09
1.05
0.10

1.02
0.96
0.60
0.19
0.95
0.26
0.07

RRL06-3991.3
46.72
27.12
10.03
2.28
12.95
0.85
0.05

Data from BRMC Index Record No. 8052882-8052887.
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1.38
1.88
0.43
0.32
0.93
0.23
0.12

0.91
1.01
0.54
0.51
0.80
0.18
0.05
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Table 4.1-15. Chemical composition for basalt
in the upper buffer zone (sheet 1 of 2)
Oxide

Mean

Standard
deviation

Minimum
value

Maximum
value

Priest Rapids Member (N a 52)
S10 2
A12 03
FeO*
MgO
CaO
Na2O
K20
Ti0 2
P2 05
MnO

49.93
14.10
14.64
4.76
8.63
2.44
1.05
3.35
0.67
0.24

6.58
0.39
0.75
0.52
0.48
0.18
0.20
0.22
0.06
0.02

49.12
13.28
12.10
3.48
6.69
2.08
0.59
2.99
0.62
0.20

51.81
14.94
16.64
5.67
9.53
3.10
1.58
3.89
1.04
0.28

Roza Member (N = 43)
Si02
A1203
FeO*
MgO
CaO
Na2 O
K20
Ti0 2
P205
MnO

50.62

0.44

49.67

51.72

14.64
15.50
4.56
8.58
2.56
1.12
3.05
0.55
0.23

0.32
0.67
0.21
0.20

14.02
13.50
3.83
8.18
2.06
0.64
2.89
0.52
0.16

15.37
16.44
4.99
9.05
2.91
1.27
3.27
0.63
0.25

0.19

0.12
0.09
0.02
0.02
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Table 4.1-15. Chemical composition for basalt
in the upper buffer zone (sheet 2 of 2)
Oxide

Mean

Standard
deviation

Minimum
value

Maximum
value

Frenchman Springs Member (N = 220)
Si° 2
A12 03
FeO*
MgO
CaO
Na2O
K2 0

TiO 2
P205
MnO

51.31
14.28
14.39
4.15
8.18
2.53
1.20
3.00
0.54
0.23

0.64
0.42
0.58
0.31
0.55
0.28
0.17
0.11
0.07
0.02

Source: Data from Landon, 1984.
NOTE: Values are in wt%.
*Total iron ds FeO.
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50.07
12.83
11.87
1.54
0.96
0.28
0.68
0.58
0.10
0.17

56.79
16.39
16.05
5.08
8.93
3.17
1.83
3.29
0.75
0.43

CONTROLLED DRAFT 0
DECEMBER 22, 1986

Table 4.1-16. Trace element concentrations for
basalt in the upper buffer zones
Element

Number of
samples

Me
an

Standard
deviation

Minimum
value

Maximum
value

Frenchman Springs Member, Wanapum Basalt
Scandium
Chromium
Cobalt
Cesium
Barium*
Lanthanum
Cerium*
Neodymium
Samarium
Europium
Terbium
Ytterbium
Lutetium
Hafnium
Tantalum
Thorium
Uranium

4
4
4
4
3
4
4
3
4
4
4
4
4
4
4
4
0

38.2
29.8
38.6
0.94
453
25.3
52.1
33.7
5.00
1.95
1.02
3.02
0.60
4.29
0.76
3.40
NA

0.8
2.0
1.6
0.33
55
7.3
15.0
4.1
2.69
0.18
0.20
0.89
0.30
0.10
0.07
0.08
NA

37.1
27.1
37.2
0.48
390
20.2
32.9
29.8
1.00
1.77
0.73
1.75
0.30
4.18
0.71
3.34
NA

38.8
31.5
40.8
1.22
490
36.0
69.9
38.0
6.66
2.20
1.18
3.79
1.00
4.42
0.87
3.50
NA

Source: All data used to obtain statisical parameters for
trace element concentrations are from BRMC Index Record
No. 8062297-99 and _
NOTE: All values are in p/m.
NA * Not applicable.
*Concentrations for these elements were determined by
x-ray fluorescence and instrumental neutron activation
analysis; concentrations for all other elements were
determined only by instrumental neutron activation analysis.
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Table 4.1-17.

Sample

Petrographic modes for basalt flows
in the upper buffer zone
Mean (%)

Standard
deviation

RRL06-2295.7a
Plagioclase
Pyroxene
Mesostasis
Iron-titanium oxides
Alteration Products
Other
Olivine

2.17
0.77
2.16
0.59
0.60
0.29
0.62

41.92
22.54
20.38
5.20
5.23
1.68
3.05

RRL06-2196.0a
Plagioclase
Pyroxene
Mesostasis
Iron-titanium oxides
Alteration Products
Other
Olivine

34.80
20.05
26.54
5.59
8.23
2.74
2.05

0.92
0.72
0.73
0.51
1.12
0.53
0.63

Average Priest
Rapids Member
(N = 12) b

Plagioclase
Pyroxene
Glass
Opaques
Alteration Products
Olyivine

4.32
4.06
6.02
2.71
1.63
1.58

41.00

23.27
21.50
9.81
1.50
3.25

Mean (%)

Men()

Standard

deviation

RRL06-2392.6a
35.44
16.26
24.29
3.83
16.53
2.58
1.08

1.22
0.77
1.09
0.48
1.10
0.41
0.29

RRL06-2552.7a
37.83
17.53
26.49
5.28
6.35
3.25
3.28

2.03
0.52
2.13
0.54
0.80
0.45
0.23

Average Rosa
Member (N = 1O)b
40.83
23.75
20.00
9.85
4.32
1.69

5.95
3.25
8.79
2.60
3.26
1.52

Average Frenchman
Springs Member
(N = 15)b

Plagioclases
Pyroxene
Glass
Opaques
Alteration Products
Olivne

37.88
20.86
20.00
9.95
3.87
1.38

6.76
6.25
7.02
2.53
2.42
1.23

aData from 8RMC Index Record No. 8052844-47.
bStatistlcal parameters derived from data in Taylor (1976,
P. 109).
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Table 4.1-18. General temperature
ranges for formation and existence
of secondary minerals
Minerals
Common
Smectite
Illite
Celadonite
Clinoptilolite
Mordenite
Opal
Cristobalite

Approximate
temperature
range (°C)
- 200
- 300
- 400
- 120
- 250
<50
25 - 175

Quartz

25 -. 573

Tridymite

25 - 117

1, 2
3, 9
8, 14
4, 10
18, 5
4
15, 7
15
15

Less common
Phillipsite
Chabazite
Erionite
Analcime
Walrakite
Pyrite
Calcite

- 250
- 85
- 120
- 140
<600
4 - <300
20 - <300

11, 5
11, 5
11, 16
11, 5
5, 17
12, 5
13, 5

*

1

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

ODa.v.

4
200
25
4
65

Source*

4
4
4
4

r107cl

Kristmannsdottir (1976).
Hoffman and Hower (1979).
Aoyagi and Kazama (1980).
Kristmannsdottir (1975).
Elders et al. (1981).
Brown and Ellis (1970).
Andrews (1980).
McOowell and Elders (1980).
Nathan and Flexer (1977).
Surdam (1981).
Berner (1971).
Donner and Lynn (1977).
Wise and Eugster (1964).
Deer et al. (1963, p. 180).
Ulmer and Grandstaff (1984).
Helgeson et al. (1978).
Gottardi and Galli (1985).

T.4-32

b.

CONTROLLED DRAFT 0
DECEMBER 22, 1986

Table 4.1-19. Estimates of methane concentrations in groundwater
from the reference repository location area
Borehole
DC-16A

RRL-2

-CH4 concntrationCH4
saturation
~~(in sit'u)
(mg/L)

(mgcL)

Stratigraphic zone
Frenchman Springs
Member
Vantage interbed
Rocky Coulee Flow
Cohassett flow bottom
Umtanum flow top
Umtanum fracture zone
Very-high-magnesium
flow top

225-358
345-663
102-487

21-34
31-60
9-43

392-1,135 (9-17-82)a
378-593 (10-24-8 3)a
610-801
468-1,222

32-93
31-48
47-62
36-93

512-860

39-65

RRL-6B

Umtanum flow top

277-742

21-57

RRL-14

Cohassett flow top

363-645
127-804
409-566
390

31-55
11-68
33-46
30

Cohassett flow bottom
Umtanum flow top
Source: Data are from Early (1986).
aSample collection date.
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Table 4.1-20. Estimated temperatures and pressures for Frenchman
Springs Member and Cohassett flow basalts at the reference
repository location (borehole RRL-2)
Description
Depth rangea
(m)
(ft)
Temperature
(.C)b
Hydrostatic pressureb
(mPa)
(lb/in2 )

Member
Springs interbed)
Frenchman Vantage
(including

flow
Cohassett
Chsetfo

585.8-819.0
1,921-2,686

912.3-992.1 (969.6)c
2,992-3,254 (3,180)C

37.8-46.8

50.4-53.5 (52.7)c-

5.6-7.8
812-1,131

8.6-9.4 (9.2)C
1,247-1,363
(1,334)C

aOepth ranges are based on position of upper and lower contacts of
the respective horizons in RRL-2. Depth value in parentheses Is depth to
estimated repository midline (Early et al., 1983, p. 1-186).
bTemperature and pressure ranges reported are based upon the equations given in Figures 4.1-10 and 4.1-12, respectively.
CValues in parentheses are estimated mean temperature and pressure
values at the repository midTine depths for each horizon in RRL-2.
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Table 4.1-21.

Composition of synthetic reference groundwaters
used for experimental studies
.Concentration (mg/L)

Constituents
Na+
K4
Ca2 +
Mg2 +
Cl
C02HCO3
FS0SiO2
pH
Ionic strength

GR-1a

GR-lAb

GR-2c

GR-2AC

GR-3d

GR_4e

30.7
9.0
6.5
1.0
14.4
0
81.5
0
11.1
25
8.0
0.002

107
11.2
2.0
0.4
SO
0
215
1.3
2.4
30
8.5
0.005

225
2.5
1.06
0.07
131
59
75
29
72
108
10.0
0.014

246
2.5
1.01
0.0
152
28.8
36.6
37
108
82
10.0
0.012

358
3.4
2.8
0.032
312
12.9
42.9
33.4
173
76.2
9.8
0.018

334
13.8
2.2
0.0
405
17.2
73.4
19.9
4.0
96.1
9.7
0.015

aSimulated groundwater for the Saddle
Basalts (Salter et al., 1981b).
bSimulated groundwater for the Mabton
Basalt; Barney, 1984).
CSlmulated groundwater for the Grande
et al., 1981b; GR-2A: Barney, 1981a).
dSimulated groundwater for the Grande

p. 4).

Mountains and upper Wanapum
interbed (Saddle Mountains
Ronde Basalt (GR-2:

Salter

Ronde Basalt (Jones, 1982,

eSimulated groundwater for the Grande Ronde Basalt in the reference
repository location (Dill et al., 1984).
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Table 4.1-22. Preliminary list of key radionuclides for a
nuclear waste repository in basalt (based on
1,000-yr-old commerical spent fuel)
Element

Isotopea

1,000-yr inventoryb
(Ci/MTHM)

Americium
Plutonium
Uranium
Carbon
Neptunium
Curium
Nickel
Zirconium
Thorium
Niobium
Technetium
Tin
Cesium
Selenium
Iodine
Palladium
Samarium

241AM

1,430
649
4.08
2.16
1.74
1.74
6.34
3.32
0.0331
2.18
21.0
1.46
0.765
0.710
0.0568
0.244
0.241

240 Pu
234 U
14 C
237Np
245Cm
59N1
93Zr
23OTh
94Nb
99Tc

126Sn
135Cs
79 Se
129I
107Pd
151 sm

EPA limitC
(Ci/MTHM)
0.1
0.1
0.1
0.1
0.1
0.1
1
1
0.01
1
10
1
1
1
0.1
1
1

Inventory
EPA limit
14,300
6,490
40.8
21.6
17.4
17.4
6.34
3.32
3.31
2.18
2.10
1.46
0.765
0.710
0.568
0.244
0.241

NOTE: (1) Information based on PWR reactor spent fuel with a
burnup of 60,000 MWd/MTIHM.
(2) EPA - U.S. Environmental Protection Agency.
aWhen more thin one lsotop of an element met the screening
criteria (e.g., '4 LAm, Z42Am, Z43 Am), the one with the highest
inventory is shown.
bFrom Roddy et al. (1985).
CFrom EPA (1985, p. 38087).

T.4-36

CONTROLLED DRAFT 0
DECEMBER 22, 1986

Table 4.1-23. Oxidation states of radionuclides reduced by
0.01M hydrazine in groundwater solutions

Element

Starting

Reduced.Rfrne

species

oxidation state

Uranium

UOT

Uranium(IV)

Neptunium

NPO+

2 Neptunium(IV)

References
Kalnins and Gibson (1959)
Keller (1971); Koltunov and
T~~~~~466
---

I

III.uluv

11c71%
I:7/oJ

Plutonium

PuO+

Plutonium(IV) or Koltunov and Zhuravleva
(1974)
Plutonium(III)

Technetium

TcO~

Technetium(IV)

Spitsyn et al. (1983)

Selenium

seoi-

Selenium(-II)

Benzing et al. (1957)

T.4-37

C

C
Table 4.1-24.

(

A summary of radionuclide sorption measurements completed for geologic solids
and groundwaters found in the Columbia River Basalt Group
Equilibration

Redox

Temperature

Geologic solids

Synthetic

Umtanum flow
basalt entablature, crushed

GR-1
GR-2
GR-3

Selenium, strontium, technetium,
iodine, cesium, radium, uranium,
plutonium, neptunium, americium,
thorium

1-90

Oxidizing,
reducing

23, 60,
150, 300

Cohassett flow
basalt entablature, crushed

GR-3

Selenium, strontium, technetium,
radium, uranium, plutonium,
neptunium

1-90

Oxidizing,
reducing

60

Umtanum flow
top, crushed

GR-3

Selenium, zirconium, technetium,
lead, radium, thorium, uranium,
neptunium, plutonium

1-56

Oxidizing,
reducing

60

Mixed secondary
minerals from
the Pomona flow,
blended

GR-1
GR-2

Selenium, strontium, technetium,
iodine, cesium, radium, uranium,
neptunium, plutonium

60

Oxidizing,
reducing

23, 60

Mabton interbed,
unconsolidated

GR-1A

Selenium, technetium, tin,
radium, uranium, neptunium,
plutonium, americium

14

Oxidizing,
reducing

23, 60, 85

Rattlesnake
Ridge interbed,
unconsolidated

GR-2

Selenium, strontium, technetium,
cesium, radium, uranium,
neptunium, americium

14

Oxidizing,
reducing

23, 60, 85

Geoogi
soidsgroundwatera

Radionucl ides

tim

(d)

conditionsb

(CI)

-4
0p,

NOTE: Not all combinations of experimental conditions shown in this table have been used for
experiments with each solid material.
aCompositions of these synthetic groundwaters are given in Subsection 4.1.2.10.
boxidizing conditions = air-saturated solutions; reducing conditions = 0.05 to O.1M hydrazine
solutions.

rn-

r 0,

CDo
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Table 4.1-25.
Description

Sources of solid materials used in sorption measurements
References to
detailed
~~~~~~~characterization

SampleSource

numbera

Crushed basalt
entablature

RUE-1

Umtanum flow outcrop at the
Emerson Nipple stratigraphic
section (see Chapter 3)

Salter et al.
(1981b,
pp. 6-10)
Palmer et al.
(1982,
pp. 13-16)

Crushed basalt
entablature

RS8-1

Cohassett flow outcrop at
Sentinel Gap stratigraphic
section (see Chapter 3)

Long et al.
(1984, pp. 1-68
to 1-79)

Crushed basalt
flow top

--

Umtanum flow top from borehole cores

In preparation

Secondary
minerals
(smectite
clay)

--

Pomona flow from excavation
of Near-Surface Test Facility

Salter et al.
(1981a, pp. 4-8)
Palmer et al.
1982, pp. 38-42)

Mabton Interbed from borehole cores

Barney (1983,
p. 4)
Palmer et al.
(1982, pp. 17-30)

Unconsolidated
interbed
material

R047A

Rattlesnake Ridge interbed from outcrop at Sentinel Gap,
Washington

Barney (1982,
p. 14)
Palmer et al.
(1982, pp. 50-54)
dDashes indicate that no sample number has been assigned to the
material.

Unconsolidated
interbed
material

--
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Table 4.1-26. Time required for radionuclide sorption reactions to
reach 90% completion on fresh basalt and altered basalt flow-top
surfaces from GR-3 groundwater at 60 QC
Radionuclide
Thorium
Plutonium

Ehb

Initial
concentration
WpH(M)

Fresh basalt
Flow top

0
0

2.05 E-10
1.03 E-10

Fresh basalt

0
R
0
R

1.06
3.73
3.94
3.84

E-10
E-12
E-12
E-12

8.4
10.3
9.0
10.5

151
250
0.5
<0.25

0
R
0
R

4.37
4.07
5.79
5.04

E-11
E-11
E-l1
E-11

8.3
10.1
9.0
10.3

>840
28
2
<0.25

0
R
0
R

4.38
4.50
4.83
5.04

E-07

8.3

E-07

10.3

67

E-07
E-07

9.2
10.9

89

Flow top
Neptunium.

Fresh basalt
Flow top

Uranium

Fresh basalt
Flow top

Fil
Fin

Time required
to reach 90%
completion (h)

Solidr
sorbant

8.7
8.9

,576
<0.25

168

<0.030

Radium

Fresh basalt
Flow top

0
0

9.89 E-09
4.44 E-09

9.1
9.1

Technetium

Fresh basalt
Flow top

R
R

3.43 E-12
5.77 E-12

9.2
10.5

132
2

Lead

Fresh basalt
Flow top

0
R
0
R

1.25
1.25
1.25
1.25

8.3
10.8
8.8
10.8

455
276
<0.5
<0.5

Fresh basalt
Flow top

0
0

4.60 E-12
4.60 E-12

Zirconium

E-09
E-09
E-09
E-09

8.89
10.7

132
<0.25

>1,560
0.83

aThe fresh basalt used in these measurements was 16- to 60-mesh
crushed basalt of the Cohassett flow entablature, except for thorium and
zirconium where 20- to 60-mesh crushed basalt of the Umtanum flow entablature was used. The flow-top material was from the Umtanum flow.
bR - reducing conditions (O.1M hydrazine); 0 = oxidizing conditions
(air-saturated solutions).
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Table 4.1-27. Extent of radionuclide desorption from
fresh basalt and altered flow-top basalt into GR-3
groundwater at 60 OC
Radionuclide

Sorbanta

condRedox.
itionsb

desorbed
Time (h) Percent

23 7Pu

Flow top
Fresh basalt

0
0

336
336

235 Np

Fresh basalt
Flow top

0
0

312
5 to 600

27
1.3

233 U

Fresh basalt
Flow top

0
0

168
624

19
<0.1

95MTc

<1
<1

Fresh basalt
R
1,392
2.5
aThe fresh basalt used in these measurements was 16- to
60-mesh crushed basalt of the Cohassett flow. The flow top was
from the Umtanum flow.
bR = reducing conditions (0.1M hydrazine); 0 = oxidizing
conditions (air-saturated solutions).
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Table 4.1-28. Freundlich constants and Kd ranges for sorption of selected radionuclides on
crushed basalts of the Umtanum and Cohassett flows at 60 'C (molar basis) (sheet 1 of 2)

0.998
0.996

1.000
1.000

0.31
0.030

1.2 E-13 - 1.9 E-06
1.8 E-13 - 8.3 E-06

6-43
1-3

R
0

0.101
0.022

1.01
1.03

1.000
1.000

0.033
0.034

9.4 E-13 - 9.2 E-07
5.2 E-12 - 3.8 E-06

100-110
9-16

0
0
0
R
R
0

0.17
NA
0.0087
0.32
(d)
717
(d)

0.97
NA
0.84
1.02
(d)
1.34
(d)

0.998
NA
0.994
1.000
(d)
1.000
(d)

0.22
NA
0.24
0.0094
(d)
0.035
(d)

5.5 E-14- 6.3 E-06
NA
3.6 E-12 - 3.4 E-04
2.1 E-15- 2.4 E-13
3.8 E-13- 3.5 E-12
5.0 E-l I - 8.6 E-09
5.0 E-l 1- 1.8 E-09

150- 180
NA
20-440
140:160
66- 120
.200 - 1,300
940 - 2,000

0.06
0.0034

0.99
0.92

0.998
0.999

0.057
0.019

3.6 E-08 - 1.5 E-05
4.6 E-08 - 5.5 E-06

54-67
8-12

0.00015
0.0002

0.54
0.68

0.981
1.000

0.13
0.003

5.0 E-09 - 1.3 E-06
9.9 E-08- 5.3 E-06

72-890
10-34

Umtanum

6R-2

R
0

Cohassett

GR-3

Umtanum
Cohassett
Umtanum
Umtanum
Cohassett
Umtanum
Cohassett

GR-2
GR-3
GR-2
GR-2

Umtanum
Cohassett

GR-2

Uranium

GR-3
GR-2

GR-3

mg

Kd range (mUg)

0.0062
0.0018

Selenium

Radiume

K ag

r2c

Gwaerud

Cesium
Technetium

~~~~~~~~Standard
Applicable concenoff
tration range
errorS
tainrne(!
~~~~~~~~~estimate

N

Basalt flow

Strontium

--

Ground-

K
Ehb
watera

Radionuclide

0
R
O

6R-3

R
0

R

179

1.15

0.999

0.072

3.8 E-15 - 2.0 E-13

1,000 - 2,000

Neptunium

Umtanum
6R-2
CohassetGR-3
Cohasseit
6R-3

Plutonium

Umtanum

GR-2

Cohasselt

GR-3

0
R
'O
R
0
R

0.0074
(d)
(d)
NA
0.951
6.04

0.94
(d)
(d)
NA
1.12
1.00

1.000
(d)
(d)
NA
0.931
0.916

0.056
(d)
(d)
NA
0.040
0.302

8.4 E-14 - 5.6 E-07
I1.OE-13 -2.0 E-13
2.0E-12 -2.1 E-11
NA
6.7 E-15 - 2.5 E-14
5.7 E-15 - 3.9 E-14

17-46
400 -2,000
11-13
NA
18-24
4.600-9.000

0

37.2

1.13

0.992

0.047

9.4 E-13 - 7.3 E-12

1,100-1,400

cm0

a0
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Table 4.1-28. Freundllch constants and Kd ranges for sorption of selected radionuclides on
crushed basalts of the Umtanum and Cohassett flows at 60 AC (molar basis) (sheet 2 of 2)
Radionuclide

GroundEhb
K
watera

N

r2 c

~~~~~~~Standard
Appial ocn
error of
rpaptionrabnge(M
~~~~~~~~~estimate
tainrne()

| KdnrangeemUg)K ag mg

.irconium
.rntanum
Zirconium

Umtanum

GR-3
GR-3

R
0

0.107
0.094

0.96
1.01

0.999
1.000

0.026
0.004

1.4 E-13 - 9.8 E-11
5.5 E-13 - 2.8 E-10

250-320
74-79

Lead

nitanu GR-3
Umtanum
GR-3

0R

(f
0.041

0.89

(f

Mf
0.998

(f
0.037

2.7
-5.2 E-09
2.6 E-IO
E- 10 -5.2 E-09

2,8005,900
550-790

Note:

-4

Basalt flow |Ground

(1) Data forcesium andstrontium sorption on Umtanum basalt fromAmesand McGarrah (1980); data for selenium.
technetium, radium, uranium, neptunium, and plutonium sorption on Umtanum basalt from Ames et al. (1981); all other
data is unpublished.
(2) NA = data are not available.
aGroundwater types are defined in table 6.4-3.
bR = reducing conditions (0.IM hydrazine); 0 = oxidizing conditions (air-saturated solutions).
cCoefficient of determination.
dSorption reaction did not reach a steady state after 1,152 h for radium, 504 h for technetium, 168 h for neptunium (reducing), and
840 h for neptunium (oxidizing).
ePrecipitation of radium issuspected for these measurements.
Sorption data did not fit the Freundlich isotherm.
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(

C

Table 4.1-29. Freundlich constants and Kd ranges for sorption of selected radionuclides on
Umtanum flow-top material at 60 OC (molar basis) from GR-3 synthetic groundwater

Standard

1.3 E-12 - 5.0 E-06
5.2 E-14 - 2.8 E-07

9-10
350-490

1.01
0.80

0.99
0.99

0.0
0.017

6.6 E-15 - 3.8 E-l1
1.5 E-16- 7.9 E-12

650-660
>10,000

(d)
4.8 E-06
e)(e)
(e)

(d)
0.67

(d)
0.84
(e)(e
(e)

(d)
0.15

(d)
7.5 E-14- 1.1 E-12
1.0 EE-122 -1.8
-7.9 E-I
E 12
1.3

(d)
40-330
4.1003,500
,200- 6.000

0
0
0
R
0
R

(e)
1.79
(C)
0.0099
c)W
8,130

(e)
0.986
(c)
1.00

O
R

0.013
(e)

(e)
0.99
(c)
0.99
(c)
0.88
0.99
(e)

(e)
0.18
(c)
0.0076
c)
0.17
0.032
(e)

R

0.865
0.190

0
TR
0R

Radium
Thorium
m
Uranium
Neptunium
Plutonium

Technetium
Lead Lea

-4i

0.020
c)

0.0097
(c)

____________

Kd range (mUg)

0.99
c)

0
R

Zirconium

ocn

tration range (co
trtoragC)

error of
estimate

K

Selenium

Apial

r2b

Eha

Radionuclide

N
(

0.997
c)

(e)

1.25
0.85
(e)

(

(e)

3,800- >10.000
6.0 E-12 - 3.5 E-11
3,400-4,300
1.1 E-14-4.0E-11
9.7-9.7
4.4 E-07 - 7.2 E-OS
9.7 - 9.7
5.0 E-07 - 9.9 E-05
226-480
2.8 E-13 -2.3 E-12
2,800- 3,400
2.0 E-14- 1.1 E-13
2.1 E-14-3.31E-1,200- 1,800
190-630
1.9 E-14 - 6.0 E-14

Source: Unpublished data.
aR = reducing conditions (0.1 M hydrazine); 0 oxidizing conditions (air-saturated solutions).
bCoefficient of determination.
cSorption reaction did not reach a steady state after 144 h for uranium, 1,344 h for neptunium, and 1.272 h for
selenium.
dNo sorption was observed.
eBecause of the small concentration range studied, the Freundlich constants calculated for these measurements have
large errors.
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Table 4.1-30. Freundlich constants and Kd ranges for sorption of selected radionuclides
on Pomona member basalt secondary minerals at 23 and 60 OC (molar basis)
RadionclideGroundTemperatureEh
Radionuclide
waterat
(C)
u
r Ehb

rc

Standard
error of

concenApplicable
tration range
()

K
ag (mUg)
mg
Kd range

23
60

0
0

0.22
0.85

0.98
1.03

0.99
0.99

0.069
0.22

2.8 E-14 - 3.8 E-06
3.5 E-14 - 2.3 E-06

210-350
270-940

GR-2

23
60

0
0

0.15
0.60

0.98
1.Q4

0.99
0.99

0.059
0.116

3.0 E-14 - 4.4 E-06
4.8 E-14 - 2.0 E-06

210-330
200-490

GR-1

23
60

R
R

0.026
0.00038

0.92
0.80

0.99
0.99

0.016
0.004

9.4 E-16- 1.6 E-13
7.4 E-16 -2.8 E-13

250-360
140-460

GR-2

23
60

R
R

0.44
1.19

1.03
1.05

0.99
0.99

0.043
0.034

1.6 E-15 - 1.8 E-13
1.6 E-15 - 1.6 E-13

190-220
200-250

0.026
0.023
0.055

0.77
0.77
0.81

0.99
0.99
0.99

0.246
0.257
0.235

7.2 E-14 -4.5 E-05
1.2 E-13 - 5.7 E-05
2.4 E-13 - 4.3 E-05

0.034

0.80

0.99

0.375

4.0 E-13 - 6.2 E-05

114
2,340

1.26
1.39

0.99
0.99

0.092
0.056

4.9E-11 - 1.1 E-08
5.5 E-1 1 - 7.3 E-09

210- >10,000
170- >10,000
220- 8.500
150- > 10,000
220 - 1,000
240 - 1,500

CesiumGRA
1
23
Cesium GR-1
60
GR-2
23
Radium
Radium

GRGR-2

60
60

0
0
0
0
O
R

Uranium
Uranium

GRA
GR- 1

23
60

0
0

0.0045
0.057

0.83
0.84

0.99
0.99

0.181
0.117

1.2 E-08 - 2.7 E-05
6.8 E-10 - 2.7 E-06

27-130
360- 1,500

GR-2

23
60

0
0

0.0026
0.55

0.82
0.97

0.99
0.99

0.162
0.124

1.2 E-08 - 4.5 E-05
8.5 E-10 - 9.5 E-08

12-22
770- 1,200

GR1

23

O
R.

0.104
5,280

0.98
1.29

0.99
0.99

0.055
0.126

1.9 E-14 - 1.0 E-07
9.8 E-15 -3.6 E-13

140-210
380 - 1,200

60
60

oR

0.092
36

0.98
1.13

0.99
0.99

0.055
0.008

1.6 E-14 - 1.0 E-07
8.0 E-15 - 4.8 E-13

140-250
480-810

o

R

0.050
790

0.91
1.22

0.99
0.99

0.161
0.024

2.9 E-15 - 3.6 E-08
6.9 E-15- 3.0 E-13

160-1,700
700- 1,300

60

oR

0.12
38.7

0.97
1.13

0.99
0.99

0.069
0.010

1.8 E-14 - 7.7 E-08
6.9 E-15-4.1 E-13

180 - 310
710-950

23
60

0
0

5.7 E-l1
0.046

0.33
0.92

0.99
0.94

0.011
0.030

1.4 E-17 - 6.3 E-16
2.3 E-16
- 8.8 E-16

__________

o(n

N

.trontium GRA
Strontium
GR-1

Technetium

-II

KN
K

Neptunium

GR-2

Plutonium

R-2

60

_______

23

Source: Data from Ames et al. (1981).
aGroundwater types are defined in Table 6.4-3.
bR = reducing conditions (0.AM hydrazine); 0 = oxidizing conditions (air-saturated solutions).
cCoefficient of determination.

1,070 - >10,000
770-8,400

CII
Sr4J
0,r

too

C
C~~~~~~~~~~~~~~~~~~~

C

Table 4.1-31. Freundlich constants and Kd ranges for sorption of selected radionuclides on Mabton
interbed material at 23 and 60 OC from GR-1A synthetic groundwater (molar basis)
Radionuclide Tep(erc)
_elenim
Selenium

Technetium

Tin

Temperature
Eha
K

N

r2b

~~~~~estimate
(~~~~~~~)

~~~~~~~Standard
error of

23
23

O
R

0.00081
0.011

0.85
1.02

0.996
0.999

60

O

23

R
O
R

0.0029
0.059
0.00030
0.44

1.09
1.08
0.91
1.09

0.948
0.999
0.978
0.978

0.031
0.017
0.15
0.0081
0.192
0.219

60

O

0.00094
0.00011

1.01
0.58

0.982
0.974

0.145
0.146

23

0

60

R
0

()

()

(c)

(c)

183
0.0556
9.64
0.084
0.00040
0.013

1.18
0.91
0.99
0.98
0.74
0.88

0.971
0.994
0.919
0.990
0.999
0.997

0.150
0.072
0.103
0.105
0.020
0.027

0.25
0.015
0.00028
0.034

0.96
0.79
0.69
0.80

0.992
0.999
0.994
0.996

0.120
0.012
0.143
0.044

0.00055
60RI 0.0164

0.68
0.87

0.997
0.995

0.149
0.052

0.51
(c
0.014
(c)

0.95
(c
0.78
(c)

0.967
(c
0.874

(C)

(C)

R

Apial ocn
Atrpaptlionrable c
tainrne()
1.5 E-05
9.5
9.9 E-09E-09- 9.7
E-06

Kdrange(mUg)
K ag mg
2.7-11
6.5-10

1.8 E-0S
5.5 E-06
1.1
1.9 E-04
E-06

0.2 -1.8
14-25
0.469- 1.7
210

1.2 E-07 - 1.0 E-04
5.1 E-09- 1.7E-05

0.3 - 9.6
11-150

1.9 E-087.5 E-091.0 E-073.9
E-09-

WW
(c)

(C)

R_

Radium
-4

23

0

60

O

23

60R
O
R

60

O

i.
I1'.
CA

Uranium

.eptunim
Neptunium

Plutonium

23
23

R
O
R

60

O

23

0
R
0

60
23
Americium

RR

60

R

0
R
0

1.2 E-12- 2.2 E-10
1.2 E-1 1- 2.3 E-09
2.0 E-12 - 8.6 E-11
6.8 E-12 - 5.9 E-09
2.4 E-09 - 4.9 E-06
1.1 E-09- 1.7 E-07
2.9 E-10 - 2.4 E-07
1.3 E-09- 2.3 E-08
9.9
E-09 -- 2.7
1.6 E-05
E-06
6.0 E-09
5.1 E-09-2.1 E-05
4.2 E-09- 9.6 E-06

620- 3,800
320-690
1,600 - > 10,000
90- 210
10-74
82-150
410-670
660- 1,200
10-75
450- 1,300
20- 190
64- 190

(c

- 2.2 E-12
1.9 E-13(C

(c)

(c)

1.3 E-13- 5.9 E-13
(c)

2,200
2,000-(c)
3,300-8,900

(C)

WC)

(C)

(C)

(C)

Source: Data from Barney (1984).
aR = reducing conditions (0.05M hydrazine); 0 = oxidizing conditions (air-saturated solutions).
bCoefficient of determination.
cSteady-state concentrations of radionuclide tracers were below detection limits (about 6 E-08MA for l19mSn, E-12M for 241 Am,
and E-13M for 238Pu), thus Freundlich constants could not be calculated.
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Table 4.1-32. Freundlich constants and Kd ranges for sorption of selected
radionuclides on sandstone of Rattlesnake Ridge interbed material at
23 and 60 'C from GR-2 groundwater (molar basis)
Radionuclide

Selenium
Strontium
Technetiume
Cesium
-l

1-a

Radium
Uranium
Plutonium

Temperaure
23
60
85
23
60
85
23
60
85
23
60
85
23
60
85
23
60
85
23
60
_85

Temperature
K
Eha
(CC)
R
R
Rf
0
0

0
R
R
R
0
0
0
0
0
0
R
R
R
R
R
R
0
0
0

0.010
0.018
0.70
0.78
1.17
12.2
1,056
4.9
0.19
0.0023
0.0029
0.0013
0.62
0.13
83.1
0.013
0.046
0.0037
3.50
(d)
1,753
0.030
2.89
(d)

~~~~~~~Standard
Apial ocn
tration range (M)
error of
~~~~~~~~~~estimate
trtorag()

Kd range (mUg)

3.3 E-08 - 1.8 E-05
4.1 E-08 - 6.4 E-06
2.9.E-09 - 1.3 E-06
4.3 E-Il - 4.4 E-08
3.6 E-11 - 3.9 E-08
9.3 E-11 - 4.5 E-08
3.6 E-09-3.1 E-07
1.3 E-08- 3.4 E-06
8.8 E-09 - 5.9 E-06
5.4 E-10 - 1.5 E-08
6.0 E-l1 -3.4 E-08
1.1 E-10- 6.2 E-08
1.6 E-12 - 1.5 E-10
3.6 E-12 -5.8 E-10
3.8 E-12 - 1.7 E-10
4.5 E-10- 6.3 E-07
3.2 E-10- 1.4 E-07
2.3 E-10- 2.9 E-07
1.9 E-09 - 1.3 E-07
2.5 E-07 - 3.9 E-07
2.8 E-09 -6.6 E-08
1.8 E-12 - 2.4 E-l I
8.2 E-13 - 4.0 E-12
5.7E-12- 1.1 E-11

4.6-13
51-80
170-320
490-610
600-730
220-590
75- 1,300
25- 120
52-65
510 - 1,450
220 - 1,300
120-700
1,700- 3,900
860- 1,soo
1,300- 3,000
32-50
190-340
110-320
1,900- 3,000
3,100- 4,500
1,600- 7,000
0- 580
1,400- 2.600
7,200- 15,000

N

rob

1.03
0.89
1.06
1.02
1.03
1.18
1.50
1.3
1.09
0.72
0.72
0.72
0.94
0.91
1.16
0.94
0.91
0.79
1.03
(d)
1.36
0.89.
1.03
jdd)

0.98
0.965
0.99
0.99
0.99

0.185
0.098
0.089
0.034
0.049

0.99

0.141

0.92
0.99
0.99
0.99
0.96
0.99
0.98
0.991
0.98
0.99
0.999
0.999
0.99
(d)
0.99
0.99
0.99
d

0.406
0.061
0.067
0.067
0.096
0.091
0.158
0.028
0.146
0.028
0.024
0.022
0.122
(d)
0.080
0.017
0.205
(d)

23
60
85
Source: Data from Barney(1982).
aft = reducing conditions (0.05M hydrazine); 0 = oxidizing conditions (air-saturated solutions).
bCoefficient of determination.
Precipitations of technetium issuspected for the 23 and 60 OC isotherm measurements.
dSteady-state concentrations of radionuclide tracers were usually below detection limits (about 3 E-09M for 237Np and E-12M
for 24 lAm), thus Freundlich constants could not be calculated.
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Table 4.1-33. Freundlich constants for radionuclide
sorption-desorption on Mabton interbed at 60 OC

Isotope

Eh*

SO (mol/g)

Ns

Nd

Ns/Nd

Selenium

R

1.11 E-07

1.0

0.018

56

0.027

37

0.018

32

2.76 E-08

Technetium

R

1.88 E-07

0.58

3.50 E-07

Neptunium

0

3.13 E-07

0.68

1.38 E-07

Neptunium

R

3.84 E-07

0.87

1.81 E-07

Uranium

0

8.88 E-08

0.96

2.11 E-08

Uranium

R

2.70 E-08

0.79

8.58 E-09

Radium

R

source:

Data from barney

7.65 E-12

193

0.003

0.98

1.81 E-10

0.45

1.5

0.91

0.75

0.002

435

0.002

435

0.093

10

0.074

13

0.008

100

0.003

263

0.016

61

0.087

11

(14).

Source: Data from Barney (1984).
*R = reducing conditions (0.05M hydrazine); 0 = oxidizing

conditions (air-saturated solution).
Table 4.1-34. Freundlich constants for sorption
and desorption of cesium, strontium, and
selenium (oxidizing conditions)
Radionuclide

Geologic material

Ns

Nd
Ns/Nd

Cesium

Umtanum flow basalt

0.83

0.31

Strontium

Umtanum flow basalt

1.39

0.08

Selenium

Secondary minerals

0.81

0.53

T.4-48

2.7
17
1.5

C

C

Table 4.1-35.

(7

Comparison of measured Kd ranges and values used for transport modeling
Measured values
(reducing conditions)

Measured values
(oxidizing conditions)

Element

Interbed~~~~~~~~~~~~~
Umtanum
Interbed
materials
flow basalt

Secondary
Umtanum
Umtanum
Secondary
flow basalt minerals

Secondary

Values

Interbed
minerals

used for
modeling
materials

.

Selenium

2-5

1-10

0.3-10

Strontium

40-450

200-1,000

220-700

Technetium

0-3

3-40

6-12

7-24

0.8
30

_4
-I

to

0-7

0.4-1.4

140-360

40-360

100-540

1,100-5,000

Cesium

18-1,100

150-14,000

115-4,300

Radium

50-1,300

220-1,000

250-1,000

80-1,900

Uranium

2-90

12-1,500

10-670

15-170

Neptunium

5-280

140-1,650

10-185

150-2,000

Plutonium

18-30 -

700-14,000

2,000-9,000
500-14,000

Americium
Iodine
NOTE:

0-2.3
0.05-1.8
Values are in mLjg.

240-1.500

380-1,300

12-200

.0
100

110-580

20

80-1,200

1

64-1,300

2

20,000-37,000

4
68

e: o

0

wn r;
'n

s7n

NCD
0n 0
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Table 4.1-36. Sorption of radionuclides on colloids and transfer of
radionuclides from colloids to basalt in GR-3 groundwater at 60 @C
Colloid

Eha

Percent
sorbed on
colloidb

Percent of sorbed
radionuclide transferred
to basalt surfacesb

BentoniteC

0
R

62
73

66
85

Neptunium

0
R

47
94

64
3

Technetium

0
R

1
36

0
17

Selenium

0
R

4
64

100
81

0
R

100
98

7
0

Neptunium

0
R

99
99

14
0

Technetium

0
R

0
86

0
37

Selenium

0
R

0
30

0
0

Radium

0
R

99
99

66
84

Radlonuclide
Uranium

Uranium

Hydrated
silica

aR - reducing conditions (0.1M hydrazine); 0 O oxidizing
conditions (air-saturated solutions).
bAfter 26 d of equilibration.
cParticle size less than 2 um (less than 0.000079 in.); 2.1 g
colloid per liter.
dMean particle size was 40A; 50 g colloid per liter.
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Table 4.1-37. Oxidation half reactions relating
iron solid phases in Grande Ronde Basalt
No.

Oxidation half reaction

1.

2Fe 3O4 + H20 - 3Fe 2O3 + 2H+ + 2e(magnetite) (hematite)

2.

3FeS2 + 281H20 Fe304 + 6S04 2- + 56H+ + 44e(pyrite)
(magnetite)

3.

3FeSiO3 + H20 a Fe3O4 + 3SiO2 (amorphous) + 2H+ + 2e(iron-pyroxene) (magnetite)

4.

2Fe(OH) 2

Fe2O3 + H2 0 + 2H+ + 2e(hematite)

=
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Table 4.1-38. -Oxidation half reactions relating species
in solution in Grande Ronde Basalt groundwaters
No.

Oxidation half reaction

Log K

E0

+ 4120 = So42 - + 9H+ + 8e-

-34.0

-0.25

1.

HS

2.

Fe+ 2 - Fe+3 + e-

-13.01

-0.77

3.

CH4 (g) + 2H20 = C02 (g) + 8H+ + 8e-

-22.9

-0.17

4.

CH4 (g) + 3H20 - HC03 - + 9H+ + 8e-

-27.3

-0.20

5.

CH4 (g) + H2 0

-26.43

-0.26

=

CO (g) + 6H+ + 6e-

S1
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Table 4.1-39. Eh calculations
based on sulfide/sulfate equilibria
Oate

Borehole

Eh (V)

11/16/82

OC-16A

-0.41

11/19/82

DC-16C

-0.38

2/18/83

OC-14

-0.37

2/22/83

OC-14

-0.38

3/01/83

DC-14

3/04/83

OC-14

-0.38

3/15/83

DC-14

-0.40

4/11/84

VC-6

-0.40

Source:

-

-0.38

111 et al., 1986, pp. 19.
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Table 4.1-40.

C

Eh calculations based on concentrations of iron(II), lron(III), and sulfur(-II)

Date

Borehole/zone

Fe2+(pg/L)

Total iron(pg/L)

jCPA

AMb

4/10/84

DC-14/
Grande Ronde 8
(3,260-3.335)

trace

10c

--

4/11/84

DC-6/
Grande Ronde Composite
(2,262-4,333)

trace

40C

4/12/84

McGee/
Frenchman Springs
(983-1,942)

100

4/12/84

McGee/Priest Rapids-Roza
(691-928)

4/17/84

Enyeart/
Priest Rapids
(935-1,092)

(ft)

-4

Total sulfide

Eh(mV)

300

-70

__

80

-170

100

_

<10

-65

130

120

__

10

+10

80

90

80

<10

+40

(pig/L)

(3'

a1CP = iron concentration from inductively coupled plasma spectrometer analysis.
bM = iron concentration from atomic absorption spectrophotometer analysis.
CObtained from previous analyses.

C3 nC)
rn a
0
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Table 4.1-41. Significant geochemical
variables of groundwater for radionuclide sorption at 23 OC
Radlonuclide

Significant geochemical
variables of groundwater

137 Cs

K+, Na+

85 Sr

Na+, Ca2+

226Ra

Nat, K+

237Np*

Co23-, HCOi

24 1Am

COP , HCO3, Na+

*Carbonate and bicarbonate decreased
sorption of both neptunium(V) and
neptunium(IV).
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Table 4.2-1 The diffusion constant for tritium and chloride in
packing material as a function of temperature
Temperature
(C)

Clay density
(Mg/m 3)

25
55
90
120
150

1.0
1.0
1.0
1.0
1.0

Diffusion constant (10-10 m2 /s)
Tritium

Chloride

2.5
5.4
12
20
32

1.5
2.1
3.1
4.0
5.1

Source: Calculated using the empirical equations derived
experimentally in Relyea et al. (1986, pp. 321-322).
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Table 4.3-1. Comparison of minerals produced in basalt-groundwater
experiments with minerals observed in Hanford Site basalts
and in Iceland geothermal fields (sheet 1 of 2)
Experimental

Hanford

Iceland (150 OC)

Iceland (>150 O)

Silica
quartz
cristobalite
tridymite

quartz
cristobalite
tridymite

quartz
cristobalite

Phyllosil1icates

smectite
illite
chlorite

smectite
illite-smectite

smectite

smectite
chlorite-smectite
chlorite

Iron oxides
iron oxyhydroxide

Iron oxyhydroxide
hematite

magnetite

Zeolites
mordenite
heulandite
wairakite
ferrierite
clinoptilolite
analcime

mordenite
phillipsite
eroni te
chabazite
clinoptilolite

mordenite
heulandite
zeophyl1ite
chabazite

mordenite
heulandite
wairakite

analcime
gmelinite
gismondine
laumontite
scolecite
thomsonite
stilbite

analcime
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Table 4.3-1. Comparison of minerals produced in basalt-groundwater
experiments with minerals observed in Hanford Site basalts
and In Iceland geothermal fields (sheet 2 of 2)
Experimental

Hanford

Iceland (<150 QC)

Iceland.(>150 AC)

Others
celadonite

pyrite
celadonite

scapolite
K-feldspar
gypsum
calcite
apatite

anhydrite
calcite
ankerite
sphene
truscottite
gyrolite

pyrrhotite
albite
anhydrite
calcite
ankerite
prehrite
amphibole
epidote

Note: It is emphasized that the list of minerals from Iceland is a
compilation from many areas and must be related to the experimental work
carefully until more detailed investigations have indicated specific areas
more directly analogous. For example, the iron oxide assemblage observed in
Icelandic geothermal fields differs from that observed in experiments or at
the Hanford Site. The difference may arise as a function of temperature,
oxygen fugacity and (or) water content in the various systems, and awaits the
further investigation that establishes the best Icelandic analog (see
Section 8.3.4.2.3).
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Table 4.3-2. Mass balance for SCN- and (K+ and Na+)
from borehole DC-7/8 KSCN tracer test
Mass Injected,
g (equivalent
weights)

Species

350
209
140.7
0
140.7

KSCNa
SCNK+
Na+
£(K+ + Na+)

(3.60)
(3.60)
(3.60)
(0)
(3.60)

Mass recovered,
g (equivalent
weights)

Percent
recovery

NAb
125.5 (2.16)
15.2 (0.39)
49.2 (2.14)
64.4 (2.53)

NAb
60
11
NAb
70

Source: Leonhart et al. (1984).
NOTE: Results show that mass balance between primary anions and cations involved is within 15%.
aKSCN - Potassium thiocyanate.
bNA = Not applicable.

a
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