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Executive Summary

The objective of this project is to develop a modeling framework to quantita-
tively forecast the hydrologic source term within the near-field environment of
underground nuclear tests at the Nevada Test Site. Specifically involved are the
evaluation of the (1) chemical state and abundance of radionuclides that are
introduced into groundwater as aqueous species or colloids and (2) the rate and
extent of radionuclide migration and dilution in groundwater and radionuclide
reaction with the rock surrounding the explosion point of a test.

The framework was established utilizing unclassified data from the CAMBRIC
test in Frenchman Flat. We expect our approach will be used as a template to
guide further hydrologic source term evaluations at other Corrective Action
Units at the Nevada Test Site, as well as to plan future data acquisition activi-
ties. Results from this work will serve as the source term input for larger-scale
models of contaminant migration at the Corrective Action Unit level.

The CAMBRIC test, conducted in emplacement hole Ube on May 14, 1965,
was chosen because a “relatively” large amount of unclassified hydrologic and
radionuclide inventory data exist, both inside and outside the blast cavity. The
test has been the subject of numerous other investigations that this work could
be leveraged against.

CAMBRIC, at a yield of 0.75 kt, was sited in alluvium about 74 m below the
water table. A conceptual model consists of an approximately 22 m diameter
spherical cavity centered on the working point, a collapse zone extending above
the water table but not to the ground surface, and a melt glass puddle in the
bottom of the cavity. An “exchange volume” consisting of the collapsed cavity,
chimney, and sidewall systems that contain significant amounts of radionuclides
is defined in the models. Alluvium mineralogy, groundwater chemistry, and
radionuclide data were derived from previous characterization studies.

The main body of the report covers principal issues in a broad descriptive
sense, while detailed technical issues are included in nine specific appendices.
The technical approach used in this project is based upon several distinct char-
acterization and modeling efforts that are ultimately linked together. Principal
among these include:

e Adoption of a select group of radionuclides for formal analyses (see Chap-
ter 5),

e Determination of the total inventory of these radionuclides and their rel-
ative partitioning among the glass and rubble zones (see Chapter 5),

e Development of a model describing radionuclide release from the melt glass
(Chapter 6),

e Development of a model describing radionuclide release from and chemical
interactions in the chimney and cavity regions (see Chapter 7),
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e Development of models for the aqueous complexation, surface complex-
ation, ion exchange, precipitation and dissolution reactions that control
chemical interactions among the glass, exchange volume, and alluvium
(see Chapter 8),

e Development of a groundwater flow and radionuclide transport model to
forecast the overall rate of radionuclide migration out of this zone as a
function of groundwater flow, glass dissolution, and effective chemical re-
tardation processes (see Chapters 9-11), and

o Assessment of model sensitivity to melt glass and reactive mineral surface
area, as well as the spatial abundance and distribution of the reactive
minerals in alluvium (see Chapter 12).

The radionuclides 3H, ?°Sr, 37Cs, 1%5Eu, 23°Pu, and ?*'Am were chosen
for this study because their inventories are unclassified and available, they have
varied initial distribution in the glass, chimney, and cavity areas, and they
represent a cross-section of geochemical behavior such as unrestricted flow with
groundwater, sorption, ion exchange, precipitation, and dissolution.

Radionuclide retardation was evaluated for surface complexation and ion
exchange. Minerals such as goethite (for Pu and Sr), clinoptilolite (for Sr),
muscovite/illite (for Cs), and smectite (for Sr), all detected at CAMBRIC, act as
sorbers. Concentrations of the selected radionuclides were never large enough
to saturate available sites on reactive minerals. In addition, concentrations of
selected radionuclides were not large enough to reach saturation and precipitate,
except in sensitivity cases in which the glass surface area was increased by a
factor of ten or more over the nominally-chosen value.

We simulated groundwater flow and tritium migration using a fully 3D model
with an extremely fine mesh resolution of 2 m. This allowed us to represent
heterogeneity in material properties in a geostatistical sense. The current model
representation was first used to reproduce the tritium recovery that was observed
in the 16-year radionuclide migration experiment conducted at CAMBRIC.

Radionuclide migration away from the near-field environment around CAM-
BRIC was carried out on a large number of streamlines extracted from the three-
dimensional flow field. Integrated path length, coordinates, local Darcy flux and
seepage velocity, time of flight away from the starting location, geologic mate-
rial, geologic properties, mineralogic composition, and total flux were recorded
at all points along the streamline where it crosses the grid-block boundaries in
the flow model domain.

Several different reactive mineral distributions were considered in the simu-
lations in order to to assess their overall impact on radionuclide migration and
retardation. This variability was represented by the use of different spatial dis-
tributions of minerals (clays, hydrous ferric oxides, and zeolites) or through the
adjustment of the specific surface area associated with each mineral. Compari-
son of the results indicates that even small amounts of reactive minerals, when



Executive Summary xxxi

evenly distributed, provide an significant retention effect for radionuclides. On a
bulk or larger scale level, radionuclide mobility is increased when the same reac-
tive minerals are only distributed in portions of the domain with lower hydraulic
conductivity.

Additional sensitivity simulations focused on the effects of increased glass
surface area. This has been shown to increase the rates of radionuclide transfer
from the melt glass into groundwater (with increased aqueous concentrations
as well), albeit with marked increases in the pH. Further investigations are
warranted in order to carefully define the specific surface areas of melt glass.

We conclude that both the melt glass and the minerals in the exchange vol-
ume release radionuclides slowly over time. Melt glass provides a steady source
of radionuclides which will not be depleted for thousands of years. Radionuclide
release from the exchange volume is limited by strong surface complexation onto
hydrous ferric oxides and by ion exchange on clays and zeolites. Surface com-
plexation and ion exchange can also effectively retard radionuclide migration
through alluvium if reactive minerals are contacted along a flow path. Small
amounts of reactive minerals significantly reduce the mobility of aqueous ra-
dionuclides. Spatial variability in reactive mineral abundance can affect the
overall or bulk radionuclide mobility and flux through the system.

The high resolution 3D modeling framework provided a critically important
basis to analyze coupled flow, migration, and reaction behavior. Streamline
modeling proved to be an exceptionally useful and flexible tool for studying the
hydrologic source term problem.

Conclusions regarding our computations of the hydrologic source term must
be tempered with the recognition of the dependence of our results on the as-
sumptions that we had to make regarding the distribution and geochemical
state of radionuclides in the initial system, the geochemical processes that con-
trol radionuclide distribution, our quantitative description of these geochemical
processes, and the masses and distribution of reactive minerals along the flow
paths.

Review of the radionuclide inventory for Frenchman Flat has indicated that
generalization of the hydrologic source term from CAMBRIC must be undertaken
in a classified mode, and results from CAMBRIC are not directly scaleable.

Based on our calculational experience, we make recommendations for: acqui-
sition of field data to better define the initial geologic and geochemical conditions
at the site and to test our predictions; improvements in the geochemical process
models that govern radionuclide release and retardation; measurement of single
mineral surface complexation and ion exchange data; and additional activities
to address issues that surfaced during the project.
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1 Introduction

The objectives of this project are to develop and apply a modeling frame-
work to quantitatively evaluate the nature and extent of radionuclide migration
within the immediate, near field environment about an underground nuclear
test. Specifically, it will involve evaluation of

e The speciation and abundance of radionuclides that are introduced into
groundwater as aqueous species or colloids, and

e The rate and extent of radionuclide movement, dilution, and reaction in
groundwater surrounding the working point of a test.

To be clear, interest will only be focused on processes that have occurred well
after the nuclear test, as opposed to the more dynamic processes that take place
during or immediately after detonation. The meaning of “near field” in this case
will loosely refer to a volume of diameter 4-8 R,., centered on the working point
and chimney of the test, where R, is the radius of the blast cavity.

For a given nuclear test, this information will collectively comprise the test’s
“hydrologic source term”. This work relies on and is being supported by existing
data, analyses, and interpretations that have been made at the Nevada Test Site
(NTS) during the American nuclear test program and previous and ongoing
studies related to radionuclide migration in the subsurface (Kersting, 1996).

1.1 The CAMBRIC test

For reasons relating to time and data constraints, the scope of this report will
be limited in several ways. First, this work will concentrate on a single test in
the saturated zone beneath Frenchman Flat at the NTS. This was done to sim-
plify the development of the overall modeling process and because the alluvial
environment beneath Frenchman Flat and the associated groundwater flow and
transport processes are relatively simple to characterize and understand.

The test chosen for analysis was the CAMBRIC test, an underground nuclear
test conducted on May 14, 1965, in Frenchman Flat. This test was chosen
because there is a “relatively” large amount of unclassified hydrologic and ra-
dionuclide inventory data relating to this test, both inside and outside of the
blast cavity. The test has been the subject of numerous other investigations
(e.g., Bryant, 1992) that this work can be leveraged against. This kind of infor-
mation is generally not available for other underground nuclear explosions.

Even though solid mineralogic samples, groundwater composition, unclas-
sified radionuclide inventory data and additional hydrologic measurements are
available at some level of detail to constrain and validate our models, more com-
plete data are largely unavailable. As a result, the results of this study must
be used and interpreted accordingly. In addition, because it was easier to work
and develop the modeling process in an unclassified manner, only unclassified
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radionuclide inventory data were considered. In this sense, a carefully chosen
subset of the full suite of residual radionuclides will be examined and our cal-
culations will focus on the unclassified portion of the hydrologic source term
only.

1.2 Broader purpose for this work

Determination of the total hydrologic source term at CAMBRIC, or any other
underground nuclear test, will require classified radionuclide inventory informa-
tion. With such information, the simulation approach developed in this report
will be evaluated to determine how it might be generalized and used to under-
stand more complete hydrologic source term behavior at CAMBRIC and other
underground nuclear tests conducted at Frenchman Flat.

In addition, it is expected that our modeling approach can be used as a
template to guide future source term evaluations at other underground testing
locations outside of Frenchman Flat (classified or not), as well as a basis to plan
future data acquisition activities.

In a broader context, this work will ultimately be used to support the devel-
opment of larger-scale models of saturated-zone contaminant migration within
a sub-regional (e.g., Frenchman Flat or Pahute Mesa) or regional (e.g., NTS-
wide) framework. In this sense, the relevant list of contaminants will include
radionuclides associated with underground nuclear testing as well as other non-
radioactive compounds used in the tests (such as lead) whose presence and
migration in groundwater will be of regulatory concern. Such models are be-
ing developed to assist the Department of Energy (DOE) and other State and
Federal agencies in developing a risk-based contaminant boundary that will be
used for regulatory purposes, and to provide a basis for designing a network

of wells for more comprehensive monitoring of the groundwater regime in the
future (FFACO, 1996).
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2 Impacts of Underground Nuclear Explosions

In order to better describe the disturbed portions of the near field environment of
underground nuclear tests, we reviewed several generic aspects of underground
nuclear explosion phenomenology.

2.1 General phenomenology

Phenomenology describes the effects of the nuclear explosion on the surrounding
geologic medium. Early-time phenomenology refers to the physical and chemical
processes that occur between nuclear detonation and the time when the resulting
cavity reaches its maximum size and begins to rebound. These actions are
shock induced, and include shock compression followed by adiabatic expansion
of gas. Late-time phenomenology refers to actions that occur after the cavity
has reached its full size, and consist mainly of thermally-induced mechanisms
that lead to the eventual collapse of the cavity.

The following description is derived from several papers written on phe-
nomenology of underground nuclear explosions, including Germain and Kahn
(1968), Borg et al. (1976), Butkovich and Lewis (1973), Butkovich (1976), and
Office of Technology Assessment (1989). Please refer to Figure 1.

2.2 Early-time phenomenology

When an underground nuclear device is exploded, sufficient energy is released
to instantaneously vaporize rock or alluvial media immediately surrounding the
working point. Within microseconds of the detonation, initial temperatures rise
to several million °C and pressures close to 1 megabar (Mb) are created. As
a result, a compressive, outwardly moving shock wave is generated. Within
milliseconds, as the shock wave expands, additional rock is crushed, melted
and vaporized, creating an expanding open volume, or cavity. Within tenths of
seconds the energy of the shock wave will pass elastically through the outlying
geologic material to the surface.

As the geologic material surrounding the expanding cavity is melted and
vaporized, pore water is also vaporized. The presence of carbonate materials in
the surrounding medium is known to exacerbate the production of additional
cavity gases in the form of CO3. The cavity void continues to grow radially
as the expanding shock wave imparts outward momentum on the surrounding
media. Cavity growth is dependent on the strength of the overlying rock. About
500 megagrams per kiloton of yield (Mg/kt) of geologic material is ultimately
subjected to dynamic loading and unloading in the cavity region. Depending
on the yield of the explosion, the cavity reaches its largest size within 80 to
500 milliseconds when the elastic strains within the rock attempt to recover.
The material rebounds radially due to elastic unloading and tries to return to
its original position. A compressive tangential hoop stress is formed when the
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Figure 1: Conceptual illustration of early time (above) and late time (below)
phenomenology of an underground nuclear explosion in competent rock show-
ing accretion of glass puddle and redistribution of more volatile radionuclides,
initially as vapor, later as condensate. Some noncondensable radionuclides may
migrate further upwards.
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Figure 2: In situ photograph of the melt glass at the RAINIER test (Wadman
and Richards, 1961). Large blocks of the host tuff can be seen inside the melted
glass zone. Vesicular zones (rich in bubbles) surround some of these inclusions.
The photo shows a section of the pool about 2 meters across. The zone is
obviously heterogeneous in textural and hydrologic properties.

stress field in the rebounded rock is greater than the gas phase pressure in the
cavity. This compressive, or residual hoop stress will close radial fractures that
were opened during cavity expansion. The final size of the cavity is dependent
on the yield of the explosion, the overburden stresses, and the strength of the
surrounding rock.

As the shock wave moves outward, cavity growth slows. At about one third
of the distance between the working point and the surface, the shock wave
becomes elastic and travels at elastic speeds until it reaches the ground surface,
within 100 to 500 milliseconds. Along the way, rock failure can be brittle or
plastic, depending on the stress conditions and the strength properties of the
geologic materials. Upward acceleration of material from the detonation point
to the ground surface can cause surface bulges of about 1-3 m. A compressive
wave reflected off the ground surface is known as a rarefaction. Residual stress
usually forms before the rarefaction reaches the cavity region.
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2.3 Late-time phenomenology

After the shock and elastic waves have dissipated, the less-volatile rock vapors
begin to condense and gather at the cavity bottom to form a puddle of melted
material. Melt glass is produced by the condensation of vaporized rock, shock
melting of the surrounding rock, and melting of the rock medium in contact with
melt or vapor (Borg et al. 1976). It has been estimated that between 700 and
1,300 metric tons of glass are ultimately formed per kiloton of yield (Borg et al.,
1976; Smith, 1993). Water vapor, noncondensable gases (such as CO5 and Hy)
and other noncondensed radionuclides (such as tritiated water vapor, 8°Kr, or
137Xe) are still present in the cavity. Within minutes to hours after detonation,
thermal energy in the gas is conductively transferred past the cavity walls into
the surrounding geologic material, creating high thermal gradients. This induces
ablation and spalling of wall material and lowers cavity temperatures so that
steam condenses. Flaked wall material of various sizes enhances cooling in the
cavity and mixes with puddle glass, some being incorporated in the melt and
larger pieces surviving as rubble within or above the glass material. This can
be seen in Figure 2 which shows an underground in situ photograph of the melt
glass created at the RAINIER test of 1957.

The continuing ablation and mixing behavior reduces cavity pressures until
they reach a few pounds per square inch (psi). Within minutes to hours after
the explosion cavity collapse may begin and progress very quickly'. Depending
on the rate or suddenness of collapse, cavity gases may migrate into the evolving
void spaces in the chimney zone above the cavity. Ideally, collapse material will
trap most noncondensed gases near the cavity region. Nonetheless, this could be
a principal mechanism for moving high-vapor pressure (non-refractory) radionu-
clides outside of the cavity region. If the overlying rock is not strong enough to
support the cavity roof span, collapse propagates upwards. If overlying support
due to material strength is insufficient, collapse can proceed to the surface and
a crater is formed.

Surface ground motion such as uplift, spall, slapdown, ground cracking, block
movement, and compaction can be caused by shock wave effects or secondary
mechanisms such as fault movement or collapse. Surface bulges can be caused
by the acceleration of the ground surface from the outgoing shock wave. Spall
occurs down to depths where rarefaction tensile stress exceeds the ascending
compressive wave stress plus the overburden stress and the tensile strength of
the rock. Layers of rock can separate or part along naturally occurring planes
of weakness. Slapdown, also known as spall closure, occurs when the ground
surface free falls after the upward traveling compressive wave accelerates the
ground surface. Cracking and other explosion-caused surface effects occur on
the ground surface due to radial divergence of the surface from spall motion and
preferential movement along pre-existing structures (faults, joints, etc.), bulking
and compaction due to collapse, and spall or rock falls at free surfaces.

1Usually within tens of minutes.
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2.4 Other phenomena

The early and late time phenomenology described above are generalized. For
some tests, other phenomena have occurred, including hydrofracturing and
prompt injection of radionuclides outside the cavity region, groundwater ef-
fects such as mounding and pressurization, shock reflections off of impedance
layers (caused by material property differences such as rock strength or air void
content, bedding planes, and faults), and movement on pre-existing structural
features such as faults. These may affect cavity growth, residual stress, collapse,
and crater formation. Temperartures in the cavity environment will dissipate
with time as a function of the heat capacity and thermal diffusivities of the for-
mation materials (with or without groundwater), and the groundwater motion
itself. Some tests have thermal signatures that have lasted for decades, while
others have returned to normal temperature conditions within years or less.

2.5 Radionuclide distribution and behavior

The radionuclides deposited in the subsurface as a result of an underground
nuclear explosion consist of radionuclides produced from the nuclear reaction
(fission products and tritium), neutron activation of surrounding material, and
unreacted nuclear material. The total inventory of residual radioactivity is
called the radiologic source term. The physical and chemical distribution of
the radiologic source term is heterogeneous and a function of the device design,
host geologic media, properties of the specific radionuclides, and the rate and
character of cavity growth and collapse. As discussed in 3.3, the hydrologic
source term is that portion of the radiologic source term that is or becomes
available for transport in groundwater.

Previous field investigations at the NTS have yielded information regarding
the initial distribution of radionuclides after a nuclear test. For more informa-
tion, the reader is referred to Smith (1993, 1995a) and Kersting (1996). Tritium
is present as tritiated water and is an integral part of the interstitial water
(Hoffman et al., 1977). In general, refractory radionuclides (e.g., Pu, Am, Np,
Ce, Eu) with higher boiling points and lower vapor pressures are largely incor-
porated in the melt glass that coalesces at the base of the cavity. The more
volatile radionuclides (e.g., Sr, Cs) with lower boiling points and higher vapor
pressures condense later and are heterogeneously distributed in the cavity and
overlying chimney, although some fractions are incorporated in the glass. If the
melt glass is still molten when rubble in the cavity/chimney area collapses, the
glassy material can splash and distribute refractory material more broadly in
the cavity region (Fig. 1).

The distribution of some fission products is strongly dependent on the be-
havior of their parental precursors. The decay chain dynamics for *°Sr and *7Cs
are particularly important because they have noble gas precursors that can be
transported away from the detonation point before decaying to their respective
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daughter products (e.g., *"Xe decays to 3"Cs in 3.84 min). Noncondensible
gases such as CO2 and Hy may act as carrier gases and move fission products
away from the explosion point (Thompson, 1996). In some instances, prompt
injection of nuclear material along fractures or zones of weakness during the
early time of a nuclear test may deposit radionuclides outside the immediate
vicinity of the cavity and chimney system (Nimz and Thompson, 1992; Smith
et al., 1996).

The partitioning of a selected radionuclides among glass, rubble, water, and
gas is shown in Table 1 (IAEA, 1998). This table reflects how and where the
radionuclides (as components of a complex vapor mixture produced during det-
onation) are distributed during the cooling and condensation process following
an underground nuclear explosion. Initially, radionuclides with higher boiling
points condense along with other refractory materials and become preferen-
tially incorporated within a liquid melt phase. As cooling progresses, the melt
begins to quench. Lighter elements with lower boiling points subsequently con-
dense onto exposed mineral and fracture surfaces within the cavity and the col-
lapsed rubble. Notably, volatile radionuclides with gaseous noble gas precursors
(e.g., 1¥"Xe —137Cs with ¢1 /2 = 3.82 minutes) may continuously diffuse through
the cavity-chimney system for several minutes before decaying to longer-lived
daughters (Borg et al. 1976; Smith et al. 1996; Thompson, 1996). A portion of
the volatile species will also be volumetrically incorporated in any late-stage
melt residual.

Among the more volatile radionuclides, tritium will condense as molecular
HTO together with the large amounts of steam produced by the explosion. Frac-
tions of volatile radionuclides with higher solubilities (e.g., 36¢! and 2°T) will
also be partitioned into the condensed water. Longer-lived gaseous radionu-
clides (e.g., HT, 3°Ar, 8°Kr) that do not immediately condense may become
trapped in the formation and also dissolve into pore waters (Guell, 1997). In
tests conducted beneath the water table, these condensed waters will mix with
groundwater invading from the periphery and occupy the interstitial voids of the
rubble and glass matrices. This will allow for the “rubble-”, “water-", as well
as some of the “gas-based” fractions of the inventory to become incorporated
in and mobilized by the groundwater over the short term (as aqueous-surface
reactions permit), and for the “glass-bound” fractions to slowly dissolve into the
groundwater over the long term. This conceptualization of radionuclide release
forms the basis of the modeling approach used in this report.

The data in Table 1 originate from measurements derived from nuclear test
radiochemical diagnostics (i.e., Borg, 1975) augmented by general thermody-
namic properties of these elements (i.e., boiling points, vapor pressures). With
the exception of ?°Sr and '37Cs, the data apply to the general experience of
radionuclide distributions residual from underground nuclear testing. The par-
titioning behavior of ?°Sr and '37Cs between rubble and melt glass is strongly
dependent of cooling time of the glass as well as the presence of volatile, non-
condensible gases (i.e., COg, Hy) in cavity and chimney. Due to the low yield
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of the CAMBRIC test (and implied faster quenching of the melt glass) as well
as presence of carbonate in the firing media (0 - 10 volume % calcite), the pro-
portions of °Sr and '37Cs are assumed to be enriched in the CAMBRIC rubble
fraction.

Table 1: Percentage distribution of selected radionuclides among the glass,
rubble, gas, and groundwater as occurs during the condensation period following
a typical underground nuclear test. Data are taken from IAEA (1998).

Radionuclide Glass Rubble Gas Water

SH 2 98¢
36¢1 20 40 10
60Co 90 10

908y 25 75

1291 50 40 10
137Cs 10 90

155Ey 95 5

9Py 95 5

241 Am 95 5

¢ e.g., tritiated water, HTO.
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3 Physical and Chemical Setting

3.1 Structural and geologic setting of Frenchman Flat

Frenchman Flat is located in the southeast corner of the Nevada Test Site (Fig.
3). It is an intermountain basin formed by Tertiary-age faulting typical of the
Basin and Range physiographic province. To the north and west, the basin
is rimmed by Tertiary volcanic rocks derived from volcanic centers west and
northwest of Frenchman Flat. Highlands to the south and east, as well as the
underlying basement rock, are composed of Paleozoic carbonate rocks. The
basement is covered in most, if not all, areas by Tertiary-aged volcanic rocks
and volcanic-derived sedimentary rocks. The central part of the Frenchman Flat
basin is filled with Quaternary/Tertiary alluvium (Fig. 4).

Ten underground nuclear tests have been conducted in Frenchman Flat.
Seven of these were located in the northern portion of the basin, while three
others were situated in the central portion. Nine of the tests were conducted
in the alluvium; one test was detonated in the Tertiary volcanic rocks below
the alluvium located in the northern portion of Frenchman Flat. Several of the
tests were conducted in the saturated zone below the water table, while the
others were conducted above (yet within 100 m) of the water table. Although
it would seem likely that those conducted beneath the water table have already
contaminated nearby groundwater, it is not clear whether any of the remaining
underground tests have led to any detectable groundwater contamination (DOE,
1997a).

3.2 The near field environment at CAMBRIC

The CAMBRIC test was conducted in the central portion of Frenchman Flat,
as shown in Figure 5. The device was deployed in emplacement hole Ube. As
described in Hoffman et al. (1977) and Bryant (1992), CAMBRIC had a yield of
0.75 kt with the working point located in alluvium about 662 m above sea level,
or about 294 m below the ground surface and 74 m below the ambient water
table.

The CAMBRIC test produced a blast cavity whose diameter was calculated
to be 22 m. The collapse zone, or chimney above the cavity, extends above the
water table, but not to the ground surface, as there is no surface crater. The
calculated volume of melt glass produced at the bottom of the cavity is between
525 and 975 metric tons. Outside the cavity and chimney region lies relatively
undisturbed alluvium. The composition of the melt glass, chimney, and cavity
rubble reflects the composition of the original and undisturbed alluvium.

At ground zero, groundwater is found approximately 220 m beneath the
surface. Both the topographical and regional hydraulic gradients dip toward
Frenchman Lake to the east-southeast (Figs. 5, 6). The topographical dip is
considered to be consistent with the basic alluvial depositional patterns in the
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0 ‘2.5 5 Miles

Figure 4: Conceptual structural model cross-section (W-E) for Frenchman Flat,
after Grauch and Hudson (1995). Symbols: Tv = Tertiary volcanic rocks; Pz =
Paleozoic carbonate rock; QTal = Quaternary/Tertiary alluvium.

area, although some historical shifting of these directions may have occurred
during deposition. The magnitide of the horizontal hydraulic gradient lies ap-
proximately between 0.001 and 0.002. Figure 6 also indicates that a small ver-
tical gradient exists between the alluvial and lower carbonate aquifer systems,
consistent with the fact that Frenchman Lake represents a groundwater sink or
low point in the larger valley-fill setting (Hoffman et al., 1977).

3.2.1- Nearby boreholes

The CAMBRIC emplacement hole (Ube) is shown in plan view in Figure 8 and in
the cross section in Figure 7. The first 140 m of the slanted (RNM-1) re-entry
hole was drilled after the test for collection of post-test solid samples and other
diagnostic information. (An enlarged view of this well is also shown in Figure
37). In the early 1970s, it was extended for collection of water samples from
the cavity region. Just prior to this extension, a satellite pumping well (RNM-
2S) was installed approximately 90 m south of UbSe and screened between 16
and 41 m below the bottom elevation of the CAMBRIC cavity (Fig. 7). This
well was used for a radionuclide migration experiment that is discussed later.
Borehole UE5Sn was constructed about 500 m southeast of Ube and was used for
groundwater monitoring and sampling purposes.

3.2.2- Alluvium composition

The alluvium in the vicinity of the CAMBRIC test consists of interbedded silts,
clays, sands, and gravels. Table 2 shows the approximate mineralogic composi-
tion of the alluvium analyzed from several core samples taken over a depth inter-
val spanning the working point of CAMBRIC in RNM-1 (Daniels and Thompson,
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Figure 6: Regional groundwater gradients in the alluvial and deeper carbonate
aquifers in Frenchman Flat (after Hoffman et al., 1977). At the CAMBRIC site,
flow in the alluvial system moves slowly in an approximately east-southeast
direction due to a horizontal hydraulic gradient of 0.002 or less.
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et al., 1977). The section transect is shown in Fig. 8.
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1984) and UE5Sn (Ramspott and McArthur, 1977). In general, these data show
a dominance of feldspar and lesser amounts of quartz, calcite, amphibole, zeo-
lites (clinoptilolite), clays (smectite, kaolinite, montmorillonite) and iron-oxides
(goethite).

Clinoptilolite, a zeolite, ranges in abundance from 0 to 10%, except in the
interval between 220 and 340 m depth (Fig. 7). Here it has been observed in
amounts between 40 and 50% volumetric abundance along with a corresponding
decrease in the amounts of feldspar and other minerals. Several authors have
attributed this variation to an apparent “lithologic break” that may exist over
this depth range (e.g., Hoffman et al. , 1977 and Ramspott and McArthur, 1977),
and it has also been associated with lower hydraulic conductivities. It has been
suggested that the existence of lower permeability materials at this depth may
be related to a depositional lacustrine unit correlating to earlier boundaries of
the Frenchman Playa (Burbey and Wheatcraft, 1986).

Table 2: Mineralogy of alluvium sampled from well RNM-1 and UE5n in the
vicinity of the CAMBRIC test (after Daniels and Thompson, 1984, and Ramspott
and McArthur, 1977, respectively). The range in the data account for variations
in samples taken from several different depths.

Percent volumetric abundance and approximate range

Mineral RNM-1 UE5n
Feldspar 30-90 30-60%
Quartz 5-10 5-10
Smectite 3-15

Clinoptilolite 6-40° 0-50°
Kaolinite 0-1

Biotite 0-3

Mica, 0-2 0-5
Hornblende 0-2

Calcite 0-5 0-10
Muscovite 0-2

Goethite 0-5
Montmorillonite 59
Cristobalite-opaline silica 0-10

@ QOutside the depth interval between 290 and 350 m, the abundances of clinoptilolite
and feldspar are generally in the range of 5-10% and 50-90 %, respectively.

Figure 9 shows the relative abundance of silts, sands, and gravels as a func-
tion of depth beneath the water table at well UE5Sn. There is clearly a marked
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® UeSn

Figure 8: Plan view of the CAMBRIC site showing nearby boreholes and transect
of cross-section shown in the previous figure. Large (blue) and small (pink
outline) pie-shaped areas represent the areal extent of the LATA and LANL
model domains, respectively. Small yellow square represents the domain of the
Burbey and Wheatcraft (1986) model, while the dotted rectangle represents the
model domain in this report.
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Figure 9: Variation of size fraction of alluvium with depth sampled from well
UE5n using sieve and hydrometer analyses (after Ramspott and McArthur,
1977). Notice that the apparent lithologic break may be visible between 280
and 300 m depth beneath the ground surface.

degree of spatial variability in the physical character of the alluvium. This
kind of variability can give rise to variations in physical properties such as the
hydraulic conductivity. Figure 10 shows the vertical distribution of hydraulic
conductivity values obtained from core and well-test analyses in RNM-1 and
RNM-2S from Hoffman et al. (1977), Stone (1975), and Ramspott and McArthur
(1977), as reinterpreted by Burbey and Wheatcraft (1986). The apparent litho-
logic break may be visible in some of this data between depths of 280 and 300m.

3.2.3 Groundwater composition

The best available analyses for major, minor and trace elements in groundwaters
collected in the immediate vicinity of the CAMBRIC test have been compiled in
Tables 3 and 4. Water analyses are presented from samples taken from both
RNM-1 and RNM-2s in 1974, 1975, and 1993 (Hoffman et al., 1977; Smith et
al., 1997). Interestingly, no appreciable thermal signatures remaining from the
test have been reported in these surveys.
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Figure 10: Vertical distribution of hydraulic conductivity beneath the water
table, as measured from core and well-test analyses in RNM-1 and RNM-2S
(from Hoffman et al., 1977; Stone, 1975; and Ramspott and McArthur, 1977;
as reinterpreted by Burbey and Wheatcraft, 1986). Depth refers to distance
beneath ground surface.

3.2.4 Radionuclide inventory

Portions of the post-test radionuclide inventory at CAMBRIC are tabulated in
Table 5. Although the unclassified inventories for 3H, 8°Kr, “OSr, and '37Cs were
first derived by Hoffman (1979), our estimates were derived by Smith (1995b).
The data for '96Ru, 258D, M4Ce, 147Pm, 1%°Eu, 239Pu, and 24! Am are based on
a calculation of source term values reported for unclassified post-test atom and
activity ratios derived for CAMBRIC (Hoffman et al., 1977). The radionuclide
inventory for %Tc was derived by Schroeder et al. (1993). While not released
as part of the unclassified inventory, the predicted value was calculated with
knowledge of the CAMBRIC fission yield (10%® fissions) and the specific 9 Tc
fission yield (cumulative yield of 6.0 %).

These radionuclides will be distributed among the glass, collapsed alluvium,
and water, similar to what is shown in Table 1. As this is a fairly uniform,
non-fractured environment without any significant juxtaposition of strong and
weak materials, prompt injection of radionuclides beyond the cavity/chimney
system is not considered likely.

3.2.5 Radionuclide data from groundwater and alluvium samples

Several solid samples of melt glass and rubble were collected from re-entry hole
RNM-1 during its construction (Hoffman et al., 1977). Radionuclides detected
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Table 3: Older (c. 1974) water composition data taken from drill-back hole
RNM-1 (Hoffman et al., 1977). Zones refer to sampling location in drillback
hole (Fig. 37): I = below cavity, IT = lower cavity, III = upper cavity, IV =
chimney, and V = adjacent to chimney.

RNM-1 concentration, c¢. 1974 (mg/1)
Constituent Zone 1 Zone 11 Zone III Zone IV Zone V

pH 8.1 8.3 7.2 7.1 7.4
Na 63 124 129 94 64
K 8 19 19 19 12
Li 0.02 0.38 0.22 1.6 0.39
Ca 16 52 72 93 50
Mg 4 6 24 39 20
Sr 0.3 4 1.1 0.8 0.6
HCO; 177 137 471 582 345
Cl 16 100 41 33 16
SO, 32 200 110 110 63
F 0.6 1.9 0.4 0.2 0.3

in the glass and rubble included the fission products °Ru, 12°Sh, 137Cs, 144Ce,
155Fu, neutron activation products °*Mn, %°Co, 134Cs, 152Eu, '**Eu, as well
as 23°Pu and 2*' Am. This material was graded between glass and non-glassy
fraction and re-analyzed. The highest activities for all the specific radionuclides
were found in the glassy fraction, although significant levels of ?°Sr, '37Cs, and
144Ce were found in the unfused fraction. The refractory elements 4" Pm, 1%°Eu,
239Pu and 24 Am were highly enriched in the melt glass.

The more volatile elements such as '2°Sb and fission products with gaseous
precursors (e.g., %°Sr, 137Cs) were depleted in the melt glass relative to highly
refractory elements. Only about 23% of the °Sr and 7% of the 137Cs relative to
239Py remain in the melt. These data are consistent with previous investigations
of groundwater and solid samples analyzed from other underground nuclear tests
at the NTS (see section Radionuclide distribution and behavior).

Over time, several radionuclides have been identified in water samples col-
lected from wells RNM-1 and RNM-2S. In RNM-1, detectable amounts of 3H,
36(1, 60Co, 85Kr, 98r, PTec, 196Ru, 125Sb, 121, 137Cs, and 239Pu were found in
sampled waters believed to be most representative of the cavity fluids. Some of
these measurements (as obtained in Hoffman et al., 1977, and Buddemeier and
Isherwood, 1985) are shown in Table 6. In a 16-year pumping experiment con-
ducted at well RNM-2S (see below in Chapter 9), 3H, 3¢Cl, 8°Kr, Tc, %6Ru,
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Table 4: Recent (c. 1993) water composition data taken from near the water
table in RNM-1 and from the screened interval in RNM-2S (from Smith et al.,
1997).

Constituent RNM-1 (mg/l) RNM-2S (mg/1)

Na 43.0 49
K 8.0 8.9
Ca 26.1 20.9
Mg 9.97 8.13
SO4 41.8 35.7
B 0.2 0.2

RNM-1 (ng/l) RNM-2S (ng/1)

Mn 0.4 22.5
Cu 1.1 1.0
Zn 8.0 2.0
As 7.0 5.0
Se 8.4 9.5
Sr 2 120
Mo 3.7 4.1
Ba 14.8 24.1
Hg 1.1 1.0
Pb 0.8 1.4
U 3.9 3.5

1258h, and 12T were detected. Concentrations of these radionuclides were sig-
nificantly below those collected from RNM-1. Bryant (1992) also reports that a
single assay for 22?Pu and 24! Am made in RMN-2S coincident the tritium peak
revealed concentrations less than the detection limits of 10° and 10° atoms/ml
(or 1.66 x 10~ and 1.66 x 10~!* mol/kg-H,0), respectively.

3.3 Definition of the hydrologic source term

As discussed above, the hydrologic source term at CAMBRIC will generally be
defined in terms of the aqueous speciation and abundance of a selected set of ra-
dionuclides that are introduced into groundwater as aqueous species or colloids,
and by the rate and extent of radionuclide migration away from the near field
environment. The hydrologic source term is the portion of the radiologic source
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Table 5: Inventory of selected radionuclides at the CAMBRIC test, decay cor-
rected to zero time on May 14, 1965 (after Hoffman et al. , 1977, Hoffman, 1979,
Schroeder et al., 1993, and Smith, 1995b).

Radionuclide Half life (y) Abundance (Ci) Abundance (moles)

SH 12.26 5.94 x 104 2.04

85Kr 10.72 8.55 2.56 x 104
908y 28.78 42.3 3.44 x 1073
9 e 2.11 x 10° 017 1.01 x 1072
106Ry 1.02 2.50 x 10° 7.13 x 1073
125Gy, 2.76 39.4 3.04 x 10™4
137Cs 30.17 1.26 x 102 1.07 x 102
1440 0.78 2.89 x 103 6.30 x 1073
147pm 2.62 4.65 x 102 3.40 x 1073
155Fy 4.73 6.40 8.46 x 1075
2387 4.47 x 10° 2.94 x 1072 3.69 x 102
239py 2.41 x 10* 1.91 x 10? 13.0

241A 432.2 44.2 5.19 x 1072

@ Parent chain includes “9Zr, °*Nb, and Mo, which are all relatively refractory.
Schroeder et al. (1993) put the 3H/?°Tc ratio for CAMBRIC waters at 2.8 x 1077,
which further implies most of the °Tc is contained in the glass.

term that is available for transport in groundwater. The hydrologic source term
will evolve chemically in response to interactions among the groundwater, host
rock and melt glass in the cavity, chimney and alluvium. In this report, we
specifically do not address the possibility of radionuclides being transported as
colloidal material (< 1 pum particles) in the groundwater.

3.3.1 Radionuclide migration and speciation

Migration of radionuclides away from the CAMBRIC test area is assumed to
occur via aqueous species transport in groundwater. Some species that are
immediately introduced into groundwater, such as tritium which occurs largely
as HTO, are very mobile, and are readily moved away from the test area by
ambient groundwater motion?.

Other radionuclide species, specifically those in the cavity and chimney areas,
may partake in surface complexation, ion-exchange or sorption reactions, par-

2In the case of the CAMBRIC test, the groundwater motion was largely forced as a result of
a nearby pumping experiment that was carried out for 16 years (Bryant, 1992).
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Table 6: Radionuclide concentrations measured in CAMBRIC waters from well
RNM-1. Zones II through V (c. 1974) from Hoffman et al. (1977) (II = lower
cavity, IIT = upper cavity, IV = chimney, and V = adjacent to chimney); Zones
A, B and C from Buddemeier and Isherwood (1985). Concentrations given in
molality and corrected to 5/14/65. Refer also to Fig. 37.

RNM-1 concentration (mol/kg-H50)

Radionuclide Zone I1 Zone IIT Zone IV Zone V
3H 1.29x1071°  8.08x107'"  1.74x107'*  5.88x107'3
908y 3.68x10~13 2.47x10~13 2.14x10713 9.31x10~15
106Ry 1.25x10~ 1 4.36x10712
137Cg 7.56x107 14 6.46x10~ 14 3.78x10~ 14 7.65x1071°
239,240pya 5.33x10~ 14 4.78x10714

A B C
3SH 4.77x10~ 1L 4.67x10712
60Co < 837 x 1020 < 837 %1020
908y 1.63x10715
106Ry 1.63x10715 < 4.87 x 10715
137Cg 4.43x10~15 1.96x10-15
155y < 1.85 x 10719 < 1.85 x 10719

@ In this report, we assume that the plutonium used in the CAMBRIC device was
“weapons grade” such that the majority of the 23%240Py is 239Pu (DOE,1999).

ticularly with clays, zeolites, or iron-oxide minerals in the cavity, chimney and
undisturbed alluvium. As a result, they will have some mobility in groundwater,
although their migration rates may be strongly retarded. Migration may also
be retarded if radionuclides precpitate from solution. A disparity in migration
rates may, in part, be evidenced by the recovery of more mobile radionuclides
in the RNM-2S pumping experiment, with a corresponding apparent lack of the
potentially more immobile radionuclides, as illustrated in various elution curves
shown in the Bryant (1992) report and related references.

Radionuclides incorporated in the cavity glass will be released slowly into
the groundwater as the glass dissolves naturally. Released radionuclides will
interact with dissolved constituents in local groundwater to form mobile species
that may be affected by precipitation, ion exchange and sorption processes in the
cavity, chimney and undisturbed alluvium. The bulk rate of glass dissolution is
controlled by the available surface area of the melt glass, the water chemistry,
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glass composition and temperature. The bulk dissolution rate may be decreased
by clays that form along the glass surfaces. This will tend to armor the glass,
clog flow pathways, and reduce glass contact area with groundwater.

Some radionuclide species (e.g., Pu) may form colloids or sorb onto naturally-
occurring colloids that will facilitate or enhance radionuclide migration away
from the test cavity or chimney (Ryan and Elimelech, 1996; Kersting et al.,
1998). This will depend on the abundance of radionuclides, the availability
of natural colloidal material, and geochemical conditions that promote colloid
stability and radionuclide attachment. We do not specifically address colloid-
facilitated transport in our calculations.

It is possible that some gaseous radionuclides may be injected vertically
into zones that are unsaturated and above the current water table. Some of
these (or, possibly, their daughter products) may ultimately become dissolved
in residual moisture and migrate slowly back to the saturated regime. Although
this scenario will not be considered here in the context of CAMBRIC, the reader
is referred to Guell (1997) for an expanded discussion of this topic.

Many of these processes, such as the glass dissolution rates, will be dependent
on temperature and may fluctuate in their intensity or magnitude if there is a
lasting thermal signature in the cavity environment. Due to the small size of
the CAMBRIC test, lasting thermal signatures are not expected.

3.3.2 Exchange volume and melt glass source regions

To simplify the discussion throughout this paper, we will define the volumetric
portions of the collapsed cavity, chimney, and sidewall systems that contain sig-
nificant amounts of radionuclides as the “exchange volume”. The radionuclides
in this volume will include many of the more volatile (non-refractory) species
that have been exchanged or moved around as gases prior to recondensation. The
exchange volume is considered to be distinct from the “melt glass”, although,
together, both will comprise the initial region of radionuclide contamination
that the simulations must be based upon.

The size and geometry of the exchange volume can be difficult, in general,
to fully ascertain using the kind of data that is typically available. The LLNL
CAMBRIC simulations adopted a simple 18-m radius spherical model that is
compatible, in part, with approximate measures of the post-test tritium distri-
bution used by Hoffman et al. (1977) and Burbey and Wheatcraft (1986) (Fig.
11). However, this should only be regarded as a provisional estimate at this
time. Related discussions may be found in Chapters 6, 7, 10, and 11, as well as
Appendix 5.

3.3.3 Radionuclide decay

Radioactive decay of residual actinide nuclear weapons fuels breed radioactive
daughter products which in turn contribute to the post-test radiologic source
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Figure 11: Generic illustration of geologic units that comprise the cav-
ity /chimney system in a saturated environment (see text).

term. The decay of the actinide parents and the in-growth of their daughters
emphasizes the dynamic nature of the weapons source term.

Radioactive daughter products may be important because they pose similar
risks as the parents, and thus may be of continued concern from a regulatory
perspective. In other cases, daughter products may chemically interfere and
affect the migration rates of radionuclides, and require specific consideration in
order to completely model the system. In still other cases, daughter products
may be unimportant, but the time scales of parental decay may limit the times
and spatial locations over which parental radionuclide migration are of interest.

In general, actinide decay chains are long; the ?*3U chain has in excess of
16 daughter radionuclides. Significant decay schemes are listed in Appendix
1. Inclusion of every member of every actinide decay chain for the purposes
of source term modeling is not warranted; in most cases substantial in-growth
of daughters occurs on time-scales in excess of 1000 years. For this reason,
the CAMBRIC actinide source term does not incorporate the evolving inven-
tory of daughter products. In addition, as shown in Appendix 1, most of the
non-actinide radionuclides considered here decay through short chains to stable
daughters.

For simplicity, all simulations reviewed in this report were originally made
in the absence of decay. Predicted spatial distributions or breakthrough pro-
files for the radionuclide species considered were later corrected ex post facto
to show losses arising from decay, but not to generate secondary inventories for
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additional source term calculations. Nevertheless, 2! Pu has a half-life of 14.4
years (?4'Pu —1Am —23"Np —233U). This decay results in increasing activ-
ities of 2! Am (and decreasing activities of *!Pu) on times scales of < 1000
years and might be reasonably included in future calculations.



Chapter 3: Physical and Chemical Setting

28



Chapter 4: Modeling Approach 29

4 Modeling Approach

The technical approach used in this project is based upon several distinct char-
acterization and modeling efforts that are ultimately linked together. Principal
among these include:

Selection of a representative subset of radionuclides for consideration,
based on data availability, classification, risk to human health, half-life,
abundance, and their expected reactivity and mobility in groundwater.

Development of a glass dissolution model to predict the rate at which
glass-bound radionuclides are introduced into groundwater. Although a
temperature-dependent model was developed, an ambient temperature of
25°C was assumed for simplicity. This is supported by the fact that no
distinct elevated temperatures have been reported in groundwater or soil
samples taken 10 years after CAMBRIC was detonated.

Development of geochemical models to describe the relevant aqueous com-
plexation, surface complexation, ion exchange, precipitation and dissolu-
tion, and other reactions that control radionuclide retardation and migra-
tion. An ambient temperature of 25 °C was assumed to exist.

Integration of this chemical behavior into a simple one-dimensional trans-
port model to forecast the chemical behavior and migration rate of ra-
dionuclides along a single streamline or flow path that passes through a
nonuniform regime of melt glass, cavity and chimney rubble and/or undis-
turbed alluvium.

Development of a representative three-dimensional groundwater flow model
within the near field environment surrounding the CAMBRIC test, incor-
porating, as necessary, ambient or pumping well auxiliary conditions and
calibration steps that relate to existing data and flow models.

Subsequent application of a multiple-streamline model to the near field
CAMBRIC system using available radionuclide inventory and chemical par-
titioning data to describe and constrain the initial distribution and form
of radionuclides.

Combination of multiple-streamline simulation results to forecast the three-
dimensional chemical nature and migration rate of radionuclides in the
near field and estimate the rate of radionuclide flux out of the near field.

Sensitivity analyses that address effects of melt glass and reactive mineral
surface area, as well as the spatial abundance and distribution of the
reactive minerals in alluvium.
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5 Selection of Radionuclides for Analysis

Selection criteria for the radionuclides investigated in this study were mainly
based on

e The unclassified radiologic source term inventory,

e The general availability of thermodynamic data for radionuclides associ-
ated with nuclear tests,

e A desire to consider radionuclides emanating from different source envi-
ronments such as the glass or chimney and cavity systems, and

e Those radionuclides known to be in relative abundance, toxic to human
and environmental health, and potentially mobile in the subsurface.

Although a portion of the inventory at the CAMBRIC site is unclassified, ra-
dionuclide inventories associated with most nuclear tests are generally classi-
fied. Specifics about the partitioning and abundance of these radionuclides are
included in Tables 1 and 5.

Table 7: Some of the characteristics of radionuclides that were considered in
this study. °?Tc was not considered in the transport model because of its
conservative (anionic) chemical behavior. *H was only considered in the analysis
of the pumping experiment in RNM-2S.

Principal Dominant Processes
Radionuclide source(s) aqueous species affecting transport
3H chimney, water (HTO) flow
cavity
908y chimney, cation flow, co-precipitation,
cavity sorption
9Te glass anion flow
137Cs chimney, cation flow, ion exchange
cavity
155Fy glass neutral hydroxycarbonate flow, precipitation,
sorption, colloids
239pPy glass carbonate anion flow, precipitation,
sorption, colloids
241 Am glass neutral hydroxycarbonate flow, precipitation,

sorption, colloids
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The most important criterion for selection of radionuclides in this study is
whether their abundances (inventories) are unclassified and available. The ra-
dionuclides that comprise this list include *H, 8°Kr, °Sr, °6Ru, 12°Sh, 137Cs,
144Ce, M7Pm, 155Eu, 238U, 2%9Pu, and ?*!Am. The work of Schroeder et
al. (1993) allowed the abundance of ?°Tc to be estimated as well. Neverthe-
less, there were additional considerations that compelled us to shorten the list
of radionuclides included in the transport model. First of all, radionuclides
that had very short half-lives, say less than 5 years (e.g., \°’Ru, 25Sb, 144Ce,
and *"Pm), were excluded from the list. Secondly, gases that do not react
geochemically with the surrounding geologic media (e.g., 3°Kr) were eliminated.
Thirdly, 238U was eliminated because the natural U concentration in the host
rock is high and masks any signature of bomb-pulse 23%U.

The list of radionuclides chosen according to the above process is shown in
Table 7. Because H and %’Tc are known to migrate with groundwater and not
interact with the surrounding geologic media (Borg et al., 1976), they were not
considered in the geochemical modeling process, and not included in the final
transport simulations®. The remaining subset of radionuclides chosen for this
study has a varied initial distribution in the glass, chimney, and cavity areas, and
represent a cross-section of geochemical behavior relating to sorption and ion
exchange, precipitation and dissolution. In addition, the subset of radionuclides
includes both fission products and activation products, short- and long-lived
species, and highly to moderately hazardous species.

3Nevertheless, some theromdynamic data associated with specifc Tc species is included in
Appendix 3, and 3H was used to aid calibration of the flow model.
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6 Modeling Radionuclide Release from the Melt
Glass

The melt glass contains a significant fraction of the radionuclide inventory as-
sociated with the test. For this reason, it provides a source of radionuclides and
must be considered in the radionuclide migration assessment. In order to predict
the rates of release of radionuclides from the melt glass, we need to know the
rate with which the glass reacts with typical ground waters, and how changes
in parameters such as temperature, pH and other fluid compositional variables
affect that rate. This chapter describes the glass dissolution rate model we use
to model radionuclide release from the melt glass.

6.1 Glass composition

The melt glass has a composition very close to that of the host rocks of the
test, with the exception of added trace amounts of radionuclides generated in
the test. For the bulk melt glass composition at the CAMBRIC test, we use a
typical rhyolitic rock composition with 75 weight % silica, similar to the alluvium
which hosts the test, with composition given in Table 8 (Schwartz et al., 1984).
The masses of radionuclides generated are given in Table 9, along with the
distribution factors used to partition them into the melt glass, and their natural
abundances in the rock.

Because the glass composition is so similar to natural glasses, we can use
previous experimental studies of natural silicate glasses to estimate the dis-
solution rate of the radioactive melt glass. The effects of small amounts of
contaminants, including radioactive ones with their associated radiation fields,
have been shown to have negligible effects on glass dissolution rates (Bibler and
Jantzen, 1987).

6.2 Glass dissolution model
6.2.1 General features

Glasses are thermodynamically unstable materials and tend to transform with
time into more stable crystalline phases. The rate of this transformation pro-
vides an upper limit to the release rates of radioactive elements contained within
the glass. Diffusion rates of ions through silicate glasses are too small to allow
any appreciable release of any radionuclide through diffusion processes. Water
acts as a flux to allow this process of transformation from glass to crystalline
material to proceed at a significant rate.

When water first contacts alkali aluminosilicate glass, a rapid ion exchange
process takes place which depletes or removes the alkalis in the outermost few
microns of glass. With time, this outer alkali-depleted hydrous surface layer
thickens until a steady-state is reached. The thickness of the layer then remains
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Table 8: Composition of rhyolitic melt glass at the CAMBRIC test (Schwartz, et al.
1984). Radioactive elements are in bold.

Oxide Element
Oxide weight % mole %  mol/100g weight %  mole %  mol/100g

0 49.6 64.2 3.1

SiO, 75.9 82.5 1.3 35.5 26.1 1.3

Al20; 13.7 8.8 0.13 7.3 5.6 0.27

Fe5 05 3.1 1.3 1.9x1072 2.2 0.8 3.9x1072
NasO 1.1 1.2 1.8x1072 0.9 0.8 3.7x1072
K,0 2.9 2.0 3.0x1072 2.4 1.3 6.1x1072
P,0s5 0.1 0.05 8.1x1074 0.05 0.03 1.6x1073
CaO 2.3 2.7 4.1x1072 1.6 0.8 4.1x1072
MgO 0.9 1.5 2.3%x1072 0.6 0.5 2.3x1072
SrO 0.04 0.03 44x107* 3.9x102 0.01 4.4x1074

PuO, 4x107%  1.1x10™* 1.6x107% 4.0x107* 3.4x107° 1.6x107¢
Am->03; 3x107% 21x1077 5.9x1079 1.5x107% 1.3x10~7 1.2x10°8
Eu,04 1x107%  2.2x107° 3.3x1077 9.9x107° 1.4x10~° 6.5x10°7
Cs,0 2x107%  4.9x107° 8.1x1077 2.2x10~* 3.1x107° 1.6x102

Totals 100 100 1.5 100 100 4.8

approximately constant as it migrates into the glass (Bourcier, 1994). At steady
state, release of elements from the glass is essentially stoichiometric. However,
most of the elements are quickly incorporated into alteration phases. For a
silicate glass such as that generated at the CAMBRIC site, the glass will react
with groundwater to form mainly clay and zeolite minerals. There is usually
a volume increase associated with this process, which tends to restrict further
fluid contact with the glass.

Alkali aluminosilicate glasses, such as rhyolite and dacite glasses, typically
show a pH dependence to their dissolution rates which has a minimum at near
neutral pHs (see Fig. 12). The test results shown in Figure 12 (from Mazer,
1987) are from flow-through experiments where the solutions are buffered at a
constant pH and dissolving glass species are not allowed to build up in solution.
These rates are therefore the fastest at which the glass will dissolve at the given
pH (excepting any catalytic effects). The rates also show a progressive increase
in durability (decrease in dissolution rate) as the silica content goes up. Rhyolitic
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Table 9: Radionuclide abundances in melt glass based upon 905 metric tons of glass.
Weight % oxide refers to oxides derived from radioactive materials, natural materials,
and what was used in the model, respectively.

Abundance Amount in glass Weight % oxide
Element (moles) % moles rad. natural ~ model Oxide
08r 3.4x107% 25 8.6x107*  9.4x107°  0.04 4.0x107%  SrO
187Cg 1.1x1072 10 1.1x1073 3.2x107%  0.0002 2.0x107* Cs20
155Fy 8.5x107®> 95 8.0x107° 3.0x107% 0.0001 1.0x10* EuyO4
239py 13. 95 12. 3.9x1074 0 3.9x107*  PuO.

241 Am 52x1072 95  49x107% 2.8x107° 0 2.8x107%  Amjy03

glass dissolve more slowly than basaltic ones. The dissolution experiments of
Mazer were performed on 6-component synthetic volcanic glasses.

Glasses exhibit a saturation effect similar to crystalline solids. In closed
system dissolution rate measurements where species build up in solution, we see
a saturation effect which causes the dissolution rate to slow down. The decrease
in rate can be several orders of magnitude. For silicate glasses, the effect is
due mainly to dissolved silica. Most other aqueous species have a much less
important effect, particularly at neutral to alkaline pHs. This saturation effect
which slows the reaction rate is likely to be important for the slowly flowing
groundwaters interacting with the melt glass at the CAMBRIC site.

6.2.2 Rate equation

For the purposes of our flow and transport simulations, the melt glass will be
considered as a water-saturated porous medium whose matrix is completely
composed of fractured (or cracked) melt-glass material. The effective rate of
radionuclide transfer from the glass into the interstitial waters will be controlled
by the intrinsic rate of glass dissolution. At the macroscopic level, this can be
described at a point in a static (nonflowing) system by (Appendix 2)

de

S = vy = v AKT) - f(@) - 9(AG). (1)
where ¢; is the aqueous concentration of radionuclide j in the pore water (moles-
j/m3fluid), ¢ is the melt-glass porosity, r4 is the bulk rate of intrinsic glass
dissolution per unit volume of bulk medium (moles-glass/m3-medium/s), and
v; is a stoichiometric coefficient that describes the fraction of radionuclide j
contained within the glass (see below). The bulk rate of glass dissolution is

¢
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Figure 12: Dissolution rates for synthetic volcanic glasses measured at 65°C.
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dependent on the specific surface area of the melt-glass, A, (m%-glass/m3-
medium), a temperature-dependent rate coefficient, k (moles—glass/m?-glass/s),
a dimensionless factor (f) dependent on the activities (a;) of N catalytic or
inhibitive aqueous species, and another dimensionless factor (g) dependent on
free energy (AG,) of the dissolution reaction. In turn, (1) may be reexpressed
as (Aagaard and Helgeson, 1982)

de; - pi Q
o g = vt = vidsk [ [Tal ) 0= 2, (2)

where the p; are determined empirically, and @ and K are the activity product
and equilibrium constant for the glass dissolution reaction, respectively. The
quantity (1 — Q/K) is called the affinity term and provides for a slow-down
in the rate resulting from saturation effects. Commonly, for glass dissolution
processes, only the effect of pH (ag+) is included in the product term.

6.2.3 Rate equation parameters

For the CAMBRIC glass, the data in Figure 12 (from Mazer, 1987) was used
to regress the value of the rate coeflicient as a function of glass silica content.
The 65°C data for dacite glass was first fit to a 3rd order polynomial (Fig. 13).
Based on the data shown in Figure 13, the dissolution rate was then assumed
to decrease by about 0.03 log units for each 1% increase in SiOs content. Thus,
the pH dependence of the glass dissolution rate was assumed to parallel the
measured data for dacite, but is offset to higher or lower rates depending on
the glass silica concentration relative to the dacite (which has about 63 weight
% Si03). This regression covers silica concentrations in the glass of 50 to 75
weight %.

To account for temperature changes, the rate coefficient k was adjusted in
terms of an activation energy (F,) and a reference rate (k) determined at a
reference temperature (7.):

k E, (1 1
ni =% (7 7) @)

where R is the gas constant. Activation energies for dissolution of silicate glasses
in water of around 20 kcal/mole are typical (Knauss et al., 1990).

Dissolving glasses exhibit a saturation effect. As species originally present
in the glass build up in solution, the dissolution rate of the glass gets smaller.
Previous studies of silicate glasses have shown that the primary cause of this
slowing is the increasing concentration of dissolved silica. Although other species
have some effect, we will limit the model to the effect of silica only because of
the lack of more detailed information. This implies that the value of () in
the saturation or affinity term (1 — @Q/K) in (2), is simply the activity (or
concentration) of SiOz(aq).
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Figure 13: Regression fits to experimental data at 65 °C for synthetic volcanic
glasses. Curves show 3rd order polynomial fits to data. Data for dacite shown
as dark curve; line with circles shows fit to dacite data. Dotted line shows
estimated pH dependence of log rate for rhyolite glass used as input for reactive
transport codes.
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Figure 14: Silica saturation value for CAMBRIC melt glass. If groundwater
leachate has higher concentration than this value, glass dissolves at minimum
“silica saturation” rate which is 2.4 x 1077 g/m?/day at 25°C (see text).

The value of K (the “silica saturation” value for the glass) is usually deter-
mined experimentally. For silica-rich glasses such as the CAMBRIC melt glass,
values of K are usually similar to the K values for relatively soluble silica poly-
morphs such as cristobalite and amorphous silica. Due to the lack of available
experimental data on the CAMBRIC glass, we will make the conservative as-
sumption that the K for the glass is the same as that for amorphous silica.
This provides a maximum value for K, and therefore a maximum and conserva-
tive value for the affinity term. The values of K for the puddle glass are shown
in Figure 14.

The form of the affinity term in (2) predicts that if silica concentrations are
higher than the silica saturation level for the glass, the term becomes negative
and the rate law implies that glass would precipitate, an impossible physical
phenomena. In nature, the reaction rates of glasses slow to very small, barely
measurable values in high-silica concentration solutions. To account for this, we
replace the rate term (ry) in (1) or (2) by a default, long-term rate (denoted by
T4,1) when the affinity term is computed to be less than or equal to zero. Under
these conditions, the long-term rate equals the rate of dissolution under silica
saturated conditions. Because there are no appropriate rate data for the actual
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CAMBRIC melt glass under these high silica conditions, we use data measured on
silicate waste glasses at 90°C for this number, and the same activation energy as
used to predict temperature effects on the intrinsic rate coefficient. With those
assumptions, we get values for 74, of 4.0 x 107% g/m?/day at 10°C, 2.4 x 1077
g/m?/day at 25°C, 3.2 x 1076 g/m?/day at 50°C, and of 4.0 x 10~* g/m?/day
at 90°C.

6.2.4 Glass surface area

One of the most critical and poorly defined parameters necessary to predict
radionuclide release rates from the melt glass is the bulk specific surface area of
the puddle. It is important because the reaction rate of the glass is proportional
to the reactive surface area (eq. 2). There are several aspects to estimating the
surface area which need to be considered:

1. When glasses cool from the outside, thermal gradients normal to the cool-
ing surface produce differential thermal stress which cracks the glass. Even
slowly cooled meter-sized glass masses end up as composites of fist-sized
glass pieces along with finer material along a 3-D mosaic of cracks. A
similar cracking process probably takes place as the melt glass cools.

2. Volatiles included in the cooling silicate liquid will tend to exsolve during
vitrification and result in high porosity zones of bubbles, analogous to
pumice in natural glasses (Fig. 15). These zones will have very high
effective surface areas. However, it is unknown whether the high porosity
will translate into a zone of high permeability.

3. As mentioned above, reactions between the melt glass and water will give
rise to hydrous alteration products. This reaction has a positive molar
volume change and will therefore have a tendency to decrease the perme-
ability in the zones which contain the hydrous phases.

All three aspects are difficult to quantify without more detailed field exam-
ination of the actual CAMBRIC melt glass. Therefore we will use available data
from other studies of glasses and make conservative assumptions to estimate the
reactive surface area.

To estimate the extent of glass cracking, we will use experimental data for
cracking in high-level waste glass. When large cans (2 ft in diameter x 10
ft long) of borosilicate waste glass are cooled in air, leach testing shows that
they have increased in leachable surface area relative to their geometric area
by up to a factor of 25 times. The specific surface area (A;) created by the
cooling process, based upon the entire volume of a can, is approximately (25 x
outer cylinder area)/(bulk cylinder volume) ~ 30 ft2/ft3, or 98 m?/m®. These
leach tests are of full-scale heated containers of glass. The test results empirically
account for the presence of restricted surface area at which diffusion-limited glass
dissolution takes place.
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Figure 15: Detail of a melt glass specimen about 2 centimeters across from the
BILBY test (U3cn, September 13, 1963), showing cracks, abundant vesicles and
flow textures. The permeability and available surface area of this type of glassy
material is difficult to estimate without measurements.
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As discussed in later chapters, the melt puddle at CAMBRIC will be repre-
sented by an approximately 8-m radius, 2-m thick glass cylinder sited at the
bottom of the cavity. We will assume that the glass is fractured into a series of
4.58 cm cubes that are separated by 3.2 mm cracks, which is consistent with an
overall porosity (¢) of 0.1 and a specific surface area (A,) of 118 m?—glass/m3—
medium. This surface area is therefore 20% larger than the maximum value
measured from the high level waste glass containers. The bulk volume of the
glass medium is approximately 402 m?3, which, for ¢ = 0.1, yields 362 m? of
pure glass, or close to 905 metric tons using a glass density (py) of 2.5 g/cm?.
This value is in the upper part of the predicted range of melt glass abundance
for an 0.75 kt-yield test (Smith, 1993). Notice that the mass-based specific sur-
face area, defined by As ., = As/(py(1 — ¢)) is approximately 0.52 cm?/g-dry
medium.

When the cylindrical geometry of the entire puddle is considered, the inter-
nally exposed area along the cracks is just under 100 times the outer cylindrical
area of the puddle, almost 4 times as high as observed in the waste glass experi-
ments. We will retain this higher factor to conservatively account for potentially
higher areas created by pumice formation at CAMBRIC. It is also important to
recognize that armoring or permeability decreases created by the formation of
alteration minerals will not be accounted for here.

In trying to estimate reactive surface area for a melt glass, an important
distinction must be made between the conditions of the kinetics experiments
from which rate parameters were derived, and the field conditions we are trying
to model. The experiments are designed to keep each particle of glass in full
contact with the leachate. Under the test conditions, the glass particles are
suspended in moving water, either due to flow or stirring, to insure complete
contact between glass particle and fluid, with no diffusion (transport-limited)
release. In the melt glass, water is flowing slowly through the fractured glass.
Glass puddle-water contact is restricted to permeable zones. Water imbibed into
cracks in less permeable zones will be less able to mix with bulk water. Reaction
rates in these cracks will be slower due to saturation effects. Mass transfer out
of the cracks may be diffusion-limited. Alteration minerals will precipitate along
flow paths and restrict further water contact. These effects all tend to slow the
overall dissolution rate of the glass, and therefore tend to decrease the value for
effective surface area of the puddle used in the model. Therefore it is necessary to
use as the value for reactive surface area, some value less than the total measured
or estimated surface area in order to account for these effects. This is consistent
with other measurements of reactive surface areas in field investigations where
the measured rates are 1 to 3 orders of magnitude slower than rates measured
on the same materials in stirred reactors (White and Peterson, 1990).

In the kinetic model for glass dissolution (egs. 1 or 2), the surface area pa-
rameter is implicitly understood to account for glass surfaces that are in regular
contact with flowing water, as opposed to isolated surfaces in restricted areas
that are removed from the major flow-paths, as in fine cracks or vesicular zones.
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Because we do not have a measured surface area, and no detailed information
on the permeability characteristics of the puddle, we have used the effective
surface area measured for high-level waste glasses described in 5.2.4 as an ap-
proximation. In this way, we account somewhat for the existence of restricted
surface area and alteration mineral formation, as both of those processes take
place in the high level waste glass experiment from which we obtain our value
for reactive surface area. Without more detailed information on the hydrologic
characteristics, it is felt that this provides the best available estimate of reactive
surface area for the CAMBRIC puddle?.

6.3 Comparison with experimental data

There are some available dissolution rate measurements of the actual CAMBRIC
puddle glass and natural glasses of similar bulk composition with which to com-
pare and validate our estimated rate data. Note that we have chosen not to use
the CAMBRIC melt glass experimental rate data directly in our model because
of problems identifying which reported elemental release rates are solubility vs.
reaction rate controlled. Plus, these experimental data are all at a single tem-
perature and fluid composition, and so they cannot be reliably extrapolated to
the evolving conditions of our reactive transport model.

There are two reports which provide the rate of release of elements from
the CAMBRIC melt glass in flow-through dissolution tests. Coles et al. (1978)
report release rate data at 25°C for Na, Mn, Co, Cs, and Sb from CAMBRIC
melt glass dissolving in NTS well water 5B. The glass was presumably rhyolitic
(composition not given). The water had a pH of 8.5 and 28 ppm dissolved
Si. Figure 16 shows the reported dissolution rates for each element vs. our
calculated value. Onme of the difficulties in interpreting experimental data of
this type is knowing whether the elemental concentrations are fixed by their
release rates from the glass, or are solubility controlled by alteration phases
precipitating in the test. Of the elements listed, Na is probably the best indicator
of overall glass dissolution rate, both because of its relatively higher release rate,
and its known geochemical behavior. However, it is released from the glass in
the ion exchange process mentioned above, so that early high release rate values
shown in Figure 16 are probably indicative of the ion exchange process, not

4In a recent study of radionuclide release from the SHOAL test (Pohll et al., 1998), the
mass-based reactive surface area (As,m) of the SHOAL melt glass was estimated from BET
measurements (Essington and Sharp, 1968) to be As ., ~ 0.05 m2 /g, about a factor of 1,000
greater than our CAMBRIC value. The SHOAL area corresponds to an average grain size of
about 100 microns, which, if used in the reaction model, would be equivalent to defining the
melt glass as a reactive volume filled with a 100-micron glass powder and groundwater. The
system would be similar to a stirred reactor composed of 100 micron grains suspended in
solution. This could be viewed as an overly optimistic estimate of reactive surface area for a
melt glass, even if it is highly fractured and vesicular. It is interesting to note, however, that
the intrinsic glass dissolution rate parameter (k in eqs. 1 or 2) used in SHOAL study (10~9-3
g/m? /sec) is remarkably close to our CAMBRIC value (10724 g/m?/sec), despite the fact that
they were arrived at independently.
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Figure 16: Measured release rates of elements from CAMBRIC melt glass in
single pass flow-through tests at 25°C. Bars show range of measured values.
Horizontal line is predicted glass dissolution rate from model.

matrix dissolution (most of the Na data greater than 10~ are for times earlier
than 5 days). Therefore our predicted value of 10733 is in fair agreement with
long-term glass dissolution rates based on Coles et al. (1978).

Failor et al. (1983) did further flow-through tests on the CAMBRIC glass
under similar conditions, but included longer test durations. Their results are
compared with our calculated glass dissolution rates in Figure 17. Again the
agreement between our estimated dissolution rates extrapolated from 65°C tests
on synthetic glasses is good. The highest values for Na are again probably due
to early ion exchange of the glass surface.

Note that in both the Coles et al. (1978) and Failor et al. (1983) reports, the
material tested was hand-picked glass grains, crushed and sieved to a 40-150
micron size fraction. Powder x-ray analysis showed that from 65-100% of the
material was glassy, the rest being various proportions of silica and feldspar
phases. The bulk composition of this material is not given.

White (1983) reports dissolution rates of silica-rich natural glasses measured
in static tests. For a 76 weight % SiO4 obsidian dissolving in distilled water, he
reports a dissolution rate of 0.87x 10715 moles/cm? /sec (equivalent to 4.5x 1075
g/m?/day). For the same conditions (pH 6.3, 25°C, 0.03 mmol Si), we predict
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Figure 17: Measured release rates of elements from CAMBRIC melt glasses in
single pass flow-through tests at 25°C. Bars show range of measured values for
tests of three glass samples. Horizontal line is predicted glass dissolution rate
from model.
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Figure 18: Comparison of field measured palagonitization rates of basaltic
glasses in seawater with dissolution rates estimated from glass reaction model.

a value of 3.4 x 1075 g/m?/day, in good agreement with the measured value.

One additional comparison can be made between field data on glass disso-
lution rates and our model predictions. This has to do with rates of alteration
of basalt by sea water, termed palagonitization. Smith (1998) uses data from
Jercinovic and Ewing (1987) to estimate palagonitization rates of 2.6 to 4.3 mi-
crons per year at temperatures from 5 to 50°C. These rates are compared with
our model calculated values shown in Figure 18. Again, our predicted values lie
in the range of values measured in natural environments.

The analysis of the experimental data of the flow tests and static tests above
does not constitute a validation of the reactive surface area chosen for the melt
glass. The analysis of these test results is based on reported BET-measured
surface areas of the glass powders used in the tests. To model these tests, these
measured surface areas are used along with a rate constant for glass which is also
determined from kinetic experiments where surface areas were measured using
the BET method. The agreement between model and experiments therefore
validates the choice of rate constant, but not the choice of surface area.
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6.4 Other factors affecting glass durability

The dissolution rate of a silicate glass depends fairly strongly on glass composi-
tion, but also depends on the annealing history of the glass. The faster a glass
is quenched, the more strain energy remains which causes the glass to dissolve
more quickly. We assume here the relative cooling rates of extrusive rocks and
the melt glass are both relatively slow and therefore there is no significant dif-
ference in annealing characteristics. We therefore do not attempt to account for
any dissolution rate differences which could arise from variable cooling histories.

As mentioned above, the radiation field associated with radionuclides incor-
porated into the glass is likely to have a minimal effect on glass dissolution rates.
The most significant effect is likely to be due to alpha emission from decaying
actinides such as 23°Pu. But at the low concentrations of Pu in the glass pool,
this effect will probably be negligible (Weber et al., 1997).

6.5 Incorporation of glass dissolution in reaction path mod-
els

In order to use the glass dissolution model described above in reactive trans-

port calculations, we need to provide a data block for the glass reactant in the

appropriate thermodynamic data file, and we need to provide the rate law in a
form suitable for input to the reactive transport code.

6.5.1 Glass data block

The following balanced chemical reaction describes the dissolution of one mole
of CAMBRIC melt glass:

Melt glass + 110.62 HY  —  55.228 HoO + 0.965 Oo(aq) + (4)
126 SiO9(aq) + 26.90 AI*T +
6.5 x 107° Eu®*T 4 3.6915 Na™ +
6.06 KT 4+ 1.6 x 107* Pu?t +
2.27 Mg®™ +1.62 x 107* CsT +
4.41 x 1072 Sr?T + 3.86 Fe? +
4.07 Ca?™ +1.2x 1076 Am*™ +
0.16 HPO?~

The stoichiometric coefficients of the radionuclides on the right hand side cor-
respond to the v; parameters used in the rate equations (1) and (2).

The glass has a molar volume of 3994.32 cm?/mole and a molecular weight
of 9985.782 grams. The molecular weight is arbitrary and was made to approx-
imate 10,000 grams in order to increase the magnitude of the stoichiometric
coefficients of the trace components in the glass. The glass has a silica content
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of 75 weight %. The radionuclide contents in the glass were calculated using the
data provided in Table 8. Table 9 shows these values and the relative propor-
tions in weight percent of radioactive and non-radioactive elements in the glass.
The concentrations of Cs, Sr, and Eu are essentially their natural abundances.
The contributions of radioactive Cs, Sr, and Eu are much smaller than their
natural abundances. The Pu and Am concentrations are all from the test. The
natural abundances must be included with the radioactive additions in order to
correctly partition these elements into ion exchange and surface complexation
sites on minerals during the reactive transport calculation.

6.5.2 Rate law

As discussed above, the rate coefficient & in (2) is a function of the silica content
of the glass, the pH, and the temperature. For experimental purposes, the
Arrhenius relationship in (3) is usually expressed as

k= Ape Fe/RT (5)

where the activation energy E, is assumed constant at 20 kcal/mole under all
conditions. The value of the pre-exponential factor A, (moles-glass/m?/s) is
related to glass composition and the value regressed from the data of (Mazer,
1987) is given in Figure 19, along with the regression equation. Thus the effects
of both temperature and glass composition on the rate coefficient are combined
in this expression.

The effect of pH is accounted for in the rate equation (2) through the in-
clusion of a single (H") species in product function. Here, N = 1, a; = ay+
and p; is the slope of the rate on a plot of log rate vs pH. Although this form
of rate equation shows a linear dependence between pH and log rate, our ex-
perimental data shows some curvature on such a plot. We have ignored this
curvature here and have best fit a line through the data to provide the stoi-
chiometric coefficient (py+). This line (dotted line in Fig. 13) has a slope of
0.33. Future work could include allowing for more complex relationships in the
rate laws programmed into the reactive transport code if appropriate. For our
CAMBRIC modeling calculations, the pH changes predicted for the fluid are so
small that such refinements are thought not to be necessary.

The surface area of the glass based on the geometry and glass fractur-
ing estimates provided above is 118 m?—glass/m?-medium (or 0.52 cm?/g—dry
medium).

The values of the appropriate parameters needed to model the dissolution of
a 75 weight % rhyolite glass over a pH range of 6 to 10 are provided in Table 10.
These 4 parameters allow the rate coefficient for this glass to be calculated as a
function of temperature and pH throughout the reaction progress calculation.

Finally, the affinity term (1 — @Q/K) in reaction path codes is assumed to
be expressed in terms of all the species participating in the dissolution reaction
i.e.,all the species present in the glass data block listed above. However, we



Chapter 6: RN Release from the Melt Glass

0.0001
5 Regression Equation -
I Y = Mo*eM™ ]
I MO (.005846

5 1 M1 :0.08513

3 R 0.9997

[

- [ \ |

E

= 107

v L ]

< B 1

o L 4

& i 1

X

LIIJ L 4

] L

S

a9

10°
55 60 65 70 75 80
Wit% SiO2 in Glass
Figure 19: Pre-exponential factor in rate equation vs. glass silica content.

49



Chapter 6: RN Release from the Melt Glass 50

Table 10: Glass dissolution rate model parameters.

Pre-exponential factor?, A, (g/m?-glass/day) 9.94x1076
Activation energy®, E, (J/mole) 83,680

pH dependance®, py+ -0.33
Specific surface area?, A, (m%-glass/m® medium) 118

¢ From Figure 19.

b 20 kcal/mole.

¢ Exponent of ay+ appearing in the rate law (2).

4 Corresponds to 0.52 cm?/g-dry medium when p, = 2.5 g-dry medium/cm?® and
¢ =0.1.

have already determined that for melt glass dissolution, it is mainly the activity
of Si, and not the other species in the reaction, that affect the glass dissolution
rate. Therefore, we want to calculate the value of the term (1 — @Q/K) where
@ is now dissolved silica activity and K is the “silica saturation” value for the
glass, and substitute that value into the (1 — @Q/K) term in the rate equation.

In general, geochemical modeling codes will not do this by default. However,
both EQ3/6 (Wolery, 1992a,b) and Geochemist’s Workbench (GwB) (Bethke,
1994, 1996) have mechanisms coded that allow for this substitution. GWB uses
a “cross-affinity” option to allow the user to put in any desired affinity term into
the rate expression. EQ3/6 can do the appropriate calculation by making use
of its “special reactant” feature. However, the GIMRT and Os3D codes (Steefel
and Yabusaki, 1996) used below do not yet have this capability.

Because the GIMRT and Os3D codes do not explicitly provide for the cross-
affinity term, it was necessary to incorporate this term into the rate constant.
In doing so, we essentially fixed the cross affinity term (1 — Q/K) at one
value, rather than allowing it to change during the course of the simulation.
Preliminary 1D simulations (described below) suggested that the (1 — Q/K)
term remained constant throughout the simulations because the groundwa-
ter maintained silica concentration equivalent to that in equilibrium with g-
cristobalite (discussed below). Therefore we based the (1 —Q/K) term on Q for
[B-cristobalite and K for amorphous silica. Because the pH of the groundwater
was also maintained at 8 during the preliminary 1D simulations, we also used
the rate constant appropriate for a pH of 8 in our reactive transport simula-
tions. Given these assumptions, the rate constant of glass dissolution used in
the reactive transport simulations was equal to 10713-36 mol/m? /sec, where a
mole of glass is defined for convenience to approximate 10,000 grams of glass.
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6.6 Reaction rate of the melt glass

The lifetime of the melt glass dissolving in groundwaters at various temperatures
can be estimated by making some simple assumptions. First we assume the glass
reacts with groundwaters which have silica concentrations that are at one half
the glass silica saturation value. At 10, 25, and 50°C the silica concentration
values are 18, 26, and 43 ppm Si, respectively. These values are in the range
of measured silica concentrations for groundwaters at NTS (Smith et al., 1997,
Essington and Sharp, 1968). We also assume the fluid reacts slowly enough that
the silica concentration of a water packet does not change significantly while it
flows through the melt glass. Finally, we account for the decrease in surface area
of the melt glass as it dissolves away in a manner consistent with our assumption
of the matrix of 5 cm cubes described above. The results of this calculation are
shown in Figure 20. Temperature has a fairly significant role in determining
the lifetime of the melt glass. For anticipated temperatures of 25°C or less, the
lifetime of the melt is greater than one million years.

How reasonable are these extrapolations of glass durability to long periods
of time? The only knowledge available upon which to base an answer comes
from studies of natural glasses. It is known from the geological record that
natural glasses such as obsidians and glassy volcanic rocks are abundant in
volcanic terrain. However, their relative amounts decrease with time until they
are fairly rare in rocks greater than 30 million years old (Marshall, 1961). In
the current simulations, aggressive leaching of a melt glass with undersaturated
groundwaters gives a glass lifetime of one million years, which is consistent with
the age range observed for natural glasses of similar composition. Most natural
glasses probably experienced less aggressive conditions than the conservative
values that have been chosen here (in terms of flow rates, reactive surface area,
and solution saturation state). Also, if the rates of glass dissolution due to
groundwater were significantly faster at the Nevada Test Site, we would see
evidence in the form of dissolution features in the existing rhyolite glasses. No
such dissolution features appear to exist.
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Figure 20: Estimate of mass of remaining CAMBRIC melt glass as a function of
time calculated assuming a constant affinity term of 0.5 (half of saturation) at
three different temperatures. The puddle surface area and geometry used are
described in text.
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7 Modeling Radionuclide Release and Chemical
Interactions in the Cavity, Chimney, and Al-
luvium

The cavity and chimney contain significant quantities of radionuclides such as
Sr and Cs (Table 1). The distribution and state of these radionuclides and
the processes controlling their release must be considered in addition to glass
dissolution when evaluating the hydrologic source term.

Very little is known about the physical and chemical state of radionuclides
in the cavity/chimney region. Radionuclides may exist as discrete solid phases
or as components of solid solutions, or as sorbed species on the surfaces of re-
active minerals. The state of a radionuclide controls its partitioning between
groundwater and alluvium in the cavity /chimney region. Whether sorbed or
precipitated as solids, radionuclides can be released into groundwater via des-
orption, ion exchange or dissolution to contribute to the hydrologic source term.

Given the current lack of data, only the processes of dissolution, surface com-
plexation and ion exchange were considered to impact radionuclide release from
the cavity /chimney region. Precipitation, dissolution, surface complexation and
ion exchange were assumed to control chemical retardation in the alluvium.

Table 11 summarizes the restricted set of radionuclides, surface processes
and minerals that were considered to affect release and chemical retardation in
the initial CAMBRIC study. Table 11 is by no means a comprehensive list of
the radionuclides and solids that should be considered with regard to surface
complexation and ion exchange. Given the scope and timeline of this project,
it was necessary to use single mineral complexation and exchange data that
were readily available in the literature. For example, single mineral sorption
and exchange data were only readily available for Pu on hydrous iron oxides,
although Kersting et al. (1998) demonstrated that Pu is associated with smectite
and clinoptilolite colloids at NTS. Similarly, no retarding mechanisms for Eu
and Am were considered in the simulations because of the absence of readily
available single mineral sorption and exchange data. Eu and Am were therefore
associated solely with the fluid phase in the exchange volume.

Although the potential existence of discrete radionuclide-bearing solids in
the cavity/chimney region was considered, calculations showed that such solids
were initially undersaturated in the cavity/chimney waters. The radionuclide
inventory of the cavity/chimney region was distributed among the groundwa-
ters filling the 40% porosity of the exchange volume. Geochemical calculations
(described below in section 7.3), using the radionuclide concentrations obtained
in this manner, revealed that the initial cavity/chimney waters were undersat-
urated with respect to potential radionuclide-bearing solids. It was therefore
assumed that such solids do not exist initially in the cavity/chimney region,
and do not contribute directly to the hydrologic source term.

Precipitation and dissolution of radionuclide-bearing solids were explicitly
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considered during the reactive transport simulations. Radionuclide-bearing
solids were allowed to precipitate as a result of radionuclide release from the
melt glass and cavity/chimney region, and re-dissolve if conditions warranted.
The precipitation and dissolution of authigenic minerals (alteration minerals
already present in the rock) were also explicitly considered. Whereas surface
complexation and ion exchange were assumed to be controlled by equilibrium
(i.e., reactions are instantaneous and reversible), the precipitation and dissolu-
tion of solids were controlled by kinetic rate laws (see Chapter 8). In general,
surface complexation and ion exchange reactions occur much more quickly than
solid precipitation/dissolution reactions.

Table 11: Summary of surface processes considered for radionuclides included
in simulations.

Surface complexation:  Ion exchange:

muscovite,
goethite clinoptilolite smectite illite
Radionuclide (hydrous ferric oxides) (zeolite) (clay) (clay)
Pu yes
Sr yes yes yes
Cs yes

The geochemical treatment of solid precipitation and dissolution is discussed
in Chapter 8. The treatments of surface complexation and ion exchange pro-
cesses in GIMRT are described initially in the following two sections, and in more
detail in Appendix 3. The treatment of the nature and distribution of radionu-
clides in the cavity /chimney region is then discussed. The initial distribution of
radionuclides and the processes that captured them in the cavity/chimney re-
gion will control the subsequent release of the radionuclides. Finally, provisions
for the presence of both radiogenic and non-radiogenic (i.e., natural) isotopes in
the melt glass and chimney/cavity region are reviewed.

7.1 Surface complexation

Variably charged solids such as oxyhydroxides of Fe, sometimes called hydrous
ferric oxides (HFOs), can serve as pH-sensitive sources and sinks of anions
and cations through surface complexation (Dzombak and Morel, 1990; Spos-
ito, 1984). Surface complexation refers to chemical reactions between reactive
functional groups exposed on a solid surface and aqueous species in an adjacent
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fluid. The reactive functional groups at the solid surface (referred to as “sites”)
derive from unsatisfied bonds created by the discontinuity of a three-dimensional
structure.

The reactive sites on the surfaces of oxide minerals may be negative, neutral
or positive in charge depending on the extent of their protonation. Hence, the
net charge on the surface may be positive or negative, depending on the pH
of the solution. Oxide surfaces can therefore sorb anions as well as cations.
Hydrous ferric oxides with large specific surface areas on the order of 600 m?/g
have a sorptive capacity roughly equivalent to that of smectite when compared
on a per mole of sorbent basis.

Some surface complexation and ion exchange models account for the presence
of multiple types or classes of reactive sites. Each type of site is characterized
by a unique binding constant (surface complexation) or exchange energy (ion
exchange). The types of sites may be defined by detection with spectroscopic
techniques, by crystallographic considerations, and/or because they are required
to match experimental sorption data. Omne-, two- and three-site models are
considered in this report.

Both surface complexation and ion exchange reactions vary as a function
of aqueous complexation in the fluid phase, ionic strength, and the solid-fluid
ratio. Surface complexation varies as a function of electrostatic effects, whereas
ion exchange is sensitive to steric constraints imposed by the structure of the
ion exchanger. Because the charge of reactive sites in oxides is controlled by
pH, surface complexation reactions are much more sensitive to pH than ion
exchange. The extent of ion sorption can change drastically within a few pH
units.

In the CAMBRIC simulations, surface complexation of Pu and Sr onto the
hydrous iron oxide mineral called goethite (FeOOH) was considered. Goethite
was chosen to represent the forms of hydrous iron oxides that occur in alluvium
at CAMBRIC. Surface complexation is described in GIMRT as a one-site non-
electrostatic model. As discussed in detail in Appendix 3, the current version of
GIMRT lacks an electrostatic term which is common to many surface complex-
ation models (for example, Dzombak and Morel, 1990). However, the impact
of the electrostatic term is reduced by the low ionic strengths of the CAMBRIC
waters, the water pH of 8 at which the electrostatic correction for goethite is
a minimum, and the expected low density of sorbed radionuclides owing to the
relatively small radionuclide inventory at CAMBRIC.

Binding constants for Sr and Pu on goethite using the one-site non-electrostatic
model were calculated from experimental sorption data for Sr (Kinniburgh et
al.,; 1975) and Pu (Sanchez et al., 1985). Data for Co was also obtained from
data from Duval and Kurbatov (1952) although Co was not considered in the
final simulations. Surface protonation and deprotonation constants were taken
from Turner (1995). Surface complexation reactions and binding constants that
were obtained in the manner described above for use in GIMRT are listed in Ta-
ble 26 in Appendix 3 along with the consistent set of protonation/deprotonation
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constants from Turner (1995). The “)” symbol represents a surface species.

7.2 Ion exchange

Ton exchange minerals possess fixed amounts of charge imbalance which are often
imposed by the substitution of Al for Si in the mineral structure. The negative
charge imbalance in cation exchangers restricts their exchange to cations. Ion
exchange reactions, like surface complexation reactions, vary as a function of
aqueous complexation in the fluid phase, ionic strength, and the solid-fluid ratio.
However, ion exchange is also sensitive to steric constraints imposed by the
structure of the ion exchanger. Ion exchange is not as strongly affected by pH
as is surface complexation.

Based upon the work of Viani (Viani and Bruton, 1992, 1996), a one-site
ideal Vanselow exchange model was used in this study to model Cs and Sr
exchange onto clinoptilolite, smectite and illite. The exchange properties of
mica and muscovite are assumed equivalent to those of illite because of the
structural and chemical similarities among the minerals. Exchange energies
were obtained from the literature (Viani and Bruton, 1992, 1996). Exchange
was considered between Ca and Sr on clinoptilolite, Ca, Mg and Sr on smectite,
and Cs, Na and K on illite/muscovite.

Although GIMRT does not provide explicitly for ion exchange at the present
time, we were able to model homovalent exchange by utilizing GIMRT’s nonelec-
trostatic treatment of surface complexation. We were restricted to homovalent
exchange because of the stoichiometry of the exchange reaction between mono-
valent and divalent cations (heterovalent exchange) in the Vanselow model, and
because we were using existing coding in GIMRT intended to model sorption
rather than ion exchange. We verified our GIMRT calculations with explicit
treatments of Vanselow exchange in a version of geochemical modeling code
EQ3/6 (Wolery, 1992a,b; Wolery and Daveler, 1992). EQ3/6 simulations us-
ing the ideal Vanselow model suggested that the partitioning of strontium onto
smectite and clinoptilolite and Cs onto mica, muscovite or illite in CAMBRIC
groundwater is dominated by homovalent exchange.

Although illite has three sites that are defined by its crystal structure, Cs
exchange is thoroughly dominated by one of the edge sites, which is the only site
that is explicitly considered in the models. The planar sites were not considered
because they behave similarly to planar sites in smectite, which occur in greater
quantities than illite in the alluvium. The quantity of smectite in the simulations
can therefore reflect the sum of the smectite and illite planar sites.

Values for the cation exchange capacities (CEC) of smectite and clinoptilo-
lite were taken from Viani and Bruton (1992).Viani calculated cation exchange
capacities of 0.85 and 2.12 mequiv/g for smectite and clinoptilolite, respectively,
in samples of Yucca Mt. tuff. The CEC of illite/muscovite was assumed to equal
0.2 mequiv/g (Viani and Bruton, 1996), but exchange was limited to type I sites
with a site fraction of 0.005.
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Given our specification of the chemical system outlined above, the exchange
energies and cation exchange capacities (CEC) of the exchangers used in the
simulations are summarized in Table 27 in Appendix 3.

7.3 Nature and distribution of radionuclides in the cav-
ity /chimney region

As discussed in Section 3.3.2, the portions of the chimney and cavity that contain
significant amounts of radionuclides are defined as the exchange volume. At
CAMBRIC, this volume has been idealized by an 18-m radius sphere, as suggested
by limited tritium distribution data. The masses of Pu, Am, Eu, Cs and Sr
in the exchange volume can be obtained by multiplying the total inventory
of each radionuclide (Table 5) by the percentage of the radionuclide in the
exchange volume (Table 1). However, extremely little is known regarding the
state of radionuclides in the exchange volume. For example, do the radionuclides
initially exist as discrete pure solid phases, or as components of solid solutions?
Are they sorbed or exchanged onto the surfaces of minerals in the exchange
volume? If so, what minerals?

Lacking this data, it was assumed that the same processes that bind ra-
dionuclides to solids will attract the radionuclides that are suddenly introduced
by a nuclear test. Thus, the partitioning of radionuclides between the water and
solids in the exchange volume is assumed to be controlled by sorption and ion
exchange. The radionuclides are also assumed to be distributed homogeneously
throughout the exchange volume. There is some evidence that the distribution
of radionclides in the chimney is a function of the half-lives of the nuclides and
their volatility (e.g., Wolfsberg, 1978). However, additional work and field study
are required to better constrain the heterogeneous distribution of radionuclides
for use in the simulations.

The mass of each radionuclide per kilogram of HyO in the exchange volume
was obtained by dividing by the exchange cavity pore volume of about 10* m?,
as defined in the groundwater flow model. The resulting masses were then added
to the starting fluid composition in GIMRT, and the code automatically parti-
tioned the radionuclides among the fluid phase, goethite, smectite, clinoptilolite
and illite/muscovite according to the sorption and ion exchange reactions dis-
cussed earlier and the volume fraction of the sorbents and ion exchangers in the
exchange volume (reactive mineral column in Table 15). Table 12 and Figure
21 summarize these calculations. Note that if no reactive minerals were present,
the molalities of the radionuclides in the fluid would be given by column 3 of
this table and correspond to the right side of the figure. The concentrations
of radionuclides in solution did not exceed solubility limits with respect to the
radionuclide-bearing solids listed in Table 18.

Further information regarding the nature and distribution of radionuclides in
the chimney/cavity region is required to better constrain the hydrologic source
term. Calculated releases and migration of radionuclides are controlled by the
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Figure 21: Conceptual illustration of the partitioning of radionuclides among
the reactive minerals (green) and fluids (blue) in the exchange volume (see Table
12). Right side corresponds to lack of any reactive minerals, in which case all
radionuclides are distributed as aqueous species.
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Table 12: Distribution of radionuclide inventory in the modeled 18-m radius
exchange volume (see text). Calculations were made assuming a porosity of
40%, yielding a total pore volume of 9.772x10% m?. Partitioning in columns 4
and 5 based upon presence of reactive minerals shown in Table 15. When no
reactive minerals are present, aqueous concentrations given in column 3 exist.

Rubble
inventory Moles RN Molality Molality

Radionuclide (moles) (per kg H2O) (RN in fluid) (RN in solids)
908y 2.58x107%  2.64x1071° 1.07x10713 2.64x10710
137Cs 9.59x1073  9.81x10~1° 3.09x10713 9.81x10~10
155Eu 4.23x107%  4.33x1071%  4.33x10713 0
9Py 0.651 6.66x1078 1.23x10710 6.65x108
241 Am 2.59x107%  2.65x1071Y  2.65x10710 0

assumptions regarding their state in the exchange volume. Radionuclides that
are preferentially bound to minerals will be released more gradually than ra-
dionuclides that exist solely in the fluid phase. If radionuclides form discrete
minerals (e.g.,solid PuO3), radionuclide release will be controlled by the disso-
lution rate of the solid. The sequestration of radionuclides in the form of discrete
minerals was not considered at CAMBRIC because the exchange volume fluids
(Table 12) were initially undersaturated with respect to the radionuclide-bearing
solids listed in Table 18.

7.4 Radiogenic versus non-radiogenic isotopes

GIMRT does not differentiate among isotopes of a given element. This is not
an issue if the only source of the element is the nuclear test, as it is for Pu
and Am. However, non-radiogenic sources of Sr, Cs and FEu are present in the
groundwater and host alluvium prior to the nuclear test. We must therefore be
able to differentiate between the radiogenic and non-radiogenic isotopes in our
calculations.

Non-radiogenic Sr has been measured in CAMBRIC groundwaters (Table 14),
and Cs is commonly contained in waters in contact with siliceous rocks. The
total concentrations of Sr, Cs and Eu in melt glass includes their natural abun-
dance in the tuff from which the glass formed, as well as the radioactive isotopes
produced during the test (Table 9). We assumed that the distribution between
radioactive and non-radioactive isotopes of Sr, Cs and Eu in the exchange vol-
ume is equal to that in the glass. We also assumed that the initial concentrations
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of Sr and Cs in the groundwaters equaled zero, and that all isotopes of a given
element had similar geochemical behavior. The radiogenic components of the
total Sr, Cs and Eu released from the melt glass and exchange volume were thus
obtained by multiplying GIMRT’s prediction of an element’s total concentration
in the water by the ratio of its radiogenic to nonradiogenic concentrations in the
glass. The correction factors used to adjust GIMRT output are given in Table
13.

Table 13: Mole percent of total elemental concentrations of Cs, Sr and Eu in
GIMRT output that represent the radiogenic isotopes 37Cs, ?°Sr and >Eu (see
text).

Element Mole percent radiogenic isotope

Cs 7.82x1073
Sr 2.08x107°
Eu 1.35%x1073

Neglecting the background Sr and Cs in solution will have no effect on our
calculations of radionuclide transport or retardation if there is a linear relation-
ship between the sorbed and dissolved concentrations. Viani found that such a
linear relationship existed for ion exchange of Cs on clinoptilolite-rich samples
of the Bedded Tuff of Calico Hills. Sr exchange exhibited a change of slope at
Sr concentrations greater than about 1 x 10=7 M (Viani and Bruton, 1996).
For sorption, a slope of unity is observed at low sorbate-sorbent ratios. Further
code development work is required to allow the geochemical modeling codes to
explicitly track both the natural (nonradiogenic) and radiogenic components of
elements.
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8 Geochemical Modeling of Radionuclide Mi-
gration

Once radionuclides are released into groundwater from the melt glass and cav-
ity and chimney system (or exchange volume), they have the potential to be
retarded by a number of processes such as precipitation, surface complexation
and ion exchange. The extent to which released radionuclides are affected by
these processes depend on the nature of the radionuclide, the chemistry of the
fluid, and the minerals that the fluid contacts along the flow path. We used
the reactive transport modeling code GIMRT (Steefel and Yabusaki, 1996) to
calculate the chemical changes in groundwater as it flows through the glass,
cavity and chimney (e.g., exchange volume) regions, and alluvium, picking up
radionuclides and sometimes re-depositing them farther along the flow path.

One-dimensional (1D) reactive transport simulations of radionuclide migra-
tion through simplified sequences of the glass, exchange volume and alluvium
were made using GIMRT to evaluate the efficacy and controls of migration and
retardation. Using these simulations as a guide, we then distilled the geochem-
ical systems and process descriptions as much as possible in order to expedite
the next phase of computations in three dimensions. The geochemical models
obtained in this manner were then integrated with the groundwater flow mod-
els using the streamline approach to calculate radionuclide migration in three
dimensions.

Production of detailed 1D simulations prior to making the streamline calcu-
lations for more complicated 3D analyses is a critical component of our study.
Given the complexity of the chemical reactions affecting radionuclide migration,
our analyses of the 1D simulations allow us to better understand the controls,
timing and extent of radionuclide breakthrough predicted by the more complex
3D models.

The time-consuming nature of geochemical calculations, especially when cou-
pled with groundwater flow, usually requires that the chemistry of the system
be simplified wherever possible to facilitate larger-scale coupled reactive trans-
port modeling. Understanding the controls of radionuclide migration and their
relation to the host rock allows us to reduce the geochemical models to the
essentials required for describing radionuclide transport. This approach will
also allow us to judge the adequacy of simplified representations of the chem-
ical system. For example, some migration studies use partition coefficients to
describe the partitioning of radionuclides between water and solids. However,
experimentally determined partition coefficients are strictly applicable only to
the specific rock sample and fluid-rock ratio used in the experiment. In our
approach, we use process-based descriptions for sorption and ion exchange to
calculate the partitioning of radionuclides based on the mineralogy of the rock.
We can then calculate partition coefficients from our output and evaluate the
adequacy of the partition coefficient approach. By starting with the process-
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based descriptions, we hope to find scientifically defensible ways of simplifying
the process descriptions for higher level hydrogeochemical computations.

In the geochemical simulations of radionuclide migration presented in this
paper, we take explicit consideration of aqueous speciation in the fluid phase,
dissolution and precipitation of solids according to kinetic rate laws, ion ex-
change, and surface complexation. All processes except dissolution/precipitation
are assumed to occur instantaneously and reversibly. There are many different
ways to treat each of these processes, each with various degrees of rigor with
regard to our current understanding of the process mechanisms. We describe
the quantification of these processes in the following sections and Appendix 2.

8.1 Geochemical modeling codes

A number of geochemical modeling codes have been used in this study. The
principal reactive transport simulations were made with the GIMRT code, and
they were duplicated at times with the related Os3D code (Steefel and Lasaga,
1994; Steefel and Yabusaki, 1996).

Both GIMRT and OS3D can account for advective, diffusive and dispersive
transport processes, and can simulate multicomponent mass transport in porous
and/or fractured media under isothermal or fixed temperature gradient condi-
tions. GIMRT can make calculations in 1 or 2 spatial dimensions (D), and Os3D
can address problems posed in 0 (batch), 1, 2 or 3D. The user can specify a
number of zones which vary in mineralogy and initial fluid chemistry.

GIMRT and OS3D can treat chemical equilibria associated with aqueous spe-
ciation reactions, kinetically-controlled mineral dissolution and precipitation
reactions, and surface complexation reactions based upon a non-electrostatic
model. As will be discussed below, we utilized the coding for surface complex-
ation to enable the code to simulate homovalent ion exchange as well.

Both GIMRT and OS3D use finite difference techniques to discretize the non-
linear balance equations associated with mass transport and reaction in porous
media. The governing equations and underlying geochemical conceptualization
used in these models are reviewed briefly in Appendix 2 for a one-dimensional
formulation. As its name implies, GIMRT (Global Implicit Multicomponent Re-
active Transport) is based upon a one-step or global implicit solution approach.
In this technique, the advection, diffusion, and reaction processes occurring over
a single time step are treated in a coupled and implicit manner. In contrast,
0s3D (Operator Splitting 3D Reactive Transport) is based upon an operator
splitting approach in which the same processes are accounted for using individ-
ual numerical treatments that are performed in a sequential manner.

Although Os3D better minimizes well-known numerical dispersion errors, it
is subject to Courant Number constraints that rendered its use in our streamline
approach impractical. This constraint indirectly imposes a limit of the allowable
time step (as a function of the velocity and grid scale), which could turn out
to be unpredictably small depending on the grid block segments intersected by
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any given streamline. Instead, GIMRT was used throughout this study because
larger time steps could be used, despite the fact that numerical dispersion errors
would be more prevalent.

Supporting geochemical calculations were made using codes in The Geo-
chemist’s Workbench package, version 2.4 (Bethke, 1994). The code package
includes REACT, which calculates aqueous species distributions and traces re-
action paths among fluids, gases and solids, ACT2, which creates stability dia-
grams, and GTPLOT, which is a plotting routine for REACT.

8.2 Thermodynamic data

Thermodynamic data for aqueous species, gases and solids were obtained from
the GEMBOCHS thermodynamic data base version data.com.V8.R6 (Johnson
and Lundeen, 1997%). A survey of the literature was made to determine if
additional or updated data were available for Pu, Am, Eu, Sr, Cs, Co and
Tec. Appendix 4 lists the aqueous species and minerals whose data have been
updated or added for this study®. Data for Pu aqueous species, solids, and
gases were also updated based on data from a draft Nuclear Energy Agency
(NEA) report (R. J. Lemire, private communication). However, these data are
not presented in this paper at the request of the NEA. We received permission
from them to use the data and publish results using the data, but not to publish
the data itself. Calculations in this paper were restricted to 25°C, so no effort
was made to acquire data at elevated temperature.

The extended Debye-Hiickel formulation (also known as the B-DOT model)
was used for activity coefficients (Bethke, 1996; Helgeson, 1969). This formu-
lation is well suited to handle the CAMBRIC groundwater used in this study
which has an ionic strength of about 0.0046. Values of the ion size parameter
(Bethke, 1996; Helgeson, 1969) for aqueous species added to the data base were
estimated by analogy to aqueous species of similar valence and ligand.

8.3 The ambient environment
8.3.1 Groundwater chemistry

The fluid chemistry of the CAMBRIC groundwater used as the starting point in
the calculations is shown in Table 14. The basic chemistry is similar to that of

5 Available via anonymous ftp to s122.es.11nl.gov:/users/johnson.

SDuring the course of the simulations, it was found necessary to convert data in GEMBOCHS
for a Ca-clinoptilolite which contained a trace amount of Fe to an Fe-free form. The FexO3
component was substituted by AlsOs and the appropriate changes were made in the ther-
modynamic properties and hydrolysis reaction stoichiometry. GIMRT also seemed to converge
more readily when the properties of Ca-clinoptilolite in GEMBOCHS (e.g., molar volume, free
energy, molecular weight and stoichiometric coefficients in the hydrolysis reaction) were re-
duced by a factor of 10. This has the effect of redefining 1 mole of clinoptilolite as 10 moles of
clinoptilolite. These changes have no effect on the simulation output because of the uniform
scaling of parameters.
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Zone I water (Table 3), which was sampled from just below the cavity (Fig. 37).
Concentrations of SiO2 and HPO4 were obtained from Smith et al. (1997). The
groundwater is a dilute Na-HCOj3 type water; its ionic strength equals 0.0046.

The initial redox state of the groundwater was set by assuming equilibrium
with respect to atmospheric oxygen with fugacity of Oz(g) = 0.2 bars. Pluto-
nium is the only radionuclide in this study that is redox-sensitive. The redox
state of Pu in CAMBRIC groundwaters is unknown. Equilibrium with atmo-
spheric oxygen was assumed to set an upper limit to the redox state of Pu in
solution (approximately 700 mV). Preliminary calculations indicated that re-
dox potentials as low as 100 mV will significantly alter the aqueous speciation
of Pu, and may affect Pu concentrations in solution and the extent of Pu migra-
tion. The impact of lower redox potentials will be explored more fully in future
calculations.

The fluid was assumed to have a fluid density of 1 g/cm? in recognition of
the dilute nature of the groundwater and the restriction of the simulations to
25°C.

Table 14: Ambient groundwater chemistry used in simulations (see text).

Constituent  Concentration (mg/1)

pH 8.0
Na 63
K 8

Ca 16
Mg 4

Sr .24
HCO;3 177
Cl 16
SOy 32
HPOy4 31
SiOq 65

The starting groundwater is approximately saturated with respect to calcite,
so the initial Ca concentration was fixed at calcite equilibrium. The resulting Ca
concentration is essentially equal to that given in Table 14. The silica concentra-
tion of the groundwater is equivalent to the concentration defined by equilibrium
with respect to a silica polymorph referred to as [-cristobalite in the thermo-
dynamic data base. The data for (-cristobalite was obtained from a sample
of natural siliceous sinter which was probably cryptocrystalline (Walther and
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Helgeson, 1977). Elevated SiOs(aq) concentrations are common in low temper-
ature, near-surface waters in contact with tuff (e.g., Yucca Mountain waters).

Al and Fe analyses were not available for the CAMBRIC groundwaters. We
therefore used mineral equilibrium to define their concentrations. Fe was set
by fixing equilibrium with respect to goethite (FeOOH) which acted as a sor-
bent for radionuclides in the simulations. Aluminum concentration was as-
sumed to be controlled by equilibrium with the zeolite clinoptilolite which is
homoionic with respect to Ca (Ca1_7335 A13'467 8114.533 03610922 HQO) There
were many potential choices for minerals that could fix initial Al concentrations.
Ca-clinoptilolite was chosen because it is present in the alluvium, and it main-
tains low Al concentrations in solution and minimizes saturation with respect
to aluminosilicate minerals. The choice of a mineral other than Ca-clinoptilolite
would have no significant effect on the simulations.

In general, results of the simulations will not be affected significantly if mod-
erately different elemental concentrations (excluding pH and the redox state)
are chosen. Geochemical calculations are largely based on the logarithm of the
concentrations, which tends to minimize the impact of compositional variability.

Initial concentrations of Pu, Am, Eu, Cs and Sr in CAMBRIC groundwater
were assumed to equal 107'° molal, in lieu of zero, because finite concentrations
were required to initialize GIMRT. The implications of this assumption with
regard to Sr are discussed below; Sr concentrations of a few mg/L have been
measured in CAMBRIC groundwater (Table 14). GIMRT does not differentiate
among isotopes of a given element, and assumes that all isotopes of a given
element have similar geochemical behavior. Because both radiogenic and natural
non-radiogenic isotopes of Sr, Cs and Eu are present in the melt glass and
exchange volume, GIMRT’s predicted concentrations of total Sr, Cs and Eu
must be adjusted to isolate the concentrations of '37Cs ?°Sr and '»"Eu. The
adjustment will be discussed in detail later in this report.

8.3.2 Mineralogy

The initial mineralogy and mineral volume fractions of the rock types encoun-
tered along the flow path, as well as potential secondary precipitates (authigenic
minerals) will affect radionuclide migration. The mineralogy of the chimney,
exchange volume, lower crush zone and alluvium outside the cavity/chimney
system (Figure 36, below) is assumed to be the same in the simulations, and is
equivalent to that defined for the alluvium.

Alluvium mineralogy. The first GIMRT simulations were made using a full
mineralogic and kinetic description of the alluvium, excluding the ferromagne-
sium minerals (Table 2). A combination of albite, anorthite and K-feldspar was
used to represent the feldspar. Quartz, a smectite (montmorillonite), clinoptilo-
lite, kaolinite, muscovite and calcite were also specified in proportions within the
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ranges given in Table 2. However, it became clear that the full mineralogic de-
scription was not only time-consuming in terms of computational resources, but
also unnecessary for the needs of this project. We therefore combined our simu-
lation results with “common-sense geologic reasoning” to focus the simulations
on the authigenic minerals and minerals in the alluvium that will significantly
affect radionuclide migration on the time scale of tens of years to thousands
of years. For example, the dissolution kinetics of quartz and feldspars at 25°C
are extremely slow, and they are not expected to react significantly over the
time spans of hundreds to thousands of years. They were therefore omitted
from the simulations and replaced with a fictive, non-reactive solid referred to
as “matrix” in the thermodynamic data base.

In contrast to the matrix, zeolites, smectites and sheet silicates such as
illite are known to participate in ion exchange reactions that occur over time
scales ranging from minutes to hours. Surface complexation rates of ions on
hydrous iron oxides are similarly fast. The alluvium was therefore described as
a combination of the non-reactive inert matrix, and the “reactive” minerals such
as zeolites (clinoptilolite), clays (beidellite, which is a smectite, and muscovite),
hydrous iron oxides (goethite), and calcite.

We assume in this report that the surfaces of muscovite, mica and illite
interact similarly with groundwater because of their structural and chemical
similarities. Muscovite and muscovite/illite therefore refer to the sum of mus-
covite, mica and illite, and the ion exchange properties of mica and muscovite
are assumed to be equivalent to those of illite.

The spatial distribution of minerals in the vicinity of CAMBRIC is poorly
known, and probably heterogeneous. The streamline calculations were run as-
suming both homogeneous and heterogeneous distributions of reactive minerals
(see later discussions in Chapter 11). However, the 1D calculations were made
assuming a uniform distribution of the reactive minerals shown Table 15 in
the alluvial and exchange volume environments. The purpose of the initial 1D
calculations was not so much to fully represent the diversity of the geologic en-
vironment, but to evaluate in detail the relations among the mineralogy, fluid
chemistry and the processes that affect radionuclide migration.

Table 15 summarizes the volume percent of the solids chosen to comprise
the alluvium, exchange volume and melt glass in the simulations. Two columns
are shown for the alluvium and exchange volume, corresponding to either a
reactive or inert specification (used later in Chapter 11). Although Table 2 was
used as a guide in constructing the reactive medium column in Table 15, strong
consideration was given to using low percentages in order not to over-estimate
the capacity for radionuclide retardation, and to better represent the mode of
the mineralogy rather than the extremes of mineralogic content. The selection
was also made to facilitate comparison of the impact of various minerals on
retardation.

The matrix in Table 15 represents the slow-reacting sum of the feldspar
and quartz. Trace quantities of calcite and goethite represent near surface sec-
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Table 15: Distribution of porous medium volume fractions used in the simula-
tions for the alluvium/exchange volume and melt glass (see discussion in section
8.3.2). Reactive or inert medium configurations may be used to describe the
alluvium/exchange volume. See Chapter 11.

Solid, mineral, Alluvium and exchange volume %  Glass puddle
or pore volume Reactive medium  Inert medium volume %
Glass 0 0 90
Inert matrix 47 60 0
Clinoptilolite-Ca 5 0 0
Beidellite-Ca 5 0 0
Calcite 1 0 0
Muscovite 1 0 0
Goethite 1 0 0
Porosity 40 40 10
Total

ondary minerals. Alluvium sampled from wells RNM-1 and UE5n (Table 2)
contain from 0 to 5% goethite or other iron oxyhydroxide(s) and 0-10% calcite.
The abundances of micas range from 0-2% and 0-5%, respectively. Micas are
represented by muscovite in the simulations. The Ca end member of a clinoptilo-
lite solid solution (Ca-clinoptilolite) represents the zeolite which can comprise
up to 50% of the alluvium. Ca-rich beidellite (Ca-beidellite), a compositional
end-member of a smectite solid solution, represents the smectite and montmo-
rillonite clays which have been observed in amounts of 3-15%. Cristobalite,
opaline silica, and the ferromagnesium mineral hornblende were not considered
as primary minerals in the simulations.

The porosity of the alluvium and melt glass was assumed to equal 40% and
10% respectively, in accordance with the specifications of the groundwater flow
model used to develop the streamlines.

Authigenic mineralogy. In addition to the primary mineralogy, one must
specify in GIMRT what minerals may precipitate as authigenic minerals during
fluid-rock interaction if their solubility is exceeded. The minerals most likely
to precipitate in the alluvium are those authigenic minerals that are already
found in the alluvium (e.g., clays, calcite, goethite). Therefore, calcite, smectite
(beidellite-Ca), goethite and muscovite (a proxy for illite) were allowed to pre-
cipitate and re-dissolve in the simulations. The same phases are also potential
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precipitates in the melt glass.

Additional precipitates must be considered to accommodate chemical com-
ponents released into solution owing to glass dissolution, especially if glass disso-
lution is fast relative to fluid flow rates. These precipitates were allowed to form
in both the melt glass and alluvium if they became saturated. Am-, Pu- and
Eu-bearing solids were considered as potential precipitates, as discussed later.
[-cristobalite was also allowed to precipitate. The ambient groundwater is near
equilibrium with a silica polymorph with solubility similar to S-cristobalite. 3-
cristobalite was to allowed to precipitate to allow the silica released by glass dis-
solution to re-precipitate and maintain the silica concentration at (-cristobalite
saturation. As discussed in more detail in Chapter 6, the dissolution rate of the
melt glass is assumed to be controlled by the difference in solubility between
amorphous silica (melt glass) and [-cristobalite, a silica precipitate.

The zeolite clinoptilolite was not allowed to precipitate in the simulations.
Zeolites found in the alluvium were probably formed in a previous hydrother-
mal event at elevated temperature (analogous to zeolite occurrences at Yucca
Mountain), and our simulations are restricted to ambient low temperatures.

8.3.3 Kinetic parameters of minerals

Published dissolution rate constants for silicate minerals tend to vary signifi-
cantly, even for a specific mineral. Our current state of knowledge regarding
the rates and mechanisms of mineral precipitation is very limited. Therefore,
GIMRT uses the same rate law to describe precipitation as well as dissolution
(see Appendix 2, equation 25).

In this study, groups of related minerals were assigned the same rate constant
(Table 16) in recognition of the variability of published rate constants and to
facilitate comparison of dissolution and precipitation rates. The rate constants
of the sheet silicates smectite and muscovite were assumed to equal 1 x 1073
mol/(m?-sec) (Nagy, 1995) in general accordance with available experimental
data. Calcite, goethite, EuUOHCO3, AmOHCO3 and PuO9(OH),-HoO were as-
signed rate constants of 1x1071% mol/(m?-sec) to represent minerals with com-
paratively fast kinetics, rather than to explicitly reproduce published rate data.
The rate constant for S-cristobalite was set at 1x10~8 in order to ensure that
it precipitates fast enough to maintain Si concentrations at §-cristobalite satu-
ration within the melt glass during glass dissolution (see Chapter 6). The rate
constant for glass dissolution was obtained as previously described in Chapter
6. The rate constant for clinoptilolite dissolution was selected as a lower limit of
data for heulendite from Ragnarsdottir (1989) and for laumontite from Savage
et al. (1993).

The rates of mineral dissolution and precipitation are dependent on the
reactive surface area of the mineral as well as the rate constant (Appendix 2,
equation 25). The user also has the option in GIMRT to specify a saturation
or nucleation threshold which must be exceeded before precipitation can occur.
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Table 16: Kinetic parameters used in the simulations (see text).

Rate Specific surface area, A Saturation
constant, k (m?/m*-medium) threshold
Solid (mol/m? /sec) glass alluvium/rubble  (kcal/mol)
Melt glass® 4.4x10714 117.59 0. 0
[B-Cristobalite 1x10~8 117.59 10. 0
Calcite 1x10710 10. 10. 0
Muscovite 1x10~13 10. 0.001 0
Ca-Clinoptilolite 1x10713 0.001 0.001 10.
Ca-Beidellite 1x10713 10. 10. 0
Goethite 1x10710 10. 10. 0
EuOHCO3 1x10~10 10. 10. 0
PuO,(OH)5:H,0 1x10710 10. 10 0
AmOHCOg3 1x10~10 10. 10. 0
Inert matrix 1x10716 0. 0.001 4.

% One mole of melt glass is defined as 9986 grams of glass

Table 16 summarizes the specific surface areas and saturation thresholds used in
our initial studies. For authigenic minerals, the specific surface area represents
the surface area available as a substrate for precipitation. The surface area of
the melt glass was obtained as described in Chapter 6. (-cristobalite in the
melt glass was assigned the same specific surface area as the glass to maintain
equilibrium with (-cristobalite.

Most of the surface areas of the other minerals in both the melt glass and
alluvium are assumed to equal 10 m?/m?® bulk volume. Analogous to the as-
signment of rate constants, this value was chosen to facilitate identification of
important processes for the initial calculations rather than to represent true es-
timates of the reactive surface area of the minerals as determined by BET anal-
ysis, for example. Exceptions include Ca-clinoptilolite and muscovite, which
are assigned surface areas of 0.001 to prevent their precipitation. The thermo-
dynamic data for these minerals tends to overestimate their stability at earth
surface temperatures, and the reduction in surface area is a means of correcting
for this. A saturation threshold is also established for Ca-clinoptilolite to ensure
that it does not precipitate at 25°C in the CAMBRIC groundwater. Zeolites are
observed to form at low temperatures, but only under conditions of high pH
or high alkalinity. The fictive, non-reactive “Matrix” is assigned an extremely
small rate constant, a small surface area, a high saturation threshold and large
equilibrium constant to prevent it from dissolving or precipitating during the
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simulations.

Future simulations should continue to explore variations in the kinetic pa-
rameters. We are especially interested in the growth of surface-active solids such
as clays and hydrous ferric oxides that can change the capacity of the rock to re-
tard radionuclides. However, our extremely limited quantitative understanding
of precipitation and dissolution mechanisms, rates, and reactive surface areas at
25°C in a natural porous medium necessitates our simplified approach for the
time being.

8.4 Aqueous complexation and solubility limits for ra-
dionuclides

Radionuclides released into solution will undergo aqueous complexation and
may precipitate as part of a radionuclide-bearing solid. Both aqueous complex-
ation and the solubility of radionuclide-bearing solids depend on the solution
composition, pH, and redox potential. GIMRT requires the user to specify the
aqueous species, minerals and gases to be considered in the simulation. The
selection of aqueous species should reflect the impact on speciation of variations
in fluid composition, pH, and redox potential that may occur during glass-
alluvium-water interactions. The REACT geochemical modeling code in The
Geochemist’s Workbench software package (Bethke, 1996) was used to select
the dominant aqueous species and solids that were considered in the GIMRT
simulations. REACT simultaneously considers all known aqueous species, min-
erals and gases when calculating the equilibrium distribution of aqueous species
in a fluid. In this section, we summarize the equilibrium calculations which were
made to support the selection of aqueous species and solids containing Cs, Sr,
Eu, Pu and Am.

8.4.1 Calculational method

Starting with the CAMBRIC groundwater composition shown in Table 14 and
adding trace masses of Cs, Sr, Eu, Pu and Am, we increased the pH in RE-
ACT from 5 to 10 and continuously monitored the aqueous speciation. Charge
balance was maintained by varying either Na®™ or Cl1=. The aqueous complexes
accounting for over 90 mol% of the radionuclide in solution were included in the
GIMRT simulations.

Inspection of the REACT output also revealed the saturation state of the
fluid with respect to various radionuclide-bearing solids as a function of pH.
This information was used to identify potential solubility-limiting solids. The
solubility-limiting solid was then used to fix the radionuclide concentration in
the next set of REACT runs in which pH was again increased from 5 to 10.
In this manner, we defined the lower limit of solid solubility (e.g.,the least
soluble minerals), or inversely, the upper limits of radionuclide concentration
in solution imposed by the precipitation of radionuclide-bearing solids. One
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solubility-limiting phase was considered for each radionuclide. Exceptions were
made when no reasonable precipitate could be expected to form (see below).

Aqueous complexation of radionuclides by phosphate ligands and the pre-
cipitation of radionuclide-bearing phosphates were not considered in the simu-
lations. Available thermodynamic data suggest that phosphate can dominate
radionuclide complexation, and phosphate is known to be an effective complexer
of radionuclides under some geochemical conditions. However, little has been
done to establish the quality of existing thermodynamic data, especially in the
neutral pH range. Phosphate complexes should be considered explicitly in future
studies.

The possibility that a radionuclide could co-precipitate with another cation
to form a solid solution (e.g., °°Sr in a calcite solid solution of the form Ca,Sr; _,CO3)
was not considered because GIMRT does not currently provide for solid solu-
tions. Future work should address the sequestration of radionuclides by co-
precipitation.

8.4.2 Cesium (Cs)

Calculations showed that the aqueous species Cst dominated the CAMBRIC
groundwaters at all values of pH. Cs-bearing solids were found to be extremely
soluble. Therefore, only the Cs™ aqueous species was considered in the GIMRT
simulations, and no Cs-bearing solid was considered as a potential precipitate.

8.4.3 Strontium (Sr)

Sr?* comprises over 90 mole % of the Sr-bearing aqueous species up to a pH of
9 (Fig. 22). Strontianite and celestite set the lower solubility limits of Sr con-
centration in solution (Fig. 23). However, preliminary reactive transport calcu-
lations using GIMRT showed that Sr concentrations in solution during glass dis-
solution were far below strontianite and celestite solubility. Thus, a Sr-bearing
precipitate was not specifically included in the 1D or streamline calculations.
This simplification reflects our effort to simplify the time-consuming geochemi-
cal calculations by omitting species whenever possible. The adequacy of such
simplifications in the geochemical model must always be checked by examining
calculated Sr concentrations to make sure they do not exceed the solubility lim-
its shown in Figure 23. If so, Sr-bearing solids should be explicitly considered
as potential precipitates. Simulations must be tailored to the specific applica-
tion. Simplifications that work for CAMBRIC may be invalid at other test sites.
It may also be true that simplifications that are valid for one streamline may
be invalid for another owing to differences in rock types encountered, residence
times, and so on.
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Figure 22: Aqueous speciation o